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Understanding the developmental relationship between indolent and aggressive
tumors is central to understanding disease progression and making treatment
decisions. For example, most men diagnosed with prostate cancer have clinically
indolent disease and die from other causes. Overtreatment of prostate cancer
remains a concern. Here we use laser microdissection followed by exome
sequencing of low- and high-grade prostate cancer foci from four subjects, and
metastatic disease from two of those subjects, to evaluate the molecular relation-
ship of coincident cancer foci. Seventy of 79 (87%) high-confidence somatic muta-
tions in low-grade disease were private to low-grade foci. In contrast, high-grade
foci and metastases harbored many of the same mutations. In cases in which
there was a metastatic focus, 15 of 80 (19%) high-confidence somatic mutations
in high-grade foci were private. Seven of the 80 (9%) were shared with low-
grade foci and 65 (82%) were shared with metastatic foci. Notably, mutations in
cancer-associated genes and the p53 signaling pathway were found exclusively
in high-grade foci and metastases. The pattern of mutations is consistent with
early divergence between low- and high-grade foci and late divergence between
high-grade foci and metastases. These data provide insights into the develop-
ment of high-grade and metastatic prostate cancer.
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C ancers are thought to progress from low grade to higher
grade,'” leading to efforts to detect and eradicate low-
grade disease in order to prevent morbidity and mortality from
high-grade disease. The grade of prostate cancer is character-
ized by the Gleason score on a scale of 2—10, with 10 repre-
senting the most poorly differentiated tumors. Although
initially described as intermediate grade, Gleason 6 cancers are
clinically indolent and have an overwhelmingly favorable
prognosis.®® For the purposes of this report, Gleason 6 foci
are regarded as low grade.

Approximately 238 590 men were diagnosed with prostate
cancer in the US in 2013, the majority of them with low-grade
disease. It is estimated that 29 720 men will die from prostate
cancer, which is among the lowest case/fatality ratio of any
cancer.® Although prostate specific antigen (PSA) screening is
able to identify early stage prostate cancer, most men diag-
nosed with prostate cancer die from competing causes. It is
therefore unclear whether early detection associated with PSA
screening decreases mortality.®"® Current clinical treatment
guidelines support active surveillance for patients with
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low-grade prostate cancer for which the risk of tumor progres-
sion is low.”’ Recently some guidelines have even recom-
mended against PSA screening.® Failure to follow these
guidelines is likely due, in part, to concern that low-grade foci
progress to higher grade and metastatic disease.

Several studies have contributed to a growing catalog of
genetic variation in prostate cancer,” '? giving insight into
single nucleotide variations, rearrangements and copy number
variation prevalent in this disease. Aside from common rear-
rangements involving the ETS family of transcription factors,
especially v-ets avian erythroblastosis virus E26 oncogene
homolo%’ (ERG), the mutational spectrum of prostate cancers is
diverse.'” Although increasing attention is being paid to the
overall molecular heterogeneity of cancers within a single
patient, there is limited data in this regard specifically for pros-
tate cancer. This is especially relevant for prostate cancer,
which is often multifocal.

More specifically, it is not clear if prostate cancer develops
as a multifocal disease in which the foci are clonally related
and share the vast majority of somatic mutations, or if it is a
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multicentric disease, with each focus having its own set of pri-
vate somatic mutations and each representing an independent
primary lesion. Recent studies have examined multifocal
disease and found evidence of a monoclonal origin of coinci-
dent foci," even when the foci have different Gleason pat-
terns.'®!'” This conclusion is somewhat surprising, given the
difference in clinical behavior of different Gleason patterns.

The present study targets multifocal disease, specifically
with low-grade (Gleason 6) and high-grade (Gleason 8 or
higher) foci, and compares the molecular relationship of these
foci with each other and with synchronous metastatic disease.
To expand the number of specimens available for the present
study, prostatectomy samples that had been formalin fixed and
paraffin embedded (FFPE) were used, with modifications made
to standard protocols to increase the yield of material used for
sequencing. Exome sequencing was used to achieve a compre-
hensive evaluation of all genes harboring somatic point muta-
tions. The findings indicate that there is early divergence or
complete independence of low-grade and high-grade disease,
but late divergence of high-grade disease and synchronous
metastases.

Materials and Methods

Tissue and laser capture microdissection (LMD). Paraffin-
embedded prostate and lymph node tissue that was 1-5 years
old and matched FFPE and frozen normal prostate tissue was
obtained from the Human Tissue Resource Center (HTRC) at
the University of Chicago with the approval of the Internal
Review Board. Tissue was reviewed by a genitourinary pathol-
ogist (J.B.T.) and regions of interest were marked for further
evaluation. Four specimens had sufficient low- and high-grade
disease for LMD. Two specimens (PrCa 6 and PrCa 18) also
had sufficient lymph node metastatic disease. Tumor foci and
histologically normal prostate were microdissected from 10-
pm sections using a Leica Laser Microdissection (Wetzlar,
Germany) system.

Exome library preparation. Genomic FFPE DNA was isolated
using a QIAamp DNA FFPE Tissue Kit (Qiagen, Valencia,
CA, USA) following the manufacturer’s instructions, but
increasing the incubation in Proteinase K to overnight and
reducing the 90°C incubation to 30 min. DNA from frozen tis-
sue was isolated using a QIAamp Mini Kit (Qiagen). DNA
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was fragmented using a Covaris S2 sonicator (Woburn, MA,
USA), with settings of 10% duty cycle, intensity 4, 200 cycles
per burst and 120 s. The fragmented DNA was blunt-end
repaired using T4 Polymerase, Klenow and T4 PNK, and ade-
nylated. Fragments were ligated to adaptors IS1_adapter_P5.F
and IS3_adapter_P5 + P7.R"® and an index tag added. The
product was amplified and cleaned up using Agencourt AM-
Pure XP beads (Beckman Coulter, Indianapolis, IN, USA).

Libraries were run on a BioAnalyzer (Agilent, Santa Clara,
CA, USA) to confirm fragment size. The libraries from the
metastases did not undergo further size selection. The remain-
ing libraries underwent selection using an E-gel (Invitrogen,
Grand Island, NY, USA) followed by PCR amplification.

Enrichment for exomes was performed using NimbleGen
SeqCap EZExome v2.0 (Roche, Madison, WI, USA) following
the manufacturer’s instructions. The exome-enriched library
DNA was amplified and run on a BioAnalyzer to confirm frag-
ment size. The resulting libraries were run on a HiSeq 2000
(Illumina, San Diego, CA, USA) in a highly multiplexed
1 x 50 run and a subsequent 2 x 100 run.

Sequencing analysis and identification of somatic mutations.
Overlapping or adapter-containing reads were clipped using
SeqPrep-b83fd00. Reads were quality trimmed and aligned to
hg18 using bwa 0.5.9” and merged with duplicates removed
using Samtools 0.1.18.?” Genome Analysis Toolkit?" was
used for local realignment and quality score recalibration.
Somatic mutations were identified using VarScan v2.2.8.%%
High-confidence somatic mutations were defined as variants
with coverage of at least 10x, no supporting reads in normal,
at least four supporting reads in the tumor and with supporting
reads on both strands. Germline single-nucleotide polymor-
phisms (SNPs) identified in dbSNP135, 1000 genomes and ex-
omes of normal controls published by the Max Planck Institute
(MPD)*2® were removed. SAMtools was used to determine
the number of total and variant reads in matched libraries for
positions mutated in low-grade foci. Sample ethnicity was
determined by principle component analysis using common,
germline, coding variants shared with samples from the 1000
genomes project.*¥

Custom capture and identification of previously identified
mutations. DNA from seven additional foci from PrCa 6
were isolated using LMD (Leica Microsystems LMD6500).
Custom capture probes targeting high-confidence mutations

Table 1. Subject characteristics

Case Patient age (years) Race Stage Gleason — glandf Library Gleason — focus}

PrCa 18 65 Caucasian pT3bN1Mx 4+3 Normal NA
Low grade 6
High grade 8
Metastasis NA

PrCa 14 54 African— pT3bN1Mx 4+3 Normal NA

American Low grade 6

High grade 8

PrCa 6 70 Caucasian pT3bN1Mx 4 + 3 (5) Normal NA
Low grade 6
High grade 8
Metastasis NA

PrCa 25 59 Asian pT2cNOMXx 3+4 Normal NA
Low grade 6
High grade 9

tGleason score assigned on pathological review of the prostatectomy specimen. Gleason score of the focus isolated by microdissection. PrCa 6
had a Gleason score of 4 + 3 with a minor component of 5. PrCa 14 had metastatic disease in a lymph node, which was not of sufficient mass to

be isolated for sequencing. NA, not applicable.
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identified through exome sequencing were obtained from
Roche. Sequencing libraries from the seven loci were pre-
pared using the High-Throughput Genome Analysis Core at
the University of Chicago, pooled, captured following the
manufacturer’s instructions, and sequenced on one lane of a
HiSeq2000 (Illumina). Reads were analyzed with SeqPrep-
b83fd00, aligned to hgl8 using bwa, and merged with
duplicates removed using Samtools 0.1.18. Samtools was
used to determine the number of total and variant reads in
each library for each variant position. Variants were consid-
ered present if >10% of reads supported the variant.
Confirmation of somatic mutations and immunohistochemisty
(IHC). Mutations were visualized using IGV 2.0.?® Genomic
DNA from each focus underwent amplification using Genome-
Plex WGA?2 (Sigma, St. Louis, MO, USA) and primers target-
ing a subset of variants were designed using Primer3Plus and
obtained from IDT (Coralville, IA, USA). The PCR products
were sequenced in the University of Chicago DNA Sequencing
and Genotyping Facility. ERG IHC was performed at the
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HTRC using anti-ERG antibody EPR3864 (Abcam,

Cambridge, MA, USA).

Results

To evaluate the molecular relationship between low- and high-
grade prostate cancer, we identified multifocal formalin-fixed,
paraffin-embedded specimens with both low-grade and high-
grade disease with sufficient mass for laser capture microdis-
section. The subjects from whom the specimens came were
representative of patients with high-risk localized prostate can-
cer (Table 1).

Exome sequencing was performed on matched cancer foci
and histologically normal prostate glands from four specimens
(Fig. 1). To improve the yield of DNA for downstream
sequencing, proteinase K digestion was increased to 18 h, 90°
incubation was reduced to 30 min and size selection by gel
extraction was replaced with size selection with an E-gel or
eliminated altogether. On average, 88% of RefSeq coding

(b)
PrCa 14

Normal High

Fig. 1.

Histology of coincident prostate cancer foci. Representative H&E stains and illustrations representing the prostate cancer foci that were

laser microdissected. Two cancer foci and uninvolved prostate glands were isolated from PrCa 18 (a), PrCa 14 (b), PrCa 6 (c) and PrCa 25 (d). In
addition, a metastatic (Met) focus was isolated from PrCa 18 and PrCa 6. For PrCa 14 (b), the foci were from different levels of the prostate. For
the other three specimens the foci were at the same level. Light gray, histologically normal prostate; dark gray, low-grade cancer focus; striped,
high-grade cancer focus; checked, metastatic focus from a lymph node removed at the time of prostatectomy.
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bases were covered at 10x or greater. A mean of 30.1 somatic
coding mutations was identified per cancer focus (Supporting
Information Table S1).

To evaluate potential bias introduced by formalin fixation,
matched FFPE and frozen (Optimal Cutting Temperature
compound [OCT]-embedded) samples of normal prostate were
subjected to exome sequencing. The number of false positive
variant reads was similar (Fig. S1A), as were the types of
mutations (Fig. S1B), suggesting that there was little bias
introduced from formalin fixation.

Three hundred and one somatic mutations were identified
across 10 foci (Table S2). Of these, 71 were synonymous and
unlikely to alter gene function (Fig. 2a). Of 174 unique genes
harboring somatic mutations that were likely to be functional, 73
were not reported in five previous reports of mutations
in localized and advanced disease.”'*'¥ The majority of
variants identified were transitions leading to nonsynonymous
mutations (Fig. 2b,c), as expected. A subset of 20 high-
confidence somatic mutations was confirmed in tumor and unin-
volved tissue with capillary sequencing (Fig. 2d). Those that
were not confirmed by capillary sequencing had low variant
allele frequency and were approximately the level of detection
for capillary sequencing (~20%). Nevertheless, the mutation
(0.82/Mb) and validation rate (85%) using fixed prostate
specimens in the present study are similar to previous reports
(0.9/Mb and 91%, respectively) using frozen tissue.”” The high
fidelity of this sequencing supports the use of formalin-fixed tis-
sue for next-generation sequencing studies.

The vast majority of somatic mutations in low- and high-grade
foci were private to the focus in which they were identified. Nine
of 79 (11%) high-confidence somatic mutations in the low-grade
foci were shared with a high-grade focus, and nine of 139 (7%)
high-confidence somatic mutations in the high-grade foci were
shared with a low-grade focus (Fig. 3). Capillary sequencing
confirmed that these nine shared somatic mutations were not
germline variants. In two subjects (14 and 18) all of the muta-
tions were private. In the other two subjects (6 and 25) a small

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

minority of mutations was shared. In contrast to the low-grade
foci, 67 of 80 (84%) high-confidence somatic mutations identi-
fied in high-grade foci were shared with metastatic disease and
metastatic foci had few mutations beyond those identified in
high-grade disease (Fig. 3a,c).

To evaluate more broadly the clonal relationship of multifo-
cal disease, custom capture baits targeting variants identified
through exome sequencing of PrCa 6 were used to capture the
DNA from seven additional cancer foci from that subject
(Table S3). The average coverage depth of these variants was
208 and 78 previously identified variants were covered at
>70x in each focus. Three high-grade foci harbored a median
of 56 previously identified variants, three intermediate-grade
foci harbored a median of 15 variants and one low-grade focus
harbored three variants. As in the whole exome data a small
minority of mutations was shared, with just two of 78 (2.6%)
variants found to be ubiquitous among the seven cancer foci.
Fourteen of 78 (17.9%) were not identified in any of the seven
additional foci (Fig. S2). Eight of these 14 were among the 12
variants originally identified as private to the low-grade focus.

Rearrangements involving ERG are the most common genetic
derangement in prostate cancer and are thought to occur early in
tumorigenesis. These events are not typically captured by exome
sequencing. Therefore we performed IHC for ERG to look for
overexpression, which is typically restricted to cells harboring
an ERG rearrangement. Of the two specimens exhibiting posi-
tive ERG staining, PrCa 6 showed consistently positive staining
in all tumor foci (Fig. 4). In contrast, in PrCa 18 the low-grade
focus was negative, the high-grade focus was equivocal with
few cells positive for ERG and the metastatic focus was more
widely focally positive.

Together with the immunohistochemical analysis, the pat-
terns of shared and private mutations indicate early divergence
of low- and high-grade foci. In two cases no shared mutations
were identified and independent origin of low- and high-grade
disease cannot be ruled out. In contrast, there is late diver-
gence of high-grade foci and metastatic disease. Consistent
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Fig. 3. The molecular relationship of coincident foci. Venn diagrams

(left) depicting the pattern of shared and private high-confidence
somatic mutations and phylogenetic trees (right) depicting the rela-
tionship of coincident foci for PrCa 18 (a), PrCa 14 (b), PrCa 6 (c¢) and
PrCa 25 (d). The number of high-confidence somatic mutations is
labeled within each Venn diagram. In (c), there are no mutations that
are shared between the low-grade focus and the metastatic focus and
also not shared with the high-grade focus. Within each phylogenetic
tree, branch length is proportional to the number of mutations. Gray,
uninvolved prostate; blue, low-grade focus; green, high-grade focus;
purple, metastatic focus; black, theoretical common progenitor.

with this, there were no somatic mutations that were shared
between low grade and metastatic disease and also not shared
with high-grade disease.

Prostate tumor foci consist of an admixture of tumor cells and
stromal cells. Despite microdissection of the tumor foci, the var-
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iant allele frequencies in the low-grade foci were modestly lower
than the high-grade lesions (Fig. S3), suggesting higher contami-
nation with non-tumor cells. The contaminating stromal cells
may interfere with the ability to call somatic mutations, espe-
cially in the low-grade foci, leading to a falsely elevated number
of apparently private mutations and obscuring the clonal rela-
tionship among concurrent foci. Therefore for each position
identified as a private high-confidence somatic mutation in the
low-grade foci, the number of sequencing reads supporting that
mutation in the matched high grade and metastatic foci was
determined, relaxing filters based on DNA strand and quality
scores (Fig. S4). Of the 23 high-confidence somatic mutations in
PrCa 18 and PrCa 6 identified as private mutations, none had
two or more variant reads in high grade or metastatic foci. Thus,
even with a less conservative definition of mutation (two variant
reads), high-grade foci and metastases harbored few variants
seen in low-grade foci and the majority of variants in the low-
grade foci was private. This was corroborated with evidence
from capillary sequencing. Three mutations private to low-grade
foci and two shared with other foci were among the subset of
mutations confirmed by capillary sequencing.

Two genes exhibited recurrent nonsynonymous mutations or
mutations in the untranslated region (Table S4). Low density
lipoprotein (LDL) receptor-related protein 1B, which encodes
an LDL-family receptor, is frequently deleted in multiple
malignancies.”” However, recent work suggests its high fre-
quency of mutation may not imply a significant role in can-
cer.?® ZNF717 is one of a number of zinc finger proteins and
its role in malignancy is unclear.

Comparison of genes with nonsynonymous mutations in our
data to the Catalogue Of Somatic Mutations In Cancer (COS-
MIC) cancer gene census revealed three genes in common
(Table 2). These genes include TP53, the most frequentlgf
mutated gene in advanced cancers including prostate cancer,"'”
as well as ATM and SS18L1. All of these three genes were
mutated in high grade or metastatic disease, but not in low-grade
disease. Gene ontology analysis®” revealed enrichment for
genes in the p53 signaling pathway among high-grade foci
(adjusted P-value 0.037), including TP53 and ATM. Cell cycle
genes were also enriched (adjusted P-value 0.054). No other
pathways were statistically significantly enriched.

Discussion

Given the disparate outcomes between men with low-grade pros-
tate cancer and those with high-grade disease, a fundamental
question in prostate cancer management is the possible molecu-
lar relationship among grades and metastatic disease. Multiple
lines of evidence suggest multifocal disease is often indepen-
dent.®%*Y However, recent reports have demonstrated shared
molecular derangements of coincident low- and high-grade
foci.'®!'” The present study identifies mutations shared between
low- and high-grade cancer foci, supporting the ability of a sin-
gle progenitor to give rise to both low- and high-grade disease.
However, the relationship between these foci was distant relative
to the relationship between high-grade disease and synchronous
metastases. In fact, in two of the four cases it cannot be ruled out
that the foci arose from independent origins. The early diver-
gence of low- and high-grade disease may help explain distinct
differences in their clinical behavior. Indeed, we found no evi-
dence of direct progression from low grade to metastatic disease.
Instead, there was an overwhelming fraction of shared mutations
between high grade and metastatic disease, which is consistent
with late divergence of these high-grade foci (Fig. 5).

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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Fig. 4. ERG expression. Immunohistochemical
analysis for ERG in coincident foci from PrCa 6 and
PrCa 18.

Table 2. Overlap of mutated genes with the COSMIC cancer gene census

Subject Histology Chromosome Hg18 position Reference Variant Symbol GERP Type aa Change

6 High 11 107675775 G A ATM 5.22 STOP W1710*

6 LN 11 107675775 G A ATM 5.22 STOP W1710*

6 High 20 60169915 C G SS18L1 3.98 NS P87R

6 LN 20 60169915 C G SS18L1 3.98 NS P87R

14 High 17 7517833 C A TP53 4.78 NS C145F

Three genes harboring a nonsynonymous mutation or a premature stop codon are also found in the COSMIC cancer gene census. All three were
found in either high-grade foci or metastatic disease, but not in low-grade foci. GERP, genomic evolutionary rate profiling score; LN, lymph node
metastasis; NS, nonsynonymous; STOP, introduction of premature stop codon; *, stop codon.

For the cases in which there was evidence of a common intriguing candidates for potential biomarkers of aggressive
progenitor for both low- and high-grade disease (PrCa 25 and  disease. Recently, expression of a panel of cell cycle progres-
PrCa 6), the nature of the common progenitor is not clear. sion-associated genes has been correlated with outcomes of
Histological low-grade cancer, HGPIN or even histologically ~ those with low- or intermediate-grade prostate cancer.”® We
uninvolved prostate are all possible progenitors. If the progenitor  also found enrichment for cell cycle-related genes among those
is not histological low-grade cancer, high-grade and low-grade  mutated in high-grade disease, although this was of borderline
disease may have emerged simultaneously. Characterization of  statistical significance in this small cohort.
the common progenitor requires further study. Given the good outcomes of low-grade prostate cancer, we

The present study demonstrates there is late divergence of  hypothesized that mutations not found in low-grade disease are
high-grade cancer and synchronous metastatic disease, confirm-  more likely to be drivers of progression and metastasis and
ing high-grade disease as the precursor to metastasis and sug-  therefore more important potential therapeutic targets. Indeed,
gesting few if any additional mutations are required for the three genes identified here that are also found in the COS-
malignant cells to gain the ability to metastasize. Given the dif- MIC cancer gene census were identified exclusively in high
ficulty in obtaining tissue from typical bone metastases in pros-  grade and metastatic foci. Of note, all three mutations are in
tate cancer, more easily accessible prostate lesions might offer  highly conserved regions as evidenced by the high genomic
a substitute for identifying genetic derangements leading to pri-  evolutionary rate profiling score and thus are likely to be
mary resistance of metastatic disease. However, mechanisms of  biologically significant. Identification of driver genes through
secondary resistance are likely induced or enriched by the this strategy has the potential to guide the development of
selective pressure of therapy and thus are likely found at low  future therapies.
levels, if at all, in the primary lesion. The present study contributes to the growing body of work

The most common gene fusion event in prostate cancer is the  demonstrating that next-generation sequencing from microdis-
TMPRSS2-ERG fusion, leading to high levels of expression of  sected FFPE prostatectomy specimens is feasible. Based on
ERG, which is otherwise expressed at very low levels in prostate  these techniques, we found that coincident low- and high-grade
cancer. We evaluated for the presence of this fusion through  prostate cancer can emerge through either independent
IHC for ERG and those findings supported the evidence from  progression or early divergence from a common progenitor.
the exome sequencing data. A limitation of exome sequencing is
the inability to identify additional chromosomal rearrangements.

Although this is a limitation it was not required for the goal of Normal Common ) ]
. . . . > 3 High grade —>| Metastasis
the present study, which was to identify tumor lineages. prostate progenitor
One goal of sequencing prostate tumors is to identify bio-
markers that will supplement the prognosis given by clinical
features alone. To that end we sought to identify mutated | o0 | Low grade

genes or pathways that were enriched in high grade and meta-
static disease. TP53 is the most frequently mutated gene in  Fig. 5. Model of prostate cancer evolution. Low-grade and high-
advanced prostate cancer and we found the p53 signaling grade cancer foci progress largely in parallel, diverging early from a

. C . common progenitor. Metastatic disease exhibits late divergence from
pathway to harbor mutations only in high grade and metastatic high-grade disease. It cannot be ruled out that in some cases low- and

disease. Thus, members of the p53 signaling pathway are  high-grade diseases arise through independent origins.
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High-grade disease is characterized by mutations in known
cancer-associated genes and the p53 signaling pathway. Meta-
static disease is closely related to high-grade primary foci.
These data can be leveraged to help identify potential biomar-
kers and drivers of progression of clinically significant disease.
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