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Highlights

The rolling b-allele method applied into a clinical assay allows detection of plasma tumor DNA

independent of mutation calls.

» Patients with TP53, RB1 or PTEN alterations persisting after one cycle treatment have the worst
outcomes.

» Conversion of alterations after one cycle is associated with the similar outcomes as patients
negative before treatment.

» Plasma AR gain pre-treatment persists at progression whilst AR point mutations appear de novo in

~16%.

Abstract

Background

Plasma tumor DNA fraction is prognostic in metastatic cancers. This could improve risk stratification
prior to commencing a new treatment. We hypothesized that a second sample collected after one cycle
treatment could refine outcome prediction of patients identified as poor prognosis based on plasma
DNA collected pre-treatment.

Patients and Methods

Plasma DNA (128 pre-treatment, 134 cycle 2 day 1 (C2D1), and 49 progression) from 151
chemotherapy-naive metastatic castration resistant prostate cancer (NCRPC) patients in a phase 2
study of abiraterone acetate (NCT01867710) were subjected to custom targeted next-generation
sequencing covering exons of these genes:TP53, AR, RB1, PTEN, PIK3CA, BRCA1, BRCA2, ATM,
CDK12, CHEK2, FANCA HDAC?2, and PALB2. We also captured 1500 pan-genome regions enriched
for single nucleotide polymorphisms to allow detection of tumor DNA using the rolling B-allele method.

We tested associations with overall survival (OS) and progression-free survival (PFS).



Results

Plasma tumor DNA was associated with shorter OS (hazard ratio (HR): 2.89, 95% confidence intervals
(Cl): 1.77-4.73, p=<0.0001) and PFS (HR: 2.05; 95% Cl: 1.36-3.11, p<0.001). Using a multivariable
model, including plasma tumor DNA, patients who had a TP53 or RB1 or PTEN gene alteration pre-
treatment and at C2D1 had a significantly shorter OS than patients with no alteration at either time point
(TP53, HR 7.13, 95% ClI 2.37-21.47, p<0.001; RB1, HR 6.24, 95% CI 1.97-19.73, p=0.002; PTEN, HR
11.9, 95% CI 3.6-39.34, p<0.001). Patients who were positive pre-treatment and converted to
undetectable had no evidence of a difference in survival compared to those who were undetectable
pre-treatment (respectively p=0.48, p=0.43, p=0.5). Progression samples harbored AR gain in all
patients who had gain pre-treatment (9/49) and de novo AR somatic point mutations were detected in
8/49 patients.

Conclusions

Plasma gene testing after one cycle treatment refines prognostication and could provide an early

indication of treatment benefit.

Keywords
Prostate Cancer, plasma DNA, next-generation sequencing, liquid biopsies, genomic alterations,

biomarkers.



Background

Approximately 20% of metastatic castration-resistant prostate cancer (nCRPC) patients have primary
resistance and a short duration of response to androgen receptor (AR) targeting agents, abiraterone
acetate and enzalutamide (1, 2). Therefore, there has been considerable interest in developing a test to
identify patients susceptible to resistance to these agents. Given the challenge of acquiring tumor tissue
from this population, several studies have evaluated perturbations in liquid biopsies taken just prior to
the start of treatment (3-6). Amongst the genomic alterations detected in plasma DNA at this stage of
the disease, pathogenic events involving TP53, RB1, AR, PTEN and PIK3CA have been reported in
several studies to be associated with worse outcomes (3, 4, 7-10). Approximately 20% of all mMCRPC
cases harbor somatic genomic alterations involved in DNA damage repair (DDR) and benefit from
poly(adenosine diphosphate—ribose) polymerase (PARP) inhibitors (11). Several PARP inhibitor trials
have used tissue and plasma DNA for DDR gene characterization. The prognostic relevance of DDR
alterations detected in plasma from mCRPC patients starting abiraterone acetate is currently uncertain

(12-15),

Plasma DNA is suited to repeat testing on treatment to determine response to therapy(16). We were
interested in evaluating whether a change in plasma DNA status after one cycle of treatment is
associated with a change in outcome. We tested this question in asymptomatic or minimally
symptomatic, chemotherapy-naive mCRPC patients treated with open-label abiraterone acetate plus
glucocorticoid treatment in an international, multi-institutional clinical trial (PCR2023, NCT01867710).
Plasma DNA was collected prior to, after one cycle of treatment, and at disease progression. We
utilized an accredited, custom, targeted next-generation sequencing (NGS) assay performed in a
clinical laboratory and focused on the most common aforementioned alterations detected at this stage
of disease. A number of studies on plasma DNA have used recurrent somatic point mutations or

genomic mono-allelic deletions to estimate tumor fraction (3, 4, 17). We implemented an orthogonal



approach leveraging genome-wide informative single nucleotide polymorphisms (SNPs) to classify
patients as plasma tumor DNA positive or negative. We then aimed to interrogate whether dynamic
changes in gene alterations from pre-treatment to after four weeks were associated with worse

outcomes in mCRPC patients treated with abiraterone acetate.

Methods

Participants and Study design

The NCT01867710 cohort has been described previously (18). Patients were randomized to receive
abiraterone acetate and 1:1:1:1 between four different glucocorticoid regimens, prednisone (P) (5mg or
once daily [QD] or twice daily [BID] or 2:5mg BID) or dexamethasone (D) (0-5mg QD), to evaluate
tolerability. The trial was not designed to detect differences in clinical outcomes between steroid doses;
therefore, for the purposes of biomarker analysis all patients were grouped together. The clinical
outcome data used for this analysis was from the final database, after completion of the main study and
extension protocols with a closure date of 5 June 2018. The study obtained Institutional Review Board
and Ethics Committee approvals and was conducted in accordance with the Declaration of Helsinki and
Good Clinical Practice guidelines of the International Conference of Harmonization. All patients

provided written informed consent for the biomarker research.

Plasma samples were collected pre-treatment (just immediately prior to cycle 1 day 1), at cycle 2 day 1
and at progression with the primary aim of studying associations between plasma DNA gene alterations
and clinical outcome as secondary exploratory objectives in the PCR2023 study protocol. Serum
prostate specific antigen (PSA) was assessed pre-treatment, every month for the first six months and
every three months thereafter. Disease was evaluated radiographically with the use of computed

tomography scans of the thorax, abdomen and pelvis (CT TAP) and technetium whole-body bone



scans pre-treatment and every 12 weeks on treatment. Serum lactate dehydrogenase (LDH) and

alkaline phosphatase (ALP) were measured pre-treatment.

Sample Next-generation Sequencing and Analysis

Plasma DNA was extracted using the Promega bead-based automated platform and subjected to a
proprietary target capture and analysis NGS pipeline (19) with a set of probes covering exons including
these genes; TP53, AR, RB1, PTEN, PIK3CA, DDR (BRCA1, BRCA2, ATM, CDK12, CHEK2, FANCA,
HDAC2, PALB?) and approximately 1500 commonly heterozygous, pan-genome single nucleotide
polymorphisms (SNPs). Analytical validation studies using cell line titrations found the limit of detection
(LOD)95 was 0.18% for somatic point mutations and at a shift of 0.2 for copy number alterations
(CNAs) (19). Somatic point mutations that did not result in loss of function or were reported to be
benign from two databases (ClinVar: https://www.ncbi.nlm.nih.gov/clinvar/ or CBioPortal:
https://www.cbioportal.org/) were excluded. To detect the presence of tumor using an orthogonal
approach that did not rely on somatic mutations, we used the "rolling B-allele" method that detects
shifts in frequencies of heterozygous SNPs using rolling windows containing either three or nine
consecutive SNPs. If a significant shift was detected compared to a background noise model generated
from a dataset of wild-type samples analyzed with the same targeted panel, the sample was classified
as plasma tumor DNA positive. A negative result indicated that no evidence was found for plasma
tumor DNA presence. This analysis cannot rule out tumor presence that was either lower than the limit
of sensitivity or arose from clones that did not harbor CNAs. Cell line titration studies using a matched

diluent found that the method detects dilutions down to 5%.

Outcomes
The primary activity endpoints of the trial and this biomarker analysis were overall survival (OS) and

progression-free survival (PFS) calculated from randomization to a glucocorticoid regimen. OS was



calculated from randomization to death from any cause, while PFS included radiographic-progression
free survival (rPFS), clinical progression or death. The association between plasma tumor DNA and
time on androgen deprivation therapy (ADT) was measured from the start of uninterrupted ADT to start
of abiraterone acetate plus glucocorticoids. Patients on combined androgen blockade and

antiandrogens were not excluded.

Statistical analyses

Associations for plasma tumor DNA and clinical variables including time on ADT were assessed using
Fisher's Exact and Mann-Whitney tests. Clinical variables were treated as binary covariates: baseline
LDH (dichotomized at upper limit of normal (ULN), baseline ALP (dichotomized at ULN), baseline PSA
(dichotomized at 51 ng/mL), and patient age (dichotomized at 75 years). For each gene variable and
detectable tumor in plasma, hazard ratios (HR) and P-values were calculated using Cox proportional
hazard models. We assessed the independent biomarker potential of each gene alteration by
constructing multivariable Cox proportional hazards models assessing each individual alteration and
plasma tumor DNA (positive versus negative). The association between gene alterations and time-to-
event outcomes were evaluated by Kaplan-Meier (KM) analysis using the log-rank test. The association
between the conversion of a gene alteration from either detectable or undetectable pre-treatment to
C2D1 was examined using a multivariable Cox regression model. The HR for each variable plasma
tumor DNA (rolling B-allele), TP53, RB1, AR, PTEN, PIK3CA and DDR was compared to the reference
group: undetectable at both time points. All tests were two-sided and an a-error of 5% was considered
as statistically significant. All statistical analysis was performed using SPSS (IBM SPSS statistics

version 26).



Results

Patient Disposition and Plasma Tumor DNA Detection

Between June 2013 and October 2014, 164 patients were recruited onto the PCR2023 study at 22
centers in 5 countries. Of the 164 intention-to-treat patients, 151 patients consented to the optional
biomarker study. Targeted NGS data was available on 311 samples, consisting of 128 pre-treatment,
134 C2D1 and 49 progression samples (Figure 1A). The median follow-up time was 48.9 months.
Median PFS and OS were 12.8 months (95% Cl, 8.0 — 17.6) and 39.4 (95% ClI, 30.3 — 48.4) months,
respectively.

Using the rolling B-allele method, plasma tumor DNA was detected in 60 of 128 pre-treatment (47%),
25 of 134 C2D1 (19%) and 25 of 49 (51%) progression plasma samples. Of the 110 plasma tumor DNA
positive samples, 89 of 110 (81%) had a detectable gene alteration in a target gene compared to 26 of
201 (13%) plasma tumor negative samples (Fisher’s exact test, p<0.0001). In keeping with previous
reports (13), plasma tumor positive pre-treatment samples were significantly associated with higher
levels of baseline clinical indices of tumor volume, namely serum LDH, ALP, PSA and total plasma
DNA genomic equivalents in the target fragment length range (Mann-Whitney test, p<0.0001 for all four
parameters; Supplementary Figure 1, Supplementary Table 1). Plasma tumor DNA positive patients
were also significantly associated with the presence of bone metastases (Supplementary Table 1).
Start dates of primary ADT were available for 119 patients (93%). Disease stage at diagnosis was
available for 92 of the 119 patients; 63 (68.5%) were stage MO0 at diagnosis. We observed that patients
with positive plasma tumor DNA pre-treatment had a significantly shorter time on ADT (p=0.02)

(Supplementary Figure 2).

Positive plasma tumor DNA pre-treatment was associated with significantly shorter PFS (HR: 2.05;
95% confidence intervals (CI): 1.36 to 3.11, p=0.0002) and OS (HR: 2.89, 95% CI: 1.77 to 4.73,
p=<0.0001) (Figures 1B and 1C). After adjusting for clinical prognostic factors that have been

previously demonstrated to be strong independent predictors of OS and PFS for AR targeted



therapies(2, 20, 21), detectable plasma tumor DNA pre-treatment remained independently associated
with worse outcomes (HR: 2.03, 95% CI: 1.21 to 3.41, p=0.007 for PFS; HR: 2.61, 95% CI: 1.44 to

4.72, p=0.001 for OS; Supplementary Table 2).

Plasma gene alterations prior to treatment and clinical outcome

We detected somatic point mutations involving TP53, PTEN, PIK3CA and AR, gene loss of TP53,
PTEN and RB1, and copy number (CN) gain of AR or PIK3CA in pre-treatment samples (Figure 2,
Supplementary Figure 3). Pre-treatment CNAs and/or somatic point mutations for one of these five
alterations were detected in 56 of 128 patients (44%). With each additional alteration, patients
demonstrated a shorter OS (median OS: no detectable alterations, 48.4 months; one alteration, 34.5
months; two alterations, 27.9 months; and three alterations, 20.9 months, p<0.0001) and PFS (median:
no detectable alterations, 20.96; one alteration, 15.51; two alterations, 7.36; and three alterations, 4.73
months, respectively; p<0.0001; Supplementary Figure 4A and B). We first performed a univariable
analysis to test whether the selected alterations in our data-set were associated with worse outcome.
The detection of AR gain or an alteration in TP53 was associated with shorter PFS and OS and
alterations in PTEN, RB1 and PIK3CA were only associated with shorter OS (Supplementary Table

3)

Next, we evaluated the relationship between DDR gene alterations (BRCA1, BRCA2, ATM CDK12,
CHEKZ2, FANCA, HDAC2 and PALB?2) and outcome. We observed 11 patients (8.6%) with biallelic
DDR gene alterations (either homozygous deletions or a monoallelic deletion with a pathogenic
mutation) in BRCA2, ATM, CHEK2, FANCA, or HDACZ2. Additionally, in a further 11 patients,
monoallelic truncating mutations were detected in BRCAZ2 (4 patients), ATM (2 patients), CDK12 (3

patients), FANCA (1 patient) and PALB2 (1 patient). Taken together, patients with DDR alterations had
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a significantly shorter PFS (HR: 2.13; 95% CI: 1.3 to 3.48, p=0.003) but there was no association with

OS (Supplementary Table 3).

As the detection of an alteration in plasma could be confounded by circulating tumor content, we next
tested each gene that had a significant association with PFS or OS individually in a multivariable model
that included plasma tumor DNA positive versus negative determined by the rolling B-allele method.
After adjusting for plasma tumor DNA status, only DDR alterations were associated with a shorter PFS,

while for OS this was only observed for PTEN (Supplementary Tables 4 and 5).

Conversion of alterations after one cycle of abiraterone acetate and long-term outcome

We had C2D1 plasma for comparison with matched pre-treatment plasma for 111 patients. We
observed a conversion from detected to not detected in pre-treatment compared to C2D1 for plasma
tumor DNA in 31 of 53 patients (58%) and specifically for alterations of each gene: 63% (17 of 27)
TP53, 70% (16 of 23) AR (only gain), 63% (10 of 16) PTEN, 63% (12 of 19) RB1 (only loss), 55% (5 of
11) PIK3CA and 35% (8 of 22) DDR (Figure 2). We hypothesized that the conversion of a gene
alteration to undetectable would be associated with a similar outcome to those patients who were
undetectable at both time points. Conversely, those patients who remained or became detectable
would have the worst outcomes. Alterations that have met these criteria would support our hypothesis
and represent an alteration of potential interest for tracking response. For plasma tumor DNA, TP53,
RB1, PTEN and PIK3CA, only one patient converted from undetectable to detectable while none did for
AR gain and DDR genes. We therefore grouped these patients with those that were detectable at both
time points as we hypothesized that these patients would have similar outcomes to the patients that
remained detectable. We split patients into three groups based on whether a gene alteration was

detected or not at C2D1 and, if not, whether it was detected or not pre-treatment.
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First, we started by evaluating plasma tumor DNA and found that a conversion to undetectable at C2D1
resulted in a worse PFS and OS compared to being undetectable pre-treatment; not satisfying our
criteria for an alteration of interest to track response (Supplementary Tables 6 and 7). We then used a
multivariable model to test the association with outcome compared to patients who were undetectable
at both time points. We ran the model independently for each gene alteration and included plasma

tumor detection to confirm that associations were independent of high circulating tumor burden.

We observed that patients in whom an alteration in TP53 was detectable at both pre-treatment and
C2D1 time points had a significantly worse outcome for PFS (Cox regression: HR: 2.69, 95% CI: 1.07 -
6.77, p=0.035) and OS (HR: 7.13, 95% Cl: 2.37 - 21.47, p<0.001) while those who converted did not
(HR: 1.33, 95% CI:0.68 — 2.6, p=0.40, for PFS and HR:0.77, 95% CI: 0.38 - 1.58, p=0.48 for OS,
Figure 3A, 3B and 4A, Supplementary Figure 5B). We also observed this relationship for OS with
RB1 (converted to undetectable: HR: 0.71, 95% CI: 0.30 - 1.67, p=0.43; or remained detectable: HR:
6.24, 95% Cl: 6.24, p=0.002) (Figure 3B and Figure 4B). Similarly, for PTEN (converted to
undetectable: HR: 1.36, 95% CI:0.56 - 3.32, p=0.5; remained detectable HR: 11.9, 95% CI: 3.6 - 39.34,
p<0.001) (Figure 3B and Figure 4C). A similar observation was noted for AR in relation to PFS
(converted to undetectable: HR: 1.33, 95% CI: 0.66 - 2.70, p=0.43; remained detectable: HR: 4.61, CI:
1.76 - 12.08, p=0.002) (Figure 3A and Supplementary figure 5A). All results are included in

Supplementary Tables 6 and 7.

Selection of AR gene changes at progression

Progression samples and matched pre-treatment or C2D1 samples were available for 49 patients
(Figure 1, Figure 5A). Of the 45 patients with matched progression and pre-treatment samples, all nine
with AR gain pre-treatment had gain at progression. Additionally, three of 36 patients (9%) who were

AR normal pre-treatment had AR gain at progression (Figures 5B and 5C, Supplementary Figure 6).
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We identified the two somatic point mutations in AR, 2105T>A (p.L702H) and 2632A>G (p.T878A),
which were previously shown to result in promiscuous ligand activation and to associate with worse
outcome (4, 22), in eight of 49 patients (18.4%), two patients with L702H and six with T878A)
progression samples, but none collected pre-treatment or at C2D1. Overall, AR gain was the only
aberration in our custom panel that was invariably present at progression if detected pre-treatment and
functionally promiscuous AR mutations were the only ones detected solely at progression (Figures 5B

and 5C).

Discussion

In this pre-planned biomarker analysis in a multi-center clinical trial, we studied the plasma copy
number and mutation landscape of selected genes at three time-points using a clinically accredited test.
Patients with higher disease burden at the start of treatment were characterized by detection of more
gene alterations in circulation that were associated with a worse outcome. Prognostic associations of
specific gene alterations could be biased by total tumor burden, so we constructed multivariable models
that tested each gene adjusted for tumor DNA detection using an orthogonal method designed to
leverage information at genome-wide heterozygous SNPs. Notably, when compared to patients with an
alteration not detected pre-treatment and at C2D1, patients in whom a TP53 or PTEN or RB1 alteration
persisted after one cycle had shorter overall survival. In contrast, there was little evidence to suggest
that patients with a detectable alteration pre-treatment that becomes undetectable at C2D1 have
different survival outcomes to those who have no such alterations detected at both timepoints. We also
observed the same association for progression-free survival with TP53 and AR. Future trials could test
the benefits of treatment change based on C2D1 plasma testing and incorporate composite response

assessments including PSA (23), serum LDH or circulating tumor cells (24).

Due to the size of our cohort, we limited gene assessment of plasma DNA to five genes commonly

aberrant in mCRPC (AR, TP53, RB1, PTEN and PIK3CA) and eight genes from the DDR pathway. Our
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observation of the potential utility of a change in gene alteration status with treatment may not be
restricted to the genes we described. Given that many patients harbored several alterations, we cannot
dissect the contribution of individual genes in the absence of others. Nonetheless, our findings highlight
the opportunities for tracking genes in plasma DNA. For the DDR analysis, we had insufficient numbers
to robustly test the association of single genes with outcome. Although the effect for different genes
within this family is likely to be heterogeneous, we observed an association with shorter PFS.
Subsequent treatments may be more effective in this population and may explain the absence of an

association with worse overall survival.

Our data suggest that testing of dynamic changes in plasma after four weeks’ treatment with
abiraterone acetate plus a glucocorticoid is more informative for identifying resistant clones than a pre-
treatment sample. Future studies will evaluate this prospectively with treatment changes for patients
who do not convert after a cycle of treatment. Emergence of AR gene mutations is temporally related to
resistance and could constitute a therapeutic opportunity. Serial plasma DNA testing shows promise for

improving the therapeutic management of mCRPC.
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Figure Legends

Figure 1. Plasma DNA analysis in PCR2023 trial. (A) Horizontal bars denote the three time points at
which samples were collected, namely pre-treatment (Pre-T), cycle 2 day 1 (C2D1) and progression
(PD), and each column represents a single patient included in the biomarker population; the green bars
represent time-points where plasma next-generation sequencing (NGS) data were available whilst grey
bars denote none was. Plasma tumor detection as determined by the rolling B allele method and

associations with overall survival (B) or progression-free survival (C).

Figure 2. Landscape of plasma DNA genomic alterations. The matrix represents a summary for
every patient ordered by time on abiraterone acetate plus glucocorticoid in descending order from left to
right. Detection of tumor using the rolling B allele method and of alterations involving AR, TP53, RB1,
PTEN, PIK3CA and DNA damage repair (DDR) genes prior to treatment (N=128) are shown. Inset used
for alterations with both a mutation and deletion. Patients with no cycle 2 day 1 (C2D1) data are marked
with an asterisk (N = 17). Patients with a conversion from positive to negative or negative to positive at
C2D1 are denoted by a black or red X respectively. Superimposed PSA waterfall plots for PSA decline
at C2D1 and C4D1 are plotted at the bottom of the genomic matrix. PSA levels were not available for
BZ52, AP16, EB118 and FH138 at C2D1 while at C4D1, PSA samples were not available for CT98,

DD82, CC55, FH138 and FL142.

Figure 3. Conversion of genomic alterations after one cycle abiraterone acetate.
Forest plots for progression-free survival (PFS) (A) and overall survival (OS) (B) showing the hazard
ratios, 95% confidence intervals and p values comparing the outcomes for patients in whom the

alteration was not detected at either time-point to when gene alterations converted to undetectable (no
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significant differences) or remained detectable (significantly worse outcome) at cycle 2 day 1 (C2D1).
Gene dynamics of interest are marked in orange. The grey triangle in the red event detected boxes is
representative of the one patient that converted from undetectable to detectable at C2D1 for TP53, RB1

and PTEN and plasma tumor DNA. Results for all genes are shown in Supplementary Tables 6 and 7.

Figure 4. Association of gene alteration conversion and overall survival (0OS). Kaplan Meir curves
for OS comparing the outcomes for patients in whom the alteration was not detected at either time-point
to when genomic alterations converted to undetectable or remained detectable at cycle 2 day 1 (C2D1).
(A) TP53: Median OS for patients who were undetectable at both pre-treatment and C2D1 was 44.5
months, 34.5 months for those who converted from detectable to undetectable and 12.9 months for
those who remained detectable at both time points. (B) RB7: Median OS 35.5 months for those who
were remained undetectable, 26.7 months for those who converted to undetectable and 4.3 months for
those who remained detectable.(C) PTEN: Median OS 35.5 months for those who were remained
undetectable, 25.2 months for those who converted to undetectable and 2.9 months for those who

remained detectable.

Figure 5. Plasma DNA status of progression samples. (A) AR, TP53, RB1, PTEN, PIK3CA and
DDR alterations at progression (PD) ordered by time on abiraterone acetate plus glucocorticoid in
descending order from left to right (each column represents a patient, patient ID at top), including only
samples with detectable alterations (N=28); results for all PD samples included in Supplementary figure
3 (N=49). (B) 2x2 tables of gene status for matched pre-treatment and PD samples (N=45). (C) AR
aberrations in progression and matched baseline (BL) and cycle 2 day 1 (C2D1) (where available)

plasma.
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