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The prostate-specific membrane antigen (PSMA)-targeted radioligand
[177Lu]Lu-PSMA-617 is a new standard treatment for metastatic

® Check for updates castration-resistant prostate cancer (nCRPC), but predictive

genomic biomarkers informingits rational use are unknown.

We performed detailed dissection of prostate cancer driver genes
across 290 serial plasma cell-free DNA samples from 180 molecular
imaging-selected patients with mCRPC from the randomized

TheraP trial of [177Lu]Lu-PSMA-617 (n = 97) versus cabazitaxel
chemotherapy (n = 83). The primary endpoint was PSA50 biochemical
response, with secondary endpoints of progression-free survival (PFS)
and overall survival (OS). In this post-hoc biomarker analysis, a low
pretreatment circulating tumor DNA (ctDNA) fraction predicted a
superior biochemical response (100% versus 58%, P=0.0067) and PFS
(median 14.7 versus 6.0 months; hazard ratio 0.12, P=2.5x10™*) on
[177Lu]Lu-PSMA-617 independent of predictive PSMA-positron
emission tomography imaging parameters, although this benefit did not
extend to OS. Deleterious PTEN alterations were associated with worse
PFS and OS on cabazitaxel, whereas ATM defects were observed in select
patients with favorable [177Lu]Lu-PSMA-617 outcomes. Comparing
pretreatment and progression ctDNA revealed population flux but

no evidence that alterations in individual mCRPC genes (or FOLHI)

are dominant causes of acquired [177Lu]Lu-PSMA-617 or cabazitaxel
resistance. Qur results nominate new candidate biomarkers for [177Lu]
Lu-PSMA-617 selection and ultimately expand the mCRPC predictive
biomarker repertoire. We anticipate our ctDNA fraction-aware
analytical framework will aid future precision management strategies
for [177Lu]Lu-PSMA-617 and other PSMA-targeted therapeutics.
ClinicalTrials.gov identifier: NCT03392428.
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Prostate-specific membrane antigen (PSMA)-targeted radioligand
therapy is the most promising new therapy class inadvanced prostate
cancer, spurred by the approval of lutetium-177 [*Lu]Lu-PSMA-617
(LuPSMA) for PSMA-positive metastatic castration-resistant pros-
tate cancer (mCRPC). We previously reported results from TheraP,
arandomized phase 2 trial comparing LUPSMA with cabazitaxel in
progressive mCRPC following docetaxel chemotherapy’”. LUPSMA
achieved significantly higher biochemical and objective response
rates, longer progression-free survival (PFS) and improved quality of
life!, with similar overall survival (OS) outcomes to cabazitaxel’. The
phase 3 registrational VISION study of LuPSMA plus standard-of-care
versus standard-of-care alone in mCRPC demonstrated superior out-
comes for LUPSMA®, Expansion of approved indications is likely as
PSMA radioligand therapy continues to be tested in early-and late-stage
prostate cancer, both as monotherapy and in combination. Thereisa
pressing need to develop personalized strategies based on contem-
poraneous disease to rationalize selection of LuPSMA versus other
life-prolonging systemic therapies.

Molecularimaging provides real-time insights into disease biology
and shows potential for enhancing outcome stratification in patients
receiving LUPSMA®. Prespecified analysis in TheraP and exploratory
analysisin VISION corroborated high PSMA tumor uptake (mean stand-
ardized uptake value (SUVmean) >10) to enrich for deep and durable
LuPSMA responses>®. Metabolic tumor volume (MTV) as measured by
2-[®F]fluoro-2-deoxy-D-glucose (FDG) positron emission tomography
(PET) is strongly prognostic for OSin patients treated with cabazitaxel
or LuPSMA*®, Furthermore, asubset of patients with low PSMA uptake
and/or 2-[®*F]FDG-discordant disease experience disproportionately
poor outcomes?’, and were excluded from the TheraP study. Collec-
tively, these imaging features form the foundation for developing
a biomarker-informed treatment selection framework in patients
potentially suitable for LuPSMA.

Genomic alterations guide targeted treatment selection in mul-
tiple solid cancers. In mCRPC, alterations in DNA repair genes inform
use of poly(ADP-ribose) polymerase inhibitors (PARPi)® and immune
checkpointinhibitors’. Genomic testing in mCRPC traditionally relied
upon archival primary tumor tissue specimens', but plasma cell-free
circulating tumor DNA (ctDNA) profiling has emerged as a practical
means toidentify current alterations, including those associated with
treatment resistance'". To date, there are no ctDNA- or tissue-based
biomarkers influencing the use of LuPSMA or taxane chemotherapy,
althoughretrospective cohort studies have nominated ctDNA features
linked to LuPSMA outcomes®” ™. However, without acomparator arm,
these studies could not resolve predictive from prognostic features.
To address thisunmet need, we performed an exploratory correlative
analysis of ctDNA features from baseline and progression samples from
the randomized TheraP trial.

Results

Study cohort

TheraP (ANZUP 1603; NCT03392428) was an open-label, phase 2 trial
that randomized 200 individuals with progressive mCRPC following
prior docetaxel to receive LuPSMA or cabazitaxel’. A total of 91% of
participants previously received androgen receptor pathway inhibi-
tors (ARPI) abiraterone and/or enzalutamide (16% received both).
Participants were screened with [**Ga]Ga-PSMA-11 (PSMA-PET) and
2-[FIFDG-PET (FDG-PET) to select for high PSMA uptake at metastatic
site(s) without discordant disease (2-[**F]FDG-positive lesion with low
orno PSMA uptake)—distinct from trials using PSMA-PET-only eligibil-
ity assessment>'®"°, Further details are described in the Methods and
previous publications"*’.

In total, 183 patients received at least one dose of LUPSMA or
cabazitaxel. Blood samples were collected before treatment in 98%
(180 0f183) of patients (Fig. 1aand Extended Data Fig.1). Patient char-
acteristics and treatment efficacy were similar in participants with

pretreatment samples (n =180) and the overall population (n=200)
(Supplementary Table1). Median baseline cell-free DNA (cfDNA) con-
centration and total yield were 13 ng ml™ plasma (interquartile range
(IQR) 8.0-41) and 66 ng (IQR 38-199), respectively (Supplementary
Table2).cfDNA underwent deep targeted sequencing using a validated
custom prostate cancer research assay’>”, enabling allele-specific
resolution of somatic mutations, chromosomal aneuploidies, focal
copy number alterations and complex structural rearrangements.
Synchronous sequencing of matched white blood cell (WBC) DNA
allowed discrimination of tumor-specific from germline and clonal
hematopoiesis variants. Two baseline cfDNA samples failed sequencing
and were excluded from analyses—the remaining 178 samples formed
the biomarker population (Extended Data Fig. 1). WBC DNA was una-
vailablein four patients. Sixty percent (106 of 178) of participants had
bothbaseline and progression blood samples to investigate temporal
clonal dynamics and acquired resistance (Fig.1a). AlWBC DNA and pro-
gression cfDNA was successfully sequenced (Supplementary Table 2).

ctDNA fraction (ctDNA%) is an established independent prognos-
tic factor across multiple disease and treatment contexts, serving as
a proxy for metastatic disease burden and cancer aggression®* 2, We
measured ctDNA% via genome-wide aneuploidy and somatic muta-
tions (enabling orthogonal validation) using published benchmarked
methodology (Supplementary Table 3)>*, For outcomes analysis,
participants were stratified into predefined prognostic categories of
low orundetected (<2%), medium (2-30%) and high ctDNA% (>30%) as
previously described®***. Baseline ctDNA% was similar between treat-
ment arms (P = 0.95, Mann-Whitney U-test) (Fig. 1b). Consistent with
aheavily pretreated mCRPC population, medianbaseline ctDNA% was
28% (IQR:15-51%, range: 2.1-83%) among the 150 (85%) patients with
ctDNA >2%—higher than previous trials in ARPI- and/or taxane-naive
first-line mCRPC (median ctDNA:17%)* but similar to clinical poor-risk
disease (median ctDNA: 24%)%. In the TheraP biomarker population
(n=178), higher ctDNA% was expectedly correlated with hematologic
and biochemical prognostic markers (Fig. 1c) and attenuated PFS and
OS (Fig. 1d).

Pretreatment ctDNA fraction predicts differential outcomes
Whole-body quantitative PSMA-PET and FDG-PET parameters can
risk-stratify mCRPC receiving LUPSMA?*?®, but no prostate cancer
studies have compared molecular imaging features and ctDNA%.
To assess the independent biomarker potential of baseline ctDNA%
and explore opportunities for integrating with molecular imaging,
we first defined the relationship between synchronous ctDNA% and
PET imaging parameters. Most volumetric and avidity parameters
were co-correlated with ctDNAY% (Fig. 1e). Baseline ctDNA% was mod-
erately positively correlated with whole-body PSMA total tumor
volume (R=0.51,P=7.3x10"?) and FDGMTV (R=0.57,P=1.6 x107%)
(Fig.1leand Extended DataFig. 2). Patients with high ctDNA% (>30%) had
lower median PSMA SUVmean (8.0 versus 10.6 in patients with ctDNA
<2%, P=1.24 x107*, Mann-Whitney U-test) and were less frequently
observed to have PSMA SUVmean >10 (16% versus 61%, Fisher’s exact
test), the latter shown in a prespecified analysis to be predictive for
prostate-specific antigen (PSA) response and prognostic for OS (Fig. 1f
and Supplementary Table 4)>°. High ctDNA% was also strongly linked
toahigher likelihood of 2-['®!FIFDG MTV = 200 ml, which is prognostic
for PSAresponse and OS on both LuPSMA and cabazitaxel (Fig. 1f and
Supplementary Table 4)>°.

The potential for baseline ctDNA% to inform selection between
LuPSMA and another active standard-of-care therapy such as cabazi-
taxel isincompletely understood. Individuals with low ctDNA% (<2%;
representing 16% of biomarker population) had asignificantly higher
PSASO0 response rates (PSA reduction of 250% from baseline) on
LuPSMA compared with cabazitaxel (16 of 16 (100%) versus 7 of 12
(58%); odds ratio (OR) infinite, P=0.0067) (Fig. 2a). This difference
in PSAS50 response between treatment arms diminished at higher
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ctDNA% categories, only modestly favoring LuPSMA for medium
ctDNA% (OR =3.2 for 2-30% ctDNA, P = 0.015), with no difference
for high ctDNA% (>30%). The differential PSA50 response between
treatment arms, asinfluenced by ctDNA%, remained significant when
ctDNA% was analyzed as a continuous variable (interaction P= 0.047).

Baseline ctDNA% provided significantly greater stratification
of PFS for LuPSMA compared with cabazitaxel (Fig. 2b; interaction
P=0.032). This was primarily attributed to patients with low ctDNA%
disproportionately benefiting from LuPSMA over cabazitaxel,
with an 8.7 month increase in median PFS (14.7 versus 6.0 months,
P=2.5x107"), exceeding the overall benefit of LuPSMA in the
biomarker-unselected population (Fig. 2b; HR = 0.12 versus 0.63,
interaction P=0.014). High ctDNA% was conversely associated with
outcomes comparable with both LuPSMA and cabazitaxel (median PFS
3.0 and 2.8 months for LuPSMA and cabazitaxel, respectively; HR=1.1,
P=0.79). Among patients with low ctDNA%, baseline PSMA SUVmean
was significantly higherin the LuPSMA armthanin the cabazitaxelarm
(median 12 versus 9, P=0.017). Nevertheless, low ctDNA% remained
independently predictive for superior PFS on LUPSMA versus cabazi-
taxelinamultivariable analysisincorporating baseline PSMA SUVmean,
the only established predictive response biomarker for LuPSMA (multi-
variable HR = 0.34, P= 0.029 when dichotomized at 10 (Fig. 2b); multi-
variableHR =0.31, P=0.017 as a continuous variable). Consistent with
PSMA-PET and ctDNA% each offering anindependent predictive value,
combining both parameters further stratified outcomes in patients
with both high and low PSMA SUVmean receiving LuPSMA, caveated
by relatively small subgroups (Fig. 2c). Baseline ctDNA% was strongly
prognosticinthe overall biomarker population (Fig. 1d) although not
predictive for OS (interaction P= 0.67) across any baseline ctDNA%
risk category (Fig. 2d). Collectively, these data suggest that ctDNA%
is a candidate predictive and prognostic biomarker for differential
response to LUPSMA versus cabazitaxel chemotherapy in patients
with molecularimaging-selected mCRPC progressing after docetaxel.

ctDNA-derived features of molecular imaging-selected mCRPC
Next, we defined the frequency of genomic driver alterations in evalu-
able baseline ctDNA samples (Methods). For select clinically relevant
prostate cancer genes, we additionally inferred the number of disrupted
versus functionally intact alleles by enumerating all independent
single-allele defects (mutations, intragenic deletions, structural vari-
ants) onascaffold of local ploidy (Fig. 3a, Methods and Supplementary
Table 5). Our assay captured both exons and select introns, enabling
characterization of focal intragenic copy alterations and structural
variants with intronic breakpoints—alteration classes with established
relevance in mCRPC from whole-genome sequencing studies'>?”.
The most frequently altered genes were AR (68%), TP53 (53%)
and PTEN (35%) (Fig. 3b—-d). Gene-disrupting structural variants were
a substantial mechanism of inactivation in TP53, PTEN and BRCA2
(Fig. 3b and Extended Data Fig. 3). Notably, disruption of all TP53 and
PTEN alleles resulting in null status (all copies disrupted, Methods) was
observedin37%and 23% of participants with ctDNA >2%, respectively
(Fig.3b). Mutational frequencies were consistent with previous ctDNA
and metastatic tissue studies in unselected first- and/or second-line

mCRPC*?*?8, despite the dual-tracer imaging selection in TheraP
(Fig. 3c). Consistent with near-ubiquitous exposure to ARPIs, the AR
gene and enhancer locus were perturbed by combinatorial mecha-
nismsincluding copy gain (=4 absolute copies; 50% (AR gene), 60% (AR
enhancer) in patients with ctDNA >5%), ligand-binding domain (LBD)
mutations (18%), and structural rearrangements predicted to truncate
the LBD (23%) (Fig. 3d). Expectedly, LBD mutations were enriched in
samples without AR gain (68% versus 32%; P=0.049, Fisher’s exact
test), whereas LBD-truncating rearrangements were more commonin
samples with AR amplification (37%in>8 copies versus 19%in <8 copies;
P=0.025, Fisher’s exact test)****. AR gene and enhancer copy number
werehighly correlated (Pearson’sr=0.77;P=2.3 x107%).Intotal, 46 of
150 (31%) patients with ctDNA >2% harbored deleterious germline and/
or somaticalterationsin>1DNA damage repair (DDR) gene, most com-
monly in BRCA2(7%), ATM (7%) and CDK12 (7%)—CDK12 and ATM were
mostly mutually exclusive with TP53 alterations (Fig. 3e). Fifty-nine
percent of evaluable samples showed evidence of whole-genome dupli-
cation (WGD). Alteration frequency was balanced across treatment
arms (Supplementary Table 6).

Next, we intersected PSMA SUVmean and FDG MTV with the
most prevalent genotypes. PTEN alterations were linked to a 14%
reduction in PSMA SUVmean expression (P = 0.026, Mann-Whitney
U-test), but a 95% increase in FDG MTV (P=0.0062, Mann-Whitney
U-test) (Fig. 3f and Extended Data Fig. 4), the latter compatible with
phosphatidylinositol-3-kinase (PI3K) pathway upregulation mediating
increased glycolysis®. These associations persisted after account-
ing for the strong effect of ctDNA% on both parameters (Fig. 1f). We
observed no association between PSMA SUVmean and alteration status
in TP53, AR or other common driver alterations (Fig. 3f-h).

Biomarker utility of baseline genomic alterations

Genomic alterations in ctDNA are linked to outcomesin early mCRPC
treated with ARPI****°"* To explore these associationsin the clinically
advanced TheraP population (both treatment arms combined), we
intersected clinical outcomes with baseline genomic features among
three most frequently altered driver genes: TP53, AR and PTEN, while
separately stratifying individuals with ctDNA <2% in whom somatic
alteration status was not derived. TP53alterations were associated with
significantly worse PFS and OS, whereas neither PTEN nor AR alterations
were strongly prognosticin the ctDNA >2% population (Extended Data
Figs.5and 6), contrasting earlier studies investigating ARPl outcomes
in early mCRPC****°"% Supplementary Table 7 summarizes the prog-
nostic relevance of less frequently altered genes.

Across clinical subgroups, neither treatment demonstrated a
distinct advantage for PSAS0 response, PFS or OS, consistent with
the overall biomarker population in which LuPSMA generally showed
better outcomes except for OS (Extended Data Fig. 7). Next, we used a
gated two-tiered hypothesis testing strategy to understand whether
selected high-prevalence (=10%) genomic alterations predict differ-
ential treatment outcomes: first testing binary alteration presence or
absence (any pathogenic alteration; excluding monoallelic deletions),
then stratifying by compound alteration status (Methods and Sup-
plementary Table 5). To address the confounder of ctDNA% (Figs. 1d

Fig. 1| Study design and baseline clinical genomic correlates. a, Overview of
sample collection and ctDNA genomic correlative analysis strategy in the TheraP
study. b, Distribution of targeted sequencing-derived ctDNA% in baseline and
progression cfDNA samples stratified by treatment arm and compared with
published cohorts**, ¢, Distribution of routine prognostic laboratory values
stratified by ctDNAY% categories of <2%, 2-30% and >30%. Baseline lactate
dehydrogenase data were available in 91 0f178 (51%) patients with baseline
cfDNA; all other laboratory values were available in full. d, Kaplan-Meier
estimates of PFS and OS stratified by baseline ctDNA%. In-set tables show
univariable HR from a Cox proportional hazards model. e, Correlation matrix
showing relationship between ctDNA% (continuous variable) and quantitative

PSMA-PET and FDG-PET imaging parameters. Spearman’s rho is annotated.
Asterisks indicate correlations between variables with Pvalues <0.05, adjusted
for multiple hypothesis testing using the Bonferroni correction (a = 0.05,

m =21hypotheses). f, Distribution of PSMA SUVmean and FDG MTV stratified
by baseline ctDNA% category. Horizontal dashed lines represent previously
established clinically relevant thresholds for high PSMA expression (SUVmean
>10) and high FDG MTV (=200 ml)°. Pvalues reflect two-sided Mann-Whitney
U-tests adjusted for multiple hypothesis testing using the Bonferroni correction
(a=0.05,m=3hypotheses).C, cycle; MAF, mean allele fraction; mPFS, median
progression-free survival; mOS, median overall survival; NR, not reached;

Ref, reference; TTV, total tumor volume; Tx, treatment.
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Plasma ctDNA and white blood cell deep targeted DNA sequencing using prostate cancer-focused panel
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Fig. 2| Clinical outcomes by pretreatment ctDNA%. a, Waterfall plots of best
PSAresponse stratified by baseline ctDNA category for patients allocated to
cabazitaxel or LuPSMA (mCRPC). Summary bar plots (right) represent the
proportion of patients who experienced a PSA50 and PSA90 response, stratified
by treatment arm. Error bars denote the Clopper-Pearson exact 95% Cl for
binomial proportions. Pvalues reflect two-sided Fisher’s exact tests comparing
the proportion of patients achieving each type of PSA response across ctDNA%
categories. Forest plots show post-hoc sensitivity analyses for PSA50 and PSA90
responses according to ctDNA% category. Here and in the PFS forest plotinb, the
‘All patients’ category represents the entire biomarker population with baseline
cfDNA passing quality control (n =178). b, Kaplan-Meier estimates of PFS
stratified by baseline ctDNA% categories in the biomarker-evaluable population
(n=178total; n =82 and n =96 randomized to cabazitaxel and LuPSMA,
respectively). In-set tables show univariable HR from a Cox proportional hazards

model. The left-most forest plot shows post-hoc sensitivity analyses for PFS
according to ctDNAY% categories. The right-most forest plot shows an interaction
test between treatment arm (reference category cabazitaxel arm) and ctDNA%
category (reference category ctDNA >30%) in the entire biomarker population
(n=178), with an additional covariate of PSMA SUVmean (dichotomized at >10
or <10). ¢, Top, waterfall plots of best PSA response and Kaplan-Meier estimates
of PFSin participants receiving LuPSMA with PSMA SUVmean >10 stratified by
ctDNAY% (<2% versus 22%). Bottom, in-set table shows PSA response percentage
and univariable HR from a Cox proportional hazards model by PSMA SUVmean
(=10 and <10) and ctDNA% (<2% and >2%). d, Kaplan-Meier estimates of OS
stratified by baseline ctDNA% category in the biomarker-evaluable population
(n=178total; n =82 and n =96 randomized to cabazitaxel and LuPSMA,
respectively). In-set tables show univariable HR from a Cox proportional hazards
model. All forest plots (a, band d) show HR and 95% CI.

and 2 and Extended Data Figs. 3 and 4), we focused on patients with
>2% ctDNA, and adjusted for ctDNA% as a continuous covariate in
multivariable analyses.

PTEN alterations were associated with a higher PSA50 response
rate (58% versus 33%; OR =2.8, P=0.097) and modest PFS improve-
ment on LUPSMA versus cabazitaxel (cross-arm comparison, median
3.4 versus 1.7 months; HR = 0.55, P= 0.049) (Fig. 4aand Supplementary
Table 8), with an interaction test P value of 0.092 between treatment
arm and PTEN status in individuals with detected ctDNA (Fig. 4b).
This difference among participants with altered PTEN was driven by

poor outcomes on cabazitaxel (per-arm comparison: HR =2.0 for
PTEN-altered among patients with ctDNA >2%, P=0.016), whereas
LuPSMA outcomes did not differ by PTEN status (per-arm comparison:
HR =1.1for PTEN-altered among patients with ctDNA >2%, P=0.82)
(Fig. 4b,c and Supplementary Table 9). Importantly, the relationship
between PTEN status and PFS was consistent across PTEN alteration
subgroups (for example, total allelicinactivation versus any alteration)
and mirrored when analyzing OS: patients with altered PTEN receiv-
ing LuPSMA had a 6.1-month improvement in median OS relative to
cabazitaxel (HR = 0.39, P=0.022) (Fig. 4b and Supplementary Table 8).
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The positive interaction between treatment and PTEN status for OS
was preserved after adjusting for ctDNA% (continuous covariate) and
PSMA SUVmean >10 (Fig. 4b). Takentogether, these results suggest that
LuPSMA is superior to cabazitaxel in PTEN-altered mCRPC.

TP53 alterations were linked to poor PFS and OS (but not PSAS0
response) independent of treatment or TP53 allelic state (Fig. 4a-c
and Supplementary Tables 8 and 9). No classes of AR alteration were
associated with upfront resistance or differential outcomes on LuPSMA
or cabazitaxel—consistent with these agents’mechanism of action not
directly targeting AR signaling and earlier genomic correlative studies
intaxane trials®* (Supplementary Tables 8 and 9). Recognizing that AR
amplifications represent a continuum, we observed that participants
with =16 AR copies (top quartile) were associated withmodestly shorter
OS, but not PFS on LUPSMA relative to cabazitaxel when compared
against all other quartiles combined (OSHR =1.9, P=0.025) (Fig. 5aand
Extended Data Fig. 6). Overall, these data suggest that AR amplifica-
tion status is not a candidate biomarker to guide treatment selection
between LuPSMA and cabazitaxel.

Compromised response to DNA damage is hypothesized to predict
LuPSMA outcomes'®”. We qualitatively explored outcomesin patients
withalterationsin DDR genes. Among participants with DDR alterations
(n=46) (Fig.3e), the deepest (biochemical) and most durable responses
to LUPSMA coincided with deleterious ATM (86% PSAS50 response rate)
and BRCA2(75% PSAS50 response rate) alterations, including in patients
with low PSMA SUVmean (Fig. 5b and Extended Data Fig. 8). Notably,
two individuals with ATM null status experienced exceptional benefit
from LUPSMA, with on-treatment PSA declining to undetectable and
PFS0f30.2and 23.1 months, respectively (although five patients with
ATM alterations had unremarkable outcomes on LuPSMA, aligning with
median PFS of all ctDNA >2% patients). Conversely, several patients with
CDKI12mutations benefited from cabazitaxel (only one of eight patients
had primary biochemical progression), while all three patients with
CDKI12-mutated mCRPC progressed on LuPSMA before the median PFS
(3.5 months; ctDNA >2% subset) (Fig. 5b). Outcomes appeared poor in
the five individuals with DNA mismatch repair defects. Our anecdotal
observations support furtherinvestigation of select DNA repair genes
(particularly ATM) as biomarkers of LUPSMA sensitivity or resistance.

Established mCRPC driver genes rarely mediate acquired
LuPSMA resistance

Toexploreacquired resistance, we compared baseline and progression
ctDNA in participants with ctDNA >2% at both timepoints (85 of 106
sample pairs) (Fig. 6a and Extended Data Fig. 1). Mutational presence
was highly concordant: 95% (382 0f 402) of evaluable baseline mutations
wereredetected at progression after controlling for temporal fluctua-
tionsin ctDNA% and sequencing depth stochasticity that may precipi-
tate false discordance (Fig. 6b and Methods). The copy number status
of TP53, PTEN and RB1 appeared stable over treatment (Extended Data
Fig. 9). Genome-wide aneuploidy landscapes were highly correlated

(Pearsonr=0.91,P < 0.001insample pairs with >20% ctDNA) (Fig. 6¢).
These data suggest that neither LUPSMA nor cabazitaxel substan-
tially reshapes the established mCRPC genomic landscape, and are
consistent with the premise that most driver defects—even those in
the post third-line treatment setting—originate before metastatic
dissemination'>*>?¢,

We next searched for quantitative changes in per-patient muta-
tional variant allele frequencies (VAF; adjusted for ctDNA% and
copy number) indicative of treatment-induced clonal selection
(Methods)*?. Protein-altering mutations detected de novo at progres-
sionon LUPSMA were rare butin some cases affected TP53 (n=2), RBI
(n=1), PTEN (n=1) and AR (n=1) (Fig. 6b). No treatment-emergent
alterations were detected in the FOLHI-coding region (encodes PSMA).
Temporally discordant mutations were predominantly subclonal in
contrast to shared mutations (median cancer cell fraction (CCF) 0.19
versus 0.81, P< 0.001), largely inconsistent with a complete clonal
sweep (Fig. 6b). Nevertheless, most (66%) participants with ctDNA%
>5in both samples displayed some evidence of (sub)clonal fluxona
backdrop of shared and temporally static truncal driver alterations—
mainly manifesting as shifts in adjusted VAF (rather than mutation
emergence or disappearance), AR copy number or perturbations in
genome-wide aneuploidy, suggesting that LuPSMA and cabazitaxel
continue to sculpt the metastatic population ecosystem.

Importantly, after incorporating all evidence, no driver gene
alterations were enriched during either LUPSMA or cabazitaxel treat-
ment (Fig. 6a-e). Although 28% of patients had significant changesin
ctDNA%-adjusted AR copy number, inconsistent directionality suggests
broader (sub)clonal shifts rather than direct selection for augmented
AR genotypes, contrasting established evolution patterns during
sequential ARPI">*, There was no significant difference in AR gene
copy number (median copies at baseline versus progression: (4.6 versus
8.1, P=0.6 (LuPSMA); 3.5 versus 3.8, P = 0.9 (cabazitaxel)) or enhancer
(6.6 versus 9.0, P=0.5; 6.3 versus 4.4, P=1.0), nor any enrichment for
AR LBD mutations across timepoints (Fig. 6b,d,e). These results dem-
onstrate that although population shifts occasionally favor clinically
relevant genes (for example, RBI1, TP53), treatment-induced selection
for resistant clones is not singularly mediated through any common
mCRPCdriver genotype.

Finally, we dichotomized individuals based on evidence support-
ing a temporal population shift, incorporating quantitative changes
in mutation clonality, AR copy number and genome-wide aneuploidy
(Fig. 6a and Methods). Patients with a population shift had deeper
PSA responses (median -50.3% versus —13.7%, P = 0.093) and lower
frequency of primary PSA rise (23.4% versus 45.8%, P=0.063), likely
because of the depletion of treatment-sensitive populations and sub-
sequent repopulation with genotypically distinct resistant clones
(Fig. 6f). Aweaker biochemical response inindividuals without clonal
shifts is compatible with a population ecosystem primed for primary
resistance.

Fig. 3| Genomic landscape of docetaxel and ARPI-treated mCRPC. a, Overview
oftargeted panel assay design used to sequence samples, with an exemplar of
data generated from each patient sample (right). b, Baseline alteration frequency
inkey prostate cancer genes in patients with ctDNA >2%, showing the presence of
any alteration (top) and total allelicinactivation (null) status (bottom). For TP53
and PTEN, abreakdown of combinatorial mechanisms resulting in null status is
provided. ¢, Mutational frequency of recurrent somatic and germline alterations
compared with published cohorts*****, Cross-cohort comparisons of AR gain
wererestricted to samples with 25% ctDNA given the challenges of reliably
detecting AR gainin low ctDNA% (no post-hoc subsetting was performed on the
tissue cohort).d, Distribution of absolute AR copy number and other established
mechanisms of AR activation (AR genomic structural rearrangements and LBD
point mutations) in 151 baseline samples with >2% ctDNA. Dotted gray lines at
four AR copies represent the threshold used to define an AR gain. e, Breakdown

of 46 patients with a germline and/or somatic alteration in 21 DNA damage

repair (DDR)-related gene(s), showing co-occurrence patterns relative to other
DDR genes and select non-DDR drivers (TP53and PTEN). f, Distribution of
PSMA SUVmean (top) and FDG MTV (bottom) stratified by PTEN (left) and TP53
(right) alteration status in patients with baseline ctDNA >2% (n = 150). Dashed
lines represent previously established clinically relevant thresholds for high
PSMA expression (SUVmean >10) and high FDG MTV (>200 ml)°. Boxplots are
accompanied by linear regression models incorporating genomic alteration
status and/or ctDNA%, with the respective molecular imaging parameter
constituting the independent variable. The multivariable Pvalue represents a
model thatincludes both dependent variables: alteration status and ctDNA%.
g h, Distribution of PSMA SUVmean stratified by AR alteration category (g) and
alteration status in commonly affected DDR genes plus SPOP (MATH-domain
only) and FOXA1 (h). Dashed lines represent the threshold for high PSMA
expression (SUVmean >10). del., deletion; KDE, kernel density plot; Q value, ; SV,
structural variant; TTV, total tumor volume; w/o, without.
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Fig. 4| Clinical outcomes by PTEN, TP53 and AR alteration status. a, Forest
plots show post-hoc sensitivity analyses for PFS (left) and OS (right) according
tobaseline PTEN, TP53 and AR alteration status in samples with ctDNA >2%. The
‘All patients’ category includes those in the biomarker population with baseline
ctDNA >2% (n =150). AR copy number thresholds of 4 and 16 were chosen
because they represented the median and top quartile absolute AR copy number,
respectively. HRs for each subgroup comparison represent univariable Cox
proportional hazards models. Formal statistical testing was not performed for
all subgroup comparisons if the overarching category (any alteration in PTEN,
TP53and AR) was not statistically significant at an unadjusted Pvalue <0.05.
The exception to this was PTEN alterations for the OS outcome, which was
formally tested because PFS was statistically significant. b, Kaplan-Meier

estimates of PFS and OS stratified by any PTEN alteration (left), PTEN null
(middle) and any TP53alteration (right) status. Interaction test represents

the treatment interaction with the genomic alteration of interest. Adjusted
multivariable interaction Pvalues were generated only if univariable interaction
testing showed a Pvalue of <0.05. ¢, Per-arm forest plots for PFS and OS for PTEN
and TP53alterations. Each plot compares alteration detected versus alteration
not detected (that is, mutant versus wild-type) in each treatment arm, stratified
by different ctDNA% thresholds (all patients, patients with ctDNA >2% (n =150)
and patients with ctDNA >20% (n = 101) and allelic status (null versus any
alteration)). No formal statistical testing is performed. All forest plots (a, c) show
HR and 95% CI.CN, copy number; mo, months.

Discussion

Our clinicogenomic analysis leveraging 290 blood samples from the
prospective randomized TheraP study nominates new candidate
predictive biomarkers to inform LUPSMA versus cabazitaxel treat-
ment selection. These findings are reinforced by our incorporation
of amore extensive spectrum of somatic alterations than previously
studied, while controlling for the confounding effect of ctDNA% on
both alteration detection sensitivity and prognosis®. Crucially, the
real-worldsignificance of our findings is underscored by the cabazitaxel
control arm—the established alternative treatment option in this set-
ting*—positioning our study as abenchmark for objective evaluation
of biomarker performance in future studies. Our work endorses ctDNA

genotyping as acomplement to current PSMA-PET and FDG-PET selec-
tion for LuPSMA, and provides aframework for investigating circulating
biomarkers for PSMA-targeting radionuclide therapeutics in clinical
development (for example, actinium-225 or terbium-161)*>*,
Pretreatment ctDNA% strongly stratified differential biochemi-
cal and PFS outcomes, with ctDNA% showing predictive potential
to inform treatment selection in mCRPC. These findings also vali-
date and extend previous noncomparative observational studies in
LuPSMA-treated cohorts indicating that ctDNA% is prognostic*™*,
reaffirming its broader prognostic utility across mCRPC treatment
contexts?°??, Patients with undetected pretreatment ctDNA unex-
pectedly experienced an 88% lower risk of progression with LuPSMA
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Fig. 5| Clinical outcomes by AR copy number and DDR defects. a, Kaplan-Meier
estimates of PFS and OS stratified by AR absolute copy number quartiles (top:
Q1-4; bottom Q1-3 versus Q4) in patients with ctDNA >5%. b, Swimmers plot of
PFSfor 46 patients with evidence of a germline and/or somatic alterationin >1
DDR gene. Patients are grouped by DNA repair gene category: ATM-defective,
BRCA1/2-defective, CDK12-defective, MMR-defective and Other. In each DNA
repair gene-defective category, patients are ordered by PFS (longest to shortest),
without accounting for censoring. Patients with >1 DDR gene alteration were

PFS (months)

grouped by their primary gene alteration, with the secondary gene alterationin
parentheses (Supplementary Table 5); no patients had >2 DDR gene alterations.
One patient in the ATM-altered category receiving cabazitaxel experienced a
progressive event before recording a single on-treatment PSA value, and was
therefore classified as not experiencing a PSA response in the summary bar plots.
The vertical dashed line represents the median PFS of the entire biomarker-
eligible ITT population with ctDNA>2% (regardless of biomarker status), and is
intended to serve as a qualitative visual benchmark. CN, absolute copy number.

compared with cabazitaxel, identifying a group of exceptional
responders that cannot be predicted by high PSMA tumor uptake
alone. Intriguingly, when this favorable-risk undetected ctDNA
subgroup is excluded, the magnitude of PFS benefit with LuPSMA
over cabazitaxel is less pronounced (PFS HR = 0.64 and 0.88 for the
all-comers biomarker population and ctDNA >2%, respectively).
Although the primary determinants of this relationship cannot be
definitively established here, they may be attributable to biological
characteristics captured by low ctDNA% disease, including low tumor
burden, reduced proliferative capacity and higher PSMA avidity.
Despite these salient findings, undetected ctDNA encompassed
a small subset of participants in TheraP (16% of biomarker popula-
tion), potentially limiting broad utility in heavily pretreated disease.
Furthermore, disparate outcomes favoring LUPSMA in those with
undetected ctDNA did not translate to OS benefit. In contrast to the
TheraP population, ctDNA is undetected in 20-43% of ARPI and/or
taxane-naive mCRPC patients®**>*2, Recent trials demonstrating clini-
cally meaningful LuPSMA efficacy in earlier disease'>** may clarify the
role of ctDNA quantification in influencing treatment prioritization.
Importantly, the potential for ctDNA% to guide rational treatment
selectionis not without precedent, as previously observedin the con-
text of sequential ARPI?*, Patients with low ctDNA% appear most likely

tobenefitfromsequential ARPI-astrategy that rarely provides durable
disease controlin unselected mCRPC**—but its predictive utility (com-
pared with docetaxel) will be clarified in a prospective ctDNA%-guided
trial (NCT04015622). Notwithstanding the need for validation, our
data strongly suggest that low ctDNA% should prioritize ARPI- and
docetaxel-exposed mCRPC for treatment with LUPSMA over cabazi-
taxel, and should encourage future PSMA radioligand therapy trials
to use ctDNAY% as a stratification factor or as an enrichment strategy
for selecting likely responders.

Assessing LuPSMA eligibility in mCRPC currently relies on detect-
ing PSMA-positive disease via PET. Imaging-based selection offers
clear strengths, including precise spatial delineation of tumor burden
across anatomical regions, characterization of tumor heterogene-
ity, as well as provision of crucial metrics of target abundance. The
culmination of these molecular imaging elements has expanded our
understanding of how tissue tropism impacts LuPSMA efficacy®*,
and accelerated development of risk stratification models in patients
receiving LUPSMA*, Nevertheless, anticipated expansion of indications
for PSMA-targeted radioligand therapy may strain efforts to broaden
global access to both PET imaging and theranostic treatment alike*.
Pending validationinindependent cohorts, our ctDNA% data support
the hypothesis that ctDNA testing may be acomplementary triage tool
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alongside PSMA-PET imaging when evaluating LuPSMA candidacy.
Existing validated commercial assays capable of measuring ctDNA%*®
are now widely available (via mail-in testing), with results consistently
delivered within 2-4 weeks***°. Furthermore, ctDNA testing can offer
additional genomicalteration status with broader relevance for treat-
ments beyond PSMA radioligand therapy®®. Future studies should
explore approachestoimplementing ctDNA% estimationinto clinical
workflow, balancing issues around resourcing, access and efficiency.

Therelationship between genomic variables and molecularimag-
ing indices in patients with prostate cancer has not previously been
systematically investigated. ctDNA% correlated with volumetric param-
eters (for example, FDG MTV), as previously reported in lung cancer’'.
Intriguingly, ctDNA% was inversely correlated with PSMA SUVmean,
possibly due to greater disease heterogeneity resultingin lower mean
avidity. Preclinical work demonstrates that PSMA catabolism activates
downstream PI3K signaling®. In our cohort, PTEN defects correlated
with modestly lower PSMA SUVmean independent of ctDNA%—
potentially implying that activation of downstream effectors of the
PSMA-PI3K signaling cascade may trigger reciprocal negative feedback
on PSMA expression—but contrasts earlier data indicating that PTEN
and PSMA tissue IHC expression are not correlated™. Overall, our find-
ings suggest that mCRPC driver defects (in AR, TP53, and DNA repair
genes) are unlikely to serve as astrong proxy for PSMA-PET parameters,
notwithstanding the minor relationship between PTEN and PSMA
SUVmean warranting deeper investigation.

Inourimaging-selected docetaxel-exposed patients treated with
cabazitaxel, PTEN alterations were associated with significantly worse
time to treatment failure and survival compared with PTEN wild-type—
independent of ctDNA% and PSMA SUVmean—driving the apparent dif-
ferential benefit of LuPSMA over cabazitaxel for PTEN-altered patients.
This juxtaposes previous noncomparative series linking PI3K altera-
tions to poor outcomes on LuPSMA" ™, In contrast to our work, these
studies were unable to resolve the compounding prognostic effects of
ctDNA% and genomic alteration status, reinforcing that detection of
genomicalterationsin cfDNAincorporates the independent prognostic
influence of ctDNA%®. Poor PFS and OS on cabazitaxel in patients with
PTEN deficiency is potentially compatible with its role as a negative
prognostic factor in mCRPC>, although it remains mechanistically
unclear why PTEN alterations did not also stratify LuPSMA-treated
patients. Intriguingly, ATM alterations were anecdotally linked to highly
durable LuPSMA benefit in select patients, corroborating evidence
implicating ATM deficiency in radiosensitivity**. Given the emerg-
ing consensus that PARPi are ineffective in ATM-deficient mCRPC®,
our result positions LUPSMA as a potential alternative treatment.
Importantly, AR alterations were not associated with differential out-
comes. Together with the lack of correlation with synchronous PSMA

SUVmean and absence of selection for augmented AR genotypes dur-
ing LuPSMA treatment, these data challenge earlier suggestions that
PSMA is directly regulated by the AR and/or suggest this relationship
is less prominent in ARPI-resistant mCRPC**~%, The neutral prognosis
of AR-altered mCRPC on cabazitaxel and LuPSMA contrasts with that
observedinthe first-and second-line ARPIsetting, where pretreatment
AR genomic structural rearrangements and high-level amplifications
portend upfront resistance’***°, Given recent positive results for
LuPSMA trials in earlier-line mCRPC (for example, SPLASH, PSMA-
fore)”*°, the apparent indifference of LuPSMA to AR genotype may
inform eventual LUPSMA monotherapy use in settings in which ARPI
is a competing alternative. Collectively, our correlative results offer
renewed therapeutic decision-making strategies for mCRPC genomic
subtypes (for example, PTEN, ATM, CDK12) that have eluded previous
precision oncology efforts®*-*, but will require validation in other
large cohorts and treatment contexts. Recognizing that distinct classes
of genomic alteration can differentially impact protein function, and
that functional gene dosage caninfluence clinical outcomes (for exam-
ple, BRCA2 homozygous versus heterozygous loss in the context of
PARPi®*), we urge future translational efforts to investigate compound
allelic status utilizing the methodological blueprint herein.

No recurrent acquired resistance mechanism(s) to LuPSMA
emerged in our analysis, compatible with the general expectation that
resistance to anticancer agentsis often heterogeneous and polyclonal.
Inactivating surface receptor gene defects can precipitate treatment
failure in other cancers (for example, TROP2 vis-a-vis sacituzumab
govitecan in breast cancer®*), but no acquired FOLHI mutations were
detected at progression on LuPSMA—compatible with recrudescence
of PSMA-positive disease as a predominant progression pattern on
LuPSMA®, There were no consistent directional changesin AR genotype
suggestive of selection (positive or negative) during either treatment,
indicating that further AR signaling perturbation is unlikely to be a
dominant driver of acquired resistance. Frequent and occasionally
pronounced temporal fluctuations in AR genotype plausibly reflect
genetic drift driven by selection of other (possibly undetected) (epi)
genotypes, compatible with previous literature indicating that the
majority of mCRPC intrapatient clonal diversity is concentrated in
the AR locus'>***. The modestly increased AR copy number during
both therapies was not statistically significant, but would be compat-
ible with ongoing selective pressure from the concomitant androgen
deprivation therapy received by all patients.

Three patients harbored evidence for positive selection of TP53
and/or RBI defects during LUPSMA, raising the possibility that these
genes facilitate resistance in a minority of cancer clones and/or
patients. Whether TP53 and RBI defects functionally drive acquired
LuPSMA resistance or merely reflect clonal flux mediated via selection

Fig. 6 | Resistance alterations. a, Summary of per-patient evidence for three
categories of population shift (mutational, AR copy number and genome-wide
large-scale aneuploidy) in 106 patients with paired baseline and progression
cfDNA. Sample pairs are grouped by ctDNA% sufficiency for different analyses
investigating temporal somatic changes. b, Mirrored bar plot of coding mutation
VAF in patients with >2% ctDNA in both timepoints where a coding mutation

was detected in targeted genes at either timepoint (n = 83 patients). ctDNA% is
adjusted for ctDNA% and absolute copy number (CCF) at baseline (top) versus
progression (bottom). Each bar (mutation) is colored by gene and grouped by
detection at timepoints and significant CCF change. Boxplots summarize CCFs
of mutations detected at both timepoints (two data points per mutation, one
for each timepoint) versus those detected only at one timepoint (one data point
per mutation). The Pvalue reflects a two-sided Mann-Whitney U-test. ¢, Top,
summary plots of genome-wide heterozygous SNP backbone coverage LR and
HSAF profiles in baseline and progression, aggregated across all patients with
evaluable copy number models and >20% ctDNA at both timepoints (n = 44).
Bottom, per-patient genome-wide traces of significant changes in absolute copy
number (red and blue) and/or heterozygous SNP allele fractions (gray) between

timepoints. Only patients with five or more significant genomic changes are
visualized (Methods). d, Absolute copy number and 95% CI (Methods) of the AR
gene atbaseline and progression in patients with >5% ctDNA in both timepoints
(n=71), stratified by treatment arm. e, Aggregated mean absolute AR copy
number of patients with >5% ctDNA in both timepoints, stratified by treatment
arm, across the AR enhancer, AR gene body and flanking regions. Each dot
represents a targeted sequencing probe. 95% Cls are shown in gray for baseline
and red for progression. f, Upper left, schematic of relationship between PSA
response and clonal shift. Best PSA response waterfall plot (n = 71 patients) is
stratified by the presence of a population shift (defined as a shift in mutational
profile, AR copy number and/or large chromosomal copy number changes)
(Methods). Lower, three case studies are highlighted with their evidence (or lack
thereof) of population shift (mutations in mirrored bar plots, AR CN and 95%
Clinwhiskers below, and genome-wide aneuploidy on the right). Coding and
noncoding mutations are annotated in dark gray and light gray text respectively.
Evidence of change between timepoints is highlighted in pink and red; chr,
chromosome; mut., mutation; MWU, Mann-Whitney U-test.
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of other biological features is unclear from our data. Nevertheless,
TP53 and RBI are established drivers of lineage plasticity during
ARPI®, and intriguingly an epigenomic study described a case of
transdifferentiation to neuroendocrine mCRPC during progression
on LuPSMA®. Neuroendocrine prostate cancer is linked to lower PSMA
avidity and higher likelihood of 2-[18F]FDG-discordant disease**%5,
suggesting RBI-mediated LUPSMA resistance may be more com-
monin patients screened using PSMA-PET alone. Collectively, these
data merit further investigation of lineage dysregulation as a pos-
sible LuPSMA resistance mechanism. Quantifying spatial patterns
of PSMA (with or without FDG) uptake at LuPSMA progression—plus
synchronous interrogation of (epi)genomic tumor features using
broader sequencing approaches (for example, deep whole-genome
sequencing)—will help discover mechanisms of emergent LuPSMA
resistance and is feasible in contemporaneous clinical trial datasets
including ENZA-p and PRINCE***°.

Our study has several limitations. First, molecularimaging eligibil-
ity for TheraP enriched for high PSMA tumor uptake without 2-[18F]
FDG-discordant disease, differing from the registrational VISION trial
for LuPSMA®. The biological implications of this stringent imaging
preselection may limit the generalizability of our findings to settings
in which FDG-PET is not used to evaluate PSMA radioligand therapy
candidacy. Encouragingly, theimpact of dual-tracer selection on syn-
chronous ctDNA%-imaging and genomic-imaging biological correla-
tives is being addressed in the ENZA-p trial, in which all participants
underwent dual PSMA-PET and FDG-PET screening, with only the for-
mer utilized for study eligibility assessment*. Second, observations
of differential outcomes by ctDNA% and genomic features may be
specific to the comparison of LuPSMA monotherapy and cabazitaxel
and should not be indiscriminately extrapolated to other treatment
regimens, including other taxane cytotoxics and combination ther-
apies involving LUPSMA. These hypotheses will be explored in the
Canadian Cancer Trials Group PR.21 study of LuPSMA versus docetaxel
in ARPI-treated mCRPC', as well as in other ongoing studies evaluat-
ing LuPSMA combinations***’, Third, TheraP evaluated LuPSMA in
late-linemCRPC inwhich ctDNA is abundant. Studiesin earlier disease
settings’*”' should clarify: (1) whether ctDNA% retains predictive sig-
nificanceinaclinical setting marked by a different (lower) ctDNA%-risk
distribution; (2) whether additional substratification of the ctDNA<2%
subgroup (utilizing assays with greater analytical sensitivity) may offer
further outcomes discrimination; and (3) whether genomic altera-
tionsin ctDNA remain practical for outcomes prediction and detailed
biological research, given thatlower ctDNA% constrains resolution of
certain biologically relevant alteration classes®. Fourth, this work is
underpowered to investigate outcomes for low prevalence genomic
alterations, most evident in the analysis of DDR genes. Finally, our
analysis focuses exclusively on genomic biomarkers (aligning with the
current capacities of widely available ctDNA companion diagnostics),
but cannot address epigenomic factors, which have been recently
implicated in PSMA regulation*’2, Multimodal strategies incorporat-
ing 5-(hydroxy)methylcytosine sequencing, cfDNA fragmentomic
profiling and cell-free chromatin immunoprecipitation may refine
and expand predictors of LUPSMA benefit, while more accurately
identifying cancers where lineage plasticity contributes to acquired
LuPSMA resistance.

We provide a comprehensive evaluation of ctDNA genomic
correlatives from the first prospective randomized trial comparing
LuPSMA to the active and clinically relevant control of cabazitaxel. Our
data, although hypothesis-generating, offer aroadmap for biomarker
development efforts for PSMA-targeting radionuclide therapeutics.
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Methods

Study design, participants and ethical oversight

The clinical trial study design and participant eligibility criteria have
been described in detail previously">**¢. TheraP (NCT03042312,
ACTRN12615000912583) was an open-label, randomized (1:1),
phase 2 trial comparing intravenous LUPSMA (every 6 weeks for a
maximum of six cycles; starting at 8.5 GBq, decreasing by 0.5 GBq to
6.0 GBq for the sixth cycle) with intravenous cabazitaxel (20 mg m™
every 3 weeks for amaximum of ten cycles). Eligible participants had
progressive mCRPC previously treated with docetaxel and in whom
cabazitaxel was considered the next appropriate standard treatment;
Eastern Cooperative Oncology Group (ECOG) performance status
0 to 2; and with adequate renal, hematological and liver function.
Patients were additionally selected based on the presence of
PSMA-positive disease utilizing both [®®Ga]Ga-PSMA-11 and 2-["F]
FDG-PET. Patients were required to have at least one lesion with an
SUVmax >20, and all other measurable lesions to have an SUVmax >10.
Furthermore, patients were excluded if any lesions demonstrated
uptake of 2-["®F]FDG without corresponding PSMA expression. Rand-
omization was stratified for disease burden (>20 disease sites versus
<20 disease sites as assessed by [*®Ga]Ga-PSMA-11), previous treat-
ment with either enzalutamide or abiraterone and study site. The
primary endpoint was PSA response (PSA50), with key secondary
endpoints of PFS and OS. All participants provided signed, written,
informed consent. The protocol was approved at each participating
institution, and the trial was done in accordance with the princi-
ples of the Good Clinical Practice guidelines and the Declaration of
Helsinki. Sex and/or gender are not relevant for any findings in this
study and were therefore not incorporated into study design, clini-
cal data collection or execution of any analyses. Prostate cancer only
affectsindividuals born as biological males, and our cohortincludes
participants with aggressive prostate cancer irrespective of gender
identity. All samples are deidentified at time of collection, and all
researchers are blind to gender identity and gender presentation.
Patients were not compensated for their participationin the TheraP
trial or secondary correlative biomarker studies.

Clinical endpoints, statistical analyses and reproducibility
Given the paucity of validated predictive genomic biomarkers for
either LuPSMA or cabazitaxel, the analyses herein are predomi-
nantly exploratory and hypothesis-generating. Exact sample
sizes and power calculations were not formally prespecified. A
core consideration informing our analysis strategy is recognition
that the phase 2 TheraP trial was not formally designed to detect
cross-arm differences in PFS or OS (both secondary endpoints)"”.
We therefore adopted a highly conservative and selective approach
to our exploratory post-hoc biomarker analyses, minimizing risks
associated with excessive hypothesis testing of small groups in this
underpowered trial context. This includes: (1) only evaluating can-
didate genomic biomarkers presentin >10% of the TheraP baseline
population; (2) selective evaluation of specific alteration classes
with established clinical or biological significance in mCRPC; and
(3) utilizing a gated two-tiered hypothesis testing strategy that
first evaluated binary alteration presence or absence in specific
genes, and only stratifying by smaller biologically informed sub-
categories if the overall binary dichotomization was statistically
significant. Statistical analyses are reported without correction for
multiple testing unless otherwise stated. The rationale for patient
or sample exclusion from specific sub-analysesis clearly indicated
inthe text and/or figure caption. We did not perform any analyses
requiring randomization (beyond that originally implemented in
the underlying trial).

Clinical endpoints evaluated in this study included PSA response
rate, PFS and OS; extended definitions for these endpoints have
been described previously”. PSA response rate was defined as the

proportion of participants with a PSA reduction of 250% from base-
line. PFS is defined as the interval from the date of randomization to
the date of first evidence of PSA progression (as per Prostate Cancer
Working Group 3 criteria), pain progression, radiographic progres-
sion, death from any cause, whichever occurs first, or the date of last
known follow-up without progression. OS is defined as the interval
from the date of registration to date of death from any cause or date
of last known follow-up alive.

Statistical tests and data analysis were performed in R v.4.4.0
(using dplyrv.1.1.4, forcats v.1.0.0, janitor 2.2.0, lubridate v.1.9.3, purr
v.1.0.2, psych v.2.4.3, stringr v.1.5.1, stats v.4.4.0, gtsummary v.1.7.2,
survival v.3.5-8) and in Python 3.9.12 (using pandas v.1.4.2, numpy
v.1.23.5, scipy v.1.10.1, statsmodels v.0.13.5) and Julia v.1.8.5. Visualiza-
tions were generated using the R packages ggplot2v.3.4.3, forestplot
v.3.1.3, survminer v.0.4.9, cowplot v.1.1.3 and patchwork v.1.2.0, and
the Python packages matplotlib v.3.7.1 and seaborn v.0.13.0. The
following bioinformatics or genomic analysis software was used:
cutadapt v.4.9, seqkit v.0.8.1, Bowtie2 v.2.3.4.3, samblaster v.0.1.24,
bedtoolsv.2.26, samtools v.1.8 (htslib v.1.8), Mutato v.0.8 and ANNO-
VAR (v.20191024), as well as custom in-house software. Data were
presented descriptively as proportions, medians and their respective
ranges. All boxplots are centered at the median unless otherwise
specified and display the IQR. Whiskers extend 1.5% IQR past the
quartiles; allraw dataare shown where possible. Categorical variables
between genomic and clinical subgroups were compared using Fish-
er’sexact test, whereas continuous variables were compared using the
Mann-Whitney U-test. Survival fractions for time-to-event outcomes
(PFS and OS) were estimated using the Kaplan-Meier method and
differences between groups were evaluated using the log rank test.
Cox proportional hazards models were used to calculate hazard
ratios (HR) and 95% confidence intervals (CI). All hypothesis tests
were two-tailed and used a 5% significance threshold. P values are
reported to two significant figures.

Thesilhouette, test tube and torso skeleton (Fig. 1a) were manipu-
lated from the linked source and are available under a Creative Com-
mons Attribution 2.5 Generic (https://creativecommons.org/licenses/
by/2.5/) licence. We thank all the original authors for making their
work available.

Blood processing and cfDNA extraction

Full details relating to sample collection and initial processing can be
found in the TheraP biospecimen sampling manual (Supplementary
Information). Briefly, up to 25 ml of peripheral blood was collected
in EDTA collection tubes. Whole blood (up to 5 ml) was separately ali-
quoted, while the remaining blood (up to 20 ml) underwent two-step
centrifugation (1,600gfor10-15 min followed by 3,000g for 10-15 min)
to separate and clarify plasma. Plasma and whole blood were stored at
=70 °Cuntil batch sample processing.

From the whole blood sample, WBC DNA (serving as germline
DNA and clonal hematopoiesis control) was isolated using the
Promega Maxwell RSC Blood DNA kit (Promega; cat. no. 55114)
as per the instructions outlined in the technical manual (version
TM419), resulting in a final elution volume of 50 pl. Conversely,
cfDNA was extracted from plasma using the QIAGEN QlAamp Cir-
culating Nucleic Acid Kit (Qiagen) according to the manufacturer’s
instructions. Following extractions, WBC DNA and cfDNA were
quantified using the QuantiFluor ONE dsDNA kit and Quantus Fluo-
rometer (Promega). cfDNA samples with total cfDNA yield exceed-
ing 50 ng ml" of plasma underwent gel electrophoresis (using 1.3%
SYBR-Safe agarose gel) to rule out the presence of high molecular
weight DNA resulting from probable WBC contamination. In rare
instances in which high molecular weight DNA is detected (suggest-
ing substantial admixture of WBC DNA with cfDNA), AMPure XP bead
(Beckman Coulter; cat.no. A63880) clean-up was performed as per
manufacturer’s instructions.
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Targeted capture, sequencing and bioinformatic analysis
Library preparation, targeted capture and sequencing. Sequencing
libraries for WBC DNA samples were prepared with the KAPA Hyper-
Plus Kit (Roche; cat. no. KK8512-07962401001) following instructions
outlinedinthe technical manual (version KR1145,v.9.23): 50 ng of input
DNAwas used for each library. Enzymatic fragmentation of WBC DNA
was performed for 15 min at 37 °C using a diluted conditioning solution
resultinginafinal concentration of 0.06 mMEDTA inthe fragmentation
reaction. Sequencing libraries for cfDNA samples were prepared with
the KAPA HyperPrep Kit (Roche) as per the manufacturer’s instruc-
tions: 10-50 ng input cfDNA was used for each library, depending on
cfDNA extractionyield (Supplementary Table 2). After end-repair and
A-tailing, both WBC DNA and cfDNA libraries underwent overnight
adapter ligationat 4 °C using IDT xGen CS UMI Adapters (IDT; cat. no.
1080799), followed by polymerase chain reaction amplification with
custom unique dual index primer pairs. Library quantification was
performed viaNanoDrop, and eachlibrary wasrunon al.3% SYBR-Safe
agarose gel to confirm success.

Purified sample libraries were multiplexed to obtain single pools
withacombined mass of 2.5 pg. Library pools were then hybridized to a
KAPA HyperChoice probe set for aminimum of 16 hat 55 °C. This probe
set has previously been described”. In brief, it captures exons from
76 predominantly prostate cancer-relevant genes (including FOLH1I,
whichencodes PSMA), but also introns and flanking regions of selected
genes, including TP53, PTEN, RB1, FOXA1, CHD1,MYC,AR, BRCA2, MSH2,
MSH6 and others. The KAPA HyperChoice MAX 3 Mb T3 panel (Kapa;
cat. no. 09052917001) was added at one-third the concentration of
thetargeted probe set, providing agenome-wide backbone of -9,000
additional probes (spaced ~-350 Kb apart) capturing heterozygous
germline single nucleotide polymorphisms (SNPs) at common fre-
quencies across various ancestral backgrounds. This whole-genome
backbone approach (median 603x coverage for the cfDNA samples)
provides greater resolution to inform on overall genomic instability,
assists in differentiating between focal and broad chromosome arm
copy number calls, and aids in ctDNA% estimation (see ‘Estimation
of circulating tumor DNA fraction’). Final libraries were purified with
KAPA HyperPure Beads (Kapa; cat.no. 08963843001) before quantifica-
tionwith the Quantus Fluorometer. Library pools were then sequenced
onaNovaSeq 6000 S4.

Sequencing alignment and quality control. Following sequenc-
ing on lllumina machines, adapters from the 3’-end were trimmed
using cutadapt v.4.9 (ref. 74) in paired mode. Low-quality read tails
(smoothed base quality <30) were trimmed using an in-house algo-
rithm. Per-base read coverages in target regions were quantified using
seqgkit v.0.8.1 (https://github.com/annalam/seqkit), after duplicate
removal. Paired-end reads were aligned to the hg38 reference genome
using Bowtie-2.3.0 (ref. 75). An additional local realignment step was
performed using ABRA2 v.2.24 with default parameters, but allowing
low mapping quality reads (mapq>2) tobeincluded inthe realignment
to boost insertion and deletion (indel) detection’. Duplicate reads
were marked using samblaster v.0.1.24 (ref. 77). Germline SNPs were
used to verify the patient identity of baseline and progression cfDNA
samples and matched WBC.

Somatic mutation identification. Somatic mutations (single nucleo-
tide variants (SNVs) and small indels) were identified from cfDNA as
previously described® . Briefly, independently identified mutations
required a minimum supporting mutant read count of >8 for coding
and >20 for noncoding mutations, plus a VAF of >1% (reduced to 0.5%
for established hotspot mutations). Our minimum required mutant
read support equates to an approximate minimum VAF of ~0.5-1%
(givenourtarget per-sample depth of 1,500x and expectation of spatial
read-coverage stochasticity) aligning with the limits of detection of
contemporary commercial pan-cancer ctDNA genotyping companion

diagnostics*®. Note that a minimum VAF of ~0.5-1% mathematically
equatesto actDNA fraction of approximately 2%, below which somatic
SNVsorindels are generally not reliably detectable (high false-negative
rate) because of the likelihood of insufficient mutant read-support.
In addition, we required: (1) 220 position-matched read depth in the
patient-matched WBC DNA, (2) cfDNA VAF >3x and >5x higher than the
position-matched VAF in the paired WBC DNA for coding and noncod-
ing mutations respectively, and (3) cfDNA VAF to be >20x and >50x
higher than the average position-matched VAF across all WBC DNA
samples for coding and noncoding mutations respectively. Per-patient
comparison with matched WBC enabled removal of clonal hemat-
opoiesis variants and germline polymorphisms that may masquer-
ade as tumor-derived cfDNA variants in assays that do not perform
synchronous WBC sequencing. For base substitutions, the average
mapping quality of mutation-supporting reads was required to be 210
or 230, and the average distance of the mutant allele from the nearest
read end must have been >15 or >25 bases for coding and noncoding
mutations, respectively. Protein-level consequences of variants were
predicted using ANNOVAR’®. Additional dependent mutation calling
(enabling more sensitive variant detection using a prioriinformation
across same-patient serial cfDNA) was adopted to assist with estimating
ctDNA% and characterizing treatment-emergent resistance mutations.
To call a mutation that had already been independently identified
in another same-patient sample, the aforementioned independent
mutation calling thresholds were relaxed to >3 supporting reads and
a VAF of >1%. All somatic mutations were manually inspected using
Integrated Genomics Viewer.

Germline mutation identification. Germline variants were identi-
fied by searching WBC samples for variants with an alternative allele
frequency of >15% with >5 supporting reads. Common germline vari-
ants with a population allele frequency of >0.5% in GNOMAD were
deemed unlikely to be pathogenic or clinically relevant and were dis-
carded. Protein-level consequences of variants were predicted based
on ANNOVAR’, Variants were considered pathogenic if they resulted
in a truncated protein (for example, stopgains, frameshifts) or were
missense mutations classified as ‘pathogenic’ or ‘likely pathogenic’
based on ClinVar annotation”.

Copy number alteration analysis. Copy number analysis was per-
formed using previously described custom methodology'>*. We lev-
eraged our targeted panel’s genome-wide backbone of heterozygous
germline SNPs (offering both positional coverage log ratio (LR) infor-
mation and heterozygous SNP allele frequency (HSAF) data) to fit
individual ploidy models to each cfDNA sample, thereby ascertaining
chromosomal arm-level copy number alterations, WGD status and
ctDNA%. Low ctDNAY% fraction (<20%) precludes accurate model fit-
ting and therefore WGD status was considered unevaluable for these
cases (‘Estimation of circulating tumor DNA fraction’ below). Allmodels
were manually reviewed. For focal (gene-level) copy number altera-
tions, dense probe coverage in exons and select introns of targeted
panel genes facilitated calculation of intragenic median coverage LR
and HSAF. Coverage LR is calculated across tumor-normal pairs at
base pair resolution, and normalized by median sequencing depth
and guanine-cytosine (GC) content. A pool of control cfDNA samples
from prostate cancer patients (n = 31) with no detectable somatic
mutations or copy number alterations (putatively ctDNA-negative)
served as areference for GC correction. For targeted panel genes, LR
and HSAF thresholds were used to assign categorical copy number
status: (1) deep deletion, LR [-inf, -1]; (2) shallow deletion, LR [-1,-0.3]
ORLR[-0.3,-0.15] plus HSAF > 0.6; (3) copy gain, LR[0.3,0.7]ORLR
[0.15, 0.3] plus HSAF > 0.6; (4) amplification, LR [0.7, inf]; and (5) no
evidence of copy number alteration. These thresholds were empirically
determined by examining the distribution of LR and HSAF in negative
control cfDNA samples from healthy volunteers and prostate cancer
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patients without detected ctDNA, as previously described. For key
clinically relevant genes, absolute copy number calls were manually
assessed by comparing gene-level traces of LR and HSAF against each
sample’s fitted whole-genome ploidy models, allowing amore precise
and accurate assessment of allelic configuration and null status (‘Bio-
marker assignment’ below).

Identification of structural variants. Structural variantsin cfDNA were
identified using split-read methodology implemented in the previously
validated Breakfast software v.0.6 (github.com/annalam/breakfast)
with the--max-frag-len=1000--anchor-len=30--merge-duplicates
options. A detailed description of Breakfast and its validation are
giveninrefs.12,23. Aminimum of four unique junction-spanning reads
wererequired todetect astructural variant. Because breakpoint posi-
tions of genuine somatic structural variants are almost always unique
per-patient tumor, we removed structural variants with identical break-
pointsineither the patient’s matched WBC or cfDNA samples fromany
other patient reasoning that these are likely false positives. Structural
variantsinkey prostate cancer driver genes (including PTEN, TP53, RBI,
BRCA1/2,ATM and select DDR-related genes) were manually reviewed
for predicted proteinimpact using UCSC BLAT (https://genome.ucsc.
edu/cgi-bin/hgBlat). Any candidate structural rearrangements with
supporting split-reads that mapped ambiguously to multiple highly
homologousregions were discarded. Only structural variants predicted
todisrupt >1exon, orinthe case of AR presumed to truncate the ARLBD,
were considered pathogenic and were included in correlative analyses.

Estimation of ctDNA fraction. The ctDNA% for each plasma cfDNA
sample was determined using one of two orthogonal approaches: (1) a
mutation-based method using the maximal allele frequency of eligible
autosomal somatic mutations, or (2) a copy number-based method
using genome-wide coverage data and germline heterozygous SNP
allele frequencies to fit per-sample ploidy models. Both approaches
follow published methodology'>***, and are described below. Note
that our two-pronged approach for measuring ctDNA fraction mir-
rors the contemporary industry-standard methodology utilized by
several widely available commercial companion diagnostics. These
commercial assays harbor asimilar ctDNA fraction limit of detection of
~1-2% (ref. 48), but may be slightly more prone to false-positive ctDNA
estimates because of inadequate removal of clonal hematopoiesis
through not incorporating synchronous WBC profiling (in contrast
to our research assay).

For the mutation-based method, ctDNA% was estimated using the
VAF of autosomal somatic mutations innonamplified genes (coverage
LR <0.3) targeted by our sequencing panel and with =30 read depth.
Somatic mutation VAFs can be elevated in circumstances of concur-
rent deletion of the wild-type allele (that is, loss of heterozygosity
(LOH)). Given difficulties with reliably detecting LOH at low ctDNA
fraction, we conservatively assumed that all somatic mutations may
be associated with concomitant LOH. Under this assumption, ctDNA

fraction and VAF are related because ctDNA ~ fraction = (:m .
VAF
The mutation-based ctDNA% estimate was calculated using the
somatic mutation with the highest VAF, based on the assumption that
this mutation was most likely to represent a truncal alteration present
in a majority of ctDNA-contributing cancer cells. In the few cases in
which the only mutation identified in the sample was allosomal, the
mutation-based ctDNA% was estimated to be equivalent to the VAF.
Germline variants, sequencing and alignment artifacts, and clonal
hematopoiesis of indeterminate potential can confound somatic
mutation-based estimation of the ctDNA fraction, but are largely elimi-
nated through our parallel deep sequencing of patient-matched WBC
DNA and manual curation of mutations. For our copy number-based
ctDNA fraction estimation strategy, we fit ploidy models to each
cfDNA sample’s genome-wide coverage LR and HSAF data enabled

by the genome-wide SNP grid embedded in our panel. Automated
maximum-likelihood solutions were manually vetted and adjusted as
necessary to arrive at a final ploidy model for subsequent derivation
of segmental copy number status and sample ctDNA%. Acknowledging
that copy number-based model fitting accuracy decreases in samples
with legitimately low ctDNA%, we used copy number-based ctDNA%
estimates for samples with ctDNA >20%, and instead leveraged our
mutation-based ctDNA% estimates for samples with ctDNA <20%
(as assessed via the copy number method). In the event that only an
AR amplification, structural variant or isolated somatic chromosomal
armaneuploidy was detected in cfDNA without any additional somatic
mutations, ctDNAY% was conservatively heuristically estimated to be
5%.Samples without detected mutations or focal or large-scale copy
number events were categorized as ctDNA-negative. ctDNA% prognos-
tic risk categories of high (30-100%), low (2-30%) and undetectable
(<2%) were predefined®. Category thresholds were originally heuristi-
cally defined to achieve an approximately balanced dichotomization
of patients commencing first-line mCRPC therapyinanearlier clinical
trial cohort®. The lower ctDNA% boundary of 2% corresponds to our
targeted assay’s approximate lower VAF limit of detection of ~0.5% for
somatic SNVs and/or indels.

Biomarker assignment. We used a two-tiered hypothesis testing
strategy for all genomic correlative outcomes assessments: first test-
ing binary alteration presence or absence (of any pathogenic defect,
excluding monoallelic deletions), then stratifying by compound altera-
tion status, recognizing that (1) distinct classes of genomic alteration
may differentially impact protein function and (2) in the context of
gene dosage and haploinsufficiency, a significant reduction (beyond
that of one-allele loss) or complete loss of functional gene copies may
berequired to effect a biological or clinical phenotype.

Forallclinical correlative analyses, we utilized a set of gene-specific
criteria for binarizing patients by presumed pathogenic alteration
status (summarized in Supplementary Table 5). This incorporated
homozygous deletions of the entire gene body, AR genomic structural
rearrangements, and SNVs and indels with >1% VAF aligning with our
previous clinical correlative work*-***¢, while additionally including
non-ARstructural variants and focal intragenic deletions predicted to
disrupt>1exon. Focalintragenic deletions were evaluated by plotting
each per-gene LR and HSAF spatial profile with overlaid global ploidy
statesinferred from genome-wide copy number modelfitting, thereby
enabling manual validation of our automated per-gene copy number
calls, while alsoidentifying focal intragenic events that would be obfus-
cated by gene-level summary metrics of coverage LR and HSAF (that
is, analyzing the gene body as a single unit). Using this information,
we enumerated the number of remaining copy-unaltered alleles. Copy
status was assumed to be neutralin cases with low ctDNA%, ambiguous
orundeterminable ploidy modelfitting, or excessive sample sequenc-
ing noise and coverage stochasticity (for example, because of GC bias).
Monoallelic deletions (either whole-gene or intragenic focal deletions)
without any concomitant mutations or structural variantsin the same
gene were not considered pathogenic—only homozygous deletions of
>1 exonsupported by heterozygous SNP evidence where available were
considered as ‘alteration present’.

The granular copy number analysis above was synthesized with
mutation (both somatic and germline) and structural variant calls to
assess the compound alteration status of key genes. We define ‘null
status’inwhich all copies of the gene were disrupted and no wild-type
copiesremain. A gene was considered null if any of the following were
true: (1) any coding region of the gene had an absolute copy number
of zero (all alleles spanning an exon were deleted); (2) presence of a
pathogenic mutation with =1% VAF plus LOH, such that all remaining
alleles (1for diploid or 2 for WGD) are mutated and from the same paren-
tal origin; (3) presence of a pathogenic mutation with >1% VAF plus
copy-neutral LOH, such that the wild-type allele was deleted and the
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mutated allele was gained and all remaining alleles are mutated (2 for
diploid and 4 for WGD); (4) presence of a pathogenic structural variant
plusdeletion of the wild-type allele; and (5) acombination of multiple
structural variants and mutations with >1% VAF, which were assumed
to affect different alleles unless the alterations were in close enough
proximity to be phased. The compound gene status for key genes was
critically reviewed by three genomic scientists to reach consensus.

AR gene dosage may differentially influence mCRPC biology and
clinical outcomes. Therefore, we focused on two distinct biological
categorizations of absolute AR copy number (gain versus amplification)
for baseline correlative biomarker assessment: (1) AR gain, absolute
ctDNA fraction adjusted copy number >4; and (2) AR amplification,
absolute ctDNA fraction adjusted copy number >8. These definitional
thresholds of 4 and 8 correspond roughly to the first and third quartile
of absolute AR copy number as evaluated inall TheraP baseline ctDNA
samples with ctDNA >5%. Note that in contrast to SNVs or indels, we
only evaluated absolute AR copy number in samples with ctDNA >5%.
The asymptotic nature of the formula for deriving absolute AR copy
number (1+ ir’d);, where L is the gene LR and d is the diploid level
(parameterization of global ploidy fit)) means that the output is highly
sensitive to small perturbations or uncertainty in ctDNA fraction,
especially in the limit of lower ctDNA%. Therefore, we conservatively
heuristically raised the minimum ctDNA fraction to 5% to mitigate
inflated error in inferred absolute AR copy number. Across the entire
TheraP baseline population, 32 samples had ctDNA >2% versus 43
harboring ctDNA >5%, and we rationalized that the significantincrease
inanalytical and/or technical stringency outweighed the slight reduc-
tioninsample size and statistical power, in electing to use aminimum
5% cutoff for absolute AR copy number assessment.

Assessment of ctDNA population shift

Mutation analysis. In this analysis, we considered only mutations
(SNVs and small indels) that were amenable to detection in both
timepoints. This includes mutations either already called in both
timepoints, or called in only one timepoint and that had a>0.9 prob-
ability of detecting >3 more supporting mutant reads in the other
timepoint, assuming that the biological ground-truth VAF did not
change across timepoints. This removes mutations that seem to
appear or disappear in progression because of variable ctDNA% and/
orsequencing depth across timepoints rather thanatrue CCF change.
For example, for amutation called at baseline and not at progression,
Expected VAF at progression = Base”“e;AFX:mgr;mZ" CDNA% The probability
of detecting >3 supportingreads can then be modeled with 1 — F(k,n,p)
where Fis the cumulative distribution function of abinomial distribu-
tion with parameters k=2, n, which is the mutation location read
depthat progression, and p, whichis the expected VAF at progression.
If the resulting probability is <0.9, then the mutation was excluded
from this analysis. The identical (but reciprocal) calculation was
performed for mutations called at progression but not at baseline.

To identify likely mutational profile shifts, two lines of evidence
were considered: (1) mutations that were called in one timepoint and
had zero mutant read support in the other timepoint (that is, newly
appeared or disappeared in progression); and (2) mutations that were
detected inboth timepoints but underwent asignificant CCF change.
We classified a patient as having a mutational profile shift if they had
any of: (1) 24 mutations with significant CCF change; (2) >1 mutation
with CCF change and >1 newly appeared or disappeared mutation; or
(3) =22 newly appeared or disappeared mutations.

Significant CCF change was determined per mutation by first
calculating the CCF of the mutation at both timepoints: we calculated
the range of VAFs that correspond to CCFs from O to 1 at intervals of
0.01, using the sample’s ctDNA% and absolute copy number of the
mutated gene. For each possible VAF, we then calculated the probability
of obtaining the observed number of supporting mutant reads given
theread depthatthe position, modeled onabinomial distribution. If a

mutation had no supporting reads (was undetected in the timepoint),
the number of supporting reads was artificially conservatively set to 1
tosatisfy Cromwell’srule. In subsequent analyses, the CCF of mutations
with no supporting reads were reset to 0. The list of probabilities was
normalized against the total cumulative distribution function prob-
ability over the range, and the CCF corresponding to the VAF with the
maximum posterior probability was taken as the CCF for the mutation.
CCFs corresponding to a cumulative probability of 0.025 and 0.975
were taken as the 95% Cl. In cases in which the observed VAF implied a
CCF beyond the [0, 1] range—common in cases of (copy-neutral) LOH
in which only the mutant allele remains—and the list of probabilities
in CCFe[0,1] was 0, the CCF was set to 1. Conservatively, a significant
CCF change was called only if the confidence intervals of the mutation
CCFsinthe two timepoints were separated by >0.05.

AR copy number analysis. To evaluate whether serial same-patient
differencesinabsolute AR copy number were consistent with agenuine
biological shift (versus originating predominately from stochastic
technical factors), we performed 10,000 rounds of simulation per
sample. Each simulation perturbed the measured intragenic AR log
ratio and sample ctDNA% with random noise to account for experimen-
tal uncertainty. Specifically, ctDNA% (denoted F) was perturbed using
both multiplicative and additive Gaussian noise: Fy, = Freasured X
2M0:9D + N(0, 62). Standard deviations 61=0.12 and 02 = 0.06 were
empirically derived from earlier error modeling of our mutation-
based ctDNA% estimation methodology, using matched whole-
exome sequencing as the ground truth (as previously described)®.
To accommodate the orthogonal approaches to measuring ctDNA%
used in TheraP (‘Estimation of circulating tumor DNA fraction’), we
heuristically divided these dispersion parameters o1 and 62 by three
for samples in which ctDNA% was inferred from the more accurate
ploidy-based approach (that is, in samples with true ctDNA% above
20%).Similarly, the measured AR log ratio was perturbed by Gaussian
noise with a standard deviation of 0.137 (denoted as LR;,). The simu-
lated absolute AR copy number for each sample was then computed
2(LRsjm=d)-1
(Fsim)
(simulation rounds where F;, was <2% were discarded to align with our
approximate ctDNA% limit of detection and avoid asymptotic behavior
intheresultant simulated AR copy number distribution). d represents
aparameterization of our ploidy modelfitting signifying the log ratio
representing a diploid state. These AR, values were sorted, and an
85% Clwas empirically calculated and recentered on the sample’s true
measured absolute AR copy number. We considered any pair of
matched baseline-progression cfDNA samplesto harbor astatistically
significant difference in absolute AR copy number if their respective
85% Cls did not overlap.

using ARgim =1+ (

yand stored as a vector up to 10,000 values

Genome-wide copy number analysis. To robustly detect absolute
changes from baseline to progressionin copy number status and HSAF
detected by whole-genome SNP sequencing, we only leveraged
patients with >20% ctDNA at both timepoints. Two patients with>20%
ctDNA were excluded from this analysis because of high sequencing
noise in one or both samples from the patient. Using an in-
house segmentation algorithm, we aligned segmentation of the
whole-genome data of all cfDNA samples (the whole genome
was divided in the same bins for every sample). This enabled
comparison of copy number status and HSAF across patients and
timepoints. Absolute copy number per segment was calculated as
(Ir+1—dI) _
is the log ratio of the segment from targeted copy number data
and dl is the diploid line of the ploidy model of the sample.
For the tumor-specific HSAF the following formula was used:

Tumor ~ HSAF = HSAF=0-sxnormal~cell~fraction) -, g¢ringently detect changes
ctDNAfraction

Absolute copy number of the segment = .In this formula, Ir
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in copy number status and HSAF status, confidence intervals were
calculated for every segment using the per segment standard devia-
tion of the log ratio and HSAF. Changes were considered significant if
the confidenceintervals at baseline and progression did not overlap.
Only segments composed of three or more target probes, or three or
more heterozygous SNPs were included to evaluate genomic changes
incopy number status and HSAF status, respectively. Participants with
five or more segments showing either a significant change in copy
number status or HSAF status were considered to be patients with
whole-genome evidence of a population shift.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The hg38 human reference genome was downloaded from UCSC.
Germline variant population frequency is available at gnomAD v.3.0
(https://gnomad.broadinstitute.org/). ANZUP is obligated to pro-
tect therights and privacy of trial participants, thereby necessitating
restricted access to patient-level clinicaland genomic sequencing data.
Deidentified participant sequencing and select clinical data will be
made available to researchers who are registered with an appropriate
institution following publication. Methodologically sound proposals
forany purpose will be considered by the trial executive committee who
will have the right to review and comment on any draft manuscripts
before publication. Proposals should be directed to michael.hofman@
petermac.org. To gain access, datarequesters will be required to sign
adataaccess agreement. Timeframe for data access will be subject to
ANZUP policy and process. Data supporting the findings of this study
are available in the article in Supplementary Tables 1-11. Source data
are provided with this paper.

Code availability

Our complete ctDNA somatic variant calling pipeline is available on
GitHub (https://github.com/annalam/cfdna-wgs-manuscript-code)
and is described in detail in a previous publication™. No additional
custom software was utilized for any analysis performed herein.
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Extended Data Fig. 1| CONSORT diagram for sequencing and enrolment. CONSORT diagram of participant and sample flow culminating in the formation of the
biomarker participant population.
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Extended Data Fig. 2| ctDNAY% versus baseline PET imaging variables.
Correlation between ctDNA% and four quantitative PET imaging variables.
Spearman’s rho (two-sided) is reported for each comparison, with p-values
adjusted using Bonferroni correction (x = 0.05, m = 3; correcting for three
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pairwise comparisons within each imaging modality). A grey line represents the
linear regression toillustrate the bivariate relationships. FDG, 2-[*F]fluoro-2-
deoxy-D-glucose; MTV, metabolic tumour volume; PSMA, prostate-specific
membrane antigen; SUV, standardised uptake value.
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Extended DataFig. 3| PTEN, TP53, and BRCA2 structural variants. Examples of structural variants and associated focal copy number alterations in (a) PTEN, (b) TP53,
and (c) BRCA2.SNP, single nucleotide polymorphism.
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Extended Data Fig. 4 | Relationship between ctDNA% and molecular imaging variables by PTEN and TP53 status. Correlation between ctDNA% and two quantitative
PET imaging variables (PSMA SUVmean - top, FDG MTV - bottom), stratified by genomic alteration status (PTEN - left, TP53 - right).
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Extended DataFig. 5| PFS and OS by TP53 and PTEN alteration statusin
all-comers. Kaplan-Meier estimates of progression-free survival and overall
survival stratified by (a) TP53 alteration status and (b) PTEN alteration status.
Eachsurvival curve includes estimates for three-levels: ctDNA <2%, intact status,
and altered status. In-set summary bar plots in the progression-free survival
curvesrepresent the proportion of patients that experienced a PSA50 and PSA90
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response. An alteration is defined as any mutation(s) or structural variant(s),
deep deletion, or expected null gene status. Monoallelic deletions inisolation
were not considered altered. In-set tables show univariable hazard ratios froma
Cox proportional hazards model. Cl, confidence interval; HR, hazard ratio; mPFS,
median progression-free survival; NR, not reached; OS, overall survival; PFS,
progression-free survival; PSA, prostate-specific antigen; Ref, reference.
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Extended DataFig. 6 | PFS and OS by AR alteration statusin all-comers. Kaplan-  experienced a PSA50 and PSA90 response. In-set tables show univariable hazard

Meier estimates of progression-free survival and overall survival stratified by (a) ratios from a Cox proportional hazards model. Cl, confidence interval; HR,

AR gain (defined as >4 absolute AR copies) status, (b) presence of ARLBD GSRs, hazard ratio; GSR, gene structural rearrangement; LBD, ligand binding domain;
and (c) ARLBD mutation status. Each survival curve includes estimates for three- mPFS, median progression-free survival; NR, not reached; OS, overall survival;
levels: ctDNA <2%, intact status, and altered status. In-set summary bar plots in PFS, progression-free survival; PSA, prostate-specific antigen; Ref, reference.

the progression-free survival curves represent the proportion of patients that
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Extended Data Fig. 7| Clinical outcomes by baseline clinical variables in all- Eastern Cooperative Oncology Group performance status; FDG, 2-[*F]
comers. Forest plots show post-hoc sensitivity analyses for (a) PSA50 response, fluoro-2-deoxy-D-glucose; HR, hazard ratio; MTV, metabolic tumour volume;
(b) progression-free survival, and (c) overall survival endpoints according to PSA, prostate-specific antigen; PSMA, prostate-specific membrane antigen;
baseline clinical variables. The ‘All patients’ category includes those in the all- Ref, reference; SUV, standardised uptake value.
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Extended Data Fig. 8| PSA response by DDR alterations. Best PSA response in
the four most commonly altered DNA damage repair-related gene categories:
ATM, BRCA1/2, CDK12, and mismatch repair. PSA response for each gene category
isexpressed at a per-treatment arm level, and further stratified by either (a)
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PSMA SUVmean (<10 and >10) or (b) ctDNA% level (medium [2-30%] and high
[>30%]). MMR, mismatch repair; PSA, prostate-specific antigen; PSMA, prostate-
specific membrane antigen; SUV, standardised uptake value.
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Copy number at progression

Extended Data Fig. 9 | Copy number status in tumour suppressor genes
across consecutive samples. Correlation of the copy number status of tumour
suppressor genes TP53, PTEN and RB1 between consecutive ctDNA samples from
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