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Abstract

Molecular biomarkers play little role in the current treatment of metastatic castration resistant
prostate cancer (CRPC). The advent of next-generation sequencing (NGS) has enabled the
comprehensive molecular characterization of the genomic and transcriptomic landscape of both
untreated primary prostate cancer and CRPC. Recent studies demonstrating the feasibility of inter-
institution studies obtaining and NGS profiling of metastatic biopsies, targeted NGS approaches
applicable to routine formalin fixed paraffin embedded (FFPE) specimens, and NGS approaches
applicable to circulating DNA and circulating CTCs portend near term adoption of NGS
approaches in the management and treatment of CRPC. Important considerations in the clinical
implementation of NGS include inter and intra-patient heterogeneity, disease progression to
neuroendocrine/small cell prostate carcinoma and incorporation into clinical trial design to
demonstrate clinical utility. Herein we review the recent progress in NGS based characterization of
CRPC to understand disease biology and inform on barriers to widespread clinical adoption.
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Comprehensive next-generation sequencing (NGS) of primary prostate cancer and
castration-resistant prostate cancer (CRPC) has provided a foundational understanding of the
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prostate cancer genomic and transcriptomic landscape, elucidating key biological and
molecular components of progression and potential therapeutic opportunitiesl-2. NGS-based
profiling of CRPC has identified the most frequent molecular alterations in advanced,
treatment refractory disease, as well as demonstrated the unique therapeutic challenges in
using molecular information to guide treatment®. At present, NGS-based profiling can
enable relatively fast, accurate, and comprehensive assessment of driving genomic and
transcriptomic alterations in advanced cancer. However, prostate cancer is a dynamic,
inherently heterogeneous disease, and within this context, considerable challenges remain
around how best to leverage NGS-based screening, prognostic, and disease monitoring
strategies in the context of current standards of care 3. Here we review some of the key
NGS-based approaches and findings that are enabling the tracking of the evolution of
metastatic CRPC, including applications for informing treatment, and explore challenges for
prospective implementation of NGS-based assays aimed at guiding precision medicine
approaches for CRPC.

Genomic/Transcriptomic Landscape and NGS Profiling in CRPC

Multiple recent large-scale sequencing studies have helped to characterize the diverse
genomic and transcriptomic landscape of both primary prostate cancer and CRPC, as well as
small cell/neuroendocrine prostatic carcinoma (NePC)1:24-6. These studies have leveraged
comprehensive DNA and RNA sequencing of fresh frozen tissue samples, describing a
heterogeneous set of somatic alterations present in CRPC and/or NePC, including those
enriched or unique in CRPC or NePC compared to primary disease 2. Alterations of
particular relevance include frequent adaptive AR amplifications and mutations often
conferring resistance to first and second generation anti-androgen therapies, 7P53and RB1
mutations and deletions particularly in NePC, and an increased prevalence of germline or
somatic alterations in DNA repair pathway genes in CRPC1:24-6, Comprehensive RNA
sequencing of advanced prostate cancers have also been recently reported, building on prior
expression profiling studies of CRPC24-9. Sequencing based approaches for assessing the
CRPC transcriptome may have particular relevance given that the presence of AR splice
variants in both primary and advanced prostate cancer may lead to increased resistance to
second generation anti-androgens®. Overall, these sequencing initiatives have helped to
outline the feasibility and efficacy of comprehensive (whole genome, whole exome)
sequencing-based profiling of CRPC patients in large-scale single- or multi-institutional
collaborations?.

Technical challenges persist, however, for widespread prospective implementation of
comprehensive NGS based profiling of patients with advanced prostate cancer. Access to
fresh frozen tissue biopsy samples is often limited, leaving formalin-fixed, paraffin-
embedded (FFPE) tissue samples as the primary source analyte for many sequencing-based
assays!1-13, Whole genome or transcriptome scale sequencing of routine FFPE clinical core
biopsy samples has proven challenging®®. Further, even when fresh frozen tissue is
obtainable, it is still generally cost-prohibitive for many clinical centers to deploy
comprehensive genomic and transcriptomic NGS-based profiling of CRPC samples in a
prospective fashion 1215, Additionally, routine biopsy sampling of metastases in patients
with advanced disease is not always performed given the utility of serum PSA as a
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recurrence/response biomarker, limiting tissue availability for widespread understanding of
molecular relationships between primary and metastatic lesions and hindering development
of personalized treatment approaches for individuals with CRPC1,

Several groups have shown that targeted DNA and RNA sequencing of FFPE tissue samples
may be a feasible strategy for profiling clinically relevant somatic alterations in both primary
and advanced prostate cancer 11-13, Targeted strategies have shown promise in assaying
recurrently altered oncogenes and tumor suppressors, genes with frequent copy number
alterations, and driver gene fusions such as TMPRSSZ-ERG in order to identify the salient
driving molecular alterations present in an advanced prostate cancer. Both targeted and more
comprehensive approaches have also proven effective at identifying alterations that define
well-established prostate cancer subtypes, including samples with ETS family gene fusions
as well as those with SPOP mutations, SP/NK1 overexpression, CHDI mutations and
deletions, and /DHI mutations 1:2:6:17-19_ Gijven the initial success in tissue-based targeted
sequencing of CRPC, some have even proposed strategies for monitoring disease via
rebiopsy of lesions profiled pre- and post-treatment paired with NGS profiling®. However,
these targeted and comprehensive approaches all require repeat invasive procedures for
individual patient tracking, presenting limited feasibility for widespread clinical
implementation, particularly in an era where biopsy of metastatic lesions to obtain material
for molecular testing is not routinely reimbursed.

For this reason, recent efforts reporting efficacy of non-invasive NGS-based approaches to
identify and track clinically relevant somatic alterations over time within patients with
CRPC may be particularly relevant in the near term17:20-24 These approaches have shown
that by targeted and more comprehensive sequencing of cell-free DNA (cfDNA), somatic
point mutations, insertions/deletions, and copy-number alterations can be detected across a
broad spectrum of tumor-derived cfDNA fractions. Alterations detected have highlighted or
confirmed a number of important resistance mechanisms that emerge over the course of anti-
androgen treatment (including both AR amplifications and point mutations), as well as
suggesting that AR amplification alone may be a strong predictor of resistance to second
generation anti-androgens abiraterone and enzalutamidel”-21-23, perhaps most importantly,
this work has demonstrated dynamic temporal changes in circulating tumor DNA fractions
in cfDNA representing different tumor subclones over the course of anti-androgen treatment,
hinting at myriad molecular changes in primary and metastatic lesions occurring in response
to substantial therapeutic and fitness-related selective pressures®L,

Further work suggesting utility of whole exome and RNA sequencing from circulating
tumor cells (CTCs) in patients with advanced prostate cancer has also been reported 2526,
however the clinical utility of these approaches have not been fully investigated. Overall,
these non-invasive approaches represent an important first step in understanding the dynamic
nature of tumor clone and subclone representation detectable in the blood, as well as
identifying technical hurdles that must be overcome for widespread clinical use of non-
invasive NGS-based monitoring of molecular alterations in patients with advanced disease.
Substantive work is required to enhance the sensitivity of these non-invasive approaches and
validate the prognostic utility of these tools in personalizing patient care for individuals with
advanced prostate cancer. Of note, very focused assays (including single gene assays) may

Cancer J. Author manuscript; available in PMC 2018 January 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hovelson and Tomlins Page 4

be the final clinical assays used after more discovery based NGS approaches have defined
critical alterations, such as RT-PCR based assays for ARv7 expression in CTCs20.

Intertumoral heterogeneity

Despite the broad characterization of the genomic and transcriptomic landscape of castrate-
resistant prostate cancer (CRPC) and efforts to non-invasively characterize molecular
alterations during treatment, a complete understanding of the intra-patient progression from
localized primary prostate cancer to metastatic castrate-resistant disease remains elusive,
limited primarily by the long timeline of typical prostate cancer progression that complicates
longitudinal sample collection. Complicating the long arc of disease progression is the
relatively recent discovery of substantial intra- and inter-individual heterogeneity for patients
with metastatic disease, which may complicate development of personalized approaches to
CRPC treatment, particularly for AR based therapies3:527. Prostate cancer is an inherently
multifocal disease?®, with recent reports describing multiple clonal expansions even within a
single morphologic tumor focus2-30, While multiple reports support the monoclonal origin
of lethal metastatic CRPC36:31 recent evidence supports the potential of lethal metastases
arising from one or several clones or subclones in the primary tumor 2731, ikewise recent
work in heavily treated patients suggests there may be a more complex series of metastasis-
to-metastasis or metastasis-to-surgical bed seeding events that enable widespread metastatic
spread as well as elimination and recurrence of individual clones during treatment 3.21.32,
While truncal mutations are typically shared across most lesions, these reports suggest
substantial inter-tumoral heterogeneity may be present in patients with CRPC, although the
degree of “relevant” heterogeneity is less well established3-. Nevertheless, this
heterogeneity presents significant challenges for using NGS to inform clinical decision-
making in patients with CRPC, primarily owing to the limited molecular resolution available
from a single core biopsy sample of a particular lesion in an inherently multi-focal,
heterogeneous disease. Likewise, use and interpretation of non-invasive NGS-based disease
monitoring approaches must account for the heterogeneous mix of physical locations from
which tumor derived cfDNA or CTCs being assayed were originally shed.

Prognostic and screening considerations

While NGS-based profiling has played a critical role in elucidating key components of
prostate cancer biology and some aspects of disease progression, NGS-based prognostic
assays are still limited. Existing tissue-based prognostic assays, including Oncotype DX,
Prolaris, Promark and Decipher, use RT-PCR, protein expression, or genomewide expression
arrays to determine gene/protein expression for their component markers33, Ultimately,
orthogonal NGS-based validation of these assays, incorporation of DNA based alterations,
and their robustness to multifocality and intratumoral heterogeneity will likely be necessary
to further improve prostate cancer prognosis and prediction.

Meanwhile, prospective sequencing of select genes may be an important consideration for
germline screening and advanced disease monitoring in patients at risk for primary or
advanced prostate cancer. Germline alterations in BRCAZ and BRCA1 have been shown to
increase the lifetime risk for prostate cancer 34-37 and germline BRCAZ carriers show worse
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prognosis than non-BRCAZ carriers 38. DNA damage repair genes are also an important
consideration, particularly in advanced prostate cancer, as approximately 20% of CRPC
patients have been shown to harbor germline and/or somatic alterations in DNA damage
repair genes such as BRCA1, BRCA2, or ATM 1.6.11.12 jith only ~3% of primary prostate
cancer reporting germline or somatic alterations in BRCAI or BRCAZ, there may need to be
a particular focus in screening for or monitoring BRCAI1/ BRCAZ alterations in men with
previous primary prostate cancer diagnosis or at higher baseline risk for primary disease,
particularly in light of the potential predictive nature of these alterations (see below).
Sequencing of additional genes that predispose men to higher risk of prostate cancer (e.g.,
HOXB13) may also be warranted 3°.

Neuroendocrine/small cell prostate cancer

NGS profiling has also informed on the subset of patients who develop AR-independent
small cell/neuroendocrine prostate cancer (NePC)#40. The increasing relevance of NePC
(whether due to selection by more potent AR signaling therapies or increased survival of
patients with CRPC beyond AR driven disease) has led to investigation on both the
morphologic and molecular characterization of this disease subtype*12:40.41 Importantly,
both single gene and comprehensive NGS approaches support transdifferentiation as the
typical mechanism of NePC development, where NePC is clonally related to preceding AR
driven disease*#243, NePC, particularly small cell carcinoma, shows a unique
transcriptional profile (typically AR signaling low, neuroendocrine gene expression high and
proliferation high) as well as characteristic genomic alterations including B and 7P53
loss and MYCN (or MYCL) amplification4044-46_ Of particular relevance, comprehensive
NGS interrogation has demonstrated that typical adenocarcinoma and small cell carcinoma
represent a spectrum, with the opportunity for molecular assessment to complement
clinicopathologic assessment in determining treatment strategies®12:41.46.47,

Clinical trial design

NGS-based molecular stratification strategies have emerged as a way to more intelligently
enroll patients most likely to benefit in targeted therapy clinical oncology trials. However,
recent reports indicate only 2% of all clinical trials enrolling patients with prostate cancer
from September 2011 to September 2014 used biomarkers or molecular alterations to select
patients for trial enrollment #8. Conversely, the 20% of CRPC tumors showing germline or
somatic alterations in DNA damage repair genes (most frequently BRCAZ2, BRCA1, or
ATM) carry clear implications for ongoing and prospective clinical trial design, given the
success of poly ADP ribose polymerase (PARP) inhibitors in BRCA-deficient advanced
breast and ovarian cancers*®. Of particular note, Mateo et a/. recently reported a phase 1
study of PARP inhibition with olaparib in metastatic CRPC, with response rates >80% in
cases with germline or somatic alterations in DNA damage repair genes (BRCAZ, BRCAI,
ATM, CHEKZ, FANCA, and PALB2) compared to 6% in patients without DNA damage
repair gene alterations®°, leading to breakthrough status. This study underscores the benefit
for employing NGS assay guided patient selection for clinical trial design, where even rare
potentially targetable alterations (e.g. those in RAF family members and IDH1) can be
assessed enabling umbrella or basket trials, similar to the approach taken by the NCI-
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MATCH trial (NCT02465060), where NGS from metastatic FFPE samples guides
enrollment on patient-specific molecular alterations.

Additional NGS-based Applications in Treatment of CRPC

Given the reported inter-tumoral heterogeneity and temporal changes in circulating DNA
from tumor subclones in response to therapeutic pressures, utilizing molecular sequencing to
improve prostate cancer prognostication and therapeutic prediction may be particularly
challenging °1. Challenges including technical limitations, tissue availability, the inherent
biological variability in prostate cancer and the established utility (and known limitations) of
serum PSA mean that serial monitoring and disease tracking in patients at risk or with CRPC
is still a fledgling enterprise. For patients on anti-androgen therapy, PSA monitoring and
imaging are typically used as a primary metric for response to treatment, but we expect
prospective NGS-based tracking strategies may improve sensitivity in screening for and
detecting genomic & transcriptomic alterations — including AR mutations, splice variants,
and amplifications — signaling the start of or susceptibility to treatment resistance at earlier
time points than existing strategies 2. It must be stressed however, that the clinical adoption
of NGS to detect recurrence or resistance based on ultrasensitive detection of molecular
alterations will require proven benefit of initiating/changing therapy at that time vs. waiting
for clinical progression.

Although comprehensive NGS is critical to characterize the molecular landscape of CRPC,
we anticipate that small, customized targeted sequencing panels compatible with DNA or
RNA isolated from tissue, blood, or urine will prove invaluable for the eventual treatment
guidance and monitoring of disease- or progression-associated alterations in patients with
CRPC, much like those employed in recent reports 1721, Alternatively, some groups have
reported utility in using low coverage whole-genome sequencing to screen cfDNA in
patients with CRPC for clinically informative copy number alterations (including AR
amplifications), a strategy which could help complement a more targeted NGS approach
given the high prevalence of driving copy-number alterations in CRPC 1:24,

Recent discoveries have also characterized a series of long non-coding RNAs (IncRNAS)
associated with aggressive prostate cancer, most notably SCALAPI, which is prognostic in
localized prostate cancer’-2:53, and the landscape of INcRNAs in CRPC remains poorly
described. Together with work summarizing the expression of myriad AR splice variants
(several of which may confer resistance to second-generation anti-androgens) in both
primary and advanced prostate cancer%:54, these reports highlight a potential key role for
serial RNA-based NGS profiling in guiding treatment of patients with CRPC. However,
established clinical benefit associated with these newly discovered mechanisms and
biomarkers is still being explored in ongoing trials, and systematic validation of the clinical
and prognostic utility is warranted prior to widespread implementation.

Epigenomic analyses in localized and advanced prostate cancer have also reported
preliminary evidence supporting the role of epigenetic alterations as potential biomarkers for
both aggressive and castrate-resistant prostate cancer, however limited work has been carried
out to determine whether these markers can be reliably detected non-invasively®®. These
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analyses have, however, helped to identify the role that epigenetic AR co-activators such as
TIFZ, p300, CBP, and EZHZplay in CRPC, nominating important candidates for NGS-
based gene expression profiling over the course of disease 5256, Ultimately, the prognostic
ability for proposed epigenetic biomarkers will require more systematic evaluation before
being considered for use in guiding treatment decisions in CRPC.

Conclusions

In the near term future, tissue-based NGS profiling coupled with non-invasive (cFDNA- or
CTC-based) NGS profiling will likely present a powerful approach for capturing a relatively
complete assessment of the intra- and inter-tumoral molecular heterogeneity present in
patients with advanced prostate cancer and identifying the most promising treatment
hypotheses. Non-invasive tracking of clinically relevant somatic alterations in patients with
advanced prostate cancer paired with standard-of-care PSA screening should enable more
comprehensive feedback for clinicians both prior to and in response to treatment, enabling a
nimbler, more pro-active treatment approach if such approaches improve outcome beyond
waiting for clinical progression. Comprehensive whole genome and transcriptome
sequencing in patients with untreated and treated metastatic disease will continue to refine
our understanding of the relationship between metastatic spread and both fundamental and
treatment-induced molecular heterogeneity. Intelligently designed germline screening
approaches could help to identify men at higher risk for development of aggressive or
metastatic prostate cancer, while improved non-invasive approaches hold significant promise
for better understanding CRPC disease progression through identification of novel
biomarkers and early detection of treatment resistance mechanism. Ultimately, significant
contributions from pathology, oncology, bioinformatics, basic science, and cancer genomics
will be required to demonstrate clinical utility of NGS enabling widespread adoption in the
treatment of men with CRPC.
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Figurel.

Potential clinical utility of next generation sequencing (NGS) during prostate cancer
progression. A timeline of serum PSA (black line) and disease burden (red line) along with
treatments (italics) are shown for a hypothetical patient who progresses from localized
untreated prostate cancer diagnosed and treated by radical prostatectomy to untreated
treatment naive metastatic prostate cancer to castration resistant prostate cancer (CRPC) and
eventually neuroendocrine/small cell carcinoma. Opportunities for NGS to guide clinical
management are shown above the graph according to the biocompartment assessed (color of
the box) and NGS approach (pattern of the box) as indicated in the legend. At diagnosis (1),
germline NGS assessment may be utilized to identify predisposing germline variants that
may inform on later therapy and identify hereditary predisposition. Likewise, targeted DNA
and RNA based assessment of FFPE biopsy and/or prostatectomy tissues may be used for
prognosis and assessment of presumed clonal alterations that can be tracked and/or targeted
during progression. NGS of cfDNA and/or CTCs isolated from blood may be used for non-
invasive assessment of disease recurrence (2a) and assessment of clonal dynamics upon
treatment. Diagnosis of metastatic disease by biopsy enables targeted DNA and RNA
assessment of FFPE tissue (or comprehensive assessment if fresh tissue is obtained [most
likely in the translational research setting]), and may have utility in predicting response to
ADT or enrollment on clinical trials in the castration sensitive space (3). In addition to
monitoring for development of CRPC after ADT (2a), NGS of cfDNA and/or CTCs may
have particular utility for predicting response to second generation anti-androgens (such as
abiraterone [abi] or enzalutamide [enza]) based on assessment of AR amplifications,
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mutations, or splice variant expression. Likewise, targeted or comprehensive NGS of CRPC
biopsy tissue may have utility for identifying resistance mechanisms, novel targetable
alterations, and identification of alterations enabling enroliment on umbrella and/or basket
studies (3). NGS assessment of cfDNA and/or CTCs may be useful as a hon-invasive
complement to serum PSA to identify the development of AR independent clones (2c) and
neuroendocrine/small cell prostate carcinoma when serum PSA may not be an accurate
measurement of disease burden. Lastly, NGS of neuroendocrine/small cell prostate
carcinoma (4) tissue may identify potential novel targetable alterations that developed during
progression.
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