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ABSTRACT
Evolution of the breast cancer genome from pre-invasive stages to asynchronous 

metastasis is complex and mostly unexplored, but highly demanded as it may provide 
novel markers for and mechanistic insights in cancer progression. The increasing use 
of personalized therapy of breast cancer necessitates knowledge of the degree of 
genomic concordance between different steps of malignant progression as primary 
tumors often are used as surrogates of systemic disease. Based on exome sequencing 
we performed copy number profiling and point mutation detection on successive steps 
of breast cancer progression from one breast cancer patient, including two different 
regions of Ductal Carcinoma In Situ (DCIS), primary tumor and an asynchronous 
metastasis. We identify a remarkable landscape of somatic mutations, retained 
throughout breast cancer progression and with new mutational events emerging 
at each step. Our data, contrary to the proposed model of early dissemination of 
metastatic cells and parallel progression of primary tumors and metastases, provide 
evidence of linear progression of breast cancer with relatively late dissemination 
from the primary tumor. The genomic discordance between the different stages of 
tumor evolution in this patient emphasizes the importance of molecular profiling of 
metastatic tissue directing molecularly targeted therapy at recurrence.

INTRODUCTION

Breast cancer progression results from stochastic 
events leading to the acquisition of genomic alterations 
resulting in reduced apoptosis, replicative immortality, 
evasion of growth suppressors, uncontrolled proliferation, 
reprogrammed energy metabolism, evasion of immune 
destruction, angiogenesis, invasion and metastasis [1]. 

Approximately 500 genes are known to be involved in 
carcinogenesis [2], but relatively little is known about the 
genes driving metastatic progression. Metastases represent 
the final products of a multi-step biological process as the 
metastatic cascade involves many critical steps, which are 
still poorly understood. Different genes are believed to be 
involved at different stages, as the metastatic process poses 
very diverse challenges to the cell, including detachment, 
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motility, invasion, survival in circulation, extravasation, 
adaptation to a new environment and organ-specific 
colonization [3]. Cancer progression may be regarded as 
a process of natural selection, where genomic alterations 
conferring a selective advantage for the cell in a given 
environment and time point of the progression process as 
well as selection pressures provided by treatment results in 
the formation of the most aggressive clones.

Monoclonal origin of cancer, as proposed by Nowell 
in 1976 [4] is widely accepted. However, controversy 
exists between two fundamental models of malignant 
progression, addressing the issue of the timing of 
metastasis-enabling genomic alterations and the degree 
of genomic concordance between primary tumors and its 
metastases. According to the linear progression model, 
the malignant cells pass through multiple successive 
rounds of genetic changes and selection within the 
primary tumor microenvironment, before tumor cell 
dissemination successfully results in a metastatic lesion. 
From this perspective, metastases are seeded by the most 
advanced and aggressive clone that should also dominate 
the primary tumor [5]. The parallel progression model 
proposes parallel, independent progression of metastases 
arising from early disseminated tumor cells and predicts 
greater disparity between the primary tumor and metastatic 
lesions. The model emphasizes independent accumulation 
of genetic and epigenetic alterations as the metastasis is 
subject to site-specific selection pressures [6].

Somatic copy number alterations and point 
mutations contribute to malignant progression, by 
altering the expression or functions of cancer driver 
genes. DNA breakpoints are non-randomly distributed 
and breakpoint hotspots are influenced by chromatin 
architecture [7], replication timing [8], specific repeat 
sequences, G-quadruplex sequences and hypomethylation 
[9]. Distinct patterns have been found for common 
cancer breakpoint hotspots and cancer-type-specific 
breakpoint hotspots [10]. Somatic copy number events can 
accumulate progressively or result from punctuated bursts 
of evolution in catastrophic events like chromothripsis 
[11]. Oncogene amplification can take place either in 
double minute chromosomes or intrachromosomally 
through breakage-fusion-bridge cycles [12].

We set out to illuminate some of the unresolved 
issues of breast cancer progression. It is unknown when 
actually the metastasis founder cell leaves the primary 
tumor and how similar early and late stages of breast 
cancer progression are at the genetic level. Another 
unresolved aspect is the degree of clonal diversity within 
cancer tissue. Furthermore, it has been discussed whether 
genetic aberrations accumulate gradually over time or 
result from catastrophic events. A very limited number of 
studies have included breast cancer samples separated by 
both space and time, which is needed in order to address 
such questions.

Using exome sequencing and validation using 
targeted deep sequencing we conducted genome-wide 
copy number profiling and point mutation detection on 
successive steps of breast cancer progression from one 
patient, who had received neo-adjuvant and subsequently 
adjuvant treatment, including two regions of pre-invasive 
tissue, primary tumor and an asynchronous metastasis. 
We report limited clonal heterogeneity, possibly involving 
catastrophic events and substantial genomic discordance 
between early tumor stages and the asynchronous 
metastasis with data in favor of a linear progression model.

RESULTS

Somatic events are retained throughout breast 
cancer progression

To investigate the genome evolution through breast 
cancer progression, successive tumor samples from an 
estrogen receptor positive, HER2-negative breast cancer 
patient undergoing mastectomy and an asynchronous 
metastasis were collected and thoroughly analyzed using 
next generation sequencing. The patient had initially been 
treated with five series of neo-adjuvant Cyclophosphamide, 
Epirubicin and Fluorouracil (CEF). From the mastectomy 
specimen two topologically separated regions of Ductal 
Carcinoma in Situ (DCIS) and a primary tumor region were 
secured. In addition to the neo-adjuvant chemotherapy, 
all tumor samples included in the study had been subject 
to endocrine treatment with Tamoxifen or Anastrozole. 
Following mastectomy, the patient received four series of 
Taxotere/Gemcitabine and radiation therapy. In spite of the 
extensive therapy and ongoing endocrine treatment, the 
patient experienced recurrence after 4.05 years and from 
a contralateral periclavicular lymph node an asynchronous 
metastasis was biopsied and included in the study. Exome 
sequencing was performed on DNA from each tumor 
sample and somatic copy number mutations were detected 
by two supplementing analyses. The pseudo-CGH ngCGH, 
using simple coverage counting on tumor sequencing reads 
relative to normal reads, plottet in Log2 ratios, reveal copy 
number imbalances between tumor tissue and matched 
normal tissue. These genomic quantity measurements of 
tumor sequencing data relative to normal, were supported 
by a plot of B Allele Frequencies (BAFs) measuring the 
allelic imbalance in the tumor tissue. These BAFs are 
not displaying the usual variant allele frequency, as they 
include only positions with known heterozygote SNPs of 
the patient. Hence, these BAFs support copy number events 
by providing information about the fraction of sequenced 
cells in the cancer sample to be affected by a somatic copy 
number event, and enable detection of subclonality within 
the cancer cell population. For a detailed description of the 
ngCGH technique and the accompanying BAFs, see the 
methods section.
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Genome-wide displays of Log2 ratios and 
corresponding BAFs from each step of malignant 
progression are displayed in Figure 1. Our results reveal 
overall striking similarities in copy number patterns 
between different steps of cancer evolution in the studied 
patient. In Table 1 all copy number events and the 
concordance of the aberrations between the samples are 
listed. All steps of malignant progression display Loss of 
Heterozygosity (LOH) of the entire chromosome 2, which 
is also seen in the BAF plot, confirming that all of the 
malignant cells have lost one of the alleles. Similarly, 
copy number losses on 4p, 6q, 8p, 9q, 11q, 13p-q, 14q, 
16p, 16q, 17p, 17q, 19q and 21q are supported by the 
BAFs and are present in all samples. Overview of copy 
number aberrations in all the samples are provided in 
Supplementary Figures 1–4. Chromosome 8, 11 and 16 
are subjects to widespread amplifications, but whereas the 
events on chromosome 11 and 16 are a common trait of 
this cancer genome, chromosome 8q undergoes additional 
amplification during breast cancer progression. All 
samples display high copy number gain at 8q21.3–24.3, 
containing the known oncogenic driver MYC (8q24.21), 
but additional events arise in the later stages, and thus 
chromosome 8 appears repeatedly in Table 1. In total, 36 
copy number events were identified in DCIS 1, comprising 
25 loss events and 11 gain events, as seen in Table 1. 
The exact localization of breakpoints found in DCIS 1 
are retained in all later stages of tumor progression, 
confirming common ancestry of the malignant cells of 
progression.

The copy number evolution of the studied cancer 
genome is displayed in Figure 2. A total of 99.14 Mb, 
148.29 Mb, 213.08 Mb and 239.55 Mb were copy gained 
and 786.27 Mb, 876.05 Mb, 1014.93 Mb and 1902.27 Mb 
were copy lost in DCIS 1, DCIS 2, primary tumor and 
asynchronous metastasis, respectively (Supplementary 
Table 2). As all aberrations are retained in later steps, 
100% of the copy number events found in DCIS 1, 
DCIS 2 and primary tumor are found in the asynchronous 
metastasis. Of the 2141.82 Mb copy number events found 
in the asynchronous metastasis only 41.33% are present 
in DCIS 1. Of the 1228.01 Mb copy number events 
found in the primary tumor 72.10% are present in DCIS 1. 
Of the 1024.34 Mb copy number events found in DCIS 2 
86.43% are present in DCIS 1. These concordance levels 
thus argue for a linear evolution of the analyzed cancer 
genome.

Somatic variant calling on the exome sequencing 
data provided 73 nonsynonymous, stopgain, splice and 
frameshift mutations, shown in Supplementary Table 3. 
To validate the mutations, targeted deep sequencing of 
the positions was performed. Sixtyfive point mutations 
could be validated. Validated point mutations combined 
with copy number events are displayed in Figure 3. 
Nucleotide changes, amino acid changes and functional 

prediction scores are displayed in Supplementary Table 4. 
A venn diagram of the mutational concordance between 
the samples is shown in Figure 4. Of the 65 validated point 
mutations detected, no mutations were private to DCIS 1 
or the primary tumor while one mutation is exclusive to 
DCIS 2. Twenty-three mutations were shared by all steps 
of malignant progression and 17 were exclusively found 
in the metastasis.

Subclonality within DCIS and evolution of 
somatic events

The DCIS 2 sample displays three copy number loss 
events and five copy number gain events not found in the 
other pre-invasive sample. All newly acquired aberrations 
remain throughout later stages of progression, again 
confirming the common ancestry between the later stages and 
this malignant clone. Copy number losses on chromosome 
9p and 20p are subclonal events, supported by subclonal 
BAFs, illustrating that only a fraction of the malignant cells 
are affected by the loss event. For copy number gain events 
it is not possible to detect whether events are subclonal or 
complete events, as a region can be massively amplified 
within a subclone of cells or moderately gained in all 
malignant cells. The three copy number gain events on 
chromosome 19q and Xq may be subclonal events, which 
is suggested by BAFs not splitting out to the same extend as 
seen in the primary tumor and the metastasis.

Subclonality within the primary tumor and 
subclonal origin of the metastatic cell

The primary tumor displays six additional copy number 
loss events and nine copy number gain events, solely shared 
between the primary tumor and the asynchronous metastasis, 
but not present in the pre-invasive tissue, suggesting that these 
events might contribute to invasiveness. Copy number losses 
on chromosome 19p and 20p are subclonal events in the 
primary tumor but a “pure” phenomenon in the asynchronous 
metastasis. Thus, a subclonal cell of the primary tumor was 
the one to succeed in forming the metastasis. The subclonal 
origin of the metastasis founder cell is further supported 
by point mutation data. The mutation frequencies in the 
PITPNM2, KCNQ2, MYLK, LRRC52 and TMTC1 genes are 
subclonal with BAFs in the primary tumor around 10–15% 
as seen in Figure 3 and are “purified” to comprise a complete 
heterozygote mutation frequency with BAFs around 40–48% 
in the metastasis.

Excessive increase in somatic events and 
subclonality within the asynchronous metastasis

The asynchronous metastasis retains all previous 
aberrations and displays 18 copy number loss and 18 
copy number gain events exclusive to the metastasis, 
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Figure 1: Genome wide displays of copy number mutation data. Log2 ratios and corresponding B Allele Frequencies (BAFs) 
are in upper and lower panels, respectively of each tumor sample. The Log2 ratios constitute a genomic quantity measurement of the tumor 
sample relative to the normal. The BAF plots are based on known heterozygote SNP positions of the patient, thus depicting the allelic 
imbalances of the tumor sample.
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Table 1: Copy number events within four steps of malignant progression. The x informs whether the 
event is present within each tumor sample. LOH: loss of heterozygosity. HL: homozygote loss. OCL: 
one copy loss. CG: Copy gain. HCG: high copy gain. VHCG: very high copy gain. EHCG: extremely 
high copy gain. *denotes that for copy gain events it is not possible to discriminate between copy gain 
within all the malignant cells or higher amplification within a subclone of cells

Chr Start 
(Mb)

End 
(Mb)

Length 
(Mb)

Cytobands Type # 
genes

DCIS 
1

DCIS 2 
complete

DCIS 2 
subclone

Primary 
tumor 

complete

Primary 
tumor 

subclone

Metastasis 
complete

Metastasis 
subclone

2 0 243.19 243.19 p25.3–q37.3 LOH 1545 x x x x x x x

4 0 49.53 49.53 p16.3–p11 LOH 346 x x x x x x x

6 68.64 160.13 91.48 q12–q25.3 LOH 439 x x x x x x x

8 0 37.68 37.68 p23.3–p11.23 LOH 306 x x x x x x x

8 7.04 8.06 1.02 p23.1 HL 46 x x x x x x x

8 11.88 12.42 0.54 p23.1 HL 18 x x x x x x x

8 39.44 41.05 1.61 p11.22–11.21 LOH 6 x x x x x x x

9 68.18 130.82 62.64 q13–q34.11 LOH 470 x x x x x x x

11 62.41 68.28 5.86 q12.3–q13.2 LOH 240 x x x x x x x

11 71.11 75.90 4.79 q13.4–q13.5 LOH 79 x x x x x x x

11 85.72 87.59 1.87 q14.2 LOH 11 x x x x x x x

11 100.81 135.00 34.19 q22.1–q25 LOH 322 x x x x x x x

13 16.48 115.16 98.68 p11.1–q34 LOH 518 x x x x x x x

14 43.95 80.13 36.17 q21.2–q31.1 LOH 287 x x x x x x x

14 84.27 106.74 22.47 q31.2–q32.33 LOH 285 x x x x x x x

16 0.08 1.4 1.31 p13.3 LOH 65 x x x x x x x

16 3.04 4.48 1.44 p13.3 LOH 46 x x x x x x x

16 24.56 27.43 2.87 p12.1 LOH 16 x x x x x x x

16 32.60 33.37 0.77 p11.2 LOH 11 x x x x x x x

16 33.55 34.46 0.90 p11.2 LOH 3 x x x x x x x

16 45.61 90.35 44.74 q11.2–q24.3 LOH 446 x x x x x x x

17 0 22.59 22.59 p13.3–p11.1 LOH 414 x x x x x x x

17 25.29 41.45 16.16 q11.1–q21.31 LOH 400 x x x x x x x

19 57.79 59.12 1.33 q13.43 LOH 66 x x x x x x x

21 45.68 48.12 2.44 q22.3 LOH 63 x x x x x x x

8 112.88 146.36 33.47 q23.3–q24.3 OCL 235 x x x x x

9 0 44.41 44.41 p24.3–p11.2 LOH 283 x x x x x

20 0 11.90 11.90 p13–p12.2 LOH 136 x x x x x

1 26.08 107.60 81.51 p36.11–p13.3 LOH 717 x x x x

20 31.89 32.83 0.93 q11.21–11.22 LOH 15 x x x x

22 16.39 42.11 25.72 q11.1–q13.2 LOH 433 x x x x

22 42.45 42.77 0.31 q13.2 LOH 9 x x x x

19 0.03 20.88 20.85 p13.3–p12 LOH 648 x x x

20 11.93 21.5 9.56 p12.2–p11.22 LOH 55 x x x

10 65.05 135.53 70.47 q21.3–q26.3 LOH 608 x x

(Continued )
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Chr Start 
(Mb)

End 
(Mb)

Length 
(Mb)

Cytobands Type # 
genes

DCIS 
1

DCIS 2 
complete

DCIS 2 
subclone

Primary 
tumor 

complete

Primary 
tumor 

subclone

Metastasis 
complete

Metastasis 
subclone

3 0 76.53 76.53 p26.3–p12.3 LOH 592 x

4 50.40 191.15 140.75 q11–q35.2 LOH 664 x

5 0 77.46 77.46 p15.33–q14.1 LOH 395 x

7 0 159.13 159.13 p22.3–q36.3 HL 1190 x

8 52.54 53.33 0.78 q11.22–11.23 LOH 3 x

8 55.37 67.35 11.98 q11.23–q13.1 LOH 59 x

8 68.34 86.56 18.22 q13.2–q21.2 LOH 76 x

9 130.73 141.21 10.48 q34.11–q34.3 LOH 252 x

10 0 65.05 65.05 p15.3–q21.3 LOH 387 x

14 18.80 42.09 23.28 q11.2–q21.1 LOH 227 x

15 19.96 42.13 22.16 q11.1–q15.1 HL 323 x

15 42.16 102.53 60.36 q15.1–q26.3 LOH 590 x

21 9.74 45.93 36.19 p11.2–q22.3 LOH 270 x

X 0 42.79 42.79 p22.33–p11.3 LOH 209 x

X 55.11 60.60 5.48 p11.21–q11.1 LOH 20 x

X 61.69 102.34 40.65 q11.1–q22.1 LOH 198 x

X 106.50 132.09 25.58 q22.3–q26.2 LOH 230 x

Copy number gain events

8 87.65 146.36 58.71 q21.3–q24.3 HCG 359 x x x x x x x

11 68.28 71.11 2.82 q13.2–q13.4 EHCG 26 x x x x x x x

11 75.90 85.33 9.43 q13.5–q14.1 VHCG 44 x x x x x x x

11 88.30 89.46 1.16 q14.3 CG 5 x x x x x x x

11 89.53 94.56 5.02 q14.3–q21 VHCG 46 x x x x x x x

16 1.40 2.79 1.39 p13.3 CG 80 x x x x x x x

16 15.50 18.43 2.93 p13.11–p12.3 CG 29 x x x x x x x

16 18.81 20.38 1.57 p12.3 CG 18 x x x x x x x

16 20.80 24.56 3.76 p12.3–p12.1 VHCG 50 x x x x x x x

16 27.67 31.99 4.32 p12.1–p11.2 VHCG 154 x x x x x x x

18 55.39 63.42 8.03 q21.31–q22.1 VHCG 42 x x x x x x x

17 41.44 43.34 1.89 q21.31 CG 58 x* x* x x x x

17 44.23 81.19 36.96 q21.31–q25.3 CG 542 x* x* x x x x

19 53.65 56.85 3.20 q13.42–q13.43 CG 181 x* x* x x x x

X 142.23 144.43 2.10 q27.3–q28 CG 5 x* x* x x x x

X 146.55 151.56 5.00 q27.3–q28 CG 45 x* x* x x x x

1 187.21 192.62 5.41 q31.1–q31.2 HCG 6 x* x* x x

1 192.62 197.10 4.47 q31.2–q31.3 CG 18 x* x* x x

1 197.10 215.74 18.64 q31.3–q41 HCG 202 x* x* x x

1 215.74 218.50 2.75 q41 CG 7 x* x* x x

20 21.37 26.06 4.98 p11.22–p11.1 CG 47 x* x* x x

(Continued )
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amounting to a total of 52 loss events and 43 gain events, 
as shown in Table 1. Copy number events exclusively 
found in the metastasis might contain oncogenic 
driver genes of the metastatic process, e.g. the extreme 
amplification of chromosome 8q22.2–23.2, a small region 
containing 53 genes. Copy number discordant genes 
between the primary tumor and the metastasis are listet in 
Supplementary Tables 5 and 6.

Two major homogenous subclones coexist in the 
asynchronous metastasis, seen in the ngCHG data as 
two distinct levels of loss in the Log2 ratio panel and the 
fraction of cells involved in the loss event is supported 
by the BAFs, as seen in Figure 5. A Level 1 loss is 
subclonal, thus involves only a fraction of the malignant 
cells, while a Level 2 loss is complete as it originates 
from all of the malignant cells. One subclone retains all 

Chr Start 
(Mb)

End 
(Mb)

Length 
(Mb)

Cytobands Type # 
genes

DCIS 
1

DCIS 2 
complete

DCIS 2 
subclone

Primary 
tumor 

complete

Primary 
tumor 

subclone

Metastasis 
complete

Metastasis 
subclone

20 33.71 52.66 18.95 q11.22–q13.2 CG 222 x* x* x x

22 46.66 50.65 3.98 q13.31–q13.33 HCG 29 x* x* x x

X 144.43 146.55 2.12 q27.3 CG 30 x* x* x x

X 151.56 155.05 3.49 q28 CG 133 x* x* x x

1 218.50 219.37 0.86 q41 HCG 5 x* x*

6 150.76 152.61 1.84 q25.1–q25.2 VHCG 9 x* x*

8 49.26 51.67 2.40 q11.21 VHCG 6 x* x*

8 51.67 52.54 0.86 q11.21–q11.22 CG 2 x* x*

8 53.34 55.37 2.03 q11.23 VHCG 10 x* x*

8 67.35 68.34 0.98 q13.1–q13.2 VHCG 17 x* x*

8 100.58 111.46 10.87 q22.2–q23.2 EHCG 53 x* x*

12 57.92 58.32 0.39 q13.3–q14.1 CG 22 x* x*

17 46.04 46.57 0.52 q21.32 VHCG 8 x* x*

17 47.36 81.08 33.71 q21.32–q25.3 VHCG 469 x* x*

19 53.65 56.85 3.20 q13.42–q13.43 VHCG 181 x* x*

20 29.89 31.89 1.99 q11.21 CG 47 x* x*

22 46.66 50.65 3.98 q13.31–q13.33 VHCG 29 x* x*

X 43.26 45.24 1.97 p11.3 CG 8 x* x*

X 45.59 51.07 5.48 p11.3–p11.22 CG 157 x* x*

X 51.64 54.31 2.67 p11.22 CG 67 x* x*

X 142.32 144.43 2.11 q27.3 HCG 5 x* x*

X 146.55 151.56 5.00 q27.3–q28 VHCG 45 x* x*

Figure 2: Copy number evolution of the studied cancer genome. All aberrations from the previous steps in tumor progression 
are retained in the later stages.
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Figure 3: Validated point mutations specified with B Allele Frequencies combined with copy number events within 
each step of malignant progression. NS: Nonsynonymous SNV. FS: Frameshift. S: Splicing. SG: Stopgain SNV.
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of the copy number aberrations from previous steps as 
well as an additional Level 2 loss on chromosome 10q, 
which likely constitutes an early event in the metastasis 
clone, as it is present in all of the metastatic cells. Another 
subclone contains all the aforementioned aberrations and 
17 additional Level 1 losses. The existence of two distinct 
metastatic subclones are supported by the BAFs, as 
complete and subclonal losses are accompanied by BAFs 
splitting out completely towards 0 and 1 and intermediate 
BAFs, respectively. Chromosome 7 and chromosome 
15q11.1–15.1 deviates from this rule as they display 
Level 2 losses accompanied by BAFs around 0.5. This 
phenomenon may be explained by a homozygote loss in 
one of the subclones of the metastasis, while the other 
subclone has retained the two alleles. The BAFs of 0.5 
represents the allele distribution of the subclone retaining 
the two alleles. The homozygote loss of chromosome 7 
and chromosome 15q11.1–15.1 reaches almost the same 
Log2 ratio loss level (Level 2) as the heterozygote loss 
levels of the entire distant metastasis, implying that the 
two subclones are approximately the same population size.

Point mutations reveal potential drivers affected 
by both LOH and nonsynonymous mutation

Three of the exact point mutations, in the TP53, 
NPAS2 and MYLK gene, are annotated to be previously 
found in cancer studies according to the Catalogue Of 
Somatic Mutations In Cancer (COSMIC) database 
(http://www.sanger.ac.uk). Only TP53, with its well-
known role in numerous cancers and PER1, which is 
found to be involved in translocations in leukaemias, are 
included in the cancer gene census list [13] (http://cancer.
sanger.ac.uk/cancergenome/projects/census). A thorough 
litera ture search was performed on the 65 genes affected 
by point mutations. Six genes including TP53, LOXL3, 
ARID1B, PAPPA, CYP3A43 and FAT4 were obviously 
relevant in the context of cancer. Not surprisingly, the 
tumor suppressor gene TP53 (17p13.1) is affected 
by both LOH and a point mutation, that is predicted 
damaging by SIFT, Polyphen2 and MutationTaster, in all 
stages of progression. Most noticeable are the frameshift 
deletion in LOXL3 which is also hit by both LOH in all 

Figure 4: Venn diagram showing the mutational concordance of validated somatic mutations between the steps in 
malignant progression based on targeted deep sequencing.
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samples, and the nonsynonymous mutations in ARID1B 
(6q25.3) and PAPPA (9q33.1), which are affected by 
LOH in all tumor stages but exclusively hit by point 
mutations in the asynchronous metastasis, suggesting that 
these genes might be involved in metastatic progression. 
The mutations are predicted to be deleterious by all three 
functional prediction scores and reduced expression 
of the LOXL3 gene and PAPPA gene are found to 
be significantly associated with shorter recurrence 
free survival (RFS) with p-value 3.4e-7 and p-value 
1.5e-7, respectively, according to the gene expression 
data provided by KM Plotter [14] (Kaplan Meier plots for 
the two genes are shown in Supplementary Figures 5–6). 
The CYP3A43 gene (7q22.1) is affected by a point 
mutation in all tumor steps and in addition LOH in the 
asynchronous metastasis. The nonsynonymous mutation 
is predicted to be highly deleterious and gene expression 
data show a highly significant relationship between 
low expression of the gene and reduced RFS ( p-value 
1.5e-9) (Kaplan Meier plot is shown in Supplementary 
Figure 7). The FAT4 gene is affected by both LOH 
and a nonsynonymous mutation predicted deleterious 
exclusively in the metastasis and low expression 
of the gene is significantly associated with reduced 
RFS ( p-value 4.7e-5) (Kaplan Meier plot is shown in 
Supplementary Figure 8).

Subclonal copy number events and deep 
sequencing frequencies of point mutations reveal 
clonal evolution and suggest the occurrence of 
catastrophic events

Density plots of mutation frequencies of validated 
somatic nonsynonymous point mutations, not affected by 
copy number events, are displayed in Supplementary Figures 
9–12. Homogeneity of mutation frequencies within DCIS 1 
is seen, supporting that DCIS 1 is monoclonal. Density plots 
of DCIS 2 and primary tumor illustrate subclonality with 
two major peaks, again supporting copy number data. The 
subclonality within the asynchronous metastasis is mostly 
characterized by the subclonal copy number loss events, 
but also supported by a few point mutations not affected by 
concurrent copy number aberrations.

Figure 6 displays the clonal evolution of the studied 
cancer genome in a plot of genetic events in molecular 
time. A driver event provides a selective advantage for a 
cell creating a subclone with new, additional mutations, 
while retaining the old as imprints in the genome, which 
is in accordance with a model of linear progression. The 
purification of subclonally occuring somatic aberrations 
in the primary tumor to complete events of the metastasis 
provides evidence of a single cell to be ancestor of the 
metastatic lesion.

Figure 5: Genome-wide display of copy number events of the asynchronous metastasis. The top panel displays Log2 ratios 
and the panel below displays BAFs of known SNPs heterozygote in the germline. Two prominent subclones within the asynchronous 
metastasis are revealed by two distinct levels of loss in the Log2 ratio plot, supported by the BAFs, displaying the fraction of cells 
participating in the event. Level 1 losses, originating from only a subclone of malignant cells, are accompanied by BAFs splitting out at an 
intermediate level. Level 2 losses, shared by all the malignant cells of the metastasis, are accompanied by BAFs splitting out to the level 
corresponding to a complete heterozygote loss.
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DISCUSSION

We set out to illuminate three aspects of breast 
cancer progression, the first being the controversy between 
the two fundamental models of metastatic progression. 
According to the parallel progression model, the metastasis 
founder cell disseminates early from the primary tumor, 
resulting in independent accumulation of genetic events in 
the metastasis. Concordantly, due to the inherent genomic 
instability of malignant cells one must also expect further 
genomic development in the primary tumor from the time 
point of dissemination of the metastatic cell to the time 
point of mastectomy. Hence, in order to provide evidence 
for the parallel progression model, one would expect 
to see genetic events exclusive to the primary tumor. 
However, this is not the case in our study. At its simplest, 
the model of linear progression does not take further 
genetic evolution of the disseminated cells into account. 
We find considerable additional genetic evolution in the 
metastatic lesion. We report a model of linear progression 
with relatively late dissemination from the primary tumor 
and additive accumulation of somatic events, also in the 
late stage of progression leading to genomic discordance 
between primary tumor and metastasis.

Next, our data are also informative for the 
phenomenon of clonal diversity within a cancer cell 
population. A stepwise accumulation of aberrations 
in several equally competitive lineages would result 

in a clonally diverse tumor with branching evolution 
of multiple independent and prominent subclones. A 
completely monoclonal tumor results if one lineage 
completely outgrows the others and no additional genetic 
aberrations conferring a selective advantage in the 
population are acquired. An intermediate scenario arises if 
the bulk of the tumor contains a certain set of aberrations 
and a subclone with additional aberrations, mediating a 
selective advantage to the progeny, arises relatively late 
in molecular time allowing the two subpopulations to 
coexist. Our study reveals the latter model of cancer cell 
evolution.

The third aspect is the degree of homogeneity within 
a cancer cell subclone, which addresses the question of 
stepwise versus catastrophic acquisition of novel events. 
A stepwise acquisition of somatic events within a lineage 
would most likely entail a number of consecutive subclones 
with varying fractions of malignant cells harboring the 
different aberrations, provided that none of the novel 
aberrations confer a significant selective advantage 
allowing it to outperform all other consecutive subclones. 
If a catastrophic event mediated the selective sweep 
by creating many aberrations at the same time or in a 
series of highly compressed events in molecular time, all 
the cells within the subclone will carry the aberrations. 
Thus, a density plot with mutational frequencies 
comprised of two peaks can suggest the appearance of a 
catastrophic event. The existence of two distinct levels of 

Figure 6: The evolution of clonal populations within the different steps of malignant progression of the studied cancer 
genome. The three vertical lines to the left represent analysis of the three topologically separated tissue samples and the vertical line to the 
right represent analysis of the metastasis, which is separated from the other malignant steps by both space and time. The increase in color 
intensity reflects the acquisition of additional somatic events.
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copy number loss, supported by the allelic fractions in the 
BAFs, are found in the metastasis revealing that an array 
of loss events private to the metastasis originates from the 
same fraction of cells. Hence, copy number data suggests 
evidence of a catastrophic event resulting in 17 additional 
loss events in a subpopulation of metastatic cells. Whether 
a catastrophic driver event comprise a single catastrophic 
event like chromothripsis or result from several, highly 
compressed events in molecular time, providing significant 
selective advantage to the progeny and thus resulting in 
a homogenous subclone, cannot be concluded from this 
study.

Naturally, the resolution of the ngCGH assay does 
not allow identification of very small subclones. Due to 
the inherent instability of cancer genomes, molecular 
heterogeneity constantly arises in a cancer cell population; 
the key factor is whether the new aberrations confer a 
selective advantage to the progeny. The frequency of a few 
point mutations drops during progression, suggesting that 
they are present in the less competitively advantageous 
clone and some mutations most likely are lost in the 
metastasis due to copy number loss events.

Molecular heterogeneity already within DCIS 
supports the idea of clonal selection toward invasive 
disease, where some malignant cells, in accordance with 
Darwinian evolution, in addition to the founder genetic 
aberrations, acquire aberrations enabling them to fulfill the 
requirements of invasion. This also applies for the later 
stages of malignant progression. Biological phenomena 
such as invasiveness, drug resistance and the ability to 
metastasize constitute evolutionary bottlenecks for the 
malignant cells, forcing them to acquire new abilities. 
Our study reveals evolution of copy number events 
and point mutations during breast cancer progression, a 
phenomenon influenced by several factors including time, 
increased genomic instability and selection pressures 
provided by treatment and endogenous immunological 
and microenvironmental factors. Clonal heterogeneity 
has been linked to poor clinical outcome in chronic 
lymphocytic leukemia [15] and in breast cancer [16]. In 
our patient only one subclone was found, which gave rise 
to the metastasis.

This proof of principle study, limited to only one 
patient, calls for extensions on a larger patient material. 
Breast cancer is known to display both inter-tumoral and 
intra-tumoral heterogeneity [17] and thus, the findings of 
this study are not comprehensively covering evolution of 
any breast cancer genome.

The studied patient had undergone neo-adjuvant 
chemotherapy, thus, all tumor samples of this study have 
survived the selection pressures provided by treatment. A 
tissue specimen prior to the neo-adjuvant chemotherapy 
and endocrine therapy might have contained non-resistant 
tumor clones and the cancer genome of our study likely 
represents a highly malignant and therapy-resistant cancer 

as the disease progresses in spite of extensive treatment. 
Furthermore, one could imagine different genome 
evolution if additional distant metastases were analyzed 
from the patient. Significant discordance in estrogen 
receptor and progesterone receptor status have been 
reported between different distant breast cancer metastases 
within the same patient [18].

Patient tailored medicine stresses the therapeutic 
relevance of uncovering the genomic concordance 
between a primary breast cancer and its metastases as 
primary tumors in clinical practice are used as surrogates 
for systemic disease. This highlights the need for studies 
elucidating genetic changes during progression of the 
disease. Relatively few studies have reported genomic 
copy number evolution during breast cancer progression 
using comparative genomic hybridization (CGH) [19, 20], 
arrayCGH [21, 22], multiplex ligation probe amplification 
(MLPA) [23] and targeted next generation sequencing 
[24]. Concordant with our results, previous global studies 
have found relatively similar genetic composition of 
primary breast cancers and matched metastases, however 
with some genetic divergence [25, 26].

The genomes of cancer cells acquire extensive 
genomic alterations due to increasing genomic instability 
but a significant proportion of these events are merely 
passenger events that do not provide any selective 
advantage for the cell. Distinguishing driver mutations 
and genes from passengers at different steps of malignant 
progression is the major challenge of cancer genomics, 
complicated by the fact that the roles of driver and 
passenger genes may change during progression of the 
disease [17]. In our study, the most obvious driver gene 
candidates based on literature search include TP53, 
LOXL3, ARID1B, PAPPA, FAT4 and CYP3A43. However, 
all the altered genes of the studied cancer genome 
are potential drivers. Genes altered exclusively in the 
metastasis are potentially new metastasis suppressor 
genes (MSGs) or genes that orchestrate the expression 
of several MSGs as recently suggested [27]. However, it 
must be stressed that copy number gains or losses does not 
automatically result in altered expression of the affected 
genes as it is likely that many genes are compensatory 
repressed or induced either by regulation of transcription 
factors or epigenetic regulation. Epigenetic changes play 
key roles in cancer [28] and recently a metastasis-specific 
methylation signature was reported [29], however, this 
layer in cancer biology was not included in our study.

In summary, we provide evidence for linear 
progression of metastatic disease in which dissemination 
from the primary tumor occurs relatively late in molecular 
time. Our study reveals common ancestry of the malignant 
cells and that early acquired copy number aberrations as 
well as point mutations are retained as imprints in the 
cancer genome, but also shows substantial acquisition 
of additional aberrations in the metastasis. We report 
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limited tumor heterogeneity from ongoing clonal linear 
evolution with continuous positive selection at every 
stage of malignant progression, where previously acquired 
aberrations coexist with newly acquired aberrations. The 
emergence of new aberrations in the metastasis reveal 
incomplete concordance between early tumor stages 
and systemic disease and emphasizes the importance of 
genomic analysis on not only of the primary tumor but 
also on metastatic tissue at recurrence in order to offer the 
patients molecularly targeted therapy.

METHODS

Patient material

Exome sequencing was performed on successive 
tumor samples from a 58 year-old breast cancer patient 
with estrogen receptor positive, HER2-negative, node 
positive invasive ductal carcinoma, initially treated with five 
series of neo-adjuvant Cyclophosphamide, Epirubicin and 
Fluorouracil (CEF). Ductal Carcinoma in Situ (DCIS) from 
two topologically different regions adjacent to the primary 
tumor and the primary tumor measuring 50 mm were secured 
during primary surgery and stored at –80°C until sample 
preparation. Following mastectomy, the patient received 
four series of Taxotere/Gemcitabine and radiation therapy. 
In parallel, the patient was initially treated with Tamoxifen 
and after 2.5 years the endocrine treatment was changed to 
Anastrozole. In spite of the extensive therapy and ongoing 
endocrine treatment, the patient experienced recurrence after 
4.05 years and later succumbed to the malignant disease. An 
asynchronous metastasis was biopsied from a contralateral 
periclavicular lymph node metastasis. Haematoxylin-eosin 
sections of all tissue samples were reviewed by a certified 
pathologist ensuring the diagnosis and a content of malignant 
cells of 75% at minimum. A start amount of 20–30 mg fresh 
frozen tissue (asynchronous metastasis 5 mg) was used for the 
purification process. Tissue disruption and homogenization 
was performed using TissueLyser (Qiagen) and purification 
of DNA was performed using AllPrep DNA/RNA Mini Kit 
(Qiagen). The primary tumor and matched normal tissue were 
stored as formalin-fixed paraffin-embedded (FFPE) tissue. 
The FFPE blocks were cut in 30–40 sections of 10 μm and 
DNA extracted using AS1000 Maxwell 16 (Promega, USA).

The patient consented to participate in the study and 
for the data to be published. The study was approved by 
the Ethical Committee of Region Syddanmark and notified 
to the Danish Data Protection Agency.

Library construction and exome sequencing

Exome enrichment was performed with Illumina’s 
TruSeq DNA Sample Preparation and sequenced on the 
Illumina HiSeq 1500 platform. FASTQ files were aligned 
to the human reference genome GRCh37 (feb.2009) 
using the Novoalign v. 3 algorithm (http://www.novocraft.

com) at default parameters. Removal of duplicate reads, 
recalibration and local realignment around indels was 
performed using Best Practices pipeline v. 2.7 [30]. The 
result was mean coverage rates in the exome region 
between 89 x and 148 x (Supplementary Table 1).

Copy number profiling and correction for 
aneuploidy

The Nexus 7.5 software (BioDiscovery) was applied 
for the detection of somatic copy number events using the 
ngCGH software (http://github.com/seandavi/ngCGH), 
in which the processing of tumor and process-matched 
normal sequencing BAM files computes a pseudo-CGH 
using simple coverage counting on the tumor reads relative 
to normal reads. Each window is defined by 1000 reads in 
the normal tissue BAM file. Within each defined genomic 
window the number of reads in the tumor is quantified 
and a ratio is made between the number reads in the tumor 
and the number of reads in the normal. Finally, a Log2 
transformation is applied to each ratio and the entire vector 
of the results is then centered by subtracting the median. 
A diploid region (ratio 1:1) results in a Log2 ratio of 0 
and the probes are placed at baseline. A single copy gain 
in the tumor sample (ratio 3:2) results in a Log2 ratio of 
0.58, while a heterozygote loss in the tumor sample (ratio 
1:2) results in a Log2 ratio of –1. Naturally, admixture of 
normal cells in the sequenced cancer sample compresses 
the Log2 ratio towards the baseline. The ngCGH software 
applies Fast Adaptive States Segmentation Technique 
(FASST2) segmentation to make calls. The minimum 
number of probes per call was set to 10. All other 
parameters were run by default. Cancer sample aneuploidy 
may introduce bias in establishing the Log2 Ratio baseline 
for copy number calling. True diploid regions in the cancer 
sample were detected, displaying BAF around 0.5, and the 
Log2 ratio baseline were adjusted according to these.

The primary tumor DNA in this study originates 
from FFPE tissue, a storage form known for posing 
technical challenges. We found the noise introduced by 
the formalin fixation in the ngCGH assay to be reduced by 
matching the FFPE tissue derived sequencing data with 
normal sequencing data also originating from FFPE tissue.

To supplement the computed ngCGH Log2 ratios, 
which constitute genomic quantity measurements, 
combined files were created, adding B Allele Frequencies 
(BAFs) for the tumor sample to be displayed in a panel 
below. The BAFs reveal the allele distribution between 
the reference allele (A allele) and the alternative allele 
(B allele) of the tumor sample and is calculated as 

BAF =
B  allele  frequency

A + B  allele  frequency
.

The BAFs for the ngCHG plots included only 
germline heterozygote positions with known SNPs, 
annotated by dbSNP (version 135), and covered by at least 
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30 × in both tumor and normal sample. Therefore, in the 
case of no copy number event in the tumor sample, the 
BAF in this region is 0.5. If all the sequenced cells of a 
region have lost one of the two alleles, the BAFs would 
split out to 0 and 1. The deviation from a 0/1 split out of 
BAFs in a complete heterozygote loss event reflects the 
degree of normal cell admixture in the tumor sample. A 
subclonal event results in intermediate BAFs as only a 
fraction of cells have lost one of the alleles.

Point mutation and indel calling

The BAFs reported from the somatic point mutation 
and indel calling are also calculated as 

BAF =
B  allele  frequency

A + B  allele  frequency
.

and in this context the BAF depicts the percentage of 
somatic mutation alternative reads in the tumor sample. 
Variant calling was performed using Varscan 2 [31] 
version 2.3.6. Included were positions with normal tissue 
read depth of min. 10 and normal tissue homozygote for 
the reference allele defined by BAF < 0.02. Only positions 
with min. 3 alternative reads and BAF > 0.15 in one of 
the tumor samples were included and mutation noted 
when BAF > 0.05. The variants were annotated with 
Annovar [32]. Known SNPs with an allele frequency 
> 1% were excluded. Validation with deep sequencing 
using SureSelect (Agilent) target enrichment resulted in 
a mean coverage of 377 ×. The functional significance 
of the validated nonsynonymous SNVs were assessed by 
the functional prediction algorithms SIFT [33], PolyPhen2 
[34] and Mutation Taster [35]. Gene expression levels 
from breast cancer studies with outcome data were utilized 
using the Kaplan Meier plotter online tool (http://www.
kmplot.com) [14] in order to evaluate the effect of altered 
gene transcription levels on recurrence free survival.

ACKNOWLEDGMENTS

We thank Jette Møller, Marianne Käehne, Dorte 
Forsberg Jensen and Flemming Holm Bergholdt for 
excellent technical assistance.

Conflicts of interest

The authors disclose have no potential conflicts of 
interest.

Funding

Odense University Hospital Free Research Fund, 
Harboefonden, Aase og Ejnar Danielsen Fond, Fabrikant 
Einar Willumsens Mindelegat, Grosserer M. Brogaard 
og Hustrus Mindefond, Kong Christian Den Tiendes 
Fond, Dagmar Marshalls Fond, Axel Muusfeldts Fond, 

Kræftfonden, Raimond og Dagmar Ringgård-Bohns Fond, 
Grete og Sigurd Pedersens Fond, Syddansk Universitets 
Forskningsfond, Poul og Ellen Hertz’ Fond, Fonden til 
Lægevidenskabens Fremme, Grosserer A.V. Lykfeldt og 
Hustrus Legat, Familien Hede Nielsens Fond, Lykfeldts 
Legat, Dansk Kræftforskningsfond, Ulla og Mogens Folmer 
Andersens Fond, Ingeniør K. A. Rohde og Hustrus Legat, 
Krista og Viggo Petersens Fond, the Lundbeckfonden 
Center of Excellence NanoCAN grant, and the DAWN 
2020 project grant from the SDU2020 Excellence program, 
Danish Strategic Research Counsil, DBCG-TIBCAT.

REFERENCES

1. Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next 
Generation. Cell. 2011; 144:646–674.

2. Yates LR, Campbell PJ. Evolution of the cancer genome. 
Nat Rev Genet. 2012; 13:795–806.

3. Nguyen DX, Massagué J. Genetic determinants of cancer 
metastasis. Nat Rev Genet. 2007; 8:341–352.

4. Nowell PC. The Clonal Evolution of Tumor Cell 
Populations. Science. 1976; 194:23–28. [New Series].

5. Marusyk A, Almendro V, Polyak K. Intra-tumour hetero-
geneity: a looking glass for cancer? Nat Rev Cancer. 2012; 
12:323–334.

6. Klein CA. Parallel progression of primary tumours and 
metastases. Nat Rev Cancer. 2009; 9:302–312.

7. Fudenberg G, Getz G, Meyerson M, Mirny LA. High 
order chromatin architecture shapes the landscape of 
chromosomal alterations in cancer. Nat Biotechnol. 2011; 
29:1109–1113.

8. De S, Michor F. DNA replication timing and long-range 
DNA interactions predict mutational landscapes of cancer 
genomes. Nat Biotechnol. 2011; 29:1103–1108.

9. De S, Michor F. DNA secondary structures and epigenetic 
determinants of cancer genome evolution. Nat Struct Mol 
Biol. 2011; 18:950–955.

10. Li Y, Zhang L, Ball RL, Liang X, Li J, Lin Z, Liang H. 
Comparative analysis of somatic copy-number alterations 
across different human cancer types reveals two distinct classes 
of breakpoint hotspots. Hum Mol Genet. 2012; 21:4957–4965.

11. Stephens PJ, Greenman CD, Fu B, Yang F, Bignell GR, 
Mudie LJ, Pleasance ED, Lau KW, Beare D, Stebbings LA, 
McLaren S, Lin M-L, McBride DJ, Varela I, Nik-Zainal S,  
Leroy C, Jia M, Menzies A, Butler AP, Teague JW, 
Quail MA, Burton J, Swerdlow H, Carter NP, Morsberger LA,  
Iacobuzio-Donahue C, Follows GA, Green AR, 
Flanagan AM, Stratton MR, Futreal PA, Campbell PJ. 
Massive Genomic Rearrangement Acquired in a Single 
Catastrophic Event during Cancer Development. Cell. 2011; 
144:27–40.

12. Marotta M, Chen X, Watanabe T, Faber PW, Diede SJ, 
Tapscott S, Tubbs R, Kondratova A, Stephens R, Tanaka H. 



Oncotarget5648www.impactjournals.com/oncotarget

Homology-mediated end-capping as a primary step of sis-
ter chromatid fusion in the breakage-fusion-bridge cycles. 
Nucleic Acids Res. 2013; 41:9732–9740.

13. Futreal PA, Coin L, Marshall M, Down T, Hubbard T, 
Wooster R, Rahman N, Stratton MR. A CENSUS OF 
HUMAN CANCER GENES. Nat Rev Cancer. 2004; 
4:177–183.

14. Gyorffy B, Lánczky A, Szállási Z. Implementing an online 
tool for genome-wide validation of survival-associated bio-
markers in ovarian-cancer using microarray data from 1287 
patients. Endocr Relat Cancer. 2012; 19:197–208.

15. Landau DA, Carter SL, Stojanov P, McKenna A, Stevenson K,  
Lawrence MS, Sougnez C, Stewart C, Sivachenko A, Wang L,  
Wan Y, Zhang W, Shukla SA, Vartanov A, Fernandes SM, 
Saksena G, Cibulskis K, Tesar B, Gabriel S, Hacohen N, 
Meyerson M, Lander ES, Neuberg D, Brown JR, Getz G, 
Wu CJ. Evolution and Impact of Subclonal Mutations in 
Chronic Lymphocytic Leukemia. Cell. 2013; 152:714–726.

16. Park SY, Gönen M, Kim HJ, Michor F, Polyak K. Cellular 
and genetic diversity in the progression of in situ human 
breast carcinomas to an invasive phenotype. J Clin Invest. 
2010; 120:636–644.

17. Polyak K. Heterogeneity in breast cancer. J Clin Invest. 
2011; 121:3786–3788.

18. Hoefnagel LDC, van der Groep P, van de Vijver MJ, 
Boers JE, Wesseling P, Wesseling J, Dutch Distant Breast 
Cancer Metastases Consortium, van der Wall E, van 
Diest PJ. Discordance in ERα, PR and HER2 receptor status 
across different distant breast cancer metastases within the 
same patient. Ann Oncol Off J Eur Soc Med Oncol ESMO. 
2013; 24:3017–3023.

19. Friedrich K, Weber T, Scheithauer J, Meyer W, Haroske G, 
Kunze KD, Baretton G. Chromosomal genotype in breast 
cancer progression: Comparison of primary and secondary 
manifestations. Cell Oncol. 2008; 30:39–50.

20. Nishizaki T, DeVries S, Chew K, Goodson WH, Ljung B-M,  
Thor A, Waldman FM. Genetic alterations in primary 
breast cancers and their metastases: Direct comparison 
using modified comparative genomic hybridization. Genes 
Chromosomes Cancer. 1997; 19:267–272.

21. Li J, Gromov P, Gromova I, Moreira JM, Timmermans-
Wielenga V, Rank F, Wang K, Li S, Li H, Wiuf C, Yang H,  
Zhang X, Bolund L, Celis JE. Omics-based profiling of 
carcinoma of the breast and matched regional lymph node 
metastasis. Proteomics. 2008; 8:5038–5052.

22. Poplawski AB, Jankowski M, Erickson SW, Diaz de Stahl T,  
Partridge EC, Crasto C, Guo J, Gibson J, Menzel U, 
Bruder CE, Kaczmarczyk A, Benetkiewicz M, Andersson R,  
Sandgren J, Zegarska B, Bala D, Srutek E, Allison DB, 
Piotrowski A, Zegarski W, Dumanski JP. Frequent genetic 
differences between matched primary and metastatic breast 
cancer provide an approach to identification of biomarkers 
for disease progression. Eur J Hum Genet. 2010; 18:560–568.

23. Moelans CB, van der Groep P, Hoefnagel LDC, van de 
Vijver MJ, Wesseling P, Wesseling J, van der Wall E, van 
Diest PJ. Genomic evolution from primary breast carcinoma 
to distant metastasis: Few copy number changes of breast 
cancer related genes. Cancer Lett. 2014; 344:138–146.

24. Meric-Bernstam F, Frampton GM, Ferrer-Lozano J, 
Yelensky R, Pérez-Fidalgo JA, Wang Y, Palmer GA, Ross JS,  
Miller VA, Su X, Eroles P, Barrera JA, Burgues O,  
Lluch AM, Zheng X, Sahin A, Stephens PJ, Mills GB, 
Cronin MT, Gonzalez-Angulo AM. Concordance of 
Genomic Alterations between Primary and Recurrent Breast 
Cancer. Mol Cancer Ther. 2014; 13:1382–1389.

25. Ding L, Ellis MJ, Li S, Larson DE, Chen K, Wallis JW,  
Harris CC, McLellan MD, Fulton RS, Fulton LL, Abbott RM, 
Hoog J, Dooling DJ, Koboldt DC, Schmidt H, Kalicki J,  
Zhang Q, Chen L, Lin L, Wendl MC, McMichael JF,  
Magrini VJ, Cook L, McGrath SD, Vickery TL, Appelbaum E,  
DeSchryver K, Davies S, Guintoli T, Lin L, Crowder R, 
Tao Y, Snider JE, Smith SM, Dukes AF, Sanderson GE, 
Pohl CS, Delehaunty KD, Fronick CC, Pape KA, Reed JS,  
Robinson JS, Hodges JS, Schierding W, Dees ND, Shen D, 
Locke DP, Wiechert ME, Eldred JM, Peck JB, Oberkfell BJ,  
Lolofie JT, Du F, Hawkins AE, O’Laughlin MD, 
Bernard KE, Cunningham M, Elliott G, Mason MD, 
Thompson Jr DM, Ivanovich JL, Goodfellow PJ, Perou CM,  
Weinstock GM, Aft R, Watson M, Ley TJ, Wilson RK, 
Mardis ER. Genome remodelling in a basal-like breast can-
cer metastasis and xenograft. Nature. 2010; 464:999–1005.

26. Shah SP, Morin RD, Khattra J, Prentice L, Pugh T, Burleigh A,  
Delaney A, Gelmon K, Guliany R, Senz J, Steidl C, Holt RA,  
Jones S, Sun M, Leung G, Moore R, Severson T, Taylor GA,  
Teschendorff AE, Tse K, Turashvili G, Varhol R, Warren RL,  
Watson P, Zhao Y, Caldas C, Huntsman D, Hirst M, 
Marra MA, Aparicio S. Mutational evolution in a lobu-
lar breast tumour profiled at single nucleotide resolution. 
Nature. 2009; 461:809–813.

27. Marino N, Collins JW, Shen C, Caplen NJ, Merchant AS,  
Gökmen-Polar Y, Goswami CP, Hoshino T, Qian Y, 
Sledge GW, Steeg PS. Identification and validation of 
genes with expression patterns inverse to multiple metas-
tasis suppressor genes in breast cancer cell lines. Clin Exp 
Metastasis. 2014; 31:771–786.

28. Baylin SB, Jones PA. A decade of exploring the cancer 
epigenome - biological and translational implications. Nat 
Rev Cancer. 2011; 11:726–734.

29. Reyngold M, Turcan S, Giri D, Kannan K, Walsh LA, Viale A,  
Drobnjak M, Vahdat LT, Lee W, Chan TA. Remodeling of 
the methylation landscape in breast cancer metastasis. PloS 
One. 2014; 9:e103896.

30. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR,  
Hartl C, Philippakis AA, del Angel G, Rivas MA, Hanna M,  
McKenna A, Fennell TJ, Kernytsky AM, Sivachenko AY,  
Cibulskis K, Gabriel SB, Altshuler D, Daly MJ. A framework 



Oncotarget5649www.impactjournals.com/oncotarget

for variation discovery and genotyping using next-generation 
DNA sequencing data. Nat Genet. 2011; 43:491–498.

31. Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan 
MD, Lin L, Miller CA, Mardis ER, Ding L, Wilson RK. 
VarScan 2: Somatic mutation and copy number alteration 
discovery in cancer by exome sequencing. Genome Res. 
2012; 22:568–576.

32. Wang K, Li M, Hakonarson H. ANNOVAR: functional 
annotation of genetic variants from high-throughput 
sequencing data. Nucleic Acids Res. 2010; 38:e164–e164.

33. Kumar P, Henikoff S, Ng PC. Predicting the effects of cod-
ing non-synonymous variants on protein function using the 
SIFT algorithm. Nat Protoc. 2009; 4:1073–1081.

34. Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, 
Gerasimova A, Bork P, Kondrashov AS, Sunyaev SR. A 
method and server for predicting damaging missense muta-
tions. Nat Methods. 2010; 7:248–249.

35. Schwarz JM, Rödelsperger C, Schuelke M, Seelow D. 
MutationTaster evaluates disease-causing potential of 
sequence alterations. Nat Methods. 2010; 7:575–576.


