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ABSTRACT

For individual treatment decisions in patients with metastatic prostate cancer (mPC),
molecular diagnostics are increasingly used. Bone metastases are frequently the only
source for obtaining metastatic tumor tissue. However, the success rate of computed
tomography (CT)-guided bone biopsies for molecular analyses in mPC patients is only
~40%. Positron emission tomography (PET) using Gallium-68 prostate specific
membrane antigen (%8Ga-PSMA) is a promising tool to improve the harvest rate of bone
biopsies for molecular analyses. Aim of this study was to determine the success rate of
68Ga-PSMA guided bone biopsies for molecular diagnostics in mPC patients. Methods:
Within a prospective multicenter whole-genome sequencing trial (NCT01855477), 69
mPC patients underwent ®8Ga-PSMA PET/CT prior to bone biopsy. Primary endpoint was
success rate (tumor percentage 230%) of ®8Ga-PSMA guided bone biopsies. At biopsy
sites, ®8Ga-PSMA uptake was quantified using rigid body image registration of 88Ga-PSMA
PET/CT and interventional CT. Actionable somatic alterations were identified. Results:
Success rate of 88Ga-PSMA guided biopsies for molecular analyses was 70%. At biopsy
sites categorized as positive, inconclusive, or negative for 3Ga-PSMA uptake, 70%, 64%,
and 36% of biopsies were tumor positive (230%), respectively (p=0.0610). In tumor
positive biopsies, %8Ga-PSMA uptake was significantly higher (p=0.008), whereas
radiodensity was significantly lower (p=0.006). With an area under the curve of 0.84 and
0.70, both %8Ga-PSMA uptake (maximum standardized uptake value) and radiodensity
(mean Hounsfield Units) were strong predictors for a positive biopsy. Actionable somatic
alterations were detected in 73% of the sequenced biopsies. Conclusion: In patients with

mPC, 8Ga-PSMA PET/CT improves the success rate of CT-guided bone biopsies for



molecular analyses, thereby identifying actionable somatic alterations in more patients.
Therefore, ®8Ga-PSMA PET/CT may be considered for guidance of bone biopsies in both

clinical practice and clinical trials.

Keywords: bone biopsy, ¥Ga-PSMA-PET, molecular diagnostics, whole genome

sequencing, prostate cancer.



INTRODUCTION

With more than 350,000 men dying of prostate cancer in 2018, prostate cancer is not only
one of the most common malignancies in men, but also the fifth leading cause of cancer-
related death worldwide(7). To improve treatment planning for individual patients with
metastatic prostate cancer (mPC), molecular analyses are increasingly used to predict
treatment response, guide clinical decision making and identify additional targets for
targeted therapy(2-4). Due to tumor evolution and genetic adaption following castration
resistance and subsequent treatment resistance, tumor DNA for molecular analyses is
preferably obtained from a biopsy of a metastatic lesion. As bone-only and bone
predominant disease are most frequently reported in patients with mPC, bone metastases
are usually the only source for molecular analyses(5-6).

In men with mPC, 67-77% of bone biopsies have sufficient quality for diagnostic
histopathological examination(7-9). However, molecular analyses on CT-guided bone
biopsies from prostate cancer are less feasible, as the success rate is only 39-44% and
36.5% for RNA analysis and whole exome sequencing, respectively(7, 8, 10). This poor
success rate of bone biopsies might be due to the predominantly osteoblastic character
of these metastases. As bone metastases of prostate cancer have a dense sclerotic matrix
and decreased tumor cellularity, these lesions are difficult to distinguish from non-
malignant osteosclerosis on CT(717).

In clinical practice, most bone biopsies are guided by computed tomography (CT).
Since the yield of CT-guided bone biopsies for molecular analyses is rather low, the use
of molecular diagnostics for personalized treatment in prostate cancer patients is limited.

To improve the yield of bone biopsies in mPC patients, biopsies could be obtained from



bone metastases, which express prostate specific membrane antigen (PSMA). In the
apical region of normal prostate cells, PSMA shows physiological expression, whereas it
is usually 100-1000x overexpressed in prostate cancer cells(72). To visualize and quantify
PSMA expression in vivo, positron emission tomography (PET) using Gallium-68 PSMA
(58Ga-PSMA) can be performed. Nowadays, %8Ga-PSMA PET/computed tomography
(CT) is increasingly used in the setting of biochemical recurrence, as it has a high
sensitivity and specificity for early detection of prostate cancer(13). Recently, fused
images of %8Ga-PSMA PET/CT and diffusion weighted MRI, in combination with cone-
beam CT guidance, have been applied to guide bone biopsies in patients with prostate
cancer. Though in a small number of patients (N=10), this pilot study showed a success
rate of 80%(74). Therefore, ®Ga-PSMA PET/CT is a promising technique to increase the
success rate of bone biopsies for molecular analyses in prostate cancer patients.

Within a prospective multicenter whole-genome sequencing (WGS) trial, we
determined the success rate of ®8Ga-PSMA guided bone biopsies for molecular
diagnostics in metastatic prostate cancer patients. In addition, we evaluated the potential

impact of these molecular analyses on clinical decision making in mPC patients.

MATERIALS AND METHODS

Design

In this comprehensive PET study, mPC patients, who had a %8Ga-PSMA guided bone
biopsy within the prospective multicenter nationwide CPCT-02 study (NCT01855477),
were included(75). CPCT-02 aims to improve selection of patients for experimental

therapy by WGS of tumor DNA, which is obtained by image-guided biopsies. For the



current study, informed consent was obtained within CPCT-02, and additional approval
was provided by the institutional review boards of two academic institutes in the
Netherlands: Erasmus Medical Center in Rotterdam (EMC) and Radboud University

Medical Center in Nijmegen (RUMC).

Patients

Between December 2014 and July 2018, all mPC patients, who underwent ®8Ga-PSMA
PET/CT within 12 weeks prior to a completed bone biopsy procedure within CPCT-02,
were included. Full in- and exclusion criteria of CPCT-02 were described previously(715).
Tumor tissue was obtained from a metastatic lesion to fully capture the genomic tumor
evolution. Patients could be included at multiple time points in their treatment course,
resulting in repeated biopsies for some patients. Biopsies were always obtained prior to
the start of a new systemic treatment. Clinical data were collected in an electronic case

report form (ALEA Clinical).

Primary and Secondary Endpoints

Primary endpoint was the success rate of ®8Ga-PSMA guided bone biopsies in patients

with mPC, with success defined as >30% tumor cells in at least one biopsy core (i.e. the

minimal amount of tissue required for DNA isolation for WGS), as assessed by a dedicated
pathologist. Exploratory endpoints included the correlation between biopsy success and
imaging (standardized uptake value [SUV] and Hounsfield Units [HU]) and laboratory

variables (haemoglobin [Hb], alkaline phosphatase [ALP], prostate specific antigen [PSA],



and lactate dehydrogenase [LDH]). In addition, the potential impact of molecular analyses

on clinical decision making was evaluated.

Image Acquisition

Prior to the biopsy procedure, 88Ga-PSMA PET/CT was performed to identify a biopsy
site with high 88Ga-PSMA uptake. During the procedure, biopsies were performed with or
without CT, or ultrasound guidance, based on the interventional radiologist’s decision.

%8Ga-PSMA PET and Low Dose CT. On-site, PSMA-HBED-CC was labelled with 8Ga
and administered intravenously with a mean (x SD) single bolus of 133 + 35 MBq 68Ga-
PSMA-HBED-CC. At 60 minutes post injection, images were acquired from head to mid-
thigh on a Biograph mCT PET/CT scanner (Siemens Healthineers, Erlangen, Germany).
A low-dose CT was acquired with 120kV and 40 reference mAs (EMC) or 50 reference
mAs (RUMC). All PET data were obtained during 3 minutes per bed position, except for
images with 4 minutes per bed position for patients with weight >70 kg in EMC. For
quantitative analyses of ®Ga-PSMA uptake, data were reconstructed according to
Evaluation and Report Language(16).

Interventional CT. Prior to CT acquisition for CT-guided biopsy, the field of view was
determined by acquiring an overview image. Next, subsequent CT scans with a smaller

field of view were acquired to visualize the biopsy needle until the biopsy site was reached.

Biopsy Procedure
Bone biopsies were performed according to local institutional guidelines. The biopsy
site was selected by the interventional radiologist based on clinical judgement, safety, and

prior imaging including ®8Ga-PSMA PET/CT.



Image Analyses

Rigid Body Image Registration. In order to evaluate whether biopsies were accurately
obtained from a %8Ga-PSMA positive lesion, co-registration of 8Ga-PSMA PET/CT and
the interventional CT was retrospectively performed using rigid body image registration.
This analysis, which was performed with the Elastix Toolbox(77, 18), enables
measurement of %8Ga-PSMA uptake at the exact position of the biopsy site. When the
image quality of 8Ga-PSMA PET, low-dose CT and interventional CT was sufficient for
rigid body image registration, patients were included for this exploratory analysis. Rigid
body image registration merges 8Ga-PSMA PET/CT and the interventional CT within two
steps. To exclude soft tissues in both image registration steps, bone masks were obtained
by applying a region growing algorithm that included CT voxels >150 HU. In the first co-
registration step, patient motion on interventional CT is corrected by co-registration of the
overview image and the image acquired during biopsy. Next, the overview image of the
interventional CT was co-registered with the low-dose CT of the 58Ga-PSMA PET/CT
image. Combining rotation calculations from both image registration steps with
interventional CT enabled fusion of 8Ga-PSMA PET with the interventional CT, thereby
visualizing the biopsy needle.

%8Ga-PSMA Uptake and Radiodensity at Biopsy Site. An experienced nuclear medicine
physician (T.B.), who was blinded for the biopsy results, determined visually whether the
biopsy was accurately taken from a 8Ga-PSMA positive lesion, using a three-point scale
categorized as hit, borderline or miss. Besides these qualitative analyses, quantitative
analyses consisted of SUV and HU measurements. To measure %8Ga-PSMA uptake

(SUV) and radiodensity (HU) at the exact biopsy location, a cylindrical volume of interest
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(VOI) with a length of 2 cm and a diameter of 1 cm was drawn at the site of the biopsy as
visualized on rigid body co-registration images of 8Ga-PSMA PET and interventional CT.
VOls were defined in Python using in-house developed scripts, based on SimplelTK
framework for medical imaging (19). The maximum and mean SUV of ®Ga-PSMA uptake
were calculated using the injected radioactivity, body weight and the amount of
radioactivity within a VOI. To assess radiodensity in bone metastases, HUs were
determined on CT images. For CT measurements, if necessary, VOIs were minimally

moved or reduced in size to avoid overlap with cortical bone.

Molecular Analyses

Alterations in genes described in OncoKB, a precision oncology knowledge base, were
extracted from the genomic data of all successfully sequenced biopsies and categorized
as level 1, 2, 3, or 4 alterations, based on available (clinical) evidence(20). In addition,
PTEN deletions were extracted as these might also be actionable with AKT-inhibitors(2).

Genomic analyses are described in detail in the Supplementary(20-27).

Statistical Analyses

Depending on normality distribution, the unpaired t-test or Mann-Whitney U test was
used to test for differences between clinical variables (age, Gleason score, haemoglobin,
ALP, LDH, and PSA), imaging variables (HUmean, HUmax, SUVmean, and SUVmax), and
primary outcome of biopsy (230% tumor). To test for differences between the summed
Gleason score (<8 and 28) and primary outcome, a Chi-square test was used. The three
68Ga-PSMA uptake categories (hit, borderline, miss) were compared for tumor positivity

(230% tumor) using the Chi-square for trend test. For SUV at the biopsy location, the three
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biopsy outcome groups were compared using the Kruskal-Wallis test in combination with
Dunn’s multiple comparisons test. Univariate and multivariate regression analyses were
performed to evaluate relations between variables and primary outcome. For these
analyses all non-normal distributed variables were log-transformed prior to testing. Since
normal distribution was not reached for LDH by log-transformation, LDH was categorized
in normal LDH (<250) and elevated (2250) and a Chi-square test was used to test for an
association with biopsy outcome. Univariate logistic regression analysis tested for any
association between continuous variables and primary outcome. Subsequently,
significantly associated variables were selected for multivariate logistic regression
analysis. Due to the relatively small sample size, the most significant variables of HU
(mean or max) and SUV (mean or max) were selected for multivariate testing. No
correction was set for multiplicity of secondary endpoints. Odds for a positive biopsy were
calculated by logistic regression for SUV and HU. For the area under the curve and
receiver operating characteristic curve, the logarithm of odds was calculated. Receiver
operating characteristic curves were calculated for HUmean and SUVmax. All statistical tests

were performed two-sided. A p-value of £0.05 was considered statistically significant.

RESULTS

Biopsy Selection

Between December 2014 and June 2018, 115 bone biopsies from 103 patients with
mPC were obtained within CPCT-02 in EMC and RUMC. Prior to 71 biopsies (62%), 8Ga-
PSMA PET/CT was performed to identify bone metastases, while 44 biopsies (38%) within

CPCT-02 were preceded by other imaging modalities. Two out of 71 88Ga-PSMA guided
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biopsies (3%) were not eligible because of a failed biopsy procedure and >12 weeks
between imaging and biopsy. In total, 69 #8Ga-PSMA guided biopsies, from 60 individual
patients, were eligible for primary analysis to determine the success rate of ®8Ga-PSMA
guided bone biopsies (Fig. 1). Seven patients underwent two 8Ga-PSMA guided bone
biopsies. One patient underwent three ®8Ga-PSMA guided bone biopsies. Median time
between %8Ga-PSMA PET/CT and the biopsy procedure was nine days (interquartile

range 3-22).

Clinical Characteristics and Success Rate of 8Ga-PSMA Guided Biopsies

The clinical characteristics of patients and biopsies are described in Table 1. Biopsies
were primarily performed in the castration resistant setting (97%, N=67) and most
commonly obtained from the pelvis (N=57, 83%). During the procedure, biopsies were
performed unguided (N=5, 7%), or guided by ultrasound (N=1, 1%), or CT (N=63, 91%),
based on the interventional radiologist's decision. During one biopsy procedure (1%),
excessive bleeding, which was directly controlled by manual pressure, occurred.

Based on tumor percentage (230%) in at least one core, 48 out of 69 (70%) ¥8Ga-PSMA
guided biopsies (44 out of 60 individual patients (73%)) were eligible for molecular
analyses. No significant differences were found in age (p=0.42), Gleason score (p=0.46)
and baseline laboratory findings (Hb p=0.54, PSA p=0.36, ALP p=0.56) between biopsies
with tumor percentage <30% and =30%, although elevated LDH levels were seen with
borderline significance in the group with a successful biopsy (p=0.05). In the univariate
logistic regression analysis, none of these variables were associated with biopsy outcome
(data not shown). The success rate of biopsies obtained from pelvis (N=57, 83%), spine

(N=6, 9%), and other locations (N=6, 9%) was 65%, 100% and 83%, respectively.
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68Ga-PSMA Uptake and Radiodensity at Biopsy Site

To evaluate whether biopsies were accurately obtained from lesions with high $8Ga-
PSMA uptake, 8Ga-PSMA PET/CT was co-registered with interventional CT (Figs. 2a-d)
for qualitative and quantitative analyses (Fig.1). For 55 biopsies, rigid body image
registration could be performed adequately (Fig. 1). Based on the rigid body image
registrations, 33 biopsies were categorized as hit, 11 biopsies as borderline, and 11
biopsies as miss (Fig. 3a). As expected, biopsy sites categorized as hit had higher SUVmax
and SUVmean compared with biopsy sites categorized as miss (p<0.001 for both) (Figs.
3b-c). Subsequently, the correlation between %8Ga-PSMA uptake and biopsy outcome
was evaluated. At biopsy sites categorized as hit, borderline or miss for 8Ga-PSMA
uptake, 70%, 64%, and 36% of biopsies were tumor positive (230%), respectively
(p=0.0610, Fig. 3a).

At biopsy sites with tumor percentage 230%, median %Ga-PSMA uptake was
significantly higher (SUVmax 20.9, inter quartile range [IQR] 10.0-32.1; SUVmean 10.3, IQR
3.4-18.7), whereas median %8Ga-PSMA uptake was lower at biopsy sites with tumor
percentage <30% (SUVmax 6.7, IQR 3.7-14.2; SUVmean 3.4, IQR, 1.8-9.1; p=0.0021 and
p=0.0123, respectively) (Figs. 4a-b). In contrast, median radiodensity on CT was
significantly lower at biopsy sites with tumor percentage 230% (HUmax 786, IQR 600-977;
HUmean 294, IQR 184-473) as compared to biopsy sites with tumor percentage <30%
(HUmax 1019, IQR 780-1132; HUmean 524, IQR 296-738; p=0.0266 and p=0.0064,
respectively) (Figs. 4c-d). In univariate logistic regression analysis, SUV and HU values
were also significantly associated with biopsy outcome (SUVmax p= 0.008, SUVmean

p=0.016, HUmean p= 0.006, and HUmax p=0.037) (Supplemental Table 1a). After stepwise
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multivariate analysis, HUmean and SUVmax resulted in an odds ratio of 0.995 (95%CI 0.992-
0.998, p=0.003) and 11.737 (95%CI 2.258-60.996, p=0.003), respectively (Supplemental
Table 1b). Receiver operating characteristic curves of HUmean and SUVmax for successful

biopsies had an area under the curve of 0.70 and 0.84, respectively (Supplemental Fig.

1),

Clinical Impact of ®®Ga-PSMA Guided Bone Biopsies for Molecular Analyses

Forty out of 48 positive biopsies (83%) were successfully used for WGS (Fig. 1).
Median in silico tumor purity of the successfully sequenced samples was 55% (range 17-
94%) (Supplemental Fig. 2)(20-27). In total, 53 actionable somatic alterations were
detected in 73% (N=29) of the successfully sequenced biopsies (Fig. 5). Forty-one
actionable somatic alterations, detected in 21 biopsies, were described in the OncoKB
database as level 1 (n=9, 22%), level 2 (n=4, 10%), level 3 (n=13, 32%), and level 4 (n=15,
37%)(20). Twelve biopsies (30%) contained a deep PTEN deletion, which is not (yet)
included in the OncoKB database, but might be actionable with AKT-inhibitors(2). The
genomic landscape of metastatic castration resistant prostate cancer, including this

subset of biopsies, has been described in detail by Van Dessel et al.(22).

DISCUSSION

In this comprehensive PET study, we show that 88Ga-PSMA guided bone biopsies
provide sufficient quality for molecular analyses in 70% of the biopsies. Our findings
indicate that ®3Ga-PSMA guided bone biopsies are more successful than bone biopsies

with CT-guidance only, that have a reported success rate for molecular analysis of only
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36.5-44% in patients with mPC (7, 8, 10). With 70% of the biopsies being successful for
molecular analyses, the success rate approximates the overall success rate of 76.5% for
3655 biopsies within the CPCT-02 study, which mainly included non-skeletal biopsies(27).

For objective analyses of the success rate of 8Ga-PSMA guided bone biopsies, we
applied rigid body image registration, which confirmed that the majority of biopsies was
accurately obtained from a lesion with high 88Ga-PSMA uptake. In addition, there was a
trend towards a higher percentage of tumor positive biopsies in the hit group. For biopsies
with a tumor percentage of 230%, %8Ga-PSMA uptake was significantly higher than for
biopsies with a tumor percentage of <30%. In contrast, HU values on CT were lower for
biopsies with a tumor percentage of 230% than for biopsies with a tumor percentage of
<30%. The higher success rate of biopsies from bone lesions with lower HU values has
also been reported by two other studies(7,8), indicating that osteosclerotic lesions with
high HU values contain less viable tumor cells. With an area under the curve of 0.84 and
0.70, both SUVmax and HUmean Were strong predictors for a positive biopsy. In the absence
of 68Ga-PSMA PET/CT, it might therefore be advisable to obtain biopsies from less
sclerotic lesions with lower HU values.

The high frequency of actionable alterations, found in this study, emphasizes the
medical need for a high success rate of bone biopsies. Within the CPCT-02 trial,
potentially actionable alterations, identified by WGS of the tumor biopsy, were shared with
the patient to enable targeted treatment in, for example, the Drug Rediscovery Protocol
(NCT02925234). According to this protocol, patients are treated with approved, off-label
targeted agents based on the molecular characteristics of the tumor. First results are

promising with clinical benefit for multiple treatment cohorts(28).
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As %8Ga-PSMA PET is increasingly and widely available in current clinical practice, it can
be easily implemented to improve the success rate of bone biopsies. By optimizing the
first step of the pipeline for molecular diagnostics, %8Ga-PSMA PET significantly
contributes to improved genomic characterization of mPC.

Although the current study shows a high success rate, there are a few limitations of
68Ga-PSMA guided bone biopsies for molecular diagnostics. First, tumor heterogeneity
might be better reflected by molecular analyses of liquid biopsies than by WGS of tumor
tissue from a single lesion. However, techniques for detailed molecular analyses of liquid
biopsies are still under development, while WGS of tissue biopsies is currently more
feasible. Second, PSMA expression has high inter- and intra-patient heterogeneity(29).
High PSMA expression is associated with defective DNA damage repair and PTEN loss,
whereas patients with low Ga-PSMA expression have poor survival(29-31). Since bone
biopsies in this study were not obtained from metastases with low ¢Ga-PSMA uptake,
these sites are underrepresented in the current study.

In addition, there were some notable results. First, four biopsies that were scored as
miss (8Ga-PSMA negative) did contain 230% tumor cells (false negative). As these
biopsies were all close to a 88Ga-PSMA positive lesion, these false negative results may
be due to patients’ movements and/or different spatial resolution between scans. Although
the majority of biopsies was accurately obtained from lesions with high 8Ga-PSMA
uptake, guidance might be further optimized by real-time visualization of 8Ga-PSMA
uptake, though this is technically and logistically more challenging.

Second, in five biopsies, which were all obtained from spine or ribs, image registration
failed. This image registration failure at non-pelvic sites may be explained by the rigid

body algorithm, which relies on the assumption that the spine and rib cage are rigid
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bodies. As the rigid body algorithm was only applied for image analyses in this study, this
limitation will not impact the feasibility of Ga-PSMA guided biopsies from non-pelvic sites

in clinical practice.

CONCLUSION

In conclusion, %Ga-PSMA guided bone biopsies have a 70% success rate for
molecular analyses in mPC patients, indicating that $8Ga-PSMA PET/CT has added value
to increase the success rate of CT-guided bone biopsies. In successful ®Ga-PSMA
guided biopsies, whole genome sequencing identified numerous targetable mutations,
emphasizing the potential clinical impact of 88Ga-PSMA guided bone biopsies in mPC

patients.
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KEY POINTS

QUESTION: What is the success rate of 3Ga-PSMA guided bone biopsies for molecular

analyses in metastatic prostate cancer patients?

PERTINENT FINDINGS: Within a prospective multicenter whole-genome sequencing trial
(NCT01855477), 69 metastatic prostate cancer patients underwent 8Ga-PSMA PET/CT
prior to bone biopsy. The success rate of ¥8Ga-PSMA guided bone biopsies for molecular

analyses was 70%.

IMPLICATIONS FOR PATIENT CARE: In patients with metastatic prostate cancer, 8Ga-
PSMA PET/CT improves the success rate of CT-guided bone biopsies for molecular

analyses, thereby identifying actionable somatic alterations in more patients.
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Figures and figure legends
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Figure 1 Flowchart of included ®3Ga-PSMA guided bone biopsies for primary and

secondary analyses of the current PET study within CPCT-02. WGS: whole genome

sequencing, SUV: standardized uptake value, HU: Hounsfield Units
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Figure 2 Rigid body image registration of ¥8Ga-PSMA PET/CT and interventional CT
visualizes biopsy needle on 8Ga-PSMA PET and enables measurement of ®Ga-
PSMA uptake and radiodensity at biopsy site. A) 8Ga-PSMA PET/CT, prior to the
biopsy. B) CT, acquired during the biopsy procedure. C) Co-registration of ¥8Ga-PSMA

PET/CT and interventional CT. D) Visualization of biopsy needle on %8Ga-PSMA PET/CT.
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Figure 3 %8Ga-PSMA uptake at biopsy sites A) Biopsy sites were categorized as hit
(58Ga-PSMA positive), borderline or miss ((8Ga-PSMA negative) by a blinded nuclear
medicine physician and correlated to tumor percentage (230% vs <30%; N=55 biopsies).
Chi-square for trend test. B) SUVmax at biopsy site, categorized by %8Ga-PSMA uptake
score (N=55 biopsies). Kruskal-Wallis in combination with Dunn’s multiple comparisons
test. C) SUVmean at biopsy site, categorized by 88Ga-PSMA uptake score (N=55 biopsies).

Kruskal-Wallis in combination with Dunn’s multiple comparisons test.
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Figure 4 %8Ga-PSMA uptake (SUV) and radiodensity (HU) in biopsies with tumor
percentage 230% and <30%. A) SUVmax, B) SUVmean, C) HUmax, D) HUmean. N=55
biopsies. Mann Whitney test was performed for all parameters. SUV: standardized uptake

values, HU: Hounsfield Units.
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Level 1

MSI - Pembrolizumab

BRCA1/2 - Niraparib (OC)

ERBB?2 - Lapatinib/trastuzumab (BC)

IDH1 - Ivosidenib (AML) Level 2

TSC1/2 - Everolimus (CNS) CDK4 - Abemaciclib (LS)

MET - Crizotinib (NSCLC)

Level 3

PTEN Deletions ez

Tumor negative GSK2636771 :
biopsies ' AZD8186

/ Biopsies with actionable

ESR1 - Fulvestrant (BC)
FGFR1 - Erdafitinib (LSCC)
MDM2 - RO5045337 (LS)
NRAS - Binimetinib (Mel)
PIK3CA - Buparlisib (BC)

N=21, 30%

PTEN Deletions Level 3

somatic alterations N=12, 23% N=13, 25%

N= 29, 42%

No WGS
available
N=8, 12%

Biopsies without
actionable somatic
alterations
N=11, 16%
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N=15, 28%

Level 4

ATM - Olaparib

CDK12 - Pembrolizumab
FGFR1 - Erdafitinib

NF1 - Cobimetinib

PTEN - GSK2636771
SMARCB!1 - Tazemetostat
EGFR - Lapatinib (Gl)

KDMB6A - Tazemetostat (BLC)

Figure 5 Actionable somatic alterations, detected by whole genome sequencing, in
68Ga-PSMA PET guided bone biopsies from metastatic prostate cancer patients.
Genes with actionable somatic alterations are categorized by level of evidence for
targeted therapy as described in the OncoKB database. Evidence for both prostate cancer
and other malignancies was combined within one category. Level 1: FDA-recognized
biomarker predictive of response to an FDA-approved drug. Level 2: Standard care
biomarker predictive of response to an FDA-approved drug. Level 3: Compelling clinical
evidence supports the biomarker as being predictive of response to a drug. Level 4:
Compelling biological evidence supports the biomarker as being predictive of response to
a drug. For every altered gene, an example of a targeted therapy suitable for the specific
alteration was described. WGS: whole genome sequencing, OC: ovarian cancer, BC:
breast cancer, AML: acute myeloid leukemia, CNS: central nervous system cancer, LS:
liposarcoma, NSCLC: non-small cell lung cancer, LSCC: lung squamous cell carcinoma,

Mel: melanoma, GI: glioma, BLC: bladder cancer.



Table 1 Clinical characteristics at time of biopsy
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68Ga-PSMA guided bone
biopsies (n= 69)

Location of bone biopsy (n,%)
Pelvis
Spine
Rib
Extremity
Location of bone biopsy irradiated (n,%)
Age at biopsy (y) (mean = SD)
Gleason score at primary diagnosis (n,%)
<8
=8
Unknown
Prior local treatment (n,%)
Radical prostatectomy
External radiotherapy prostate
Brachytherapy
Hormone status at time of biopsy (n,%)
mHSPC
mCRPC
Prior second generation ADT (n,%)
Abiraterone
Enzalutamide
Prior chemotherapy (n,%)
Docetaxel
Cabazitaxel
Estramustine
Prior radiotherapy (n,%)
Radium-223
External radiotherapy metastatic site
Laboratory values at time of biopsy (median, range)
Haemoglobin (mmol/L) (n=67)
Leukocytes (x1079/L) (n=62)
Thrombocytes (x1079/L) (n=65)
Alkaline phosphatase (U/L) (n=59)
LDH (U/L) (n=53)
PSA (ug/L) (n=63)

57
6
3
3
3

68.5

22
39
8

15
16
1

67

23
34

49
19

5
21

8.0
6.5
232
123
233
96

82.6%
8.7%
4.3%
4.3%
4.3%
+83

31.9%
56.5%
11.6%

21.7%
32.2%
1.4%

2.9%
97.1%

33.3%
49.2%

71%
27.5%
1.4%

7.2%
30.4%

53-95
3.6-13.2
122 - 576
43 - 4598
152 - 2718
0.14 - 2375

%; percentage of total number of biopsies with n = 69 biopsies; SD: standard deviation;
mHSPC: metastatic hormone sensitive prostate cancer; mCRPC: metastastic castration

resistant prostate cancer; ADT: androgen deprivation therapy; LDH: lactate

dehydrogenase; PSA: prostate specific antigen.

Table 1 Clinical characteristics at time of biopsy Sixty-nine ¥Ga-PSMA PET guided
biopsies from 60 individual patients were included. Seven patients underwent two
biopsies during their treatment course. One patient underwent three biopsies during his

treatment course.



Supplemental methods

Molecular analyses

Processing and analysis of whole-genome sequencing

We requested the whole-genome sequencing (WGS) data from the Hartwig Medical
Foundation for prostate cancer patients (Erasmus MC and Radboud UMC) with bone
metastasis who had successfully undergone a 8Ga-PSMA guided biopsy and passed alll
pre- and post-WGS quality metrics (n = 40). These quality metrics consisted of a minimum
tumor-cell percentage (230%) as estimated by an expert pathologist, sufficient DNA yield
and an estimated in silico tumor-cell purity of at least 15%. Sample acquisition, library
preparations, sequencing protocols and processing (alignment, QC, mutational calling,
etc.) were performed as part of the CPCT-02 study and have been described
previously(7,2). In addition, GISTIC2 (v2.0.23)(3) was performed to determine recurrent

and high-level amplifications/deletions of chromosomal regions:

gistic2 -b <output> -seg <segments> -refgene <hg19 UCSC> -genegistic 1 -gcm extreme
-maxseg 4000 -broad 1 -brlen 0.98 -conf 0.95 -rx 0 -cap 3 -saveseg 0 -armpeel 1 -

smallmem O -res 0.01 -ta 0.1 -td 0.1 -savedata O -savegene 1 -qvt 0.1

Furthermore, we re-annotated the somatic SNV, InDel and MNV variants with Variant
Effect Predictor (VEP) using ENSEMBL annotations (ensembl-vep 95.1)(4) for GRCh37
and determined the overlap of genomic annotations based on GENCODE (v30)(5) on

copy-number alterations (GISTIC2) and structural variants. Per somatic variant (on



nucleotide-level), we selected the most-deleterious coding effect per overlapping
transcript; if a transcript had two or more coding mutations, these are summarized as

“Multiple mutations”.

Identification of driver-qenes and clinically actionable somatic events

Potential driver genes were determined by unbiased selection using dndscv (0.0.1.0)(6),
which detected genes under negative or positive mutational selection (qglobal_cv and/or
gallsubs_cv < 0.1) and by GISTIC2(3) focal copynumber-peak discovery on cohort-wide
copy-number alterations (q < 0.1) with GENCODE (v30) annotations(5). This list of
potential driver genes was complemented with detected driver genes based on the CPCT-
02 pan-cancer study(1). Structural variants potentially leading to known gene-fusions

involving TMPRSS2, ETV, ERG or FLI1 were summarized as ETS fusions.

Somatic events (coding mutations, MSI, deep gain/deletions and structural variants) were
reviewed in OncoKB(7) (version of June 21, 2019) to assess any clinically actionable
events. All molecular analyses were performed with the statistical language platform R

(v3.6.1)(8).



Supplemental results

SUPPLEMENTAL TABLE 1a.
Univariate logistic regression analysis of biopsy outcome and significant

continuous variables. N=55 biopsies.

Variable p Odds ratio 95% CI
SUVmean 0.016 4.509 1.324-15,355
SUVmax 0.008 6.889 1.646-28.834
HUmean 0.006 0.996 0.993-0.999
HUmax 0.037 0.998 0.995-1.000

SUPPLEMENTAL TABLE 1b.
Multivariate logistic regression analysis of biopsy outcome and significant

continuous variables. N=55 biopsies.

Variable p Odds ratio 95% ClI

SUVmax 0.003 11.737 2.258-60.996

HUmean 0.003 0.995 0.992-0.998




Supplemental figures
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SUPPLEMENTAL FIGURE 1.

ROC curves for biopsy outcome by HUmean and SUVmax at biopsy site. N=55 biopsies.



w
T Cpd PETTag

bgg
f
i
"
§
N

5]
Rabdve reguency Nplatwe Fesue Ty

Pl e o P’

=]
Raisiive: Fregusncy Chargeraide

=
Periairen [ragerey

Stnactural vanant calogores
W Tt . Tainicesmi Dhaplicaticn | S0k |

B woeastion B Tancon Dupication j«1é0ub|
O wwsinion O Dsimtion (=500
B Dapiongn [« 100kh |

Ploidy slabus
B EEsER-EY FY ER BN B

Mutatonal Sgnatures (COSMIC)

W AgaiSig. 14 5) H DMA Polymesnsa n (Sig. #
I AWAPCBRED (Sig 2 8 13) [0 Unsnows setaolagy

W BACA (Big 3} W Fatered b

B MS) %ig, & 15, 20, 21, 26)

Mutabonal Changes SNV
B s O Tea
c=G @ TsC
WMot OTa

i AR [n=23)
TPES (=17}
MICE-1 {n=15)
PTEN [n=15]
FGFRAT (re11}
FTPRD (nsl)
CHD fn=T)
KMT2C in=T}
KMT2D in=T}
COKMIE [re=6)
FOMAT {riméil

10,7
g
5
=3
L5

DAL {n=d
ERF (n=4]
MED1Z [ned)
WTRKY jne)
S0P (ned)

CTHMEN (n=T)
FOXO (n=d)
GRIDS (n=d)
GHATT [n=3)

WP (r=d)
PIKACA (=3}
TOPZA [r=3)
AT {res2)
ARHGART {ne2y
IDHT ey

[Eiie i oo

j
K cosos SN W
|

1S reen ENENEN I Lol L L] - = =N

B
|

didE
GISETC2

PSMA Cohort {n = 40)
W Framaghih Variani B Mizsense Variani B Splice Donce Variand
B Inframw InsorionDeicton [ Multipla Mutations Bl Slop Gared
Symormymous Varant Mesuitrad Struciural Viariard
B Shalow Deleton B Skadlow Gain
B Deep Deleton B Doeep Gain



SUPPLEMENTAL FIGURE 2.

Mutational landscape of 58Ga-PSMA guided bone biopsies identified by whole-
genome sequencing.

A) Estimated tumor cell percentages (in silico) obtained from the whole-genome
sequencing data. Bars are color-coded based on tumor cell percentage.

B) Number of genomic mutations per Mbp (TMB) of SNV, InDels, and MNV categories.
All genome-wide somatic mutations were taken into consideration (square root scale). C)
Absolute number of unique structural variants per sample. Cumulative frequency of
inversions, tandem duplication, deletions, insertions, and translocations.

D) Relative frequency per structural variant category. Tandem Duplications and Deletions
are subdivided into >100 kbp and <100 kbp categories. This track shows whether
enrichment for a particular category of (somatic) structural variant can be detected, which
in turn, can be indicative for a specific mutational aberration.

E) Relative genome-wide ploidy status, ranging from 0 to 27 copies. This track shows the
relative percentage of the entire genome which is (partially) deleted (ploidy < 2/diploid) or
amplified (> 2/diploid).

F) Relative contribution to mutational signatures (COSMIC) summarized per proposed
etiology. This track displays the proposed etiology of each SNV based on their mutational
contexts. Signatures with < 5% relative contribution in all samples were summarized in
the “Filtered (<5%)” category.

G) Relative frequency of somatic Single Nucleotide Variants (SNV) categories.

H) Relative frequency of somatic Doublet Base Substitution (DBS) categories.

I) Oncoplot showing the somatic mutations per samples for a selection of potential driver

genes, as detected by dN/dS and/or GISTIC2 analysis and/or manual selection based on



a list of pan-cancer (CPCT-02) driver genes'. Shallow amplifications and deletions are
only shown if also accompanied by an additional coding mutation. The right-hand bar-plot
depicts the relative frequency of mutational categories (coding mutations, structural
variants and deep amplifications/deletions) per gene. Per gene, the inclusion criteria are

shown; dN/dS (g<0.1; *), enriched GISTIC2 focal peak (q < 0.1; 1) or if empty, based on

the pan-cancer (CPCT-02) driver list.

J) Presence of chromothripsis. Pink color indicates presence of chromothripsis as
estimated by ShatterSeek.

K) Presence of kataegis. Red color indicates presence of one or more regions showing
kataegis.

L) Presence of a fusion with a member of the ETS transcription factor family. Green color

indicates a possible fusion.
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