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Abstract

Primary prostate cancer shows a striking intraorgan molecular heterogeneity,
with multiple spatially separated malignant foci in the majority of patients. Meta-
static prostate cancer, however, typically reveals more homogenous molecular
profiles, suggesting a monoclonal origin of the metastatic lesions. Longitudinal
mutational spectra, comparing multiple primary lesions with metastases from the
same patients remain poorly defined. We have here analyzed somatic mutations
in multisampled, spatio-temporal biobanked lesions (38 samples from primary foci
and 1 sample from each of 8 metastases from seven prostate cancer patients)
applying a custom-designed panel targeting 68 prostate cancer relevant genes.
The metastatic samples were taken at time of primary surgery and up to 7 years
later, and sampling included circulating tumor DNA in plasma or solid metastatic
tissue samples. A total of 282 somatic mutations were detected, with a range of
0 to 25 mutations per sample. Although seven samples had solely private muta-
tions, the remaining 39 samples had both private and shared mutations. Seventy-
four percent of mutations in metastases were not found in any primary samples,
and vice versa, 96% of mutations in primary cancers were not found in any meta-
static samples. However, for three patients, shared mutations were found sug-
gesting the focus of origin, including mutations in AKT1, FOXA1, HOXB13, RB1
and TP53. In conclusion, the spatio-temporal heterogeneous nature of multifocal
disease is emphasized in our study, and underlines the importance of testing a
recent sample in genomics-based precision medicine for metastatic prostate

cancer.
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What's new?

1 | INTRODUCTION

Prostate cancer is the second most frequent cancer type among men
in the western world,* and represents a major burden to healthcare
and society. Upon diagnosis, patients are typically divided into three
risk groups.? However, the current risk group classification is coarse,
and often not sufficient in a diagnostic setting. Routine PSA measure-
ments have reduced overall mortality, but in parallel also an increased
risk of overtreatment.® Thus, molecular biomarkers that are able to
distinguish the aggressive tumors from the indolent ones, and guide
optimized tailored treatments, remains an unmet need.*

Several prognostic biomarkers have been explored,® such as the
presence of fusions involving ERG, mutations in DNA repair genes like
BRCA1, BRCA2 and ATM, and overexpression of the long noncoding
RNA SCHLAP1.%

However, the development and implementation of specific bio-
markers for prostate cancer is largely impeded by the multifocal nature of
this disease. Several studies have elucidated the multifocal nature of
prostate cancer, and as many as 60% to 90% of patients have multiple
distinct primary tumor foci at the time of diagnosis.” Substantial molecu-
lar heterogeneity, including nonoverlapping sets of somatic mutations,
has been reported across these different tumor foci.2 Multiple tumor foci
that represent contrasting molecular and prognostic signatures and thus
levels of aggressiveness have been reported from within the same pros-
tate.”2° Still, much of the tissue-based research on prostate cancer inves-
tigates only the so-called index tumor. Notably, the heterogeneity is most
pronounced for primary tumors, whereas various metastatic lesions from
the same patient have been shown to be more homogeneous,'**? indi-
cating a common primary origin. Liquid biopsies have been used to track
various metastatic routes in prostate cancer patients.*®

In the present study, we aim to distinguish the aggressive primary
focus from the indolent ones, and further to explore the mutational

relationship with the metastatic disease.

2 | MATERIALS AND METHODS

21 | Patient material

Seven prostate cancer patients who underwent radical prostatectomy
between 2010 and 2012 at Oslo University Hospital-Radiumhospitalet,

Intrapatient tumor heterogeneity and clonal evolution of primary tumor foci into metastatic dis-
ease remain significant challenges for prostate cancer treatment. Here, investigating metastatic
lesion origins, the authors compared somatic mutations in spatially distinct primary foci to muta-
tions in recurring disease in seven prostate cancer patients. No overlap in mutations was identi-
fied between the majority of primary and metastatic lesions. Shared mutations, however, were
found in three patients, revealing a possible metastasizing primary focus. Recurrent disease was
marked by extensive temporally accumulated mutation burden. The findings highlight the utility

of mutation analyses in better understanding molecular heterogeneity in prostate cancer.

and whom have developed metastases up to 7 years after surgery were
included in the study. From three of these seven patients (Patients 1-3),
metastatic samples (one lung-, and two pelvic lymph node metastases)
were obtained from formalin-fixed paraffin-embedded (FFPE) tissue
blocks from surgically removed metastases (one from lung and two from
lymph nodes).

For Patients 3 to 7, blood samples with an elevated PSA level
were included to capture potential mutations in an early phase of the
metastatic process. These patients' diseases were represented by
circulating cell-free DNA (cfDNA) (harvested 41-91 months after
prostatectomy). The blood samples were selected from a cohort of
40 patients with blood samples with an elevated PSA level
(>0.2 ng/mL) due to the presence of clearly multifocal cancer and
available tissue samples from multiple foci (Patients 3-7, Supple-
mentary Table S1). Blood samples from these 40 patients were
collected at various time points after prostatectomy with a median of
53 months after surgery. Plasma was separated from whole blood
immediately after blood collection, and stored at —80°C until isolation
of cfDNA was performed.

Fresh frozen or FFPE primary tissue was available from all
patients from either two or three tumor foci. From each patient, one
corresponding normal (peripheral blood) or benign (FFPE tissue) DNA
sample was included for use as reference in somatic variant calling.
Clinicopathological data on all seven patients and number and types
of samples are summarized in Supplementary Tables S2 and S3.

DNA from all included samples was isolated using the AllPrep
DNA/RNA/miRNA Universal Kit, AllPrep DNA/RNA FFPE Kit,
QIAamp MinElute ccfDNA Mini kit or QlAamp DNA Blood Maxi kit
(Qiagen, Venlo, the Netherlands) according to the manufacturer's
protocol.

2.2 | DNA sequencing for determination of tumor
fraction of cfDNA and targeted sequencing

To obtain DNA sequence information from all included samples from
prostate cancer patients, a targeted prostate cancer-relevant sequenc-
ing panel was designed based on available gene lists from other publi-
cations. A detailed description of the design process, inclusion criteria
and the final gene list is included in Supplementary methods, Supple-
mentary Figure S1 and Supplementary Table S4.
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FIGURE 1 Genome-scale DNA copy numbers from cell-free DNA (cfDNA). Analysis of data from ultralow pass whole-genome sequencing of

cfDNA from Patient 4 yields an estimated tumor-derived fraction (ctDNA) of 11%. The plot is restricted to autosomes. Plots from four additional

cfDNA samples are found in Supplementary Figure S2

DNA sequencing libraries were prepared from 10 to 20 ng
of cfDNA or 250 ng of DNA from white blood cells or tissue
KAPA HyperPlus kit (Roche,
Switzerland) with xGen Dual Index UMI Adapters from Inte-

samples using the Basel,
grated DNA Technologies (Coralville, 1A) according to the manu-
facturers protocol.

Ultralow pass whole-genome paired end (2 x 75 bp) sequenc-
ing (ULP-WGS) was performed NextSeq 550 sequencing system
(llumina, San Diego, CA), with a mean sequencing depth of 0.3X
on all ¢fDNA samples to determine the fraction of circulating
tumor DNA in cfDNA (Supplementary Figure S2). For a detailed
description of the analysis after sequencing, see Supplementary
methods.

For target capture, the Twist Target Enrichment Protocol
(Twist Bioscience, San Francisco, CA) was applied according to the
manufacturer's protocol. Target captured libraries were applied to
the MiniSeq sequencing system (lllumina) using the MiniSeq High
Output Reagent Kit (150 cycles, lllumina). For Patients 5 to 7, raw
alignment reads were obtained using a whole exome sequencing
protocol, and the preprocessing of tumor bam files was performed
as previously described.®2 See Supplementary methods for a
detailed description of the variant calling. The sequencing cover-
age and quality statistics for ULP-WGS and targeted sequencing
for each sample are summarized in Supplementary Tables S1
and S3.

2.3 | Patientidentity matching after sequencing
of included DNA samples

To verify matching patient identities between all primary and met-
astatic samples, we applied the SAMtools (version 1.8) mpileup
command on all SNPs from dbSNP (version 150) within the cap-
tured regions.'* Using only those SNPs for which all samples
where covered by a minimum of 10 reads, and with at least one
sample having at least 10% variant allele frequency, 390 SNPs
were identified. Principal components analysis provided satisfac-
tory demonstration that all samples from each of the seven
patients clustered together and apart from all other patients

(Supplementary Figure S3).

3 | RESULTS

Targeted DNA sequencing was performed on metastatic prostate can-
cer and patient-matched tissue samples from radical prostatectomies
of seven patients, using a custom-made prostate cancer-focused
gene-panel.

Four of the patients included in the targeted analysis were
selected from a series of 40 patients from whom cfDNA was
explored by genome-scale copy numbers to estimate the fraction
of ctDNA (tumor content and PSA-level in all 40 blood samples
are listed in Supplementary Table S1). Median PSA level among
the 40 samples was 0.5 ng/mL (range 0.2-39 ng/mL). Notably,
only six of the patients had a tumor content above 3%, and only
one of the patients with PSA >1 ng/mL had a tumor content
above 2%. Patients 3 to 7 (Figure 1, Supplementary Figure S2,
and Supplementary Table S1) were selected for targeted analysis
due to the availability of samples from two or more foci in addi-
tion to cfDNA.

From the altogether seven patients, and 46 samples, a total of
282 somatic point mutations were detected in 49 of 68 targeted
genes (Supplementary Table S5). The range of somatic mutations per
sample was between 0 and 25. Well-known cancer critical genes like
BRCA1, IDH1, ERG, KMT2C, MSH6 and PALB2 were among the
mutated genes in the metastatic samples. Interestingly, none of these
genes were found to be mutated in any of the corresponding primary
malignant samples. In total, 151 unique mutations were detected;
110 of these were exclusively called from primary tumors or benign
areas, 31 exclusively from metastatic disease (tumor or cfDNA),
whereas 10 were shared between samples from primary and meta-
static sites.

An overview of all shared and private mutations for each of the
seven patients are given in Figure 2. Altogether 36 of the 46 samples
shared a somatic mutation with at least one other sample from the
same patient. Thirty of the 46 samples had private somatic mutations
and only 21 out of 282 mutations were shared between different can-
cer foci in the same patient (primarily in Patient 2).

Specifically, in Patient 1, somatic point mutations in the genes
SPOP, ERF and HOXB13 were found to be shared between the lymph
node metastasis and two (S1 and S2) out of three primary malignant

samples from Focus 1.
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Sample origin and number of shared and private somatic point mutations in four prostate cancer patients. (A) Patient 1,

(B) Patient 2, (C) Patient 3, (D) Patient 4, (E) Patient 5, (F) Patient 6 and (G) Patient 7. Samples were taken from several different parts of the
radical prostatectomies as illustrated with hematoxylin-eosin stained tissue sections to the left of each figure. In A-C, the metastasis is depicted
first, with the sections from the radical prostatectomy below. In D-G, only sections from the primary prostate cancer lesions are shown.

(H) Mutated genes across all included samples. Only genes in which somatic mutations were detected are included, and intragene positions may
differ. Detailed information on specific mutations can be found in Supplementary Table S5
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In Patient 2, there were no shared mutations between the pri-
mary and metastatic samples (Figure 2).

In Patient 3, samples from Focus 1 and the lung metastasis shared
the same mutations in CHD1, FOXA1 and APC, and a mutation in RB1
was shared between ctDNA and samples from both primary foci
(Figure 2). One mutation, in AKT1, was found to be shared between
the two metastatic samples as well as samples from Focus 1. Whereas
the lung metastasis matched only Focus 1, the cfDNA had one
somatic mutation in common with Focus 1, and another in common
with Focus 2. Both these mutations were reliably called, and points to
a double metastatic seeding from this patient.

Reevaluation of tissue slides from Patients 1, 2 and 3 revealed
that the samples had varying tissue morphology (Supplementary
Figure S4 and Supplementary results). The metastatic sample in
Patient 1 showed similar morphology as Focus 1, which was also true
for the metastatic sample in Patient 3. In Patient 2, the metastasis
showed a morphology not identified in the surrounding area of the
primary samples.

In Patient 4, one shared mutation in AKT1 was found in both the
cfDNA and in samples from Focus 1 (S1, S2, S3 and S5), Focus 2
(S7) and the benign tissue sample (S8). Interestingly, one mutation in
TP53 was detected in cfDNA, Focus 1 (S3) and the benign sam-
ple (S8).

In the remaining patients (Patients 5-7), no shared mutations
were found between the metastatic sample (ctDNA) and the pri-
maries. In Patient 5, ctDNA harbored no detected mutations in the
included genes. Conversely, ctDNA from both Patients 6 and 7 had
mutations in two known cancer critical genes each (BRCA1 and IDH1,
and ERG and KMT2C, respectively).

4 | DISCUSSION

In the present study, we found extensive spatio-temporal diversity of
mutational profiles across samples from all included patients. Among
68 prostate cancer relevant genes, shared somatic mutations between
primary foci and a metastatic lesion were found for three of the seven
patients, indicating the origin of the metastatic clonal development.
These results confirm the aggressiveness-superiority of one focus
over the others.!*? Studies have shown that over 20% of local meta-
static disease lack shared alterations with the index lesion in the pri-
mary prostatectomy,'® which is somewhat lower than our results
from multiple primary samples. Different metastatic lesions from the
same patient have been shown to share molecular alterations, %1712
as we demonstrate in one of our patients, where both cfDNA and a
lung metastasis share a mutation in AKT1, but each of the samples
also have two or three private mutations. It is assumed that cfDNA is
heterogeneity ignorant, implying that the mutation spectrum found
here represents the overall metastatic disease. This is indicated for
Patient 4, since the cfDNA contain mutations found in both primary
foci and in the lung metastasis (AKT1 and RB1). Intrafocal heterogene-
ity was observed in most patients, with samples from the same malig-

nant focus harboring private mutations. Mutations in genes involved
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in homologous recombination repair, was found to be mutated in the
majority of our patients. For example, mutation in BRCA1 or BRCA2
was found in one or more samples from six out of the seven patients.
Therapeutic agents like PARP-inhibitors have been shown to have
effect in some prostate cancer patients with mutated homologous
recombination repair pathways.?%?* However, the heterogeneity we
see across different malignant samples from the same patient chal-
lenges the detection of such mutations, and thus the introduction of
genomics-based personalization of medical oncologic treatment for
prostate cancer.

For three of the four patients from which no shared muta-
tions were found between the metastatic sample and any of the
samples from their primary foci, the primary samples were ana-
lyzed using a previously generated exome sequencing dataset.®
Here, the sequencing depth was lower as compared to the tar-
geted sequencing (Supplementary Table S3), and mutations with
low variant allele frequencies might have been missed. Addition-
ally, we may speculate that this reflects a temporal, evolutionary
heterogeneity in these patients.?22® Even though some cells
from one of the primary tumors have escaped the prostate cap-
sule and grown outside of the prostate gland, these metastatic
lesions are likely to have acquired private mutations. Further,
since primary prostate cancers have relatively few somatic muta-

4 evidence for the

tions compared to most other cancer types,?
direct ancestral relation between metastatic and primary tumors
may not exist within our prostate cancer specific gene panel of
68 genes, but may exist elsewhere in the genome. However, the
genes in the current panel were selected to have a significant
amount of somatic mutations in prostate cancer, as seen from
nine studies performing genome-scale mutation detection (Sup-
plementary methods and Supplementary Table S4).

From one patient, mutations in AKT1 and TP53 were found both
in cfDNA and benign and malignant samples. This may reflect a
somatic mutation early in prostatic development. Also others have
reported somatic mutations in cancer-critical genes in benign prostate
tissue.2> However, we cannot exclude that this result is due to inva-
sion of malignant cells into benign-appearing areas of the prostate or
circulating tumor cells in the blood vessels surrounding normal pros-
tatic tissue.

Interestingly, Patients 3 and 4, both with distant metastasis
(Supplementary Table S2) shared the same mutation in AKT1, a previ-
ously reported hot spot mutation in prostate cancer.?® This proves
how the use of targeted sequencing panels like the one we have
designed can be utilized to trace the origin of aggressive disease,
in accordance with a recent publication.?”

Liquid biopsies, like the cfDNA investigated here, have been pro-
posed as snapshots of present disease at the time of the blood with-
drawal. From Patients 3 and 4, the included blood plasma sample was
drawn 6 and 7 years after radical prostatectomy (PSA = 7.2 and
6.8 ng/mL, respectively). High levels of PSA after multiple time-points
with undetectable PSA long after the radical prostatectomy, points
toward a more aggressive disease which has been rather dormant

over time. However, somewhat surprising, but in line with what others
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have reported, relatively high levels of PSA is not correlated with high
content of ctDNA (Supplementary Table 51).28

An important limitation of the current study is the relatively low
number of patients included. However, to our knowledge, the present
study is the only study combining both cfDNA, metastatic and primary
tissue samples from multiple distinct tumor foci. This multisampling
approach has provided important results on the spatial and also tem-
poral heterogeneity in multifocal prostate cancer, including its com-
plex metastatic seeding.

In conclusion, highly divergent sets of somatic mutations were
found across a set of samples representing primary and metastatic
prostate cancer. The vast both spatial and temporal heterogeneity
clearly demonstrate that any somatic mutation based personalized
medicine approach on metastatic prostate cancer benefits from analy-

sis of the most recent sample.
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