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Abstract

Using high-resolution oligonucleotide CGH arrays, we evaluated chromosomal copy number
changes in a series of 16 breast cancers, selected on the basis of highly similar pathological and
molecular features characteristic of the “basal-like” phenotype. Each of these cancers showed
numerous gains and losses, reflecting multiple chromosomal rearrangements during the development
of these high-grade cancers. Chromosomal losses were particularly prevalent on chromosomal arms
50, 8p, 99, 12q, 17p, 19p, and Xq, and gains were commonly seen on chromosomal arms 1q, 8¢, and
17q. Particularly remarkable were regions of high-level amplification (> 8-fold copy number change)
on 4912, 8g23.3, 19p12, and 19g13.2. These regions included candidate oncogenes cKIT, JUND,
and AKT2., and immunohistochemistry confirmed that these particular genes were highly expressed
in the cancers harboring the specific amplifications. However, each of these amplifications was
observed only in individual cases, and no particular chromosomal alteration appeared to generally
characterize this group of cancers. Thus, genomic changes among breast cancers with basal-like
features appear to be very heterogeneous. Distinct high-level amplifications may provide new targets
for treating some of these cancers, but copy number changes do not reveal a distinctive genomic
fingerprint for this proposed class of breast cancers.

Introduction

Breast cancer is a heterogeneous disease, and the diversity of phenotypes defies comprehensive
classification by histology alone. Because of widespread expectations that advances in cancer
taxonomy will lead to improved clinical management as well as an improved understanding
of disease pathogenesis, molecular methods are increasingly being used to further characterize
address this complexity and to supplement morphology for breast cancer classification.

One of the breast cancer phenotypes proposed by both traditional histopathological studies
[1,2] and gene expression profiling [3-5] is that of the “basal-like” phenotype, which appears
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to be characterized by a relatively unfavorable prognosis and lack of a specific therapeutic
target. There is no universally accepted definition for this phenotype, and in general, gene
expression array classification correlates well with classification according to molecular
features that can be measured by immunohistochemistry [6]. These features include absence
of expression for estrogen and progesterone receptors, low expression (with no amplification)
of the HER2 oncogene, expression of cytoskeletal proteins typical for basal cells (e.g., high
molecular weight cytokeratins, vimentin), and frequently high expression of the epidermal
growth factor receptor (EGFR) [7,8]. In addition, many breast cancers with this molecular
profile have a characteristic morphologic features that commonly include poorly differentiated
cells (including cells with squamous differentiation or spindled shape), growth in nests with
pushing borders, comedo necrosis, and high mitotic index [7,9-12].

Patterns of chromosomal changes, if distinctive, could also help improve the classification of
basal-like (and other) breast cancers, as well as provide a foundation for phenotype-specific
molecular studies. Several previous studies that have included basal-like breast cancers in
genomic analysis have not revealed a consistent pattern of chromosomal changes for this
phenotype [13-18], but this could reflect variable methodologies that were used as well as
inconsistent definitions of the basal-like phenotype. To further address this issue, we used high-
resolution array comparative genomic hybridization to examine chromosomal changes in a
subset of breast cancers, selected on the basis of aggressive histopathological features and
basal-like expression characteristics. For purposes of this study, we selected only invasive
breast cancer cases with distinctive basaloid morphology, immunohistochemical staining
patterns consistent with the reported basal-like expression profile, and high Ki67 staining to
determine whether such distinctive chromosomal changes could be identified for basal-like
cancers, or perhaps an even more narrowly defined subset of aggressive cancers with basal-
like properties.

Materials and Methods

Breast cancer samples

Snap-frozen breast cancer samples were obtained from tissues submitted for routine
pathological examination. All samples used for research represented excess of what needs for
routine diagnosis, and collection and use of these tissues was conducted with approval of the
Institutional Review Board for Human Subjects. Selection of cases was made on the basis of
negative immunohistochemical staining for ER, PR, and HER2 proteins, and expression of one
or more markers considered to be characteristic of basal-like breast cancers (CK5/6 or EGFR).
In addition, we further restricted our set of cases by selecting only those with high (>50%)
percentage of cells reacting to Ki67 and morphologic features commonly described for basal-
like cancers, including pushing borders and large, highly atypical cells. Typical microscopic
features of cases used in the study are shown in figure 1.

Preparation of DNA for analysis

Isolated genomic DNA was assessed for concentration and quality using a spectrophotometer
(NanoDrop Technologies, Wilmington, DE) to assure absence of contaminating protein (260/
A280ratio is greater than or equal to 1.8) and absence of carbohydrate, lipid and residual phenol
(260/A230 ratio greater than or equal to 2.0). Integrity of genomic DNA was confirmed by low
voltage 0.6% agarose gel electrophoresis with mean band size of about 50Kb. For array
analysis, 10 ng of genomic DNA was amplified with phi29 DNA polymerase (Repli-G
Amplification Kit, Qiagen) at 30C for 16 hours following the manufacturer- recommended
protocol. Amplified DNA was then digested with 50 units of Alu | and Rsa | (Promega) for 2
hours at 37°C and samples were purified by using QIAQuick PCR clean-up Kit (Qiagen).
Labeling reactions were performed with 7 ug aliquots of this DNA for 3 hours at 37C using a
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BioPrime Array CGH Genomic Labeling Module (Invitrogen). All samples were labeled with
Cy5-dUTP (Perkin Elmer) and a pooled female normal human genomic DNA (Promega) was
labeled with Cy3-dUTP. Labeled samples were purified, concentrated on a Centricon YM-30
column, and then mixed with 10x blocking agent and 2x hybridization buffer (Agilent
Technologies).

Array hybridization, data acquisition, and analysis

Hybridization mixtures were first denatured at 95°C for 3 min and then immediately transferred
to 37°C for 30 min. To remove any precipitates, the mixtures were centrifuged at 14,0009 for
5 min. DNA from individual tumor samples and normal human female reference samples were
co-hybridized on human CGH arrays (G4410B) containing about 43,000 unique probes with
amedian probe spatial resolution of 43Kb. These mixtures were then hybridized to microarrays
for 40 hours at 65°C in a rotating oven (Robbins Scientific, Mountain View, CA) at 10 rpm.
Hybridized microarrays were washed and dried according to manufacturer’s protocols, and
imaged with Agilent G2565BA microarray scanner using default settings. Data were extracted
using Feature Extraction Software v8.1 (Agilent Technologies).

Noise was then estimated for each sample array by calculating the spread of the log ratio
differences between consecutive probes (dLRsd) along all chromosomes, and dividing by the
square-root of 2, to counteract the effect of noise averaging. Aberrant regions (gains or losses)
were then identified using the Aberration Detection Method 2 (ADM-2), with a threshold of
6. This algorithm uses an iterative procedure to find intervals of consistent high or low log
ratios within an ordered set of probes and considers the log-ratio error information (quality-
weighted interval score).

Immunohistochemical analysis of candidate genes within amplicons

Results

Briefly, four-micrometer tissue sections were cut from tissue blocks and mounted on poly-L-
lysine-coated slides. Sections were deparaffinized in xylene and hydrated in graded alcohols.
Heat-induced epitope retrieval was done by microwave or for 15 minutes in ethylene diamine
tetraacetic acid (EDTA) buffer (pH 8.0) or sodium citrate buffer (pH 6.0). Endogenous
peroxidase activity was inactivated by incubation in 4% H,O, for 5 minutes. After rinsing
sections in phosphate-buffered saline, tissue sections were then incubated with primary
antibodies for 60 minutes at room temperature and developed using the DAKO EnVision Plus-
HRP detection system (DAKO, Glostrup, Denmark) according to the manufacturer's
instructions. Primary antibodies included c-Kit (DAKO, 1:50 dilution), JUND (Santa Cruz,
1:50 dilution) and AKT2

Numerous chromosomal copy number changes in high-grade basal-like breast cancers

As typical for high-grade malignant neoplasms, these basal-like breast cancers showed
numerous chromosomal copy number alterations. In these 16 cases, we noted a mean of 75 (+
27) chromosomal regions showing gain detectable over baseline, and a mean of 50 (+ 27)
regions of chromosomal loss per case. Remarkably, the use of high-density CGH arrays allows
definition of copy number changes at high resolution, and our analysis revealed that the
chromosomal copy number changes were often complex, involving discontinuous
chromosomal segments. Specific regions of gains and losses for specific chromosomal loci are
diagrammed for each case in figure 2, and data for all specific probes has been deposited with
the Gene Expression Omnibus
(http://lwww.ncbi.nlm.nih.gov/projects/geo//query/acc.cqi?acc=GSE12659). Frequencies of
gains and losses for chromosomal segments are also summarized in a histogram (figure 3).
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Chromosomal changes are highly variable in high-grade basal-like breast cancers

Overall, we observed remarkably little consistency for chromosomal changes among these
breast cancers, selected to have highly similar phenotypes. The chromosomal arm most
commonly affected by chromosomal losses in these cases is 5q, corroborating findings of
previous studies that reported loss involving this chromosomal arm 5q as common in basal-
like breast cancers [13,14,18]. In our samples, losses of chromosomal arm 5q were observed
in 7 of the 16 cases, but these losses, extending from 5q11.2 to 5q14.2, did not involve any
single non-overlapping region in more than 6 of the 16 cases. Losses affecting other
chromosomal arms were also found to be relatively common among these cancers. For
example, losses in 6 of the 16 cases were observed for chromosomal arms 8p (overlapping in
5 cases at approximately 8p21.3), 9q (overlapping in all 6 cases at approximately 9933.3), 12q
(overlapping in 5 cases at 12q12—-g14.1 and in 5 cases and 5024.21-g24.32), 17p (overlapping
in all cases at approximately 17p13.2), 19p (overlapping in all cases at 19p13.3-term), and the
X chromosome (overlapping in 4 cases at Xq13.2). Thus, while several loci are commonly
affected by chromosomal loss in these cancers, no loss of a particular locus stands out as
distinctive for these cancers.

Low level gains (>log, 1.0) were most commonly observed affecting chromosomal arm 1q,
with 12 of 16 cases demonstrating regions of copy humber gain on this chromosomal arm. As
noted in general, the gains on this chromosomal arm also appear to be complex and
discontinuous, with a narrow region of overlap affecting 1g23.2 in 10 of the cases. Gains were
also observed in 10 of 16 cases on chromosomal arm 8q. Again, gains on this chromosomal
arm are complex and discontinuous, with regions from approximately 17922.2-17g23.1 and
17g25-term both showing gain in 7 of the cases. Thus, no single chromosomal copy gain can
be identified as a “fingerprint” of these poorly differentiated ER-/PR-/HER2- breast cancers.

Multiple loci of high-level gene amplification in high-grade basal-like breast cancers

In addition to these regions of gain or loss seen at high frequency in these cancers, several
distinct regions of amplification were seen in individual cases. Particularly remarkable are four
independent high-level amplifications (greater than 8-fold copy number gain), occurring in
four different cancers. One amplification involves a segment of about 1 Mb on chromosomal
arm 4q, another a segment of about 3.7 Mb on chromosomal arm 19p, the third a segment of
about 1.2 Mb on chromosomal arm 19q, and the fourth a segment of about 12 Mb on
chromosomal arm 8q. Expanded images of these amplifications are shown in figure 4, with
representative landmark genes designated for each amplicon (data for all genes available at
http://www.ncbi.nlm.nih.gov/projects/geo//query/acc.cqi?acc=GSE12659). These amplicons
include several candidate oncogenes, including cKIT on 4q, AKT2on 19q, and JUN-D on 19p.
The amplicon on chromosomal arm 8q is somewhat larger than the other amplicons and notably
does not appear to include the MYC oncogene at 8p24.2.

Immunohistochemical measurements of candidate oncogenes within amplicons

As noted above, three of the amplicons observed in these samples include previously
recognized candidate oncogenes. The inclusion of recognized oncogenes in the amplicons does
not specifically implicate those genes in the pathogenesis of the respective cancers, however,
and thus we further evaluated the potential roles of those genes by measuring the levels of
expression in the relevant tumors by immunohistochemistry. As shown in figure 4, the cancers
with amplifications of cKIT, AKT2, and JUND all showed markedly increased levels of those
respective proteins, compared to normal tissues and other breast cancers that do not have the
specific amplifications. Based on inclusion of these genes within narrow regions of
amplifications, high levels of protein expression, and known functions that are consistent with
oncogenic function, these three genes appear to be strong candidate oncogenes for their
respective tumors.
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Discussion

This study was designed to provide high-resolution measurements of chromosomal copy
numbers in cases of high-grade breast cancer, all selected on the basis of similar histologic
appearance and immunohistochemical expression patterns characteristic of the “basal-like”
phenotype. Our results show these aggressive breast cancers with basal-like features to have
numerous and complex chromosomal alterations, with frequently discontinuous gains and
losses. In addition, several high-level amplifications were noted, including chromosomal
regions that include AKT-2, JUND, and cKit.

The involvement of these specific genes in the pathogenesis of these breast cancers is further
suggested by findings that the corresponding proteins (Akt-2, Jun-D, and c-Kit) are highly
expressed in the respective tumors. Amplifications of Akt-2 have been reported previously in
3 of 106 (2.8%) breast carcinomas in a distribution that appears to be independent of HER?2
amplifications [19]. The c-kit protein is expressed in normal breast [20] and several studies
have described high levels of c-kit expression at both the mRNA and protein level in breast
cancers that have basal-like expression patterns [21]. Although this gene has been previously
reported to be amplified in some testicular cancers and gliomas [22-24], to our knowledge,
this is the first report of this gene being amplified in breast cancer. JUND is a member of the
JUN family, and a functional component of the AP1 transcription factor complex [25,26].
Although JUND has not been previously implicated as a potential oncogene in breast cancer,
JUN (the first member of the family that was identified) is amplified in some aggressive
sarcomas [27], and high expression of this gene has been shown to have functional significance
in experimental models of breast cancer [28,29]. Based on our observation of high expression
in the specific breast cancer that harbors a JUND amplification, and the functional significance
of the JUN gene family in cancer, it is reasonable to hypothesize that JUND represents a critical
gene in this particular amplicon.

Analysis of additional samples will be needed to determine the frequencies of whether
amplifications of these genes in breast cancers, and whether these amplifications are more
common in cancers with basal-like features than in other types of breast cancer. Furthermore,
additional studies will be needed to determine whether these amplifications are restricted - or
even more prevalent - in high grade or ER-negative breast cancers. Notably, an association
between amplification (of any gene) and high grade has been previously noted [30], with sites
of localized high-level DNA amplification including known oncogenes, such as 7p12 (EGFR),
8024 (MYC), 11913 (CCND1), 12914 (MDM2), 17912 (ERBB2), 20q12 (AlB1), and 20q13
(ZNF217).

Overall, our study is consistent with previously reported data on chromosomal changes in basal-
like breast cancers from the perspective of being unable to define a distinctive fingerprint for
these cancers. Several studies used conventional metaphase comparative genomic
hybridization (CGH) to investigate losses and gains of chromosomal regions in basal-like
breast tumors, including Korsching et al., who clustered primary breast tumors based on
phenotypic and CGH profiles and found that cancers expressing myoepithelial/ basal markers
have a higher number of genetic alterations relative to other breast cancers [31]. In this study,
no unique alterations in this basal-like subclass were found to differentiate them from other
breast cancers. Subsequently, Jones et al [32] analyzed breast cancers by CGH and found a
lower mean number of changes (2.1, range 0-4) in cancers described as myoepithelial,
compared to the numbers seen in unselected ductal carcinomas (mean of 8.6, range 3.6-13.8).
The same group subsequently compared CGH profiles of 43 cases of CK-14 positive breast
cancers to grade- and age-matched CK-14 negative cancers and found a mean of 6.5 changes
for the CK-14 positive cancers, compared to a mean of 10.3 changes for the CK-negative cases.
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More recently, several studies have used array-based methods for CGH analysis of breast
cancer copy numbers. For example, one study used oligonucleotide arrays designed for SNP
analysis (Affymetrix platform) to measure LOH in breast cancers that had been previously
classified according to gene expression patterns and found LOH more frequently on
chromosomal arms 5q, 4p, and 18q in the basal like cancers than in tumors from other
subclasses [18]. In another array-based CGH project [14], higher total numbers of gains and
losses were found in cancers classified (by gene expression profiles) as basal-like, including
lossesat 3912, 4p15-p32, 4931-g35, 5911-931, and 14022—q23, and gains at 1q12—-g41, 6p12—
p25, 7q22—q36, 10p12—p15, 17925, and 21g22.

Using the same CGH array platform used in our project, Adelaide et al [13] found fewer gains
(with a logs ratio >1) in basal-like breast cancers than found in our study. Furthermore, these
gains targeted somewhat different chromosomal regions (8p11, 8q11-tre, 10q11, 11q13-14,
and 17q12-13) than the regions of highest gain found in our analysis. Interestingly, this study
also observed amplifications of small regions that include several known or candidate
oncogenes, namely EGFR, PIK3CA, FGFR2, BCL2L2, IGF1R, and CCNEL. However, these
samples did not display amplification of the KIT, JUND, or AKT2 genes, as we find in our
analysis. However, these data are consistent with those of our present study in demonstrating
indicate that basal-like breast cancers are highly heterogeneous, with a multitude of
chromosomal loci that are affected by losses and gains. Moreover, a variety of different genes
appear to be amplified among these cancers, with no individual gene representing a dominant
characteristic of these cancers. Thus, multiple targeted therapeutic agents may need to be
developed to effectively treat these cancers.

In summary, considerable data now suggests that basal-like breast cancers are highly
heterogeneous from both molecular and phenotypic perspectives. Our study of genomic
changes focused on a set of cancers that appeared to have relatively similar histologic features
and a high rate of cell replication, in addition to similar expression of basal cell cytokeratins
or EGFR. Yet, these cancers displayed a heterogeneous pattern of chromosomal losses and
gains, including different regions of high-level amplification. Interestingly, surveys of
mutations in breast cancers at the nucleotide sequence level also found considerable
heterogeneity in the genes mutated in various tumors, with very few genes mutated at high
frequency across many tumors [33,34]. This complexity poses significant challenges to
developing a full understanding of these cancers at the molecular level.
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Figure 1. Typical histology of basal-like breast cancers

All cancers used in this study were selected on the basis of molecular features (negative for
estrogen receptor, progesterone receptor, and HER2 expression, and positive for CK5/6 or
EGFR expression) and also on the morphology represented in these three panels, with highly
atypical cells, pushing borders, and minimal ductal differentiation. Note the areas of necrosis
in the case shown on the left. The three cases shown in this figure are the same as those shown
in figure 5 below.
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Figure 2. Chromosomal copy number changes for each chromosome in basal-like breast cancers
with aggressive features

For each sample, genomic quantity (compared to DNA from diploid human cells) is plotted as
a log, moving average along each chromosomal axis. Gains are represented by deviations of
plotted lines to right, and losses are represented by deviations of plotted lines to the left.
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Figure 3. Summary of chromosomal copy number changes in basal-like breast cancers with
aggressive features
Chromosomal gains and losses were determined for each case as described in methods and

plotted as histogram for designated chromosomal regions.
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Figure 4. High level amplifications in individual breast cancer cases
As above, relative genomic quantity is plotted as a log, moving average along each
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chromosomal axis. Regions with high-level amplifications are expanded, showing values for
individual probes (dots) and relative positions of genes mapped to the amplified regions.
Selected genes within amplified regions are designated, and candidate oncogenes are

highlighted in large font.
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Figure 5. High expression of candidate oncogenes in breast cancers with amplifications

Protein expression of candidate oncogene products was measured using
immunohistochemistry, as described in Materials and Methods. Panels A, C, and E represent
high staining for these proteins in cases with amplification of the AKT2, cKIT, and JUND genes,
respectively. Panels B (AKT2), D (cKIT), and E (JUND) represent breast cancer cases stained
with the same antibodies that do not have the specific genes amplified.
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