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Abstract

Recently, expression profiling of breast carcinomas has revealed gene signatures that predict
clinical outcome, and discerned prognostically relevant breast cancer subtypes. Measurement of
the degree of genomic instability provides a very similar stratification of prognostic groups. We
therefore hypothesized that these features are linked. We used gene expression profiling of 48
breast cancer specimens that profoundly differed in their degree of genomic instability and
identified a set of 12 genes that defines the two groups. The biological and prognostic significance
of this gene set was established through survival prediction in published datasets from patients
with breast cancer. Of note, the gene expression signatures that define specific prognostic subtypes
in other breast cancer datasets, such as luminal A and B, basal, normal-like, and ERBB2+, and
prognostic signatures including MammaPrint® and Oncotype DX, predicted genomic instability in
our samples. This remarkable congruence suggests a biological interdependence of poor-prognosis
gene signatures, breast cancer subtypes, genomic instability, and clinical outcome.

INTRODUCTION

Breast carcinomas are among the most frequent tumors in women worldwide.1 The clinical
course and disease free survival times are extremely heterogeneous. This is why there have
been intensive efforts to introduce morphological, clinical and molecular markers for precise
disease staging and prognostication over the past decades.2 These markers include tumor
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NOVELTY

Genomic instability, as reflected in heterogeneous nuclear DNA content, serves as one of the most powerful predictors of clinical
outcome. We now elucidated the genetic basis of this heterogeneity using gene expression profiling and identified a 12-gene genomic
instability signature that provides prognostic information independent of conventional predictive parameters. The striking overlap with
recently established gene expression based classifiers suggests that the degree of genomic instability per se is the dominant breast
cancer inherent prognostic trait.
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size, grade and stage, lymph node and hormone receptor status, expression of growth factor
receptors, DNA content, S-phase fraction and proliferative activity, and, more recently,
specific gene expression signatures of poor prognosis.3 6

Quantitative measurement of the nuclear DNA content was the first attempt to understand
the genetic basis of the observed profound differences in prognostic profiles of breast
cancer. Large retrospective and prospective studies showed that patients with tumors with
large variability in the nuclear DNA content, i.e., aneuploidy, have a recurrence free survival
rate that is about only half as long as the one for patients with a diploid distribution.7: 8 The
strong association of nuclear DNA content with disease free survival is independent of
lymph node status, and therefore reflects a tumor innate biological feature that directly
influences outcome. More recently, this ploidy-based classification system has been refined
to not only describe the status quo of nuclear DNA content, i.e., diploid or aneuploid, but to
also appreciate the degree of genomic instability reflected as the variability of the DNA
content in the tumor cell population.9: 10 Based on these data it appears that more than just
the ploidy status alone, but rather an inherent level of genomic instability (which can be
measured as a stemline scatter index) is associated with prognosis. Extending these
observations to mechanistic conclusions, one could argue that the degree of plasticity of a
tumor genome provides the means to acquire a genetic and genomic makeup that bestows
the nimbleness required to successfully negotiate the challenges of continuing selective
pressure, and to generate tumor cell populations that are best adapted to environmental
changes, including therapeutic interventions.

Numerous groups have used parallel gene expression profiling to extract clinically relevant
signatures from breast cancers with considerable success.376+ 11: 12 These gene expression
signatures also allowed identification of breast cancer subtypes, such as luminal A and B,
basal, normal-like, and ERBB2+, which harbor prognostic significance as well.3: 11+ 13: 14
These signatures reportedly carry prognostic information independent of lymph-node status,
but showed association with tumor grade, e.g. in the report by van de Vijver and colleagues.
4 The same applies when measurements of the nuclear DNA content and genomic instability
were used for outcome prediction, i.e., a strong correlation to histopathologic grading, yet no
correlation to axillary node status.7> 8 15+ 16 These similarities, along with the fact that the
Kaplan-Meier curves for assessment of recurrence-free survival were essentially identical
when using either gene expression signatures or genomic instability as nominal independent
variables, provoked the assumption that the two are connected. In order to determine the
nature of this connection, we formulated the following hypotheses: first, the degree of
genomic instability finds its reflection in (or is determined by) an aneuploidy-specific gene
expression signature; second, this signature is general in nature and therefore robust enough
to allow prediction of the clinical course in independent datasets; and, third, breast cancer
subtype specific gene expression signatures of poor prognosis allow classification of our
genomically stable and unstable tumors, hence connecting the two classification systems in
support of a biological relationship. These hypotheses were tested by, first, gene expression
profiling of 48 primary breast carcinomas with defined patterns and degrees of genomic
instability; second, through classification of published and clinically annotated breast cancer
datasets using our gene expression signature of genomic instability; and, third, by
classification of our datasets using other breast cancer prognostic genetic signatures,
including MammaPrint® 4+ 5 and Oncotype DX.12

MATERIALS AND METHODS

Patient Samples

48 patients with breast cancer were diagnosed and tumor samples collected at the Karolinska
Institute and Hospital, Stockholm, Sweden, during 2000 and 2001 adhering to the guidelines
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of the local ethical review board. Clinical material was collected from surgically removed
tumors, diagnosed on H&E-stained tissue sections at the Department of Oncology and
Pathology, Cancer Center Karolinska, and graded according to Elston.17 The clinical data
are summarized in Table 1A. After surgery clinical tissue was first used for touch
preparation slides for quantitative measurement of the nuclear DNA content before it was
snap frozen until further processing with TRIzol reagent (Invitrogen, Carlsbad, CA) for
DNA and RNA extraction. In addition, paraffin-embedded specimens of the same tumors
were used for histopathology and immunohistochemistry.

Image Cytometry

Image cytometry was performed on Feulgen-stained touch preparation slides. The staining
procedure, internal standardization, and tumor cell selection were based on methods
described previously.8 All DNA-values were expressed in relation to the corresponding
staining controls which were given the value 2¢, denoting the normal diploid DNA-content.
The tumors were classified as belonging to three groups: (i) diploid cases with a distinct
peak in the normal 2c region and no cells exceeding 5c, (ii) aneuploid cases with a main
peak different from 2c and a stemline scatter index (SSI) below or equal 8.8, and (iii)
aneuploid samples with a varying numbers of cells (>5%) exceeding 5c¢ (SSI above 8.8).
This novel classification system adheres to the parameters established by Kronenwett and
colleagues,9 who defined the stemline scatter index (SSI) as a measurement of clonal
heterogeneity in the tumor cell population. In our sample cohorts, seventeen tumors were
classified as diploid, genomically stable (dGS), 15 tumors as aneuploid, yet genomic stable
(aGS), and 16 tumors belonged to the aneuploid and genomic unstable (aGU) group of
breast carcinomas. Examples of representative histograms for each group are provided in
Figure 1A-C. The degree of genomic instability status was compared with grading using the
Pearson's Chi-square test and with non-categorized parameters (age, tumor size, number of
lymph nodes with metastases, cyclin A labeling index) using the Kruskall-Wallis test.

Immunohistochemistry

All slides were deparaffinized with xylene, rehydrated and microwaved at 500W for 2x5
min in 10mM citrate buffer, pH 6.0. Intrinsic peroxidase activity was blocked with 3%
hydrogen peroxide in methanol, followed by incubation with horse serum (1:20 dilution) in
0.1M PBS, pH 6.0. The levels of protein expression were revealed by overnight incubation
with an antibody against cyclin A (Dilution 1:100, Novocastra, Newcastle upon Tyne, UK).
The antibody was diluted in 1% (weight/volume) bovine serum albumin and visualized by
standard avidin biotin-peroxidase complex technique (Vector Laboratories, Burlingame,
CA). The cyclin A immunoreactivity was confined to the cell nuclei. In each specimen, the
cyclin A labeling index (i.e., the percentage of stained tumor cells) was calculated.

Comparative Genomic Hybridization (CGH)

DNA was extracted from fresh frozen tissue using TRIzol. CGH was performed as described
in detail elsewhere (http://riedlab.nci.nih.gov). Fluorescence intensity ratio plots were
generated using Leica CW4000 Karyo V1.0 software (Leica Imaging Systems, Cambridge,
UK). Interpretation of changes at 1pter, 16, 19, and 22 required careful examination because
these loci are prone to artifacts due to the high proportion of repetitive sequences. CGH
profiles of individual cases as well as the summary display of all cases can be found at
http://www.ncbi.nlm.nih.gov/sky/skyweb.cgi.

Microarray analysis

Total RNA was extracted using TRIzol (Invitrogen) followed by Qiagen RNeasy column
purification (Qiagen, Valencia, CA). Sample RNA and universal human reference RNA
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(Stratagene, La Jolla, CA) were then amplified for one round using RiboAmp RNA
Amplification Kit (Arcturus, Mountain View, CA). All amplified RNA samples were
hybridized against amplified reference RNA using a slightly modified protocol from Hedge
and colleagues.18 Extraction and hybridization protocols used can be viewed in detail at
http://www.riedlab.nci.nih.gov. In brief, 3 png of amplified RNA was reverse transcribed
using random primers and converted into cDNA using reverse transcriptase. After
incorporation of aminoallyl-conjugated nucleotides, the RNA was indirectly labelled with
Cy3 (tumor RNA) and Cy5 (reference RNA, Amersham, Piscataway, NJ). Each sample was
hybridized against the reference RNA in a humid chamber (Arraylt™ Hybridization
Cassette, TeleChem Intl., Sunnyvale, CA) for 16 hours at 42°C, washed, and scanned by the
Axon GenePix 4000B Scanner (Axon Instruments, Union City, CA). In order to account for
potential amplification bias, total RNA was hybridized following the same protocol for 11
samples (20 ug each). We used customized arrays obtained from the National Cancer
Institute's microarray core facility. Arrays were used from one print batch and composed of
9,128 cDNAs denatured and immobilized on a poly-L-lysine-coated glass surface. The gene
annotation file (GAL file) used (Hs-UniGEM2-v2px-32Bx18Cx18R.gal) can be found at the
facilities website http://nciarray.nci.nih.gov. GenePix software version 4.0.1.17 was used to
apply the GAL file through an interactive gridding process.19

Microarray quality assessment and data analysis (two-group class comparison)

After discarding arrays that did not pass our quality assessment criteria (Supplementary
Methods, Section 1), a total of 14 dGS samples, 14 aGS, and 16 aGU samples could be
processed for further analysis. All values that did not meet the quality control criteria were
treated as missing values as described in Supplementary Materials. Intensity ratios were
calculated using the background corrected median intensities that were normalized with the
locally weighted scatter plot smoother (LOWESS) algorithm for each print-tip group. The
fraction of data points used in the local regression (f) was 0.1 and other parameters were
adjusted as suggested by Cleveland.20 The value of f was determined using two self versus
self experiments. All within-slide normalized ratios were log-transformed (natural base). A
total of 7,657 genes were identified that did not show any missing values across all samples.
Out of those 7,657 genes, differentially expressed genes were identified with pair-wise
analysis: dGS against aGS, dGA against aGU, and aGS against aGU samples.

In order to produce a robust gene list, we used two methods and chose genes only when they
appeared in both tests. First, we conducted the Wilcoxon rank-sum test with a permutation
test so that if the p-value between the two groups was below 0.05, the values were randomly
labeled into these two groups and the p-value was computed and repeated 10,000 times. All
cases where the p-value using permuted labels was under 0.05 were summed and divided by
the total number of permutations (10,000). This a-value denotes the probability that a gene
had a smaller or equal significance by random permutation than the original significance as
described earlier.21 Genes having a-value below 0.05 were considered to be differentially
expressed. Second, we utilized a step-wise gene selection procedure.22: 23 The basic idea is
to add genes one by one to a set of genes that discriminates two classes the best using
Fisher's linear discriminant. The step-wise procedure was stopped if the weight (that marks
the separation of the ratios between two classes) was less than 0.001. Finally, we took an
intersection of the genes that were statistically significant using Wilcoxon test and also
identified with the step-wise gene selection procedure.

Biological pathway analysis

We used Ingenuity Pathways Analysis (IPA) software (Ingenuity, Mountain View, CA) to
assess the involvement of significantly differentially expressed genes in known pathways
and networks. Differentially expressed genes as identified above were uploaded into the
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program and defined as focus genes if they were also part of the Pubmed-based IPA
knowledge database. IPA was then used to determine groups of genes — involving focus
genes and those known to interact with them - that together constitute networks. Such
networks indicate how the genes of interest may influence each other above and beyond
canonical pathways that are described in the Kyoto Encyclopedia of Genes and Genomes
(KEGG, www.genome.jp/kegg). The IPA generated networks are listed in a certain order,
with the top networks having a lower likelihood that the generation of the networks was
serendipitous.

Identification of a gene signature (also by multiple-class comparison) that defines
genomic instability and prognostic validation

The approach for the identification of a genomic instability signature and its prognostic
validation is described below. A more detailed description is provided in Supplemental
Methods, Section II.

A supervised machine learning approach was applied in two sample settings to identify a
genomic instability signature from the expression profiles of 7,657 genes in 44 primary
breast cancer samples. In the first setting, genes were selected to discriminate genomically
unstable (aGU) from genomically stable (aGS and dGS) tumors as binary classification.
Random forests (the ValSelRF package)24 in R25 were used in the gene selection. In
random forests, about one-third of the cases in the bootstrap sample are not used in growing
the tree. These cases are called “out-of-bag” (OOB) cases and are used to evaluate the
algorithm performance. A very important function of random forests is variable importance
evaluation. Specifically, the variable evaluation process involves the following steps: 1)
build a forest with 2,000 trees based on all 7,657 genes and obtain the importance measure
of each gene variable; 2) based on the variable importance rank obtained in step 1,
repeatedly remove 20% of the least important genes from the sample data; 3) in each
iteration build a forest to get the out-of-bag (OOB) error estimate with the remaining genes;
and 4) select the gene set with the smallest OOB error rate. The classification accuracy of
the selected gene sets was evaluated with the Random Committee algorithm in WEKA26
during leave-one-out cross validation. Similar to Random Forests, Random Committee is an
ensemble algorithm of classification trees. The first setting identified a 7-gene list. In the
second setting, genes were selected to discriminate aGU, aGS, and dGS as multi-
classification. Similarly, the random forests algorithm was used to identifiy a 70-gene list,
which generated the smallest OOB error rate in the feature selection. Then, the Relief
algorithm in WEKA26 was used to select the top 10 genes from this 70-gene set. This 10-
gene list was able to further increase the classification accuracy of the 70-gene set. The
accuracy of the gene sets in classifying aGU, aGS, and dGS was evaluated with the Naive
Bayes algorithm in WEKA during leave-one-out cross-validation. Among the 7- and 10-
gene sets, five genes were common. Therefore, these two gene lists were merged as a 12-
gene genomic instability signature (Figure 2B). Eight signature genes (marked with asterisks
in Figure 2B) were also selected in the previous differential gene expression analyses,
providing an external validation to these results. This 12-gene signature was used to group
the 44 breast carcinomas in hierarchical clustering analysis with CIMminer27 (Figure 2).
The gene expression was aggregated based on Euclidean distance with average linkage. The
distance of the samples was computed based on correlation and the cluster method was
complete linkage.

To evaluate the accuracy of this genomic instability signature in clinical outcome prediction,
496 tumor profiles in breast cancer4: 6: 11 were used as independent validation sets. The
expression measurements of the signature genes were identified from the original microarray
data with MatchMiner28 to predict disease-free survival and overall survival. The average
expression centroids (profiles) of genomically stable patients and genomically unstable
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patients in our data were computed. Each patient in the validation cohorts was categorized
into GS group or aGU group based on the correlation of this patient's gene expression
profiles with the average expression profiles of the GS and aGU centroids in our data. In the
external validation, patients are classified as GS (Genomically Stable) if the correlation of
the gene expression with the average GS centroid is higher than that with the average aGU
centroid. Similarly, they are classified as aGU (Genomically Unstable) if the correlation of
the gene expression with the average aGU centroid is higher that with the average GS
centroid. If there are multiple probes for the same annotated gene, the average of the gene
expressions for all the probes is computed and used in the correlation analysis. The survival
probabilities of the GS group and the aGU group were estimated by using Kaplan-Meier
analyses with R. Statistical significance of the difference between the survival curves for
different prognostic groups was assessed, using likelihood ratio tests and log-rank tests.

Classification of tumors to breast cancer intrinsic subtypes

Tumor samples in our data were classified into five breast cancer intrinsic subtypes (basal,
ERBB2+, luminal A, luminal B, or normal-like) using the method from Chin et al.29
Specifically, the intrinsic gene list was downloaded from
http://genome-www.stanford.edu/breast_cancer/robustness/data.shtml. The common genes
in our data were identified by matching gene names. This common gene subset was used to
compute the average expression profiles of each breast cancer subtype using 79 most tightly
clustered samples from Sorlie et al.11 Pearson's correlation coefficient was determined
between each tumor sample and each breast cancer subtype. Each tumor sample was
classified to the subtype that has the highest correlation coefficient (p < 0.05). Detailed
results are provided in Supplementary Table 5.

Classification of genomic instability by using Oncotype DX and MammaPrint

RESULTS

The signature genes in Oncotype DX12 and MammaPrint®4: 5 were identified in our data
with MatchMiner.28 These two signatures were used to predict genomic instability in our
data by using neural networks with WEKA, respectively. Leave-one-out cross validation
was used to evaluate the predicted results.

Microarray data will be available online in a MIAME compliant format
(http://www.riedlab.nci.nih.gov/).

The degree of genomic instability, as measured by the nuclear DNA content, directly
impacts on a breast cancer patient's prognosis, independent from established parameters,
such as lymph node status, and in addition to other clinical and histomorphological
variables.7: 8 Patients with tumors that are genomically stable have a significantly better
prognosis than those with unstable tumors.9: 10 We hypothesized that the profound
differences between genomically stable and unstable breast carcinomas would reveal a
measurable disparity in gene expression patterns as well. We have therefore analyzed 48
breast carcinomas using gene expression profiling on microarrays. In the present study, we
selected 17 diploid tumors that were genomically stable (dGS), 15 tumors that were assessed
as aneuploid, yet stable (aGS), and 16 carcinomas that were classified as aneuploid with
substantial variability in the nuclear DNA content, and were hence assigned to the
genomically unstable group (aGU); for details of the classification system see.9
Representative histograms of these tumor groups are displayed in Figure 1A-C, and the
clinical data are summarized in Table 1. No significant differences were observed among the
three groups regarding patients’ age, tumor size and number of lymph node metastases.
However, a significant relationship existed between the degree of genomic instability and
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cyclin A labeling index (p < 0.0001 by Kruskal-Wallis test; data not shown). Moreover,
tumors with high grade (Grade I11) were significantly more frequently found in the aGU
group compared with the dGS and aGS group (p < 0.0001 by Pearson's Chi-square test; data
not shown). The higher degree of genomic instability in the aGU group was also reflected in
an increase in chromosomal copy number changes as measured by comparative genomic
hybridization. A detailed summary and comparison of chromosomal aberrations between the
three groups is presented in Figure 1D. Chromosomal imbalances in the genomically stable
tumors (dGS and aGS) were mostly restricted to gains of chromosome 1q and 16p,
accompanied by losses on chromosome 16q, while aGU tumors showed more diverse
changes, including frequent gain of the long arm of chromosome 17, the mapping position
of the ERBB2 oncogene. This confirms earlier data from our group.30

Gene expression profiling using cDNA arrays

The similarity of the genomically stable groups (dGS and aGS), when contrasted to the
tumors classified as genomically unstable (aGU), was further underlined by the results of
our gene expression profiles. These similarity of the gene expression patterns of the two
genomically stable groups, when compared to the genomically unstable group, is presented
pictorially in Figure 2A as a Principal Component Analysis (PCA). The PCA was based on
the genes summarized in supplemental Table 1A. Applying the Wilcoxon test with
permutation test and the step-wise algorithm to identify differentially expressed genes for
the pair-wise comparisons of the three groups we show that 38 genes were commonly
differentially expressed for the comparisons aGU versus dGS and aGU versus aGS, whereas
only two genes were commonly observed in the comparisons aGU versus aGS and aGS
versus dGS, and three genes among aGS versus dGS and aGU versus dGS (Table 2). The
gene lists that describe the exclusive differences between all groups are listed in
supplemental Tables 1A-C.

We were then interested in analyzing expression levels of genes that are potential candidates
for being involved in the control of genetic stability. These genes include APC, BIRCS5,
BUB1, CDH1, FRS3, RB1CC1, SMC1A (structural maintenance of chromosome), ST7,
AURKA, TP53, and the cyclins CCNA2, CCND1, CCND3, and CCNEL. Several of these
genes have been previously studied by means of either quantitative RT-PCR or
immunohistochemistry in a comparable set of genomically stable and unstable tumors.30+ 31
Five of these genes were significantly differentially expressed when we compared the
genomically stable (dGS and aGS) and unstable (aGU) tumors. We confirmed the increased
expression of CCNA2 and CCNEL1 in the unstable tumors, however, CCND1 was
downregulated in this group. In addition, we could show that both BIRCS5, which prevents
apoptosis, and AURKA, a gene involved in centrosome duplication and genomic instability,
were significantly higher expressed in the genomically unstable tumors (Supplemental Table
2).

Functional annotation of the genes that discern the genomically stable (dGS and aGS)
from unstable (aGU) tumors using Ingenuity Pathway Analysis

Both, the CGH analyses and expression profiles suggest that those tumors that were
classified as genetically unstable differed most from the genetically stable tumors, regardless
of the actual ploidy status (i.e., the position of the stemline which is at 2c in the dGS, and
different from 2c in the aGS group). We were therefore interested to functionally annotate
the differentially expressed genes between the two groups (dGS and aGS versus aGU using
Ingenuity Pathway Analysis (IPA) (Supplemental Table 3). For nomenclature of IPA please
see Material and Methods section.

Int J Cancer. Author manuscript; available in PMC 2010 April 1.
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Thirty-eight genes were differentially expressed between the aGU and the dGS/aGS
subtypes, of which 33 were present as focus genes. Four of these focus genes belonged to
the highest ranked network. The top ranked networks are characterized by a low likelihood
that the generation of the network was serendipitous. Genes of this network are involved in
cancer development, cellular growth and proliferation and gene expression, whereas the
second network contained one focus gene. The top functions in this network include cell-to
cell signaling and interaction, and cellular assembly and organization.

Validation of the genomic-instability-dependent gene set for prediction of disease-free
survival and overall survival in breast cancer

We were then interested in exploring to which extent the gene expression signature that
defines genomic instability in the breast cancer samples analyzed here could be useful for
prediction of disease outcome in previously published independent datasets. We therefore
first explored the differences between all three groups. Using random forests, this
classification generated a list of 70 genes. The top 10 genes of this set selected with Relief
were then used to individually classify the three groups; this classification achieved an
accuracy of 80%. Next, we used random forests to establish a gene list that discerns the
genomically stable (dGS and aGS) tumors from the genomically unstable ones (aGU). In
leave-one-out cross-validation, this 7-gene signature allowed classification of genomically
stable versus unstable tumors with an accuracy of 93%. The 7-gene list and the 10-gene list
showed an overlap of five genes. The resulting two largely concordant signatures from both
approaches confirmed the relevance of the identified signature genes as descriptors of
genomic instability. Combining the two gene lists therefore resulted in a 12-gene genomic
instability signature list. The classification of the samples into two major groups
(genomically stable and unstable) is shown as a Hierarchical Cluster analysis in Figure 2B.
Eight of those signature genes were identified also in the previous two-step differential
expression analyses (Wilcoxon test and step-wise algorithm, see above), indicating
concordance despite different computational approaches. Among the 12-gene genomic
instability signature, SCYA18, STK15, and CDKN2A were over expressed in genomically
unstable breast carcinomas, whereas the remaining nine signature genes were under-
expressed in genomically unstable tumors (p < 0.001, two-sided t-tests). This gene set was
then used for predicting cancer outcomes in independent datasets.

The breast cancer datasets that we used for validation purposes were included in the
publications by Sorlie et al.,11 van de Vijver et al.,4 and Sotiriou and colleagues.6 These
datasets comprise gene expression profiles from 469 patients with heterogeneous histology
and different disease stages. The clinical parameters included tumor grade, tumor size,
lymph node status, estrogen receptor status, progesterone receptor status, age, and histology.
The clinical endpoints used for the validation of the classifiers included relapse-free
survival, metastasis-free survival, disease-free survival (here a disease event refers to either
breast cancer relapse or metastasis) and overall survival. Each patient in the three validation
cohorts was classified as being more similar to either the genomically stable signature
(groups dGS and aGS) or the aGU signature, based on the correlation of this patient's gene
expression pattern with the average expression profiles of the genomically stable samples
(referred to as GS) and aGU samples in our dataset. Kaplan-Meier analyses showed that the
genomic instability-defined prognostic groups were associated with a distinct relapse-free
survival and metastasis-free survival (p < 0.04, log-rank tests) in the patient cohorts from
Sorlie et al.,11 van de Vijver et al.,4 and Sotiriou et al.6 Patients with the GS signature had
longer relapse-free survival and metastasis-free survival than those with the aGU signature.
Furthermore, the genomic-instability defined prognostic groups had remarkably different
overall survival in Kaplan-Meier analyses (p < 0.025, log-rank tests), as shown in Figure 3,
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despite the fact that about 50% of patients died without having suffered from breast cancer
recurrence.12

We then evaluated the association between genomic instability-defined risk groups and
traditional prognostic factors of breast cancer, including lymph node status, tumor grade, the
NIH consensus criteria,32 and the St. Gallen criteria,33 which are based on tumor size <1
cm (NIH low risk), and estrogen (positive) and/or progesterone (positive) receptor status,
tumor size (< 2 cm), tumor grade (Grade 1), and patient age (= 35 years) (St. Gallen low
risk). To investigate whether the 12-gene signature is independent of lymph node status, the
three external validation cohorts were combined, and lymph node-negative patients and
node-positive patients were analyzed separately. In all studied lymph node-negative patients,
the GS and the aGU groups had distinct disease-free survival (p < 0.0002, log-rank tests)
and overall survival (p < 0.0001, log-rank tests) in Kaplan-Meier analyses. Similarly, in all
lymph node-positive patients, the GS group and the aGU group had remarkably different
disease-free survival (p < 0.0007, log-rank tests) and overall survival (p < 0.0001, log-rank
tests). These results indicate that the 12-gene genomic instability signature is independent of
lymph node status in breast cancer prognosis (Figure 4). We then investigated whether the
12-gene signature provides additional prognostic information within the high risk groups
defined by the NIH criteria and the St. Gallen criteria. In van de Vijver's cohort,4 284
patients were defined as high risk according to the NIH criteria, and 273 patients were
defined as high risk according to the St. Gallen criteria. In Sotiriou's cohort,6 93 patients
were defined as NIH high-risk, and 91 patients were defined as St. Gallen high-risk. Since
tumor size was not available in Sorlie's cohort,11 patients could not be classified according
to the NIH criteria. All 75 patients in Sorlie's cohort11 were high-risk according to St.
Gallen criteria. In high risk patients defined by the NIH criteria (n = 377), those with the GS
signature had significantly better prognosis in terms of metastasis-free survival (p = 0.0001,
log-rank tests) and overall survival (p < 0.0001, log-rank tests) than those with the aGU
signature (Figure 5A). Similarly, in the high risk patients defined by the St. Gallen criteria (n
= 439), patients with the GS signature had significantly better prognosis in terms of
metastasis-free survival (p < 0.0001, log-rank tests) and overall survival (p <0.0001, log-
rank tests) than those with the aGU signature (Figure 5A). Furthermore, the 12-gene
genomic instability signature stratified Grade Il breast cancers (n = 172) into subgroups with
distinct relapse-free survival (p = 0.0001, log-rank tests) and overall survival (p = 0.0001,
log-rank tests) in Sorlie's cohort and Sotiriou's cohort (Figure 5B). Together, these results
demonstrate that the 12-gene genomic instability signature is independent of traditional
clinicopathologic factors used for breast cancer prognostication.

Linking breast cancer subtype-specific gene expression signatures and signatures of poor
prognosis with the genomic instability classification

In the recent past, several comprehensive gene expression based tumor profiling studies of
large cohorts of breast cancer patients identified specific subtypes, i.e., luminal A and B,
basal, ERBB2+, and normal-like.3: 11+ 13+ 14 These subtypes were reproduced in several
independent studies, and are associated with distinct prognostic profiles. For instance,
luminal A and normal-like are associated with longer disease-free survival, whereas patients
with tumors classified as basal or ERBB2+ fare worse. We therefore speculated that the
subtype-specific gene expression signatures and our instability based classification systems
were linked, potentially pointing to overlapping biological mechanisms. This potential
connection was explored by using subtype-specific gene expression signatures to classify
our 48 samples. The results reveal a remarkable concordance of these independent
classification systems. Of the 28 genomically stable tumors in our collection, 24 were
assigned to subtypes luminal A (n = 18) or normal-like (n = 6). Only four tumors were
assigned to the ERBB2+ group. In contrast, all but one genomically unstable tumor (n = 16)
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was assigned to either the ERBB2+ group (n = 10) or the basal group (n = 5), indicating
pour prognosis (Table 3A). Of note, most of our genomically unstable tumors showed
genomic amplification of chromosome arm 17q, the mapping position of the ERBB2
oncogene (Figure 1B).

We next explored whether other gene expression signatures for breast cancer prognosis
would allow classification of genomic instability in our samples. Specifically, we used the
21-gene signature of the so-called Oncotype DX assay (consisting of 16 cancer-associated
genes and five genes included for normalization purposes),12 and the 70-gene signature of
the MammaPrint®4- 5 to predict genomic instability in the tumors in our series. Twelve of
the 21 genes used in the Oncotype DX test were present on our platform, whereas 21 of the
70 genes employed by MammaPrint® could be utilized in our set. Using the Oncotype DX
gene set, overall prediction accuracy (measured as correct classification of unstable tumors
as unstable, and stable tumors as stable) was 91%, whereas the MammaPrint® set correctly
classified 84% of cases. These results are proof of the linkage between genomic instability
and poor prognosis in breast cancer (Table 3B).

In summary, our data show that, first, differences in the degree of genomic instability among
tumor groups are reflected in the identified 12-gene signature. Second, this aneuploidy-
specific gene expression signature can reliably predict outcome in published datasets, and,
third, in turn, the gene expression signature of poor prognosis, independent of the specific
platform, predicts the degree of genomic instability with significant (p < 0.001) accuracy.
Therefore, the three hypotheses that we postulated appear to be valid ones.

DISCUSSION

The prognosis of breast cancer depends on the pattern and degree of genomic instability.7:8
Patients with breast carcinomas with a relatively stable genome have considerably longer
disease free survival times compared to women with genomically unstable tumors.9: 10 The
degree of genomic instability can be considered a tumor-biological feature that defines
different subtypes. In general, this feature does not change over time, i.e., when malignancy
advances. This is also reflected by the fact that the average tumor sizes of the dGS (22.5
mm), aGS (25.6 mm), and aGU (25.4 mm) samples were not significantly different from
each other. Therefore, the degree of genomic instability is not just a measure of tumor size
and time of in vivo propagation. In order to further elucidate the genetic basis of the
strikingly different clinical course of genomically stable versus unstable tumors, we were
interested in analyzing (i) whether we can identify aneuploidy specific global gene
expression profiles, (ii) to which extent the genomic instability-associated gene expression
patterns would allow the prediction of clinical outcomes in published breast cancer datasets
and, (iii) lastly, we were curious as to whether the gene expression signatures that define
several breast cancer subtypes and are associated with poor prognosis, namely those used in
Oncotype DX and MammaPrint® would classify our samples. In order to address these
questions, we used quantitative measurement of the nuclear DNA content, comparative
genomic hybridization, and array-based gene expression profiling of 48 breast cancer
samples. The relevance of the genomic instability-specific gene expression signature was
then independently and comprehensively validated using published datasets. The 12-gene
genomic instability signature predicted disease-free survival and overall survival in breast
cancer patients (n = 469), independent of traditional prognostic factors.

The results of the CGH experiments revealed clearly different patterns of genomic
imbalances in the groups with a low versus high degree of genomic instability, both in terms
of the affected chromosomes, and in terms of the frequency of chromosomal gains and
losses. The most common genomic gain was mapped to the long arm of chromosome 1. This
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is consistent with previous analysis from our own laboratory and with CGH results reported
in the literature using chromosome and array CGH.14: 29: 30: 3436 Additional frequent
gains in the genomically stable tumors were mapped to chromosome arms 16p (gains) and
169 (losses). The aneuploid genomically unstable tumors showed additional gains on
chromosome arm 8q and 17q, which include the known oncogenes MYC and ERBB2.
Previous analyses using FISH probes for these oncogenes are consistent with this finding.37
These observations, and in particular the fact that tumors with gains of chromosome 1q and
losses on 16q were predominantly found in the genomically stable group nicely supports
findings by Chin and colleagues and Bergamaschi and colleagues, who could show that
patients with tumors with the “1q/16q” signature have longer disease-free survival times
compared to patients with more complex aberrations, such as those that belonged to the
genomically unstable groups in our collection.14: 29 In our patient cohort, 47% of the dGS,
33% of the aGS and none of the aGU tumor samples showed this “1q/16q” pattern.

The conclusion that, based on the CGH analyses, the genomically stable tumors were more
closely related, and different from the unstable group, was corroborated by the gene
expression profiling data. There was a significant overlap of deregulated genes between the
genomically unstable aGU group on one side, and the genomically stable dGS and aGS
cases on the other. Therefore, two groups emerged from these analyses, i.e., tumors that
were classified as genomically stable (dGS and aGS), and those that are not (aGU, see also
Figure 1). Genes differentially regulated between these groups mapped predominantly to
pathways that govern cancer development, cellular growth and proliferation and gene
expression. In previous analyses we could show that two genes involved in cell cycle
progression, CCNA2 and CCNE1, were expressed at higher levels in genomically unstable
tumors, which translated into reduced disease free survival times.9: 31+ 38 These data were
generated using either quantitative RT-PCR or immunohistochemistry. Using array based
gene expression profiling as described here, we could confirm these results in this new,
extended dataset. The ratio of median expression values of CCNA2 and CCNEL in aGU
versus aGS and dGS tumors is 1.88 (p = 0.022) and 1.86 (p = 6.68e-5), respectively. The
inhibitor of apoptosis, BIRC5, was also significantly higher expressed in the unstable tumors
associated with poor prognosis, which is intuitive. It is tempting to speculate that unstable
tumors express phenotypic features of chromosome segregation errors, one of which are
centrosome amplifications. Indeed, we have shown recently that centrosome aberrations are
significantly correlated with the degree of aneuploidy and in particular with the stemline
scatter index.39 In addition to CCNEL, which is involved in the control of centrosome
maturation and duplication,40 the serine/threonine kinase AURKA plays an integral role in
the maintenance of centrosome integrity.41 Overexpression of AURKA in cell lines results in
centrosome amplification, genomic instability and aneuploidy. Of note, the expression of
AURKA was significantly increased in the genomically unstable tumors compared to the
stable groups (median ration of 1.87, p = 1.08e-8). This suggests that this gene plays a major
role in the development of aneuploidy in human breast cancer. Interestingly, members of the
serine/threonine kinase family, including AURKA, were also identified as upregulated in
chromosomally instable tumors by Carter and colleagues and so were members of the cyclin
and kinesin families.42 Two other genes prominently overexpressed in the genomically
unstable tumors include CDKN2A (p16), a cyclin-dependent kinase inhibitor that maps to
the short arm of chromosome 9, and SCYA18 (CCL18), a gene involved in immune
response. Interestingly, this gene maps to chromosome arm 17¢q, which is commonly gained
in the unstable tumors. RERG, an estrogen regulated growth inhibitor is downregulated in
the unstable tumors, and so are the transcriptional activator HNF3A (FOXAL), the ankyrin
repeat protein p28 (PSMD10), the nuclear RNA export factor NXF1, and the oncogene MYB.

Having established distinct difference between the genomically stable and unstable tumors,
including specific patterns of genomic imbalances and sets of differentially expressed genes,
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we were now eager to explore to which extent these differences would allow prediction of
the clinical course in published independent datasets. Included were three datasets from
patients with breast cancer (n = 469) for which different clinical endpoints were available.4:
6' 11 In three external validation sets, patients were classified as belonging to either the GS
signature or to the aGU signature, based on the correlation with the average 12-gene GS and
aGU centroids (i.e., profiles) in our data. There are strong correlation patterns with our GS
and aGU centroids in the external validation sets (Supplementary Figures 4-6), rendering a
robust classification of genomically stable and unstable breast cancers in the validation
cohorts. Based on this direct mapping, our 12-gene signature reliably predicts disease-free
survival and overall survival in breast cancer independently of traditional prognostic factors,
including tumor grade, lymph node status, and the St. Gallen and NIH consensus criteria,
suggesting inherent biological similarities between the parameters that define the
classification systems.

The external validation sets used in this study consist of completely independent patient
cohorts. The prognostic prediction based on the 12-gene genomic instability signature
employed the “gold standard” of validation schemes, i.e., an independent training set and a
validation in multiple, non-overlapping datasets. Fan et al.43 compared five breast cancer
signatures, including Oncotype DX,12 MammaPrint®,4: 5 wound response predictor,44
intrinsic subtypes,3+ 11+ 13 and the “two-gene ratio”45 using the cohort from van de Vijver
et al.4 This comparison represents an entirely independent test set only for Oncotype DX
and the “two—gene ratio”, whereas the remaining three signatures used part of the samples
from van de Vijver's cohort (n = 295) in model development. If the training samples were
removed for testing these three signatures, the resulting test dataset would be greatly
reduced to fewer than 147 samples and possibly as few as 72 samples.43 In this evaluation,
all five signatures except the two-gene ratio allowed for prognostic categorization with
respect to disease-free survival (log-rank p < 0.001) and overall survival (log-rank p <
0.001). Compared with these results in consideration of the bias toward MammaPrint®,
intrinsic subtypes, and wound response predictor, our 12-gene genomic instability signature
is as accurate as Oncotype DX and could potentially be more accurate than the other
signatures in terms of predicting disease-free survival and overall survival in van de Vijver's
cohort. Notably, our 12-gene genomic instability signature further stratified high risk
patients defined by the St. Gallen criteria into distinct prognostic groups. These results
suggest, upon further validation, that the signature presented in this study could extend the
prognostic space of the current four concordant breast cancer signatures46 by linking gene
expression patterns with tumour inherent genomic instability.

Several studies have generated evidence that primary breast cancer can be stratified into
specific subtypes, namely luminal A and B, basal, normal-like, and ERBB+, based on gene
expression profiles.3: 11 13: 14 These subtypes are associated with a distinctly different
prognosis, with luminal A and normal-like showing significantly prolonged disease free
survival times, whereas the basal and ERBB2+ signatures indicate poor prognosis. It was
therefore intriguing to speculate that there would be concordance between our genomically
stable tumors and those characterized as luminal A and normal-like. In order to address this
question, we used the subtype-specific gene expression signatures to classify our tumors.
The congruence was striking: 24 of 28 of the genomically stable (i.e., good prognosis)
tumors were identified as being either luminal A or normal-like, whereas 15 of 16
genomically unstable (i.e., poor prognosis) tumors belonged to either the basal or ERBB2+
groups. Gain of chromosome 17¢, on which ERBB2 resides, was common in the
genomically unstable tumors, hence supporting the ERBB2+ phenotype. This overlap points
to a strong biological relationship of the groups, and suggests that tumor inherent genomic
instability is a major determinant of prognosis. This of course supports the wealth of data

Int J Cancer. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Habermann et al.

Page 13

showing that measurement of the nuclear DNA content by either image or flow cytometry
contributes to disease prognostications in patients with breast cancer.47

Currently, two prognostic gene signatures are in clinical use for the management of patients
with early stage primary breast cancer. Oncotype DX12 is applied for treatment stratification
of node-negative, estrogen receptor positive, and tamoxifen treated breast cancer; and
MammaPrint®4: 5 for node-negative breast cancer patients under age 61 with tumor size
less than 5 cm (stages | and 11A). We were therefore eager to further explore whether the
concordance between gene expression signatures that define specific breast cancer subtypes
and genomic instability extents to the two poor prognosis classification systems. We
explored this by investigating whether the 21-gene set of Oncotype DX and the 70-gene set
of MammaPrint® can stratify our samples as being genomically stable or unstable. The
accuracy with which that was possible, i.e., 84% for the MammaPrint® set and 91% for
Oncotype DX corroborated our interpretation of an interrelationship of these different
genetic predictors of disease outcome.

In summary, this study presents a systematic approach to explore whether there is linkage
between a tumor-inherent degree of genomic instability, gene expression patterns, and
clinical outcomes. The results establish a firm association of genomic instability and breast
cancer subtypes. The identified 12-gene aneuploidy-specific signature is an independent
predictor of clinical outcome in breast cancer patients, suggesting an essential and
dominating role of genomic instability in cancer progression and recurrence. Clinically used
gene signatures of poor prognosis, OncotypeDX and MammaPrint®, accurately predict the
degree of genomic instability in our dataset, thereby linking the classification systems.
Based on these results one could make the argument that disease prognostication based on
gene expression signatures could be augmented by quantitative measurements of the nuclear
DNA content in diagnostic samples, including those acquired by minimally invasive fine
needle aspiration cytology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Genomic instability in breast cancer: Examples of DNA histograms of diploid, genomically
stable tumors (dGS) in A, aneuploid, yet genomically stable tumors (aGS) in B, and
aneuploid and genomically unstable (aGU) tumors in C. Note the profound scattering of the
ploidy stemline in C (for details of the ploidy classification see.9 D: Summary of genomic
imbalances in 15 dGS (green), 12 aGS (red), and 11 aGU (blue) breast carcinomas analyzed
by comparative genomic hybridization. Bars on the left side of the chromosome ideogram
denote a loss of sequence in the tumor genome, while bars on the right side designate a gain.
The width of the bars indicates the relative frequency of gains and losses observed.
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Figure 2.

Principal Component Analysis (PCA) and Hierarchical Cluster Analysis of the gene
expression data of the three classes of breast carcinomas. A. The PCA reflects pair-wise
comparison of dGS (red dots) and aGU (green dots), which was then used to classify the
third class (aGS, blue).

B. The cluster analysis shows aggregation into two groups separating genomically stable
(dGS and aGS) from unstable tumors (aGU). The 12-gene genomic instability signature
includes seven genes that were selected to classify genomically unstable (aGU) and stable
(dGS and aGS) tumors, and 10 genes were selected to discriminate all three groups. There
are five common genes among the 7- and 10-gene lists, namely, RERG, KIAA0882, cDNA
DKFZp762M127, MYB, and STK15. The signature genes in red were over-expressed in
genomically unstable breast carcinomas, whereas the genes in green were under-expressed
in genomically unstable tumors. Genes marked with asterisks were also identified in the
two-step differential expression analysis using Wilcoxon's tests, attesting to the robustness
of the signature.
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Applying the 12-gene genomic instability signature for prediction of disease-free and overall
survival in independent datasets using Kaplan-Meier analyses. The curves in red reflect the

genomically stable signature, the curves in green the one representative of genomic

instability. For all examples, we observed a statistically significant association of genomic
instability with shorter disease-free and overall survival.
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The 12-gene genomic instability signature quantified breast cancer outcomes in Kaplan-
Meier analyses independent of lymph-node status in three different patient cohorts. The
curves in red reflect the genomically stable signature, the curves in green the one
representative of genomic instability. The signature of genomic instability was used to
predict disease-free and overall survival in three combined datasets. We observed a
statistically significant association with survival independent of lymph-node status.
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Figure 5.

Comparison of the 12-gene signature of genomic instability with other predictors of high-
risk. The curves in red reflect the genomically stable signature, the curves in green the one
representative of genomic instability. A: the 12-gene signature allows further stratification
of established high-risk signatures (the so called NIH and St. Gallen criteria). B: Refinement
of relapse-free and overall survival in two independent datasets using the 12-gene signature
of genomic instability. In Grade 11 tumors, application of the 12-gene signature allowed for
improved prognostic classification.
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