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Patients with metastatic bladder cancer have a median survival of only 13—14 months. Pre-
cision medicine using targeted therapy may improve survival. Here we investigated spatial
and temporal tumour evolution and tumour heterogeneity in order to evaluate the poten-
tial use of targeted treatment of metastatic bladder cancer. We performed a proof-of-
concept study by whole exome sequencing of multiple tumour regions (n = 22) from three
patients with metastatic bladder cancer. DNA from primary and metastatic tumour bi-
opsies was analysed for mutations using Mutect and potential therapeutic targets were
identified. We identified 256, 265 and 378 somatic mutations per patient, encompassing
mutations with an estimated functional impact in 6—12 known disease driver genes per pa-
tient. Disease driver mutations present in all tumour regions could be identified in all
cases, however, over time metastasis specific driver mutations emerged. For each patient
we identified 6—10 potentially therapeutic targets, however very few targets were present
in all regions. Low mutational allele frequencies were observed in most regions suggesting
a complex mixture of different cancer cells with no spatial demarcation of subclones. In
conclusion, primary bladder tumours and metastatic lesions showed heterogeneity at
the molecular level, but within the primary tumour the heterogeneity appeared low. The
observed lack of potential therapeutic targets common to all cancer cells in primary tu-
mours and metastases emphasizes the challenges in designing rational targeted therapy
solely based on analysis of the primary tumours.
© 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.
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1. Introduction

Bladder cancer is the 5th most common cancer in the Western
world. About 90% of the cases are urothelial carcinomas orig-
inating from the urothelium. Approximately 75% of patients
are diagnosed with non-muscle invasive bladder cancer
(NMIBC) and 10—15% eventually progress to muscle-invasive
bladder cancer (MIBC) (Babjuk et al., 2013; Knowles and
Hurst, 2015). The remaining 25% of patients are initially diag-
nosed with MIBC. Standard treatment for MIBC is radical cys-
tectomy and lymphadenectomy preceded by neo-adjuvant
chemotherapy in selected cases, whereas the benefit of adju-
vant chemotherapy remains controversial and is seldom used
(Hermans et al., 2016; Witjes et al., 2014). Metastatic bladder
cancer is a highly aggressive disease and if untreated, the sur-
vival time is only 3—6 months on average. Patients with
distant metastases are offered cisplatin based chemotherapy,
which may prolong median survival to 13—14 months with a
response rate of 50% (von der Maase, 2003).

Patients with metastatic disease may benefit from targeted
therapy and optimal effect may be obtained by targeting
clonal alterations. However, cancer evolution during progres-
sion and metastasis needs to be better understood in order to
offer patients optimal targeted treatment. The efficacy of tar-
geted therapy may depend on the level of intra tumour hetero-
geneity (ITH) and the clonal status of disease driver alterations
— if these are the actionable targets. Optimal effect of person-
alized targeted treatment may be obtained by targeting clonal
alterations (shared by all tumour cells) in order to eradicate
the entire tumour mass. Alternatively, the lethal metastatic
lesions may be targeted; however, these may be genetically
different from the primary tumour (Gerlinger et al., 2012,
2014).

ITH has long been acknowledged in tumour biology at the
morphological level, though before the advances in
sequencing technologies it has not been feasible to distin-
guish tumour cells at a genetic or epigenetic level
(Swanton, 2012). Since then great effort has been put into
characterizing ITH in several cancer types by means of next
generation sequencing (NGS) methods. Exome and full
genome sequencing have previously been applied to multiple
topological selected tumour biopsies from primary tumour as
well as associated lymph node and distant metastases in
renal clear cell carcinomas. These studies allowed tracking
of the aggressive clone and pinpointed the need for multiple
sampling for identifying critical subpopulations. Further, it
was found that the majority of the disease driver mutations
were subclonal (Gerlinger et al., 2012, 2014). On the other
hand, to identify known disease driver events Zhang and col-
leagues found that single biopsies could prove adequate in
localized lung adenocarcinomas since the known driver mu-
tations were found to be early events mapping to the trunk of
phylogenetic trees (Zhang et al., 2014). This is in concordance
with a study in non-small cell lung cancer, where the cancer
driver mutations with highest driver-confidence proved to be
significantly more clonal compared to non-driver mutations
(de Bruin et al., 2014). In recent years, mutational signatures
reflecting the exposure of endogenous and exogenous carcin-
ogens have emerged. Especially, the APOBEC mutational

signature derived from APOBEC enzymes acting on single
stranded DNA causing C to T or G mutations in either a TCT
or TCA context has been documented in bladder cancer
(Kim et al.,, 2015; Nordentoft et al.,, 2014; Roberts et al.,
2013). APOBEC mutagenesis has been speculated to
contribute to ITH and tumour progression (Swanton et al,,
2015) and found to be associated with high risk NMIBC
(Hedegaard et al., 2016).

The origin of recurrent bladder tumours has been shown to
be mono- or oligo-clonal, indicating a common field from
which the tumours evolve (Hartmann et al., 2000; Hoglund,
2007; Nordentoft et al., 2014). However, ITH and the clonality
of disease driver mutations and possible therapeutic targets
have not yet been thoroughly investigated in bladder cancer
at the genomic level. Here we performed a pilot study of whole
exome sequencing (WES) of multiple small regions from
paired primary tumours and metastatic lesions from three pa-
tients with metastatic bladder cancer.

2. Material and methods
2.1. Selection of patients and tissue samples

Patients were treated at Aarhus University Hospital, Denmark
and Hospital of West Jutland, Holstebro, Denmark. All patients
gave their written informed consent and the study was
approved by the National Committees on Health Research
Ethics (#1300174). Patients where tissue samples from both
primary and metastatic lesions were available, were selected.
Patients were treatment naive, and the disease was uni-focal
in patients 1 and 2, and multi-focal with T1 tumours for pa-
tient 3. None of the patients were previously diagnosed with
bladder cancer. Fresh frozen (FF) samples where used when
available, otherwise formalin fixed and paraffin embedded
(FFPE) where used (applies to primary tumour from patient 2
along with distant metastases included in the study). FF sam-
ples were embedded in TissueTek® OCT™ Compound (Sakura
Finetek, Vaerloese, Denmark) and snap frozen in liquid nitro-
gen before placed in our biobank at —80°. FFPE samples were
fixed and embedded at the respective pathology departments
at Aarhus University Hospital and Hospital of West Jutland,
Holstebro in Denmark. Blood samples and adjacent normal
sample were taken at the initial visit. Blood was frozen at
—80° in EDTA tubes.

2.2. DNA extraction and laser micro dissection

Laser micro dissection (LMD) was performed using the Veritas
Microdissection Instrument (Arcturus Bioscience) and Cap-
sure Macro LCM caps (Life Technologies). From FF tumour bi-
opsies a 4 um section was cut, stained with haematoxylin and
eosin and examined by an experienced pathologist (SH). Addi-
tional 15 sections of 7 um for LMD were mounted onto
Arcturus PEN membrane glass slides (Life Technologies, Nae-
rum, Denmark) and stained with Histogene® LCM Frozen Sec-
tion Staining Kit (Life Technologies) using manufacturers
protocol. We traced small cellular regions across 15 sections
for LMD by following histological features. To verify that the
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same area had been traced across all sections another 4 ym
section was stained with haematoxylin and eosin (see
Supplementary Figure S1). Genomic DNA was extracted from
LMD (Arcturus Biosciences, Mountain View, CA, US) of 22
small cellular regions with a mean area of 6.48 mm? (range
1.5-10.35 mm?) over 15 sections. Genomic DNA from FFPE
samples was obtained from punctures with a core size of
1.5 mm. A detailed description of DNA extraction procedures
is found in the Supplementary data.

2.3. Whole exome sequencing and data processing

Library construction was performed using Kapa Hyper Library
Prep kit (Kapa Biosystems) followed by whole exome capture
with the SeqCap EZ Exome v3 Capture kit (Nimblegene) or us-
ing the Nextera Rapid Capture Expanded Exome kit (illumina).
Input material for the Nextera protocol was 50 ng of gDNA and
25—-100 ng for the Kapa Hyper Library Prep kit protocol. Li-
braries were sequenced using illumina HiSeq2000 or Next-
Seq500 platforms. Reads were mapped using BWA (Li and
Durbin, 2009) against HG19. The mapped reads were marked
for duplicates, and the alignments were recalibrated and real-
igned using the Picard (http://picard.sourceforge.net/) and
GATK suites (DePristo et al., 2011). Analysis of ITH has only
been performed on the overlapping genomic regions between
the two bait sets.

2.4. Deep targeted sequencing

Deep targeted sequencing was performed using illumina Tru-
Seq Custom Amplicon Low Input Prep Kit (illumina). PCR
amplicons were designed using DesignStudio software v1.5
(illumina) for all mutations estimated to have a functional
impact (tier 0 and 1 mutations — see Supplementary
data). Libraries were generated from 10 to 40 ng DNA and
sequenced using the NextSeq500 platform. Reads were map-
ped as described for the whole exome analysis. To avoid
including sequencing errors when applying deep sequencing,
we subdivided the number of reads for all positions in all sam-
ples into eight bins with increasing read depth. In each bin we
defined an error rate by taking the mean to the number of
times the bases different from the reference and the mutated
base was encountered. We then set the requirement that the
mutated base should be present more than twice than the er-
ror rate for each bin otherwise we regarded the mutation as
not present.

2.5.  Phylogenetic analysis

We evaluated the presence (2+ reads) or absence (0—1 read) of
all category 1 and 2 mutations called in a patient in all the
samples. We then used the status of each mutation in all
the samples to find the most probable phylogenetic tree by
scoring all configurations and possible tree topologies
involving the same number of samples. A phylogenetic tree
was then drawn where the length of the branches is propor-
tional to the number of mutations supporting it. A detailed
description is available in the Supplementary data.

2.6.  APOBEC mutational signature

For each sample we counted the number of times a given mu-
tation (C— T or G) was observed in an APOBEC context (TCT or
TCA) as described earlier (Burns et al., 2013) An APOBEC score
was assigned to each sample similar to previously described
(Nordentoft et al., 2014). In brief, the ratio between C—T or
G in an APOBEC context against C—T or G in a non-APOBEC
context was calculated. Samples were grouped into high, in-
termediate, and low APOBEC scores reflecting the strength of
the APOBEC signature in the samples.

2.7.  Analysis of actionable targets

To identify potential therapeutic targets we searched the Drug
Gene Interaction database (DGIdb version 2.0) (Griffith et al.,
2013), the Target database (Tumour Alteration Relevant for
Genomics-Driven Therapy, version 3.0) available from the
Broad Institute, the IntOGen database (Gonzalez-Perez et al.,
2013; Rubio-Perez et al., 2015), the Personalized Cancer Ther-
apy database available from MD Anderson Cancer Center,
and lastly we used the Qiagen Clinical Insight software. FDA
approved drugs available were identified by the Personalized
Cancer Therapy database, the Qiagen Clinical Insight software
or by search in DrugBank, version 4.3 (Law et al., 2014; Wishart
et al., 2006).

3. Results
3.1. Patient samples and DNA sequencing

Samples from three patients who underwent radical cystec-
tomy and lymphadenectomy were used (Figure 1 and
Supplementary Table S1). DNA was extracted from LMD of
22 small cellular regions (Supplementary Figure S1-S3) and
WES was performed on all samples including matched germ-
line DNA. The mean target coverage obtained for tumour sam-
ples was 68X (range 27—215X) (Figure 2) and 167X (95—301X) for
germline samples. We identified a total of 256, 265 and 378 so-
matic mutations in the tumour DNA from the three patients
using MuTect (Cibulskis et al., 2013), respectively. Mutations
were classified based on call confidence (categories 1-3) and
based on functional impact (tiers 0—2) as previously described
(Nordentoft et al., 2014) (see Supplementary data).

To validate mutations and heterogeneity measures we per-
formed deep targeted sequencing (3200 x mean coverage) of
all tier 0—1 mutations from patient 1. A high concordance be-
tween the exome analysis and the deep targeted sequencing
was found (Supplementary Figure S4). The validation rate for
mutations called using WES was 91% (633/696) when requiring
>100 reads for a given nucleotide position across all samples.
Furthermore, applying higher sequence coverage we observed
mutations in 28% (51/184) of the positions called as non-
mutated using WES. Consequently, some mutations are only
present when applying deep sequencing, indicating that the
mutated allele may only be present in very few cells within
the tumour region sequenced. In conclusion, we find the ob-
tained read depth from WES may be adequate to explore ITH
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Figure 1 — Patient disease courses and patient samples analysed. (A) Biopsy sites in the three selected patients. (B) Sample and treatment timeline.

Samples procured for whole exome sequencing are indicated in green below each timeline. Patient 1: 8X Tumour Regions, 1x Lymph Node Bulk.
Patient 2: 3X Tumour Regions, 1X Lymph Node Pool, 2x Distant Metastasis Regions. Patient 3: 3X Tumour Regions, 2X Lymph Node
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but deep sequencing may be needed to determine the actual
clonal compositions.

3.2. Spatial and temporal heterogeneity

To compare the mutational architecture between small
cellular regions we first analysed mutations with functional

impact (tiers 0—1 mutations, categories 1-2). Known onco-
genes, tumour suppressor genes (Vogelstein et al., 2013) as
well as IntOGen driver genes were identified (Figure 2E). IntO-
Gen driver genes are disease driver genes identified for
bladder cancer by use of the Cancer Driver database (available
at the IntOGen web discovery platform (Gonzalez-Perez et al.,
2013; Rubio-Perez et al., 2015)). We defined mutations as:
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shared, if present in all regions; regional, if present only in
some regions; tissue specific, if only present in regions for a
given tissue; or private, if present in one region only. A muta-
tion was classified as clonal if the allele frequency was 0.4 or
higher, taking normal cell contamination into account.

For patient 1 we identified 193 mutations which most likely
had a functional impact based on SnpEff (Cingolani et al.,
2012). Specifically, we identified tissue specific mutations in
the disease driver genes PIK3CA (p.E545K), TP53, and RAD21
in the primary tumour. Regional mutations were identified
in ARFGEF2, HSP90ABI1, and HSPAS8. In general we observed
low spatial ITH. None of the known driver mutations were
detected in the lymph node metastasis despite a high carci-
noma cell content of 85% and mean target coverage of 215X.

For patient 2 we identified 192 mutations in total with a
functional impact. Assessing mutations in disease driver
genes we identified a shared mutation in DLG1, whereas mu-
tations in AHNAK and PDGFRA were regionally mutated since
only mutated in samples from the primary tumour as well as
in the distant metastasis. The AHNAK and PDGFRA mutations
thus characterized the clone seeding the distant metastasis. A
SMARCB1 mutation was present in all samples except in re-
gion A of the distant metastasis. However, as only seven reads
were covering this position in the region A sample the muta-
tion may be present in this sample as well. The lymph node
metastasis had acquired mutations in EIF4G1 and ARID1B,
which seem tissue specific to the lymph node metastasis.
The mutational pattern could indicate that different clones
seeded the lymph node metastasis and the distant metastasis,
respectively. Lastly, parts of the primary tumour probably ac-
quired a regional mutation in MGA not detected in the metas-
tases. Although we only examined three samples from the
primary tumour in patient 2, we observed low spatial ITH.

For patient 3 we identified 257 mutations. We found a
remarkable similarity between region A of the primary
tumour and the metastases. Regions B and C of the primary
tumour may represent early dysplastic cells due to the low
number of mutations (Supplementary Figure S3). Region A of
the primary tumour had a stop codon in CDKN1A, which
was shared with the metastases. We observed a high degree
of acquired mutations being tissue specific for the metastases.
Another CDKN1A mutation causing loss of a start codon was
shared only between the metastases; however, region A of
the primary tumour had low coverage in this particular posi-
tion and by manual inspection 13 reference alleles and 1 alter-
nate allele were observed. Thus, this CDKN1A mutation could

potentially be shared with region A of the primary tumour as
well. Other mutations were found solely shared between the
metastases and not detected in the primary tumour indicating
that the distant metastasis may have been seeded from the
lymph node metastasis.

3.3.  Models of disease evolution

To further assess disease evolution in the three patients we
generated phylogenetic trees using both synonymous and
non-synonymous mutations (Figure 3A, 3C, and 3E). Shared
mutations that fell in the ancestral branch could be described
as the field disease mutations. The number of shared muta-
tions (defined by length) varied across the three patients, be-
ing very short in patient 3 where the primary tumour was
most heterogeneous and the disease course very rapid.
Cellular regions from the primary tumour in patient 1
appeared homogeneous as seen by the short length of the
branches. The lymph node and distant metastasis for patient
2 showed many private mutations following disease spread.
The distant metastasis appeared to be seeded by at least two
clonally different cells since the distant metastasis region B
shared a greater number of mutations with the primary
tumour than the distant metastasis region A. Lastly, primary
tumour regions B and C in patient 3 clustered closely together
due to very few mutations in these regions. It appeared that
the lymph node metastasis and distant metastasis were
seeded by two individual clones both originating from the
related region A of the primary tumour and both having devel-
oped multiple private mutations. This finding contradicts the
observation of shared mutations between lymph node metas-
tasis and distant metastasis seen in Figure 2E; however, the
phylogenetic analysis represents a best fit approach to model
cancer evolution, and some shared mutations may have been
discarded.

3.4. Nucleotide changes and APOBEC related
mutagenesis

Next we assessed the context of the mutations called in the
three patients including both synonymous and non-
synonymous mutations. The distribution of the nucleotide
changes appeared different within the patients (Figure 2B
and 2C). The observed differences in nucleotide distribution
may be caused by different mutational mechanism such as
APOBEC. We next assessed the proportion of APOBEC related

Figure 2 — Mutational landscape in primary tumours and metastatic lesions. (A) Mean target coverage obtained in whole exome sequencing (note that data

for patient 1 is shown on log-scale). (B) Mutation count and the distribution within missense, silent, nonsense, or splicing (including tiers 0—2, categories
1—2 mutations). (C) Nucleotide change distribution (including tiers 0—2, categories 1—2 mutations). (D) Cancer cell percentage. (E) Heat map of whole
exome sequencing data in a dichotomized format (including tiers 0—1 mutations, called with a category score of 1 or 2 in atleast one of the samples). Yellow:

mutation present, white: less than 10 reads in the given position, blue range: mutation not present (presented with number of reads ranging from 11 to 1026

reads excluding the lower and upper 10% quartiles) with dark blue equalling high amount of total reads. Known oncogenes (red), tumour suppressor genes

(blue), and IntOGen driver genes (green) are annotated to the right of each heat map. Underlined genes are of high impact having either gained or lost a stop
or start site. To the left of the heat map, shared mutated genes are listed. Potentially therapeutic genes are marked with a T to the right of each heat map.

Samples are ordered in descending number of mutations within primary tumour, the lymph node metastasis, and the distant metastasis in each patient.

Lastly, if a mutation was called by Mutect with a category score of 1 or 2 in any of the samples within a patient, the remaining samples within the patient were

manually investigated for the presence of the mutation. Thus, the number of mutations depicted in E does not necessarily reflect the numbers of mutations
depicted in B. Reg.: Region, LN: Lymph node metastasis, Bulk: Exome on bulk DNA, Pool A—C: Pool of exomes, Dist. Met: Distant metastasis.
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Figure 3 — Mapping of patient specific tumour evolution by phylogenetic analysis. (A) Phylogenetic trees based on all mutations (tiers 0—2, categories

1-2). Relative branch lengths present the number of mutations in each branch. Oncogenes (red), tumour suppressor genes (blue) and IntOGen drivers

(green) are annotated. APOBEC mutational score (based on tiers 0—2 categories 1—2) is listed for each sample with NA for samples with too few

mutations. (B) Representative plots of tri-nucleotide contexts and associated APOBEC scores from primary tumour, lymph node metastasis and distant

metastasis (not applicable for patient 2). Bars are differentiated with the dark part of the bars including category 1 and 2 mutations and the light part of

the bars adding category 3 mutations to the analysis. APOBEC scores are given in black based on category 1 and 2 mutations and in grey adding category

3 mutations to the analysis. APOBEC scores are categorised as low, intermediate or high (see Supplementary Figure S5—S7 for full analysis). Reg.:
Region, LN Met: Lymph node metastasis, Bulk: Exome on bulk DNA, Pool A—C: Pool of exomes, Dist. Met: Distant metastasis.

mutagenesis (Supplementary Figure S5—S7). By analysing re-
gions from primary tumour, lymph node metastasis, and
distant metastasis we did not find APOBEC related mutagen-
esis to be related to tumour metastasis; rather we found the
signature to be a large contributor within the primary tumours
for patients 1 and 2 (Figure 3B and 3D, Supplementary
Figure S5 and S6). In patient 1 we found APOBEC-related muta-
genesis in all eight primary tumour regions and no APOBEC
contribution seen in the lymph node metastasis. Likewise,
we found a similar contribution across the three primary
tumour samples and a lower contribution in the lymph node
metastasis in patient 2. This may be observed as only the APO-
BEC related mutations in the few cells that seed the

metastasis are measured in the metastasis. In patient 3
(Figure 3F and Supplementary Figure S7) we found an equal
contribution of APOBEC related mutagenesis in the metasta-
ses compared to the primary tumour excluding regions B
and C from the primary tumour from the analysis.

3.5. Identification of therapeutic targets

We found the shared mutations to constitute up to 41% of
all mutations identified and we observed up to 34% of the
mutations to be tissue specific for the metastatic sites
(Supplementary Figure S8). To investigate potential thera-
peutic targets we looked up all mutated genes in drug
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databases (see Materials and Methods). Including FDA
approved drugs and drugs currently being tested in clinical
trials we identified six, six, and ten potential therapeutic
targets for the three patients, respectively (Figure 2E and
Supplementary Table S2). Only few of the therapeutic tar-
gets were found in the primary tumour, lymph node metas-
tases, and distant metastases simultaneously. The majority
of the drugs supposedly target genes that are only tissue
specifically mutated or only regionally mutated. No thera-
peutic targets were identified in the lymph node metastasis
in patient 1. Two shared therapeutic targets were found in
patient 2 (FH and NCOA1). No therapeutic targets were
found shared in patient 3, since no therapeutic targets
were identified in regions B and C of the primary tumour.
Two therapeutic targets (BTK and FGF13) were identified in
all other regions. Overall, the analysis revealed remarkably
few shared mutations that can be targeted and the analysis
further shows the important necessity for analysis of both
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primary tumours and metastatic lesions before selection
of targeted therapy.

3.6.  Model of clonal development and disease spread in
bladder cancer

In order to gain further insight into clonal development we
next focused on mutation allele frequencies. Overall we
observed low allele frequencies across all samples — including
the allele frequencies for shared mutations (Figure 4B). Corre-
lations between the individual samples within the primary
tumour were assessed for patient 1 where eight samples
were compared. In general we found high correlations be-
tween primary tumour regions (R scores >0.67) indicating
that all samples contained the same variants at similar fre-
quencies (Figure 4A). However, the vast majority of the vari-
ants were observed at low frequency. Accordingly very few
mutations were present in all tumour cells, and mutations
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Figure 4 — Distribution of allele frequencies across all samples. (A) Heat maps of allele frequencies ranging from 0 (white) to 1 (dark red)

(including tiers 0—1 mutations, called with a category score of 1 or 2 in at least one of the samples). We further excluded mutations where we did

not reach 30 total reads in the given position for all samples. Known tumour suppressor genes and IntOGen driver genes are annotated in blue and

green, respectively. No oncogenes were left after filtering. For patient 1, a correlation matrix of r scores is shown for the 8 primary tumour regions

for comparison of the individual samples. (B) Boxplots summarising the distribution of the allele frequencies for the given samples after exclusion

of mutations with less than 30 total reads. Samples are ordered in descending number of mutations within primary tumour, lymph node metastasis,
and distant metastasis in each patient. AF: Allele frequency. Reg.: Region, LN: Lymph node metastasis, Bulk: Exome on bulk DNA, Pool A—C:

Pool of exomes, Dist. Met: Distant metastasis.
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that appeared clonal were not clonal in all samples within the
primary tumours (e.g. TP53 mutation appeared clonal in four
out of eight sampled regions). We also observed mutations
of low frequency in the metastatic lesions in patient 1 and pa-
tient 2 pointing towards parallel seeding of the metastases by
different clones. Metastatic seeding by fewer clones may
explain the higher allele frequencies as observed for patient 3.

4. Discussion

We performed WES on multiple small cellular regions from
both primary tumour and metastatic lesions from three pa-
tients with metastatic bladder cancer. A strikingly large ge-
netic diversity between primary tumours and metastatic
lesions was observed together with a low spatial heterogene-
ity in primary tumours. In addition, low allele frequencies
were observed that may be caused by an intermix of multiple
cellular subclones. This may have important implications for
targeted therapy.

Studies of heterogeneity in renal clear cell carcinoma
revealed a requirement for multiple sampling (Gerlinger
et al, 2012, 2014). Whether larger ITH would be observed
including multiple biopsies from the primary tumours re-
quires further analysis as e.g. superficial and deep parts of
the tumours may be genetically different and show larger het-
erogeneity. Further, it cannot be excluded, that the mutations
identified in the metastatic lesions were present in other re-
gions of the primary tumour. Again, multiregional sequencing
studies compared to metastatic lesions will be required.

Drugs targeting commonly mutated genes are thought to
be most optimal to obtain clinically efficacious therapy. Most
targeted therapies as single agents or in combination with
chemotherapy tested in bladder cancer have to date proved
inefficacious (Jordan and Iyer, 2015). In this study, we found
very few therapeutic targets to be present in all samples in
all tissues in the three patients analysed (Figure 2E and
Supplementary Table S2). Focussing on drugs primarily target-
ing the metastatic lesions may prove to prolong survival, since
in 90% of the cases the metastatic lesions is the cause of death
(Gupta and Massague, 2006). However, the therapeutic targets
do not appear clonal in the samples which question the possi-
bility of complete eradication. Tumour subclone inter-
dependence has been proposed where eradicating one or
more clones causes complete tumour collapse (Marusyk
et al., 2014), and it may be advantageous to aim for such a
bystander effect when applying targeted therapy. Whether,
the drug—gene interactions are valid for the given variant of
the gene observed in the patients would require further inves-
tigation regarding specific mutation type and drug efficiency,
and is beyond the scope of this retrospective analysis.

Recently, Sottoriva et al. (2015) hypothesized that tumour
development may include early intermixing of subclones.
The data from patients 1 and 2 could be described by this
model where intermixes of genetically different cells results
in measurements of low frequency mutations across all
cellular regions. Similar intermixes were recently published
in breast cancers for larger tumours (Yates et al., 2015). The
low frequencies could also be explained by non-Darwinian

evolution of the tumours as recently described in a patient
with hepatocellular carcinoma (Ling et al., 2015).

The APOBEC mutational signature has recently been stud-
ied intensively (Burns et al.,, 2013). An increase in APOBEC
related mutations has been observed over time in lung cancer
(de Bruin et al., 2014) and APOBEC mutations may be respon-
sible for driving tumour progression (Swanton et al., 2015).
Here we found a substantial contribution of APOBEC related
mutagenesis in three patients with metastatic disease; how-
ever, whether APOBEC related mutagenesis drives metastatic
development cannot be determined from this study. A low
APOBEC score for the metastatic lesion may reflect a purifying
selection from many subclones in the primary tumour with
widespread APOBEC related mutagenesis to one/few clones
in the metastatic lesion where APOBEC related mutations
will appear clonal and thus less frequent. A rise in APOBEC
score in the metastatic lesions may reflect continued tumour
heterogeneity and acquisition of de novo mutations in an
APOBEC context after dissemination. To fully establish the
role of APOBEC related mutagenesis during metastasis anal-
ysis of multiple patients is required.

We only assessed the heterogeneity within single biopsies
and thus local heterogeneity for three patients in total. It is
possible, that the lymph node metastasis in patient 1 was
seeded from a different part of the tumour and the shared mu-
tations identified reflect the field disease/cancerization associ-
ated with bladder cancer (Hoglund, 2007; Nordentoft et al.,
2014). This emphasizes the importance of analysing both pri-
mary tumours and metastatic lesions in order not to miss po-
tential actionable targets of the metastatic lesion. Since
bladder cancer has the highest mutation rate only preceded
by melanomas and lung cancer (TCGA, 2014) we expected to
observe a high level of heterogeneity. We however observed
low regional heterogeneity within the primary tumours.
Whether, larger differences as well as regional clonal sweeps
would be observed if more distant areas are compared or if
early stage tumours show lower heterogeneity is presently
not known and requires further multiregional sequencing
studies. Also, since patient 3 was multi-focal, we cannot rule
out parallel seeding of the metastases from multiple tumours,
however, due to the high number of shared mutations between
region A of the investigated primary tumour and the metasta-
tic lesions, we find it likely, that this tumour seeded the metas-
tases. Furthermore, we only focused on the distribution of
known disease driver mutations (Vogelstein et al., 2013) and
IntOGen driver mutations identified in bladder cancer (Rubio-
Perez et al., 2015). The IntOGen database also includes 459 po-
tential pan-cancer driver genes not investigated in this study.
These and others may also be involved in the malignant pro-
cess. Finally, this study includes only three patients and
more patients with metastatic bladder cancer should be inves-
tigated to fully establish the ITH in this group of patients.

4.1. Conclusions

We identified known cancer disease driver genes to be both
shared and regionally mutated and many disease driver muta-
tions to be acquired during the metastatic process. Our data
demonstrates that sequencing of both primary tumour and
metastases may be needed to identify mutated genes and
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potential therapeutic targets. Targeted therapy could be
offered in combination with chemotherapy, or as 2nd line
therapy following chemotherapy failure.
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