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Frequent genetic differences between matched
primary and metastatic breast cancer provide an
approach to identification of biomarkers for disease

progression

Andrzej B Poptawski!, Michat JankowskiZ, Stephen W Erickson?, Teresita Diaz de Stahl4,

E Christopher Partridgel’s, Chiquito Crasto’, Jingyu Guo!, John Gibson!, Uwe Menzel%, Carl EG Bruder!?,
Aneta Kaczmarczyk?, Magdalena Benetkiewicz*!?, Robin Andersson®, Johanna Sandgren*, Barbara Zegarska’,
Dariusz BalaZ, Ewa Srutekz, David B Allison3, Arkadiusz Piotrowski%?, Wojciech Zegarski2 and

Jan P Dumanski**

Breast cancer is a major cause of morbidity and mortality in women and its metastatic spread is the principal reason behind the
fatal outcome. Metastasis-related research of breast cancer is however underdeveloped when compared with the abundant
literature on primary tumors. We applied an unexplored approach comparing at high resolution the genomic profiles of primary
tumors and synchronous axillary lymph node metastases from 13 patients with breast cancer. Overall, primary tumors displayed
20% higher number of aberrations than metastases. In all but two patients, we detected in total 157 statistically significant
differences between primary lesions and matched metastases. We further observed differences that can be linked to metastatic
disease and there was also an overlapping pattern of changes between different patients. Many of the differences described here
have been previously linked to poor patient survival, suggesting that this is a viable approach toward finding biomarkers for
disease progression and definition of new targets useful for development of anticancer drugs. Frequent genetic differences
between primary tumors and metastases in breast cancer also question, at least to some extent, the role of primary tumors as

a surrogate subject of study for the systemic disease.
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INTRODUCTION

Breast cancer is a major cause of morbidity and disease-related
mortality in women. The hematogenic and lymphogenic metastatic
spread of tumor cells is the principal reason behind the fatal outcome.!
Despite this, metastasis-related research of breast cancer is not well
developed, as judged from the number of publications targeting
metastatic disease compared with the literature focusing on primary
tumors. Axillary lymph node (ALN) metastasis status is the major
predictor of survival as well as one of the key parameters used in
staging of the disease, which has implications in clinical decision-
making. Patients with ALN negative disease have a better prognosis.
However, a substantial fraction of patients with ALN metastases will
not develop distant metastases to other organs. On the other hand, a
subset of patients free from ALN metastases will develop distant
metastases and frequently succumb to the disease.!? This lack of strong

correlation illustrates the heterogeneity of underlying mechanisms
driving disease progression.

In recent years, the application of high-throughput technologies for
molecular characterization of breast cancer has emerged as a new and
promising method for molecular classification. Studies have focused
on gene expression microarrays aiming at improvement of prognostic
classification of the primary tumors and characterization of the major
events involved in tumor progression in breast cancer.> This led to
the delineation of several molecular subtypes of the disease that carry
prognostic value. Array-based profiling of gene copy number, some-
times in combination with global or locus-specific expression analysis,
has also made an impact on breast cancer research. Multiple genomic
aberrations found in primary tumors have been linked to poor
prognosis for the patient.””' Primary tumors and matched ALN
metastases from breast cancer patients have been studied by

IDepartment of Genetics, University of Alabama at Birmingham, Birmingham, AL, USA; 2Surgical Oncology Clinic, Collegium Medicum, Oncology Center, Nicolaus Copernicus
University, Bydgoszcz, Poland; 3Department of Biostatistics, Section on Statistical Genetics, University of Alabama at Birmingham, Birmingham, Alabama, USA; 4Department of
Genetics and Pathology, Rudbeck Laboratory, Uppsala University, Uppsala, Sweden; 5Department of Cosmetology, Collegium Medicum, Nicolaus Copernicus University,
Bydgoszcz, Poland; Linnaeus Centre for Bioinformatics, Uppsala University, Uppsala, Sweden; 7Department of Biology and Pharmaceutical Botany, Medical University of
Gdansk, Gdansk, Poland

*Correspondence: Professor JP Dumanski, Department of Genetics and Pathology, Uppsala University, Rudbeck Laboratory, C11 building, 3rd Floor, Dag Hammarskjélds vag 20,
75185 Uppsala, Sweden. Tel: +46 18 471 5035; Fax: +46 18 55 89 3; E-mail: jan.dumanski@genpat.uu.se

8Current address: HudsonAlpha Institute for Biotechnology, Huntsville, AL 35806, USA

9Current address: Southern Research Institute, Birmingham, AL 35255-5305, USA

10Current address: Institute Curie, INSERM, U830, Unité de Génétique et Biologie des Cancers, 26 rue d’Ulm, 75248 Paris Cedex 05, France

Received 14 July 2009; revised 24 November 2009; accepted 26 November 2009; published online 6 January 2010


http://dx.doi.org/10.1038/ejhg.2009.230
mailto:jan.dumanski@genpat.uu.se
http://www.nature.com/ejhg

low-resolution genomic approaches for assessment of copy number
changes, such as metaphase CGH, allelic imbalance and low-resolu-
tion array-CGH.!'"!* In one report using metaphase CGH,'? diver-
gence between the primary tumors and ALN metastases was noted in
several cases. In another recent report, genome-wide array-CGH with
average resolution of 1 Mb per data point was used in the analysis of
ALN metastases and primary tumors from 29 patients.'* Minor
differences were noted in only three subjects.

We have applied a high-resolution DNA copy number analysis of
matched primary breast tumors and ALN metastases to delineate
biomarkers of disease progression. The motivation for this study stems
from our previous analysis of genetic variation and genetic hetero-
geneity in somatic cells, both for normal and tumor-derived
samples.!>'7 One of our previous reports, surveying ~1% of the
human genome, suggested a frequent intratumoral (within the same
primary tumor) heterogeneity of genetic aberrations in breast can-
cer.’> We therefore hypothesized that there likely exist differences
between the genetic profiles of primary tumors and corresponding
metastases from the same patient. Global genome copy number
variation (CNV) analysis of 13 breast cancer patients revealed frequent
genetic differences between matched primary breast tumors and ALN
metastasis and these revealed previously characterized biomarkers of
disease progression.

MATERIALS AND METHODS

Patient material

Samples from 13 primary breast tumors and their corresponding ALN
metastases were obtained from female patients treated at the Oncology Centre,
Bydgoszcz, Poland. Patient clinical data are shown in Table 1. The patients
studied here represent a fraction of >150 breast cancer patient samples that
were consecutively collected. Availability of samples from primary tumor and
matched synchronous metastasis was the only criterion for inclusion in this

Table 1 Clinical and molecular summary of the studied patients
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study and all samples fulfilling this criterion were used. This study has been
approved by the Research Ethics Committee of the Oncology Centre,
Bydgoszcz, Poland, and the IRB of the University of Alabama at Birmingham,
AL, USA.

32K BAC array-CGH, data processing, statistical analysis and
pathway mining

High molecular weight DNA was extracted using standard protocols. For each
patient, we carried out four hybridizations (duplicates of primary tumor and
metastasis) to 32K BAC arrays, according to a well-established scheme of dye-
swap experiments as described earlier.'>~'® Tmage acquisition was performed
using the GenePix 4000B scanner (Axon Instruments Inc, Union City, CA,
USA). Analysis of hybridization intensity was carried out using the GenePixPro
v6 image analysis software (Axon Instruments). Storage and analysis of raw
data were performed using the Linnaeus Centre for Bioinformatics (LCB)
platforms: BASE Laboratory Information Management System (see https://
baselims.lcb.uu.se/) and Data WareHouse (see https://dw.lcb.uu.se/). Using
filters provided by LCB platforms, we first removed all non-optimal array
features, which included oversaturated (>5%) spots, spots with low signal-to-
noise ratio (SNR<3) in either of the channels, or those flagged as bad, absent
or not found in the GenePixPro program. To remove possible dye bias or
spatial effects, we also normalized all data using a print-tip loess normalization
method. We then applied a dye-swap validation filter, which removed clones
with a standard deviation of >0.15 between standard and the dye-swap
replicate experiment. Finally, the array-CGH profiles from duplicate experi-
ments were merged. Scoring of regions displaying copy number aberrations was
performed using commercial software Nexus-CGH (BioDiscovery, El Segundo,
CA, USA), which uses the circular binary segmentation algorithm. The
statistical significance of regions with differences within the same patient
between primary tumor and metastasis was computed using a Bonferroni-
corrected two-sample t-test as described earlier.'® The t-test compares values
within the region of interest with those outside it. A Bonferroni correction is
applied to resulting P-values to account for the bias introduced by choosing the
most salient regions, among all possible regions, for testing. P-values are

Diagnosis Percentage of tumor

at the time nuclei in primary Follow-up time Aberration class
Patient Age at Chemotherapy of surgery pTNM tumor/metastasis (months) and (primary tumor
ID surgery Pre-Op. Post-Op. Histology (WHO) Stage ER PR HERZ2 E-cadherin samples outcome versus metastasis)
22 48  None CMF LC pT2Nla II-B + - — 65/75 (56), NR |
23 65  None CMF LC pT2 Nla II-B  + + + 45/90 (34), Met-Liver/(43), I

SD

26 58  None ADR/CMF DC pT2N2a II-B + + - + 45/80 (55), NR 1l
30 46  D/ADR ADR/CMF DC ypTx N3a IlI-C - - + 55/90 (55), Met-Brain 1l
34 72 None ADM DC pT2 N2a IlI-A — - + + 48/45 (54), NR Il
35 34  D/ADR ADR/CMF IC ypT3 N3a III-A  — 50/60 (8), NR v
50 59  None AC DC pT2N2a II-B - - + + 65/90 (13), NR 1l
56 75  None CMF DC pT2 Nla II-B - - + + 80/80 (52), NR I
62 61  None AC DC pT2N2a II-B + + + + 35/55 (32), NR I
67 40  None CMF LC pT2 N2a IlI-A + + + 75/80 (56), NR |
127 45  FAC CMF DC ypT2 N3a II-B - — + + 35/40 (13), Met-SB/(36), PC v
131 56  None ADR/CMF DC pT2 N3a II-B  — - — 40/75 (53), NR v
140 44 D/ADR CMF DC ypT2 N2a II-B + + + + 40/85 (50), NR 1l

Pre-Op., pre-operatively; Post-Op., post-operatively; D, docetaxel(taxotere); ADR, Adriamycin; FAC, fluorouracil, Adriamycin and Cyclophosphamide; CMF, cyclophosphamide, methotrexate and
5-fluorouracil; ADM, doxorubicin; AC, Adriamycin and Cyclophosphamide; LC, lobular carcinoma; DC, ductal carcinoma; IC, invasive carcinoma.

pTNM (WHO)/Stage — pathological Tumor Node Metastasis staging classification, describing anatomical extent of disease, World Health Organization Classification of Tumours. Lyon 2003.
Molecular markers of Breast Cancer: ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; E-cadherin.

Percentage of tumor cell nuclei in primary tumor and metastasis samples, determined using standard pathology techniques by counting of tumor cells on microscope slide from tissue immediately
adjacent to the sample studied molecularly. For each sample, tumor cells in 10 randomly selected microscopic fields were analyzed.

NR, no recurrence; Met-Liver, metastasis to liver; Met-brain, metastasis to the brain; Met-SB, metastasis to skull bone; SD, stable disease; PC, palliative care.

Aberration class is defined based on statistically significant differences in genomic profiles between primary tumor (T) and metastasis (M). The definition of the four aberration classes is explained

in the text.
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therefore multiplied by the number of possible contiguous regions on a
chromosome, namely > n;(n; — 1)/2, where n; is the number of probed loci
on chromosome i. This'conservative approach lends assurance that statistically
significant regions reflect an underlying biological phenomenon and are not
merely the result of measurement error and selection bias. Candidate breast
cancer genes were selected on the basis of information available in public
breast cancer databases: http://www.itb.cnr.it/breastcancer/ and http://www.
breastcancerdatabase.org/ as well as within the Ingenuity Pathways Analysis, a
commercial software for analyses of gene/protein functions and interactions.

RESULTS

32K genomic profiling of primary tumors and matched ALN
metastases

Primary and metastatic tumors from each patient were analyzed in
four experiments with 32K BAC array covering the human genome;
two hybridizations for primary tumor DNA and two hybridizations
for metastasis, according to a dye-swap procedure. All hybridizations
of cancer-derived DNA were carried out against blood DNA from a
healthy female control, which was previously used in multiple
studies.!>1®18 Results from two hybridizations for each primary
tumor and from two hybridizations for each metastasis were merged
and initially analyzed as separate experiments. For scoring and
visualization of copy number changes, we applied the rank segmenta-
tion procedure using Nexus-CGH software. The detailed clinical and
molecular description of the studied samples is shown in Table 1. A
summary of the numbers of aberrations observed and the classifica-
tion of the genomic profiles derived from separate analyses of primary
tumors and metastases is described in Table 2. We classified results
from these individual array-CGH experiments of primary tumors and
metastases using a previously reported scheme,»? with minor
modifications. Four subtypes of profiles were identified: (a) simplex;
(b) complex; (c) spike/simplex; and (d) flat. The ‘simplex’ pattern was
characterized by the presence of a few low copy number (up to four
copies) genetic aberrations. In the ‘complex’ pattern, the majority of
chromosomes were affected by the presence of multiple low
or moderate copy number intertwined alterations. Moderate copy

number was defined as the presence of four to six copies of a
chromosomal segment. The ‘spike/simplex’ pattern was characterized
by the presence of at least one distinct, highly amplified peak (higher
than six copies) or clusters of such peaks restricted to a single
chromosome arm on a background of a profile that could be classified
as simplex. The ‘flat’ profile had no obvious changes (Table 2; Figure 1;
Supplementary Figure la and b).

The total number of aberrations was higher in primary tumors than
in metastases and the overall difference was ~20%. The average
number of aberrations per analyzed sample was 33 in primary tumors
(range 6-83) and 27 for metastases (range 2—64). Overall, the gains
were predominant over deletions, but this difference was mainly due
to a higher number of gains in primary tumors. In metastases, the
number of gains and deletions was similar (Table 2). We identified
common regions of aberrations frequently present as gains at 1q, 8q,
11q, 16p, 17q and 20q as well as deletions at 1p, 8p, 11q, 16q and 17p
and the majority of our observations were consistent with previous
analyses of primary tumors from breast cancer patients.”*!° Supple-
mentary Figure 2 shows the overall frequency plots of aberrations
combined for all primary tumors versus all metastases. No statistically
significant difference in frequency of aberrations between these two
groups was detected using Fisher’s exact test. This statistical analysis is
different from tests of significance for specific genetic aberrations that
differ between primary tumor and matched metastasis (see above
Materials and Methods, below and Supplementary Table 1). Evident
areas of highly amplified and often clustered peaks were seen in
multiple patients (Figure 1; Supplementary Figure 1). These were
often, but not always, present in both metastasis and primary tumor
and were located at chromosome 1, 4, 8, 10, 11, 17, 19 and 20. One of
the strongest amplified regions, located within 11q13.1-11q14.1
(64.47-78.3 Mb) is shown in detail in Figure 2. Mining of databases
and literature suggested that this interval encompasses 16 candidate
breast cancer-related genes (Table 3; Supplementary Table 2). The
region within 17q12—q21.2 (33.76-35.83 Mb) encompassed at least 22
cancer-related genes and was also previously reported as having strong

Table 2 Summary of genomic profiles and number of observed aberrations in experiments on primary tumors and metastasis for each patient

Primary tumor Metastasis
Patient ID Genomic profile No. affected Chr. Gains No. Delet. No. Genomic profile No. affected Chr. Gains No. Delet. No.
22 Spike/simplex 7 10 12 Spike/simplex 8 10 11
23 Simplex 10 9 14 Spike/simplex 13 14 16
26 Simplex 11 8 5 Simplex 7 5 4
30 Spike/simplex 14 27 15 Spike/simplex 17 35 23
34 Complex 16 24 27 Complex 18 20 29
35 Complex 20 40 28 Flat 2 0 2
50 Spike/simplex 21 50 33 Spike/simplex 17 31 25
56 Simplex 4 4 2 Simplex 7 7 3
62 Spike/simplex 8 11 4 Spike/simplex 14 18 17
67 Spike/simplex 11 18 20 Spike/simplex 12 12 19
127 Simplex 16 20 12 Flat 4 2 2
131 Complex 16 16 10 Simplex 7 3 4
140 Spike/simplex 6 7 5 Spike/simplex 6 8 26
Total No. 244 187 165 181
Average 12 19 14 10 13 14
SD 5 14 10 5 11 10
Min. No. 4 4 2 2 0 2
Max. No. 21 50 33 18 35 29

Genomic profile indicates general classification of global genomic patterns observed in primary tumor and lymph node metastasis separately. We classified results from these individual array-CGH
experiments of primary tumors and metastases using a previously reported scheme® 10, with minor modifications.
No. affected Chr. indicates a sum of all chromosomes affected by aberrations in the studied specimen.
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Figure 1 The examples of four classes of global genome CNV pattern comparing matched primary tumor and metastasis of patients 67, 23, 26 and 127
affected by breast cancer. The panel for each case represents a summary of four hybridizations using the 32K BAC array: two for primary tumor DNA and two
for metastases. Each hybridization of cancer-derived DNA was carried out against DNA from peripheral blood of a normal healthy female control. Red and
blue dots represent data from the merging of two hybridizations for metastasis and primary tumor, respectively. The X-axis denotes chromosome mapping and
the Y-axis represents a straight fluorescent ratio from hybridization of tumor-derived DNA against a normal female control. The ‘no. spots’ value represents
the sum of array features from merged duplicate hybridizations that passed the quality control criteria for scoring. Only spots that had a standard deviation of
<15% of ratios in regular and dye-swap hybridizations were subject to further statistical analysis (see Materials and Methods)., On the basis of statistically
significant differences in the level of changes between profiles of primary tumors and metastases, a combination of bioinformatics and statistical tools
resulted in the division of array-CGH profiles into four classes. For a detailed definition of the four classes, see Results. In panel displaying case ID 23, an
enlarged view of chromosome 1 is shown with a reversed order of color layers for red (metastasis) and blue (primary tumor).

association between DNA copy number gain/amplification and
increased gene expression.20-22

Four classes of combined aberration profiles for primary tumors
versus metastases

Comparison of profiles for matched primary tumor and ALN meta-
stasis revealed numerous differences in terms of presence or absence of

aberrations between these samples. Alternatively, the difference
between a primary tumor and metastasis was evident by the change
in DNA copy number level: for example, a higher level of amplifica-
tion in metastasis for an amplicon that was also present in the primary
tumor. We determined the statistical significance of the differences
between the primary tumor and corresponding metastasis using a
Bonferroni-corrected two-sample t-test'® (Figure 1; Supplementary
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Figure 2 Two high-resolution images of the amplicon from 11q13.1-11q14.1 (64.47-78.3Mb) in four patients. In two of these (IDs 22 and 67), the
profiles of primary tumor (blue dots) and metastasis are highly correlated. In two cases (IDs 23 and 140), these amplicons are pronounced in metastases.
The X-axis describes the position on chromosome 11 and the Y-axis represents a straight fluorescent ratio from hybridization of tumor-derived DNA against a
normal female control. For example, a straight fluorescent ratio of five corresponds to ~ 10 DNA copies at a given locus. The ‘no. spots’ value represents the
sum of the displayed array features from merged duplicate hybridizations that passed the quality control criteria for scoring.

Figure 1 and Supplementary Table 1). This approach is inherently
conservative and helps to assure that the identified regions represent
actual CNV and not merely measurement noise. On the basis of these
results, combined primary tumor/metastasis profiles were grouped
into four classes. In Class I, profiles of primary tumor and metastasis
were essentially indistinguishable. Class II patients had many differ-
ences in the number of aberrations and the magnitude of copy
number change present in primary tumor and metastasis. Further-
more, these differences between the primary tumor and metastasis
profiles in a single patient were ‘bidirectional, meaning that some
chromosomal regions were presenting a change in primary tumor,
whereas other regions displayed the reverse, with a particular change
present only in metastasis. Overall, class II patients represent a highly
complex picture, and this aberration class encompasses the majority of
studied subjects. Class III was characterized by ‘unidirectional’ changes
detectable in metastasis, which were not present in primary tumor.

European Journal of Human Genetics

Finally, class IV is the opposite of class III, with significant aberrations
present exclusively in primary tumor.

Figure 1 shows four whole genome profiles with combined analysis
of primary tumor (blue dots) and metastasis (red dots), each graph
representing one of the four above-described classes. Supplementary
Figure 1 shows pairwise comparisons for all remaining cases. Supple-
mentary Table 1 displays details of all regions scored as deviating
between primary tumors and metastases. This table summarizes data
from the analysis of 11 cases showing 157 statistically significant
differences, with a majority of chromosomes being involved. Only two
chromosomes (5 and 14) did not display any significant differences
between the primary tumors and metastases. Considering the large
number of regions with deviations, we applied an additional scoring
criterion for selection of regions with most pronounced changes, by
calculation of differences between values of average fluorescent ratio
for primary tumor and metastasis for each region and selection of
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Table 3 Minimal common regions of aberrations that differed between primary tumor and matched ALN metastases, observed in multiple

breast cancer patients

Aberrations that differ between tumor and metastasis — sample |D

Chr Region (Mb) Del Del+ Gain Gain+ No. of cancer genes?
1 3.41-3.86 23T — 50T — 2
148.53-151.57 — — 26MP, 127T°, 131TP 140MP 14
155.83-171.44 — — 26MP, 35T, 127TP — 44
200.74-207.11 — — 23T, 26MP, 56MP, 127TP — 26
2 235.43-237.82 62M 34M 50T — 2
4 71.62-84.60 — — 50T 62MP 28
6 87.55-97.56 30M, 140M — — — 8
8 29.77-34.62 35T — 23MP — 5
37.11-37.79 35T — 23MP — 3
45.96-49.14 — — 23M, 127TP 50T
89.24-104.28 — — 23MP, 127° 50T, 62M 21
116.31-146.21 — — 23MP, 35Tb, 127TP — 44
123.51-126.63 — — 23MP, 35T, 127Tb, 131T 30MP, 50T 9
133.31-146.21 — — 23MP, 35T, 127TP 50TP 19
9 113.74-121.9 34M — 30M — 11
128.12-140.18 — — 30M, 50TP — 35
10 43.00-45.17 — — 30T 140MP 2
59.88-63.32 140M — 56MP° — 4
129.21-133.53 23MP, 34M, 131T, 140M 3
11 56.06-56.51 23M, 140M — — — 0
64.47-64.54 23M®b, 140M — 237TP — 0
73.09-74.01 23T1P 23MP, 34M 140MP 2
74.01-77.64 — — — 23MP, 140MP 14
16 0-3.12 — — 26M, 56T, 127T° — 27
8.98-12.52 — — 26M, 56T, 127T° —
80.58-82.39 5010 23M — —
17 33.76-35.83 35T — — 50T 29
74.35-75.88 — — 1317 50TP 5
19 54.32-58.34 35T — — 50T 23
20 0.06-11.56 35T, 127T° 21
16.13-20.02 1317 — 35T, 127TP — 8
16.13-24.69 — — 35T, 127T° — 13
29.47-47.34 — — 35T, 127T — 76
55.18-62.16 — — 56T, 127T 50TP 29
21 43.32-46.82 — — 35Tb, 50T — 12

For a detailed description of all aberrations presenting in each sample, including statistical support see Supplementary Table 1.
Common major and overlapping regions of aberrations presented here were selected from Supplementary Table 1 and defined as follows: (i) were shared by at least two patients; (ii) have >20% of
a difference in the level of fluorescence ratio between events in the matched region of metastasis (M) and primary tumor (T), in at least one patient within a group (see Supplementary Table 1) or

(iii) are unique to a particular type of aberrations.

Shaded rows emphasize chromosomal regions that showed a consistent pattern of the same type aberration in primary tumor versus metastasis that was observed in several patients.

Abbreviations used in the column ‘Aberrations that differ between tumor and metastasis — sample ID,’ describing type of aberrations that differ between ALN metastases and primary tumors are as
follows: Gain/Gain+: gain/increased level of gain in primary tumor (T) or metastasis (M); Del/Del+ T: deletion/increased level of deletion in primary tumor (T) or metastasis (M).

2Cancer-related genes identified with the help of (i) Ingenuity Pathways Analysis (IPA), a commercial software for analyses of gene and protein functions and interactions, (ii) breast cancer
databases (http://www.itb.cnr.it/breastcancer/and http://www.breastcancerdatabase.org/genes) and (iii) available literature (see Supplementary Table 2).

bIndicate patients with aberrations for which >20% difference in the level of fluorescence ratio between events in the matched regions of primary tumor and metastasis was detected (see

Supplementary Table 1).

regions with >20% difference. Forty-four deviations that were
identified in this way are highlighted by asterisks in Supplementary
Tables 1 and 3.

Aberration class I is represented by two cases (IDs 22 and 67),
which showed tumor-specific aberrations in analyses of primary
tumors and metastases affecting many chromosomes with a few
narrow and high amplification peaks present at chromosome 5, 11q
and 17p. However, none of these differed significantly between
primary tumor and metastasis (Figures 1 and 2; Supplementary
Figures 1 and 3). Aberration class II constitutes the bulk of patients
(7 cases). It is also the most heterogeneous group and encompasses the
largest number of differences uncovered between primary tumors and
metastases (Supplementary Table 1). Many of the differences were

shared by cases within class II or across classes (Table 3). In particular,
a few of these located at chromosomes 1, 4, 8 and 11 and represented
as gains or amplifications were shared by up to four patients, and were
characterized by a high level of difference between metastasis and
primary tumor. The majority of these regions encompassed genes for
which DNA amplification is strongly correlated with overexpression,
and genes that have been previously shown as differentially expressed
in metastasis relative to primary tumor?®-2% (Table 3; Supplementary
Table 2). For example, an aberrant region unique to class II at
6q15-6q16 (87.55-97.56 Mb) and exclusively deleted in metastasis of
breast cancer contains candidate tumor suppressor genes described
earlier for prostate cancer: PNRCI and CASP8AP2.2” PNRCI gene
expression was previously found to be significantly reduced in breast
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cancer tissue relative to uninvolved margin,?® which may indicate its
role as a tumor suppressor. A second region with deletion in
metastasis at 11q11-11ql12.1 (56.06-56.51 Mb) encompassed genes
encoding olfactory receptors and this aberration was also observed
in a previously reported profiling of primary breast cancers.!® In two
additional regions located at 9q31.3-9q33.1 (113.74-121.9 Mb) and
10g21.1-10921.2 (59.88-63.32 Mb), both gains and deletions in
metastases were present (Table 3). We were unable to obtain data
from the literature on the involvement of the genes present in the
latter region in metastasis, whereas the former contained two candi-
date genes, DBCI and DECI, involved in the regulation of apopto-
sis.2>30 Aberration class III is represented by only one patient (ID 26),
and it is characterized by two broad segments of gain at 1q and at 16p.
Both the differences between primary tumor and metastasis observed
in this subject have also been seen in other patients from aberration
classes IT and IV (Table 3). Aberration class IV, represented by three
cases (IDs 35, 127 and 131), has unique regions with aberrations on
chromosome 20. In particular, region 20q11-q13 (29.47-47.34 Mb)
encompasses

10 genes, the expression of which is strongly correlated with DNA
amplification?? (Supplementary Table 2).

In at least four of the studied cases (IDs 23, 30, 140 and 26), we
observed clear genetic differences that can be linked to metastatic
breast cancer. For instance, patient 23 (class II) (Figures 1 and 2)
displayed two high copy number gains on 8p (>8 copies) and 11q
(>10 copies) that were more prominent in metastasis. Both aberra-
tions have already been linked to poor survival of breast cancer
patients.?>3! Many of the aberrations differing between primary
tumors and metastases occurred in several patients. Table 3 shows a
summary of these selected regions and the relevant case ID. It should
be noted, however, that a substantial number of these showed
inconsistent patterns of change between primary tumor and meta-
stasis. For instance, a certain chromosomal region could display a gain
that was only present in metastasis for one patient, whereas the same
chromosomal segment was instead amplified in a primary tumor in
another subject. An illustrative example of such a contradictory
pattern of change is shown in Figure 1 and Supplementary Figure 1
for patients 23, 26 and 62, involving a low copy number gain of the
long arm of chromosome 1. Supplementary Table 2 describes the
results from mining of databases and literature with regard to
candidate genes that are located in the chromosomal regions that
deviate between primary tumors and metastases and occur in at least
two cases.

DISCUSSION
Our study is the first that compares CNV profiles for primary tumors
and metastases from patients with breast cancer samples globally and
with high resolution. On the basis of large genomic clones with an
average resolution of 50-100kb per data point,!6-1832 we applied a
well established, thoroughly validated array covering ~99% of the
human genome. The average resolution of our analysis is more than
an order of magnitude higher than that used in the recent array-CGH
analysis comparing ALN metastases and primary tumors.'* This is the
most likely reason for discrepancies in results between the two studies.
The experimental approach we took is also sensitive and robust, which
is well illustrated by a strong correlation between findings from our
work and previously published reports of breast cancers focusing on
primary tumors.” 1% Our methodology is also insensitive to DNA
CNV that might be present in normal DNA of the studied patients.
On the basis of the analysis of global gene expression profiles, there
is a debate in the field whether primary tumors from breast
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cancer patients and matched ALN metastases are different or not, as
contradictory results have been published.?>-263%34 Many factors can
be responsible for this incongruence: both related to the still poorly
understood biology and a well-recognized heterogeneity of the disease,
low numbers of studied patients as well as factors related to the
differences in the methodology. Our results from the analysis of DNA
copy number actually support both conclusions. The aberration class I
cases (IDs 22 and 67) show essentially indistinguishable profiles and
cases such as these should also display very similar profiles of gene
expression in the primary tumor sample and corresponding meta-
stasis. Although we have not investigated gene expression, the litera-
ture supports this assumption. Previous publications describing the
parallel analysis of gene copy number changes and mRNA expression
in primary tumors of breast cancer have reported a strong correlation
between the findings derived from both types of analysis.”»?*?23! On
the other hand, the aberration class I cases are the minority in our
study and all the remaining patients showed more or less pronounced
differences in gene DNA copy number profiles. This would presum-
ably result in dissimilarity in the levels of transcripts produced from
regions affected by gains/amplifications or deletions. The aberration
class I patients also raise questions regarding the timing and dynamics
behind the process of ALN metastases and the number of cells derived
from primary tumors that colonize a lymph node. The highly similar
pattern of genetic aberrations in these matched samples may be a
reflection of a large number of cells that colonized the lymph node
and this metastasis has since then not increased considerably in cell
number and therefore did not develop a different genomic profile.

We observed that the total number of aberrations was higher in
primary tumors than in metastases and this may seem surprising at
first glance. However, this finding likely reflects the heterogeneity of
different clones of cells having different genetic profiles that are
present within a primary tumor, which is related to the multistage
process of cancer development. Our results and others from primary
breast tumors suggest frequent intratumoral heterogeneity of genetic
aberrations'>1>3>-38 implying a coexistence, within the same mass of
primary tumor, of different cell subpopulations with different genetic
profiles. Metastasis is likely established by a minority of cells from the
primary tumor, which migrate to a single distant site. One can
therefore envisage a bottleneck ‘purifying’ effect for aberrations that
a metastasis will contain at the time of its formation, which then may
or may not develop into a profile differing from primary tumor by
acquisition of additional genetic changes. It should also be emphasized
that the above-mentioned previous studies of intratumoral heteroge-
neity of breast cancer require reanalysis using methodologies that fulfill
the current standards of resolution for global genome analysis. The ‘flat’
pattern of array-CGH profiles that was characteristic for two metastases
(aberration class IV, IDs 35 and 127) also deserves a comment. This
could simply be the result of heavy (>90%) non-cancerous cell
contamination. This explanation is, however, less probable as the tissues
were assessed for tumor cell content by a pathologist. The existence of
such flat genomic profiles with no chromosomal alterations in primary
tumors has been reported in the past.%1%22 Furthermore, such findings
are compatible with a newer model for parallel metastasis development.
It has been shown that the early disseminated tumor cells, the potential
metastatic progenitors, are genetically significantly less aberrant than the
matched primary tumors.>**? The above issue requires further analysis
in a considerably larger cohort of patients.

Although we studied a limited number of paired samples, we
noticed numerous differences in amplifications/gains and deletions
between matched samples, suggesting the differential activation of
oncogenes and inactivation of tumor suppressor genes, respectively, in



primary tumors versus metastases. Aberrations that are detected in
metastases and are not present in primary tumors, as well as changes
that are more pronounced in metastases (eg higher level of amplifica-
tion) compared with primary tumors, represent candidate biomarkers
for disease progression and merit further study to delineate the
specific gene (or genes) that may be involved. The above statement
is based on a reasonable assumption that ALN metastases represent an
expansion of a more aggressive clone of cells derived from a primary
tumor. We observed many clear-cut differences that can be linked to
progression of the disease. For instance, the DNA of case ID 23
displayed two high copy number gains on 8p and 11q that were more
prominent in metastasis. The series of amplicons on 11q (64.47-
78.3Mb) that has been mentioned above involves many well-char-
acterized cancer-related genes. Both 11q and 8p changes have been
previously linked to poor survival of breast cancer patients.?>*42 This
and other examples of the known progression-related changes
observed in our study suggest that our reasoning and approach toward
finding biomarkers for breast cancer progression is correct. By
analogy, the genetic aberrations described here that are acquired in
metastases and that are not yet linked to poor patient survival, for
example 1q (148-152 Mb), 6q (87-97 Mb), 10q (43—45Mb) and 11p
(56.06-56.51 Mb), might also be important and should be studied
further. Moreover, we have recently completed the experimental phase
of an ovarian cancer-related project. We performed a similar analysis
comparing matched primary tumors and metastases to omentum, and
the results also indicate frequent differences in DNA CNV profiles
between such sample pairs (Poplawski et al, in preparation). There
also seems to be an overlap between progression-related genetic
changes seen in a breast cancer study and those from ovarian cancer.
In summary, the most valuable implication of this report is that our
approach has the potential to enhance the characterization of specific
genes that are linked to breast cancer progression, which forms the
basis for the development of new anticancer drugs. The frequent
genetic differences between primary tumors and metastases also
question, at least to some extent, the role of primary tumors as a
surrogate subject of study for the systemic disease, when the devel-
opment of efficient new molecular therapy is considered.*>** Our
study calls for an extension, using a considerably larger number of
patients who have also been followed for a longer time. In an ideal
scenario, it would be important to evaluate many samples from each
patient; that is, several for the same primary tumor, several for
different ALN metastases as well as samples derived from distant
metastases.
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