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Purpose: Through an observational study to present a new approach for obtaining high-
quality samples for the targeted therapy of prostate cancer.

Patients and Methods: Parallel biopsy, which was defined as collecting the tissue from the
same site by two biopsies, was performed on patients with elevated PSA. Each tissue was
stained by ink to identify the pathological characteristics, including Gleason score and tumor
tissue ratio. Kendall tau-b test and intraclass correlation coefficient test were used to compare
the consistency between each paired sample. Then, based on the pathology of the biopsies,
high-quality tissues would be selected for sequencing, and PyClone model was used to track
the clonal evolution.

Results: In total, 252 pairs of biopsies were collected. The consistency of Gleason score
between each paired biopsy is 0.777 (p<0.01), and the consistency of tumor tissue ratio is
0.853 (p<0.01). With the application of parallel biopsy, on average five nonsynonymous
mutations could be identified in patients with castration-resistant prostate cancer. Six out of
eight had at least one biology-relevant alteration in patients, guiding further treatment.
Meanwhile, clonal evolution was constructed to investigate the progress of tumor.
Conclusion: Parallel biopsy is a reliable approach to collect high-quality tissue and shows
potential application in precision medicine.

Keywords: prostate cancer, prostate biopsy, next-generation sequencing, clonal evolutionary
tree, precision medicine

Introduction

Prostate cancer (PCa) is the most frequently diagnosed solid malignancy and the
third leading cause of cancer related-death in males in the United States.' Due to
the multifocal nature of the disease, it is regarded as one of the most heterogeneous
tumors.”> Although plenty of researches have been published, investigating the
genetic sequencing results of a large series of PCa, the common limitation is that
each sample is from one focus per patient, lacking the characteristic of heteroge-
neity of the cancer.’> On the other hand, there is still controversy regarding how
PCa progresses and becomes resistant to castration in late stage, which stimulates
the exploration of the mechanism focusing on the tumor evolution and further
precision treatment.® Now, a key to understand the heterogeneity is to reveal the
complicated genomic diversity and variability within a tumor by next-generation
sequencing (NGS) technologies of tumor tissue. Meanwhile, circulating tumor cells
(CTCs) and urine exosomes also show great potential for future research.”®
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Generally, there are three ways to acquire samples: tissue
from radical prostatectomy, transurethral prostate resection
and prostate biopsy. The critical feature of sampling of PCa is
to maintain a certain temporality and spatiality. Radical pros-
tatectomy can collect precise multifocal tissue,” but there is
a lack of temporality. Tissue from transurethral prostate
resection is short of spatiality, beside being troubled by the
validity of sequencing results. Prostate biopsy is considered
as the best approach, including both temporality and spati-
ality of tissue sampling, and is a main method for cancer
detection, monitoring and management, which is commonly
performed in clinics, in Europe and the United States.'® Fresh
frozen (FF) samples from which can be extracted more DNA
are considered to give better NGS results than formalin-fixed
paraffin-embedded (FFPE) samples.'"'?

In order to improve the sequencing results by providing
pathological reference, we firstly present parallel biopsy of
the prostate which refers to collecting the tissue from the
same site of the prostate by two biopsies. We propose that
these two tissues from the same site share the same patho-
logical and biological information. One of the samples was
sent for pathological analysis, while the other one was
frozen immediately. With reference to pathological result,
a sample with high quality will be selected for sequencing.
We hope that parallel biopsy will support the construction
of the tumor evolutionary tree and show potential applica-
tion in precision medicine in the future.

Patients and Methods

Patients

To ensure that the puncture biopsies contained tumor tissues
for comparison, high-risk prostate cancer patients (PSA of
higher than 20 ng/mL), who may have higher tumor burden,
were preferred for this study. All the patients met the indica-
tion of prostate biopsy in guidelines'® and had not pre-
viously had a prostate biopsy. Informed consent for this
observational study was obtained, and research biopsy was
performed under a study protocol approved by the Changhai
Research Ethics Committee.

Biopsy Procedure

The BK Pro Focus 2202 and BARD Max-CORE Disposable
Core Biopsy Instrument were used for the conventional
process. The patients were prepared in the lithotomy posi-
tion. The perineal area was well disinfected and draped
before performing biplane transrectal ultrasonography.
Firstly, we measured the diameter of the prostate. And then

12 sites (6 in peripheral zone, 4 in transitional zone and 2 in
central zone) were chosen for biopsy. Two parallel biopsies
were performed in each site of the prostate and were sent for
pathological diagnosis. All the biopsies were performed by
an experienced urologist, and pathological results were ana-
lyzed by an experienced pathologist. All the puncture biop-
sies were performed under local anesthesia.

Statistical Analysis

SPSS version 22 (SPSS Pty. Ltd, USA) software was used
to compare the consistency of the two biopsies. Kendall
tau-b test was used for ordered categorical data. Intraclass
correlation coefficient test was used for measurement data.
The test level was set o = 0.05, and a P < 0.05 was
considered statistically significant.

Clinical Application and Verification
Sample Processing and DNA Extraction

Biopsy DNA was extracted using AllPrep MinElute Kit
(Qiagen) from selected corresponding biopsies. DNA con-
centration was quantified using a Qubit fluorometer and the
Qubit dsDNA HS (High Sensitivity) Assay Kit (Invitrogen,
Carlsbad, CA, USA). The size distribution of genomic DNA
was assessed using an Agilent 2100 BioAnalyzer and the
DNA HS kit (Agilent Technologies, Santa Clara, CA, USA).

Target Panels Design and Sequencing

The construction of targeted panels was designed with
Ampliseq Designer software and covered the coding
regions of 612 genes or 240 genes (named Pro240-Panel)
frequently mutated in prostate cancer and other common
solid tumors. These panels used GRCh37 as references
and were sequenced on an Illumina Next 500 platform
(Illumina Inc, San Diego, CA, USA).

Whole-Exome Sequencing (WES)

Whole-exome capture libraries were constructed from 100
ng per sample as input material for the DNA library pre-
parations. Following the Truseq Nano DNA HT Sample
Prep Kit (Illumina, USA) protocol, genomic DNA was
sheared to a median size of 350 bp, then end repair, phos-
phorylation and ligation to barcoded sequencing adaptors.
According to the manufacturer’s instructions, genomic
libraries were quantified using quantitative PCR and pooled
for enrichment by hybridization either using the TruSeq
Exome Enrichment Kit (Illumina) or a custom SeqCap EZ
Library (Roche NimbleGen, Madison, WI, USA).
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Targeted Gene Sequencing

The prostate gene panel included 612 genes chosen because
of the mutation frequency discovered in large prostate cancer
cohorts. The list of panel genes is available in Supplementary
Table 1. The libraries were constructed using the KAPA HTP
Library Preparation Kit. The regions of interest were cap-
tured by the customized probe (SeqCap EZ Choice, Roche
Nimblegen, Inc., Madison, W1, USA). Paired-end reads were
generated by Nextseq 500 Sequencer.

Bioinformatics Analysis

The fastq files were quality-checked by fastqc and then
mapped to the GRCh37 human reference genome by
BWA-MEM aligner. Individual BAM files contain reads
aligned to the human genome with quality scores recali-
brated using Genome Analysis Toolkit (GATK)’s Table
Recalibration tool. All sites potentially harboring small
insertions or deletions in either the tumor or the matched
normal were realigned using GATK. We used mutect and
varscan2 to call somatic mutations in biopsies. The vcf
files were annotated by annovar before subsequent
advanced analysis. FACETS' were used to detect copy
number variation and tumor purity.

Clone Evolution Analysis

We used PyClone,'® a model to infer the clonality by the
Bayesian clustering method, to track the clonal evolution
of cancers. The somatic mutations in the exon region with
depth higher than 80X were input to PyClone. Each muta-
tion input contains the major and minor copy number
variation from FACETS. We used the PyClone beta bino-
mial model with the “parental copy number” option to

116

run the PyClone algorithm. Clonevol ® was used to visua-

lize the clonal evolution by phylogenetic tree.

Results

Clinical Characters

In total, 23 patients with elevated PSA had a transperineal
parallel biopsy of the prostate. The clinical characteristics are
shown in Table 1. Nineteen patients had 12 parallel biopsies
as planned before, and the other four had 6 parallel biopsies
due to pain intolerance during the procedure. None of them
had any adverse events after prostate biopsy. A total of 252
pairs parallel biopsies were analyzed.

Pathological Review
Pathological reports were presented with Gleason score
and tumor tissue ratio for each biopsy; 20 of the 23

patients were diagnosed as PCa, and the other 3 were
benign prostatic hyperplasia (BPH). The pathological
results are shown in Figure 1. The consistency (Kendall
consistency coefficient) of Gleason score between the two
parallel biopsies was 0.777 (p<0.01), and the consistency
(intraclass correlation coefficient) of tumor tissue ratio
between the two biopsies was 0.853 (p<0.01).

Application in Precision Medicine

Based on the high consistency of two parallel biopsies, we
proposed to select samples with high quality for clinical
NGS (Figure 2). In our preliminary result, eight samples
from patients with castration-resistant prostate cancer
(CRPC) were sequenced by using our customized gene
panel to facilitate the clinical treatment. The basic data
statistics and results

sequencing are provided in

Supplementary Table 2.

We identified about five nonsynonymous mutations
(ranging from 1 to 9) in each CRPC sample. Six out of
eight had at least one biology-relevant alteration which
could guide clinical treatment. Interestingly, we detected
AR mutants in two patients, and each patient had two
significant hotspot mutations of AR (W742X, T878A),
demonstrating the selective pressure of castration in
patients with CRPC. Besides, we discovered other driver
genes in other patients, such as CDK12, MLH1 and Jakl,
which provided guidance for further clinical decisions
(Figure 3).

On the other hand, parallel biopsy was applied to
decipher the genetic mechanism of intratumor heterogene-
ity. We performed whole-exome sequencing form the dif-
ferent site of primary tumor by parallel biopsy in one
specific patient. Based on deep sequencing, we selected
342 somatic variants including 125 nonsynonymous
somatic point mutations (Supplementary Table 3) into the

PyClone, and a phylogenetic tree of the tumor regions was
constructed by clonevol. All mutations were clustered, and
the clones were ordered. Bell plot can present the
dynamics of clonal subpopulations in the sample over
time, and sphere of cells can present the subpopulation
of cells and the proportion in the sample by plotting a total
of one hundred cells. The annotated node-based and
branch-based trees describe the clonal relationships and
seeding patterns between cancers in three regions. The
branch length correlates with the number of mutations of
the clones, and the marked gene is a driver event in the
evolution. In this patient, mutations in PTEN was an early

clonal event. Conversely, KMT2C in DHL3, DHL4 and
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Table | Clinical Characters of Patients

Patients

Pathological Biopsy

Parallel Biopsy

Total number

23

Age (y)

68 (IQR: 64-72)

PSA (ng/mL)

62.6 (IQR: 33.9-157.0)

Clinical T (n, %)

<Ty. 8 (34.8)
T 4(17.4)
T3 10 (43.5)
T4 1 (43)
Clinical N
No 14 (60.9)
N, 9 (39.1)
Clinical M
Mo 16 (69.6)
M, 7 (30.4)
Biopsy mode (n, %)
6+6 4 (17.4)
12+12 19 (82.6)
Total biopsy cores 252
Pathological result (n, %)
PCa 20 (87.0)
BPH 3 (13.0)
Single biopsy pathology (n, %)
PCa 172 (68.3) 169 (67.1)
BPH 80 (31.7) 83 (32.9)
Gleason Grade (n, %)
| 8 (4.7) 3(1.8)
2 8 (4.7) 12 (7.1)
3 14 (8.1) 12 (7.1)
4 37 (21.5) 43 (25.1)
5 105 (61.0) 99 (58.6)
Tumor Purity (%) 70 (IQR: 30-90) 70 (IQR: 30-80)

Abbreviations: IQR, interquartile range; PSA, prostate-specific antigen; PCa, prostate cancer; BPH, benign prostate hyperplasia.

DHLS5 was subclonal (Figure 4). Based on the imputation
of cancer cell population, we could dissect the cancer
progression and development among different loci.

Discussion

PCa is one of the highly heterogenecous tumors, which has
been investigated by several studies, focusing on tumor
evolution.'”'® Generally, tumor heterogeneity can be
divided into two types: spatial and temporal heterogeneity.
These two features are particularly obvious in PCa. As

known to all, PCa is frequently multifocal; it has been
reported that nearly 90% of radical prostatectomy speci-
mens have multifocal disease, and this is related with higher
grade, stage and recurrence rate than unifocal PCa.'®*
Ruijter et al*! investigated radical prostatectomy specimens
with clinical stage T2 and found that 72% of the specimens
had more than two foci and 84% had multiple grades. In
another study, 87% of all specimens were presented with
more than two adenocarcinoma foci. Further, they analyzed

the correlation of Gleason score between the largest foci
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Figure | The clinical and pathological characters of each patient. The green bar below each patient shows the consistency of two biopsies.
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Figure 2 The overall conception of application of parallel biopsy in precise treatment of prostate cancer.

and overall score, discovering that only two-thirds of the
specimens were correlated, and revealing histologic hetero-
geneity of multifocal prostate malignancies.”” Many studies
have already analyzed the spatial genomic heterogeneity by
NGS. Paul C Boutros et al'® investigated the spatial geno-
mic heterogeneity within localized, multifocal PCa, finding
significant intraprostatic heterogeneity at the level of single-

nucleotide variants, copy number aberrations and genomic
rearrangement. In a recent study, researchers collected
a large-scale set of frozen tissue samples that were taken
from two—three distinct tumor foci and one normal area
from 41 patients who received radical prostatectomy.
A very high percentage of interfocal heterogeneity was
found by whole-exome sequencing, revealing that there
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were no point mutations in common and DNA copy number
variations were rarely shared across cancer foci.

Temporal heterogeneity is also a significant feature of
PCa. Androgen deprivation therapy (ADT) is proved to be
standard, providing initial benefit, but the majority of
patients will progress to castration-resistant prostate cancer
(CRPC) after 2-3 years.”> Although numerous studies have
introduced and verified the effectiveness of novel agents
such as abiraterone acetate (AA), an inhibitor of androgen

synthesis, and enzalutamide, a potent antiandrogen, the
state of disease remains incurable and is associated with
significant morbidity and mortality.”* 2 In the process from
hormone-naive to hormone-resistant, the general histologi-
cal and molecular alteration indicates the temporal hetero-
in PCa.
considered as one of the mechanisms of CRPC. It is

geneity Neuroendocrine  differentiation is
reported that about 17-25% of patients with metastatic

CRPC present with treatment-induced neuroendocrine
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differentiation of PCa, associated with poor overall
survival.?”*® Morphologically, it features small cell carci-
noma and typically low or absent AR expression. Clinically,
it presents with low PSA level, extensive visceral metasta-
sis, osteolytic lesions and shortened response duration to
ADT. Genetically, several studies have revealed MYCN
and AURKA overexpression/gene amplification by using
RNA sequencing.?’ Further, Rb protein loss, TP53 accumu-
lation, pl6 overexpression and cyclin DI loss were
observed in more than half of the cases, indicating all
these genetic alterations are related to the development of
neuroendocrine differentiation in PCa.>* % A recent study
analyzed whole-genome sequencing data of metastatic
lesions from patients with CRPC, focusing on the clonal
evolution pattern of neuroendocrine differentiation. The
study performed sequential biopsies in the same patient,
discovering a substantial genomic overlap between CRPC
and neuroendocrine differentiation of PCa. The results indi-
cated that neuroendocrine differentiation arises from CRPC
with obvious temporal heterogeneity.

Therefore, it is critical and urgent to invent an approach
that can collect tumor tissue, covering the dimensions of time
and space. Previously, a modified biopsy system was
invented by milling two parallel rifts separated by a 100
pm thin sheet into the needle shaft based on BARD
MaxCore System (MC1416). The pathology of double
cores showed congruent results.>® However, the modified
system is not available on the market, resulting in the diffi-
culties of double tumor tissue sampling. We firstly propose
the concept of parallel biopsy of the prostate, collecting the
tissues from the same site by two biopsies. The results
showed that tissues of parallel biopsy shared high consis-
tency and could help constructing a clonal tree for further
investigation of castration resistance. Otherwise, as prostate
biopsy is performed under local anesthesia, one more punc-
ture in a site does not add to the patient’s pain and no one had
any adverse events after punctures. We believe that the
application of parallel biopsy can provide genotyping of the
biopsy-based specimens collected from different foci or dis-
tinct time points from the same patient, deeply mining the
biological mechanism of prostate cancer heterogeneity for
further precision medicine.

However, there are still some limitations in this study.
In the case of poor anesthesia, more needles may cause
more pain. However, with the help of MRI before the
procedure, it is now possible to predict pain levels and
high-risk patients for pain.>* Otherwise, though prostate
biopsy is the preferred method for diagnosing prostate

cancer, the area we can sample on biopsy is very limited,
and Gleason upgrade rates in radical prostatectomy are
quite high. Therefore, applying fusion prostate biopsy to
patients who will undergo targeted therapy or genetic
studies may give more accurate results.”” However, due
to the limitation of technique application, fusion biopsy by
MRI-ultrasound is highly restricted in many countries.
Thus, we believe that the parallel biopsy can be greatly
applied where fusion biopsy is not popular enough, when
precision medicine is needed.

Abbreviations

PCa, prostate cancer; NGS, next-generation sequencing;
FF, fresh frozen; FFPE, formalin-fixed paraffin-embedded;
WES, whole-exome sequencing; BPH, benign prostatic
hyperplasia; CRPC, castration-resistant prostate cancer;
AA, abiraterone acetate; AURKA, aurora kinase A.
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