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A clinical-grade liquid biomarker detects
neuroendocrine differentiation in prostate cancer
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BACKGROUND. Neuroendocrine prostate cancer (NEPC) is an aggressive subtype, the presence of which changes the prognosis
and management of metastatic prostate cancer.

METHODS. We performed analytical validation of a Circulating Tumor Cell (CTC) multiplex RNA gPCR assay to identify
the limit of quantification (LOQ) in cell lines, synthetic cDNA, and patient samples. We next profiled 116 longitudinal
samples from a prospectively collected institutional cohort of 17 patients with metastatic prostate cancer (7 NEPC, 10
adenocarcinoma) as well as 265 samples from 139 patients enrolled in 3 adenocarcinoma phase Il trials of androgen
receptor signaling inhibitors (ARSIs). We assessed a NEPC liquid biomarker via the presence of neuroendocrine markers
and the absence of androgen receptor (AR) target genes.

RESULTS. Using the analytical validation LOQ, liquid biomarker NEPC detection in the longitudinal cohort had a per-sample
sensitivity of 51.35% and a specificity of 91.14%. However, when we incorporated the serial information from multiple liquid
biopsies per patient, a unique aspect of this study, the per-patient predictions were 100% accurate, with a receiver-operating-
curve (ROC) AUC of 1. In the adenocarcinoma ARSI trials, the presence of neuroendocrine markers, even while AR target gene
expression was retained, was a strong negative prognostic factor.

CONCLUSION. Our analytically validated CTC biomarker can detect NEPC with high diagnostic accuracy when leveraging
serial samples that are only feasible using liquid biopsies. Patients with expression of NE genes while retaining AR-target
gene expression may indicate the transition to neuroendocrine differentiation, with clinical characteristics consistent
with this phenotype.
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Introduction
The majority of prostate cancers are histologically classified as ade-
nocarcinomas. Prostate adenocarcinoma is driven by androgens,
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expresses prostate-specific antigen (PSA) and other androgen recep-
tor (AR) target genes, and responds to AR-directed therapies. In
contrast, neuroendocrine prostate cancer (NEPC) is an aggressive
subtype of prostate cancer characterized by decreased AR signaling,
increased expression of neuroendocrine markers, and an insensitiv-
ity to AR-directed therapies (1-3). NEPC can occur de novo but more
commonly emerges over the course of treatment (1-3). Some stud-
ies have demonstrated that NEPC emergence can occur via trans-
differentiation from a preexisting conventional adenocarcinoma
(4, 5). Molecularly, NEPC is enriched for specific DNA alterations
such as the loss of the key tumor suppressors RB1, TP53, and PTEN
(1-3, 6). NEPC also carries distinct gene expression patterns such as
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decreased expression of AR target genes and increased expression
of neuroendocrine markers such as synaptophysin (SYP) and chro-
mogranin-A (CHGA) (1-3, 7). Finally, NEPC has been shown to have
a distinct methylation pattern compared with prostate adenocarci-
noma (2, 8, 9). The distinction between NEPC and metastatic pros-
tate adenocarcinoma is important because the treatments are very
different. Diagnosis of NEPC portends a poor prognosis with stan-
dard hormonal therapies, and patients with metastases are often
treated with platinum-doublet chemotherapy similar to neuroendo-
crine tumors of other primary sites.

Diagnosis of NEPC is currently performed via tissue biopsies,
but metastatic biopsies, in particular, can be difficult to obtain.
Serial metastatic biopsies are infeasible due to the logistical chal-
lenges and the potential for complications. However, serial mon-
itoring is required to identify an emerging NEPC phenotype. The
distinct molecular features of NEPC suggest that it may be possi-
ble to identify NEPC using emerging blood-based “liquid” biopsy
technology. Circulating tumor DNA-targeted (ctDNA-targeted)
sequencing is now commercially available and can be used to
identify multiple tumor suppressor alterations that correlate with
NEPC emergence, though these alterations can also be found in
adenocarcinomas (8, 10). Methylation of ctDNA is another feature
that has been shown to be able to distinguish NEPC from ade-
nocarcinoma in patients with metastases (8, 11-13). Capture and
molecular profiling of circulating tumor cells (CTCs), a distinct cir-
culating analyte, represents a complementary approach to ctDNA
methylation. Past CTC studies have focused on using morphology
to identify NEPC (14, 15). Multiple studies have suggested a molec-
ular definition of NEPC (1-3, 9, 16) presenting an opportunity for
a gene expression-based CTC assay (10, 17-20) that may be more
specific for NEPC. A major advantage of using liquid biopsies is the
ability to obtain serial sampling. The sensitivity of a single CTC or
ctDNA sampling is limited because their presence and amount is
influenced by the patient’s overall tumor burden and their response
to treatment. If there are no CTCs or ctDNA in circulation, no assay
will be able to detect anything. However, serial monitoring with
liquid biopsies allows for continuous real-time assessment, includ-
ing periods of both low and high tumor burden. This approach has
the potential to maximize the overall sensitivity of detection, and
is akin to the serial monitoring recommended for at-home rapid
COVID tests; any individual test may not have the best sensitivity,
but serial monitoring greatly improves this metric.

Herein, we describe a clinical-grade liquid biomarker NEPC
assay for prostate cancer. We examined 116 longitudinal CTC
samples from a prospectively collected institutional cohort of 17
patients with metastatic prostate cancer, baseline samples from 2
phase II trials of the AR signaling inhibitors (ARSIs) enzalutamide
and abiraterone with a total of 48 patients, and 217 longitudinal
samples from 91 patients from a phase II trial of the ARSI sevit-
eronel. We have previously published on the performance and
clinical characteristics of the CTC capture platform and multiplex
RNA gPCR panel in metastatic prostate cancer (10, 16, 17, 21, 22).
In this study, we describe the analytical validation to translate this
research assay into a clinical-grade assay in a Clinical Laborato-
ry Improvement Amendments-certified (CLIA-certified) lab at
the Wisconsin State Lab of Hygiene (WSLH). We then explored
the performance characteristics of this assay at detecting NEPC
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clinically, as well as the prognostic implications of detecting emerg-
ing neuroendocrine differentiation in CTCs.

Results

Analytical validation for CLIA. The capture efficiency and clini-
cal utility of our CTC capture and multiplex qPCR platform has
been extensively demonstrated (10, 16, 17, 21, 22), and we sought
to establish analytical validity and identify the limits of reliable
quantification of the qPCR panel for the transition to a CLIA assay
(23). We first examined genes in the 22RV1 cell line, which was
chosen because it expresses all of the genes in the panel. RNA
was extracted from cells with the CTC capture device, and after
reverse transcription a range of cDNA serial dilutions were sub-
jected to qPCR. We found that all gene expression targets were
consistently detected from quantities of 22RV1 cDNA equivalent
to approximately 0.4 cells or greater (Figure 1) with a linear rela-
tionship between increasing cell numbers and qPCR Cq values.
Below this threshold, targets were not consistently detected. The
data demonstrate the relationship between analyte quantity and
consistency of detection across replicates, a measure of qualita-
tive precision. In order to further define the limit of quantification
(LOQ) threshold, we utilized a logistic regression approach (24).

For 22RV1 cDNA, the LOQ threshold identified had a Cq value
of 31.40 cycles across all 4 genes tested (Figure 2A). To orthogo-
nally validate this threshold across our entire gene target panel, we
utilized synthetic DNA oligonucleotides and found a similar LOQ
threshold Cq value of 31.00 cycles (Figure 2B). Finally, we tested 18
patient samples using the same methodology to establish the appro-
priate cutoff value in clinical specimens and again identified a sim-
ilar LOQ threshold Cqof 31.71 cycles (Figure 2C). All 3 experiments
resulted in comparable LOQ thresholds, and so we established this
clinical specimen cutoff as our LOQ going forward. For this assay,
we used the molecular definition of NEPC of absent expression of
the AR target genes and expression of either of the 2 neuroendo-
crine markers on our panel, defined by the LOQ threshold.

NEPC diagnostic accuracy. Using our liquid biomarker assay,
we examined a prospective institutional cohort of 116 longitudi-
nal samples (37 from tissue-confirmed patients with NEPC and 79
from adenocarcinoma cases) from 17 patients with metastatic pros-
tate cancer (7 with NEPC and 10 with adenocarcinoma). Across all
samples, our liquid biopsy approach had a sensitivity of 51.35% and
a specificity of 91.14% (Figure 3, A and B). The overall accuracy was
78.45% (Figure 3, A and B). We further evaluated the specificity of
the assay in baseline samples from 2 phase II ARSI clinical trials of
enzalutamide (n = 21) and abiraterone (n = 27). The inclusion crite-
ria for both trials required a diagnosis of adenocarcinoma, and our
liquid biopsy assay confirmed that no patients were classified as
NEPC, resulting in a specificity of 100%. Finally, we also evaluated
our assay in a phase Il adenocarcinoma trial (217 longitudinal sam-
ples from 91 patients) of the experimental ARSI seviteronel. When
examining the baseline samples from this trial, only a single sample
was inaccurately classified as NEPC using our assay, resulting in a
specificity of 99%, though this patient failed treatment after only
52 days, consistent with a more aggressive disease phenotype. The
high specificity across all data sets is promising, and the lower sen-
sitivity is unsurprising on a per sample basis, given the variability in
the clinical status at the time of sample collection. In the patients
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Figure 1. Multiplex gPCR in 22RV1 cells can detect RNA down to below a single cell.
22RV1 cell number is plotted against qPCR Cq (n = 47 for each gene). Four genes, SYP,
CHCA, AR-V7, and AR-V9, were selected for their variable expression in CTCs from
patients with metastatic prostate cancer. gPCR is able to reliably detect RNA as

low as an equivalent of 0.4 cells; above this, the relationship between Cq and input

amount appears to be linear.

with NEPC, more CTCs seem to improve the odds of detection by
our assay, though statistical significance was not reached due to
the small number of samples with available CTC enumeration data
(Supplemental Figure 1). Patients with NEPC who are responding
to treatment at the time of CTC collection would be expected to
have lower CTC burdens in general, thus dropping their NEPC
markers below the threshold of detection. This is likely one of the
main reasons why the per-patient serial sample sensitivity (shown
below) improves so much over the per-sample sensitivity. Tumor
burden, and thus CTC number, can fluctuate, but when we can
monitor patients over time, we are much more likely to catch the
times when CTC numbers are sufficient for the diagnosis of NEPC.

Longitudinal sampling at multiple time-points improves diagnostic
accuracy. Liquid biopsies are uniquely suited for serial sampling.
For any individual sample, there will always be external factors that
may affect the accuracy of an assay, such as treatment response as
described above. However, serial testing can be used to minimize
the effect of technical and biological artifacts and improve perfor-
mance. A relevant noncancer example is COVID testing with rapid
antigen tests, which also have mediocre sensitivity, but high spec-
ificity with just a single test due to fluctuating antigen levels. Seri-
al testing in this setting is commonly used improve the sensitivity
of these assays (25, 26). We sought to use a similar approach and
evaluate each patient using all of their serial blood samples to cal-
culate the percentage of positive samples instead of just 1 individual
sample. Patients had a median of 7 serial CTC collections over 18.4
months. Using receiver-operating-curve (ROC) analysis to com-
pare this with the actual NEPC status of the patient, the AUC was
1 (Figure 4A). A cutoff at 33% of the serial samples testing positive

J Clin Invest. 2022;132(21):e161858 https://doi.org/10.1172/)CI161858

years, he developed recurrent rib pain, and CTC collection
was once again positive for SYP as well as CHGA. A CT scan
showed widespread metastases, and a liver biopsy demon-
strated small cell prostate cancer, with diffuse positivity of
CHGA and SYP. These data suggest that the patient’s ear-
ly SYP-positive liquid biopsy after initial chemohormonal
therapy likely represented at least some neuro-endocrine
differentiation in a tumor that was responding to treatment.
However, on ADT alone and over time, these cells were
able to regrow and become fully clinically apparent NEPC,
with concordant results on the liquid and solid tissue biopsies (both
CHGA/SYP positive). Subsequently, the patient was started on cis-
platin/etoposide, with a good clinical response, and another liquid
biopsy during cycle 2 again reverted to CHGA /SYP negative. No fur-
ther liquid biopsies were obtained as the patient completed chemo-
therapy, but he then declined and went into hospice care.

Patient no. 7 with NEPC is another interesting case study, who,
over the course of 2 years, had multiple liquid biopsies that were
positive for SYP, but were negative for CHGA and AR target gene
expression. During this time period, he was treated on 2 clinical
trials with experimental therapies, as well as abiraterone, to which
he had an initial response but then progressed. There was clinical
concern for NEPC due to the lack of durable response, but a bone
biopsy 1 year into his time on the study was negative for SYP/CH-
GA. However, 7 months later, a repeat bone biopsy showed focal
SYP positivity with CHGA negativity, consistent with the recurrent
SYP-positive and CHGA negative CTC results. The repeated SYP
positivity on the liquid biopsies long before even focal positivity
on the bone biopsies highlights the importance of continual seri-
al molecular monitoring of disease with liquid biopsies, as a single
metastatic tissue biopsy only provides a snapshot in time and space
that may not reflect a rapidly changing clinical picture.

Identification of neuroendocrine emergence. Metastatic NEPC
typically emerges under the selective pressure to ARSIs; general-
ly, there is a transition period where a mixed population of adeno-
carcinoma and NEPC coexist (27). We hypothesized that this state
would likely appear to have neuroendocrine expression from the
NEPC component, as well as preserved AR target gene expres-
sion from the adenocarcinoma component. In addition, there are
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reports of atypical neuroendocrine tumor cells that coexpress AR
target genes and neuroendocrine markers (27). We sought to fur-
ther evaluate this in 2 phase II adenocarcinoma ARSI trials with
abiraterone and enzalutamide, respectively. None of the baseline
samples from these 2 trials met the above criteria for NEPC on their
CTCs, consistent with their adenocarcinoma diagnosis. However,
we identified 3 patients from a total of 48 total patients with SYP
and/or CHGA expression in their baseline blood samples without
loss of AR target gene expression. These patients had significantly
worse OS (Figure 5A; hazard ratio = 5.5906 [1.143-27.36], log-rank
P =0.017) as would be expected by patients with emerging neuro-
endocrine differentiation.

We also evaluated this in the seviteronel phase II trial, in which
we profiled 217 longitudinal samples from 91 patients with met-
astatic castration-resistant prostate cancer (mCRPC) who were
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Figure 2. Limits of quantification for CTC multi-

plex qPCR. (A) Logistic regression demonstrating

the limits of quantification using serial dilutions of
22RV1 cells (n =145) including SYP, CHGA, AR-V7, and
AR-VS. Five replicates were performed per gene and
concentration. (B) Logistic regression demonstrating
the limits of quantification using serial dilutions of
synthetic DNA oligonucleotides (n = 324), including
the genes SYP, CHGA, AR-V7, AR-VS, TMPRSS2, KLK3,
KLK2, and FOLH1. Nine replicates were performed

per gene and concentration. (C) Logistic regression
demonstrating the limits of quantification using CTCs
captured from patients with prostate cancer (n = 148).
The same 4 genes were tested as in A. 4 replicates
were performed per gene and sample. In addition, the
ubiquitously expressed housekeeping gene RPII was
added (shown in gray) for visualization purposes only
because the range of relative quantity (RQ) values for
the 4 genes was narrow, as expression levels were low
even when detectable (shown in black). Addition of
RPII allowed the visualization of the plateau region.

progressing on first-line ARSI therapy. This is generally a poor-
risk population, and the reported median progression-free surviv-
al (PFS) for patients receiving a second-line ARSI after first-line
ARSI ranges from 1.7 to 3.5 months in large randomized trials (28,
29). The median time to treatment failure (TTF) in the sevitero-
nel trial was 3.06 months, compared with a reported median PFS
of 1.7 months in patients who received abiraterone — which has
the same mechanism as seviteronel — after enzalutamide treat-
ment in a British Columbia trial (29). In the seviteronel trial, only
1 patient met the CTC criteria for NEPC at baseline. However, 8 of
91 total patients demonstrated expression of the neuroendocrine
markers SYP and/or CHGA in at least 1 of their blood collections,
usually without concordant loss of AR target genes. These patients
demonstrated significantly decreased TTF with seviteronel (Fig-
ure 5B; hazard ratio = 2.387 [1.053-5.414], log-rank P= 0.033). Data
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Figure 3. NEPC liquid biomarker performance. (A) Waffle plot shows the accuracy of NEPC classification on a per-sample basis across our institutional
longitudinal samples. (B) Bar plot shows the performance metrics of NEPC classification on an individual per-sample basis versus leveraging serial sam-
pling using liquid biomarkers to calculate the percent positive samples per patient (cutoff of 33%) from across our institutional longitudinal samples.

from these 3 ARSI trials suggest that our liquid biopsy assay could
be used for screening and early detection of the transition to an
aggressive mixed or atypical neuroendocrine phenotype associat-
ed with ARSI resistance. Identification of neuroendocrine emer-
gence could influence clinical management and favor novel thera-
peutic strategies and chemotherapy for these patients.

Discussion

In this manuscript, we describe a clinical-grade liquid biomarker
that can accurately identify NEPC in patients with metastatic pros-
tate cancer and detect the early emergence of neuroendocrine fea-
tures associated with poor prognosis on ARSIs. In total, we profiled
381 CTC samples from 156 patients using a multiplex gqPCR assay
(10, 16, 17, 21, 22) from both institutional cohorts and clinical trials.
We included CTC data from 68 previously published samples as
well as 313 new samples first described herein. A unique aspect of
our study is the longitudinal profiling throughout the disease course.
Leveraging the additional information provided by serial liquid
biopsies, the assay achieved a perfect NEPC ROC AUC of 1. In addi-
tion, the assay is potentially able to identify a transition to a more
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neuroendocrine phenotype that is associated with worse overall sur-
vival (OS) and TTF on an ARSL The gene expression phenotype of
NEPC underlying our assay has been extensively validated (1-4, 6-8,
30), and we have used these well-described transcriptional patterns
to design our prostate cancer CTC assay (10, 16, 17, 21, 22).
Metastatic NEPC has a dismal prognosis and is a subtype that
needs more effective treatment options. To develop novel ther-
apeutic strategies, ongoing and future NEPC clinical trials need
a way to screen and monitor patients for inclusion. Currently,
NEPC is typically suspected when PSA and radiographic/clinical
progression begin to diverge, at which point a tissue biopsy is typ-
ically performed and a pathologic diagnosis of NEPC can be used
for treatment decisions and/or clinical trial eligibility. However, a
biopsy may be falsely negative due to sampling error, or it may be
nondiagnostic. If the patient continues to be clinically suspicious
for neuroendocrine disease, a second biopsy is sometimes attempt-
ed, but as patients clinically decline, the window of opportunity to
act rapidly disappears. An accurate neuroendocrine liquid biopsy
would allow for continuous real-time screening of any patients
with metastatic prostate cancer for neuroendocrine differentiation,

B NEPC classification per patient

W True negative
B False positive
B False negative
M True positive

Figure 4. NEPC liquid biomarker serial sample performance. (A) ROC curve of NEPC classification accuracy leveraging serial sampling using liquid bio-
markers to calculate the percent positive samples per patient across our institutional longitudinal samples. (B) Waffle plot shows the accuracy of NEPC
classification on a per-patient basis using the percent positive across our institutional longitudinal samples.
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neuroendocrine markers before loss of AR signal-
ing portending a poor prognosis on ARSIs. If this
is identified early, before clinically evident NEPC,
this would warrant close monitoring and consider-
ation of a change in therapy or clinical trial. In addi-
tion, our assay can be used to expand eligibility cri-
teria and allow seamless screening and enrollment
into prospective NEPC therapeutic clinical trials.
A major strength of this assay is a straightfor-
ward and well-understood CTC capture and mul-
tiplex qPCR workflow. This scalable and automat-
ed process allows for rapid turnaround time from
sample collection on the order of 2-3 days. Indeed,
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SYP/CHGA-{ 45 38 35 28 24

Strata

SYP/CHGA+ 3 2 1 0 0

30 the main rate-limiting step is the collection of a
sufficient number of samples to fill up a paral-
lel assay run. These data are the foundation for

17 establishing this assay in the CLIA certified labo-

ratory in the WSLH. We have conducted extensive

analytical validation on the CTC multiplex qPCR
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30 approach to understand the performance char-
acteristics and identify LOQ for this assay and
developed the necessary quality monitoring tools
at each step of the workflow. This research test is
being transitioned to a clinically orderable CLIA
test at the WSLH. Since 2016, an Investigational
Device Exemption, which requires rigorous ana-
lytical validation and CLIA certification, is now
required for any biomarker used to guide therapy
decisions in prospective interventional clinical tri-
als. CLIA liquid biomarkers are therefore an abso-
lute requirement for translation from exclusively
research use to clinical trials and practice.

Prospective testing of this assay is being per-
formed currently in ongoing trials in metastatic
prostate cancer (NCT02445976, NCT01942837,
NCT03725761,NCT02025010, and NCT04126070),
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Number at risk
SYP/CHGA-{ 83 61 24 11

SYP/CHGA+ 8 6 0 0

8 and this assay will also be integrated as a correl-
ative biomarker in the planned biomarker-driv-
en Alliance A032102 PREDICT trial. A liquid

6 biomarker to detect early neuroendocrine differenti-

ation would represent a paradigm shift in oncology,

transforming the way patients with metastatic pros-

0 2 4 6
Months

tate cancer are monitored for the emergence of
aggressive neuroendocrine disease.

Figure 5. Clinical outcomes from ARSI trials and emergence of neuroendocrine markers.
(A) Kaplan-Meier curves show that patients with expression of neuroendocrine markers, even Methods

with preserved AR target gene expression, have worse overall survival (0S) in 2 phase Il adeno- Analytical validation and limit of quantification of mul-

carcinoma ARSI (enzalutamide and abiraterone) clinical trials. P is calculated via log-rank test.
(B) Kaplan-Meier curves show that patients with expression of neuroendocrine markers, even
with preserved AR target gene expression, have worse time to treatment failure (TTF) in a phase

tiplex qPCR. CLIA guidelines require that the perfor-
mance of a qualitative assay readout must show preci-

Il adenocarcinoma ARSI (seviteronel) clinical trial. P values were calculated via log-rank test. sion down to the lower limit of what is considered the

and confirmation of a positive test can be completed with a tissue
biopsy or additional liquid biopsies. Blood can be easily collected in
conjunction with patients’ regular PSA and laboratory checks. The
main advantage of this assay is that it can detect the emergence of

reportable range (23). The limit of detection is defined

as the cutoff where signal is no longer detectable,

while the LOQ is defined as the cutoff where signal is
detected with adequate precision. The LOQ is also considered the ana-
lytical sensitivity of the test system. We interrogated the LOQ of our
gPCR assay in 3 different sets of experiments described below. Addi-
tional details are available in the Supplemental Methods.
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22RV1 cell lines. The genes SYP, CHGA, AR-V7, and AR-V9 were
selected to assess the limits of quantification, as these genes have vari-
able expression across patient samples. While the first 2 are used for
NEPC detection, the latter 2 are not and were on our panel for other
purposes (10). 22RV1 is a castration-resistant model that has some
expression of all 4 of these genes and was chosen as the first model sys-
tem. The gPCR LOQ was assessed using serial dilutions of cDNA from
22RV1 cells that had been extracted using our CTC extraction platform
(10, 16,17, 21, 22). Quantities of cDNA equivalent to a range of 0.03-12
total 22RV1 cells were evaluated in replicate to obtain a mix of detected
and undetected specimens for each gene. 5 technical replicates were
performed per experimental condition, which were then quantified
using our multiplex qPCR panel.

Synthetic DNA oligonucleotides. To validate that the QPCR LOQ are
broadly applicable across genes, additional genes were tested using syn-
thetic DNA oligonucleotide sequences. The DNA oligonucleotides were
expanded toinclude all the genes in the NEPC panel: SYP, CHGA, AR-V7,
AR-V9, TMPRSS2, KLK3, KLK2, and FOLHI. The synthetic oligonucle-
otides serve as surrogates for RNA transcripts, since, after reverse tran-
scription, qQPCR is the same for DNA and RNA. These oligonucleotides
were also subject to replicate evaluations of serial dilutions followed by
multiplex gPCR to obtain a mix of detected and undetected specimens
for each gene, with 9 technical replicates per experimental condition.

Patient samples. Finally, we assessed the LOQ in 18 patient sam-
ples, none of which overlapped with the clinical specimens used below.
Samples used for analytical validation were primarily from patients
responding to treatment, and thus likely with lower CTC burdens, in
order to assess the lower limits of sensitivity of the assay. We used the
same panel as in the 22RV1 experiment. CTCs were captured and sam-
ples were split into 4 technical replicate evaluations per patient. Multi-
plex qPCR was performed as above.

For logistic regression evaluation of the LOQ, different concentra-
tions of materials were evaluated in replicates and each replicate was
then categorized as either detected, 1, or not detected, O, for any rep-
licate with at least 1 detectable value (31). Logistic regression was then
used to define the average relative quantity (RQ) value associated with
the successful detection of 50% of replicates with 90% confidence (24).
RQ was converted to more interpretable Cq values using the following
formula: Cq =43 -log,(RQ).

Clinical validation — institutional cohort

Between 2014 and 2020, longitudinal blood specimens from patients
with metastatic prostate cancer were collected on an institutional IRB-
approved prospective biospecimen protocol (1202-1214) for CTC anal-
ysis at the University of Wisconsin Carbone Cancer Center. All patients
were required to have histologically confirmed metastatic prostate
cancer. Eligibility for this study in particular required multiple sam-
ples from the same patient over time. In total, 116 longitudinal blood
samples were collected from 17 patients with metastatic prostate can-
cer who were treated at the University of Wisconsin Carbone Cancer
Center (UWCCC). In the UW cohort, we included all patients that were
enrolled on our institutional liquid biopsy collection protocol with longi-
tudinal sample collection, defined as at least 2 time points for patients
with NEPC, and at least 3 time points for patients with adenocarcino-
ma. A lower threshold was used for the patients with NEPC to capture as
many of these patients as possible, though all but 1 of the NEPC patients
had at least 3 timepoints. This may not represent the entire patient
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population, as patients who rapidly declined, as well as patients who
responded durably, likely were not profiled with serial liquid biopsies.
Seven patients had biopsy-confirmed NEPC on a metastatic biopsy, and
10 had metastatic prostate adenocarcinoma. Of the 7 NEPC patients, 6
biopsies had small cell morphology, and 1 was described as having neu-
roendocrine features. Five of the 7 NEPC biopsies were positive for both
SYP and CHGA, and 2 were positive for only SYP without CHGA positiv-
ity. PSA trajectories for the patients with NEPC can be found in Supple-
mental Figure 2. Sample collection, processing, CTC extraction, RNA
isolation, and multiplex qPCR were performed for this cohort, as well
as the clinical trials below, as previously published (10). Patient char-
acteristics can be found in Supplemental Table 1. The NEPC patients
were treated with a diversity of therapies over the course of their time
on this study, including platinum doublets (1 = 5), taxanes (n = 1), ARSIs
(n=2), and investigational agents (n = 2). Likewise, the adenocarcinoma
patients also underwent a range of treatments including ARSIs (n = 9),
taxanes (n = 5), radium-223 (n = 1), and investigational agents (1 = 6).

Clinical validation — enzalutamide and abiraterone phase Il trials

In addition, baseline samples from 2 phase IT ARSI trials of mCRPC were
profiled (longitudinal samples were not available). The ENZA-CRPC trial
(ClinicalTrials.gov ID NCT01942837) was a single-arm open-label phase
1T study of enzalutamide. This trial was open at the Dana-Farber Cancer
Institute (DFCI), University of Washington (Seattle, Washington, USA),
Beth Israel Deaconess Medical Center (Boston, Massachusetts, USA),
and South Shore Hospital (Weymouth, Massachusetts, USA). Patients
were eligible for inclusion if they had CRPC (defined as disease progres-
sion despite a serum testosterone lower than 50 ng/dL) and progression
(PSA or soft tissue/bone) defined using the Prostate Cancer Working
Group 2 (PCWG?2) criteria. A diagnosis of adenocarcinoma was required,
and NEPC was not allowed. Patients were then treated with enzalutamide
160 mg daily until progression (per PCWG2 criteria), toxicity, or with-
drawal. In total, the trial accrued 66 patients from 2013-2017, of which 21
had evaluable samples for CTCs collected at baseline. Further details can
be found in the original publication of this trial (16).

The AA-CRPC trial (ClinicalTrials.gov ID NCT02025010) was a
single-arm open-label phase II study of abiraterone acetate. This trial
was open at DFCI and Memorial Sloan Kettering Cancer Center. Sim-
ilar to AA-CRPC, patients were eligible for inclusion if they had CRPC
and progression, using the same definitions as listed above. Again, a
diagnosis of adenocarcinoma was required, and NEPC was not allowed.
Patients were then treated with abiraterone acetate 1000 mg daily until
progression (per PCWG?2 criteria), toxicity, or withdrawal. In total, the
trial accrued 60 patients from 2013-2017, of which 27 had evaluable
samples for CTCs collected at baseline. Further details can be found in
the original publication of this trial (32).

These 2 prospective phase IT ARSI trials were pooled together for
CTC analysis (10) for a total of 48 patients. OS was the primary clini-
cal endpoint and was defined as date of death or last contact relative to
treatment start. Patient characteristics can be found in Supplemental
Table 1. Reasons for why samples were not evaluable for CTCs included
patient refusal, medical contraindications, shipping issues, sample pro-
cessing issues, and QC failures.

Clinical validation — seviteronel ARSI phase Il trial
We also profiled longitudinal samples from a single-arm open-label
phase II trial of the ARSI seviteronel in mCRPC that had progressed

7


https://doi.org/10.1172/JCI161858
https://www.jci.org/articles/view/161858#sd
https://www.jci.org/articles/view/161858#sd
https://www.jci.org/articles/view/161858#sd
https://www.jci.org/articles/view/161858#sd
https://www.jci.org/articles/view/161858#sd

CLINICAL MEDICINE

on ARSIs (ClinicalTrials.gov ID NCT02445976). Seviteronel targets
CYP17A1 and inhibits androgen biosynthesis, similar in mechanism to
abiraterone. While this drug did not advance to randomized trials, the
trial can still serve as a valuable resource for ARSI biomarker evalua-
tion. Patients were eligible for inclusion if they had CRPC and progres-
sion, using the same definitions as listed above. They must also be on
an LHRH analogue or have undergone orchiectomy. They also had to
have received prior abiraterone or enzalutamide for at least 12 weeks (or
another ARSI with a similar mechanism of action). Patients were then
treated with seviteronel 600 mg daily until progression (per PCWG2
criteria), toxicity, or withdrawal. In total, 217 longitudinal CTC samples
(baseline, on-treatment, and end-of-treatment/study) were evaluable
from 91 patients from 2015-2018. With regards to clinical outcomes,
only TTF was available. TTF (33, 34) has been used as an endpoint in
other metastatic prostate cancer studies (35-38). Patients were censored
at the time of last blood specimen receipt if there was no indication that
treatment had been stopped. Unfortunately, the drug company develop-
ing seviteronel is defunct, and thus detailed clinical data such as OS were
not obtainable. Seviteronel is not the ideal drug to study mechanisms of
ARSI resistance, as the current trial has yet to report its outcomes and the
drug has not been FDA approved for the treatment of prostate cancer.
Thus, the results should be interpreted with this caveat in mind. For all 3
ARSI trials, a new biopsy confirming adenocarcinoma was not required
prior to enrollment. However, it is unlikely that patients exhibiting clini-
cal signs suspicious for NEPC would have been enrolled on an ARSI trial.

Statistics

All statistical testing was performed using R version 4.1.0. All statisti-
cal tests were 2-sided. A P value cutoff of less than 0.05 was considered
significant. The NEPC liquid biomarker was evaluated using sensitiv-
ity, specificity, and accuracy. Furthermore, ROC analysis was used to
compare the percent positive samples per patient with NEPC status.
Kaplan-Meier curves and Cox regression were used to analyze time-to-
event data. NEPC tumors are defined by low/absent AR signaling, and
expression of NEPC markers as previously defined (1-3, 9, 16). The panel
design was locked prior to specimen collection as liquid biopsy samples
were processed fresh, and contained 4 canonical AR target genes (KLK2,
KLK3, FOLHI, TMPRSS2) and 2 neuroendocrine markers (SYP, CHGA).
We utilized the molecular definition of NEPC in our assay: absent
expression of the AR target genes (i.e. below the LOQ threshold), and
detectable expression of either of the 2 neuroendocrine markers on our
panel above our LOQ threshold. Sample processing staff were blinded to
any clinical information.
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Study approval

For the 3 ARSI clinical trials, IRB approval and written informed con-
sent was obtained at each of the participating institutions. A full list of
sites can be found for each trial at clinicaltrials.gov (NCT01942837,
NCT02025010, NCT02445976) and in Supplemental Table 2. For the
institutional cohort, IRB approval was obtained from the University of
Wisconsin-Madison IRB, and written informed consent was obtained.
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