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Abstract

Background: Genomic copy number alterations commonly occur in prostate cancer and are one measure of
genomic instability. The clinical implication of copy number change in advanced prostate cancer, which defines a
wide spectrum of disease from high-risk localised to metastatic, is unknown.

Methods: We performed copy number profiling on 688 tumour regions from 300 patients, who presented with
advanced prostate cancer prior to the start of long-term androgen deprivation therapy (ADT), in the control arm of
the prospective randomised STAMPEDE trial. Patients were categorised into metastatic states as follows; high-risk
non-metastatic with or without local lymph node involvement, or metastatic low/high volume. We followed up
patients for a median of 7 years. Univariable and multivariable Cox survival models were fitted to estimate the asso-
ciation between the burden of copy number alteration as a continuous variable and the hazard of death or disease
progression.

Results: The burden of copy number alterations positively associated with radiologically evident distant metastases
at diagnosis (P=0.00006) and showed a non-linear relationship with clinical outcome on univariable and multivariable
analysis, characterised by a sharp increase in the relative risk of progression (P=0.003) and death (P=0.045) for each
unit increase, stabilising into more modest increases with higher copy number burdens. This association between
copy number burden and outcome was similar in each metastatic state. Copy number loss occurred significantly
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more frequently than gain at the lowest copy number burden quartile (g=4.1 x 107°). Loss of segments in chromo-
some 5¢21-22 and gains at 8g21-24, respectively including CHD1 and cMYC occurred more frequently in cases with
higher copy number alteration (for either region: Kolmogorov-Smirnov distance, 0.5; adjusted P<0.0001). Copy num-
ber alterations showed variability across tumour regions in the same prostate. This variance associated with increased
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risk of distant metastases (Kruskal-Wallis test P=0.037).

Conclusions: Copy number alteration in advanced prostate cancer associates with increased risk of metastases at
diagnosis. Accumulation of a limited number of copy number alterations associates with most of the increased risk
of disease progression and death. The increased likelihood of involvement of specific segments in high copy number
alteration burden cancers may suggest an order underlying the accumulation of copy number changes.

Trial registration: ClinicalTrials.gov NCT00268476, registered on December 22, 2005. EudraCT 2004-000193-31,

registered on October 4, 2004.
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Background

Copy number alteration is common in malignancy and
can define biologically relevant sub-groups with dis-
tinct outcomes [1-5]. Genomic copy number altera-
tions often involve segments of DNA extending for
thousands of bases, harbouring several putative cancer
drivers. They can result from underlying chromosomal
instability that in many cancers is associated with
worse outcomes [4—6]. Prostate cancer is characterised
by a well-described repertoire of copy number altera-
tions that commonly include loss of regions involv-
ing tumour suppressor genes NKX3.1, TP53, PTEN
and RBI [7-9]. In low- and intermediate-risk prostate
cancer, increasing burden of copy number alteration is
associated with shorter time to biochemical recurrence
and death from prostate cancer [4, 5, 10].

We aimed to interrogate non-focal copy number
alterations in tumour samples from patients present-
ing with advanced prostate cancer and linked to pro-
spectively collected clinical outcome. We generated
pan-genome copy number profiles from low coverage
whole genome sequencing data on tumour samples
obtained prior to the start of long-term androgen
deprivation therapy (ADT) from 300 advanced pros-
tate cancer patients, followed up for survival and dis-
ease progression, in the control arm of the Systemic
Therapy in Advancing or Metastatic Prostate cancer:
Evaluation of Drug Efficacy (STAMPEDE, MRC-PRO0S,
NCT00268476) trial. This is a multi-stage platform trial
that since 2005 has randomised men to a control arm
of standard-of-care, including ADT, or one of seven
previously reported and three as yet unreported con-
temporaneously recruited experimental comparisons
[11-16]. While intense clinical trial evaluation has been
performed in this disease setting, we have a limited
understanding of the molecular underpinnings of clini-
cal progression in this population.

Methods

Trial design and population

The patient cohort with advanced prostate cancer was
recruited to the STAMPEDE trial which was prospec-
tively registered as follows: https://clinicaltrials.gov/ct2/
show/NCT00268476, https://www.isrctn.com/ISRCT
N78818544.

The STAMPEDE patient cohort has been described
previously [11, 12]. Briefly, prostate adenocarcinoma
patients were eligible if they had either localised high-
risk disease that was node-positive (MON1) or if node-
negative (MONO), had at least two of tumour stage
category T3/4, prostate-specific antigen (PSA) >40 ng/
ml, or Gleason sum score 8-10; or extra-pelvic meta-
static disease (M1) confirmed on conventional whole-
body computed tomography (CT) and technetium bone
scans. A full list of inclusion and exclusion criteria for
the STAMPEDE trial is available in Additional file 3:
supplemental methods. Pre-ADT PSA was obtained up
to 6 months before randomisation. Grading group, age,
stage, performance status and metastatic status, namely
MONO, MON1 or M1, were recorded by clinical sites and
accessed from the STAMPEDE trial database. Metastatic
status was further classified into low and high volume
based on central imaging review (CT and whole-body
technetium bone scans), using the CHAARTED criteria;
high volume is defined as the presence of visceral metas-
tases or greater than or equal to 4 bone metastases with 1
or more beyond the vertebral bodies and pelvis [17].

STAMPEDE patients were eligible to be randomly
selected for inclusion within this biomarker study if the
following criteria were met; consent obtained for use
of tumour tissue in additional research, randomised to
the control arm of STAMPEDE at UK trial sites before
the addition of docetaxel or AR-targeted therapies was
allowed (Additional file 2: Table S1), diagnostic forma-
lin-fixed, paraffin-embedded (FFPE) prostate biopsies
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available for analyses and if more than 10 ng of DNA
could be extracted from at least one tumour-enriched
region from a diagnostic core biopsy.

In a hypothesis-driven exploratory analyses to deter-
mine the association between copy number alteration
and clinical outcome, we aimed to generate copy num-
ber profiles for 300 STAMPEDE cases (CN-300 cohort)
randomly selected from patients eligible for these analy-
ses (Additional file 1: Fig. S1)). All comparator arms
within the STAMPEDE trial randomising patients to con-
trol arm treatment, prior to the addition of docetaxel or
AR-targeted therapies to ADT, have now closed. The first
patient was randomised to the control arm of STAM-
PEDE on 15 November 2005 and the last patient was
randomised on 16 December 2015 prior to the addition
of docetaxel or AR-targeted therapies to ADT. The first
patient randomly selected for inclusion in the CN-300
cohort was randomised to the control arm of the STAM-
PEDE trial on 14 September 2006 and the last patient was
randomised on 12 November 2015. The CN-300 cohort
was followed up for a median of 7 years (range 6.8-8
years). All analyses linking molecular to clinical data were
performed by the Medical Research Council Clinical
Trials Unit (MRC CTU) statisticians (CB) who had sole
access to clinical data.

Diagnostic formalin-fixed, paraffin-embedded tissue
blocks were retrieved from STAMPEDE trial sites by the
MRC CTU and centralised in the Wales Cancer Biobank
(WCB), where all identifying details were removed, and
samples and reports were labelled with the individual’s
STAMPEDE trial number. Tumour samples were trans-
ferred to lab-based researchers who had no access to
clinical data other than pseudo-anonymised local pathol-
ogy reports.

Data generation and analysis
Fresh haematoxylin and eosin slides from every tumour
block were centrally assessed by two genitourinary
pathologists (LM and DB) for tumour cellularity and
scored using contemporary Gleason score and corre-
sponding grade groups (ISUP2014/ WHO2016) [18, 19],
referred to as central grade group. Local grade group
was derived from the Gleason score recorded in the
trial patient report forms by sites using local pathology
reports. For every patient, an ‘index core’ was selected
defined as the core harbouring the tumour-enriched area
of the highest Gleason grade and tumour cellularity.
Blocks with sufficient tumour were cut at 10 microns,
deparaffinised and stained with nuclear fast red. The
tumour-enriched region from each core on each section
was micro-dissected separately under a stereoscope to
maximise tumour purity. Tissue from individual diag-
nostic cores was digested with proteinase K overnight
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and extracted using a column-based isolation method
(Quick-DNA FFPE miniprep kit, Zymo) and quantified
using Qubit (Invitrogen).

DNA was fragmented using Covaris E220 (Agilent),
repaired using the NEBNext FFPE repair kit (NEB) and
libraries were generated using the NEBNext Ultra Il DNA
library generation preparation kit (NEB) as per the man-
ufacturer’s instructions. Equimolar pools were sequenced
using the Illumina Novaseq on 50bp paired-end runs.

Genomes were aligned to the human genome assembly
GRCh37 (hgl9), and the Quantitative DNA Sequencing
(QDNAseq R package, v3.12 [20]) package optimised
for FFPE samples was applied as a depth of coverage
method to determine copy number alterations [21]. Copy
number calls and segmentation of 500-kb bins were per-
formed using the CGHcall package. Segments are defined
as merged neighbouring bins with similar copy number
alteration. Copy number burden was defined as the num-
ber of genome segments classified as showing gain or loss
compared to the median read count across the genome,
divided by the total number of segments within the auto-
some. Given our read depth approach on low coverage
samples, we report relative deviations in read count to
the median read count across the sample and we are not
able to report absolute copy number alterations. Per-seg-
ment residuals were estimated as the distance of each bin
from the related segment; the standard deviation of the
segment residuals was derived as a post-processing per-
sample quality control measure (mean segment standard
deviation).

STAMPEDE clinical trial outcome measures were
defined in the STAMPEDE protocol and measured from
time of randomisation to event. Patients without an
event were censored at the most recent event-free clini-
cal evaluation. The STAMPEDE clinical trial outcome
measures of relevance to this ancillary biomarker study
are as follows: primary outcome measure was overall sur-
vival (OS). Secondary outcome measures were (1) pros-
tate cancer-specific survival (PCSS), reviewed centrally
for cause; (2) failure-free survival (FES) that included any
of biochemical failure, local or distant radiographic pro-
gression or death from prostate cancer; (3) progression-
free survival (PES), failure-free survival but excluding
biochemical failure; (4) metastatic progression-free sur-
vival (MPFS) defined as new distant metastases or death
from prostate cancer. Clinical follow-up data for this
analysis were frozen on 3 February 2021.

Statistics

The sample size of 300 was not determined through
power calculations. Unless otherwise specified, all
hypothesis tests required evidence at the 5% signifi-
cance level to consider rejecting the null hypothesis. All
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statistical tests were performed using R version 3.6.1 and
STATA version 16.1. Student’s ¢ tests and chi-squared
tests were used to compare the baseline characteristics
of the 300 patients selected for analysis with the 3106
patients in the whole STAMPEDE control arm who had
been randomised during the same period. Univariable
linear regression models with square root-transformed
copy number alteration burden specified as the response
variable were used to assess the association between the
burden of copy number alterations and clinical variables.
Univariable and multivariable Cox survival models were
fitted to estimate the association between burden of copy
number alteration identified in the index core as a contin-
uous variable and the hazard of each trial outcome. Mul-
tivariable models included the following as adjustment
variables: (1) grading group; (2) metastatic states (MONO,
MON1, M1 low and M1 high); (3) pre-ADT serum PSA,
log transformed; (4) age at randomisation (years); (5)
percentage tumour cellularity. A more flexible functional
form was used for burden where this was seen to improve
the fit of the model. This was based on established frac-
tional polynomial selection technique searching across
the range of potential powers: —2, —1, —0.5, In(), 0.5, 1,
2, 3, with a more complex specification used when there
was evidence at the 10% significance level that this pro-
vided a better fit to the data than simpler alternatives.
Comparisons of model fit were based on data from all
patients to be included in the relevant analysis. Relevant
details are presented in Additional file 2: Table S5. To
ensure consistency between statistical models for differ-
ent outcomes and given the limited ability to detect an
improved fit with higher order specifications, we only
considered first degree—FP(1)—fractional polynomial
models. Each figure representing the relative hazard can
be used to determine the relative change in hazard asso-
ciated with a change in copy number burden for patients
with the corresponding baseline metastatic state, con-
ditional on grading group, pre-ADT PSA, age at ran-
domisation and tumour cellularity. For example, for two
patients with baseline MONO disease and identical values
for all other clinical factors adjusted for, if one patient has
a copy number burden of 10% and the other patient a 2%
burden, the first patient is estimated to have a 46% higher
hazard of a FFS event than the patient with lower burden.
For two patients with baseline low volume metastatic dis-
ease, one with 10% copy number burden and the other
2% burden and all other factors identical, the patient with
higher burden is estimated to have a 68% higher hazard
of FES event. The relative change in hazard is determined
by taking the ratio of the y-axis values corresponding to
the copy number burden values. Note that this depends
on both the absolute difference in y-axis value as well as
the ‘reference’ value. Post hoc analyses assessed whether

Page 4 of 15

there was evidence of differential association between
the burden of copy number alteration and the hazard of
the outcomes according to baseline metastatic state. An
additional multivariable Cox survival model was fitted for
each outcome as described above, with interaction terms
added to reflect differences according to metastatic state.
The functional form used for the burden of copy num-
ber alteration was the same as in the main multivariable
model for each outcome. A likelihood ratio test was used
to assess the evidence of improved model fit compared to
the main model. Only the burden of copy number altera-
tion identified in the index core was included in univari-
able and multivariable models.

Results

The STAMPEDE CN-300 cohort

The STAMPEDE trial recruited 3106 patients between
2005 and 2015 to the control arm and after randomly
selecting 359 patients iteratively who had diagnostic tis-
sue available, we performed copy number profiling on
the first 300 cases successfully sequenced, hereafter
referred to as the CN-300 cohort. All cases randomly
chosen started long-term ADT in the control arm of the
STAMPEDE clinical trial at one of 58 clinical trial sites
in the UK. The trial continued to recruit after 2015 but
docetaxel and subsequently androgen receptor (AR) tar-
geting agents became standard-of-care, so we elected to
have 2015 as the cut-off for patient inclusion in order
to have a homogenous population (Additional file 1:
Fig. S1, Additional file 2: Table S1 and Fig. 1A). We
retrieved diagnostic FFPE biopsies of the prostate and
centrally reviewed tumour core cellularity and histo-
logical Gleason grade. We excluded patients that had
been biopsied after the start of ADT (N=3) and had a
tumour cellularity of less than 40% or insufficient DNA
after extraction (N=50). Next-generation sequencing
(NGS) libraries failed to meet our quality requirements
for six patients (Additional file 1: Fig. S2). Amongst 131
(44%) patients who were non-metastatic by conven-
tional imaging (MO), 56 patients had local lymph node
involvement (MON1) and 75 patients had no local lymph
node involvement (MONO). The 169 (56%) patients with
radiologically confirmed metastases were divided into
81 high (M1 high) and 72 low (M1 low) volume based
on previously described criteria [17]. We were unable
to classify metastases into low or high volume for 16
patients. We observed no significant difference in base-
line clinical characteristics between the CN-300 cohort
and all 3106 patients assigned to the same standard-
of-care group over the same time period (Additional
file 1: Table S2). The median histopathologically defined
tumour cellularity of the index tumour area from which
we extracted DNA was lower in metastatic compared to
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Fig. 1 CN-300 cohort and association of the burden of copy number alteration with metastatic states. A Map demonstrating all UK STAMPEDE trial
sites recruiting patients included in the CN-300 cohort. B Distribution of burden of copy number (CN) alteration (%) in tumour-enriched region of
index core split by metastatic states (N=284; 16 metastatic patients with unknown designation for low versus high volume were excluded). C-E
Alteration frequency (%) of patients with at least one segment of loss mapped to denoted cytobands in C MON1 versus MONO; D M1 low versus
MONT; E M1 high versus M1 low. F-H Alteration frequency (%) of patients with at least one segment of gain mapped to denoted cytobands in F
MONT versus MONO; G M1 low versus MONT1; and H M1 high versus M1 low
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non-metastatic patients (70% versus 80%, Kruskal-Wallis
P=0.011; Additional file 1: Fig. S3).

Non-metastatic patients received ADT for at least 2
years and were recommended for curative-intent radio-
therapy to the prostate and pelvic lymph nodes if indi-
cated [22, 23] as previously reported [24]. Metastatic
patients started life-long ADT and did not receive radio-
therapy to the prostate. We confirmed that in the CN-300
cohort, the number of events at 4 years was higher with
increasing disease volume (Additional file 1: Fig. S4 and
Additional file 2: Table S3). Follow-up was for a median
of 7 years (interquartile range 6.8—-8 years) (Additional
file 2: Table S4).

Burden and frequency of copy number alteration

across metastatic states

Unique to our study is the inclusion of patients with
high-risk, non-metastatic or metastatic disease,
accrued to the same prospective clinical trial protocol
with all samples processed in the same way. We per-
formed whole genome sequencing and through a series
of modelling experiments concluded that allowing a
minimum of 10 ng DNA input from micro-dissected
tumour regions, we could achieve 1-5X pan-genome
unique reads (Additional file 1: Fig S5) [21]. We derived
the burden of copy number alteration for the histologi-
cally defined index core from every patient: the median
percentage of genome segments that showed an altera-
tion (Additional file 1: Fig. S6) in the CN-300 cohort
was 18%, range, 0.2—75.4%. Prior reports have similarly
measured the percentage of genome altered using differ-
ent assays in low- to intermediate-risk prostate cancers
and identified median copy number burdens ~7.5% [5,
10]. Targeted NGS assays in cohorts of metastatic hor-
mone-sensitive prostate cancer patients (including pri-
mary and metastatic biopsies) reported a higher median
~32% [25], supporting this as a reliable estimation of
copy number burden in aggressive primary tumours at
presentation. We found no evidence of a relevant asso-
ciation between putative technical confounders and bur-
den of copy number alteration, including coverage, mean
segment standard deviation, DNA input and histopatho-
logically defined tumour cellularity (Additional file 1: Fig
S7 and Fig. S8).
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Higher burden of copy number alteration identified
in the index core per patient was positively associated
with the presence of distant metastases (median 13.8% vs
20.9%; P=0.00006) and amongst non-metastatic patients,
with the presence of pelvic lymph nodes (median MONO
11.6% vs MON1 17.7% P=0.008) (Fig. 1B). In metastatic
patients, there was no detectable significant difference
between metastatic low and high volume sub-groups
(median: M1 low 19.8% vs M1 high 21.0%, P=0.356).
Increasing burden of copy number alteration was also
associated with grading group (P=0.03), although as
nearly two-thirds of patients were grading group 5, this
observation is less certain (Additional file 1: Fig. S9).

Given the differential outcomes and reports of enrich-
ment of gene aberrations between metastatic states
[9, 25, 26], we then plotted the frequency of segmen-
tal copy number alterations in each metastatic disease
state (Fig. 1C-H). The frequency of segments harbour-
ing deletions was higher in node-positive non-metastatic
compared to node-negative but equivalent across higher
volume metastatic states; segments with an amplifica-
tion were more frequent in non-metastatic node-positive
compared to node-negative and in metastatic patients
compared to non-metastatic.

Burden of copy number alterations and risk of clinical
progression

We next determined the association between the
burden of copy number alteration and clinical out-
come. We found evidence of a positive, non-linear
association between increasing burden of copy num-
ber alteration and the hazard of all outcome meas-
ures in unadjusted univariable models (failure-free
survival P=4.6 x 10~%, metastatic progression-free
survival P=5.9 x 107'° prostate cancer-specific
survival P=4.9 x 107° and overall survival P=3.3
x 1077) (Additional file 1: Fig S10 and Additional
file 2: Table S5). We then performed multivariable
analyses adjusting for clinically relevant variables,
namely (1) grading group, (2) log PSA prior to start-
ing ADT, (3) age at randomisation (years), (4) met-
astatic status (MONO, MON1, M1 low and M1 high)
and (5) tumour cellularity (%). Controlling for these
variables, copy number burden was significantly

(See figure on next page.)

Fig. 2 Association of copy number alteration with clinical outcome measures. A-D Cox survival model demonstrating adjusted estimate of impact
of burden of copy number (CN) alteration as a continuous variable on hazard of A failure-free survival; B metastatic progression-free survival; C
prostate cancer-specific survival; D overall survival. Variables included in adjusted analysis: (1) grading group; (2) metastatic state (MONO, MON1,

M1 low and M1 high); (3) Pre-ADT serum PSA log transformed; (4) age at randomisation; (5) tumour cellularity (%). Black line represents the impact
of the burden of copy number alteration on relative risk for 284/300 patients for which we could determine disease state (16 M1 patients with
unknown designation for low versus high volume were excluded). Each coloured line represents sub-groups of the CN-300 cohort defined by
metastatic state. E-H Kaplan-Meier estimates. CN-300 cohort split into quartile groups determined by the burden of copy number alteration.
Time-to event; E failure-free survival; F metastatic progression-free survival; G prostate cancer-specific survival; H overall survival
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associated with an increased risk of treatment failure
(P=0.004), metastatic progression (P=0.003), death
from prostate cancer (P=0.01) and death from any
cause (P=0.045) (Fig. 2A-D and Additional file 2:
Table S5). For each outcome, a positive, non-linear
relationship was characterised by steep increases
in the relative hazard of an event when copy num-
ber burden was increased from a low starting point.
Increases in relative risk associated with increasing
copy number burden were smaller at higher burden
levels. We found no evidence to indicate that this
association differed across the four metastatic states
(interaction P-value for risk: of failure, 0.95; meta-
static progression, 0.40; death from prostate cancer,
0.95; death from any cause, 0.85; Fig. 2A-D, Addi-
tional file 2: Table S6): although the risk of progres-
sion and death in a metastatic patient is worse than
for a tumour with the same burden of copy number
alteration in a non-metastatic patient, the increase in
the risk of an event per unit increase in copy number
burden is equivalent and diminishes as the burden
increases beyond a threshold, which is similar across
metastatic states.

To explore the non-linear association, we plotted
Kaplan-Meier survival estimates for equal-sized quar-
tiles of the CN-300 cohort (burden of copy number
alteration up to 10.55%, 10.55-18.06%, 18.06—27.03%,
27.03-75.45%) and visually confirmed that patients
within the lowest burden quartile had better outcomes
than all three higher burden quartiles: at 4 years, fewer
than 25% in the lowest burden quartile had died from
prostate cancer compared to more than 40% in the
upper two copy number burden quartiles (Fig. 2E-H
and Table 1).

Frequency of gains compared to losses with increasing
copy number burden

It has been reported that in carcinogenesis, copy
number deletions are earlier events than copy num-
ber gains [2, 27]. We evaluated the proportion of
copy number alterations that constituted either a
loss or gain split by metastatic state (Fig. 3A-D). We
observed a consistent trend for more segmental losses
at lower copy number burden with gains increasing in
frequency with rising copy number burden across all
metastatic states (Fig. 3E). We compared the actual
ratio of losses to gains with an ‘expected’ ratio that
assumed alterations occurred randomly. We con-
firmed that deletions occurred significantly more
frequently in the lowest and second lowest quartiles
(Fisher’s exact test corrected with Benjamini-Hoch-
berg method, ¢ = 4.1 x 107° and 0.002 respectively)
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Table 1 Survival at 4 years follow-up for burden of copy number
alteration quartile sub-groups (Kaplan-Meier estimates)

Clinical trial endpoint Estimated survival (%)

Copy number alteration burden (Quartile) Q1 Q2 Q3 Q4

Failure-free survival 63 36 29 31
Progression-free survival 77 50 40 43
Metastatic progression-free survival 82 57 45 43
Prostate cancer-specific survival 88 67 61 52
Overall survival 83 64 48 48

Legend: range of copy number burdens (%) included in quartiles: (Q1: less than
10.55; Q2: 10.55-18.06; Q3: 18.06-27.03; Q4: 27.03-75.45)

but not the third or fourth quartile (¢ = 0.1 and 0.3
respectively). We then determined that the ratio of
copy number alteration attributable to gains as com-
pared to losses was higher in tumours from patients
with metastatic as compared to non-metastatic dis-
ease (Kruskal-Wallis P=5.1 x 107% Fig. 3F). We
conclude that deletions account for the majority of
alterations at low copy number burden, but as copy
number alteration increases, gains occur more fre-
quently until they reach similar proportions.

Frequency distribution of alterations in copy number
burden quartiles

We then hypothesised that copy number alteration
showed an order with higher relative frequencies of
specific alterations, putatively occurring early in car-
cinogenesis, in tumours with a low burden of copy
number alteration. Similarly, we hypothesised that high
burdens of copy number alteration would associate
with specific alterations that either conferred survival
advantages to prostate cancer cells in highly disordered
cancers or contributed to increased copy number insta-
bility. Enrichment in tumours at low burdens of copy
number alteration would present at similar frequen-
cies across all copy number burdens. We found this to
be the case notably for deletions of segments across
8p21-23 that occurred at a similar frequency in the first
relative to second, third and fourth quartiles (Fig. 4A,
B). This aligns with models using clonality assessment
that suggested deletions at 8p21, involving NKX3.1, are
common clonal and putatively early events [27]. Inter-
mediate events such as loss of regions including other
tumour suppressor genes such as PTEN (10q23), TP53
(17p13) and RBI (13ql4) [2, 27], occurred at progres-
sively increasing frequencies across quartiles, showing
the largest increase in frequency between the first and
second quartile. Finally, to identify regions occurring
at different frequencies across copy number states, we
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used the Kolmogorov—Smirnov (KS) test to compare
the distributions of copy number burden of tumours
with and without each of the commonly occurring
(>20%) alterations (Additional file 1: Fig. S11). We iden-
tified that loss of segments in 5q21-22 (KS distance

0.5, adjusted P<0.0001) and gains at segments in 8q21-
24 (KS distance 0.5-0.6 and adjusted P<0.0001) were
amongst the most significant. These two regions most
notably include CHDI and ¢cMYC that have been shown
to contribute to genome instability [28] (Fig. 4C, D).
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Variability of copy number alterations in multi-region
sequencing of individual tumours

We finally sought to determine whether copy number
alterations evolved uniformly across an individual’s
primary tumour. From a sub-set of 112 patients with
multiple diagnostic cores available (57 metastatic and
55 non-metastatic), we dissected multiple tumour-
enriched areas per patient across separate diagnos-
tic prostate biopsies (500 biopsies, median 4 biopsies
per patient, range 2—13). We observed patients with

considerable variation in the burden of copy num-
ber alteration and therefore calculated the variance,
defined as the standard deviation between biopsies
taken from the same prostate (Fig. 5A). We found no
strong evidence of an association between copy num-
ber burden variance and biopsy number (Spearman
R=0.15, P=0.12). Given copy number heterogene-
ity can associate with worse outcome in other cancer
types [6, 29, 30], we performed an exploratory analy-
sis and observed that the variance in copy number
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burden was significantly higher in metastatic com-
pared to non-metastatic patients (Fig. 5B, Kruskal-
Wallis test P=0.037). As the copy number alteration
variance across cores and total burden of copy number
alteration identified in the index core may be related
(Spearman R=0.71, P<0.0001), we have here not tested
the association for variance and outcome (Additional
file 1: Fig. S12). Additionally, when a deletion of a seg-
ment in chromosome 8p21 was detected in a core,
consistent with reports that this is an early event in
carcinogenesis, we found it occurred in every core in
that prostate whereas when a putatively later event
such as a deletion in 5q21 occurred, it occurred in a
median of 70.8% cores per case (interquartile range
45.8-100%) and prevalence was more heterogeneous
(Fig. 5C).

Discussion

We make the novel observation that the burden
of copy number alteration is non-linearly associ-
ated with risk of clinical progression and death
in advanced prostate cancer, with an initial sharp
increase in relative risk that reaches a plateau and
could represent a threshold effect. Similarly, the ratio
of gains to losses increases in the first and second
quartiles of copy number burden but is equivalent in
the third and fourth. This leads us to propose a model
that supports ordered accumulation of copy num-
ber change that is similar across metastatic states: at
low copy number burden, we observe distinct ‘early’
events, primarily involving losses, with incremental
increases in the frequency of intermediate events in
tumours with higher copy number burden, most nota-
bly between the first and second quartiles. This over-
laps with the initial worsening followed by a plateau
of relative risk/hazard with increasing burden of copy
number alteration. Of note, loss of individual genes
in these regions (including PTEN, RB1 and TP53) has
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been shown to be prognostic, but not independently
of copy number burden [9].

As our study is cross-sectional across advanced can-
cers at diagnosis, we were unable to explicitly define
temporal order. We split cancers into quartiles based on
the proportion of the genome affected by copy number
change, but this does not imply incremental accumula-
tion of alterations: it is possible that a single disruptive
event could result in a large increase in copy number bur-
den [27]. Nonetheless, our results align with prior cross-
sectional studies using clonality to define temporal order
and, additionally, we observe that tumours in the high-
est quartile of copy number burden are more likely to
have deletion at 5q21. Whereas this order may result in
cell survival advantages for specific alterations at distinct
stages of cancer progression, loss of specific genes such
as CHDI may directly contribute to an increase in copy
number burden [28].

To link copy number profiling to mature clinical
follow-up, we have accepted a number of limitations.
We used small amounts of diagnostic biopsy tissue
of variable quality and subject to DNA formaldehyde
artefacts. We obtained somatic mutation calls for
a sub-set of cancers but as we reported previously, a
high failure rate using current research and commer-
cial assays limited integration of mutation with copy
number calls [31]. We have focused on implementing a
robust and scalable assay for analysing segmental copy
number change and used microscopically dissected
regions enriched for tumour. Our approach assumes
stable tumour ploidy and may miss focal alterations
and copy number neutral structural rearrangements
that can disrupt gene structure and function. Nonethe-
less, the prevalence of alterations of commonly altered
genes is similar in our analyses to prior studies [9, 32].
Future studies could further split the low copy number
burden cancers by mutation load or other structural
events such as tandem duplicates that are putatively
associated with worse outcome [33, 34]. These groups

(See figure on next page.)

alteration and the boxplot line represents the median across patients

Fig. 5 Variance in copy number alteration across multi-region diagnostic cores. A For a sub-set of 112 patients within the CN-300 cohort, we were
able to copy number profile multiple diagnostic core biopsies from the same prostate (N=500, median 4 diagnostic core biopsies per patient). We
calculated the variance in burden of copy number alteration (%) defined as the standard deviation across cores from the same prostate, represented
as a dot. The colour and size of the dot represents the number of diagnostic cores copy number profiled per patient (grey=2, brown=>2)

ranked in ascending order of burden of copy number alteration identified in the index core. Metastatic status of each patient is annotated
(green=non-metastatic, blue=metastatic). Burden of copy number alteration (PGA=percentage genome altered) is represented as a bar with
each patient split by proportion of gain (red) and loss (blue). Bottom bar chart represents number of diagnostic cores sequenced per patient. B
Distribution of variance (%) of burden of copy number alteration per patient compared between non-metastatic (green violin plot) and metastatic
(blue violin plot). Dot size represents number of cores sequenced per patient. C Boxplot demonstrating intra-patient heterogeneity of selected
regions of interest. Regions annotated on x-axis labelled with chromosome number and genomic location mapped to cytoband. Blue=segment
loss, red=segment gain. Within each bar, patients are only included if we sequenced more than one core and they harbour at least one core with
the annotated alteration (numbers of patients annotated beneath x-axis). Y-axis represents the percentage of cores within patients harbouring the
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are uncommon in prostate cancer but may further
emphasise the effect of copy number change on worse
outcome. By calculating copy number change from the
genome median, our focus is on events additional to
whole genome doubling that is common in prostate
cancer but remains of uncertain prognostic relevance.

Conclusions

Our study builds on prior copy number assessments in less
advanced disease that showed copy number burden could
have prognostic utility [5, 10]; our analysis of advanced
prostate cancer with long-term follow-up has identified
that accumulation of a relatively limited number of non-
focal copy number alterations is associated with most of
the increase in the relative risk of disease progression and
death. In conclusion, we propose that copy number bur-
den should be controlled for when evaluating individual
gene alterations and could be further evaluated in prog-
nostic tests for risk stratification of aggressive disease.
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