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Geenimonistuman vaikutukset rintasyévassa

Téassd tutkimuksessa selvitettiin kromosomialueella 17q12 sijaitsevan ERBB2-monistuma-
alueen geenien kopiolukuja ja ilmentymistasoja ¢cDNA —mikrosirutekniikan avulla. Tata
tarkoitusta varten koostimme 217 kloonia sisiltivin cDNA -mikrosirun, jota kdytettiin seké
geenien kopiolukujen ettd ilmentymistasojen madrittdmiseen seitsemassi
rintasydpésolulinjassa. Vertaamalla geenikopiolukuja geenien ilmentymistasoihin 16ysimme
pienen joukon geenejd, joiden ilmentymistaso oli johdonmukaisesti kasvanut

geenimonistuman seurauksena.

Seuraavaksi 17q12 monistuma-alueen rakenne mééritettiin kayttdmailld fluoresenssi in situ
hybridisaatio (FISH) —tekniikkaa ja koettimina kookkaan insertin omaavia genomisia BAC
klooneja. Tamén kartoituksen avulla pystyimme mairittimién ns. minimaalisen monistuma-
alueen, joka rajoittui yhden BAC-kloonin alueelle sekd rintasyOpésolulinjoissa ettd primaari
rintakasvaimissa. Taméd 280 kiloeméksen suuruinen minimaalinen monistuma-alue siséltia
kymmenen transkriptid, joista kahdeksan vastaa tunnettuja geenejd ja kaksi vield
tuntemattomia hypoteettisid proteiineja koodaavia geenejd. Geenimonistuman vaikutuksia
geenien ilmentymistasoihin primaareissa rintakasvaimissa tutkittiin kvantitatiivisella RT-PCR
menetelmalld. Ilmentymisanalyysin perusteella tunnistimme kuusi geenid (ERBB2, GRB7,
PNMT, MLN64, MGC9753, MGC14832), joilla ilmentymistasojen kasvu oli tilastollisesti

yhteydesséd geenimonistumaan.

Herceptiini —lddkekasittelyn vaikutuksia geenien ilmentymistasoihin tarkasteltiin ERBB2-
monistuneissa ja ei-monistuneissa rintasydpésolulinjoissa  genominlaajuista cDNA
mikrosiruanalyysia kayttden. Herceptiini-késittely aikaansai annosriippuvaisen solujen kasvun
hidastumisen ERBB2-monistuneissa soluissa, kun taas ei-monistuneissa soluissa vaste jdi
minimaaliseksi. Monivaiheisen geenien valinta-algoritmin avulla pystyimme tunnistamaan
439 geenid, joiden ilmenemismuutokset Herceptin-kisittelyn jdlkeen parhaiten erottivat
ERBB2-monistuneet ja ei-monistuneet solulinjat toisistaan. Néiden geenien erottelukyky
varmistettiin vield hierarkisella klusteroinnilla ja self-organizing map analyysilld. ERBB2-
monistuneissa solulinjoissa Herceptiini-késittely aikaansai useiden RNA:n prosessointiin ja

DNA:n korjaukseen osallistuvien geenien ilmentymisen kasvun, kun taas soluadheesioon



osallistuvien ja joidenkin tunnettujen onkogeenien kuten c-FOS ja c-KIT geenien,

ilmentyminen laski lddkkeen vaikutuksesta.

Geenimomonistuman genominlaajuisia vaikutuksia geenien ilmentymistasoihin tutkittiin 14
rintasyOpésolulinjassa kédyttdmalld 13,824 kloonista koostuvaa cDNA-mikrosirua. Korkean
resoluution omaavan kopiolukuanalyysin avulla néistd solulinjoista tunnistettiin yhteensd 24
itsendistd amplikonia, joiden koko vaihteli 0.2-12 megaemaisparin vililld. Tulokset osoittivat,
ettd sekd matala- ettd korkea-asteisella geenien kopioluvun kasvulla oli merkittavéd vaikutus
geenien ilmentymistasoihin kaikkialla genomissa. Kaikkein korkeimmin monistuneista
geeneistd 44 %:lla myds ilmentymistaso oli noussut, kun taas korkeimmin ilmentyneista
geeneistd 10.5 % oli my0s monistuneita. Satunnaisen permutaatioanalyysin avulla
identifioimme 270 geenid, joiden ilmentyminen oli systemaattisesti kytkeytynyt
geenimonistuman kanssa. Ndiden joukossa oli useita aiemmin tunnistettuja monistuman
kohdegeenejd, mutta my0s useita geenejd, joiden toiminnan ei ole aiemmin osoitettu liittyvéin

rintasyopéén.
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ABSTRACT

cDNA microarray technology was applied for a systematic survey of gene copy numbers and
gene expression levels at the ERBB2 amplicon at 17q12. For this purpose a chromosome 17-
specific cDNA microarray containing 217 clones from this region was constructed and used
for parallel analysis of gene copy numbers and gene expression levels in seven breast cancer
cell lines. Direct comparison of data from these two array-based analyses allowed
identification of a small set of transcripts showing a consistent pattern of increased copy

number and overexpression in the 17q12 amplified cell lines.

Detailed characterization of the structure and extent of the 17q12 amplicon was performed
using large insert size BAC clones and interphase fluorescence in situ hybridization (FISH).
The amplicon mapping revealed a minimal common region of amplification that was
restricted to a single BAC clone both in breast cancer cell lines and in primary breast tumors.
This 280 kb minimal region contains ten transcripts, eight representing known genes and two
encoding uncharacterised hypothetical proteins. The molecular consequences of amplification
in primary breast tumors were determined using real time RT-PCR. Expression analysis
identified six genes (ERBB2, GRB7, PNMT, MLN64, MGC9753, MGC14832) showing

statistically highly significant correlation between gene copy number and expression levels.

Global effects of Herceptin treatment on gene expression levels in ERBB2 amplified and non-
amplified cell lines were explored using cDNA microarrays. In growth inhibition assays,
Herceptin treatment induced a dose-dependent growth reduction in ERBB2 amplified breast
cancer cell lines whereas non-amplified cell lines showed only a minimal effect. Using a step-
wise gene selection algorithm a set of 439 genes that best separated the amplified and non-
amplified cell lines from each other was identified. The discriminatory power of these genes
was validated by both hierarchical clustering and self-organizing map analyses. In the ERBB2
amplified cell lines, Herceptin treatment induced the expression of several genes involved in
RNA processing and DNA repair, while expression of cell adhesion mediators and known

oncogenes such as ¢-FOS and ¢-KIT was downregulated.

To explore the molecular consequences of gene amplification on a global level, a genome-

wide gene copy number and expression analysis was performed in 14 breast cancer cell lines
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using a cDNA microarray containing 13,824 clones. High-resolution CGH microarray
analysis identified 24 independent amplicons ranging in size from 0.2 to 12 Mb. Both low-
and high-level copy number increases had a considerable effect on gene expression levels
throughout the genome. Of the most highly amplified genes, 44 % showed overexpression
whereas 10.5 % of the highly overexpressed genes were amplified. Statistical analysis with
random permutation tests revealed a set of 270 genes whose expression levels were
systematically attributable to gene amplification status. These included many previously
described amplification target genes as well as several genes not previously shown to have a

role in breast cancer.
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INTRODUCTION

The most common mechanism of oncogene activation in breast cancer and in other solid
tumors is gene amplification. Cytogenetically recognized characteristics of gene amplification
include double minute chromosomes (DM) and homogenously staining regions (HSR).
Double minutes appear as paired, small, spherical, extrachromosomal structures lacking
centromeres. Homogenously staining regions are chromosomal segments that lack the typical
banding pattern seen in Giemsa staining (reviewed by Schwab, 1999). The size and
complexity of the amplified region typically varies from one chromosomal location and tumor
type to another. Usually the amplified segment is much larger than the transcription unit of a
particular gene and may range from less than 100 kb to several megabases (reviewed by
Savelyeva and Schwab, 2001). Recently several small amplicons have been identified in
various cancers (Collins et al., 1998; Lin et al., 2000; Huang et al., 2002; Lin et al. 2002).
However, these findings probably reflect improved methodologies and the availability of
highly accurate and detailed mapping information through the Human Genome Project.
Traditionally it has been thought that only a single gene is selected for in a given amplicon.
However, recent studies of e.g. 11q13, 17923 and 20q13 amplicons have shown that
amplification and altered expression of multiple genes included in an amplicon probably
contribute to tumor progeression (Hui et al., 1997; Bekri et al., 1997; Wu et al., 2001; Bérlund
et al., 2000; Anzick et al., 1997; Sen et al., 1997, Collins et al., 1998). The purpose of this
study was to evaluate the molecular consequences of gene amplification in breast cancer

across the entire genome with special emphasis on the ERBB2 amplicon.
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REVIEW OF THE LITERATURE

1. Breast cancer

For the last two decades breast cancer has been the most common malignancy in Finland and
other industrial countries and it has been estimated to affect every tenth woman at some point
of her life (Pukkala et al., 1997). In Finland, 3,658 new cases of breast cancer were diagnosed
in 2001. Preliminary predictions of new breast cancer cases show a steady increase, 3,746
cases being predicted for 2003 (Finnish Cancer Registry. Cancer Statistics at
www.cancerregistry.fi, last updated on 13 Aug 2003).

Breast cancer arises from the epithelial cells lining the terminal duct lobular unit and can be
classified as either invasive or non-invasive (in situ) carcinoma. In non-invasive breast
carcinoma cells remain within the basement membrane whereas in invasive type cancer cells
invade the basement membrane of the ducts and lobules. Invasive breast cancer is divided into
two main categories, ductal carcinoma consisting of 80% and lobular carcinoma consisting of
10-15 % of cases (reviewed by Sainsbury et al., 2000). Some tumors show a distinct pattern
of growth and cellular morphology and are classified based on these specific features, e.g. as

tubular, mucinous, medullary, papillary, and cribriform.

Most breast cancers (90-95 %) are sporadic. Several risk factors for breast cancer have been
identified in epidemiological studies (reviewed by Fentiman, 2001). These include old age,
exogenous estrogens, early age of menarche, late age at first birth and menopause, nulliparity,
obesity, residence in western countries, and exposure to radiation. However, the main risk
factor is a positive family history of breast cancer. Hereditary breast cancer is determined by a
finding of breast cancer in two or more first-degree relatives, early age of onset, bilaterality,
and presence of other epithelial cancers (e.g. ovarian cancer) in addition to breast cancer in
the family (reviewed by McPherson et al., 2000). Hereditary breast cancer accounts for 5-10
% of breast cancer cases and predisposition is mostly due to germ-line mutations in the two
breast cancer susceptibility genes, BRCA1 at 17q11-g21 (Miki et al., 1994) and BRCA?2 at
13q12-q13 (Wooster et al., 1995).
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2. Basic aspects of cancer genetics

Cancer evolves from a single somatic cell acquiring a series of genetic and epigenetic changes
conferring a growth advantage for the cell and leading to progressive conversion of normal
cells into cancer cells (reviewed by Ponder, 2001). The strongest evidence for the multistep
nature of cancer has been provided by studies of colorectal cancer, where accumulation of
specific mutations have been shown to correspond to defined histopathological stages in the
progression of the disease (reviewed by Fearon and Vogelstein, 1990). Hanahan and
Weinberg (2000) have suggested that the human cancer cell needs to acquire six essential
genetic alterations in the cell physiology, including 1) self-sufficiency in growth signals, 2)
insensitivity to anti-growth signals, 3) evasion of programmed cell death (apotosis), 4) gain of
unlimited growth potential, 5) sustained angiogenesis, and 6) acquired potential for tissue

invasion and metastasis, in order to achieve malignant growth.

2.1 Oncogenes and tumor suppressor genes

Genetic changes in the progression of cancer typically affect two different types of genes,
tumor suppressor genes and oncogenes. Cell fusion experiments have indicated that the
transformed phenotype can often be corrected in vitro by fusion with a normal cell, providing
evidence that tumorigenesis involves recessive loss of function mutations in certain genes
Harris et al., 1969). In normal cells, these so-called tumor suppressor genes control important
cellular processes, such as cell cycle (e.g. p53, RB), proliferation, DNA repair (e.g. BRCAI,
BRCA2), and apoptosis (e.g. ATM, p53) (reviewed by Teh et al., 1999). Tumor suppressor
genes are inactivated by loss-of-function mutations during tumorigenesis. According to the
Knudson “two-hit” hypothesis, two hits inactivating both alleles of a tumor suppressor are
required for tumor formation (Knudson, 1971; reviewed by Knudson, 2001). These
inactivating hits may be acquired through point mutation, deletion, methylation, or gene
conversion. However, it has recently been suggested that in some circumstances loss of a
single tumor suppressor gene allele can be sufficient to lead to tumor progression. This

mechanism is called functional haploinsufficiency (reviewed by Balmain et al., 2003).
In contrast to tumor suppressor genes, oncogenes are activated during tumor development.

Proto-oncogenes, the normal cellular counterparts of the activated oncogenes, include

secreted growth factors (e.g. PDGF), cell surface receptors (e.g. ERBB family), components
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of the intracellular signaling pathways (e.g. RAS), nuclear transcription factors (e.g. MYC),
and regulators of cell cycle (e.g. CDKs, cyclins). Activation of oncogenes involves a gain of
function mutation, which may be quantitative (increased production of unaltered gene
product) or qualitative (production of altered gene product). Several mechanisms lead to
oncogene activation and include gene amplification (e.g. ERBB2), point mutation (e.g. RAS),
and chromosomal rearrangement that can either result in formation of novel fusion proteins
(e.g. ABL-BCR) or transposition of a growth promoting gene to an active chromatin domain

(e.g. MYC) (reviewed by Todd and Wong, 1999).

2.2 Gene amplification in cancer

Gene amplification has been shown to occur in response to exposure to cytotoxic drugs and
during tumorigenesis. In both cases gene amplification leads to enhanced expression of the
gene product. The mechanisms of gene amplification are still largely unknown, although
several different models have been suggested. These include e.g. re-replication, unequal
exchange, episome excision, and breakage-fusion-bridge cycle models (Wahl 1989; Windle
and Wahl, 1992; Stark, 1993). In mammalian cells gene amplification by breakage-fusion-
bridge (BFB) cycle is best documented, although factors driving this mechanism are not clear.
Initial event in the BFB cycle is double strand breakage occurring within chromosome
common fragile sites (Coquelle et al., 1997; Kuo et al., 1998; Coquelle et al., 2002; Hellman
et al., 2002). Chromosomal breakage is followed by fusion of the broken species and
formation of the dicentric chromosome. Dicentric chromosome then forms a bridge between
the opposite poles of the dividing cell. In cell division a break of this chromosome leads to
unequal distribution of the genetic material. In successive cell generations, recurrent cycles of
BFB result futher accumulation of amplicon copies (Hellman et al., 2002). Gene amplification
has been shown to occur commonly in several different malignancies including breast,
prostate, lung, ovarian, gastric, pancreatic and colon cancers (Knuutila et al., 1998). First
amplified oncogene shown to have clinical significance was MYCN, due to its association

with poor prognosis of the patient in neuroblastoma (reviewed by Schwab, 1999).
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2.3 Epigenetic changes in cancer

Epigenetic changes, including DNA methylation and modifications of histones, function as an
additional mechanism of gene regulation contributing to malignant transformation of the cell
(reviewed by Plass, 2002). Epigenetic modifications of the DNA are hereditary, but do not
alter the actual DNA sequence. In DNA methylation, a methyl group is added to the 5 carbon
of the cytosine base, typically found as long CG-rich segments concentrated in CpG islands
and repeat sequences present in satellite and centromere regions. CpG islands are located in 5°
promoter regions of housekeeping genes and some tissue specifically expressed genes. Most
of the CpG islands are unmethylated in normal cells, although other GC-rich sequences (e.g.
repetitive sequences) are highly methylated in normal cells. Global hypomethylation has been
reported to occur in several human malignancies and it has been suggested to cause genomic
instability (reviewed by Jones and Baylin, 2002). Hypermethylation of the promoter CpG
islands on the other hand serves as a mechanism to silence tumor suppressor gene activity in
cancer cells (reviewed by Plass, 2002; Jones and Baylin, 2002; Garinis et al., 2002; Nephew
and Huang, 2003). In addition to DNA methylation, histone modifications have a role in the
regulation of gene expression (Rice and Allis, 2001). The acetylation status of histones alters
chromatin structure, which in turn regulates gene expression. Deacetylated histones lead to
condensation of the chromatin limiting the access of transcription factors in promoter regions
of the genes whereas acetylation of the histones relaxes the chromatin structure allowing
transcription to occur. The acetylation status of the histones is regulated by two families of
proteins, histone acetyltransferases (HAT) and histone deacetylases (HDAC) (reviewed by
Marks et al., 2001; Lehrmann et al., 2002).

3. ERBB2 oncogene in breast cancer

3.1 ERBB family of receptors

Amplification and subsequent overexpression of the ERBB2 oncogene is one of the most
clinically important genetic aberrations in breast cancer (reviewed by Ross and Fletcher,
1999). The ERBB2 (also known as neu and HER2) gene is located at chromosome 17q12 and

encodes a 185 kDa transmembrane glycoprotein that belongs to a family of epidermal growth
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factor receptors. This family contains four homologous receptors: the epidermal growth factor
receptor EGFR (ERBB1/HER1), ERBB2 (HER2/neu), ERBB3 (HER3), and ERBB4 (HER4)
(reviewed by Stern, 2000). All these receptors are composed of a cysteine-rich extracellular
ligand binding domain, a lipophilic transmembrane domain, and an intracellular tyrosine
kinase domain with a carboxy terminal autophosphorylation segment (reviewed by Rubin and
Yarden, 2001). Ligand binding to the extracellular domain induces receptor dimerization and
formation of either homo- (e.g. HERI1-HER1) or heterodimers (e.g. HER1-HER2) (reviewed
by Jérvinen and Liu, 2002). Receptor dimerization leads to activation of intrinsic protein
tyrosine kinase activity and tyrosine autophosphorylation, which triggers a complex signaling
cascade resulting in signal transmission across the cell membrane and intracellular space to
nucleus, where activation of the target genes occurs (reviewed by Jarvinen and Liu, 2002;

Rubin and Yarden, 2001).

Several ligands binding to ERBB receptors have been identified (Figure 1). These include
EGF-like ligands activating the EGFR receptor (e.g. EGF, TGFa, amphiregulin, heparin-
binding EGF-like growth factor, betacellulin, and epiregulin) and neuregulins binding to
ERBB3 and ERBB4 receptors (reviewed by Pinkas-Kramarski et al., 1997; Riese and Stern,
1998; Hynes et al., 2001). Interestingly, no ligand specific for ERBB2 has so far been
identified. ERBB ligands are bivalent molecules containing two binding sites, high-affinity
narrow-specificity site (N-terminal) and low-affinity broad-specificity site (C-terminal), for
ERBB receptors (Tzahar et al., 1997). Although ERBB2 receptor does not function as a high
affinity binding site for any of the ligands, it has been shown to be a preferable interaction
partner for all other ERBB receptors through the low-affinity binding site of the ligand
(Tzahar et al., 1996; Graus-Porta et al., 1997). Heterodimers containing ERBB2 have been
shown to contain particularly high signaling potency compared to hetero- and homodimers
without ERBB2. This high signaling potency of the ERBB2 containing heterodimers is
explained by several different factors (reviewed by Harari and Yarden, 2000; Klapper et al.,
2000). First of all, ERBB2 heterodimers are characterized by reduced rate of ligand
dissociation from the high affinity receptor (Karunagaran et al., 1996; Alroy and Yarden,
1997; Worthylake et al.,, 1999). ERBB2 also induces lateral signaling by recruiting and
activating other ERBB receptors and has a slower rate of receptor internalisation compared
with other ERRB receptors (Graus-Porta et al., 1997; Baulida et al., 1996; Pinkas-Kramarski
et al., 1996; Brennan et al., 2000). As a result, ERBB2 containing heterodimers are long-lived

leading to prolonged signaling and enhanced activation of downstream signaling pathways.
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The variety of homo- and heterodimer combinations of ERBB family members provides great
signal diversity because different signaling pathways are activated depending on the
dimerisation partners, ligands and signaling proteins involved (Lemmon and Schlessinger,
1994; Beerli and Hynes, 1996; Alroy and Yarden, 1997; Olayioye et al., 1998; Hynes et al.,
2001). ERBB signaling networks can be envisaged to consist of three different layers. Signal
transduction begins from the input layer, which contains the ligands and their receptors. In the
signal processing layer, the identity of the ligand, the heterodimer composition, and the nature
of intracellular receptor associated signaling proteins determine the type of signal transmitted
to the nucleus. The output layer includes various cellular effects of ERBB signals that involve
the regulation of cell growth, division, differentiation, adhesion, motility, and apoptosis
(reviewed by Alroy and Yarden, 1997; Yarden and Sliwkowski, 2001). The main downstream
signalling pathways activated by ERBB receptors include the mitogen-activated protein
kinase (MAPK), phosphatidylinositol 3-kinase (PI 3-K), the Janus kinase, and the
phospholipase C gamma (PLC-y) pathways (reviewed by Olayioye et al., 2000; Prenzel et al.,
2001; Yarden and Sliwkowski, 2001).

EGF BTC NRG-1 NRG-3
LIGAND AR HB-EGF NRG-2 NRG-4
TGFa EPR

l Y

ERBB
RECEPTOR

Figure 1. Binding specificities of the peptide growth factors to ERBB family receptors.
Epidermal growth factor (EGF), amphiregulin (AR), transforming growth factor-a,
betacellulin (BTC), heparin-binding EGF (HB-EGF), epiregulin (EPR), and neuregulin

(NRG).
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3.2 Clinical relevance of the ERBB2 oncogene in breast cancer

3.2.1 ERBB2 as a prognostic and predictive factor

The ERBB2 oncogene has been shown to be amplified and overexpressed in 10-34% of breast
cancers (reviewed by Ross and Fletcher, 1999). The association between ERBB2
amplification and poor prognosis of the patients was first demonstrated in the study by
Slamon and co-workers in 1987, where they showed that amplification of ERBB2 is a
significant predictor of both overall survival and time to relapse in patients with breast cancer
(Slamon et al., 1987). Since then several studies assessing the relationship between ERBB2
abnormalities and breast cancer outcome have been published. A recent meta-analysis
summarizing 81 published studies with 27,161 patients revealed that in 73 (90 %) studies
either ERBB2 gene amplification or protein overexpression correlated with poor outcome of
the patients in either univariate or multivariate analysis (Ross et al., 2003). Only eight of the
studies did not show a correlation between ERBB2 status and patient outcome (van de Vijver
et al., 1988; Heintz et al, 1990, Clark and McGuire, 1991; Jacquemier et al., 1994; Rosen et
al., 1995; Hieken et al., 1996; Reed et al., 2000; Pawlowski et al., 2000).

In addition to the prognostic significance of ERBB2, several studies have evaluated its role in
predicting response to therapy. Most commonly amplification and overexpression of ERBB2
has been associated with resistance to hormone therapy (reviewed by Dowsett, 2001; Muss,
2001; Schmid et al.,, 2002; Nunes and Harris, 2002). Several studies have shown an
association between ERBB2 status and resistance to tamoxifen treatment (Giai et al., 1994;
Carlomagno et al., 1996; Newby et al., 1997; Burke et al., 1998; Sjogren et al., 1998; Ferrero-
Pous et al., 2000; Jukkola et al., 2001; Pinto et al., 2001). Furthermore, it has been shown that
ERBB2-positive patients treated with tamoxifen had worse outcome than untreated patients
(De Placido et al., 2003). However, contradictory results indicating no association between
positive ERBB2 status and tamoxifen resistance have also been obtained (Elledge et al., 1998;

Berry et al., 2000; Knoop et al., 2001; Love et al., 2003).

The relationship of ERBB2 status and adjuvant chemotherapy has also been assessed. The
earliest studies concentrated on regimens containing CMF (cyclofosfamide, methotrexate, 5-
fluorouracil). The majority of these studies showed that ERBB2-positive tumors are resistant

to CMF therapy (Gusterson et al., 1992; Giai et al., 1994; Stal et al., 1995; Berns et al., 1995;
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Cooke et al., 2001), although a few studies failed to find such association (Miles et al., 1999;
Menard et al., 2001; Cooke et al., 2001). In addition, Muss and co-workers showed that
ERBB2-positive patients respond better to doxorubicin treatment compared to ERBB2-
negative patients (Muss et al., 1994). This finding has subsequently been confirmed in several
studies (Thor et al., 1998; Paik et al., 1998; Petit et al., 2001; Harris et al., 2001; Kim et al.,
2002). Again, other studies indicated no relationship between ERBB2 status and doxorubicin
chemosensitivity (Niskanen et al., 1997; Clahsen et al., 1998; Rozan et al., 1998; Hamilton et
al., 2000).

The contradictory results obtained in the studies reviewed above may be partly due to the
significant variation in methods used to assess ERBB2 status. Detection of ERBB2
overexpression with immunohistochemistry (IHC) on formalin-fixed paraffin-embedded
specimens especially has provided inconsistent results, whereas studies using gene-based
detection methods, such as Southern blotting, fluorescence in situ hybridization (FISH) and
chromogenic in situ hybridization, have more uniformly established the association between
ERBB2 and poor outcome (reviewed by Ross and Fletcher, 1999). In conclusion, the
overwhelming majority of the studies indicate that ERBB2 status does indeed correlate with
patient outcome. However, although strong trends suggesting an association between positive
ERBB2 status and resistance to tamoxifen therapy and sensitivity to anthracyclines have been

demonstrated, more studies are still needed to confirm these associations.

3.2.2 ERBB2 as a target for therapy

The high prevalence of ERBB2 amplification and overexpression in breast cancer, association
of ERBB2 positive status with poor clinical outcome, and cell membrane localization of the
ERBB?2 receptor enabling extracellular manipulation, have made ERBB2 an ideal target for
cancer therapy. One approach to downregulate the ERBB2 signaling pathway was the
development of a recombinant humanized monoclonal antibody, Herceptin, targeted against
the extracellular domain of ERBB2 (Carter et al., 1992). Several clinical trials have evaluated
the safety and efficacy of Herceptin as a single agent therapy in ERBB2-positive metastatic
breast cancer showing overall response rates ranging from 11.6 % to 26 % (Baselga et al.,
1996; Baselga et al., 1999; Cobleigh et al., 1999; Baselga, 2001; Vogel et al., 2001; Vogel et
al., 2002). Herceptin has also been demonstrated to potentiate the antitumor activity of other

agents when used in combination with paclitaxel, doxorubicin, docetaxel, cisplatin, and
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vinorelbine (Baselga et al., 1998; Pegram et al., 1998; Pegram and Slamon 1999; Meden et
al., 2001; Jahanzeb et al., 2002; Burstein et al., 2003; Klos et al., 2003; Montemurro et al.,
2003). Recently it has been shown that Herceptin also increases the clinical benefit of first-
line standard chemotherapy in metastatic breast cancer overexpressing ERBB2 (Eiermann,
2001; Slamon et al., 2001). To potentiate the effect of the anti-ERBB2 monoclonal antibodies,
they can be combined with immunotoxins, radionuclides and prodrugs (revieved by Yarden

and Sliwkowski, 2001).

In addition to antibodies targeting the ERBB2 receptor, several other approaches aiming at
decreasing the signaling through the ERBB2 pathway have been envisioned (reviewed by
Prenzel et al., 2001). These include low molecular weight tyrosine kinase inhibitors (e.g.
genistein, emodin, curcumin) targeted against the tyrosine kinase activity of the ERBB2
receptor, transcriptional repression by adenovirus type 5 E1A, antisense oligonucleotides,
antisense RNAs, and dominant negative mutants. Inhibition of ERBB2 receptor transfer from
endoplasmic reticulum to plasma membrane by single chain antibodies, induction of natural
immune response by ERBB2 DNA vaccines, and downregulation of ERBB2 protein and
mRNA expression by retinoid acids have also been postulated (reviewed by Yu and Hung,

2000; Yarden and Sliwkowski, 2001).

4. Principles of DNA microarray technology

Implementation of the DNA microarray technology has revolutionized molecular genetics,
allowing researchers to study thousands of genes simultaneously in a single experiment. At
the same time, the Human Genome Project has gathered increasing amounts of information
about human genes, making it possible to construct more complete microarrays containing in
principle the entire human genome. As the technology becomes more accessible for all
researchers, microarray analysis is finding applications in diverse areas of biology. In cancer
research, microarray based expression and copy number profiling can be used e.g. in the
identification of amplification target genes, classification of various tumor types, definition of
subclasses within a specific cancer type, and prediction of patient outcome. There are various
platforms to use for gene expression (oligonucleotide, cDNA) and gene copy number
(oligonucleotide, cDNA, genomic clones) analysis, which will be discussed in more detail

below (Figure 2).
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Figure 2. A summary of the different types of array technologies.

4.1 Expression analysis

Monitoring of the RNA expression levels can be done using either cDNA clone or
oligonucleotide microarrays. cDNA microarrays are produced by spotting PCR amplified
inserts of cDNA clones (approximately 0.6-2.4 kb in size) representing specific genes onto a
solid support, typically on glass slides (Schena et al., 1995). DNA targets printed on the array
can be selected from various databases, such as GenBank, dbEST, and UniGene, or may
represent a random collection of transcribed sequences derived e.g. from a specific cDNA
library. Printing of the PCR products onto glass slides is normally carried out by a robot using
either contact (fountain pen like device) or non-contact (piezo or ink-jet device) printing mode
(reviewed by Duggan et al., 1999). Total RNA or mRNA from the test and reference cells to
be examined are reverse transcribed into cDNA and labeled with fluorochoromes. The
differentially labeled test and reference samples are then hybridized together onto a
microarray slide. The relative expression level of each gene on the microarray is based on a
direct comparison between test and reference fluorescence intensities (Schena et al., 1995;

DeRisi et al., 1996; reviewed by Duggan et al., 1999).

Another approach to defining expression levels is to use oligonucleotide microarrays
(Lipshutz et al., 1995; Lockhart et al., 1996). There are two different platforms for high-
density oligonucleotide array manufacture. The first method involves a combination of

photolithography and in situ synthesis of oligonucleotides (Fodor et al., 1991; Pease et al.,
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1994; Lipshutz et al., 1999). Instead of hybridizing two samples labeled with different
fluorochromes, for this format only a single sample is hybridized at a time onto the
microarray. In addition to the photolithographic method, oligonucleotide microarrays can also
be manufactured by spotting of the oligos onto glass slides. For this type of array,
differentially labeled test and reference samples are hybridized together as in cDNA arrays.
Oligonucleotides synthesized using the photolithographic method are usually 25-mers,
whereas spotted oligonucleotides are somewhat longer, 50-70-mers (Kane et al., 2000;

Hughes et al., 2001; Holloway et al., 2002; Relogio et al., 2002; Barczak et al., 2003).

The oligonucleotide microarrays provide greater specificity compared to cDNA arrays in gene
expression analysis. Oligonucleotide arrays are capable of distinguishing single-nucleotide
polymorhism, splice variants, and closely related sequences (Hughes et al, 2001; Holloway et
al., 2002). In addition, one can use multiple oligonucleotides hybridizing to different regions
of the same RNA, which markedly improves the signal-to-noise ratios and accuracy of
quantification and also reduces the rate of false positives. The use of mismatch
oligonucleotides containing a single base difference in the middle of the oligo allows direct
subtraction of background and cross hybridization signals, further increasing the specificity of
the oligonucleotide array analysis (reviewed by Lipshutz et al., 1999). However, because the
probe length is much shorter than with cDNAs, oligonucleotides must be carefully designed,
since the base composition may greatly affect their performance. Probe length also affects the
sensitivity of the array, cDNA clones providing better signal intensity due to longer length of
the probes. The main advantage of cDNA microarrays is that cDNA clones are easy and
cheap to manufacture, bringing them within the reach of a wider spectrum of researchers

(reviewed by Holloway et al., 2002).

4.2 Copy number analysis

DNA microarrays have also been adapted for detection and mapping of copy number changes
by CGH (Solinas-Toldo et al., 1997, Pinkel et al., 1998; Pollack et al., 1999; Lucito et al.,
2003). In this approach, total DNA from tumor and normal genomes is isolated, labeled with
different fluorochoromes, and hybridized simultaneously to the array. The results are
presented as ratios between tumor and normal reference intensities. The earliest studies
applying CGH microarray technique arrayed large-insert size genomic clones, such as

cosmids, P1, PAC and BAC clones, on glass slides (Solinas-Toldo et al., 1997; Pinkel et al.,
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1998, Albertson et al., 2000). In 1999, application of CGH onto ¢cDNA microarrays was
developed by Pollack and coworkers (1999) and recently the first microarray-based CGH

study utilizing oligonucleotide microarrays was published (Lucito et al., 2003).

Microarray-based CGH using either genomic, cDNA or oligonucleotide arrays has proved to
be suitable for the detection of both increased and decreased copy numbers. The advantages
of the genomic array include high quantitativity and sensitivity as a result of hybridization
signal integration over long BAC probes (Lucito et al., 2000; Albertson and Pinkel, 2003).
The resolution of the CGH microarray is dependent on the number of clones present on the
array and the distribution and spacing of the clones throughout the genome. In the case of the
genomic array the limiting factor of the resolution is the length of the BAC clones (Pinkel et
al., 1998). This is the reason why cDNA and oligonucleotide microarrays provide much better
resolution compared to genomic arrays. In cDNA arrays the theoretical limit is a single gene.
However, in practice a signal is usually averaged over several adjacent clones in order to
increase signal-to-noise ratio (Pollack et al., 1999; Albertson and Pinkel, 2003; Lucito et al.,
2003). The best resolution today is obtained by oligonucleotide microarrays, where multiple
oligonucleotide probes can be organized for a single gene. A recently published study
applying oligonucleotide microarray in copy number analysis achieved an average resolution

of 30 kb throughout the whole genome (Lucito et al., 2003).

One of the main disadvantages of genomic arrays is the propagation and printing of BAC
clones, which may be quite difficult because of low yields of BAC DNA and the viscous
nature of the high molecular weight DNA solutions (Lucito et al., 2000; Albertson and Pinkel,
2003; Albertson, 2003). To overcome these problems, several PCR-based methods have been
applied to provide amplification of representations of BAC DNAs (Snijders et al., 2001;
Telenius et al., 1992; Fiegler et al., 2003). In CGH on oligonucleotide microarrays, PCR
amplification step is performed to create representations of the genome to be analyzed. It is
possible that this amplification step might introduce a quantitative bias, if the quality of the
sample and reference DNA differs. By contrast to genomic clones, cDNA clones are easy to
grow, amplify and print on glass slides. In addition, because cDNA clones are reverse
transcribed from mRNA sequences, they are focused on expressed sequences and contain
only a few repeat sequences compared to genomic clones, where masking of the repetitive
sequences can be sometimes problematic (Pollack et al., 1999; Pollack et al., 2002).

Disadvantages of the cDNA array platform include the unability to detect alterations in non-
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coding genomic regions and to distinguish genes from pseudogenes. However, the major
advantage of using cDNA clones or oligonucleotides as hybridization targets is that the exact
same microarray can be used for both gene copy number and expression analysis, providing
rapid correlation between gene copy number aberrations and changes occurring in gene

expression levels (reviewed by Albertson and Pinkel, 2003).

5. Microarray applications in cancer research

5.1 Expression profiling

DNA microarray based expression analyses have been widely used to classify tumors. Most
commonly molecular classification studies have been applied to a single cancer type but
multiclass classification has also been performed (Ramaswamy et al., 2001; Su et al., 2001;
Yeang et al., 2001; Sheddan et al., 2003). Ramaswamy and colleagues (2001) determined the
expression patterns in 218 tumor samples representing 14 common tumor types using
oligonucleotide microarrays containing 16,063 genes. Multiclass classification using a
supervised learning method accurately assigned 78 % of the tumors according to the tissue of
origin. Poorly differentiated tumors could not be correctly classified, demonstrating that they
are molecularly distinct from their well differentiated counterparts (Ramaswamy et al., 2001).
In another study Su et al. (2001) identified a set of 110 classifier genes whose expression
patterns accurately predicted the tissue of origin for 90 % of tumors, including 9 out of 12

metastatic tumors.

Expression profiling has also facilitated classification of tumor types sharing the same kind of
histology. In the study by Khan and co-workers (2001), artificial neural networks (ANN)
were used to classify small round blue cell tumors (SRBCTs) that are otherwise difficult to
distinguish due to similar histology into four separate diagnostic categories consisting of
neuroblastoma, rhabdomyosarcoma, non-Hodgkin lymphoma, and the Ewing family of
tumors. Expression analysis of 63 training samples by cDNA microarray containing 6,567
genes identified a set of 96 classifier genes. A subsequent set of 25 blinded samples was
correctly classified using these 96 classifier genes demonstrating the usefulness of this

method for accurate class prediction (Khan et al., 2001).
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Most commonly expression profiling has been used to define subclasses within a specific
tumor type (Golub et al., 1999; Alizadeh et al., 2000; Bittner et al., 2000; Perou et al., 2000;
Sorlie et al., 2001; Dhanasekaran et al., 2001; Hedenfalk et al., 2001; Kim et al., 2002;
Hedenfalk et al., 2003; Takahashi et al., 2003; Frederiksen et al., 2003; Tay et al., 2003).
Cancer classification was first applied to human acute leukemia using an oligonucleotide
microarray containing 6,817 genes. Using an initial collection of known samples, gene sets
that were differentially expressed in acute myelogenous leukemia (AML) and acute
lymphocytic leukemia (ALL) were identified and used to classify unknown leukemia samples
into the correct categories based solely on the gene expression profiles (Golub et al., 1999).
Expression based class discovery has also been used in solid tumors. For example, analysis of
gene expression profiles in cutaneous malignant melanomas was able to define two putative

subsets of tumors (Bittner et al., 2000).

Molecular classification has also been performed in breast cancer (Perou et al., 2000; Sorlie et
al., 2001; Hedenfalk et al., 2001; Hedenfalk et al., 2003). In a study analyzing 65 breast
adenocarcinomas from 42 individuals by cDNA microarray containing 8,102 genes it was
possible to classify these tumors into three distinct subtypes, ERBB2 positive, estrogen
receptor positive luminal-like, and basal-like, by hierarchical cluster analysis (Perou et al.,
2000). In a subsequent study in a larger set of 78 breast tumors using identical cDNA
microarray the same three subgroups of tumors were demonstrated (Sorlie et al., 2001). As a
novel finding, the estrogen receptor positive luminal-like group could be further divided into
at least two subgroups with distinctive expression profiles. In addition, survival analysis
indicated that the basal-like and the ERBB2 positive subtypes are associated with the shortest
survival times and that the two luminal-like subtypes represent clinically distinct groups with
different outcomes (Sorlie et al., 2001). In breast cancer, expression profiling has also been
used to accurately classify hereditary tumors from BRCA1 and BRCA2 mutation carriers
(Hedenfalk et al., 2001). In addition, novel subclasses were discovered among the non-
BRCA1/2 breast cancer patients, most likely reflecting the heterogeneous genetic origin of

these tumors (Hedenfalk et al., 2003).

Gene expression profiling has recently been used to predict disease outcome in breast cancer
patients (Sgroi et al., 1999; Martin et al., 2000; West et al., 2001; Van't Veer et al., 2002; Van
de Vijver et al., 2002; Ahr et al., 2002; Huang et al., 2003). For example, differential display

and cDNA arrays were used in the identification of four clusters of genes associated with
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three major clinical parameters of breast tumors (ER status, tumor stage and tumor size).
Expression patterns of these four different clusters were used to group breast tumors into
distinct therapeutic categories (Martin et al., 2000). In another study Van't Veer and co-
workers (2002) identified a set of 70 genes being able to accurately classify breast cancer
patients into poor prognosis and good prognosis groups based on expression profiles. The set
of 70 classifier genes was futher validated in a study with 295 patients having either lymph-
node-negative or lymph-node-positive breast cancer. Interestingly, the prognosis of the
patients did not seem to be dependent on lymph node status, because lymph-node negative
and positive patients were distributed almost equally between the two prognostic categories
(van de Vijver et al., 2002). Recently Huang and co-workers (2003) were able to classify
breast tumors in defined subgroups associated with lymph-node metastases and recurrency

based on gene expression patterns.

Expression studies have also challenged the prevailing model of metastasis suggesting that
capacity to metastasize arises late in tumorogenesis and only from rare cells of the primary
tumor (Fidler and Kripke, 1977). In addition to the studies reviewed above, where gene
expression profiling made it possible to distinguish tumor classes with different prognosis and
metastatic potential, other studies supporting a variant model of cancer metastasis have been
published (Ramaswamy et al., 2003; Schmidt-Kittler et al., 2003; Woelfle et al., 2003; Kang
et al., 2003). Ramaswamy and co-workers (2003) addressed this issue directly by comparing
gene expression profiles of adenocarcinoma metastases of different tumor types to those of
unmatched primary adenocarcinomas. A specific expression signature capable of
distinguishing primary tumors from metastases was identified. However, a subset of primary
tumors carried an expression signature similar to that of metastatic tumors, suggesting that the
metastatic potential is present in the bulk of primary tumors (Ramaswamy et al., 2003).
Similarly, the study by Schmidt-Kittler and colleagues (2003) suggests that tumor cells
disseminate from the primary tumor at a much earlier state of tumor progression than
previously expected. Their findings also indicate that the disseminated cell population is not
the most advanced clone within the primary tumor, as expected by the prevailing model of

metastasis (Schmidt-Kittler, 2003).
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5.2 High resolution copy number analysis

Microarray based CGH has been most frequently used for the analysis of copy number
increases previously described by chromosomal CGH and for the rapid identification of
putative amplification target genes. Utilization of CGH microarrays has enabled detailed
structural chracterization of amplicons and definition of specific amplicon boundaries. For
example, amplification affecting the gq-arm of chromosome 20 has been studied in detail using
genomic arrays containing large insert size BAC clones (Pinkel et al., 1998; Albertson et al.,
2000). Such an analysis provided detailed information of the 20q amplicon structure and
revealed two independent amplification peaks. In addition, the CYP24 gene was identified as
a novel candidate target gene for the 20q amplicon in breast cancer (Albertson et al., 2000).
Similar detailed characterization of specific previously discovered amplicons has been
performed in breast and gastric cancers as well as testicular germ cell tumors by using region-

specific cDNA microarrays (Monni et al., 2001; Varis et al., 2002; Zafarana et al., 2003).

Clark and co-workers (2002) used an alternative approach to identify amplification target
genes. They prepared a cDNA library from a breast cancer cell line containing 17q12, 17q23,
and 20q13 amplifications and constructed a cDNA microarray by printing randomly selected
clones from this library. Parallel gene copy number and expression analysis was performed to
identify putative amplification target genes that were overexpressed (Clark et al., 2002). The
main advantages of this technique are that it is not limited to a pre-selected set of genes and
that genes overexpressed in the sample are highly represented in the array. However, at the

same time the analysis is limited to genes expressed in the original sample.

Recently several studies utilizing CGH microarray in genome-wide copy number analysis
have been published, both using genomic arrays (Snijders et al., 2001; Cai et al., 2002;
Massion et al., 2002; Veltman et al., 2003) and cDNA microarrays (Pollack et al., 1999;
Pollack et al., 2002; Clark et al., 2003; Squire et al., 2003). The first genome-wide BAC array
contained 2460 BAC and P1 clones throughout the genome providing an average resolution
of approximately 1.4 Mb (Snijders et al., 2001). A similar resolution was also obtained in the
analysis of genome-wide copy number changes in bladder tumors. In addition to previously
identified alterations, many new aberrations including high-level amplifications and
homozygous deletions involving small genomic region were identified (Veltman et al., 2003).

The first genome-wide copy number profiling utilizing cDNA microarrays was performed by
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Pollack and co-workers in 1999. The results obtained confirmed previous data on copy
number changes in higher resolution and parallel expression analysis using an identical cDNA
microarray enabled identification of candidate amplification target genes (Pollack et al.,
1999). Recently Clark et al., (2003) demonstrated that CGH microarrays could also be applied
for deletion detection. In this study, CGH on ¢cDNA microarrays was used for genome-wide
screening of genetic loss in prostate cancer. Copy number analysis in prostate cancer cell lines
allowed specific mapping of homozygous deletions and led to the identification of two novel

regions of complete loss at 17q21.31 and 10g23.1 (Clark et al., 2003).

As in expression profiling, CGH microarray data have also been used for disease
classification (Wilhelm et al., 2002; Fritz et al., 2002; Weiss et al., 2003). For example, array-
based CGH was used to evaluate copy number changes in different types of renal cell
carcinomas (Wilhelm et al., 2002). Copy number information obtained from 24 BAC clones
was used in hierarchical clustering and resulted in the classification of 33 of the 34 malignant
tumors into correct histological subtype. As would be expected, normal kidney samples and
benign neoplasms with no copy number changes were grouped together (Wilhelm et al.,
2002). Similarly, Fritz and co-workers (2002) utilized CGH microarray based gene copy
number analysis to classify dedifferentiated and pleomorphic liposarcomas. In this study,
gene expression profiling was not able to provide as accurate a classification as that obtained
by gene copy number analysis (Fritz et al., 2002). However, this result may be partly due to
the relatively low number of genes analyzed in the expression survey. Recently, Weiss et al.
(2003) applied CGH microarrays in the classification of gastric adenocarcinomas.
Hierarchical cluster analysis revealed three different groups of gastric cancers showing
different patterns of genomic aberrations. In addition, these three groups correlated with
lymph node status and survival, thus indicating the possible clinical utility of copy number

based tumor classifications (Weiss et al., 2003).
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AIMS OF THE STUDY

1) To define the structure and extent of the ERBB2 amplicon at 17q12 in breast cancer cell

lines and primary breast tumors.
2) To identify amplified and overexpressed genes at the ERBB2 amplicon in breast cancer.

3) To evaluate the effects of Herceptin treatment on gene expression patterns in ERBB2

amplified and non-amplified cell lines.

4) To perform genome-wide mapping of DNA amplifications in breast cancer using high-

resolution CGH on cDNA microarray.

5) To evaluate the global impact of gene amplification on gene expression levels in breast

cancer.
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MATERIALS AND METHODS

1. Cell lines (1, 111, 1V)

A total of 23 established breast cancer cell lines were used in this study. Breast cancer cell
lines BT-474, BT-20, MDA-361, MDA-436, MDA-453, MDA-468, HCC202, HCC1419,
HCC1428, HCC1954, UACC-732, UACC-812, UACC-893, UACC-3133, ZR-75-1, ZR-75-
30, Hs578t, MCF7, SKBR-3, T-47D and HBL-100 were obtained from American Type
Culture Collection (Manassas, VA) and MX-1 and EFM-192A from the German Collection of
Micro-organisms and Cell Cultures (Braunschweig, Germany). Normal human mammary
epithelial cells, HMECs, were obtained from Clonetics (Walkersville, MD). All cells were

grown under recommended culture conditions.

2. Clinical tumor samples (ll, IV)

A tissue microarray containing 612 formalin-fixed, paraffin embedded primary breast tumors
from the years 1985-1995 was used. Tumor collection was obtained from the Institute of
Pathology, University of Basel, Switzerland. All samples were anonymous, archival tissue
specimens with associated clinicopathological information. The use of these tissue specimens
in retrospective analyses was approved by the Ethics Committee of the University of Basel

and by the NIH Institutional Review Board.

For Study II, 36 freshly frozen primary breast tumor specimens were obtained from the
Tampere University Hospital (Tampere, Finland). The use of these samples for research
purposes was approved by the Ethics Committee of the Pirkanmaa Hospital District. Tumors
were pre-selected according to the histochemical status of the ERBB2 protein and the 17q12
amplification status was verified by FISH. The amplified (n=15) and non-amplified (n=21)
tumor groups were also matched regarding standard clinicopathological features. According
to a modified Bloom and Richardson classification, 8 of the tumors were histological grade 11
and 28 were grade III. There were 18 tumors with less than 2cm in diameter and 16 more than

2 cm. Fifteen tumors were axillary lymph node positive and 21 node negative. Routine
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immunohistochemical analysis of the hormone receptor status showed that 26 tumors were

estrogen receptor positive and 20 progesterone receptor positive.

3. Growth inhibition assay (lll)

The response of breast cancer cells to the Herceptin treatment was determined by using the
AlamarBlue™ Assay (Alamar Biosciences, Sacramento, CA). The recombinant DNA-derived
humanized monoclonal antibody Herceptin (Trastuzumab) was obtained from Genentech, Inc.
(South San Francisco, CA). Exponentially growing cells were harvested and plated on 96 well
plates at defined density, ranging from 2.5 x 10* — 6.5 x 10* cells/ml depending on cell line.
After 48 hours of culture in recommended medium, Herceptin was added at concentrations of
1, 10, 100, and 500 pg/ml. Equal amounts of fresh medium lacking Herceptin were added to
the control wells of each cell line. Plates were incubated for 72 hours, after which the
Herceptin containing medium was removed and fresh medium was added for an additional 18
hours. To determine the number of proliferating cells, AlamarBlue was added to the wells in
an amount equal to 10 % of the total culture medium volume. The AlamarBlue reagent
contains an incorporated fluorometric/colorimetric oxidation-reduction (REDOX) growth
indicator. Metabolic activity of the growing cells results in a chemical reduction of the
REDOX indicator, which both fluoresces and changes color in response. After 4-10 hours of
incubation, absorbance was measured at 540 nm and 620 nm wavelengths with a
spectrophotometer (ELISA reader). The percent difference in growth inhibition between
Herceptin-treated and untreated control cells were calculated according to manufacturer’s

instructions (Alamar Biosciences). All experiments were performed in triplicate.

4. cDNA microarrays (I, Il, IV)

4.1 Composition of cDNA microarrays

For Study I, a chromosome 17-specific cDNA microarray was constructed (Figure 3) using
the information available in GeneMap'99 (Monni et al., 2001). The array contained a total of

636 cDNA clones, including 217 from 17q12 (interval D175933-D17S930; 293-325 cR) and
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156 from 17923 (interval D17S791-D17S795; 333-435 cR). Genome-wide cDNA
microarrays containing a total of 14,380 and 13,824 clones were used in Studies III and IV
respectively. The majority of the arrayed clones represented known genes, with only 939 and
244 corresponding to uncharacterized ESTs. The preparation and printing of cDNA clones on
glass slides were performed as described (De Risi et al., 1996; Shalon et al., 1996; Mousses et
al., 2000).

GeneMap 99 | 217 clones from 1712
(RH map interval 260-
330 cR)

17912 ~g

129¢ch

201 known genes from
chromosome 17

ERBB2 amplicon ﬂ

92 Mb

g.
g
]
]
00
]
0

Figure 3. Construction of the chromosome-17 specific ¢cDNA microarray used in the
comprehensive copy number and expression profiling of 17q12 region (I).

4.2 Gene copy number and expression analyses

cDNA microarray technology was used for the analysis of gene copy numbers (I, IV) and
gene expression levels (I, III, IV) in breast cancer cell lines (Table 1). Genomic DNA from
breast cancer cell lines was extracted using Qiagen Blood and Cell Culture DNA Maxi Kit
(Qiagen Inc., Valencia, CA) and normal placental (I) or human white blood cell DNA (IV)
was used as a reference. CGH on ¢cDNA microarrays was done as previously described
(Pollack et al., 1999; Monni et al., 2001). Briefly, genomic DNAs were digested for 14-18 h
with Alul and Rsal (Life Technologies, Inc., Rockville, MD) and purified by
phenol/chloroform extraction. Six pug of digested cell line DNAs were labeled with Cy3-
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dUTP and 6-8 pug of normal reference DNA with Cy5-dUTP using Bioprime Labeling Kit
(Life Technologies, Inc., Rockville, MD). Hybridization was done as described (Monni et al.,
2001), and posthybridization washes according to the protocol by (Mousses et al., 2000).

Table 1. Summary of microarray studies.

Study  Array (no. clones) Reference Test
| chromosome-17 specific (636) 8 ug, placental DNA, Cy5 6 1g, genomic DNA, Cy3
| chromosome-17 specific (636) 16 g, MDA-436 mRNA, Cy5 4 g, mRNA or 80 ug total RNA, Cy3
Il genome-wide (14380) 3 ng, mRNA (untreated), Cy3 3 1g, MRNA (treated), Cy5
v genome-wide (13824) 6 ng, white blood cell DNA, Cy5 6 ng, genomic DNA, Cy3
v genome-wide (13824) 40 pg pool of total RNA (Stratagene), Cy3 3.5 ug mRNA, Cy5

For the expression analyses, total RNA or mRNA was extracted from breast cancer cell lines
using the Trizol reagent or FastTrack 2.0 Kit (Invitrogen, Carlsbad, CA). In Study I, the breast
cancer cell line MDA-436 with no copy number increase at 17ql2 and, in Study IV, a
commercially available reference (Universal Human Reference RNA; Stratagene, La Jolla,
CA) were used as a standard reference in all experiments. In Study III, breast cancer cell
cultured in 10 pg/ml Herceptin and control cells grown in drug-free medium were harvested
after 24, 48 and 72 hours of incubation. mRNA isolated from drug-treated test cells was
hybridized against mRNA isolated from untreated control cells of the same cell line. All
RNAs were labeled using oligo(dT)-primed polymerisation by SuperScript II reverse
transcriptase (Life Technologies, Inc., Rockville, MD). Amounts and fluorescent labels used
in the labeling reaction were as follows: in Study I, 4 pg of test mRNA or 80 ug of total RNA
was labelled with Cy3-dUTP (Amersham Pharmacia Biotech, Piscataway, NJ) and 16 pg of
reference mRNA with Cy5-dUTP (Amersham Pharmacia Biotech); in Study III, 3 pg of test
mRNA was labeled with Cy5-dUTP and 3 pg reference mRNA with Cy3-dUTP; and in Study
IV, 3.5 pg test mRNA was labeled with Cy5-dUTP and 40 pg of reference total RNA with
Cy3-dUTP. Hybridization of the labeled cDNAs on microarray slides and posthybridization

washes were performed as described (Mousses et al., 2000; Monni et al., 2001).

34



4.3 Data analysis

In all cDNA and CGH microarray analyses, a laser confocal scanner (Agilent Technologies,
Palo Alto, CA) was used to measure the fluorescence intensities at the target locations. The
test and reference fluorescent images were scanned separately and the data was analysed
using DEARRAY software (Chen et al., 1997). After background subtraction, copy number
and expression level of each gene was determined by comparing the average intensity of the
clone in the test sample to the average intensity in the reference. For the copy number
analysis, ratios were normalized based on the distribution of the ratios of all targets on the
array (I, IV) and for the expression analysis based on the 88 housekeeping genes (I, IV). Low
quality measurements, referring to expression data with test and reference intensity <100
fluorescent units and/or spot size <50 units (II[, IV) and copy number data with mean
reference intensity <100 fluorescent units (IV), were excluded from the analysis and were
treated as missing values. In each study, specific statistical analyses were used as outlined

below.

4.3.1 Study |

Copy number levels of chromosome 17 specific genes in breast cancer cell lines were
evaluated against normal placental DNA as a reference and expression levels against MDA-
436 cells, with no copy number increase in the 17q12 region. Clones showing a copy number
ratio > 1.5 and an expression ratio >3 in breast cancer cell lines relative to the reference,

without such increase in HMECs, were considered to be amplified and overexpressed.

4.3.2 Study 111

Data derived from 11,311 clones after quality filtering was normalized using Local Weighted
Scatter Plot Smoother (LOWESS) analysis (Cleveland, 1979; Yang et al., 2001) for each
print-tip group. Hierarchical clustering of the 11,311 genes at 24, 48, and 72 h time points was
performed using the average linkage method with uncentered correlation as the distance
function (Eisen et al., 1998). A collection of statistical analyses was then used to identify
genes whose expression changed (either increased or decreased) as a function of time during

the drug treatment. First, equalization transformation (Bolstad et al., 2003) was used to
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convert ratios across the three time-series experiments (24, 48 and 72h incubation of the drug)
of each cell line to a similar range. Next, linear regression analysis was used to convert the
time-series observations of each sample into a single number T (Hautaniemi et al., 2003a),
where the sign of T illustrates the direction of change in expression level (a positive sign is
obtained when the expression level of the gene increases and negative when expression level
decreases) and the value of T reflects the magnitude of expression change. As a result of this
T value computation, each gene in each sample is characterized by a single quantity that
illustrates whether expression levels increase, decrease or remain the same during the time-
series of the drug treatment. These T values were then utilized in a stepwise gene selection
algorithm to identify genes that would best separate the ERBB2 amplified cell lines from
those with no amplification. For this purpose, BT-474, SKBR-3 and ZR-75-30 were assigned
as amplified and MDA-436 and MCF-7 cell lines as non-amplified. MDA-453 was excluded
because it demonstrates only low-level amplification and moderate expression of ERBB2 and
thus did not fit into either group. Genes showing a difference greater than one in median
expression level between the amplified and non-amplified groups were included for the
analysis. In stepwise gene selection, weight (W) for each of the selected 2990 genes was
computed using Fisher’s linear discriminant. New genes were added to the stepwise gene
selection program until the weight reached a value of three. To verify that the result was
statistically significant a randomization test was run for the 2990 genes. Clustering of the
discriminatory genes was performed using the hierarchical clustering with average linkage
method and Euclidean distance as the distance function and the SOM algorithm (Kohonen,

2001; Hautaniemi et al., 2003b) using the toolbox made by Vesanto et al., (2000).

4.3.3 Study 1V

A statistical approach was used to determine the effect of gene copy number on gene
expression patterns throughout the genome. First, CGH and ¢cDNA data was log-transformed
and normalized by median centering of the values in each cell line. cDNA ratios for each gene
were also median centered across all 14 cell lines. Next, the distribution of fluorescence ratios
was used to define cutpoints for increased (ratio >1.43; representing the upper 5% of the CGH
ratios across all experiments) and decreased (ratio <1.43; representing the lower 5%) copy
number. The CGH data for each gene was then divided in two groups representing gene copy

number ratio values in amplified and non-amplified breast cancer cell lines. The correlation
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between gene amplification and gene expression was assessed by calculating a weight for
each gene as follows:
w, = My —Myo

4 +0y
where Mgi, 6g1 and Mgy, Ggo denote the means and standard deviations for the expression
levels for amplified and non-amplified cell lines respectively. The statistical significance of
each weight was tested by changing the order of amplified and non-amplified cell line groups
randomly (10,000 times) and then comparing the re-calculated weight with the original
weight. The probability that a gene had equal or greater weight with the random order of cell

lines was denoted by alpha (o). Low alpha values are obtained when the association between

amplification and gene expression is strong.
4.3.4 Genomic localization of cDNA clones and amplicon mapping (1V)

Each cDNA clone on the genome-wide microarray was assigned to a Unigene cluster using
the Unigene Build 141 (http://research.nhgri.nih.gov/microarray/downloadable cdna.html)
information. The August 2001 freeze of the University of California Santa Cruz’s Golden
Path database was used to create a database containing genomic sequence alignment
information for mRNA sequences. The chromosome and exact base pair positions for each
cDNA clone were then obtained by relating these two data sets. Amplicons were defined
based on the following criteria: a CGH copy number ratio >2.0 in at least two adjacent clones
in two or more cell lines or a CGH ratio >2.0 in at least three adjacent clones in a single cell
line. In addition, the amplicon start and end positions were extended to include neighboring
non-amplified clones (ratio <1.5). The amplicon size determination was partially dependent

on local clone density.

5. Fluorescence in situ hybridization (I, 11, IV)

5.1 Interphase FISH on breast cancer cell lines (1)

Several gene-specific BAC/PAC clones were used as probes in this study (Table 2). Clones
were identified by performing sequence similarity searches against the nr and htgs databases

using the blastn program and the specificity of the probes was confirmed by PCR with gene-
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specific primers. Probe for the human EGFR gene and centromeric probes for chromosomes 7
and 17 were commercially available (Vysis inc., Downers Grove, IL). Gene-specific probes
were labeled with SpectrumOrange-dUTP (Vysis) using random priming and SpectrumGreen-
labeled centoromere probes were used as a reference (Vysis). Metaphase and interphase cell
preparations from the breast cancer cell lines and normal blood lymphocytes were prepared as
described (Kallioniemi et al., 1992). Control hybridizations to normal metaphase
chromosomes were done to verify that the labeled probes recognized a single copy target.
Dual-color FISH to breast cancer cell lines and normal lymphocytes was performed as
described earlier (Bérlund et al., 2000). Hybridization signals were evaluated using either a
Zeiss or an Olympus fluorescence microscope equipped with a dual band-pass fluorescence
filter (Chromatechnology, Brattleboro, VT) and a 63x oil-immersion objective.
Approximately 50 non-overlapping nuclei with intact morphology based on 4,6-diamidino-2-
phenylindole (DAPI) counterstaining were scored to determine the number of hybridization

signals for each test and reference probe in breast cancer cell lines.

Table 2. Genomic clones used in this study

GenBank accession number Clone name
AC010761 RP11-386F9
AC006449 CTB-58E17
AC021102 RP11-129G15
AC005288 CTB-131K11
AC009283 RP11-390P24
AC040933 CTD-2019C10
ACO019095 RP11-386H17
AC068669 RP11-749116
AC015851 RP5-1112G21
AC018629 RP11-5809
AC004585 RP5-1028K7
AC009789 RP11-361K8

5.2 FISH on tumor tissue microarray (Il, 1V)

FISH to tissue microarray was performed as described (Andersen et al., 2001) using
SpectrumOrange-dUTP labeled gene-specific BAC probes and SpectrumGreen labeled
chromosome 17 centromere probe as a reference. The formalin-fixed tissue microarray
sections on microscope slides were deparaffinized and treated according to the Paraffin

Pretreatment Reagent Kit protocol (Vysis): the slides were fixed in 4% paraformaldehyde for
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10 min, denaturated at 94°C for 5 min in Tth-buffer (10 mM Tris-HCI, pH 8.9, 0.1 M KClI,
1.5 mM MgCl, 50 pg/ml BSA, 0.05% Tween 20® (v/v)), treated with Proteinase K (10pug/ml
in PBS) at 37°C for 10 min, dehydrated, and air-dried. After an overnight hybridization, the
slides were washed in 0.4xSSC/0.3%NP-40 at 72°C for 1 min, at RT 2XSSC for 2 min, and
then counterstained with 4°, 6-diamidino-2-phenylindole in antifade solution. Hybridization
signals were evaluated using a Zeiss fluorescence microscope (Carl Zeiss, Inc., Thornwood,
NY). The number of cells counted varied from one tumor sample to another, with a minimum
of 50 cells analyzed for each case. Strict criteria were applied to define amplification to
ensure the accuracy of scoring. Specimens containing a 3-fold (Study II) or a 2-fold (Study
IV) or higher increase in the number of test probe signals, as compared with the chromosome

17 centromere signals in at least 10% of the tumor cells were considered to be amplified.

6. Northern hybridization (1)

Total RNA from breast cancer cell lines was extracted using TRIzol reagent (Life
Technologies, Inc., Rockville, MD). Fifteen ug of RNAs were subjected to electrophoresis
and transferred onto a Nytran membrane (Schleicher & Schuell, Keene, NH). PCR products
or sequence-verified cDNA clone inserts corresponding to ERBB2, GRB7, MLN64, and EST
485823 were labeled with [0-**P]-dCTP using random priming (rediprime II, Amersham
Pharmacia, UK) and GAPDH probe (Clontech, Palo Alto, CA) was used as a reference to
confirm equal loading of the samples. The blot was first prehybridized for 1h at 42°C in
NorthernMax Prehybridization/Hybridization Buffer (Ambion., Inc., Austin, TX) together
with Herring Sperm DNA (Sigma Chemical Co., St. Louis, MO) and then hybridized
overnight in the prehybridization solution at 45°C-48°C. The blot was washed several times
with 2X SSC-0.05% SDS at RT and then twice in 0.1X SSC-01% SDS at 55°C. Hybridized

probe was detected by using a Phosphorlmager (Molecular Dynamics, Sunnyvale, CA).
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7. Reverse transcriptase-polymerase chain reaction (ll, IV)

7.1 RT-PCR (IV)

RT-PCR was used to verify expression levels of HOXB7 gene in breast cancer cell lines.
Reverse transcription and PCR amplification of HOXB7 and GAPDH reference gene were
performed using 10 ng mRNA as a template (Access RT-PCR System, Promega Corporation,
Madison, WI). First strand ¢cDNA synthesis was done at 48°C for 45 min and PCR
amplification as follows: initial denaturation for 2 min at 94°C, denaturation at 94°C for 30s,
annealing at 58°C for 45s, and extension at 70°C for 1 min, 27 and 20 cycles for HOXB7 and
GAPDH, respectively. Primers for HOXB7 were: 5'-GAGCAGAGGGACTCGGACTT-3' and
5-GCGTCAGGTAGCGATTGTAG-3' and for GAPDH: 5-TCCTGGAAGATGG
TGATGGGAT-3"' and 5'- TGAAGGTCGGAGTCAACGGATT-3". The HOXB7 expression

levels were determined relative to GAPDH.

7.2 Quantitative RT-PCR (Il)

Gene expression analyses in freshly frozen tumor tissue samples were performed using
quantitative RT-PCR. A representative area from each primary breast sample was selected
based on hematoxylin-eosin staining of tissue sections. Total RNA was isolated from 2 mm
core biopsies using Qiagen RNeasy MiniKit (Qiagen Inc., Valencia, CA). In order to avoid
genomic DNA contamination, samples were treated with RNase Free Dnase I (Epicentre,
Madison, WI) at 37°C for 30 min, followed by inactivation of the enzyme at 65°C for 15 min.
First-strand ¢cDNA synthesis was performed using Superscript II reverse transcriptase and
random hexamer primers (Invitrogen, Carlsbad, CA). Molecular Beacon Probe Sets for eight
known genes (ERBB2, GRB7, MLN64, PNMT, NEUROD?2, ZNFN1A3, TCAP, PPP1R1B),
two hypothetical proteins (MGC14832, MGC9753), and the housekeeping gene TPB as well
as specific double stranded DNA standards for each gene were obtained from Gorilla

Genomics, Inc. (Alameda, CA).
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Quantitative real-time PCR analyses were performed using LightCycler equipment (Roche,
Mannheim, Germany; Wittwer et al., 1997). The total reaction volume of 20 pl consisted of 2
ul of 10x PCR Buffer, 0.4 pl 50x Probe Mix (Gorilla Genomics, Inc.), 0.4 pl TITANIUM™
Taq DNA polymerase (Clontech Laboratories, Inc., Alameda, CA), and 1 pl of cDNA sample
or DNA standard, adjusted to final volume with sterile H,O. The PCR program consisted of
initial denaturation at 95°C followed by 45 cycles of denaturation at 95°C for 10s, annealing at
55°C for 10s, and elongation at 72°C for 6s. Quantitative analysis was performed using the
LightCycler software according to manufacturer’s instructions. First the proportional baseline
fluorescence adjustment was performed and then the fit-point method was used to determine
the crossing point value, representing the cycle number where the fluorescence level for each
sample was the same. The crossing point value is dependent on the starting amount of the
target mRNA in the sample, small target amounts taking more cycles to reach the specific
fluorescence level. A dilution series of the gene-specific DNA standard was used as a
template in each PCR run to prepare a standard curve by plotting the crossing point of each
standard against the logarithmic value of its concentration. The concentrations of the
unknown samples were then determined by setting their crossing points to the standard curve.
The expression levels of the genes studied were normalized against the housekeeping gene

TBP.

8. Statistical methods (I, V)

In Study II, association of 17q12 amplification with clinocopathological parameters of the
primary breast tumors was determined using paired Student’s t-Test analysis. Comparison of
the median gene expression levels between the 17q12 amplified and non-amplified tumor
groups was performed using the nonparametric Mann-Whitney test. All p-values were two-
tailed. In Study IV, the survival analysis for the HOXB7 gene amplification was performed
using the Kaplan-Meier method and the log-rank test.
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9. Genomic databases (I-1V)

During the course of this study the following sources of information were most often used:

National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/)
Unigene Resources (http://www.ncbi.nlm.nih.gov/Unigene)

Unigene Builds (http://research.nhgri.nih.gov/microarray/downloadable cdna.html)
MapView (http://www.ncbi.nlm.nih.gov/mapview/)

GeneMap (http://www.ncbi.nlm.nih.gov/genemap)

GeneOntology Consortium (http://www.geneontology.org/)

Source (http://source.stanford.edu/cgi-bin/sourceSearch)

University of California Santa Cruz Genome Bioinformatics (http://www.genome.ucsc.edu)
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RESULTS

1. Characterization of the ERBB2 amplicon in breast cancer (I, II)

1.1 Copy number and expression analysis of the 17ql2 amplicon by

chromosome 17 specific cDNA microarray (I)

In order to identify amplified and overexpressed genes at the 17q12 region, comprehensive
expression and copy number analysis across the 17q12 amplicon was performed using a
custom made chromosome 17-specific cDNA microarray containing 636 cDNA clones. Seven
breast cancer cell lines (BT-474, HCC202, MDA-362, MDA-453, SKBR-3, UACC-812,
UACC-893) known to have gain or amplification at 17q12 by chromosomal CGH (Forozan et
al., 2000; Larramendy et al., 2000) were selected for expression analysis. In addition four cell
lines (BT-474, SKBR-3, UACC-812, UACC-893) were applied for CGH microarray analysis
in order to obtain copy number information of all the clones on the array. Focused
examination of the expression levels at 17q12 region identified 20 transcripts, including 11
known genes and 9 uncharacterized ESTs that were overexpressed in three or more of the cell
lines studied. Comparison between the expression and copy number data in four cell lines
indicated that 12 of these 20 transcripts (CDC6, ERBB2, GRB7, MLNS51, MLN64, ZNF144,
as well as ESTs 48582, 244062, 418240, 767775, 1623927, and 810305) were consistently

overexpressed when amplified.

1.2 Defining the minimal common region of 17q12 amplification (I, I1)

To determine the structure of the ERBB2 amplicon and to obtain information on the physical
order and location of the overexpressed and amplified clones identified by cDNA microarray,
a detailed copy number analysis across a 6 Mb region at 17q12 was performed in 16 breast
cancer cell lines and 330 primary breast tumors. Interphase FISH analyses using large-insert-
size BAC clones revealed threefold or higher amplification with at least one of the probes in
11 (75 %) cell lines and 53 (16.1 %) primary breast tumors. Both the level of amplification
and the size of the amplicon varied depending on the cell line or primary tumor examined.

The highest amplification amplitudes (> 50 copies/cell) were seen in the BT-474, HCC1419,
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HCC1954, and UACC-893 cell lines. The size of the amplicon was largest in EFM-192 and
UACC-812 and smallest in MDA-361 and MDA-453 cell lines. The majority of amplified
primary breast tumors (86.8 %) showed co-amplification of at least three adjacent probes,
indicating that the size of the amplicon in this region is large and the pattern of amplification
is contiguous. The most frequently amplified clone both in the breast cancer cell lines and in
the primary breast tumors was BAC 2019C10, which defined the minimal common region of

the 17q12 amplification in breast cancer.

1.3 Expression analysis of genes located at the minimal common region of

17912 amplification (I, 1)

Next the expression levels of the transcripts located in the minimal common region of 17q12
amplification were determined. Based on the information obtained from human genome
databases, the minimal region defined by BAC 2019C10 spans approximately 280 kb of
genomic DNA and contains ten transcripts. Eight of these represent known genes (ERBB2,
GRB7, MLN64, PPP1R1B, PNMT, NEUROD2, TCAP, ZNFN1A3) whereas two encode
uncharacterized hypothetical proteins (MGC9753, MGC14832). Four of the minimal region
genes (ERBB2, GRB7, MLN64, MGC9753=EST 48582) had been included in the
chromosome 17-specific cDNA microarray analysis and were highly expressed. Northern
hybridization performed in 14 breast cancer cell lines confirmed that expression of all four
transcripts was consistently elevated in 17q12 amplified cell lines (BT-474, SKBR3, UACC-
812, UACC-893, EFM-192A, HCC1419, HCC1954, ZR-75-30, MDA-361) compared with
(MCF7, HBL-100, MDA-436, MX-1) non-amplified cell lines and normal mammary
epithelial cells (HMEC). A discrepancy was observed only with MDA-453 cell line, which

showed increased expression by cDNA microarray but not by Northern analysis.

Expression analysis of the ten minimal region genes in primary breast cancer was carried out
in a set of 36 freshly-frozen tumors consisting of 15 amplified and 21 non-amplified cases
using quantitative RT-PCR. Expression of the TCAP and NEUROD2 genes was either very
weak or absent in all tumor samples. For the remaining eight genes (ERBB2, GRB7, MLN64,
PNMT, MGC9753, MGC14832, ZNFN1A3, PPP1R1B) the median value of expression was
calculated in the amplified and non-amplified tumor groups and the statistical significance
between median expression and gene amplification status was evaluated using nonparametric

Mann-Whitney test. Six of the genes (ERBB2, GRB7, PNMT, MLN64, MGC9753,
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MGC14832) showed a highly significant association between the amplification status and the
expression level. The most significant difference (P < 0.0001) was demonstrated for ERBB2
and GRB7 genes, which displayed >7 and >14 times higher median expression level in the
amplified compared to the non-amplified tumors. For ZNFN1A3 and PPP1R1B genes no

significant difference in the expression patterns between the two tumor groups was observed.

2. Validation of CGH microarray results by FISH (I)

To evaluate the sensitivity and specificity of the CGH microarray technique, a comparison of
the copy number ratios obtained by CGH microarray and by FISH was performed in four cell
lines (I). For this comparison, CGH microarray copy number ratios and relative FISH copy
number ratios (obtained using the corresponding BAC clones) greater than 1.5 were classified
as amplified. A total of 71 individual comparisons were made, of which 53 were correctly
classified as amplified and 10 as nonamplified with both of the methods, indicating a 89%
concordance (Figure 4). Of the remaining 8 comparisons, 5 showed false negative and 3 false
positive copy number ratios by CGH microarray. However, all false positive observations
were obtained with a single EST clone that showed increased copy number ratios in three of
the four cell lines, although FISH copy numbers were normal. In general CGH microarray
showed lower copy number ratios than FISH analyses, thus underestimating the true copy

number increases.

3. Effects of Herceptin treatment in ERBB2 amplified and non-amplified breast

cancer cell lines (1)

In Study III, the effects of Herceptin treatment on gene expression levels in ERBB2 amplified
(BT-474, SK-BR-3, ZR-75-30, MDA-453) and non-amplified (MCF7 and MDA-436) breast
cancer cell lines were analyzed using a genome-wide cDNA microarray containing 14,380
cDNA clones. Growth suppression assay performed with four different concentrations (1, 10,
100, 500 pg/ml) of Herceptin demonstrated a dose-dependent growth reduction in breast
cancer cell lines with ERBB2 amplification, whereas non-amplified cell lines showed only
minimal effect. Interestingly, MDA-453 cell line with low-level ERBB2 amplification did not

show any response with 1 pg/ml Herceptin similarly to non-amplified cell lines. However,
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with higher doses of Herceptin a clear growth reduction was observed, although only a slight
difference in response was observed with doses of 100 pg/ml and 500 pg/ml. The difference
in mean growth suppression between ERBB2 amplified and non-amplified cell line groups
was statistically significant (p < 0.05, two-tailed t-test) with Herceptin doses of 10, 100, and
500 pg/ml.

SKBR-3 UACC-812

CGH microarray

CGH array 0.9 CGH array 4.0 —

89 % concordance (63/71)

Figure 4. The panels on the left show examples of the CGH microarray hybridizations in the
SKBR-3 and UACC-812 cell lines and corresponding FISH analysis. Comparison of copy
number ratios obtained by CGH array and FISH are shown on the right. Comparisons
correctly classified as amplified with both methods are shaded with red and comparisons
correctly classified as non-amplified with green.

Global time-course expression analysis was performed by incubating cells for 24, 48, and 72
hours with 10 pg/ml Herceptin and then comparing the expression levels in the treated cells to
those in untreated cells of the same cell line using the cDNA microarray. In order to evaluate
the overall expression changes caused by Herceptin treatment hierarchical clustering was
performed. In all six cell lines, the three different time-points clustered together indicating
that the global expression patterns within each cell line were more similar than those between
different samples. Furthermore, the hierarchical clustering dendrogram demonstrated that the
48 and 72 hour time points were more similar to one another than to the 24 hour time point in

each cell line.
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A combination of statistical methods (Hautaniemi et al., 2003a) was used to identify a specific
set of genes whose temporal gene expression patterns differed most between ERBB2
amplified and non-amplified cell lines. This set of 439 discriminatory genes contained 212
down-regulated and 227 upregulated genes after the Herceptin treatment in the amplified vs.
non-amplified cell lines. Temporal gene expression changes among the 439 discriminatory
genes were analyzed using two different clustering approaches. Both clustering methods
clearly separated the up- and down-regulated discriminatory gene sets. Hierarchical clustering
showed separate amplified and non-amplified cell line clusters at the opposite ends of the
dendrogram and the self-organizing map revealed two major clusters of genes with almost
opposite profiles in the amplified and non-amplified cell lines. In addition, both clustering
methods demonstrated that in MDA-453 cells with only low-level amplification and modest
increase in ERBB2 expression a large fraction of genes showed gene expression changes
similar to those seen in the non-amplified cell lines rather than in the amplified cell lines.
During the antibody treatment, variation of the ERBB2 gene expression level was less than
two-fold in all cell lines, indicating that the drug treatment did not have a significant effect on

the expression of the ERBB2 receptor itself.

Based on the publicly available gene ontology information (http://source.stanford.edu/cgi-
bin/sourceSearch) functional information was obtained for 59 % of the discriminatory genes.
The majority of these genes encode for proteins implicated in key cellular processes like
transcription, signal transduction, protein processing, cell metabolism, and transport. Genes
encoding proteins involved in various RNA processing reactions, e.g. biogenesis of
spliceosomal snRNAs, RNA 3’-end processing, and nuclear pre-mRNA splicing were
typically upregulated in ERBB2 amplified cell lines as a result of Herceptin treatment.
Herceptin also induced expression of genes involved in various DNA repair pathways, e.g.
nucleotide-excision, double-strand break, and DNA mismatch repair. However, genes
encoding cell adhesion proteins (e.g. JUP, CTNND2, and CNTNI) or well-characterized
oncoproteins (e.g. FOS and KIT) showed decreasing expression levels in the amplified cell

lines during the drug treatment.
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4. Genome-wide copy number and expression analysis in breast cancer cell
lines (IV)

4.1 Global effect of gene copy number on gene expression levels (V)

To explore the global impact of gene copy number alterations on gene expression levels,
parallel genome-wide gene copy number and expression analysis in 14 breast cancer cell lines
(BT-20, BT-474, HCC1428, Hs578t, MCF7, MDA-361, MDA-436, MDA-453, MDA-468,
SKBR-3, T-47D, UACCS812, ZR-75-1, ZR-75-30) was performed using a cDNA microarray
containing 13,824 clones. Comparison between gene copy number and expression data
demonstrated that gene copy number alterations had a substantial effect on gene expression
levels throughout the genome. Of the most highly amplified transcripts (i.e. CGH copy
number ratio > 2.5) up to 44 % were also overexpressed, meaning that their ratio belonged to
a global upper 7 % of the expression ratios. Among genes displaying normal gene copy
numbers, only 6 % were overexpressed. The same trend was also observed with the low-level
copy number aberrations, although the effect on gene expression level was less dramatic. On
the contrary, 10 % of the transcripts displaying high-level expression (cDNA expression ratio
>10) showed increased copy number, indicating that a large fraction of genes are

overexpressed in the genome due to other mechanisms than gene amplification.

4.2 Genome-wide characterization of independent amplicons in breast cancer
(IV)

High-resolution CGH microarray analysis was used to identify amplified regions in the 14
breast cancer cell lines. Exact basepair locations for 11,994 ¢cDNA clones (86.8%) on the
array were obtained from the GoldenPath Aug 2001 freeze (www.genome.ucsc.edu). The
average spacing of the clones on the array was approximately 267 kb throughout the genome.
Array CGH analysis identified altogether 24 independent amplicons (Figure 5), ranging in
size from 200 kb to 12 Mb of DNA. These included all commonly amplified regions e.g. 1q21
(Chr 1: 173.92 — 177.25 Mb), 17q12-q21.2 (Chr 17: 39.79 — 42.80 Mb), 17q22-q23 (Chr 17:
63.81 — 69.70 Mb), and 20q13 (Chr 20: 51.32 — 59.12 Mb) previously identified by

chromosomal CGH, thus validating the array CGH approach. In addition to known amplicons,
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two novel amplicons at 9p13 (chr9: 38.65 — 39.25 Mb) and 17q21.3 (chrl7: 52.47 - 55.80
Mb) were identified.

19 20 21 22 X

Figure 5. Summary of the chromosomal locations of 24 independent amplicon identified
using high-resolution CGH microarray analysis.

4.3 ldentification of 270 amplified and highly expressed genes (IV)

To find genes whose expression level were most closely linked to increased copy number, a
statistical algorithm was used. Comparison of gene copy number and expression levels across
the 14 cell lines revealed a list of 270 genes whose expression was significantly influenced by
gene copy number. In addition to the previously defined amplification target genes, e.g.
HER?2 at 17q12, MYC at 8q24, EGFR at 7p11-p12, and RPS6KB1 at 17q23, this list included
numerous novel genes whose activation by gene amplification in breast cancer has not
previously been reported. One example of this kind of gene was HOXB7 located in the novel
previously undescribed amplicon at 17g21.3. FISH to tissue microarray showed that

amplification of the HOXB7 gene was present in 10.2 % of 363 primary breast cancers and
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amplification was associated with poor prognosis of the patients (Figure 6). These results
validate the presence of the novel amplicon, as well as the performance of the statistical
algorithm. In order to evaluate the possible functional roles of the 270 genes, publicly
available gene ontology information (http://www.geneontology.org/) was used. Based on the
gene ontology data, 91 genes represented hypothetical proteins or genes with no functional
annotation, whereas the remaining 179 genes had associated functional information available.
The majority of these genes (151/179, 84%) were involved in cellular processes e.g.
apoptosis, cell proliferation, signal transduction and transcription, that could be directly linked

to cancer.
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Figure 6. Kaplan-Meier survival analysis of the HOXB7 amplification in 363 primary breast
tumors.
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DISCUSSION

1. Cell lines versus primary tumors in breast cancer research

Cell lines are widely used as in vitro models in cancer research. The use of cell lines offers
many advantages. First of all, they are easy to handle and, due to their unlimited replication
potential, endless resources of DNA and RNA are guaranteed. In addition, they are easy to
store as multiple frozen stocks from which culture can be started at any time, e.g. in case of
contamination. Many studies have compared the characteristics of breast cancer cell lines with
those of primary breast tumors in order to determine whether the cell lines provide a
representative model system (Wistuba et al., 1998; Forozan et al., 1999; Forozan et al., 2000;
Larramendy et al., 2000). Good concordance has been observed in terms of different cellular
and genetic features (e.g. cell morphology, estrogen and progesterone receptor status, HER2
and p53 status, and allelic loss) (Wistuba et al., 1998). Studies using comparative genomic
hybridization have shown that most chromosomal aberrations were the same in cell lines and
primary tumors (Forozan et al., 2000; Larramendy et al., 2000). However, cell lines displayed
additional novel alterations compared to primary tumors (Forozan et al., 2000). Such changes
are most likely due to genotypic and phenotypic drift occurring during the continual culture of
the cells. In this thesis, breast cancer cell lines where used in Studies I, III and IV. Amplicon
mapping of the 17q12 region in breast cancer cell lines (I) and in primary tumors (II) showed
that the amplicon structure was very similar in both cases, confirming the usefulness of cell

lines as an in vitro model of breast cancer.

2. Two approaches for the identification of amplification target genes

Traditionally identification of amplification target genes has followed conventional positional
cloning strategies (Xu and Li, 2000). These strategies are based on the initial identification of
a region of interest. For example, information from cytogenetic or CGH analyses is used to
select a target chromosomal location. Subsequent efforts are directed at the construction of a
complete physical map of the selected region. The physical map typically consists of
overlapping large-insert-size genomic clones (e.g. YACs, BACs, PACs, and Pls). The
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physical map serves two different purposes. It provides additional tools for further refinement
of the region of interest, i.e. the minimal region of amplification, and is the basis for the
identification and localization of transcribed sequences that represent putative amplification
target genes. The construction of physical maps is tedious and time-consuming. Fortunately,
due to the Human Genome Project (Fey, 2002), complete physical and transcript maps are
currently electronically available for all human chromosomes, making physical mapping
efforts no longer necessary. Despite these advances, the definition of a minimal common
region of amplification is still critical and usually means that a large set of tumors must be
evaluated. Tissue microarray (TMA) technology (Kononen et al., 1998), which allows
simultaneous analysis of hundreds or even thousands of tumor samples, has greatly facilitated
such efforts. However, the analysis of the TMA data is still very time-consuming and labor-
intensive. Once the minimal common region of amplification has been defined, expression
levels of all transcripts within this region have to be evaluated in order to identify putative

target genes.

DNA microarray technology provides another approach for the identification of amplification
target genes. Utilization of the array based CGH technique (Pollack et al., 1999) enables
direct correlation of gene copy number information with gene expression data, because
exactly the same cDNA microarray can be used in both experiments. Recently,
oligonucleotide microarrays have been applied for copy number analysis (Lucito et al., 2003)
thus providing another platform for parallel copy number and expression analysis. In
principle, cDNA and oligonucleotide microarrays can be constructed to contain all
approximately 30,000 human genes, thus providing genome-wide coverage. When the
expression and copy number data is linked to the genomic position information, it is possible
to identify all amplified chromosomal regions and genes as well as to directly extract those
genes showing increased expression within the amplicons. Thus the combination of two
microarray-based technologies enables direct correlation of copy number and expression data
on a gene-by-gene basis throughout the genome. This combination is likely to considerably

facilitate the identification of putative amplification target genes in cancer.
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3. Putative target genes of the 17q12 amplicon (I, II)

Comprehensive characterization of the molecular consequences of the 17q12 amplification in
breast cancer was performed using both a cDNA microarray-based strategy and convensional
positional cloning. A parallel expression and copy number analysis of the amplified region
was performed using a chromosome 17-specific cDNA microarray. The cDNA microarray
was constructed based on the information available in the radiation hybrid map
(http://www.ncbi.nlm.nih.gov/genemap) and contained all obtainable transcripts from the
17q12 region as well as all known genes from the entire chromosome 17. Combination of the
expression and copy number analyses provided a powerful tool for the direct identification of
amplified and overexpressed genes in the 17q12 amplicon and revealed a small set of putative
amplification target genes. However, it has to be noted that the selection of the clones for the
cDNA microarray, which was based on the radiation hybrid map, constitutes a clear limitation
to the analysis. First of all, all genes are not present in the radiation hybrid maps and
secondly, the order and position of genes is sometimes inaccurate. Thus, the chromosome 17-
specific cDNA microarray analysis provided an initial characterization of the extent of the

amplified region, but did not present a complete characterization of the genes involved.

In order to obtain more comprehensive information on the extent of the 17q12 amplicon in
breast cancer and the actual physical location and order of genes within this region, a physical
mapping effort based on the information obtained from the chromosome-17 specific cDNA
microarray was initiated. Amplicon mapping using 11 BAC clones located within a ~13 Mb
region at 17q12 was performed in 16 breast cancer cell lines using interphase FISH. Based on
the results from the cell line analyses, five BAC clones located within a 2 Mb region were
selected for further copy number analysis in primary breast tumors. The amplicon mapping
implicated a common minimal region of amplification in breast cancer cell lines and primary
breast tumors defined by a single BAC clone (2019C10). According to the human genome
databases, this clone spans only 280 kb of genomic DNA and contains ten transcripts.
Expression analysis of these ten transcripts demonstrated a strong, statistically significant
correlation between amplification and expression levels for four known genes (ERBB2,
GRB7, MLN64, PNMT) and two genes coding for hypothetical proteins (MGC9753,
MGC14832). These results indicated that, like several other amplicons in human tumors (Hui

et al., 1997; Bekri et al., 1997; Wu et al., 2001; Barlund et al., 2000; Anzick et al., 1997; Sen
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et al., 1997, Collins et al., 1998), amplification of the 17q12 region in breast cancer leads to
simultaneous activation of multiple genes. However, on the contrary to e.g. 11ql3
amplification, where several independent amplification target genes e.g cyclinD1, INT2, and
EMSI1 have been proposed (reviewed by Ormandy et al., 2003), amplification of the 17q12

region has never been reported to occur without amplification of the ERBB2 gene itself.

The GRB7 and MLN64 genes have previously been shown to be co-amplified and
overexpressed with ERBB2 (Stein et al., 1994; Tomasetto et al., 1995; Bieche et al., 1996)
and based on their function, they have been suggested to have a role in cancer. GRB7 codes
for an SH2-domain containing growth factor receptor tyrosine kinase that transmits
intracellular signals. Recent studies have suggested that GRB7 is involved in cell invasion and
migration and might thus have a role in metastasis (Tanaka et al., 1998; Shen et al., 2002).
MLN64 (also known as STARTD3 and CABI1) shares significant homology with the
steroidogenic acute regulatory protein (STAR), which plays a key role in steroid hormone
biosynthesis (Moog-Lutz et al., 1997). Overexpression of MLN64 could facilitate steroid
hormone production in cancer cells, which might affect the growth of hormone-responsive
tumors such as breast cancer (Akiyama et al., 1997). PNMT is a terminal enzyme of the
catecholamine pathway catalyzing the synthesis of epinephrine (adrenaline) from
norepinephrine (Hoehe et al., 1992). PNMT was recently shown to be overexpressed in breast
cancer (Dressman et al., 2003), but otherwise its possible role in breast cancer is still

unknown.

In addition to known genes, two uncharacterized hypothetical proteins (MGC9753 and
MGC14832) were identified as potential target genes of the 17q12 amplification in this study.
The function of MGC14832 is currently unknown, because it shows no sequence similarity to
any other known genes or proteins. However, MGC9753, also known as CAB2, was recently
shown to encode a seven-transmembrane receptor with extracellular N-terminal six-cysteine
domain (Katoh and Katoh, 2003). However, the exact location of the MGC9753 in the cell
has not been determined. Localization of MGC9753 in plasma membrane would make it an
accessible target for various anti-cancer therapies and thus an interesting candidate target gene
for breast cancer. Additional studies to evaluate the possible significance of these genes are
clearly warranted and could include transfection studies to overexpress the gene, silencing of
the gene expression e.g. by siRNA, as well as protein level studies to determine protein

expression, subcellular localization and possible interacting protein partners.
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Over the years, multiple genes have been reported to be co-amplified with ERBB2 (van de
Vijver et al., 1987, Keith et al., 1993; Stein et al., 1994; Tomasetto et al., 1995; Bi¢che et al.,
1996; Zhu et al., 1999). However, comprehensive characterization of the 17q12 amplicon
structure and consequences of the amplification on gene expression levels have not been
reported before. Most of the previously published co-amplified genes, such as the thyroid
hormone receptor a (THRAI, also known as ERBA), retinoid acid receptor o (RARA),
topoisomerase Il a (TOP2A), peroxisome proliferator-activated receptor binding protein
(PPARBP) as well as the MLN50, MLN51, and MLN62 genes, are located outside the
minimal common region of amplification defined in Studies I and II (Figure 7). The presence
of these multiple co-amplified genes is likely to be explained by the fact that in most cases, as

demonstrated in Studies I and II, the amplicon at the 17q12 region is large and continuous.
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Figure 7. Schematic representation of the location of known genes within a 1.5 Mb region at
the ERBB2 amplicon at 17ql2-q21 according to NCBI human genome database
(http://www.ncbi.nlm.nih.gov/mapview). Genes mapping to the 280 kb minimal region
identified in study I and II are shown in red. Orientation of the minimal region transcripts is
indicated with arrows.
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Other recent studies have also attempted to identify novel amplified genes from the 17q12
region (Clark et al., 2002; Luoh, 2002; Dressman et al., 2003). However, none of these studies
have evaluated a minimal region of 17ql2 amplification or performed systematic
characterization of all the transcripts in this region. Clark and co-workers (2002) utilized a
combination of CGH and cDNA microarray analysis, where the clones for the microarray
were randomly selected from a ¢cDNA library prepared from BT-474 breast cancer cell line
containing the 17q12 amplicon. This approach was used to ensure the presence of novel genes
instead of preselected known genes on the array (Clark et al., 2002). With this technique
Clark and co-workers were able to identify three (TRAP100, PSMD3, HSPC209) amplified
and overexpressed genes from the 17ql12 region (Clark et al., 2002). All these genes are
located outside the minimal region of amplification defined in Studies I and II, TRAP100
being fartest away (~190 kb) and HSPC209 being nearest (~60 kb).

In a study by Luoh (2002), a >300 kb commonly amplified segment of the 17q12 amplicon
containing thirteen genes was identified. Multiplex RT-PCR analysis performed in six breast
cancer cell lines showed a near-perfect correlation between amplification and overexpression
with eleven (CrkRS, DARPP32, PNMT, TCP, Hs.91668 = MGC9753, CAB1, HER2, GRB7,
Aiolos, PSMD3 and TRAP100) genes (Luoh, 2002). These included eight of the ten genes
located in the minimal region of amplification defined in Studies I and II. The remaining three
genes located outside the minimal region contained TRAP100 and PSMD3 genes also
identified by Clark and co-workers and CrkRS gene, which is located in close proximity to
minimal region (Luoh, 2002). Identification of the genes with similar expression patterns to
ERBB2 in 34 primary breast tumors using cDNA microarray revealed a set of 20 genes from
which six genes (RPL19, NR1d1, PSMD3, PNMT, MLN64, GRB7) mapped to the same
chromosomal location as ERBB2. Gene copy number analysis with two of these genes
(PNMT, MLN64) in 12 tumors confirmed that co-amplification with ERBB2 statistically
correlated with increased expression (Dressman et al., 2003), which was in agreement with

the results of Study II.
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4. Herceptin-induced temporal gene expression changes in breast cancer (lll)

Herceptin is a humanized recombinant monoclonal antibody targeted against the extracellular
domain of the ERBB2 oncogene. Several studies have indicated that it provides effective
treatment in a subset of metastatic breast tumors with ERBB2 overexpression (Baselga et al.,
1996, Cobleigh et al., 1999; Slamon et al., 2001; Vogel et al., 2002). However, for an
unknown reason not all ERBB2 positive tumors show a favorable response. Thus, it is
important to understand effects of Herceptin treatment. To this end, expression analysis by
cDNA microarray was performed in ERBB2 amplified and non-amplified cell lines in order
to explore the effects of Herceptin treatment on gene expression levels. As expected based on
the literature, ERBB2 amplified and non-amplified cell lines showed different responses to
Herceptin treatment in growth inhibition assays, ERBB2 amplified cells being more sensitive
to the drug. Interestingly, the response seemed to be correlated with the ERBB2 expression
level, which was shown in the case of the MDA-453 cell line that contains low-level
amplification of ERBB2 leading to only a modest increase in ERBB2 expression. Like
ERBB2 non-amplified cell lines, MDA-453 cells did not show any significant growth
suppression effect with the lowest dose (1 pg/ml) of Herceptin. With higher doses a clear
growth reduction effect was seen, but there did not seem to be any marked difference in the
response between doses of 100 pg/ml and 500 pg/ml of Herceptin. These observations might
be explained by the fact that the low expression level of ERBB2 leads to the production of
fewer copies of the receptor than high-level expression, resulting in earlier saturation of the
receptors. These findings might also provide some clues as to why not all ERBB2 positive
tumors respond to Herceptin treatment. It may be that Herceptin therapy is useful only for
those patients whose tumors display high-level expression of the ERBB2 receptor.
Unfortunately all other cell lines, except MDA-453, used in this study contained high-level
expression of the ERBB2, thus preventing proper testing of this hypothesis.

Hierarchical clustering of the time-series experiments (24, 48, 72 hours incubation of the
drug) indicated that the major effect of Herceptin is obtained between 24 and 48 hours of drug
treatment. A combination of statistical methods was used to identify a set of genes that best
discriminated the ERBB2 amplified and non-amplified cell lines from each other. This set of
439 genes divided into 212 and 227 genes showing respectively decreasing and increasing

expression levels after Herceptin treatment in the amplified vs. non-amplified cell lines. The
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discriminatory power of these genes was validated by two clustering methods, hierarchical
clustering and self organizing map. Clustering analysis also illustrated the bivalent nature of
the MDA-453 cell line, where a large fraction of genes showed expression changes similar to

those seen in the non-amplified cell line group.

Publicly  available  gene  ontology information  (http://source.stanford.edu/cgi-
bin/sourceSearch) was used to obtain functional information of the discriminatory genes.
Analysis of the gene ontology data demonstrated that many important cellular processes e.g.
transcription, signal transduction, and protein processing were included in the list of
functional properties of the discriminatory genes. For example, Herceptin treatment induced
the expression of genes encoding proteins involved in RNA processing (e.g. biogenesis of
spliceosomal snRNAs; SIP1) and DNA repair (e.g. double-strand break; MRE11) and on the
contrary, downregulated genes encoding cell adhesion proteins (e.g. junction plakoglobin,
JUP) or well characterized oncoproteins (e.g. FOS and KIT) in ERBB2 amplified cell lines.
This study serves as a preliminary effort in the identification of downstream effects of
Herceptin treatment. However, further studies must be conducted in order to determine

whether the discriminatory genes identified here have any clinical relevance.

The microarray format provides a useful analytical tool to study the effects of various drug
treatments (Hoshida et al., 2002; Zhou et al., 2002; Kaneta et al., 2002; Maxwell et al., 2003;
Taxman et al., 2003). For example, in the study by Kaneta and co-workers (2002) expression
profiling was used to identify 79 genes that were differentially expressed between responders
and non-responders of chronic myeloid leukemia patients treated with ST1571. Expression of
15 or 30 of these genes was used to develop a prediction system that could separate
responders and non-responders into specific groups (Kaneta et al., 2002). Recently the use of
time-series experiments has provided additional information on the temporal processes
involved in cell cycle, infection and response to environmental conditions or drug treatment.
However, the analysis of the data derived from time-series experiments is difficult due to
biological and experimental variation, such as possible differences in sampling rates, timing
of the biological processes, and lack of repeats (Bar-Joseph et al., 2003). Thus analytical
methods used in static expression experiments cannot be directly applied to time-series
experiments, which had led to recent introduction of several algorithms specifically for time-
series expression data analysis (Aach and Church, 2001; Filkov et al., 2001; Kasturi et al.,
2003; Park et al., 2003; Hautaniemi et al., 2003a).
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5. Genome-wide copy number and expression analysis in breast cancer (1V)

In Study IV, high-resolution genome-wide copy number analysis using CGH microarray
containing 13,824 clones was performed. Altogether 24 independent amplicons were
identified and included all those previously detected to be commonly amplified by
chromosomal CGH. In addition, two novel amplicons at 9p13 and 17q21.3 were identified.
These have not previously been detected by chromosomal CGH, most likely due to their small
size or close proximity to other amplicons. The 9p13 amplicon spans only 600 kb and the
17921.3 amplicon is located between the 17q12 and 17q22-q23 amplicons. Nowadays, when
the Human Genome Project has been completed all approximately 30,000 human genes could
be printed on a single microarray slide thus allowing an even more accurate localization of

amplicons in cancer.

Parallel gene copy number and expression analysis enabled us to determine globally the
impact of gene copy number alterations on gene expression patterns. Our results clearly
illustrated that gene amplification had a considerable impact on gene expression levels, both
in the case of high- and low-level copy number increases in breast cancer cell lines. However,
although gene amplification was shown to be a major determinant of gene expression levels,
it did not always lead to overexpression of the gene. Expression analysis also demonstrated
that a large proportion of genes are overexpressed due to some other mechanism than gene
amplification. Recent studies on acute myeloid leukemia and prostate cancer have shown a
similar relationship between gene copy number and gene expression levels in the case of
chromosomal aneuploidy, with regions of chromosomal gain showing increased expression
and regions of chromosomal loss decreased expression of the genes (Virtaneva et al., 2001;
Phillips et al., 2001). The results of Study IV were also in agreement with the study by
Pollack and coworkers, showing that changes in DNA copy number had a large direct effect
on global gene expression levels both in breast cancer cell lines and in primary breast tumors
(Pollack et al., 2002). In contrast, a study analyzing the relationship between gene
amplification with gene expression profiles in primary colon tumors and colon cancer cell
lines demonstrated that only a very small proportion (3.8 %) of the genes located on the
amplified region showed increased expression levels (Platzer et al., 2002). Such contradictory
results may be partly due to the different methods used in these studies. In the study by
Platzer and co-workers amplified regions were mapped by chromosomal CGH technique, the

resolution of which is limited to 10-20 Mb, thus making it difficult to detect small amplicons
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and define the exact boundaries of the amplified regions (Platzer et al., 2002). By contrast in
Study IV and in the study by Pollack et al. the copy number and expression comparison was
made on a gene-by-gene basis using the combination of CGH and cDNA microarray (Pollack

et al., 2002).

In addition to the general global analysis of the influence of copy number on gene expression,
we carried out a more systematic search in order to identify genes whose expression levels
were most affected by amplification status across the 14 cell lines. This search, performed
using a statistical analysis with random permutation tests, identified a set of 270 genes
(representing 2 % of the all genes printed on the array) whose expression was most clearly
linked to gene copy number throughout the whole data set. Among these 270 genes were
previously described amplified and overexpressed genes e.g. ERBB2, MYC, EGFR, S6K and
AIB3, which confirmed the relevance of the set. In addition to previously known
amplification target genes the set included a large number of genes that have not previously
been implicated in breast cancer and can therefore provide information of the novel
pathogenic mechanisms of breast cancer development. For example, the HOXB7 gene,
located in the novel amplicon at 17q21.3, was shown to be amplified in 10.2 % of 363
primary breast cancers and amplification was associated with poor prognosis of the patients.
In a recent study, amplification of the EMSY gene at 11q13.5 was shown to be associated
with worse survival in node negative breast cancer, providing another example of a novel
amplified gene with prognostic signifigance (Hughes-Davies et al., 2003). Functional analysis
of the 270 genes provided very interesting results, with 84% of the genes having available
functional information being involved in cellular processes (e.g. apoptosis, cell proliferation,
signal transduction) that could be directly linked to cancer progression. Although it is not
assumed that all of these genes have important and independent roles in tumorigenesis, further
characterization of these genes is clearly warranted. This type of comprehensive list
characterizing the putative amplification target genes throughout the genome in breast or any
other cancer has not previously been published. The possible role of these genes in breast

cancer progression and in the development of novel therapeutic drugs remains to be seen.
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SUMMARY AND CONCLUSIONS

The main purpose of this study was to identify novel amplified and overexpressed genes in
breast cancer and to explore the transcriptional effects of Herceptin treatment on breast cancer

cells.

Comprehensive evaluation of the ERBB2 amplicon (at 17q12) in breast cancer cell lines and
primary breast tumors revealed a consistent amplicon structure in breast cancer. Amplicon
mapping using large-insert-size BAC clones and interphase FISH defined a minimal common
region of amplification restricted to a single BAC clone 2019C10. Based on the information
on human genome databases, the minimal region of amplification spans approximately 280 kb
of genomic DNA and contains ten transcripts. Expression analysis in primary breast tumors
using real time RT-PCR showed that six of these genes, four known genes (ERBB2, GRB7,
PNMT, MLN64) and two uncharacterized hypothetical proteins (MGC9753, MGC14832),
display a statistically highly significant association between gene copy number and
expression levels. The possible function of these genes in breast cancer needs to be

ascertained.

Growth suppression assays using increasing concentrations of Herceptin demonstrated a dose-
dependent growth reduction in breast cancer cell lines with ERBB2 amplification whereas
non-amplified cell lines were practically resistant. The effects of Herceptin treatment on gene
expression levels in ERBB2 amplified and non-amplified cell lines were evaluated by
comparing genome-wide expression levels in Herceptin treated vs. untreated cells. A
combination of statistical methods was used to identify a set of 439 genes whose temporal
gene expression patterns differed most significantly between the ERBB2 amplified and non-
amplified cell lines. Both hierarchical and self-organizing map clustering methods clearly
distinguished the amplified and non-amplified cell lines, confirming the validity of the
discriminatory gene set. Functional information of these genes showed that the majority of
them are involved in key cellular processes like transcription, signal transduction, protein
processing, cell metabolism, and transport. Detailed characterization of these genes could

provide new insights into the treatment of ERBB2-positive breast cancer.
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Genome-wide high-resolution copy number analysis in 14 breast cancer cell lines using CGH
on cDNA microarray identified a total of 24 independent amplicons. In addition to more
precise localization of previously known amplicons, two novel amplicons at 9pl13 and
17921.3 were identified. Parallel gene copy number and expression analysis was performed to
determine the global effects of gene copy number alterations on gene expression levels. The
results obtained demonstrate that amplification has a substantial effect on gene expression
levels, with 44% of the highly amplified genes showing increased expression level. In
addition, statistical comparison of gene copy number and gene expression levels led to the
identification of 270 genes whose expression was most tightly correlated with gene
amplification. This list included all previously characterized amplification target genes and
several genes that have not previously been implicated in breast cancer. Interestingly, gene
ontology information showed that 84 % of these genes were involved in cellular processes,
such as apoptosis, cell proliferation, signal transduction, and transcription that could be
directly linked to cancer. Therefore, this set of genes is likely to have an active role in breast

cancer pathogenesis.
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