Human Cancer Biology

Molecular Characterization of Breast Cancer with High-Resolution
Oligonucleotide Comparative Genomic Hybridization Array
Fabrice Andre,1,2 Bastien Job,3 Philippe Dessen,4,6 Attila Tordai,7 Stefan Michiels,5
Cornelia Liedtke,8 Catherine Richon,3 Kai Yan,7 Bailang Wang,7 Gilles Vassal,1
Suzette Delaloge,1,2 Gabriel N. Hortobagyi,8 W. Fraser Symmans,9
Vladimir Lazar,3 and Lajos Pusztai8

Abstract

Purpose: We used high-resolution oligonucleotide comparative genomic hybridization (CGH)
arrays and matching gene expression array data to identify dysregulated genes and to classify
breast cancers according to gene copy number anomalies.
Experimental Design: DNA was extracted from 106 pretreatment fine needle aspirations of
stage II-III breast cancers that received preoperative chemotherapy. CGH was done using
Agilent Human 4  44K arrays. Gene expression data generated with Affymetrix U133A
gene chips was also available on 103 patients. All P values were adjusted for multiple
comparisons.
Results: The average number of copy number abnormalities in individual tumors was 76 (range
1-318). Eleven and 37 distinct minimal common regions were gained or lost in >20% of samples,
respectively. Several potential therapeutic targets were identified, including FGFR1 that showed
high-level amplification in10% of cases. Close correlation between DNA copy number and mRNA
expression levels was detected. Nonnegative matrix factorization (NMF) clustering of DNA copy
number aberrations revealed three distinct molecular classes in this data set. NMF class I was
characterized by a high rate of triple-negative cancers (64%) and gains of 6p21. VEGFA, E2F3,
and NOTCH4 were also gained in 29% to 34% of triple-negative tumors. A gain of ERBB2 gene
was observed in 52% of NMF class II and class III was characterized by a high rate of estrogen
receptor ^ positive tumors (73%) and a low rate of pathologic complete response to preoperative
chemotherapy (3%).
Conclusion: The present study identified dysregulated genes that could classify breast cancer
and may represent novel therapeutic targets for molecular subsets of cancers.

Genomic instability leads to DNA copy number abnormalities
in cancer cells (1). Patterns of DNA copy number alterations
may define distinct subsets of breast cancers and frequent
alterations in particular chromosomal locations can draw
attention to genes that are functionally important in carcinogenesis. Identification of these genes could allow the characterization of new oncogenic pathways and lead to the discovery
of new therapeutic targets. DNA copy number changes may also
serve as molecular markers of prognosis and response to
therapy. Several studies examined whole genome copy number
alterations in breast cancer (2 – 8). Most of these studies used
metaphase comparative genomic hybridization (CGH) with
bacterial artificial chromosomes (BAC) that have relatively low
resolution (2). These studies established that gains in chromosomes 1q, 8q, 17q, 20q and losses in 5q, 6q, 8p are common in
breast cancer (2). In addition, these studies also suggested that
estrogen receptor (ER) – negative cancers frequently harbor
losses in 5q and gains in 6p compared with hormone
receptor – positive cancers (2). However, these earlier CGH
technologies do not allow for fine mapping of copy number
alterations at the individual gene level due to their low
resolution; BAC arrays typically scan the genome at 1 to 2 Mb
intervals.
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and progesterone receptor (PR) expression status were assessed by
immunohistochemistry (Novocastra Laboratories Ltd.; cutoff for
positivity: 10% positive tumor cells) and HER-2 status was assessed
by either fluorescence in situ hybridization (FISH, PathVision kit, Vysis)
or immunohistochemistry as part of routine clinical care. HER-2
positivity (HER-2+) was defined as either HER-2 gene amplification on
FISH analysis (>2.0 gene copy number ratio of HER-2 and centromere
17 probes) or 3+ signal on immunohistochemistry evaluation. This
study was approved by the institutional review boards of the M. D.
Anderson Cancer Center, and all patients signed an informed consent
for voluntary participation.
DNA extraction and CGH array profiling. RNA was extracted first
from the samples using the Qiagen RNEasy Mini Kit followed by DNA
extraction from the flow-through phase of the RNA extraction
procedure. The DNA extraction was done with the Qiagen DNA
extraction kit. DNA concentration and purity were determined by using
the NanoDrop 100ND-1000 Spectrometer.
DNA was hybridized to 4  44K whole-genome Agilent arrays
(G4426A) at the Genomic Unit of the Institute Gustave Roussy,
Villejuif, France. For each sample, 500 ng of DNA were fragmented by a
double enzymatic digestion (AluI + RsaI) and checked with LabOnChip
(2100 Bioanalyzer System, Agilent Technologies) before labeling and
hybridization. Tumor DNA and control DNA from Promega (Human
Genomic DNA Female G1521) were labeled by random priming with
CY5-dCTPs and CY3-dCTP, respectively, and hybridized at 65jC for
17 h. The chips were scanned on an Agilent G2565BA DNA Microarray
Scanner and image analysis was done using the Feature-Extraction
V9.1.3 software (Agilent Technologies). Feature-Extraction was used for
the fluorescence signal acquisition from the scans. Normalization was
done using the ranking-mode method available in the FeatureExtraction V9.1.3 software, with default value for any parameter. Raw
copy number ratio data were transferred to the CGH Analytics v3.4.40
software for further analysis. Raw data have been submitted to the Array
Express database10 with the accession number E-TABM-584.
Gene expression analysis. Gene expression profiling was done with
Affymetrix U133A GeneChips following standard operating procedures
as described previously (12). Gene expression data was normalized using
dChip V1.3 software11 to a single reference array.12 Complete transcriptional profile data were available on 103 cases; the mRNA was not
sufficient in quality or quantity for transcriptional analysis in three cases.
Data analysis. The ADM-2 algorithm of CGH Analytics v3.4.40
software (Agilent) was used to identify DNA copy number anomalies at
the probe level (13). A low-level copy number gain was defined as a log
2 ratio >0.25 and a copy number loss was defined as a log 2 ratio
<-0.25. A high-level gain or amplification was defined as a log 2 ratio
>1.5. Minimum common regions (MCR) were defined as chromosome
regions that show maximal overlapping aberrations across multiple
samples and were defined using STAC v1.2 (14). Probe-level
measurement MCRs do not include all genes that are altered within a
given aberrant region in a particular tumor but define the recurrent
abnormalities that span the region (15). DNA copy number anomalies
were plotted by the aCGH software package v1.10.013 using the R
statistical language.14 Probe-level aberrations were used as variables for
consensus clustering of tumor samples by the nonnegative matrix
factorization method (NMF; ref. 16). The NMF consensus package for
GenePattern v3.0 was used to generate NMF-derived molecular clusters.
We examined the robustness of the resulting clusters by calculating the
cophenetic correlation coefficient of the cluster assignment (17). In
addition, we used Euclidean distance and the Ward method (18) to
perform an unsupervised hierarchical clustering on the 106 samples.

Translational Relevance
The present study characterizes gene copy number
anomalies in breast cancer. It presents several potential
implications for cancer medicine. Based on a comparison
with fluorescence in situ hybridization, it first shows that
comparative genomic hybridization (CGH) array is a robust
technology to assess gene copy number anomalies. Then,
we identify two sets of gene copy number anomalies that
could lead to the development of targeted therapy or subgroup analyses in breast cancer.The FGFR1gene was found
to be amplified (log 2 ratio >1.5) in 10% of overall samples.
Gene copy number anomalies were found to be enriched in
triple-negative (ER-/PR-/Her2-) disease, including VEGFA,
NOTCH4, and E2F3 gains. Finally, unsupervised clustering
identifies three CGH array classes of breast cancer. Further
larger studies will determine whether such classification
could complement the current gene expression based
molecular classification for patient stratification in clinical
trials.

In the current study, we used high-resolution genome-wide
oligonucleotide CGH arrays (Agilent Human 4  44K CGH
Array; ref. 9). These arrays scan the genome on average at 70-kb
intervals. The goals of this study were to catalogue highresolution DNA copy number alterations in breast cancer and
correlate these genomic anomalies with mRNA expression and
clinical characteristics, including response to preoperative
chemotherapy. We also did consensus clustering of breast cancer
samples based on DNA copy number anomalies to examine if
new molecular classes of breast cancer could be discerned.

Patients and Methods
Patient selection and clinical characteristics. This study included 106
patients who participated in a pharmacogenomic predictive marker
discovery study at the University of Texas M. D. Anderson Cancer
Center. During this research, patients with newly diagnosed stage I-III
breast cancer were asked to undergo pretreatment fine needle aspiration
of the cancer using a 23- or 25-gauge needle before any therapy. Cells
from two to three passes were collected into vials containing 1 mL of
RNAlater solution (Ambion) and stored at -80jC. We previously
established that fine needle aspirations contain predominantly neoplastic cells (80-95%) and some infiltrating leukocytes (5-15%) but are
devoid of stromal elements (10). This is consistent with the general
pathology literature and allows for RNA yield to serve as a quality
control metric for neoplastic cellularity. Poor RNA yield indicates lack
of sufficient amount of neoplastic cells in the biopsy. We also reported
previously that gene expression data generated from fine needle
aspirations captures the molecular characteristics of the invasive cancer,
including molecular class (11). All patients received preoperative
chemotherapy. Clinical characteristics and treatments are summarized
in Supplementary Table S1.
All patients underwent modified radical mastectomy or lumpectomy
and sentinel node dissection after completion of chemotherapy.
Pathologic response was determined at the time of surgery by
microscopic examination of the excised tumor and lymph nodes.
Pathologic complete response was defined as no residual invasive
cancer in the breast or lymph nodes. Pathologic complete response was
observed in 19 of 103 evaluable patients (18%). Tumor grade was
assessed by modified Black’s nuclear grading. Estrogen receptor (ER)
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Fig. 1. Frequency of copy number anomalies in the overall population.
A, gained and lost regions in the study population. B, frequency of chromosomal
aberrations. X axis, the number of chromosomal aberrations per sample; Y axis,
the frequency of these observed numbers. Each histogram represents 10
chromosomal aberrations by sample.

To correlate gene expression and copy number anomalies, a t test
was performed. This test evaluated the distributions of the probe
intensity of U133A chip according to the copy number anomalies of the
matched probe on array CGH. ACE-it tool was used for doing such
correlations (19).
We calculated the false discovery rate (FDR) using the procedure
described by Benjamini and Hochberg (20). The t test was considered
statistically significant when the FDR-adjusted P value for a t test was
<0.05. All genomic positions are defined in this article according the
University of California Santa Cruz Human version hg18 (March
2006).15 The use of the single predictor (21) for five classes on the
Affymetrix gene expression set has been made after mapping Agilent

15

probes of the 306 gene set with Affymetrix HG-U133A probe sets of the
corresponding gene. This mapping leads to a list of 276 probe sets
(table not shown).

Results
Correlation between HER-2 FISH and HER-2 CGH array
results. As a quality assessment measure, we examined if the
CGH arrays correctly identified the known HER-2 amplification
region in patients who were HER-2 – amplified by routine FISH
analysis. Results are reported in Supplementary Fig. S1. HER-2
was amplified in 11 of the 68 samples for whom FISH results
were available. In 8 of these 11 cases (73%), the log 2 (ratio) for
the probe set [A14_P114826] corresponding to the HER-2 gene

http://genome.ucsc.edu
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showed amplification (log 2 ratio >1.5) in at least three or
more consecutive probe sets in at least 10 samples. These genes
were located in two amplicons (8p11-12 and 17q11-21). This
included two trans-membrane targetable tyrosine kinases, i.e.,
ERBB2 and FGFR1. Other less frequently gained drug targets
included PAK1 (n = 4), MYC (n = 3), EGFR (n = 3), IGFR1
(n = 2), and TERT (n = 2).
Next, we examined genes that were frequently lost. Thirtyseven MCRs were lost in >20% of samples (Supplementary
Table S3). The single most frequently lost MCR was located in
11q and observed in 33% of cases. Several of the frequently lost
genes are of interest for their known mechanism of action and
include BRCA1, STAT3, STAT5A, STAT5B, and MAPT genes. An
intriguing observation was the frequent (17%) loss of an MCR
on 17q12 that encodes for eight chemokines (CCL3, CCL4,
CCL5, CCL14, CCL15, CCL16, CCL18, CCL23) that are
involved in the homing of immune cells to the tumor site.
Correlation between mRNA expressions results and DNA copy
number changes. We identified 3,883 Affymetrix U133A
probes (3,007 genes) whose expression correlated with DNA
copy number alteration (adjusted P < 0.05; Supplementary
Table S3). This indicates that copy number alterations lead to
changes in gene expression levels that may have functional
consequences. Of the 20 genes with the most frequent highlevel gain shown on Table 1, 15 also showed significant mRNA
overexpression compared with the cohort of cancers who had
no amplification at this DNA region. Gene expression level
according to the presence of gene amplification is reported in
Fig. 2 for the 20 frequently amplified genes.
These data suggest that most DNA copy number alteration
detected by CGH arrays also result in alterations in transcript
levels.
Molecular classification of breast cancer based on DNA copy
number changes. Clustering techniques are a commonly used

was >1.5, which has met our criteria for amplification based on
CGH result. The sensitivity and specificity of this CGH cutoff
were 0.73 and 1, respectively. The overall accuracy was 96%.
Low-level gains (0.25 < log 2 ratio < 1.5) were apparent in two
of the remaining three HER-2 FISH – amplified cases (log 2 ratio
for the CGH probes: 0.69, 0.91). These observations suggest
that 4  44K CGH array is a reliable technology to identify gene
copy number anomalies on fine needle aspiration samples.
Chromosomal aberrations in the patient population. We
examined the frequency of gained and lost DNA regions
(Fig. 1A). The three most frequent gains (log 2 ratio >0.25) were
observed in 8q at 116.7 and 127.5 Mb (58% of all cases) and in
1q at 153 Mb seen in 55% of cases. The two most frequently
lost regions were 8p at 24.2 Mb and 13q at 47.8 Mb, seen in
51% and 41% of cases, respectively. The average number of
chromosomal aberrations for a single tumor was 76 (range
1-318 in individual tumors; Fig. 1B). These results indicate that
there is great individual variability in the number of chromosomal aberrations in breast cancer. Cancers with a low number
of chromosomal aberrations (n V 40) included fewer highgrade tumors (38% versus 62%, P = 0.03) compared with
tumors with high number (>40) of chromosomal aberrations.
Minimum common regions and highly amplified regions in the
overall population. To identify genes with frequent abnormalities in multiple samples, MCRs were identified. MCR
represents the maximal overlapping zone across samples within
an abnormal (gained/lost) chromosomal region. Eleven MCRs
were gained in z20% of cases and the three most common
MCRs showed gain in 56% of all cases. Supplementary Table S2
lists these MCRs and the known genes that reside within these
DNA segments. Several of these genes (MYC, FOXA1, FGF3,
FGF4) were previously linked to breast cancer biology and
others have functions that make them plausible candidates for
therapeutic target discovery. Table 1 presents the 20 genes that

Table 1. Genes with high-level gains (i.e., amplification) in at least 10 cases
Gene

Locus

PROSC
GPR124
ADRB3
RAB11FIP1
BRF2
ASH2L
ERLIN2
WHSC1L1
STAR
EIF4EBP1
BAG4
LSM1
DDHD2
FGFR1
ERBB2
TCAP
PERLD1
PNMT
STARD3
GRB7

8p11.2
8p12
8p12
8p11.22
8p12
8p11.2
8p11.2
8p11.2
8p11.2
8p12
8p12
8p11.2
8p12
8p11.2
17q21.1
17q12
17q12
17q21
17q11
17q21.1

No. samples with
gene amplification
12
12
12
12
12
11
11
11
11
11
11
11
11
10
10
10
10
10
10
10

Probe*

216519_s_at
211814_at
206812_at
219681_s_at
218955_at
209517_s_at
221543_s_at
221248_s_at
204548_at
221539_at
219624_at
203534_at
212690_at
211535_s_at
216836_s_at
205766_at
55616_at
206593_at
202991_at
210761_s_at

mRNA level (mean log 2 intensity)
Amplified

Nonamplified

7.4
7.8
7.7
9.9
9.4
10.3
10.2
8.0
6.8
10.4
7.0
11.6
9.8
9.8
12.4
7.5
10.7
9.2
9.4
10.2

7.4
7.7
7.7
7.7
8.5
8.8
7.6
7.0
6.7
8.6
6.0
9.3
7.3
7.8
8.9
7.2
8.4
7.8
8.1
8.3

P

0.87
0.45
0.82
1.5E-5
4.9E-4
7.7E-5
1.5E-6
3.9E-4
0.25
2E-6
5.6E-4
1.4E-6
1.4E-6
1.06E-4
6.4E-8
0.073
4.4E-6
0.01
2.7E-4
1.6E-6

*Probe on Affymetrix U133A 2.0.

Clin Cancer Res 2009;15(2) January 15, 2009

444

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on December 7, 2021. © 2009 American Association for
Cancer Research.

CGH Array in Breast Cancer

Fig. 2. Gene expression levels according to amplification in the 20 most frequently amplified genes. The mean expression levels are reported for the populations with
amplified (left) and nonamplified (right) gene. The 20 genes that present amplification in 10 samples or more (Table 3) are reported. Y axis, the log 2 intensity of the matched
probe detected on U133A 2.0. Mean values and P values are reported inTable 1.

level copy number gain (amplification) was present in 29% of
the class II cases, and an additional 23% had low-level gains of
this gene. Class III was characterized in gains in 1q 22-31 and
frequent losses in 16q. We then determined the differentially
expressed genes between the three CGH classes; 330 probe sets
were different between the clusters (adjusted P value <0.001;
Supplementary Table S6). In addition to NMF clustering, we
performed an unsupervised hierarchical clustering. Results are
reported in Fig. 4. Unsupervised hierarchical clustering suggested three different clusters: A, B, and C, respectively. The
mean numbers of chromosomal aberrations were 65 (range
8-282), 123 (range 47-318), and 11 (range 1-86) in clusters A,
B, and C, respectively (P < 0.01, t test). This suggested that the
number of chromosomal aberrations was the prominent
determinant of hierarchical clustering. Accordingly, cluster B
was characterized by a higher rate of grade 3 (72% for B versus
40% and 44% for A and C, P = 0.02, m2 test) and triple-negative
tumors (51% for B versus 21 and 33% for A and C, P = 0.002,
m2 test).
Next, we compared gene expression and DNA copy number –
based molecular classifications. The molecular classifier
reported by Hu et al. (21) was used to assign molecular class
to each tumor based on gene expression profiles. Using this
classifier, 14 (16%), 32 (37%), 26 (30%), and 15 (17%)
samples were classified as luminal B, luminal A, basal-like, and
HER2, respectively. As shown in Fig. 3B, basal-like tumors were
more frequently NMF class I (77%). Fifty-three percent of

method to discover and display large-scale molecular similarities across samples. Application of this method to transcriptional profiling data has led to the discovery of novel molecular
classes of breast cancer (22). We applied the NMF clustering
method to the CGH data. To assess how many clusters are
robust, we calculated cophenetic correlation coefficients. The
results indicated three CGH clusters when all probes were used
for NMF clustering (Fig. 3A). The mean numbers of chromosomal aberrations were 81, 95, and 48 for class I, II, and III,
suggesting that NMF-based clustering was not directly driven by
the number of aberrations. The heat maps are reported in
Fig. 3B. The three clusters correlated to some extent with known
clinical variables (Table 2). NMF class I cluster included mostly
triple-negative tumors (64%). NMF class II included the most
of the HER2-overexpressing tumors (29%) and NMF class III
was characterized by higher rate of ER+ (73%) and HER-2 –
negative tumors (97%). As predicted based on these clinical
associations, class III tumors had the lowest rate of pathologic
complete response (3%) compared with class II (21%) and
class I (30%) cancers. Chromosomal aberrations that distinguish the three different CGH classes of breast cancer are
presented in Supplementary Table S5. Four of the 12 regions
that were gained in NMF class I were located between 6p21 and
6p23, and 10 of 15 regions that were lost in this class were
located between 15q14 and 15q22. In class II, 11 of the 16
regions that were gained were located within 17q11 and 17q24,
which correspond to the amplicons that include HER-2. High-
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Fig. 3. Unsupervised classification by NMF clustering. A, cophenetic correlation according to number of classes. The cophenetic correlation was used to define the optimal
number of clusters. Y axis, the cophenetic correlation; X axis, the number of classes. B, optimal NMF clustering and clinical characteristics. Heat map, the level of concordancy
among two samples. Each pixel represents the level of concordancy between two CGH array profiles. Red, a high level of concordancy; blue, a low level of concordancy.

is located in 6p21.2-6p12 (Supplementary Fig. S2) and was the
predominant region to distinguish NMF class I to class II and
III. This region is gained in 34% of triple-negative breast cancer
and 10% of non – triple-negative tumors. To better define
potential specific targets in this subset of tumors, we also
analyzed probe level gains and losses. The list of genes with
frequently altered copy number (FDR <0.05) between triplenegative and non – triple-negative tumors is reported in Table 3.
The frequently gained 6p21-25 regions included more than 200
genes. Several were identified as potential major targets in this
subset. Probes corresponding to the E2F3 and VEGFA genes
were gained in 29% and 34% of triple negative tumors,
compared with 10% and 6% in non – triple-negative tumors.
Other genes of potential interest were located in this region,
including DEK, NOTCH4, and a cluster of heat shock proteins
(HSPA1A, HSPA1L, HSP90AB1).
In addition, in the FDR range between 5% and 10%, we
observed an enrichment of EGFR gains (29%) and PTEN losses
(34%) in triple-negative breast cancer compared with non –
triple-negative tumors. As reported in Supplementary Table S4,

luminal A cancers were in NMF class III and 67% of HER2
tumors were in NMF-class II. When gene expression – based
classification was compared with the CGH classes obtained by
hierarchical clustering, 57%, 62%, and 60% of luminal B,
luminal A, and HER2 tumors were classified as cluster A. Fifty
percent (n = 13 of 26) of the basal-like breast cancer were
classified as cluster B. These results show partial overlap
between the gene expression – and CGH-based molecular
classes.
DNA copy number alterations that are specific for triplenegative breast cancer. Estrogen, progesterone, and HER-2
receptor – negative (‘‘triple-negative’’) breast cancers represent a
distinct clinical entity. Identification of new therapeutic targets
for this group of breast cancers is important because current
treatment options are limited to chemotherapy and bevacizumab. Because NMF-cluster I included most of the triplenegative breast cancers, we hypothesized that specific DNA
alterations might characterize this breast cancer subtype.
One region was significantly different between triple-negative
(n = 35) and non – triple-negative (n = 69) tumors. This region

Table 2. Clinical characteristics according to the classes
P

NMF class
I
n
Grade 3
ER+
Her2+
Triple negative
Molecular class (gene expression array)
Luminal B (n = 14)
Luminal A (n = 32)
Basal-like (n = 26)
Her2 (n = 15)

III

24
14
1
28

45
(59%)
(31%)
(2%)
(64%)

30
11 (41%)
22 (73%)
1 (3%)
5 (17%)

4
9
20
3

(29%)
(28%)
(77%)
(20%)

1 (7%)
17 (53%)
4 (15%)
2 (13%)

II
12
24
9
2

31
(46%)
(77%)
(29%)
(6%)

0.31
<0.001
<0.001
<0.001

9
6
2
10

(64%)
(19%)
(8%)
(67%)

0.01
<0.001
<0.001
0.004

NOTE: Molecular subtypes were assigned to each sample according to a classifier derived from Hu et al. (19).
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could find DNA copy number changes that are significantly
associated with pathologic complete response to chemotherapy, indicating an extremely chemotherapy-sensitive subset of
tumors. First, we compared DNA copy number changes

the level of mRNA expression significantly correlated to the
copy number anomalies for E2F3, VEGFA, EGFR, and PTEN.
DNA copy number alterations that distinguish highly chemotherapy sensitive tumors from the rest. We also examined if we

Fig. 4. Unsupervised hierarchical clustering. A, heat map and dendrogram of unsupervised hierarchical clustering of the 106 samples. Euclidean distance and the Ward
method were used to generate clustering. B, the frequency of DNA copy number anomalies according to hierarchical clusters.
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Table 3. Chromosomal regions harboring a different DNA copy number in triple-negative tumors compared
with other tumor subtypes
Location

P

FDR

Genes

54/0
4/10
3/20

7E-4
5E-4
5E-4

4.9E-2
4.6E-2
4.6E-2

0/43

3/20

8E-4

4.9E-2

0/46
0/43

3/17
1/17

2E-4
3E-4

4.2E-2
4.2E-2

SYT2
ITGA1, PELO
CRHBP, F2R, F2RL1, F2RL2, HEXB, HMGCR,
ENC1, COL4A3BP, TINP1, IQGAP2, SV2C,
KIAA0888, GCNT4, POLK, AGGF1, RGNEF,
ZBED3, GFM2, C5orf37, S100Z, ANKRD31,
LOC441086, LOC441087
HAPLN1, VCAN, XRCC4, EDIL3, TMEM167,
NBPF22P
CHD1, ST8SIA4, RGMB, TMEM157
PAM, HISPPD1, GIN1, NUDT12, C5orf30,
SLCO6A1, LOC285708, SLCO4C1
LY86, RP3-398D13.1
—
E2F3, ID4, PRL, SOX4, TPMT, DEK, CDKAL1,
MBOAT1, HDGFL1, AOF1, RNF144B,
NHLRC1, FLJ22536, LOC729177
SLC17A1
HCG9
ABCF1, GNL1, HLA-E, PPP1R10, DHX16,
MDC1, NRM, MRPS18B, TRIM39, RPP21,
C6orf134, PRR3, KIAA1949, TUBB,
C6orf136
ATP6V1G2, CDSN, HLA-B, HLA-C, LTA, LTB,
MICB, NFKBIL1, POU5F1, TCF19, TNF,
BAT2, BAT1, LST1, HCP5, C6orf15,
CCHCR1, PSORS1C1, PSORS1C2, HCG27,
NCR3, MCCD1
CLIC1, CSNK2B, HSPA1A, HSPA1L, MSH5,
NEU1, VARS, BAT4, BAT5, DDAH2, C6orf48,
APOM, LSM2, C6orf47, LY6G5B, LY6G6D,
C6orf27, C6orf25, C6orf21, C6orf26
AGER, CFB, C2, C4A, C4B, CREBL1,
CYP21A2, DOM3Z, RNF5, SKIV2L,
TNXB, RDBP, STK19, PPT2, AGPAT1,
EHMT2, FKBPL, PRRT1, EGFL8, ZBTB12
HLA-DRA, NOTCH4, PBX2, C6orf10,
BTNL2, GPSM3
KCTD20
RNF8, KIAA0082, TBC1D22B, ZFAND3,
BTBD9, C6orf129, MDGA1, FLJ45825
DNAH8, GLO1, GLP1R, KCNK5, C6orf64,
BTBD9
(105), BYSL, RUNX2, CCND3, CDC5L,
SLC29A1, HSP90AB1, MEP1A, NFKBIE,
NFYA, PGC, POLH, PPP2R5D, PTK7, PRPH2,
SRF, TBCC, VEGFA, TFEB, SUPT3H, NCR2,
RCAN2, GNMT, TNFRSF21, PRICKLE4,
XPO5, TTBK1, ABCC10, FOXP4, PTCRA,
HCRP1
C9orf23
CHORDC1
GRIA4, ICEBERG
GRIA4, GUCY1A2, AASDHPPT, KIAA1826,
KBTBD3
C1QTNF5
CHRM5, CHRNA7, RYR3, SCG5, ARHGAP11A,
SLC12A6, DKFZP434L187, GREM1, TMEM85,
C15orf24, AVEN, C15orf29, FAM7A3,
FAM7A1, PGBD4, LOC283701, FMN1,
LOC440268, C15orf45

Triple negative
(n = 35)

Triple negative
tumors (n = 69)

Frequency
gain (%)/
lost (%)

Frequency
gain/lost

1q32.1
5q11.2
5q13.2-5q14.1

29/0
3/37
0/43

5q14.2-5q14.3
5q21.1
5q21.1-5q21.2
6p25.1
6p24.1
6p22.3-5p22.2

20/6
23/0
29/0

4/10
9/9
10/9

8E-4
8E-4
1E-4

4.9E-2
4.9E-2
2.2E-2

6p22.2
6p21.33
6p21.33

26/0
26/0
26/0

6/9
6/7
6/7

4E-4
7E-4
4E-4

4.2E-2
4.9E-2
4.2E-2

6p21.33

26/0

4/7

4E-4

4.2E-2

6p21.33-6p21.32

26/0

6/9

4E-4

4.2E-2

6p21.32

26/0

6/7

6E-4

4.6E-2

6p21.32

26/0

6/7

6E-4

4.6E-2

6p21.31
6p21.2

29/0
31/0

7/7
7/9

2E-4
4E-4

4.2E-2
4.2E-2

6p21.2

29/0

6/9

1E-4

2.2E-2

6p21.2-6p12.3

34/3

6/10

1E-4

2.2E-2

9p13.3
11q14.3
11q22.3
11q22.3

31/3
11/6
6/9
6/9

6/16
1/33
0/38
0/39

1E-4
1E-4
4E-4
3E-4

2.2E-2
2.2E-2
4.2E-2
4.2E-2

11q23.3
15q13.3-15q14

14/11
0/40

0/38
6/17

2E-4
6E-4

4.2E-2
4.6E-2

(Continued on the following page )
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Table 3. Chromosomal regions harboring a different DNA copy number in triple-negative tumors compared
with other tumor subtypes (Cont’d)
Location

P

FDR

Genes

6/16
6/16
6/16

8E-4
8E-4
8E64

4.9E-2
4.9E-2
4.9E-2

3/16
9/9
10/9

6E-4
8E-4
6E-4

4.6E-2
4.9E-2
4.6E-2

4/39
4/38
4/36
6/3

7E-4
3E-4
3E-4
7E-4

4.9E-2
4.2E-2
4.2E-2
4.9E-2

0/17
0/17

7E-4
3E-4

4.9E-2
4.2E-2

AGPAT7
GOLGA8A, GJD2, GOLGA8B
AQR, ZNF770, ATPBD4, hCG_1787519,
LOC723972
C15orf41
TLN2, MGC15885
CA12, PPIB, SNX1, TPM1, HERC1, USP3,
DAPK2, RPS27L, RAB8B, CSNK1G1,
SNX22, APH1B, FAM96A, LACTB,
LOC145842, FBXL22
—
OSGIN1, EFCBP2, LOC146167
TMEM148, LOC727710
ZFP30, ZNF571, ZNF607, ZNF573, ZNF781,
ZNF540, ZNF793, DKFZp761D1918
HIRA, UFD1L, CDC45L, MRPL40, LOC128977
ARVCF, COMT, GP1BB, SEPT5, RANBP1,
TBX1, TXNRD2, HTF9C, ZDHHC8, DGCR8,
GNB1L, RTN4R, C22orf29, DGCR6L,
KIAA1652, C22orf25, FLJ32575,
LOC284865, LOC440792

Triple negative
(n = 35)

Triple negative
tumors (n = 69)

Frequency
gain (%)/
lost (%)

Frequency
gain/lost

15q14
15q14
15q14

0/37
0/37
0/37

15q14
15q22.2
15q22.2-15q22.31

0/40
0/29
0/29

16q23.2
16q23.3
16q24.1
19q13.12

9/9
9/6
6/3
31/0

22q11.21
22q11.21

17/9
20/9

between tumors that achieved pathologic complete response
(n = 20) and those that did not (n = 83) regardless of the type
of treatment that they received. Supplementary Fig. S3 shows
the overall genome-wide gains and losses for the two different
response groups. Nine regions showed significant difference
(P < 0.005) in copy number alterations; however, the
corresponding false discovery rates were 82%; therefore, our
confidence in this observation is limited.
It is possible that different molecular alterations determine
extreme sensitivity to different therapies; therefore, we also
examined the FAC alone (n = 35) and FAC-paclitaxel regimens
separately (n = 64). Supplementary Fig. S4 shows the overall
genome-wide gains and losses for the two different pathologic
response groups in the taxane-treated patients. Fifteen DNA
regions showed significant difference (P < 0.005) in copy
number alterations between highly T/FAC sensitive (i.e., cases
with pathologic complete response) and less sensitive tumors
(Supplementary Table S7). Many of these associations may be
spurious because the FDR corresponding to this P value cutoff
was equal to 59%; however, several of the observed genomic
abnormalities seem biologically plausible. For example, 11q22
was gained in 19% of sensitive tumors and lost in 29% of
refractory tumors and encodes for a series of caspases that play
an important role in executing apoptosis (CASP1, CASP4,
CASP5, CASP12; ref. 23). Regions in 3p25 and 3p27 were
gained in 47% of highly taxane-sensitive tumors compared with
6% to 9% of tumors with residual cancer and these regions
code for components of the Rho/Ras signaling pathway
(RAP2B, SSR3, GPR171, GPR87, GPR149) that has been
suggested to mediate paclitaxel-induced apoptosis (24). These
observations will require further mechanistic validation in the
laboratory.

www.aacrjournals.org

Discussion
In the present study, we examined DNA copy number
alterations in 106 invasive cancers using 4  44K Agilent arrays.
Our CGH analysis correctly identified clinical HER-2 amplification status with 96% to 99% accuracy, depending on the
cutoff value used to determine HER-2 status by our CGH data.
In addition, we report that 3,007 genes presented a significant
correlation between copy number and mRNA levels. Interestingly, a high number of molecular targets (HER-2, EGFR, PTEN,
VEGFA, AURKA, CHEK, AKT. . .) currently under investigation
presented such correlation. Altogether, these two data suggest
that (a) the occurrence of a DNA gain and/or lost leads to an
unregulated overexpression or underexpression of mRNA and
(b) high-resolution CGH array is a reliable technology to assess
such copy number anomalies. CGH array, as complement to
other technologies, could be an interesting approach in clinical
practice to identify some subsets of patients who are candidates
to targeted therapies.
We could correlate gene expression and copy number
anomalies in 3,007 genes. This finding suggests that gene copy
number variation is a crucial mechanism to drive gene
expression in breast cancer. We consider each of these genes
highly attractive for further functional characterization and it is
likely that several of these represent promising future drug
targets. For example, the region between 8q24.13 and 8q24.22
was gained in 58% of samples and it codes for c-MYC, an
important oncogene, among many other genes (25, 26).
Another region between 8p11 and 8p12 showed high level of
amplification in around 10% of samples and it codes for
potential therapeutic targets, including FGFR1 and several other
genes (LSM1, BAG4, GPR124, STARD3, WHSC1L1, EIF4EBP1)
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number changes that could be potentially targeted in this
population, but not in other. We identify at least three genes
(VEGF, EGFR, PTEN) that harbor a high frequency of copy
number anomalies, correlated with gene expression, and could
be targeted in triple-negative breast cancer in clinical trials. The
most striking finding was the observation that a probe
matching VEGFA gene is gained in 34% of triple-negative
tumors. Finally, although there is no drug that targets this
protein, E2F3 (31) is a candidate gene to play a major role in a
subset of triple-negative breast cancer.
One of the goals of this study was to correlate DNA copy
number changes and response to therapy. We could not
identify DNA copy number anomalies that are strongly
associated with chemotherapy efficacy. We have previously
reported on gene expression – based predictors of response to
therapy using a subset of these specimens (12). We noted that
because of the close association between chemotherapy
sensitivity and clinical phenotype including ER status and
tumor grade, it is relatively easy to define a robust gene
expression pattern that is associated with chemotherapy
response. However, this gene signature is driven by the largescale gene expression differences that distinguish ER-negative
from ER-positive tumors and low-grade from high-grade
cancers (32). The current data set is too small to adjust for
these phenotypic confounders and therefore separate analysis
of the gene expression data to define chemotherapy response
predictors was not done. However, a phenotype-adjusted
analysis to define chemotherapy response predictors was
done on a larger data set that include a subset of these samples
(n = 233, HER-2 normal breast cancers) and preliminary results
were presented (33).
In summary, we report a large number of previously
unrecognized DNA copy number changes in breast cancer that
alter the transcriptional activity of genes, including many that
has not previously been linked to breast cancer biology. The
lists of these genes represent a potentially fertile ground for
further mechanistic research and could include several future
therapeutic targets. In addition, we confirm that FGFR1 and
other genes located in the 8p11-12 amplicon are potentially
major events in a subset of breast cancer. Finally, we propose
three molecular classes based on copy number anomalies,
whose complementarity with the DNA array – based classification will be determined in the future, and we identified some
targetable molecular alteration that are enriched in triplenegative tumors, opening some therapeutic perspectives in this
subset of cancer.

that are involved in oncogenesis (27 – 29). This region has
previously been reported to be amplified in 10% to 15% of
breast cancer by others as well (27). Interestingly, FGFR1 was
overexpressed in tumors that harbor FGFR1 gene amplification.
These data suggest that there is a strong rationale to further
evaluate FGFR1 inhibitors (27) in this subset of breast
adenocarcinoma.
Unsupervised clustering of breast cancer based on gene
expression profile has allowed some advances in the molecular
classification of breast cancer. Nevertheless, there is a need to
improve such classification using other molecular technologies
including gene sequencing, CGH arrays, and proteomics. These
other approaches could lead to classify tumors based on
oncogenic molecular events, in addition to define them based
on stem cell origin (basal- or luminal-like tumors). Unsupervised clustering of DNA copy number changes using NMF or
hierarchical clustering yielded three molecular groups each.
These groups differed in their clinical features and in the
presumed molecular pathways that were affected by the DNA
copy number alterations. Interestingly, both NMF-based
classification and hierarchical clustering partially overlap with
the ER, PR, and HER2 classification. Several other studies have
identified clusters of copy number anomalies. Fridlyand et al.
(4) have reported three NMF classes. The first class was
enriched in 1q gain/16 q losses; the second class was enriched
in complex copy number anomalies and included mainly basallike breast cancer; and the third class included 8q gains.
Farabegoli et al. (30) also reported a cluster of 1q gain/16q loss
that was enriched in ER-positive/low-grade tumors. The copy
number anomaly – based classifications generated in the present study were consistent with these previous findings. 1q gains
and 16 q losses were indeed observed with a high frequency in
the NMF group III, a group enriched in luminal A breast cancer.
In addition, the molecular group that contains complex copy
number anomaly alterations (class A) was observed more
frequently in basal-like breast cancer. Because the present study
was done based on high-resolution CGH arrays, several
additional copy number anomalies were identified that drive
a CGH array – based classification. As an illustration, 6p21 gains
were predominantly found in the NMF group I. Altogether,
these data suggested that the CGH array could identify subsets
of patients with different outcomes and biological behavior and
could contribute to a future molecular taxonomy of breast
cancer. Further larger studies will aim at determining whether
such CGH array – based molecular classification could add to
the current tools for breast cancer classification.
The most striking finding was the enrichment of triplenegative tumors in the NMF cluster I, although NMF clustering
was not based on expression data. This led us to hypothesize
that this specific tumor subset could present some specific copy
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