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Abstract

Background: Lung cancer is the world's leading cause of cancer death, with a 5 year
survival rate of ~16%. Several factors contribute to this poor prognosis: the limited

detection of disease at treatable stages, the high metastatic potential of any primary
tumour, and the variable effectiveness of chemotherapy. We applied high resolution
whole genome profiling technologies to uncover genes associated with specific lung

cancer phenotypes and to delineate clonal relationships between tumours.

Hypotheses: (i) Shared genetic features in tumours from the same patient are evidence
of a common progenitor. (ii) Continuing clonal evolution facilitates selection for
resistance genes during drug exposure. (iii) Drug response can be predicted for pre-

treatment lung cancer by evaluating specific gene changes.

Materials/Methods: DNA alteration data from non-small cell lung cancers (NSCLC) were
integrated with mRNA/protein expression data to identify genes contributing to
tumourigenesis. Fine-mapped DNA alteration boundaries were used to evaluate
clonality, discriminating multiple primary tumours from intrapulmonary metastasis.
Subsequently, this approach was applied to define chemoresistance gene candidates in
cells grown under drug selection. Genome alteration data for early stage lung tumours
were also analyzed to define gene changes driving post-treatment recurrence in

patients.

Results: We optimized collection of and genomic analysis for clinical lung cancer,
identifying novel oncogene candidates (including genes contributing to tumour
invasion). In addition, we successfully used DNA alteration boundaries to discriminate
clonally-related tumours and define ongoing clonal evolution in both tumours and cancer
cell lines, providing evidence in support of our first two hypotheses. We also identified
dysregulated genes and gene pathways associated with post-treatment recurrence for
clinical lung cancer. These last data suggest that chemoresistance may be an intrinsic
process for the majority of cells in a pre-treatment tumour, lending support to our third
hypothesis. Significantly, we also detected distinct recurrence-associated gene



changes within tumour histology subgroups, indicating that NSCLC may not be treatable

as a single disease entity.

Conclusions: Global analysis of DNA alterations is an effective means for defining clonal
relationships between tumours. Further, tumour phenotypes such as chemoresistance

are governed by complex activation of a variety of gene networks.
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1. INTRODUCTION
1.1.Lung cancer

1.1.1. Incidence and causes

Lung cancer is the leading cause of cancer death around the world. In the past decade,
North America alone has seen approximately a quarter million new lung cancer cases
each year and close to 200,000 annual lung cancer deaths (NCIC 2007; Jemal et al.
2008; Ruiz-Godoy et al. 2007). The major etiological factor for this disease is smoking;
approximately three quarters of patients are or were tobacco smokers, with thousands
of additional patients thought to develop lung tumours each year because of exposure
to tobacco smoke (Repace & Lowrey 1990; Sun et al. 2007). The global incidence of
certain lung cancer subtypes (which are discussed below) has changed as the nicotine
content of cigarettes has changed, with compensatory smoking habits altering the
location and the type of lung tumours that occur (Sun et al. 2007). Amongst non-
smokers who develop lung cancer, there is a striking disparity in incidence based on
sex; while more than half of female lung cancer patients are non-smokers, the same
can only be said for 15% of male patients. Possible risk factors for lung cancer besides
tobacco-use include exposure to other possible carcinogens (such as radon or arsenic),

heritable factors (e.g. CYP1A1 polymorphisms), and viral exposure (Sun et al. 2007).

1.1.2. Lung tumour subtypes

Histological criteria have been used to define two major subtypes of lung cancer: small-
cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC) (Travis 2002). The
vast majority of diagnosed cases (~80%) are of the latter subtype. These NSCLC
tumours can be further parsed into broad classes that include adenocarcinomas (30%
of cases), squamous cell carcinomas (30% of cases), and large cell carcinomas (~10%
of cases). Additional subdivisions exist within each of these groups and other lung

cancer cases may present with unspecified histological features.



While adenocarcinomas are usually detected in the peripheral airways or lung
parenchyma, squamous cell carcinomas are typically found in the central airways
(Travis 2002). X-ray and computed tomography (CT) scans are commonly used to
detect tumours in the chest area. Determination of lung tumour subtypes is based on
pathology review of cytological and histological differences. Tumours located in central
airways can be diagnosed by white light bronchoscopy and biopsy (Palcic et al. 1991).
For tumours found in peripheral lung regions, diagnosis may be made by bronchial
washing or brushing, transthoracic needle biopsy, or resectional biopsy (Yung 2003). In
all cases, biopsied tissue undergoes fixation in formalin and is then embedded in
paraffin. Sections are then cut and stained for histology review by a pathologist. The
remaining formalin-fixed, paraffin embedded (FFPE) tissue may be archived for future
study. Specifically, these archived tumours may be suitable for molecular analyses of
DNA and protein (using techniques such as fluorescence in situ hybridization [FISH] or

immunohisotchemistry respectively).

1.1.3. Staging and prognosis for NSCLC
The overall 5-year survival for NSCLC is ~16% (NCIC 2007; Jemal et al. 2008).

Differences in staging have a significant impact on prognosis.

Localized NSCLC cases comprise only ~18% of all diagnosed lung cancers and are
typically treated with surgery alone or surgery plus adjuvant chemotherapy (Ries et al.
2008). Approximately half of patients diagnosed at these early stages stage live more
than 5 years (Ries et al. 2008). One possible explanation for this relatively poor
prognosis in early stage disease is the presence of undetectable micrometastases.
Data show that adjuvant chemotherapy confers a survival advantage for this group
(Arriagada et al. 2004; Douillard et al. 2006; Winton et al. 2005). For example, post-
operative treatment with a cis-platinum and vinorelbine doublet was shown to increase

5-year survival rates by 15% compared to surgery alone (Winton et al. 2005).

When patients with locally or regionally advanced disease can tolerate it (Stage llI,
unresectable), both chemotherapy and radiation are given. Chemotherapy is typically a

doublet regimen, as above. Patients diagnosed at this stage represent ~25% of all
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cases (NCIC 2007; Jemal et al. 2008; Ries et al. 2008). Fewer than one in six people

diagnosed at this stage will live past 5 years.

Advanced lung cancer (Stage IlIB, Stage IV) is typically treated with radiation and/ or
chemotherapy, though the intent is palliative rather than curative. Prognosis for patients
diagnosed at this stage is very poor, with median survival rates in the range of 6-10
months and five-year survival a dismal 2%. Common sites for metastases include the
brain, liver, adrenal glands, bone, kidneys, and abdominal lymph nodes (Quint &
Francis 1999). Although an overall survival time increase has been observed for
patients treated with chemotherapy, this benefit is typically measured only in weeks or
months and over half of patients fail to respond to treatment in the first place (NSCLC
Collaborative Group 1995; Shepherd 1999).

In general, the poor overall prognosis seen for lung cancer patients is attributed to

multiple factors including:
e alack of sensitive methods for early diagnosis,

e the possible development of metastases when primary tumours are still small in

size, and

e the absence of systemic therapies capable of dealing effectively with

micrometastatic disease.

Patients with early stage, localized lung cancer show the best response to therapies
and exhibit the greatest survival rate compared to patients with later stages of disease.
However, based on current screening approaches, ~65% of patients present at these
later stages at the time of diagnosis. In addition to arguing strongly for a greater
emphasis on early detection and diagnosis, this also suggests the need to develop

more effective tools for treating those patients with advanced lung tumours.

1.1.4. Genetic alterations causing disease

DNA sequence mutations, aberrant DNA methylation, changes in gene dosage, mis-

expression of non-coding RNAs (e.g. microRNAs), and histone modifications can all
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cause dysregulation of genes that contribute to cancer phenotypes. Several such
molecular alterations have been characterized for lung cancer, including changes that
can be specifically associated with disease subtypes or clinical behaviour (e.g. drug
response) (Sato et al. 2007). In a clinical setting, diagnosis and treatment of lung
cancer patients is largely influenced by tumour stage, tumour subtype (as defined by
cell morphology), and the associated demographic data (such as the patient’s age and
smoking history). Molecular biomarkers may be used to gain additional information for
a given case. Fluorescence in situ hybridization (FISH) can be used to confirm a lung
cancer diagnosis based on the presence of characteristic changes in DNA copy number
and immunohistochemistry (IHC) can be used to help distinguish between tumour
subtypes (e.g. differences in p63 or CK5/6 staining) (Halling & Kipp 2007; Kargi et al.
2007; Strickland-Marmol et al. 2007; Varadhachary et al. 2004). Generally, these
molecular approaches are used as an adjunct to conclusions based on the conventional
criteria described above. Patient management strategies may prove more effective
where they are guided by biomarkers that reflect the underlying gene changes driving a

given tumour.

Although IHC is commonly used in the clinic and several recurrent lung cancer
oncogenes and tumour suppressor gene candidates have been identified, prognostic
protein biomarkers are not commonly applied as a standard approach for guiding
treatment decisions. This may be due to the fact that any protein candidate that has
been evaluated in at least eight different studies has produced conflicting results
(though the data do seem to suggest that p53 staining can be used to predict poor
prognosis in a vast majority of cases) (Zhu et al. JCP 2006). IHC remains an attractive
tool given its effective adoption in the clinic, though discovery of new protein biomarkers
for lung cancer may be challenging due to the limited availability of robust platforms for

global proteomic analysis.

Multiple gene expression signatures have been associated with clinical parameters
such as tumour histology and patient survival (Beer et al. 2002; Bhattacharjee et al.
2001; Garber et al. 2001; Parmigiani et al. 2004; Tomida et al. 2004). Unfortunately,



there is limited overlap between results from these approaches, possibly due to small
contributing sample sizes, variations in sample collection techniques, differences in the
microarray platform used, and myriad approaches to data analysis. Meta-analyses
have derived predictive models for disease recurrence that outperform clinically-
reproducible signatures from these data, though they may be less powerful when
applied by other hands (Larsen et al. 2007; Potti et al. 2006). Examinations within
prognostic signatures have led to refined signatures comprised of only a few genes that

can be validated in independent data sets (Chen et al. 2007; Lau et al. 2007).

Several recurrent regions of genomic gain and loss have been identified in lung cancer
(Sato et al. 2007). These alterations may be heritable or they may be somatic.
Heritable alterations can be associated with enhanced susceptibility to lung cancer in
non-smokers (Hung et al. 2003; Raimondi et al. 2005). DNA repair enzyme
polymorphisms (e.g. XRCC3) can be associated with patient response to DNA
damaging chemotherapeutic agents (Rosell et al. 2006). Somatic gene amplification
and deletion represents a significant factor in lung tumourigenesis. Some alterations,
such as gains on chromosome arm 5p and losses on chromosome 3p, have been
documented as occurring in approximately half of NSCLC cases (Sato et al. 2007; Choi
et al. 2006; Shibata et al. 2005; Tonon et al. 2005; Zhao et al. 2004; Zhu et al. 2006)
(Table 1.1). Recent studies have demonstrated that specific regions of genomic
alterations — and even some specific oncogenes — are associated with different NSCLC
subtypes, a significant result given uniform approaches to treatment for lung cancer
(Kwei et al. 2008; Petersen et al. 1997; Weir et al. 2007). Genomic alterations in EGFR
are associated with outcome in lung cancer; data suggest mutation or amplification of
this gene can be used to predict response to tyrosine kinase inhibitors such as erlotinib

and gefitinib (Karamouzis et al. 2007).

In practice, integration of genomic data with additional levels of molecular analysis is an
effective means for confirming the consequences of observed DNA changes. For
example, genes within an amplicon that are not overexpressed are less likely to

represent key causal changes than those that are exhibiting increased transcript levels



(Coe & Lockwood et al. 2006; Lockwood et al. 2008). Referring again to the example
where different types of EGFR activation may predict sensitivity to tyrosine kinase
inhibitors (TKIs), it is clear that future diagnostics and predictive biomarkers will likely be
based on combined analysis from different molecular levels. It is also possible that the
same molecular marker may be used to guide treatment decisions in different contexts.
For example, data suggest that activation of the nucleotide excision DNA repair
pathway — particularly its ERCC1 component — is associated with favourable outcome
where lung cancer patients are treated with surgery alone, but a poorer outcome where
chemotherapy is also applied (Gazdar 2007). DNA is more attractive for clinical
application than RNA given its relative stability in fresh and archived tissues and the

existence of clinical tools based on its analysis (e.g. FISH).
1.2.Chemotherapy, chemoresistance, and clonal expansion in cancer

1.2.1. Types of chemotherapy

Tumour cells are understood to grow and divide more rapidly than non-tumour cells.
Consequently, therapies targeting mitosis and DNA synthesis have been successful.
For example, methotrexate, a folate metabolism antagonist, greatly improved survival in
childhood leukemias when it was first used (Farber & Diamond 1948). This result is
intuitive since 1) folic acid is processed in the cell to provide single carbon groups for
synthesis of RNA and DNA precursors and 2) elevated rates of nucleotide synthesis
would be essential in cells with higher rates of division (e.g. tumour cells). Similarly,
compounds targeting microtubules (e.g. vinca alkaloids, taxanes) would be likely to
disrupt cells with high rates of mitosis. On the other hand, platinum-containing
compounds such as cis-diammine-dichloro-platinum (II) (CDDP) are understood to work

by triggering apoptosis via irreversible DNA damage (Perez 1998).

Application of chemotherapy has been refined to improve efficacy. Doublet regimens,
designed to target hyperproliferative tumour cells at multiple susceptible points, are the
cornerstone of many treatment strategies. Standard approaches for chemotherapy to
all stages in lung cancer often involve application of a platinum-based agent (to damage

DNA) in combination with a second drug targeting a different cell process (e.g.
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microtubule formation [taxol] or DNA base synthesis [gemcitabine]) (Schiller et al.
2002). Adjuvant chemotherapy plus surgery has been demonstrated to improve
survival relative to surgery alone for early stage lung cancer patients (Winton et al.
2005). Palliative treatment of late stage lung cancer by chemoradiation has been
demonstrated to reduce tumour burden and contribute to slightly longer overall survival
(Sirzen et al. 2003; BCCA 2008).

The discovery of specific oncogenes and tumour suppressors spawned efforts to
identify therapies targeted against these gene changes that were understood to drive
cancer phenotypes. Imatinib, which targets the BCR-ABL fusion protein and has had a
striking impact on survival rates for CML, embodies the hoped-for success in targeted
thereapies (Sherbenou & Druker 2007). In lung cancer, gefitinib and erlotinib — both
tyrosine kinase inhibitors — have also had demonstrable success, albeit for a specific

subset of patients (Karamouzis et al. 2007).

Given that cancer is understood to manifest through the accumulation of multiple
genetic alterations affecting several cell functions (Hanahan & Weinberg 2000), there is
now a search for drugs with pleiotropic effects. One example of this are therapies
directed against HSP90, a protein previously demonstrated to regulate factors
controlling a variety of essential tumourigenic processes (including autologous growth
factor signalling, anti-apoptotic activation, development of limitless replicative potential,
and invasion of neighbouring tissues (Workman 2004)). In lung cancer, HSP90
inhibitors have been demonstrated to have efficacy for both in vitro and early clinical
trials (Shimamura & Shapiro 2008).

1.2.2. Chemoresistance

Chemoresistance can limit the effective treatment of a variety of cancers. Direct action
against drugs or compensation for drug effects can both drive resistance mechanisms
(Harrison 1995). Examples of direct action against drugs include increasing
detoxification processes, preventing conversion of drug precursors into their active
states, and preventing accumulation of drugs within the cell. Activation of DNA repair

and anti-apoptotic processes, alterations to the amounts and activities of drug targets,
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and activation of analogous pathways not targeted by drugs can all serve as
mechanisms for compensating for drug effects. It is possible that genetic alterations
driving chemoresistance may be induced by drug, though experimental data have
supported a model where these alterations arose in a subpopulation of cells prior to
treatment and that these cells then expanded following drug selection (Lederberg &
Lederberg 1952; Luria & Delbruck 1943; Goldie 2001). For many types of
chemotherapy, including those commonly applied to lung cancer, multiple resistance
mechanisms may exist. DNA-damaging CDDP may be countered either by activation of
DNA repair pathway members (e.g. ERCC1 or RRM1) or by activation of anti-apoptotic
signals (e.g. BCL?2) that limit the usual apoptotic consequences of DNA adduct
formation (Perez 1998). Anti-mitotic vinca alkaloids may be countered by mutations in
tubulin targets, changes in the ratio of tubulin isotypes, or by activation of
transmembrane ABC drug transporter pumps which exclude drug from cells before they
can have an effect (Dumontet & Sikic 1999).

1.3.Clonal evolution

1.3.1. Clonal evolution of tumours

Tumour cell populations are heterogeneous, with intratumoural genetic variation a
product of ongoing evolution from a precursor diseased cell. Genomic divergence
during tumourigenesis is a product of exposure to cancer-causing agents, the rate of
cell division, and the activity of apoptotic and DNA repair machinery. Ultimately, cells
that evolve alterations conferring a survival advantage will expand more rapidly and

come to comprise the maijority of a given tumour mass.

1.3.2. Determining whether tumours are clonally-related or represent

multiple primary lesions

Patients can present with multiple tumours (“synchronous” or “metachronous” lesions).
It is important to distinguish cases of multiple primary cancers from cases where there is
a shared progenitor (i.e. intrapulmonary metastasis). The frequency of multiple primary

tumours varies among cancer types: 3-5% for breast tumours, >30% in prostate and



~20% in hepatocellular cancer (Demandante et al. 2003; Imyanitov et al. 2002;
Matsumoto et al. 2001). For lung cancer, incidence of synchronous tumours is ~2%
(Martini & Melamed 1975). Establishing the relationship between such tumours is not
only essential for understanding the underlying tumour biology, it will also impact

disease staging and patient management.

Clinical diagnosis of multiple primary tumours typically relies on differences in location,
histology, and staging. Unfortunately, these criteria may not reflect the genetic reality
underlying disease behavior; histologically similar synchronous tumours may exhibit
genetic evidence of distinct clonal origins or histologically distinct lesions could have a
shared progenitor. Previous efforts to delineate clonality by non-histopathological
means have relied on evaluation of only a few genetic alterations (examples including
the mutational status of individual oncogenes or tumour suppressors [e.g. p53 or K-
Ras], X chromosome inactivation, and DNA methylation changes) (Chang et al. 2007;
Dacic et al. 2005; Lau et al. 1997; Wain et al. 1986). Recent applications of multi-locus
assays have offered a more detailed description of the similarities and differences
between synchronous tumours (D'Adda et al. 2008; Fellegara et al. 2008; Froio et al.
2008; Huang et al. 2002; Murase et al. 2003). Whole genome technologies have
allowed fine characterization of genome alterations, providing compelling evidence for
shared clonal origins where identical complex rearrangements have been apparent in
synchronous lung tumours (Gallegos Ruiz et al. 2007; Takahashi et al. 2007) (see also
Chapter 5).

1.4.Technologies for cancer genome comparisons

Whole genome analysis of tumour samples is typically based on detection of regions of
allelic imbalance or loss of heterozygosity, evaluation of chromosomal aberrations and
re-arrangements by molecular cytogenetic techniques, or identification of segmental
DNA copy number alterations to identify key genomic features contributing to disease

phenotypes (Garnis et al. 2004) (Figure 1.1).



1.4.1. Loss of heterozygosity

LOH is detected by microsatellite analysis of simple sequence repeat (SSR)
polymorphisms. For an individual who is heterozygous at a given allele, PCR analysis
using primers flanking a specific SSR should yield two signals (one for each allele).
When the signal intensity ratio for alleles seen in a tumour differs from what is seen in a
matched normal specimen, LOH is inferred. Microarray platforms designed for parallel
analysis of several single nucleotide polymorphisms (SNPs) allows high resolution
detection of both genotype and relative gene copy number changes (Zhao et al. 2004;
Lockwood & Chari et al. 2006).

1.4.2. Cytogenetics

Molecular cytogenetics techniques (e.g. G-banding and spectral karyotyping [SKY])
survey the whole genome to detect DNA ploidy changes and chromosomal
rearrangements. G-banding uses staining of metaphase chromosome spreads to
detect rearrangements or gain/ loss of chromosome bands. SKY involves the
generation of a virtual karyogram by use of differentially labeled chromosome-specific
probes; representation of each chromosome by a different colour allows detection of
chromosomal rearrangements (Bayani & Squire 2002). These approaches have been
widely used in clinical settings, particularly for hematological malignancies because they

are less karyotypically complex than carcinomas.

Fluorescence in situ hybridization (FISH) is an approach that evaluates alterations at a
specific genome locus. This approach offers the advantage that it can provide data on
a cell-by-cell basis, overcoming tissue heterogeneity that can mask alteration features
specific to a cell subpopulation. Gain or loss of hybridization signals indicate DNA
duplication and deletion respectively. Split signals denote a translocation event. Multi-
colour FISH (M-FISH), which is based on probes that fluoresce at different wavelengths,

allows parallel examination of several genomic loci at once (Gray et al. 1991).

1.4.2.1. Comparative Genomics Hybridization
Segmental DNA copy number gains and losses may be detected by comparative

genomic hybridization (CGH). In CGH, tumour and reference DNA samples are
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differentially labeled, mixed, and then allowed to competitively hybridize to metaphase
chromosomes. Whole genome copy number profiles are inferred from the signal ratio

between the two labels (Kallioniemi et al. 1992).

Adaptation of CGH to arrayed DNA targets rather than cells arrested in metaphase has
allowed for enhanced resolution of this technology (Solinas-Toldo et al. 1997; Lockwood
et al. 2006). The earliest such analyses were performed on cDNA microarrays (Pollack
et al. 1999). Array platforms comprised of large insert clones (e.g. bacterial artificial
chromosomes [BACs]) allowed interrogation of unannotated genes, regulatory regions,
and intergenic sequences (Snijders et al. 2001; Greshock et al. 2004). The increased
detection sensitivity and reduced DNA input requirements of these platforms have
facilitated analysis of clinical tumour tissues, which may have lower DNA yields and
poorer DNA quality (both of these issues being a particular challenge when working with
formalin fixed paraffin embedded [FFPE] tissues from hospital archives) (Lockwood et
al. 2006). Analysis with oligonucleotide-based platforms, such as those used for single-
nucleotide polymorphism (SNP) analysis and representative oligonucleotide microarray
analysis (ROMA), offer marked improvements in the number of loci interrogated in a
single experiment relative to earlier platforms (Lucito et al. 2003; Matsuzaki et al. 2004).
As mentioned above, SNP arrays facilitate both the detection of LOH and DNA copy
number changes (Bignell et al. 2004; Zhao et al. 2004) (though some SNP loci will be
uninformative for allelic status due to homozygosity). Selection of an array CGH
platform is best dictated by the samples being analyzed, with some of the major
considerations already discussed elsewhere: the input quality and quantity of available
DNA, the ability to detect genetic alterations in heterogeneous samples, and the ability
to detect focal alterations (as influenced by the distribution of array elements) (Davies et
al. 2005; Garnis & Coe et al. 2005; Coe et al. 2008; Coe et al. 2007).

1.4.3. DNA sequencing-based technologies

Genome sequencing is increasingly being applied to a variety of cancer types. Digital
karyotyping — a technique analogous serial analysis of gene expression (SAGE), except

genomic DNA is used to generate concatenated DNA tags for sequence analysis
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(Velculescu et al. 1995) — deduces relative DNA copy number by enumerating
sequence tags representing loci throughout the genome (Wang et al. 2002). This
approach has been used to uncover activating alterations for ovarian tumours and has
been adapted to assess epigenetic alterations in breast tumours (Park et al. 2006; Shih
et al. 2005; Bloushtain-Qimron et al. 2008). Tumour genomes are represented in
fosmid or BAC clones with End sequence profiling (ESP), a technique wherein copy
number changes and chromosomal rearrangements are identified by sampling of clones
by end sequencing (Volik et al. 2003; Tuzun et al. 2005; Volik et al. 2006). Sequencing-
based analyses have also been undertaken for mutational analysis of tumour genomes.
Recently, the mutational status for >13,000 protein encoding genes was determined for
individual colorectal and breast tumours by a Sanger-sequencing-based approach
(Sjoblom et al. 2006). Recurring mutations (nonsense mutations, missense mutations,
etc.) were identified at hundreds of novel candidate loci, underscoring the complexity of
tumourigenic processes. Similarly broad mutational studies have been undertaken for a
variety of tumour types (Greenman et al. 2007; Jones et al. 2008; Ley et al. 2008).

Such studies will increase in number as emerging technologies promise reduced costs
and increased speed (e.g. pyrosequencing, multiplex polony sequencing) (Shendure et
al. 2005; Metzker 2005; Costabile et al. 2006; Velculescu 2008).

1.4.4. Integration of multi-dimensional genomic data

Dysregulation in cancer cells occurs at many levels, meaning that genomic analysis
using multiple complementary platforms will provide a more comprehensive description
of the tumour genome. For example, an integrative study identifying alterations in DNA
and mRNA expression patterns uncovered causal genetic events and their downstream
effects (Pollack et al. 2002). Similarly, matching DNA copy number status with DNA
methylation profiles may identify genes disrupted in both alleles and predict silencing of
gene expression (Wilson et al. 2006). The need for multi-dimensional profiling of
tumours has prompted the development of integrative software catered to the display
and analysis of complementary datasets. Programs such as Magellan, ACE-it, and
VAMP are able to integrate DNA alteration and gene expression data (van Wieringen et

al. 2006; Kingsley et al. 2006; Rosa et al. 2006), while recently developed SIGMA
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(System for Integrative Genomic Microarray Analysis) is a user interface for direct
mining of multi-dimensional data (Chari & Lockwood et al. 2006). The ability to merge
data from various genomic profiling platforms will facilitate cancer gene discovery and
contribute to the understanding of the underlying causes for the diversity of existing

cancer phenotypes.

1.5.Hypotheses and objectives

The work in this thesis was founded upon the following hypotheses:

1. The clonal relationship between tumours from the same patient is reflected in

their shared genetic features.

2. Ongoing clonal evolution facilitates resistance mechanisms following drug

exposure.

3. Prediction of drug response can be made based on specific genetic features in

pre-treatment lung tumours.
These hypotheses result in the following study objectives:
1. To delineate clonal relationships between lung tumours from the same patient.
2. To demonstrate clonal evolution under drug selection in model systems.

3. To deduce genomic signatures predictive of drug response in lung cancer.

1.6. Specific aims and thesis outline

The overall framework for this thesis is detailed below. This work represents a collection

of manuscripts that have been assembled to address the above hypotheses.

Aim 1 — Optimization of approaches to clinical sample collection for the generation of

genomic profiles for lung tumours (Chapters 2-4).

Chapter 2 provides a rigorous description of the tiling path array CGH platform that was

used in the genomic analyses described by all subsequent chapters. This description

13



includes details about array production, considerations regarding experimental design
and the use of different sample types, and approaches to analyzing the resulting data.
It also provides a primer on the collection procedures that were used when handling
cases of clinical lung cancer, including the methods used to optimize analysis of lung

tumour cells only.

When this work was started, successful application of the tiling set array CGH platform
to lung cancer tissue had not previously been described. Moreover, the wealth of data
generated by this platform required additional levels of analysis beyond what was
described in Chapter 2. Chapters 3 and 4 describe application of the CGH platform to
DNA isolated from both cell lines and clinical specimens and details additional analytical
approaches that were used to define significant genomic alteration features in each data
set. These two chapters also describe validation of genomic alterations of clinical
significance by additional molecular analyses. Chapters 2-4 are 'proof of principle'
works that helped to develop tools for addressing the hypotheses and objectives listed

above.

Aim 2 — Using segmental genomic alteration boundaries as signature markers for

clonality where a patient presents with synchronous lung tumours (Chapter 5).

In Chapter 5, the approaches to lung tumour genome analysis that were described
earlier were applied to delineate whether multiple tumours from the same individual
could have a shared progenitor. Because pulmonary metastases and multiple
independent primary tumours are staged and managed differently in the clinic, it is
essential to determine the clonal relationship between tumours found in the same
patient. We simultaneously tracked alteration features throughout tumour genomes and
aligned high resolution genomic profiles for synchronous lung tumours to identify shared
genome alteration boundaries. Where these rare precisely aligned boundaries were the
same, we would have a means of inferring a shared clonal origin. Data presented in

this chapter directly support our first hypothesis and addressed our first objective.
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Aim 3 — Characterizing drug resistance features emerging during drug-selected clonal

evolution (Chapter 6).

The approaches used to define shared genomic alterations in tumours emerging from a
common progenitor were also applied to define regions of difference in populations of
cells undergoing clonal evolution. In Chapter 6, genomic and gene expression profiling
technologies were used to identify factors driving the emergence of chemoresistance for
cells grown under drug selection. Data for drug sensitive cells and a series of resistant
derivatives were compared. Global genomic and gene expression technologies were
used to determine whether emerging chemoresistance was a product of a single factor
with steadily increasing activation or whether it was the result of multiple factors. Our
second hypothesis and objective were directly addressed by the work presented in
Chapter 6.

Aim 4 — Identification of genomic alterations in pretreatment lung tumours that can be

associated with drug response (Chapter 7).

The work described in Chapter 7 was undertaken to define genome features in NSCLC
tumours that were predictive of response to chemotherapy. Experimental and analytical
approaches from earlier chapters were combined with clinical outcome data to define
key alterations in this panel of lung cancer cases. This work directly addresses our third
hypothesis and objective. In successfully identifying predictive features for this panel of
samples, the data from this chapter also facilitates comment on the behaviour of clonal

populations of lung cancer cells under drug selection.
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Table 1.1 — Previously reported genome loci commonly altered in non-small cell

lung cancer.

Gain Loss

1921-925, 5p, 7911.2, | 2q, 3p, 4p15-p16,
Regions of 9934, 11912-q13, 6q24, 8p22-p23,
chromosomal | 14q11-q14, 15q, 9p, 10921, 18q,
alteration 17925, 20q 21922, 22q
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Figure 1.1

A. B. Normal Deletion Insertion Translocation

Normal, Gain,
heterozygous heterozygous
C. -
Normal, LOH by LOH by
heterozygous conversion deletion

Figure 1.1 Types of genomic aberration. A. Alterations affecting normal allelic
balance and DNA dosage. One of the common genomic alterations which may occur
is the generation of an aneuploid or polyploid genome through gain or loss of
chromosomes. This can be detected by copy number sensitive technologies such as
CGH, quantitative PCR, and cytogenetic evaluation. B. Segmental Copy Number
Alterations. DNA copy number alterations and structural re-arrangements are com-
monly observed in cancer genomes, which affect only part of a chromosome. These
may include the loss of DNA material, duplication of chromosomal segments, or
translocation of chromosomal ends by recombination. C. Allelic imbalance. LOH can

arise from a deletion event or gene conversion during mitosis.
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2. KEY FEATURES OF BAC ARRAY PRODUCTION AND USAGE AND ACCRUAL
OF CLINICAL LUNG TUMOUR TISSUE*

2.1.Introduction to BAC array production

Somatic DNA copy number alterations are hallmarks of cancer, disrupting the
expression of oncogenes and/or tumor suppressor genes, while constitutional DNA
copy number variations have been associated with developmental disorders (de Vries et
al. 2005; Hanahan & Weinberg 2000). Identification of these alterations will impact
disease susceptibility characterization, disease subclassification, and treatment
suitability. It will also lead to the development of novel prognostic/diagnostic markers

and provide new therapeutic targets.

2.1.1. Surveys of DNA copy number changes

Comprehensive analysis of genetic alterations requires high resolution techniques
(Garnis et al. 2004a; Davies et al. 2005; Lockwood & Chari et al. 2005). Initial array
CGH experiments were performed on cDNA microarrays (Pollack et al. 1999).
However, cDNA targets lack introns that are present in the genomic probe, thus
resulting in low signal-to-noise ratios?. Oligonucleotide-based platforms, such as those
used for single-nucleotide polymorphism (SNP) analysis and representative
oligonucleotide microarray analysis (ROMA), are powerful means of assessing DNA
copy number integrity (Lucito et al. 2003; Matsuzaki et al. 2004). However, even with
>100,000 loci represented on SNP arrays, only a subset of loci will be informative. Also,
there is evidence that the use of genomic reduction techniques (e.g. whole-genome
sampling) and PCR amplification steps that are typically used for oligo-array analysis
contribute to experimental variability, bias, and loss of feature details (Davies et al.
2005; Bignell et al. 2004).

! A version of this chapter has been published: Buys TPH, Wilson IM, Coe BP, Lockwood WW, Davies JJ, Chari R,
DelLeeuw RJ, Shadeo A, MacAulay C, Lam WL. (2007) “Key Features of BAC Array Production and Usage” in DNA
Microarrays (Methods Express Series) (Schena M, ed.), Scion Publishing, Ltd. Bloxham, Oxfordshire, UK, pp.115-
145 (ISBN: 9781904842156).

2 In this chapter, the term “target” refers to elements displayed on the array, while the term “probe” refers to the
labeled sample applied to the array.
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Arrays comprised of bacterial artificial chromosomes (BACs) offer another means of
high throughput DNA copy number analysis. These large insert clone arrays can be
obtained from several sources (see Table 2.1 for useful web links). BAC arrays have
lower DNA sample input requirements than other platforms, require no amplification
steps, and are more sensitive at detecting single-copy changes than other platforms.
While arrays with smaller probe targets will ultimately provide higher resolutions, current
BAC array platforms combine high resolution with high sensitivity to give the most

reliable analysis.

2.1.2. BAC arrays

BAC arrays can be subdivided into two main categories: disease-specific (or region-
specific) and genome-wide. These categories can be further divided into low and high

resolution depending on the number of clones used to span a given region.

2.1.2.1. Disease/region-specific BAC arrays
A number of arrays exist for examining specific diseases or specific chromosomal
regions (Greshock et al. 2004; Kohlhammer et al. 2004; Massion et al. 2002;
Mantripragada et al. 2003; Nessling et al. 2005; Roerig et al. 2005; Cheung et al. 2005;
Garnis et al. 2004b; Schwaenen et al. 2004; Coe et al. 2005; Garnis et al. 2003; Garnis
et al. 2005a; Garnis et al. 2004c; Garnis et al. 2005c; Garnis et al. 2004d; Henderson et
al. 2005; Kameoka et al. 2004; van Duin et al. 2005; Buckley et al. 2002; Davison et al.
2005; Zafarana et al. 2003; Redon et al. 2005; Solomon et al. 2004). Manufacturers of
commercially available platforms are listed in Table 2.1. All these platforms offer
reliable interrogation of copy number for their respective targets and their focused
design have proven useful in both cancer and constitutional disease studies. However,
they are of limited use to researchers investigating novel loci. For effective design,
selection of regions for these arrays requires a priori knowledge of disease-driving

alterations.
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2.1.2.2. Whole genome sampling and complete coverage BAC arrays
Gene discovery research is best served by the use of CGH arrays that provide unbiased
coverage of the entire human genome. These include interval marker-based® arrays
such as the Spectral Genomics Spectral Chip 2600 and the UCSF HumArray which
cover the human genome at a density of ~1 clone per Mb ([Snijders et al. 2001]; Table
2.1). Due to the relationship between genome coverage and the probability of alteration
detection, marker-based methodologies will not typically uncover changes smaller than
their average clone spacing, meaning that small alterations may not be detected and
alteration boundaries may not be fine-mapped (Davies et al. 2005). Additionally,
samples of poor quality, such as those extracted from paraffin embedded tissue, tend to
increase the noise observed in experiments, thus further reducing the resolution (Garnis
& Coe et al. 2005b). To detect small scale genomic alterations, the sub-megabase
resolution tiling-set (SMRT) CGH array was developed (Ishkanian et al. 2004). This
array is comprised of >32,000 overlapping BAC clones, meaning that there is no need
to infer alteration status between clones. SMRT array CGH enables the fine mapping of
breakpoints to within a single BAC clone and the detection of alterations as small as 40-
80 kb.

2.1.3. Platform choice

Ultimately, available arrays may not meet the precise needs of a researcher, leaving
labs to produce their own array platforms. What follows is a description of the steps
required for BAC array production and experimental use, including specific details
based on our experience manufacturing a high density SMRT array. We will provide
protocols and troubleshooting for array production; sample preparation methods;
labeling, hybridization, and scanning of hybridized arrays; and analysis of experimental

data.

® The term “marker-based” refers to those platforms consisting of targets that sample the genome at various intervals.
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2.2.Manufacturing BAC arrays

2.2.1. Preparation of BAC clones for spotting

2.2.1.1. Description of BAC clones and available libraries
Due to ease of use and the ability to carry large inserts (50-200 kb), the majority of the
BAC libraries constructed to date have used the modular BAC vector pBACe3.6
(Frengen et al. 1999). Several human BAC clone libraries are currently available, the
most commonly referenced include: Roswell Park Cancer Institute (RPCI) and Caltech
(CTD) ([Osoegawa et al. 2001]; Table 2.1). The SMRT array is composed of 32,433
BAC clones selected from the RPCI-11, RPCI-13, and CTD-D libraries to produce a 1.5
times overlapping coverage of the human genome (Ishkanian et al. 2004; Krzywinski et
al. 2004).

2.2.1.2. Validation of BAC clone identity
Clone identity can be verified through multiple means. Hindlll fingerprints of BAC
clones can be compared to the physical map of the human genome using Fingerprint
Contig (FPC) BAC fingerprint database (Marra et al. 1997; McPherson et al. 2001).
Banding patterns will be unique to the clone while a compilation of digests from a series
of clones will reveal the relationship between the clones with respect to chromosomal
position and thus is a less expensive and less time consuming alternative to other
approaches. At the time of our SMRT array construction, we used this approach
because the draft sequence of the human genome was not finalized and fingerprint
contigs could be used to bridge sequence gaps (Krzywinski et al. 2004). Other means
of confirming amplified fragment pool (AFP) clone identity include fluorescence in situ
hybridization (FISH) and sequencing. High throughput AFP sequencing as described
by Watson et al. is more efficient for large clone sets such as the one used for the
SMRT array (Watson et al. 2004).

2.2.1.3. Amplification of BACs
Because BACs are low copy vectors, DNA yield per cell is low. Additionally, DNA
isolation from primary cells is not a high throughput solution to generating a

replenishable stock of spotting solution where best performance requires 500-1000
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ng/ul. Due to the large clone set of the SMRT array and the efficient use of resources in
amplification, we have adopted a PCR based strategy to generate spotting solution from
high throughput/low yield BAC DNA isolations. The two most common methods of BAC
clone amplification include degenerate oligonucleotide primer PCR (DOP-PCR) and
linker mediated PCR (LM-PCR). We elected to use LM-PCR because it offers a linear,
unbiased amplification as linkers with primer sites are ligated to all fragments generated
by digestion using a four-cutter restriction enzyme (Pfeifer et al. 1989; Telenius et al.
1992; Fiegler et al. 2003). An LM-PCR protocol used for SMRT array production is
provided ((Watson et al. 2004), Figure 2.1, Protocol 1). A major benefit to this method
is the generation of source LM-PCR #1 product which can be stored and used to
generate additional LM-PCR #2 product as needed. Both DOP-PCR and LM-PCR can
be employed to modify fragments promoting their interaction with different slide surface

chemistries (for more on this topic, see section 2.2.2.1).

2.2.1.4. Spotting solution
A variety of spotting solutions are available, including Micro Spotting Plus (MSP)
(Telechem), Pronto (Corning), Sodium Phosphate, and 3X saline sodium citrate (SSC).
Our experiences with MSP and SSC-based buffers have been positive. One important
consideration is that evaporation is a problem with all spotting solutions. Non-
proprietary solutions (i.e. those with known reagents) are advantageous because the

experimenter can reconstitute them by replenishing the appropriate solvents.

2.2.2. Printing a BAC array

After determining the number and desired density of the spotted targets, users must
choose an array printer, printing pins, a type of slide chemistry, and a PCR protocol for
target DNA.

2.2.2.1. Slide surface chemistry
There are a variety of slide types available for spotting BAC microarrays. Two common
slide types are amino-silane (which bind DNA by charge interactions) and aldehyde
(which covalently bind to 5’ amino-modified DNA). While aldehyde-coated slides would

not be appropriate for binding raw BAC DNA, they are ideal for PCR products, as each
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primer can have an amino-modified 5’ terminus. Other characteristics that are important
in the selection of microarray slides are the hydrophobicity, uniformity of chemical
coating, and the optical purity of the glass used. Hydrophobicity and uniformity of
chemical coating are of utmost importance due to the effects of these parameters on
spot size and morphology. Glass with high optical purity (i.e. low intrinsic

autofluorescence) is critical in reducing background signal.

A major consideration when selecting a microarray slide type is the ability to block or
inactivate the unspotted portions of the slide to reduce background signal. While
amino-silane and similar chemistries generally require a pre-hybridization to block the
still-active slide chemistry, aldehyde-coated slides can be inactivated after being spotted

(see section 2.2.4).

We currently use aldehyde-coated slides for production of the SMRT array because of
the covalent binding of spotted 5 amino-modified DNA, the high hydrophobicity, and the
ability to inactivate unspotted regions of the slide (providing the best overall signal to
noise ratios). We find that coating is variable amongst manufacturers and we
recommend that each batch be carefully tested prior to full scale production (see

troubleshooting, section 2.7).

2.2.3. Array printers

For the production of arrays from PCR products, we have found that machines capable
of using quill or solid style printing pins perform best (see section 2.2.3.5). Many
manufacturers provide high quality printers which differ in throughput, accuracy, sample
handling, and ease of use. When deciding on the printer that best suits your needs,

there are many points to consider.

2.2.3.1. Plate handling features
The ability to handle multiple plates through a stacking mechanism is essential to
reducing the labor involved in long spot runs. Additionally humidifying the plate
enclosure is important in preventing evaporation of the valuable printing solution (more
on humidity in 2.3.3).
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2.2.3.2. Printer throughput
Depending on your application, you may require a high throughput printer capable of
holding hundreds of slides or a smaller system which handles fewer slides. Array
printer pricing increases directly with platen* size (which determines the number of
slides spotted per session), however the labor cost per slide increases with smaller
capacity array printers. Thus it is critical to obtain an array printer which can meet your
needs both at the time of purchase and for future expansion. The speed of printing is
affected by several factors, with pin wash station efficiency and the number of pins in
the print head having the largest impact on total printing time. For most high density
arrays, a 48 pin print head represents the most efficient option for printing from 384 well

plates.

2.2.3.3. Air filtration and humidity control
Humidity is essential to preventing evaporation of spotting material from the printing
plate and controlling printed spot morphology. Control of air purity is also important for
high density arrays because of the small size of printed features (~100 ym) and the
ability for small dust particles to clog the quill pins (Hegde et al. 2000; McQuain et al.
2003). For this reason, High Efficiency Particulate Air (HEPA) filters are common on

printers.

2.2.3.4. Levelness of platen
The amount of time a pin spends in contact with a slide as well as the impact speed can
have a drastic effect on feature size. The best printing results can be obtained when
the pins just touch the top of the slide. In this situation a 50 ym difference in depth can
cause a noticeable difference in print quality. Unfortunately, many printers can exhibit
variations in excess of 100 ym across the surface of the bed. While calibration may be
able to compensate for this, it is critical to check with the manufacturer as to their

precise specifications and to assay for variability with test prints.

* The term “platen” refers to the slide bed.
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2.2.3.5. Printing pins
The choice of a printing pin is critical to the size of spots you wish to produce and this in
turn has a direct effect on the maximum density at which you can print. Higher printing
densities allow more clones to be placed onto a single microarray slide or the ability to
reduce the surface area of the printed array. This allows the use of lower volumes of

hybridization solution and the ability to print multiple arrays on a single glass slide.

There are two major styles of pins suitable for the production of BAC microarrays. Solid
pins are simple highly durable pins which produce one spot per dip into the printing
solution. Quill style pins contain a slit in the tip of the pin that acts as a spotting fluid
reservoir drawing up liquid from the printing plate by capillary action. Quill pins are
capable of producing many (~100-200) spots per dip into the printing solution, but at the
cost of durability. For any high throughput or high density printing, quill pins are the

best option as they substantially reduce printing times and overall cost.

The second maijor factor to consider is the diameter of the pins end. All pins produce
spots slightly larger than the pin end. This effect is strongest in quill style pins, although
smaller pins should usually produce smaller spots. Smaller pins offer the benefit of high
density printing but sacrifice the durability of pins with larger end diameters. For pins
capable of the highest printing densities, the impact speed needs to be reduced in order

to preserve pin life and minimize spot size.

All printing pins require careful attention to preserve their performance. Even in array
printers with high performance pin cleaning stations (including sonicators or multiple
wash solutions), residue will build up. This causes the pins to eventually demonstrate
reduced print quality or lose their ability to print altogether, resulting in missing grids that
sometimes emerge during print runs. Thus, it is important to follow the manufacturers’
recommended cleaning protocols between every large print run or even during a long

run if quality is observed to decrease.
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We have used two major brands of pins with good results. We find that Telechem
produces high quality pins that allow the printing of small features (90 um spot diameter
with optimization), producing consistent high density arrays. Genetix brand pins are
constructed of a more durable stainless steel and perform well for the production of
feature sizes on the order of 100 um. However, it is difficult to acquire pins which
consistently match the Telechem SMP pins in feature size ([Hegde et al. 2000; McQuain
et al. 2003], Table 2.1).

2.2.3.6. Plate handling
The handling and choice of spotting solution source plates is of critical importance to
getting the most from your solution. It is important to choose a plate which allows low
volumes of spotting solution (ideally 10 pl), resists warping, and is rigid enough to
maintain the tight tolerances required by the array printer. Integrated lids are critical to
preventing evaporation while plates are present in the plate stacker. The use of foil
sealing tape to seal plates immediately after use and subsequent freezing of plates will
prevent evaporation and degradation, increasing the number of prints attainable from a
single preparation of solution. Plate choice is typically linked to the array printer used,

though other options may be possible under specific circumstances.

Although most modern array printers include an integrated plate stacker for handling a
large set of plates, it is important to reduce the amount of time each plate stays thawed
and unsealed. In our experience, limited evaporation is observed if plates are left
unsealed with lids on for up to 1.5 hours at 50% humidity. If the plate stacker offers
independent humidity control, a higher humidity setting can be used to prevent solution

evaporation without impacting spot morphology.

2.2.3.7. Optimizing printing parameters
After acquiring an array printer, preparing printing solution, and selecting a slide type,
there are several optimizations that need to be performed to produce consistently high
quality arrays. It is well known that humidity has a drastic effect on spot morphology.
We find that a setting of 50-60% humidity produces the best results. Additionally, the

speed at which a pin hits the slide surface and the time it dwells on the surface (affected
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by the pin overstroke) are important considerations. Ultimately, it is important to realize
that there are no fixed settings which will work in every environment, with all equipment,
and for all printing solutions. Thus it is of vital importance that each parameter is

optimized through a series of test prints (McQuain et al. 2003).

2.2.4. Processing

The goal of processing slides after spotting is twofold: to remove any unbound material
and to inactivate reactive groups not used to bind BAC DNA. Removing unbound
material is essential because this material can move under the coverslip during
hybridization and cause both poor spot morphology and high background signal.
Inactivation of reactive groups can help to reduce background signal strength. The
SMRT array is typically spotted on aldehyde slides and for this surface chemistry,
inactivating reactive groups with a strong reducing agent is an effective means of

reducing background (e.g. sodium borohydride, NaBHy).
2.3.Selection of samples for use on the BAC array

2.3.1. Samples quality and quantity

The SMRT array is currently the most high throughput and comprehensive means of
profiling genomic alterations in archival samples®. This is because of its minimal input
DNA requirements and its ability to withstand non-target cell DNA contamination (Garnis
& Coe et al. 2005b; Davies et al. 2005). Currently, DNA from archived specimens
cannot be applied to other high throughput platforms such as the Affymetrix 100k SNP
array (Conrad 2005). Ultimately, the main issues to take into account when assessing
applicability of a sample for a BAC array experiment are the relative heterogeneity of

the contributing cell population, the quantity of DNA, and the quality of DNA.

If tissue heterogeneity is a concern, manual or laser-assisted microdissection allows
targeting of only desired cells within a tissue cross-section (Emmert-Buck et al. 1996;

Bonner et al. 1997; Rekhter & Chen 2001). Even with an increased ability to tolerate

® “Archival samples” are typically formalin fixed and paraffin embedded (FFPE). These samples are stored in hospital
archives.
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heterogeneity, selection of a subpopulation of cells will produce clearer genomic profiles

and facilitate more effective analysis (Garnis & Coe et al. 2005b).

While a number of other platforms employ genome sampling and amplification steps,
the low DNA input requirement of BAC arrays generally removes this need (Davies et
al. 2005). Currently, different BAC array groups report DNA input requirements in the
range of 300 ng to 3 pg (Pinkel & Albertson 2005b), though our experience with the
SMRT array is that 50-400 ng of DNA per slide will suffice. Eliminating the requirement
of an amplification step is advantageous as factors such as template length, secondary
structure, and GC content can contribute to DNA segment misrepresentations that bias
analysis (Hughes et al. 2005; Lasken & Egholm 2003).

DNA samples derived from fresh, frozen, and archival specimens can be analyzed by
BAC array CGH. Relative to formalin fixation (which can degrade nucleic acids),
freezing a sample better preserves DNA quality and allows concurrent isolation of RNA
and proteins to assess gene expression. However, for clinical samples, fixed tissues
produce more effective histological references, facilitating the selection of a desired
subpopulation of cells in a heterogeneous sample. In addition, archived samples may
be associated with a wealth of clinical data (e.g. outcome), making them extremely
valuable in retrospective analyses. In our experience, regardless of the source material,
the DNA extraction protocol can also significantly impact DNA quality and yield. For

more factors affecting DNA sample quality, refer to sections 2.7 and 2.8.

2.3.2. Choice of reference sample

In terms of reference samples for competitive hybridization, depending on the
experiment, different samples will satisfy user needs (see Figure 2.2). Issues that need
to be considered in selecting the reference sample are sex (matched vs. mis-matched
to the test sample), composition (individual vs. pooled from multiple sources), and
source (allogenic vs. autogenic). A single reference type should be used for an entire
experimental set. Because reference DNA will contain copy number variations (CNVs)
(i.e. natural polymorphisms), these need to be taken into account during experimental

analysis. Significantly, further characterization of CNVs using a tiling-set array will build
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on existing work and serve as an invaluable baseline to identify population variance as
well as susceptibility loci driving various constitutional diseases (lafrate et al. 2004,
Sebat et al. 2004; Sharp et al. 2005; de Vries et al. 2005; Wong et al. 2007).

2.4.BAC array hybridization

2.4.1. Approaches to probe generation and labeling

There are numerous methods to differentially label sample and reference DNA with
fluorescent nucleotides (such as cyanine-3 and cyanine-5 dCTPs) for use in BAC array
CGH. The ability to accurately detect single copy chromosomal gains and losses
depends greatly on the ability to generate high quality labeled probes (Lieu et al. 2005;
Tsubosa et al. 2005). Thus, many factors influencing labeling, such as the incorporation
efficiency, the spectral separation of fluorophores, and the non-biased amplification of
DNA, must be considered to obtain maximum sensitivity and accuracy in detecting copy

number alterations.

2.4.1.1. Sample handling prior to probe generation
The two main approaches to DNA labeling are whole genome and representational (see
Figure 2.3). Whole genome labeling is the primary method used for BAC array CGH as
it creates probe from all of the initial material (see section 2.4.1.2). This method leads
to the linear amplification and labeling of the entire genomic DNA sample without
complexity reduction. Genome representation, also known as “genome sampling”, is a
complexity reduction approach used to reduce cross hybridization noise in
oligonucleotide platforms (Lisitsyn & Wigler 1993). This is not needed in BAC array
CGH (Lucito et al. 2000; Bignell et al. 2004; Davies et al. 2005). In contrast to whole
genome labeling, the representational approach enriches for short DNA fragments by

performing a restriction enzyme digest followed by linker-mediated PCR amplification.

2.4.1.2. Probe generation
The most common whole genome probe generation approach is random primer DNA
labeling, originally developed by Feinberg and Vogelstein (Feinberg & Vogelstein 1983;
Feinberg & Vogelstein 1984; Lieu et al. 2005; Tsubosa et al. 2005). This procedure
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facilitates integration of cyanine-dNTP nucleotide analogues® into template DNA and
requires between 50 ng and 3 ug of material per reaction ([Pinkel & Albertson 2005b],
unpublished data). Random priming uses a mixture of all possible sequences of short
primers (usually hexamers or octamers) that hybridize to the template as starting points
for DNA synthesis (see Figure 2.3). This is done to ensure an equal degree of probe
generation from the entire length of the template DNA. The Klenow enzyme, the large
fragment of DNA polymerase I, is then used to synthesize the complementary strand
from the 3’ OH of the primer, incorporating labeled nucleotides into the complementary
strand. Because it has the capacity to displace strands on the template DNA, fragments
can be generated that are larger than the spaces between primers. Random priming
leads to at least a four-fold non-biased linear amplification of the starting material so
that larger amounts of probe are used in the ensuing hybridization, an attractive option
when using low DNA vyield clinical samples (Lieu et al. 2005; Pinkel & Albertson 2005a).

Whole genome methods employed to label DNA for array CGH experiments can be
direct or indirect (see Figure 2.3) (Richter et al. 2002; Yu et al. 2002; Xiang et al. 2002;
Solinas-Toldo et al. 1997). Indirect labeling requires secondary dye coupling steps and
is not widely used in array CGH experiments at this time. With direct labeling, tagged
nucleotides are directly incorporated into probe generated from template DNA,

simplifying the labeling procedure.

Troubleshooting for labeling experiments can be found at the end of the chapter.
Please note that spectrophotometer readings only measure the amount of cyanine-
labeled dNTPs incorporated into the probe and not the emission of the dyes, therefore
fluorometric readings may more accurately reflect the relative activity of the dyes (Yu et
al. 1994). Also, please note that a major concern when using cyanine dyes is their
sensitivity to environmental agents. Extended exposure to light or high levels of
atmospheric ozone have been shown to affect the fluorescence of these dyes and

should be limited during array experiments (Petrescu et al. 2003; Fare et al. 2003).

6 Cyanine dyes have proven useful due to their detection sensitivity and efficiency as a polymerase substrate.
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2.4.2. Cot-1 DNA

Whenever using probes or targets that are created from genomic DNA, blocking
repetitive sequences is required to achieve sequence-specific fluorescent ratios. This is
typically achieved through the use of Cot-1 DNA (Britten & Kohne 1968; Marx et al.
1976; Schrock et al. 1996). Cot-1 is species-specific genomic DNA that has been
enriched for repetitive sequences through sonication and controlled denaturation/re-
annealing. The binding of the Cot-1 DNA to the repetitive elements present in the
generated probe prevents them from binding to targets spotted onto the array. Itis
typically used in excess of the probe DNA to ensure adequate blocking, with the final
concentration ranging from 1-20 pg/ul in 15-110 pl of hybridization buffer and a ratio to
probe DNA of approximately 3:1 (Carter et al. 2002). Labeled probes are precipitated
with Cot-1, redissolved in hybridization buffer, and then typically blocked prior to
hybridization. In our experience, Cot-1 DNA varies considerably from manufacturer to
manufacturer, and even from lot to lot. We strongly recommend that test array
experiments and rigorous quality control standards be applied prior to purchasing any

large amount of Cot-1 DNA (see troubleshooting, section 2.7).

2.4.3. Hybridization buffer

Hybridization buffers are designed to lower the melting point of DNA and maintain
stringency, enabling hybridization at lower temperatures. Formamide or urea may be
used to lower the melting point of DNA, with formamide being more common and
generally used at a 50% concentration (Casey & Davidson 1977). However, urea-
based hybridization solutions are desirable as they are less toxic than their formamide
counterparts (Simard et al. 2001). Every increase of 1% in formamide concentration
lowers the melting point of DNA by 0.7°C (Casey & Davidson 1977). In the presence of
10% dextran sulfate or polyethylene glycol, the hybridization rate is increased tenfold
(Wahl et al. 1979; Renz & Kurz 1984; Amasino 1986), as the effective concentration of
the probe is increased. 2X SSC is common in array CGH hybridization buffers (Carter
et al. 2002). Detergents are also used frequently, with sodium dodecyl sulfate (SDS)

being most common. For exact concentrations used by different groups please consult
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(Carter et al. 2002). Commercially obtained hybridization buffers may offer a higher

level of consistency; we have had success with DIG Easy from Roche (Table 2.1).

Addition of other macromolecules such as yeast tRNA and sheared herring sperm DNA
to a hybridization solution is also a common practice. This is done in an effort to
minimize non-specific binding to both the slide and the target DNA sequences. Yeast
tRNA is used by various groups at final concentrations ranging from 50 ng/ul to 10 pg/ul
and sheared herring sperm at final concentrations ranging from 50 ng/pl to 400 ng/pl in
hybridization volumes of 15-110 ul (Carter et al. 2002).

2.4.4. Hybridization

In addition to buffer and temperature, there are other factors to consider before setting
up a hybridization experiment. These include whether or not a pre-hybridization is
necessary, the optimal buffer volume and probe concentration, and the type of

hybridization performed.

Pre-hybridization can be used to block repeat DNA in array targets, reducing non-
specific binding of probe DNA (Southern 1975). In addition, pre-hybridization will block
reactive groups on slides which were not chemically inactivated during pre-processing
steps (e.g. amine-coated slides — see section 2.2.2.1). For aldehyde slides that are
chemically inactivated, this step is not necessary as pretreatment with NaBH,4 reduces

reactive surface into alcohol groups that are unable to bind to DNA.

All that is required to perform a hybridization experiment is contact between the array
and the generated probe. Performing hybridizations under slide coverslips allows for
the use of smaller probe concentrations and smaller volumes, an important feature
when test material is limited (e.g. most clinical specimens) (see Figure 2.4). One
concern with this approach is the lack of probe diffusion, limiting the chance of the
complementary probe strands coming into contact with spotted targets on the slide
surface (Borden et al. 2005). Automated hybridization apparatus that use air bladders
or rocking to ensure greater probe diffusion reportedly give increased sensitivity, though

they ultimately require more probe in order to work effectively, meaning that they are
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best used for experiments where test DNA is not limiting (Adey et al. 2002; Carter et al.
2002).

“Sandwich hybridizations” offer one way to control for hybridization differences between
arrays of a multi-slide set (Ting et al. 2003). Briefly, this entails placing one array on top
of the other with the spotted surfaces facing each other. The benefit of this approach is

that both slides are exposed to identical experimental conditions. However, drawbacks

to this technique include the fact that arrays seem to be more prone to drying out and

that some hybridization chambers are not deep enough to accommodate stacked slides.

2.4.5. Washing hybridized slides

Once the hybridization is complete, the slides must be washed to remove non-
specifically bound probes (see Protocol 3, section 2.6.3). Several solutions are
commonly used for this purpose, typically including formamide, SSC, and SDS (Carter
et al. 2002). Cyanine dyes have been shown to be particularly sensitive to atmospheric
ozone degradation during the washing and subsequent drying steps (Fare et al. 2003).
Thus, ozone levels should be controlled to obtain best quality array CGH results (see

troubleshooting, section 2.7).
2.5.Post-hybridization BAC array scanning and experimental analysis

2.5.1. Scanning hybridized slides

Post-hybridization image acquisition is a critical step in the production of array CGH
data. With BAC array CGH, slides rarely exhibit the high dynamic range requirements
of expression microarrays. This is due to the relatively low ratios observed for single
copy changes which account for the greatest number of alterations in the average
cancer sample (Hyman et al. 2002). Additionally, high probe complexity and Cot-1
blocking can result in array slides which exhibit much lower peak fluorescence than a
typical expression microarray. Due to these traits it is much more important to obtain a
scanner capable of low noise acquisition of low intensity signals than to be concerned

about the highest dynamic range.
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The two primary scanner technologies available today incorporate a laser/photo-
multiplier tube (PMT) imager or a charge-coupled device (CCD) sensor in combination
with a white light source and excitation/emission filters (Burgess 2001). In our
experience, current CCD-based systems offer the best low intensity performance,
however the need to frequently replace the excitation light source and the slow scan
times limit their effectiveness in a high throughput setting. Laser-based scanners are
the more traditional microarray imaging systems and can vary drastically in

performance.

All scanners require adjustment of the imaging sensors and excitation sources to
achieve an optimal image which lies in the scanners linear dynamic range. CCD-based
scanners are arguably the easiest to pre-configure as they exhibit very wide linear
ranges and all configuration settings behave in a linear manner (i.e. doubling the
exposure time results in a doubled intensity). Laser-based scanners require a more
complex adjustment where both the laser power and PMT sensitivity may be adjusted
and neither represents a linear scale. This problem however is countered by the
automatic adjustment algorithms incorporated into many newer scanners which allow

true automated image acquisition.

2.5.2. Analysis of BAC hybridization results

After the image is scanned, there are a series of steps that need to be performed before
a sample’s DNA copy number can be assessed. These include image processing, data
filtering and visualization, and statistical analysis. Furthermore, prior to visualization
and analysis, normalization of the data may also be required (see troubleshooting,

section 2.7).

2.5.2.1. Image processing and data filtering
Upon scanning of the image, signal intensity from each spot on the array must be
quantified. Specifically, the intensity values of the two fluorophores need to be
calculated and, depending on which dyes are coupled with which sample, the
appropriate log, ratio [test sample intensity]/[reference sample intensity] needs to be

calculated. There are many programs available that can perform image quantification,
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some of which are bundled with the scanners and others that are available as stand-

alone applications (Table 2.1).

After the image has been processed and ratios have been calculated, one can inspect
the image and values and find that there are a small percentage of spots of suboptimal
quality. Moreover, with any DNA microarray there will be a small percentage of spots
that will not contain usable information. Abnormal shape morphology, low intensity
values, low signal-to-noise ratio (SNR), and contamination (e.g. dust particles) are

potential factors leading to exclusion of such suboptimal spots.

2.5.2.2. Normalization
Normalization addresses broader experimental trends that cannot be resolved through
simple spot exclusion. It is required to account for the various CGH biases that produce
suboptimal results. Differential dye effects (e.g. cyanine-3 and cyanine-5 detection or
incorporation differences), variation in scanning parameters between experiments,
spatial effects associated with spot locations, slide intensity gradients, and differences
in the amount of starting material between the test and reference sample are among the

factors that normalization addresses.

There are two broad levels of normalization that can be performed: global or local. Most
methods of normalization can be used in either a global or local context. Two of the
most common methods are scaling normalization and locally weighted scatter-plot
smoothing (LOWESS). Scaling normalization is usually performed by transforming
each of the individual intensities such that, for example, the mean or median intensity
for each channel in each array or over the whole set of arrays is identical across all
experiments. LOWESS is a normalization approach which uses a locally-based least-
squares-weighted regression model to fit subsets of data until all data points have been
evaluated under the regression function (Cleveland 1979; Quackenbush 2002). Itis a
locally-based method because evaluation of a particular data point uses its neighboring

points as well.
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Many successful normalization approaches for expression microarray data are currently
being applied to DNA microarrays. However, a normalization framework was recently
developed in the context of DNA BAC arrays which targets three areas of potential bias:
spot position, clone origin, and intensity data (Figure 2.5) (Khojasteh et al. 2005). As
can be seen in the post-normalization SeeGH karyogram, programs such as this greatly
reduce the systematic biases in the process which are usually perceived as noise. This
facilitates clearer assessment of DNA copy number. Continuing development of
normalization methods for DNA copy number data will improve array CGH data

analysis.

2.5.2.3. Visualization and statistical analysis
After the elimination of poor quality spots and transformation of the data represented in
the higher quality spots, the final step is to assess statistical significance in the
computed ratios and visually represent the data to highlight DNA copy number
alterations. Currently, there are freely available software tools that employ different
techniques to assess statistical significance (Lockwood & Chari et al. 2005; Lai et al.
2005). Software choice is ultimately made based on user needs. Whereas clinical
usage requires a limited robust form of software that allows only selected types of data
interrogation, exploratory scientific research requires a more sophisticated and
comprehensive application (Lockwood & Chari et al. 2005; Chi et al. 2004; Margolin et
al. 2005). SeeGH software is currently the only program that properly displays tiled
clone data ((Chi et al. 2004); Table 2.1). Future applications will enhance the power of
tiled clone platforms by providing analysis approaches that capitalize on the degree of

overlap and the polymorphic status for the arrayed elements.
2.6.Detailed protocols

2.6.1. Protocol 1 —LM-PCR of BAC clones

Equipment and reagents

e BAC DNA
e Taq polymerase + buffer (5 U/ul; Promega)
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T4 DNA Ligase (400 U/ul; New England Biolabs)
Msel (10 U/ul; New England Biolabs)

Msel Buffer (10X; New England Biolabs)

dNTPs (10mM; Promega)

MgCl, (25mM; Promega)

Msel-long oligonucleotide (10 uM; Alpha DNA; 5'-
AGTGGGATTCCGCATGCTAGT-3’)

Msel-short oligonucleotide (10 uM; Alpha DNA; 5’-TAACTAGCATGC-3’)
sodium acetate (3.0 M, pH 5.5)

20X SSC Buffer

96 well plates

Incubator (16°C)

Thermocycler

absolute ethanol

centrifuge

Method

1. Transfer 50 ng of BAC DNA from each clone to a 96 well plate.

Add 5 Units Msel restriction enzyme and appropriate buffer. (Dilute to final
reaction volume of 40 yl with dH,0.)
Digest for 8 h at 37°C then heat inactivate the Msel by incubating at 65°C for 10

min.

4. Transfer 4.0 ul of digestion product to a new 96 well plate.

5. Linker reaction:

e 4.0 ul DNA (from Protocol 1, Step 4).

e Combine 0.8 ul of Msel-long and 0.8ul Msel-short primers and pre-anneal at
room temperature for 5 min.

e Add 80 CEL (Cohesive End Ligation) Units T4 DNA ligase and appropriate
buffer. (Dilute to final reaction volume of 40 pl with dH»0.)

Incubate mixture for 12-16 h at 16°C.
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7. Remove 2.5 pl of the ligation product to use in 50 pl PCR reaction (termed “LM-
PCR #17).
LM-PCR #1 reaction:

o 2.5 pllinker-ligated DNA

e 16 ul MgCl;

e 5pleach dNTP

e 2 ul Msel long primer (amino-modified if using aldehyde slides)

e 5 Units Taq polymerase and appropriate buffer. (Dilute to final reaction
volume of 50 pl with dH,0.)

LM-PCR #1 cycling parameters:

a. 3 min, 95°C

b. 1 min, 95°C

c. 1 min, 55°C 30 cycles
d. 3 min, 72°C

e. 10 min, 72°C

8. Remove 0.25 ul of LM-PCR #1 to use in another 50 pl PCR reaction (termed
“‘LM-PCR #2”)
LM-PCR #2 reaction:

e As for LM-PCR #1, except number of cycles is increased from 30 to 35.
9. Add 1/10 volume of sodium acetate and 2.5 volumes absolute ethanol to
precipitate LM-PCR #2 product.
10.Place on ice for 30 min, then centrifuge at 4°C for 30 min at 2750 rcf. (If using 96-
well plates.)
11.Using 96 well PCR plates you may remove supernatant by inverting the plate
over a paper towel. Dissolve pellet in 100 ul of 3X SSC buffer or other spotting

solution.
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NOTE: Typical yield is 40-50 pug of DNA.

2.6.2. Protocol 2 — Post-production processing of aldehyde BAC array
slides (adapted from http://www.schott.com/nexterion)

Equipment and reagents

10% SDS

NaBH4

absolute ethanol
10X PBS

centrifuge or blower
water bath

slide holder

Method

o K 0N~

= © © N O

After spotting, let arrays dry in array printer >2 h.

Remove printed arrays from array printer and place into wash containers.
Wash arrays in 0.1% SDS solution twice for 2 min each wash.

Rinse arrays in dH,O for 1 min.

Transfer the arrays to a 1X phosphate buffered saline solution containing 0.5%
NaBH,4 and 20% absolute ethanol.

Agitate arrays for 3 min.

Rinse in dH,0 for 1 min.

Place arrays into boiling water for 30 sec.

Rinse at room temperature in dH,O for 1 min.

0.Dry arrays by centrifugation in 50 ml conical tubes (no lids) for 5 min at 700 rcf,

or oil-free air stream.

11.Store in a desiccated, vacuum-sealed bag in the dark until required for

hybridization.
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2.6.3. Protocol 3—-BAC array hybridization protocols

Equipment and reagents’

e Appropriate reference DNA
e Sample DNA
e 10% SDS
e 20X SSC Buffer
e sodium acetate (3.0 M, pH 5.5)
e absolute ethanol
e cyanine dyes
o0 cyanine-3-dCTP (1 mM; Perkin Elmer)
0 cyanine-5-dCTP (1 mM; Perkin Elmer)
e Klenow (9 U/ul; Promega)
e Kenow buffer (10X; Promega)
e 10X “Random priming dNTP mix” (Invitrogen)
0 2mMdATP
o 2mMdGTP
0 2mMdTTP
o 1.2mMdCTP
e Random octamers (150 pg/pl stock; Alpha DNA)
e 1X DIG Easy hybridization buffer (4.617 g in 10 ml dH,O; Roche)
e Sheared herring Sperm DNA (20 pg/ul; Invitrogen)
e yeast tRNA (10 ug/ul; Calbiochem)
e Cot-1 DNA (1 pg/ul; Roche/lnvitrogen)
e microfuge
e centrifuge or blower
e incubator at 45°C
e incubator at 37°C

e heating block at 45°C

" Protocol adapted from Ishkanian et al. (2004).
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heating block at 85°C
Coplin jar or slide staining boxes
Thermocycler
Columns:
0 ProbeQuant Sephadex G-50 columns (Amersham)

or

o YM-30 Microcons (MilliQ)
Spectrophotometer
Hybridization cassettes (Telchem)
Coverslips (24 x 60 mm; Fisher)
BAC Array

Method

Probe generation and labeling

1. For separate reference and test sample reactions, combine:

o & 0D

© © N o

e DNA (50-400 ng).
e 0.25 pl random octamers.®
o 2.5 ul Klenow buffer. (Dilute to final reaction volume of 16.5 ul with dH20.)
Seal tube and boil for 10 min at 100°C.
Transfer immediately to ice for 2 min.
Add 3.75 pl of “10X Random priming dNTP mix”
Cyanine dyes:
e Add 2 pl of cyanine-3-dCTP to either reference or test DNA sample.
e Add 2 pl of cyanine-5-dCTP to the other DNA sample
Add 2.5 pl Klenow and mix gently. (Final reaction volume is 25 pl.)
Incubate at 37°C 18-36 h.
Remove unincorporated cyanine dyes using G-50 column or Microcon YM-30.

Combine labeling reactions.

® This value altered from original text, which stated 0.75 pl of random octamers should be added.
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10.Assess incorporation values using spectrophotometer.

NOTE: Incorporation values below 3.0 pmol/pl (for 50 ul combined labeling
reactions) in either channel have shown variable results. We typically measure
incorporations in the 8-25 pmol/pl range, with cyanine-3 typically having higher

values.
Preparation of probe for hybridization

11.Add 100 ul of Cot-1 DNA.
12.Add 1/10 volume of sodium acetate and 2.5 volumes absolute ethanol.

NOTE: DNA pellet should appear as purple after centrifugation.

13.Resuspend the pellet in 45 ul of hybridization solution:
e 36 pl 1X DIG Easy hybridization buffer
e 4.5 ul sheared Herring Sperm DNA
e 4.5 ul yeast tRNA
14.Denature probe at 85°C for 10 min.
15. Place probe at 45°C for 1 h (allows Cot-1 annealing)
Hybridization

16.Place 45 pl probe solution onto the coverslip (or array) (Figure 2.4).

17.Gently lower the array (or coverslip), over the probe solution.

18.Place the slide into a hybridization cassette pre-warmed to 45°C.

NOTE: Add the appropriate amount of dH,0 to hybridization cassette to generate
100% humidity. (10 pl for Telechem hybridization cassettes)

19.Incubate for 36-40 h at 45°C.

Washing and scanning

20. Pre-warm wash solution (0.1X SSC 0.1%SDS) to 45°C.
21. Remove the coverslip (Figure 2.4) and place slides in wash solution.

22. Perform five sequential 5 min washes with agitation.
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e Washes can be done in a Coplin jar or slide staining box.

21. Rinse arrays in 0.1X SSC a total of 5 times.

22. Dry the slides with an air stream (oil free) or by centrifuging the slides in 50 ml

conical tubes at 700 rcf for 5 min (do not use lids).

23. Store the slides in the dark until scanning (signal intensities will diminish over
time).
The authors strongly recommend that BAC array production and experiments be
performed in a dedicated room where ozone, light exposure, and humidity can be
carefully controlled.

2.7.Troubleshooting

2.7.1. BAC Array production (or spot evaluation of propidium iodide

stained arrays)

e Target spot size is impacted by numerous factors.

o The hydrophobicity of the slide chemistry as well as the wetting properties of
the spotting solution (including viscosity due to DNA concentration) drastically
affects spot size. Choosing a more hydrophobic substrate or more
viscous/lower spreading spotting solution will yield smaller spots. The
humidity at which spotting is performed affects the wetting properties of the
substrate. Optimizing spotter humidity between 50-60% will produce the best
results.

o The impact speed as well as the amount of time the printing pins contact the
substrate can change spot size, therefore reduction of pin over-stroke and
setting the attack speed to manufacturer recommended settings may improve
spot size.

o0 The size of the printing pin tip is the most significant factor in the final spot
size. Refer to your pin suppliers specifications to select the appropriate

product for your application.

55



o0 Post-spotting treatment of arrays can also affect spot size, therefore careful
reference to slide manufacturer protocols is needed.

Missing target spots on the array.

o This can results from clogging or damaged pins that may, over time, have
developed a coating of material that reduces their performance. Replace or
clean according to manufacturer’s protocol.

0 Most printheads allows printing pins to move vertically upon impaction with
the substrate, therefore users should check that pins move freely and do not
stick.

o0 Check that spotting solution source plates contain a volume sufficient to allow
pins to contact the solution, or that the spotter is calibrated to allow pins to
contact the solution.

0 Also ensure that pin washing system is functioning properly during print run
as failure to properly clean pins can cause significant decrease in spot quality

over time.

2.7.2. DNA sample troubleshooting

Contaminating RNA in DNA samples will raise the absorbance 260/280 ratio
(affecting concentration assessment) and potentially impact downstream
reactions. Treatment of sample with RNase A enzyme will remove RNA
(samples will need to be extracted again with organic solvents — phenol,
chloroform).

Contaminating proteins will lower absorbance 260/280 ratio (affecting
concentration assessment) and potentially impact downstream reactions.
Extracting a sample again with organic solvents will remove unwanted proteins.
Residual organic solvents will also affect the 260/280 ratio and downstream
reactions. Repeat organic solvent extraction, being careful not to disrupt
aqueous:organic interface.

High sample salt concentration can impact downstream enzyme function. Even
for samples with anticipated low yield of DNA, apply multiple 70% EtOH washes

of pellet during DNA extraction to reduce salt concentration.
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If the average fragment size in a DNA sample is too small, subsequent enzyme
reactions may not be effective. If there is sufficient material, run small amount of
sample against standards to determine size range. Alternatively, use low DNA
yield quantification methods, such as Randomly Amplified Polymorphic DNA
(RAPD)-PCR (Siwoski et al. 2002).

2.7.3. Post-labeling troubleshooting

The amount of probe generated may be inefficient if DNA is not fully single
stranded, if Klenow enzyme is inhibited by sample contaminants, or if template
DNA is degraded (see “DNA sample troubleshooting”, section 2.7.2). Sites of
DNA damage, such as thymidine dimers and abasic sites caused by various
fixatives may not be passable by the Klenow enzyme and fragmented samples
may only produce short probes. To avoid this, ensure that probes are only
generated from test and reference samples meeting minimum size and quality
standards.

Low dye incorporations may result from contamination of samples (with EtOH,
organic solvents, proteins, etc. — see above), the presence of low quality cyanine
dyes, a poor cold:hot nucleotide ratio, or poor coupling of cyanine to nucleotide.
To avoid this, ensure that test and reference samples are clean and free of
contaminants. Please note that cold:hot nucleotide ratios may need to be

determined empirically.

2.7.4. Post-scanning troubleshooting

Dim slides may results from numerous events.

o Overly aggressive post-hybridization washing can remove bound probe
and can be countered by reducing wash stringency (i.e. decreasing wash
temperature or wash time).

o Dimness due to short exposure times or low sensitivity settings for

scanners may be avoided by altering scan settings if possible.
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o Undertaking array experiments in a controlled environment may
compensate for dimness owing to environmental factors that degrade
cyanine dyes such as excess light or ozone.

o Dim images may also result from the DNA content of the spotted target
being too low. This can occur because of low DNA concentration in
spotting solution or removal of too much DNA during post-printing
treatment. Close monitoring of these factors will resolve this issue.

Slides can be overly bright if there is inefficient repeat blocking by Cot-1 DNA. If
Cot-1 DNA is of low quality, or if too little Cot-1 DNA is used, repeats will not be
blocked effectively, and the amount of probe binding to the array will be greatly
increased. To counter this, ensure sufficient amount of Cot-1 DNA is used.
Slide gradients can result from numerous factors

o If the solution on the array dries out during hybridization, a gradient can
arise. To prevent this, ensure hybridization chambers have sufficient
humidity and that an adequate volume of probe solution is applied to the
array.

o If performing hybridization with a coverslip, ensure that the covered array
is not touching the sides of hybridization chamber as this will result in
probe solution being drawn out from under the coverslip.

o0 Gradients can also result during washing of arrays, causing unbound
probe to be removed unevenly. This can be addressed by ensuring that
wash solutions fully cover entire slide.

Dust or precipitated probe can cause speckles in scanned images. Rinsing in
0.1X SSC or drying with compressed air may remove these.

High scan background, caused by inefficient slide washing or incomplete slide
pre-treatment, can reduce the amount of usable data obtained from a slide.
Increasing wash stringency may improve this. Alternatively, if incomplete
reduction of aldehyde to alcohol groups on slide surface is the problem, the

reducing agent used in slide processing may need to be replaced.
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2.7.5. Post-visualization troubleshooting

Occasionally, completely unrelated samples may yield identical genomic profiles.
Such profiles may be caused by several factors including test DNA samples that
are degraded or of limited abundance.

“Noisy” hybridizations (i.e. hybridizations with a wide range can have multiple
causes)

o0 “Noisy” hybridizations may be an artifact of a dim overall hybridization.
Low overall intensity will lead to an increase in required exposure (or gain)
by the scanner, a process which can introduce noise.

0 Poor DNA quality may also contribute to noise. Ensure that test and
reference DNA is clean and of high molecular weight.

o Noise in hybridizations may also be the result of a poor representational
amplification being used.

Low signal intensity ratios may be present due to poor suppression of repeats by
Cot-1 DNA. ltis best to evaluate Cot-1 using a sample with known alterations.
Heterogeneity of sample (e.g. normal cell contamination in isolated tumor cells)
may also cause a reduction in apparent ratios. To avoid this, ensure that

rigorous microdissection is undertaken.

2.8.Accrual of clinical lung tumour specimens for molecular analysis

Multiple challenges can affect molecular analysis of clinical tumour specimens, including

proper collection and storage of tissues (whether archiving fixed biopsied specimens or

freezing freshly resected specimens), minimization of the impact non-tumour tissue has

on analysis, and extraction of DNA and RNA of sufficient quality and quantity for

experimentation. These issues were addressed by carefully optimizing collection

approaches for a variety of tissue sources. Subsequent chapters were based on

application of these approaches.

2.8.1. Collection of fresh surgically resected tumour specimens

Nearly all previous analyses of lung tumour genome alterations have been undertaken

on resected specimens that have not been fixed with formalin (Choi et al. 2007; Dehan

59



et al. 2007; Gallegos Ruiz et al. 2008; Kang et al. 2008; LaFramboise et al. 2005; Lo et
al. 2008; Nymark et al. 2006; Peng et al. 2005; Shibata et al. 2005; Tonon et al. 2005;
Weir et al. 2007; Zhao et al. 2005). In our hands, portions of these tumours were
removed and placed onto dry ice immediately following surgery to limit degradation of
nucleic acids. These samples were fit into cryomolds and embedded in Optimal Cutting
Temperature compound (Tissue-Tek) for storage in a liquid N, freezer (approximately -
180°C). Downstream processing for each case involved cutting serial 5 um sections on
a cryotome, the first and last sections cut placed on slides and stained with hematoxylin
and eosin (H&E) to visualize tumour-dense regions. Approximately half of the
intermediate sections that were cut were reserved for DNA extraction, with the other half
for RNA extraction. Cross-sections used for DNA extraction underwent ethanol fixation
and were stored at -80°C until microdissected. Cross-sections saved for RNA
extraction were first treated with RNAlater and kept at 4°C for ~3 hours, then transferred
to -80°C as well. These careful practices generally yielded high quality DNA and RNA

following careful microdissection (Figure 2.6).

With respect to microdissection, targeted regions typically had 270% tumour cells.
Although earlier reports suggested that the BAC array CGH platform in use was able to
detect alterations in DNA with as much as 50% non-tumour cell content, in practical
application we found that less stringent microdissection practices could lead to a
marked decrease in the ability to detect genomic alterations (Figure 2.7) (Garnis & Coe
et al. 2005b). Where regions identified on H&E slides during pathology review were
sufficiently large, manual approaches were used. Typically, a 20G needle was used to
scrape and collect cells within these areas. Given ~6 pg of DNA per cell, NSCLC
tumour cells averaging ~20-50 um in diameter, and captured areas that were quite often
>1 cm?, it is unsurprising that several micrograms of DNA were often obtained
(Sambrook et al. 1989; Travis 2002). For cases where tissue heterogeneity or targeted
region size precluded microdissection, laser-capture microdissection was used (Cellcut

System, Molecular Machines & Industries) (Figure 2.8).
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2.8.2. Collection of fixed lung tumour specimens from sample archives

Patients with late stage lung tumours are not typically treated by surgery; fixed biopsy
specimens collected by medistinoscopy represent the only tissue available for research
purposes. As mentioned above, some high throughput genome profiling platforms are
unable to provide usable data for DNA isolated from tumour archives. This can result
because of insufficient DNA quantity, particularly where small early stage lesions are
being analyzed, however it is more typically due to the poor quality of DNA isolated from
archival samples (irreversible damage may be caused by formalin fixation).
Consequently, only a limited number of formalin-fixed paraffin-embedded (FFPE) lung
cancer cases have undergone whole genome profiling (Aviel-Ronen et al. 2008;
Gallegos Ruiz et al. 2007; Buys et al. 2009). An optimized DNA extraction protocol
based on standard phenol:chloroform extraction was used to maximize DNA quality and
yield. Although DNA from FFPE samples was typically more fragmented than DNA
isolated from frozen tissues (see Figure 2.6), good genomic profiles could generally be
expected where the average fragment size was >500 bp. While spurious alterations
may be detected in DNA from FFPE specimens (Mc Sherry et al. 2007), a direct
comparison of frozen and FFPE tissues produced nearly identical genomic alteration

results (Figure 2.9).
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Figure 2.1
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Figure 2.1 — Linker-mediated PCR (LM-PCR) mediated production of amplified
fragment pools (AFP) of BAC clone DNA for use in array synthesis. BAC clone
DNA is isolated and digested with Msel to release the human genomic insert from
the vector. Linkers are then ligated to the Msel-digested ends of the genomic insert
and amplified in a linker-mediated PCR reaction (LM-PCR). The remaining product
is further amplified by another round of LM-PCR which is used to verify the clone

identity and the creation of spotting solution for array production.
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Figure 2.2
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Figure 2.2 — Types of reference DNA sample for competitive hybridization

experiments. Genomic results for lung tumors described elsewhere in this thesis

were performed against the same individual male reference DNA sample. This

sample was chosen because its copy number polymorphisms had already been

characterized and the anonymous volunteer could be approached again if more DNA

was needed.
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Figure 2.3 — Genome labeling approaches. A. Genome sampling vs. whole genome
labeling. Labeled DNA probes are shown as grey circles demonstrating the differential
genome coverage of both methods. B. Random prime method of whole genome
labeling for use in BAC array CGH experiments. (i) Genomic DNA from both test and
reference samples are individually added to a mixture containing random primers and
buffer solution and heated to 100°C in order denature the double strands. (ii) The
solution is then snap cooled on ice in order to keep the DNA single stranded. dNTPs,
Klenow enzyme, and either cyanine-3 or -5 dCTPs are added to the DNA and the
resulting mixture is placed at 37°C. (iii) The random primers then anneal to the single
stranded DNA template leaving a 3’-OH that allows Klenow to start DNA synthesis by
incorporating both dNTPs and cyanine-labeled dCTPs. (iv) Klenow continues moving
along the DNA template displacing previously synthesized stands resulting in linear
amplification of the starting material. (v) The resulting probe contains incorporated
cyanine dyes allowing its use in array CGH experiments. C. Differences between direct
and indirect labeling. (i) With direct labeling, cyanine-coupled nucleotides are directly
incorporated into generated probe. (ii) When performing indirect labeling, amino-allyl-
coupled nucleotides are incorporated into the probe. Fluorophores are then bound to

the nucleotides in a second step.
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Figure 2.3
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Figure 2.4 — Coverslip application and removal for slide washing. Coverslip
Application. A. Deposit hybridization solution onto the array surface. B. Orient the
coverslip with the array. C. Place the coverslip directly onto the array taking care to
cover all spotted targets (marking the back of the slide with a glass etcher or pen may
help with alignment). D. The hybridization solution should spread to cover the entire
array (if the hybridization solution does not reach the edges of the coverslip more
solution is required). Care must be taken not to introduce bubbles between the
coverslip and the array as target spots within bubbles will not hybridize probes. After
application of the coverslip, the array may be placed into a hybridization chamber.
Coverslip Removal and Slide Washing. E. Place the hybridized array into wash solution
for approximately 30 sec. F. Remove the array from the wash solution, and slide the
coverslip so that at least 5 mm of the coverslip is off the array. The coverslip should
easily slide off the slide — if it does not, soak the slide for additional time. G. Use the
exposed edge to lift the coverslip off the slide. H. Place the slide back into the wash
solution and start wash protocol. For both coverslip application and removal, users
must ensure that they act swiftly as failure to do so could lead to hybridization solution

drying out.
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Figure 2.4
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Figure 2.5

Pre-normalization Post-normalization
SeeGH karyogram SeeGH karyogram
Chromosome 10 -1.0 0 10 -1.0 0 1.0
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Figure 2.5 — Normalization of BAC array data. The effects of normalization of array
CGH data for a competitive hybridization of a cancer cell line against its drug resistant
derivative. Normalized and non-normalized log, signal intensity ratios were plotted
using SeeGH software. Clones with standard deviations among the triplicate spots
>0.09 or a signal-to-noise ratio >3 were filtered from analysis. Chromosome arm 10q is
represented to the left. Vertical lines denote log, signal ratios from -1 to 1 with copy
number increases to the right (red lines) and decreases to the left (green lines) of zero
(purple line). Alog, signal ratio of zero represents equivalent copy number between the
hybridized samples. Each black dot represents a single BAC clone. Normalization was
performed using a custom normalization program with the parameters set as default
(Khojasteh et al. 2005).
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Table 2.1 — Useful web links.

BAC Resources

Description

URL

CHORI Website (Roswell Park Clone
Library Information)

http://www.chori.org/bacpac/

Caltech Genome Research Laboratory
(CTD Library Information)

http://informa.bio.caltech.edu

Other Resources

Description

URL

Finger Print Contig (FPC) Database

http://genome.wustl.edu/projects/human/ind
ex.php?fpc=1

UCSC Genome Mapping

http://genome.ucsc.edu/

Ensembl

http://www.ensembl.org/index.html

Academic BAC Array Providers

Description

URL

Albertson Lab

http://cc.ucsf.edu/albertson/

British Columbia Cancer Research Centre
BAC Array Group

http://www.bccrc.ca/cg/ArrayCGH_Group.ht
ml, www.arraycgh.ca

Fred Hutchison Cancer Research Centre

http://www.fhcrc.org

Commercial Sources

Description Items available URL

Agilent Reagents, arrays, http://www.agilent.com
scanners

Amersham Reagents, arrays http://www.amersham.com

API Scanners http://www.api.com

Corning Slides http://www.corning.com

Genetix Printers, plates, http://www.genetix.com
reagents

Invitrogen Reagents http://www.invitrogen.com

Perkin Elmer

Spotters, scanners,
reagents

http://www.perkinelmer.com

Roche Reagents http://www.roche-applied-science.com
Schott US Slides http://www.us.schott.com/english/index.html
Telechem Pins http://www.arrayit.com

University Health Network Arrays http://www.microarray.ca

BioRad Scanners, printers http://www.biorad.com

Vysis Reagents, arrays, http://www.vysis.com
scanners

Spectral Genomics Reagents, arrays, http://www.spectralgenomics.com/
scanners

Genomic Solutions

Scanners, spotters,
reagents

http://www.genomicsolutions.com

Signature Genomics

Arrays

http://www.signaturegenomics.com
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Figure 2.6 — Evaluating DNA and RNA quality. A. Agarose gel results for five
different lung tumour DNA samples isolated from frozen resected tissues (1 kb+
standard reference ladder was run in the lane on the left). All cases exhibited high
molecular weight DNA that is characteristically obtained from such tissue, the average
fragment size running larger than the highest band in the reference ladder (12216 base
pairs). B. Agarose gel results for five different lung tumour DNA samples isolated from
FFPE tissue (1 kb+ standard reference ladder to the left). Variable fragment sizes were
observed for these samples, with the degree of degradation for the DNA sample run in
the fourth lane indicating strongly that subsequent labeling reactions are unlikely to
succeed. C. Agarose gel results for 7 different lung tumour RNA samples obtained from
frozen tissue (1 kb+ standard reference ladder to the left). Lanes 2-5 (from the left)
show results for RNA samples stored at -80°C. The presence of characteristic ~1900
bp and ~5000 bp bands for 18s and 28s ribosomal RNA are indicative of good sample
quality (Gonzalez et al. 1985; Gonzalez & Schmickel 1986). Lanes 6-8 show results for
RNA samples stored at room temperature, with the only detectable fragments at the

bottom of the gel, indicating RNA degradation.
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Figure 2.7 — Impact of tissue heterogeneity on tumour genome profiling for a case
of squamous cell lung carcinoma. Successive cross-sections from the resected
tumour specimen were cut, with some undergoing careful microdissection to remove
adjacent normal cells and stroma prior to DNA extraction and others being collected in
toto for DNA isolation. Genome alteration profiles were generated for each DNA
extraction; a portion of chromosome 3q is shown. Results for DNA from non-
microdissected tissues are represented on the left, while results for microdissected
tissues are on the right. Each BAC clone on the array CGH platform is represented as
a blue spot at its known chromosomal position. Clones are plotted along the horizontal
axis based on a log, transformation of the signal intensity ratios from the experiment.
Vertical lines show log, signal intensity ratios from 1 (red line) to -1 (green line), with
copy number increases to the right and decreases to the left of zero (purple line). An
amplification event within 3g26.33 is highlighted in orange and is apparently muted for
the DNA sample with contributions from non-tumour cells. A broad low-level segmental
gain spanning this entire portion of chromosome 3q is detected only for the

microdissected case.
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Figure 2.7
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Figure 2.8

Figure 2.8 — Microdissection of for a
clinical lung tumour specimen. Serial
5 um sections were cut (all images 100X
magnification). A. Image of an H&E
stained reference slide to guide in
identification of regions with greater
tumour cell density. B. Image of
subsequent tumour cross-section,
pre-microdissection. Each slide cut for
microdissection was stained by methyl
green to improve visualization for
targeted regions. C. Image of same
cross-section as in B. following laser
capture microdissection. Void areas
were tumour-rich regions captured for

DNA extraction.
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Figure 2.9
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Figure 2.9 — Impact of fixation on genome profiling results. Portions of a single lung
adenocarcinoma tumour were handled and stored differently; one fragment was frozen
without fixation while the other was fixed in formalin, embedded in paraffin, and stored at
room temperature. Identical genome alteration data were obtained regardless of the
approach to storage, including complicated genomic amplifications around chromosome
bands 3q13.31 and 3g26.2 (A), complex rearrangements all along chromosome arm 6p
(B), and broad segmental alterations spanning all of chromosome arm 8p and a portion
of 8q (C).
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3. CHROMOSOME 5P ABERRATIONS ARE EARLY EVENTS IN LUNG CANCER:
IMPLICATION OF GLIAL CELL LINE-DERIVED NEUROTROPHIC FACTOR IN
DISEASE PROGRESSION®

3.1.Introduction

Lung cancer is the most commonly diagnosed cancer worldwide, with over 170 000 new
cases diagnosed last year in the United States alone (Jemal et al. 2003). The vast
majority of cases are caused by smoking tobacco, with non-small-cell lung cancer
(NSCLC) accounting for approximately 80% of cases (Travis et al. 1999). Squamous
cell carcinoma (SqCC), the squamous subtype of NSCLC, progresses through
histopathological stages from various degrees of hyperplasia and dysplasia, to
carcinoma in situ (CIS), to invasive carcinoma, and finally to metastasis (Garnis et al.
2004a; Minna et al. 2002; Osada & Takahashi 2002). Allelotype analysis of NSCLC and
cell line derivatives has yielded much insight into genetic alterations in lung cancer and
gene expression profiling studies have contributed to disease subclassification.
However, there are few reports on early-stage lesions, mainly due to the difficulty in
obtaining such specimens. Studies of chromosome arm 3p, among others, have
provided evidence that cumulative molecular alterations do accompany the progressive
morphological changes that occur during the multi-stage development of lung SqCC
(Minna et al. 2002; Wistuba et al. 2000; Zabarovsky et al. 2002).

While genetic alterations in tumors are common, examination of tissues earlier in
tumorigenesis is more likely to identify causal events leading to tumor progression.
These important early alterations may be masked by the complex pattern of genetic
alterations often associated with genetic instability in the later stages of disease.
Molecular cytogenetic studies have shown that chromosomal aberrations occur on the
short arm of chromosome 5 (5p) in all major lung tumor types (Balsara et al. 1997; Luk
et al. 2001; Ried et al. 1994; Ulimann et al. 1998). We have recently developed a 5p-

specific bacterial artificial chromosome (BAC) genomic array for use in array

° A version of this chapter has been published: Garnis C, Davies JJ, Buys TP, Tsao MS, MacAulay C, Lam S, Lam
WL. (2005) “Chromosome 5p aberrations are early events in lung cancer: implication of glial cell line-derived
neurotrophic factor in disease progression” Oncogene, 24(30):4806-12.
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comparative genomic hybridization (CGH) analysis. This array comprehensively covers
5p in 491 overlapping segments, allowing for high-resolution detection of copy number
alterations (Coe et al. 2005). The ability to profile the entire 5p chromosome arm in one
experiment — as compared to traditional marker-based techniques — is key to the
analysis of minute pre-invasive CIS lesions due to the fact that these lesions are small
and require microdissection which yields limited DNA.

In this study, we analyzed bronchial CIS lesions and SqCC tumors through the use of a
unique 5p-specific BAC array. Alignment of array CGH profiles revealed multiple
distinct regions of amplification and deletion in CIS that would otherwise appear to be
masked in the later-stage tumor samples. The identification of these recurrent
alterations not only led to the discovery of candidate genes but also highlights the

importance of studying the genomics of early-stage lung cancer.
3.2.Results

3.2.1. 5p array CGH analysis of lung CIS and tumors

5p aberrations have been shown to be frequent in NSCLC. To investigate the role of 5p
in the progression of CIS (pre-invasive) to tumors (invasive), we compared eight
microdissected bronchial CIS lesions and nine SqCC tumor samples for genetic
alterations using a chromosome arm-specific array containing 491 overlapping BAC
clones that spans 5p from centromere (p11) to telomere (p15.33) (Coe et al. 2005).
Signal intensity ratios for each triplicate-spotted BAC (giving a total of >25 000 data
points across all 17 samples) were calculated and displayed as log, plots using SeeGH
software (Chi et al. 2004). Figure 3.1A gives examples of 5p SeeGH karyograms
illustrating a profile with minimal copy number changes (T5850), a profile with whole
arm amplification (T11773), and profiles with multiple segmental gains and losses
(T10999, T8611). Alterations were detected in nearly all of the samples analyzed: in
seven of the eight CIS samples and all of the tumors. Figure 3.1B shows the alignment
of all 17 profiles, displayed in Java TreeView with colorimetric representation. Four
tumors and one CIS (T11278, T3010, T8611, T11773, C125) showed amplifications

spanning nearly the entire chromosome arm (Figure 3.1B). Notably, smaller and more
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distinct regions of gain and loss were apparent in the CIS profiles, for example, the
amplified regions A3 and A4 within 5p15.2. Furthermore, recurrent deletions were
prominent in CIS but undetected in tumors, suggesting the possibility that deletions
could be masked in tumors by later genetic events (Figure 3.1B).

Our data revealed broader alterations in tumors relative to those seen in CIS samples.
Array CGH profile alignment enabled identification of six recurrent regions of
amplification amongst the tumor and CIS samples (A1-A6) and three recurring regions
of deletion within the CIS samples (D1-D3) (Figure 3.1B, Table 3.1). Due to the
comprehensive nature of the 5p array, we observed submegabase changes which
account for seven of the nine recurrent regions of alteration. These small alterations
would likely have escaped detection through the use of traditional marker-based

techniques.

3.2.2. Novel amplifications defined in CIS lesions

To establish a threshold, normal male DNA versus normal male DNA hybridizations
were used to determine the background experimental noise at three standard deviations
(Garnis et al. 2003). This placed our threshold at a 70.13 log, raw ratio, which was
used to define regions of genetic alteration. In addition, for a region to be defined as
altered, it had to involve consecutive overlapping BAC clones. To increase the
likelihood of identifying causal genetic events, we applied stringent selection criteria
requiring the presence of alterations in at least half of the CIS samples to define a
recurrent region. Strikingly, of the six recurrent amplified regions defined, five (Regions
A2—-A6) have not been previously reported in SQCC. The previously reported
amplification at 5p15 (Bryce et al. 2000; Saretzki et al. 2002), which contains the well-
characterized Human Telomerase Reverse Transcriptase gene (hTERT), falls within
Region A1. However, the other locus known to be amplified in tumors (5p13.2),
containing S-phase kinase-associated protein 2 (Skp2), although detected in the array
CGH tumor profiles, did not qualify as a region of interest in our study due to the
absence of amplification in the CIS samples at this locus (Zhu et al. 2004).
Remarkably, with the exception of Region A1, all other amplifications were <1

megabasepair (Mbp) in size (Table 3.1). Regions A2, A3, A4, and A6 contain only a
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single annotated gene, while A5 contains only two known genes. The boundaries of
these narrow regions are listed in Table 3.1. Of the four genes in single gene regions,
Catenin Delta-2 (CTNND?2) has been shown to be over-expressed in prostate cancer
(Burger et al. 2002) and Steroid 5-Alpha-Reductase (SRD5A 1), which catalyses the
conversion of testosterone into the more potent androgen dihydrotestosterone (Harris et
al. 1992), has been shown to be over-expressed in breast cancer (Wiebe & Lewis
2003). The Triple Functional Domain gene (TRIO) in Region A4 (Figure 3.1C) and the
Glial Cell Line-Derived Neurotrophic Factor gene (GDNF) in Region A6 (Figure 3.1D),
however, have not been directly implicated in cancer and were further investigated in

this study (see below).

3.2.3. Novel deletions defined by CIS lesions

Previous chromosomal CGH studies have identified 5p amplification as a common
event in NSCLC; however, copy number reduction is rarely described. Studies using
microsatellite markers have revealed loss of heterozygosity (LOH) at the centromeric
end of 5p (Wieland & Bohm 1994; Wieland et al. 1996). Our analysis of the tumor
profiles is consistent with previous reports in that we did not detect recurrent regions of
deletion in tumor samples. To our knowledge, specific recurrent regions of deletion
have not been defined within 5p in NSCLC. However, when we aligned the eight CIS
profiles, three distinct recurrent regions of deletion emerged (Figure 3.1B). Recurrent
deletions were defined by their presence in at least four of the eight samples. Two of
the three regions were <1 Mbp in size (Table 3.1). The 1.1 Mbp Region D1 contains
only one known gene — Cadherin 12 (CDH12) — while no genes have been annotated
within Regions D2 and D3. These observations reinforce the value in analyzing pre-
invasive disease, as it has led to the identification of a small deletion that contains a

single gene candidate.

3.2.4. Genomic and gene expression analysis of TRIO

We have identified seven candidate genes that fall within small regions containing only
one or two genes (Table 3.1). Since a detailed analysis of all the candidate genes is

beyond the scope of this study, we focused on two genes: TRIO and GDNF. Figure
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3.2A shows a close-up image of SeeGH karyograms for the four CIS profiles that are
amplified at the TRIO locus. CIS samples (C59, C127, and C60) show discrete
amplification at this region, whereas C125 shows a larger amplification that extends
from BAC RP11-20B15 to the centromere. Amplification of the TR/O region is
maintained in tumors (Figure 3.1C). Next, we investigated TRI/O for differential
expression by real-time PCR in eight paired normal and SqCC samples. We observed
over-expression of TRIO in six of the eight pairs (P < 0.05) (Figure 3.2B). This
expression pattern is confirmed in an additional panel of 13 paired normal and tumor
SqCC samples by semi-quantitative reverse transcriptase-PCR, showing significant
over-expression of the TRIO gene (Figure 3.2C, D). The concordance of copy number
increase with over-expression in tumor samples implicates a role for TRIO in lung
SqCC, while its frequent amplification in pre-invasive lesions suggests its early
involvement in tumorigenesis. The TRIO protein contains three functional domains: a
serine/threonine kinase domain and two guanine nucleotide exchange factor domains
for the family of Rho-like GTPases, specific for Rac1 and RhoA, respectively. These
functional domains suggest that this enzyme may play a key role in several signaling
pathways that control cell proliferation (Debant et al. 1996). Recent reports have
implicated TRIO in tumorigenesis (Coe et al. 2005; Zheng et al. 2004).

3.2.5. Amplification and over-expression of GDNF in pre-invasive lesions

Similar to TRIO, the GDNF region is amplified in CIS samples as well as in tumor
samples (Figure 3.1D). In Figure 3.3a the amplified region containing GDNF is
highlighted in five CIS profiles. Real-time PCR analysis showed striking over-
expression of GDNF in five of the eight paired normal and tumor RNA samples (P <
0.05) (Figure 3.3B). The absence of GDNF expression in normal adult lung tissue
agrees with a previous observation that GDNF is expressed in fetal but absent in post-
natal lung tissue (Fromont-Hankard et al. 2002). GDNF expression in tumors suggests
its potential involvement in tumorigenesis.

To further evaluate the tumor-specific expression of GDNF at the protein level,

immunohistochemical analysis was performed. A monoclonal antibody specific
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for GDNF showed conspicuous membrane staining with less intense cytoplasmic
staining (Figure 3.3C). Staining was not detected in normal bronchial epithelium. We
further analyzed a panel of samples which included hyperplasia, CIS, and tumor
samples. Immunostaining was not evident in hyperplasia but was detected in CIS
samples and invasive tumors. These data suggest expression of GDNF in early
histological lung cancer stages. This is further supported by the fact GDNF is the ligand
for the RET proto-oncogene, which is known to transduce signals for cell growth and
differentiation (Takahashi 2001).

3.3.Discussion

The identification of early-stage genetic events that drive the progression of squamous
cell lung cancer requires the study of pre-invasive lesions. Our data suggest the
possibility that early causal events in tumorigenesis may be masked by later-stage
genomic instability. The ability of the CIS profiles to narrow our focus within the tumor
profiles demonstrates the importance of studying early-stage disease. In the past, such
studies have been limited by the rarity and minute size of early-stage specimens. The
development of the 5p genomic array has facilitated comprehensive analysis of the 5p
chromosome arm for these precious samples. Consequently, we have identified nine
distinct regions of alteration across 5p, of which eight are novel and seven are
submegabase in size. These small alterations would likely have escaped detection
through the use of limited resolution conventional marker-based techniques. This study
has shown that the analysis of CIS samples with a comprehensive tiling path array is
arguably one of the most effective ways to focus attention on those regions of the
chromosome arm that contain genes potentially critical to disease progression.

We have assayed the expression levels of two of the candidate genes that fall within
amplified regions, TRIO and GDNF, and found that both are significantly over-
expressed in a panel of tumors compared with their matched normal RNA samples.
More significantly, immunohistochemical analysis of GDNF, a ligand for RET, not only
showed tumor-specific staining but was also present in pre-invasive stage specimens.

Interestingly, GDNF expression is normally restricted to the fetal lung and is involved in
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lung development (Fromont-Hankard et al. 2002). Our findings suggest that reactivation

of this developmental gene may contribute to lung tumorigenesis at an early stage.
3.4.Materials and methods

3.4.1. Sample procurement

Formalin-fixed paraffin-embedded lung CIS samples used in array CGH analysis were
collected by fluorescent bronchoscopy as part of the Lung Health Study at the British
Columbia Cancer Agency (Lam et al. 2000; McWilliams et al. 2002). Both fixed and
frozen tissues were obtained from the archive of St Paul’'s Hospital, Vancouver and the
Ontario Cancer Institute, Toronto. Hematoxylin and eosin-stained sections for each
sample were graded and microdissected under the guidance of a lung pathologist. DNA
extraction was previously described (Siwoski et al. 2002) and RNA was isolated using
Trizol reagents (Invitrogen, Burlington, ON, USA). Samples were collected following

approval by the Research Ethics Boards of the respective institutions.

3.4.2. Array CGH

The establishment of the tiling set of clones spanning 5p and genomic array
construction is described in Figure 3.1 legend. Array hybridizations were performed as
described previously (Garnis et al. 2003; Garnis et al. 2004b). To compare multiple
profiles, we used Java TreeView version 1.0.3 to generate a colored gene copy number

matrix (http://jtreeview.sourceforge.net).

3.4.3. Gene expression analysis

RNA for reverse-transcriptase PCR was extracted from frozen tissue sections using
Trizol reagent (Invitrogen, Burlington, ON, USA). cDNA was synthesized using the
Superscript || RNAse H reverse-transcriptase system (Invitrogen). For semi-quantitative
RT-PCR, expression levels were determined by gene-specific PCR. PCR cycle
conditions were as follows: one cycle of 95°C, 1 min; 30-35 cycles of (95°C, 30 s; 55°C
for B-actin and 60°C for TRIO for 30 s; 72°C, 1 min) and a 10 min extension at 72°C.
PCR products were resolved by polyacrylamide gel electrophoresis, imaged by SYBR

green staining (Roche, Laval, Que, Canada) on a Molecular Dynamics Storm
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Phosphoimager model 860, and quantified using ImageQuant software (Molecular
Dynamics, Piscataway, NJ, USA). The genes assayed were hypothesized to be over-
expressed since they reside in amplicons. Therefore, a one-tailed Wilcoxon matched
pairs signed ranks test was used to determine if over-expression of these genes was

significant in sets of matched tumor and normal lung samples.
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Figure 3.1 — 5p segmental copy number alterations. The physical map of the human
genome (McPherson et al. 2001) and the UCSC genome browser (Kent et al. 2002)
were used to facilitate the selection of a clone subset from the whole genome BAC re-
array set (Krzywinski et al. 2004). This represents minimal overlapping coverage of the
short arm of chromosome 5. We have made this clone list publicly available at
http://www.bccrc.ca/cg/ArrayCGH_Group.html. Linker-mediated PCR (LM-PCR) of
BAC DNA samples was performed to obtain sufficient concentration for spotting
(Watson et al. 2004). This subset consists of 491 fingerprint-verified BAC clones
spanning the >50Mbp arm of chromosome 5 from 5p11 to 5p15.33. In addition to the
5p clones, 96 random loci scattered throughout the human genome were included on
the array as internal controls. LM-PCR amplified human genomic DNA spots were also
added to the array in order to facilitate normalization of our signal intensities as
described previously (Coe et al. 2005; Garnis et al. 2003). Array CGH profiling was
performed by co-hybridizing 100 ng of reference and sample DNA labeled with cyanine
5 and cyanine 3 dCTPs, respectively. The labeling, hybridization, and imaging
protocols are described previously (Garnis et al. 2003). Arrays were pre-hybridized at
42°C with DIG Easy hybridization solution (Roche, Mississauga, ON, USA) containing
1% BSA and 2 mg/ml sheared herring sperm DNA. Denatured probes in hybridization
buffer containing 6 mg/ml yeast tRNA were applied to the array and hybridized at 42°C
for 36 h. Arrays were washed repeatedly with 0.1x SSC/0.1% SDS at room
temperature. Hybridized arrays were imaged using a CCD-based imaging system and
analyzed using the SoftWorx array analysis program (ArrayWorx eAuto, API, Issaquah,
WA, USA). Normalization was performed as described previously (Garnis et al. 2003;
Garnis et al. 2004b). Normalized log; signal intensity ratios were plotted using SeeGH
software, version 1.7 (Chi et al. 2004). A log; signal ratio of zero represents equivalent
copy number between the sample and the reference DNA. Clones with standard
deviations among the triplicate spots >0.075 or a signal-to-noise ratio <20 were
disqualified from further analysis. A. 5p array CGH profiles showing normal copy
number (T5850), whole arm amplification (T11773), and multiple segmental copy
number changes (T10999, T8611). 5p cytoband pattern is to the left. Vertical lines
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denote log, signal ratios from -1 to 1 with copy number increases to the right (red lines)
and decreases to the left (green lines) of zero (purple line). Each black dot represents a
single BAC clone. B. Colorimetric representation of 5p array CGH data viewed by Java
TreeView. To compare multiple profiles, we used Java TreeView version 1.0.3 to
generate a colored gene copy number matrix (http://jtreeview.sourceforge.net).
Intensities of red and green coloration indicate an increased or decreased log, signal
ratio for each clone, respectively. Gray coloration indicates clones discarded due to
high standard deviations (>0.075) or signal-to-noise ratios. Each column represents a
separate array CGH profile. Each row corresponds to a BAC clone and each column
represents a CIS or tumor sample (sample ID at top). 5p cytoband pattern is to the left.
Recurrent amplifications are denoted by vertical blue lines to the right and deletions to
the left. The close-up views of regions A4 and A6 are shown to the right with the genes
of interest represented by black lines. C. Magnification of the A4 region containing the

TRIO gene. D. Magnification of the A6 region containing the GDNF gene.
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Figure 3.1
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Table 3.1 — Recurrent minimal regions of genetic alterations on 5p.

Region? Estimated Base pair position” Boundary BAC Known genes in
9 Cytoband® | size pairp clones® region®
(Mbp)

A1 p15.33 4.1 97,762 — 4,260,073 348B13 to 328F21 | hTERT, 13 others
6,010,119 —

A2 p15.31-32 | 0.9 6.905 520 107F17 to 203A14 | SRD5A1
11,062,828 —

A3 p15.2 0.15 11.209.193 471G19 to 293P3 CTNND2
14,196,287 —

A4 p15.2 0.27 14.471.241 20B15 to 611H4 TRIO
21,113,936 —

D1 p14.3 1.1 22241939 627F13 to 402L.24 | CDH12
29,217,035 —

D2 p13.3 0.38 20592188 78407 to 258124 (none)
31,243,308 —

A5 p13.3 0.22 31.464.867 705N10 to 784019 | CDH6, RNASE3L
34,098,642 —

D3 p13.2 0.075 34173623 110H4 to 15A6 (none)
37,711,349 —

A6 p13.2 0.34 38,049,921 285H4 to 695L19 GDNF

@ A recurrent region is present in over 50% of the CIS array CGH profiles; regions

correspond to those indicated on Figure 3.1A (‘A’ denotes amplification, ‘D’ denotes

deletion).

®Base pair, cytoband, and known (reviewed) genes are based on the Human April 2003

Assembly at the UCSC Genome Browser, version hg15.

°BAC clones derive from the RP11 library.
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Figure 3.2
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Figure 3.2 — Genomic and gene expression analysis of TRIO. A. SeeGH karyogram
of the TRIO region for four CIS samples. Cytobands are indicated on the left of the
profiles. Vertical lines denote log, signal ratios with copy number increases to the right
and reduction to the left of zero. Each black segment represents a single BAC clone.
Amplified regions containing TRIO are highlighted. B. Real-time PCR expression analy-
sis of TRIO in eight matched normal (gray) and tumor (black) samples. C. Reverse
transcription PCR analysis of TR/IO and B-actin in an additional panel of 13 matched
normal and tumor samples (TR/IO [ACTGCTGAGCACAGCTCACT, TAGAGTTT-
GACCTATCCAGA], B-actin [GATGTGGATCAGCAAGCA, GAAAGGGTGTAACG-
CAACT]). PCR products were resolved by polyacrylamide gel electrophoresis, stained
with SYBR green, quantified using the Storm Phosphoimager, and summarized in D.
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Figure 3.3 — Genomic, gene expression, and immunochemical analysis of GDNF.
A. SeeGH karyogram of the GDNF region for five CIS samples. Cytobands are
indicated on the left of the profiles. Vertical lines denote log2 signal ratios with copy
number increases to the right (red lines) and reduction to the left (green lines) of zero
(purple line). Each black segment represents a single BAC clone. Amplified region
containing GDNF is highlighted. B. Real-time PCR expression analysis of GDNF in
eight matched normal (gray) and tumor (black) samples. For real-time PCR analysis,
MRNA expression levels were quantitatively assessed by reverse transcription-PCR
using the ABI PRISM 7700 Sequence Detection System, as described previously
(Wang et al., 2002). To avoid amplification of contaminating genomic DNA sequences,
primers were designed to span two adjacent exons (CACTGACTTGGGTCTGGGCTAT
and GTCTCAGCTGCATCGCAAG). All assays were carried out using duplicate
samples of each RT product. The sample-to-sample variation of RNA/cDNA quantity
was normalized using the 18S ribosomal RNA as the reference gene (Wang et al.
2002). C. Immunostaining of squamous cell lung tumor tissue sections with anti-GDNF

monoclonal antibody (Santa Cruz Biotech).
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Figure 3.3
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4. INTEGRATIVE GENOMIC AND GENE EXPRESSION ANALYSIS OF
CHROMOSOME 7 IDENTIFIED NOVEL ONCOGENE LOCI IN NON-SMALL CELL
LUNG CANCER'

4.1.Introduction

Lung cancer is broadly classified into small cell lung cancer (SCLC) and non-small cell
lung cancer (NSCLC) types, with the latter group accounting for approximately 80% of
cases and having an overall 5-year survival rate of ~15% (Travis et al. 1999). NSCLC is
subclassified into multiple subtypes including adenocarcinomas (AC), squamous cell
carcinomas (SqCC), and large cell carcinomas (LCC). While DNA sequence mutations
and epigenetic alterations have been demonstrated to drive lung cancer oncogene
activation (Wilson et al. 2006), changes in gene dosage have consistently been shown
to be a major driving force in lung tumors (Lockwood et al. 2008). Although previous
work has investigated gene expression dysregulation in lung cancer cells, there have
been very few attempts to incorporate the impact of genomic alterations on gene
transcription levels (Coe & Lockwood et al. 2006; Tonon et al. 2005; Zhou et al. 2006).
Integrative analysis of recurring genomic and gene expression alterations in NSCLC
tumours and cell models may be necessary to yield new insight into lung cancer
biology.

Multiple studies have shown that aberrations in DNA copy number on chromosome 7
occur frequently in lung cancer, and that gain of chromosome 7 has been associated
with NSCLC aggressiveness (Pei et al. 2001), a finding consistent with observations
from other cancer types (Garcia et al. 2003; Waldman et al. 1991; Arslantas et al.
2007). Both focal regions of DNA amplification and whole chromosome number
imbalances have been observed (Balsara & Testa 2002; Panani & Roussos 2006; Zojer
et al. 2000). Alteration at chromosome 7 is generally thought to arise through selection
for activation of the EGFR oncogene at 7p12, though others have shown that

amplification of the MET oncogene at 7q31 can also occur (Engelman et al. 2007). The

1% A version of this chapter has been published: Campbell JM, Lockwood WW, Buys TPH, Chari R, Coe BP, Lam S,
and Lam WL. (2008) “Integrative genomic and gene expression analysis of chromosome 7 identified novel oncogene
loci in non-small cell lung cancer”, Genome, 51(12):1032-9.
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role of EGFR and MET activation has been elucidated in a subset of lung tumours
(Engelman et al. 2007; Sequist et al. 2007). In a previous study, we observed that
several regions of recurring genome alteration on chromosome 7 do not overlap with
the EGFR and MET loci, raising the possibility of additional oncogene loci residing on
this chromosome (Garnis et al. 2006). Those genes exhibiting over-expression in
addition to genomic gain likely represent key “driver” alterations contributing to the
cancer phenotype while those without concurrent mRNA increases are likely
“passenger” alterations (Albertson 2006). In this study, through the integration of
genomic and gene expression analyses of cell lines and clinical tumour samples, we
have uncovered additional lung cancer oncogene candidates situated on chromosome
7.

4.2. Materials and methods

4.2.1. Cell line samples and DNA extraction

The 30 NSCLC cell lines used in this study are detailed in Table S1'". These cell lines
were established at the National Cancer Institute (NCI-H series) and the Hamon Center
for Therapeutic Oncology Research, University of Texas Southwestern Medical Center
(HCC series). All cell lines were either acquired from The American Type Culture
Collection or supplied by Dr. John Minna from the Hamon Center for Therapeutic
Oncology Research and grown according to specifications. DNA was isolated using a
standard procedure with Proteinase K digestion followed by phenol-chloroform

extraction (Lockwood et al. 2007).

4.2.2. Tiling path array comparative genomic hybridization and data
analysis
Segmental DNA copy number profiles were generated for each of the 30 NSCLC cell
lines by whole genome tiling path aCGH as previously described (Watson et al. 2007;
Shadeo & Lam 2006; Lockwood et al. 2007; Ishkanian et al. 2004). Images of the

hybridized arrays were then analyzed using SoftWoRx Tracker Spot Analysis software

B Supplementary data for this manuscript are available on the journal website (http://genome.nrc.ca).
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(Applied Precision), and systematic biases were removed from all array data files using
a stepwise normalization procedure as previously described (Lockwood et al. 2008;
Khojasteh et al. 2005). SeeGH was used to combine replicates and visualize all data as
log ratio plots in karyograms (Chi et al. 2004; Chi B 2008). All raw array data files have
been made publicly available through the System for Integrative Genomic Microarray
Analysis (SIGMA) database, which can be accessed at http://sigma.bccrc.ca (Chari et
al. 2006).

Regions of high level genomic amplification within each cell line were determined using
an algorithm as previously described (Lockwood et al. 2008). Briefly, aCGH data was
filtered to exclude clones with standard deviations between replicate values >0.075 and
clones were identified as members of high level amplifications if its resulting log, ratio
was 20.8 (Lockwood et al. 2007; Choi et al. 2007; Choi et al. 2006). Moving averages
of varying window sizes were used then used to identify amplicon boundaries
(Lockwood et al. 2008).

4.2.3. Integration of copy number status and gene expression microarray

data

Integration of gene expression and copy number data was performed as described
previously (Lockwood et al. 2008). First, genes present in each amplicon were listed
and those seen to be amplified two or more times in the 30 lines were identified. Copy
number status (gain, loss or neutral) for each gene locus was defined using aCGH-
Smooth (Jong et al. 2004) with lambda and breakpoint per chromosome settings at 6.75
and 100, respectively as previously described (Lockwood et al. 2008). Using these
criteria, samples with neutral copy number (equal number of copies between tumor and
normal reference DNA) for each gene of interest were defined. The algorithm
described above was then used to determine if a cell line harbored amplification at the
given locus. Array CGH measures relative and not absolute copy number and does not
take into account changes due to ploidy. As such, alterations in gene dosage attributed
to ploidy alone were not considered in this analysis. RNA expression profiles for 30

NSCLC cell lines were obtained from Gene Expression Omnibus (accession number
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GSE4824) (Zhou et al. 2006). The Affymetrix gene expression microarray probe sets
corresponding to these genes were then determined and probes filtered for those
demonstrating a present or marginal quality score in at least 50% of the amplified lines.
The copy number status for each gene was then dichotomized to neutral vs. amplified
samples and gene expression data were then compared between the groups using the
Mann-Whitney U test to identify those that were over-expressed in the amplified

samples with a p-value < 0.05.

4.2.4. Quantitative real time PCR expression analysis of cell line and

clinical tumour samples

cDNA was synthesized from 5 pg of total RNA using an ABI High Capacity cDNA
Archive Kit (Applied Biosystems, Foster City, CA, USA). An aliquot of 100 ng of cDNA
was used for each real-time PCR reaction. TagMan gene expression assays were
performed using standard TagMan reagents and protocols on the Applied Biosystems
7500 Fast Real-Time PCR System (Applied Biosystems). Gene expression Assay IDs
used include: NUDT1 (Hs00159343_m1), EGFR (Hs00193306_m1) and TAF6
(Hs00425763_m1). Samples were run in triplicate and normalized against a eukaryotic
18S rRNA endogenous control (Hs99999901 s1). The relative fold change of the target
gene in each cell line sample compared to a pooled normal lung cDNA reference
sample (AM7968, Ambion, Austin, TX, USA) was performed using the 2% method
(Coe & Lockwood et al. 2006). The Mann-Whitney U-test was used to determine
whether the expression of these genes was significantly different in cell lines with
amplification compared to those with neutral copy number of the particular locus in

question (p-value < 0.05).

4.2.5. Analysis of publically available gene expression data for clinical lung

tumours

Publically available Affymetrix gene expression data from 111 NSCLC tumours (53

SqCC and 58 AC) (GEO Accession number GSE3141) (Bild et al. 2006) and a normal

human bronchial epithelial cell line (NHBE) (GEO Accession number GSE4824) (Zhou
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et al. 2006) was used to further validate the level of expression of candidate genes in
our study shown to be amplified and over-expressed in the frequently altered regions.
MASS5 normalized NSCLC data were used to calculate fold changes in expression for
each gene compared to the NHBE reference sample. Affymetrix probes showing the
highest overall signal intensity in the tumour samples were chosen for the analysis. The
number of samples having =2 fold over-expression for the gene of interest was
calculated. Genes with 245% of NSCLC samples having a =22 fold change were

determined to be significant.

4.2.6. Quantitative real time PCR expression analysis of clinical samples

Ten fresh-frozen lung NSCLC tumours and their corresponding matched normal lung
tissue were obtained from Vancouver General Hospital, Vancouver, B.C., Canada.
Microdissection of tumour cells was performed under the guidance of two lung
pathologists. Total RNA was isolated and 1 pg was converted into cDNA as described
above. Gene-specific gqPCR was performed for NUDT1, TAF6, POLR2J

(Hs00196523 _m1), FTSJ2 (Hs00203647_m1) and 78S rRNA as described above. 18S
normalized cycle thresholds for each of the genes were compared between the tumours
and corresponding normal tissue from the individual patients to determine the fold

change in expression using the 249

method. Because these genes were
hypothesized to be over-expressed owing to DNA amplification, a one-tailed Wilcoxon
sign-rank test was used to determine whether expression of these genes was
significantly different between matched tumour and normal samples (p-value < 0.05)

(Lockwood et al. 2008).

4.3.Results and discussion
Segmental gain or amplification of chromosome 7 has typically been attributed to
selection for EGFR or MET oncogene activation (Engelman et al. 2007; Sequist et al.
2007). It has recently been reported that additional regions of segmental genomic gain
recur within chromosome 7 for NSCLC cell lines (Garnis et al. 2006) (Table 4.1). We

have built upon this analysis, providing evidence for the importance of candidate
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regions by (i) identifying high level amplification events and (ii) quantifying concurrent

gene expression changes in cell lines and clinical samples.

4.3.1. High level amplification events in frequently altered regions

The amplification of a chromosome segment may highlight its importance in cancer
development as amplicons are thought to represent the selection of genes that facilitate
tumour growth. Therefore, to refine the recurring regions of copy number gain on
chromosome 7, we first evaluated which of these regions showed high level
amplification in at least two of the analyzed cell lines. Table 4.1 summarizes the
samples harbouring DNA amplification. Remarkably, 19 of the 30 cell lines studied

showed DNA amplification in Region 2.

4.3.2. Integration of gene dosage and expression data

While combining frequency of gain and the presence of high level amplification events is
an established approach for identifying key gene alterations in lung cancer (Tonon et al.
2005), these genes are more likely to be involved in cancer biology if they can also be
demonstrated to have elevated expression levels. This is intuitive, given the accepted
idea that amplified loci offer a selective advantage by conferring such over-expression
(Albertson 2006). Expression levels for genes residing within the five regions displaying
high level amplification defined above were determined from Affymetrix microarray data
for the same NSCLC cell lines analyzed for genomic alterations. Specifically, since we
aimed to identify genes with expression driven by increased gene dosage, the
expression level for each of these genes (which were amplified in two or more lines)
was then compared between cell lines with amplification and those that displayed
neutral copy number by using the Mann-Whitney U-test. Of the 101 genes evaluated,
28 (27.7%) showed concurrent amplification and over-expression (Table 4.1). (Over-
expressed genes without concurrent copy number changes were likely activated by
processes other than copy number alteration.) At least eight of these 28 genes have
also been described as having increased copy number in other cancer types. Recently,
Yang et al. showed significant correlation between gene copy change and mRNA

expression for GNB2, COPS6, and CCT6A on chromosome 7 in gastric cancer (Yang
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2007). Additionally, concurrent copy number aberration and dysregulation of
expression for MCM7, NUDT1, CCT6A, and GNB2 was noted in transformed follicle
centre lymphoma (Martinez-Climent et al. 2003). EGFR amplification has been
correlated with over-expression in a variety of cancer types, including NSCLC (Reis-
Filho et al. 2006; Reissmann et al. 1999; Rossi et al. 2005).

4.3.3. Quantitative RT-PCR validation in cell lines

To validate the microarray data for gene expression changes within amplicons, real-time
quantitative PCR was performed on select genes shown to be amplified and over-
expression in the six frequently altered regions on chromosome 7 to validate the
importance of these novel regions. Gene-specific probes for NUDT1 (Region 1), EGFR
(Region 2), and TAF6 (Region 5) were used to assess expression levels in cell lines
with both gene amplification and neutral copy number in comparison to pooled normal
lung cDNA. On average, EGFR, NUDT1, and TAF6 gene expression was >9, >32, and
>5-fold over-expresed in cell lines with amplification when compared to normal lung
cDNA (respectively) and only >4, >2, and >3-fold over-expressed in cell lines with
neutral copy number status compared to normal lung cDNA (respectively). Analysis by
Mann-Whitney U-test showed that expression of each of these genes was significantly
different between cell lines with amplification and lines with neutral copy number (p <
0.05). Figure 4.1 shows representative genome plots for cell lines with either
amplification or neutral copy number status for NUDT1 and EGFR (corresponding
expression data for each line is also shown). These data confirmed that several distinct

regions contain genes activated in NSCLC.

4.3.4. Validation of genes of interest using gene expression data for
clinical NSCLC tumours
To determine if the genes identified in our study using cell lines are in fact disrupted in
clinical samples, we compiled publically available gene expression microarray data for
111 clinical NSCLC samples (GEO Accession number GSE3141) (Figure 4.2). Nine
genes from within these genomic loci exhibited =2 fold expression compared to normal

bronchial epithelial (NHBE) cells in at least 45% of lung tumours (~50 cases). These
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included FTSJ2 and NUDT1 (Region 1), TNS3, and ECOP (Region 2), and ZNF3,
TAF6, TSC22D4, MOSPD, and POLR2J (Region 5).

4.3.5. Quantitative PCR validation of FTSJ2, NUDT1, TAF6, and POLR2J in

clinical samples

Those genes previously implicated in cancer development and progression — FTSJ2,
NUDT1, TAF6, and POLR2J — were selected for additional analysis. The FtsJ homolog
2 (FTSJ2) encodes a putative RNA methyltransferase previously implicated in cell
proliferation and seen to be over-expressed in lung cancer cells (Ching et al. 2002).
(Other RNA methyltransferases have recently been implicated in a variety of cancer
types, supported the idea that such genes are key in carcinogenesis (Frye & Watt
2006).) Nudix (nucleoside diphosphate linked moiety X)-type motif 1 (NUDT1) encodes
an enzyme involved in maintaining genomic integrity and has previously been
demonstrated to have elevated activity in NSCLC (Speina et al. 2005; Chong et al.
2006) and several other cancer types (Kennedy et al. 1998; Okamoto et al. 1996; Wani
et al. 1998; Hibi et al. 1998). Our finding is the first report of amplification-driven
NUDT1 over-expression. This is evident in both NSCLC cell lines and clinical samples.
POLR2J (RNA Polymerase Il [DNA-directed] polypeptide J), located in a different region
of chromosome 7 observed to harbor recurring alterations, encodes a subunit of RNA
Polymerase |l and may contribute to transcriptional dysregulation that can drive
malignant phenotypes (Fanciulli et al. 2000). The nearby TAF6 gene, similarly
activated, encodes a component of the TFIID complex, which is known to initiate
transcription by RNA polymerase Il (Albright & Tjian 2000; Green 2000). This complex
can act as a co-activator for upstream DNA binding transcription factors and recognizes
the core promoter elements of a number of cancer-associated genes including P53,
JUN, CCND1, GADD45, and P21 (Green 2000; Lu & Levine 1995; Thut et al. 1995; Bell
& Tora 1999). The capacity of TAF6 to regulate genes governing a variety of key
cellular processes also makes it an attractive oncogene candidate.

Further validation of expression results for the FTSJ2, NUDT1, TAF6, and POLR2J
genes was undertaken in a panel of ten fresh-frozen NSCLC and matched normal lung

clinical samples. FTSJ2 and NUDT1 showed higher expression in all ten tumour
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samples (compared to matched normal tissue), with six samples having fold changes
22. TAF6 and POLR2J showed higher expression in nine tumour samples compared to
the matched normal tissue, with two samples having at least double the expression in
tumours. All genes were significantly over-expressed relative to normal by a one-tailed
Wilcoxon sign-rank test (p < 0.01) (Figure 4.3). This clear activation of putative
oncogenes other than EGFR and MET supports the conclusion that lung
tumourigenesis is driven by several distinct genome loci on chromosome 7. The fact
that this was made clear by integration of genomic and gene expression data
demonstrates the utility of moving beyond uni-dimensional analysis to identify key

genes driving cancer processes.
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Table 4.1 — Amplified and overexpressed genes within regions of recurrent

genomic gain on chromosome 7 in NSCLC cell lines."

Genes amplified

Region? Base pair Chromosome | Size # of Cell lines with
egion . Lo and
position band Mbp | genes amplification
overexpressed
HCC2279,
telomere - HCC193,
1 6162 500 7p22.3 - 7p22.1 ~6 40 HCC1833, FTSJ2, NUDT1
R HCC1195,
H2122
HCC461,
HCC4006,
H2087, H2009, YKT6, TNS3,
H358, H2122,
H1229, H1650, | FIGNL1, EGFR,
H3255, ’ | LANCL2, ECOP,
16,296,094 - - i FKBP9,
2 57 693,752 7p15.3 - 7p11.2 41 164 HCC827, MRPS17, GBAS,
HCC2279,
PSPH, CCT6A,
HCC193,
SUMF2,
H1993, CHCHD2
HCC78,
H1819, H157,
HCC95
60,748,436 - 7911.1 - 5
3 66,207,032 7q11.21 541 18 | none N/A
HCC193,
71745312 - HCC1195,
4 75.078.128 7911.23 ~3.5 41 H358, H1819, DKFZP434A0131
H1229
G10, PTCD1,
ZNF38, ZNF3
HCC95 ! ;
97,643,752 - - ’ COPS6, MCM?7,
5 101,681,248 79221 4 75 :;02121 9:1’ 003 | TAF6, TSC22D4,
’ MOSPD3, GNB2,
AP1S1, POLR2J
156,267,184 - - HCC336,
6 158 524,992 7936.3 221 6 Icc193 none

12 Regions according to Garnis et al (2006).
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Figure 4.1 — Representative genomic alterations within chromosome 7. A. and B.
show aCGH profiles. Normalized log, signal intensity ratios were plotted using SeeGH
software. A log ratio of O represents equivalent copy number between the sample and
reference DNA. Vertical lines denote log ratios from +1, +0.5, 0, -0.5, and 1, with copy
number increases on the left and copy number decreases on the right of the centre line.
Each black dot represents a single BAC clone. A. aCGH profile for two cell lines, one
with neutral and amplified copy number status for the EGFR locus. B. aCGH profile for
two cell lines, one with neutral and amplified copy number status for the NUDT1 locus.
gPCR results are seen in C. and D. Fold-change expression levels were calculated for
cell lines with amplified (in red) and neutral copy (in blue) number status of the EGFR
locus C. and NUDT1 locus D. compared to a pooled normal lung cDNA reference
sample. All samples were 18S-normalized and fold change calculations were

performed using the 9-AddCt

method. Significant Mann-Whitney U test p-values (< 0.05)
indicate that the expression of EGFR and NUDTI is significantly different in cell lines
with amplification compared to those with neutral copy number. Fold-change values are

listed on the vertical axis and sample names are listed on the horizontal axis.
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Figure 4.2

100% 95% 95%
90%
80%
70%
60%

50% |45% 45%

40%

30%

20%

% of samples with = 2 fold expression
compared to normal bronchial epithelial cells (NHBE)

10%

0%
3

\w&xbcyoq&&oq@o@\x@@&o}@&@@%@«@oon)q,mc,«,@
O FTEEINEOF & FS K XYL N FE OO
COQGROCES “’4‘&3 (’Qé’<§<}\go,v§ VO E T R

A

7p22.3- 7p15.3-7p11.2 7q11.1-  7q11.23 7q22.1 7936
7p22.1 7q11.21

Figure 4.2 — Validation of amplified and over-expressed genes from candidate
regions in a separate cohort of 111 NSCLC clinical tumours. The expression for
the 28 genes from the six candidate regions which were amplified and over-expressed
in the 30 NSCLC cell lines (Table 4.1) was assessed in a separate panel of 111 clinical
NSCLC tumours to determine their relative expression compared to normal bronchial
epithelial (NHBE) cells. Each candidate region is labelled according to its position on
chromosome 7 and identified by an individual color. The respective genes from these
regions which are amplified and over-expressed are presented as a histogram and
color coded to match the respective region in which they are located. The percent of
samples (n=111) in which each gene is = 2 fold over-expressed compared to NHBE
cells is presented. The red line depicts the cut-off of 45% of samples which was

determined to be significant.
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Figure 4.3
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Figure 4.3 — RT-gPCR results of candidate oncogenes in ten matched
tumour/normal clinical samples. 78S-normalized cycle threshold values for the
matched normal and tumour sample were used to calculate fold change values using
the 229t method. The results of a one-tailed Wilcoxon sign-rank test show that expres-
sion of FTSJ2, NUDT1, TAF6, and POLR2J is significantly different between matched
tumour and normal samples (p < 0.05). Fold-change values are listed on the vertical
axis. Fold-change values >5 are shown on the top of the graph above a hatch mark.

Sample numbers are listed on the horizontal axis.
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5. DEFINING GENOMIC ALTERATION BOUNDARIES FOR A COMBINED SMALL
CELL AND NON-SMALL CELL LUNG CARCINOMA®

5.1.Introduction

Because pulmonary metastases and multiple independent primary tumors will be staged
and managed differently, determining the clonal relationship between multiple tumors
found in the same patient is essential. In clinical practice, the relationship between such
tumors may be defined by their location and morphologic features (Martini & Melamed
1975). Unfortunately, histopathological criteria may not be adequate to determine
clonality with sufficient certainty. Tumors that exhibit similar histology may not easily be
defined as independent or related. Moreover, it is possible that different cancer
subtypes arise from the same progenitor cell, suggesting that it may not be appropriate
to use a default diagnosis of multiple primary tumors where subtypes differ (Petersen &
Petersen 2001).

A small cell lung carcinoma (SCLC) that contains histologically distinct areas of one or
more types of non-small cell carcinoma is called a combined tumor. The non-small cell
component could be adenocarcinoma (AC), squamous carcinoma (SQ), large cell
carcinoma (LC) or large cell neuroendocrine carcinoma (LCNEC). Although combined
tumors are rare, multiple synchronous and metachronous lung cancers are encountered
more frequently, especially with the current use of highly sensitive spiral computed
tomography (CT) for early detection of lung cancer. Clonal relationships between
components of combined tumors involving SCLC have been investigated using
techniques that assess allelic genomic imbalances and/or oncogenic mutations
commonly found in lung cancer (Huang et al. 2002; Murase et al. 2003; Fellegara et al.
2008; D'Adda et al. 2008). However, these techniques can only assess imbalanced
losses at a limited number of chromosomal loci, providing very low resolution of

genomic alteration that occurs within the tumor cell genome.

13 A version of this chapter has been published: Buys TPH, Aviel-Ronen S, Waddell TK, Lam WL, and Tsao MS.
(2009) “Defining genomic alteration boundaries for a combined small cell and non-small cell lung carcinoma” Journal
of Thoracic Oncology, 4(2):227-39.
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Characterizing the boundaries of genomic alteration for these combined tumors may
provide some insight into the origin and clonal evolution of multiple histologically distinct
tumors. Genomic alterations shared among different histological components may
represent features that characterize the cancer “stem/progenitor” cells of the tumor.
These genomic changes could possibly account for shared tumor phenotype, such as

resistance and may represent what should be the true targets of therapy.

The advent of high-resolution genome profiling technologies represents a powerful tool
for defining the clonal relationship between tumors arising in a single patient. Recent
reports have demonstrated the utility of array comparative genomic hybridization (CGH)
in establishing the relationship between tumors in such cases, including a survey of
multiple lung tumors from three different patients (Gallegos Ruiz et al. 2007) In this
report, we have applied a similar strategy to defining the relationship between a
combined lung cancer with at least three histological components: SCLC, AC, and
LCNEC. In addition, the SCLC demonstrated two components that are distinguishable
by their divergent immunohistochemistry phenotypes. Based on a tiling-path platform
comprised of overlapping elements that span the human genome, we have fine mapped
boundaries for segmental DNA alterations in each of these component tumors, using
the presence of identical genomic breakpoints between tumors as signature markers for

shared clonal origin.

5.1.1. Case report

A 71-year old man developed pain in his neck, leading to chest x-ray and CT studies
that showed a right upper lobe lung mass. A CT-guided fine needle aspiration biopsy
showed non-small cell lung cancer. He smoked 1-1.5 packs per day for 27 years until
quitting 14 years before presentation. Extra-thoracic staging investigation with
abdominal ultrasound showed multiple echogenic nodules in the liver, but similar
findings were noted 18 months earlier and CT scan evaluation of one of these lesions
was felt to be a hemangioma. The patient was also noted to have a right adrenal
myelolipoma both 18 months earlier and at staging investigation. Although a bone scan

showed a small focus of activity in the mid-cervical spine on the left side, it was felt to
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be non-specific and head CT was normal. Following negative frozen section evaluation
of mediastinal lymph node biopsies, a right upper lobe lobectomy was performed. The
patient’s post-operative course was complicated by pneumonia that required outpatient
antibiotic treatment. Based on the pathology report, post-operative adjuvant
chemotherapy was recommended, however prior to initiating treatment, re-staging
examinations demonstrated metastatic spread to the sternum and to the liver. A
destructive bone lesion was identified in the mid-manubrium, which clearly had not been
present prior to surgery just a few weeks earlier. Similarly, the appearance of the liver
changed dramatically, as he developed liver function test abnormalities. Chemotherapy
with carboplatin and etoposide resulted in some symptomatic response but disease
progression of the metastases by imaging. The metastatic deposits have not been

biopsied to evaluate which of the tumor components has metastasized.
5.2. Materials and methods

5.2.1. Immunohistochemistry

Immunohistochemistry studies were performed using the Benchmark automated
immunohistochemistry equipment (Ventana Medical System, Tucson, AZ). Pre-diluted
antibodies (Ventana) for TTF-1, chromogranin-A, synaptophysin, and p53 were used.
Cytokeratin 7 (Dako Canada, Mississauga, ON), CD56 (Zymed Laboratories, South San
Francisco, CA) and p63 (Vector Laboratories, Burlingame, CA) were used at 1:2000,
1:100, and 1:50 dilutions. Microwave heat pre-treatment was performed for TTF-1,
CD56, synaptophysin, p53, and p63, while protease and no pre-treatment were done for

cytokeratin 7 and chromogranin-A, respectively.

5.2.2. DNA extraction

Tumor and matched normal (non-cancerous) lung tissue samples were obtained at the
resection specimen. Individual tumor samples were cored from specific areas identified
from corresponding sections stained by hematoxylin-eosin and immunohistochemistry,
using the 1.5 mm coring needles of Tissue Arrayer (Beecher Instruments, Sun Prairie,

WI). Tissue cores were obtained for DNA extraction following histopathological review
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of a hematoxylin-and-eosin stained reference slide. DNA was extracted by a standard
phenol:chloroform protocol. Briefly, deparaffinised tissue cores were digested overnight
with Proteinase K in a buffer containing 10 mM Tris-HCI (pH 8), 1 mM EDTA, 0.5%
SDS, and 50 mM NaCl. Subsequent treatment with RNase A was followed by
extraction with a phenol:chloroform mixture, ethanol precipitation, and re-suspension in
H>O. DNA concentrations were determined using an ND-1000 Spectrophotometer

(Thermo Scientific, Wilmington, DE).

5.2.3. Whole genome tiling-path array CGH

The SMRTr array, comprised of 26,363 overlapping elements, was manufactured at the
British Columbia Cancer Agency, as previously described (Watson et al. 2007)
Separate genome profiles were generated for each tumor subcomponent, as well as for
matched normal tissue. Briefly, 400 ng of patient DNA and 400 ng of individual male
genomic reference DNA were labelled with cyanine-3 and cyanine-5 dyes respectively
(Garnis et al. 2003). DNA probes were then pooled and unincorporated nucleotides
were removed with a YM-30 Microcon centrifugation tube (Millipore, Etobicoke, ON).
One hundred pg of Cot-1 DNA (Invitrogen, Carlsbad, CA) was then added and the
entire mixture was precipitated. This material was then re-suspended in a 45 pl cocktail
consisting of DIG Easy hybridization solution (Roche, Mississaga, ON), sheared herring
sperm DNA (Sigma-Aldrich, Oakville, ON), and yeast tRNA (Calbiochem, Mississaga,
ON). Probe denaturing and blocking steps were then carried out at 85°C and 45°C for
10 minutes and for one hour respectively. The probe mixture was then applied to the
surface of the SMRTr arrays, coverslips were affixed, and arrays were incubated at
45°C for 36-40 hours. Post-incubation, slides underwent five agitating washes in 0.1X
saline sodium citrate, 0.1% SDS at 45°C (each wash ~5 min). Rinses with 0.1X SSC
followed, then drying by centrifugation. The patient blood DNA sample was also

hybridized against the same individual male genomic reference sample.

5.2.4. Sample imaging and data analysis

Array images were obtained with a CCD camera system and analyzed with SoftWoRx

Tracker Spot Analysis software (Applied Precision, Issaquah, WA). Experimental bias
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due to the array platform and the use of archived tissue specimens were normalized as
previously described (Khojasteh et al. 2005; Chi et al. 2008). SeeGH software was
used to plot log2 signal intensity ratios for each clone on the array against chromosomal
position (Chi et al. 2008). BAC array data were filtered from analysis where standard
deviations between replicate spots were >0.1 or signal-to-noise ratios were <3.
Consensus values from replicate analyses using the aCGH-Smooth segmentation
algorithm were used to facilitate definition of genome breakpoint boundaries (Jong et al.
2004). Alterations associated with normal (non-cancerous) tissue were excluded from
analysis. Array CGH data have been made publicly available through the System for
Integrative Genomic Microarray Analysis (SIGMA) resource (http://sigma.bccrc.ca)
(Chari et al. 2006).

5.3.Results

5.3.1. Tumor histopathology

The right upper lobe showed a 4.5 cm tumor with at least three histologically different
tumor areas. The predominant component (estimated at 60%) was a large cell
carcinoma with focal trabecular and insular growth pattern (Figure 5.1A), prominent
necrosis (Figure 5.1B), >10/10 high power field mitotic count and high percentage areas
of tumor cells showing membranous staining for CD56 (Figure 5.1C) but negative
staining for chromogranin-A and synaptophysin. Despite the negative staining for the
two latter markers, the histology and CD56 expression were consistent with a LCNEC.
Approximately 25% of the tumor was a mixed type moderately differentiated AC with
predominantly papillary and acinar patterns (Figure 5.1D). The remaining tumor
showed a SC carcinoma histopathology with scant cytoplasm, hyperchromatic nuclei,
and inconspicuous nucleoli (Figure 5.1E and 1F). In addition, this SC tumor showed
two areas that were distinguished by only focally positive chromogranin-A (Chr)/CD56+
(SC1, Figure 5.1G) and chr+/CD56- (Figure 5.1H) immunoprofiles. The
immunophenotypes of the various tumor components are detailed in Table 5.1. With

mediastinal lymph node stations 2R, 4R, 4L, 7, and 11 being negative for malignancy,
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the tumor was pathologically staged as pT2NOMx with prominent lymphatic and

vascular invasion.

5.3.2. Comparative genomic profiles

Several segmental DNA changes were detected for the AC, LCNEC, and each SC
component (SC1, SC2) (Table 5.2, Supplementary Figure 5.1™). Genome alterations
previously associated with each lung tumor subtype were observed, including loss
within chromosome 13q that has been associated with LCNEC tumor and gains within
chromosome 5p and losses encompassing 17p in SCLC (both SC1 and SC2) (Ullmann
et al. 1998; Ullmann et al. 2001; Balsara & Testa 2002; Peng et al. 2005). Alterations
commonly associated with AC included gains within chromosome 7p (including EGFR)
and 17q, as well as loss within chromosome 3p (Choi et al. 2006). Also noted were
alterations with different boundaries seen in different tumors, yet encompassing similar
genomic loci. The 1921.2-g41 region was gained in both the LCNEC and SCLC
components, the former having a segmental gain within the chromosome arm and the
other tumors harboring whole arm gains. Similarly, both the LCNEC and AC tumors
appear to have acquired additional copies of the MYC oncogene at chromosome
8g24.21, with the former having a focal amplification in a broader segmental gain
spanning this gene and the latter having a more narrowly defined segmental gain
(Figure 5.2A).

Identical genomic alterations in multiple tumor types, specifically, SC1 and SC2 shared
multiple whole chromosome arm changes, including gain of chromosome arms 1q and
5p, loss of chromosome arm 15q and multiple intra-chromosomal breakpoints. The
latter included an identical breakpoint within chromosome band 13g21.33, with both
tumors showing a loss from 13q11-921.33 and a gain from 13921.33-q34 (Figure 5.2B).
A fragile site for this specific genomic region has not been reported previously (Durkin &
Glover 2007; Lukusa & Fryns 2007). Furthermore, this alteration boundary was not
observed in any tiling-path array CGH profiles for lung cancer cell lines (Coe &

Lockwood et al. 2006; Garnis et al. 2006) and has not been reported even at low

Al supplementary data for this manuscript may be found at the journal website (http://www.jto.org).
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frequency in other high resolution analyses of lung tumor genomes (Choi et al. 2006;
Kim et al. 2005; Peng et al. 2005; Shibata et al. 2005; Tonon et al. 2005; Weir et al.
2007).

Molecular alterations in SC1 and SC2 were not completely identical, as differences
between these tumors were observed at other genomic loci. Analysis of both individual
profiles for SC1 (Chr-/CD56+) and SC2 (Chr+/CD56-) and a direct comparative
hybridization between these two tumors confirmed a 20p deletion specific to the SC1
tumor (Figure 5.2C). Gene copy number changes at CHGA (chromogranin-A) or
NCAM1 (CD56) were not observed for either SCLC subcomponent.

5.4.Discussion

Many of the genome alterations observed in this case matched previously described
changes associated with specific lung cancer histologies. Those genes altered in
multiple tumors from the same individual may represent changes that are essential to
lung tumorigenesis, regardless of disease subtype. Where alterations with different
boundaries spanned the same genomic regions, independent activation of these
regions can be inferred. This suggests that genes in these regions may be necessary
factors for lung cancer initiation in general. In this case, gain at chromosome 1921.2-
g41 in the LCNEC, SC1, and SC2 components suggested independent activation of
several genes, including the putative oncogene KIF14, which has previously been
implicated in a variety of cancer types (Corson et al. 2005; Corson et al. 2007). The
MYC oncogene appears to have undergone similar independent activation in the AC
and LCNEC tumors.

The fine mapping of alteration boundaries afforded by our high-resolution genome
analysis also revealed identical alterations for the SCLC components of this case.

Given the precise similarity of these alteration boundaries, their lack of association with
previously described genome fragile sites, and their rarity in previously undertaken
genome analyses of lung cancer cells, it is quite possible that the identical chromosomal
rearrangements found in these tumors represent an early evolution from a common

tumor stem/progenitor cell. Changes such as deletion of chromosome 20p in SC1 but
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not in SC2 would then be indicative of subsequent clonal divergence. While
morphologic features are limited for evaluating the relationship between SC1 and SC2,
the genomic data are salient with respect to confirming the clonal relationship between

these lesions.

Taken together, our results suggest that this patient had multiple primary tumors with
divergent clonal evolution. Based on alterations seen in SC1 and SC2 and the fact that
the LCNEC and adenocarcinoma components harbored several alterations not
observed in the other tumors, we deduced a clonal relationship between tumors that is
depicted in Figure 5.2D. This case demonstrates the potential utility of using DNA
alteration boundaries as a means of classifying tumor relationships. Ultimately,
integration of our data with global analysis of DNA sequence changes or epigenetic
alterations for these same tumors could yield even further insights into the clonal
relationship between these tumors (Sjoblom 2008; Wilson et al. 2006). With
standardized approaches to sample handling and data analysis, high resolution genome
profiling technologies may be reasonably adapted to a clinical setting where they could

have a significant impact on diagnosis and possibly on patient care.
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Figure 5.1 — Microscopic features of a combined carcinoma. A. Bordering area of
large cell neuroendocrine carcinoma (LCNEC) and adenocarcinoma components. B.
Higher magnification of LCNEC showing focal necrosis. C. CD56+ membranous
immunostaining for LCNEC tumor cells. D. Adenocarcinoma component with papillary
and acinar features. E.-H. Small cell carcinoma component of combined tumor with two
areas distinguished by their expression of CD56 and chromogranin-A (Chr). SC1 area
showed negative or focal chromogranin-A staining (H.) and strong membranous CD56
staining (G.), while SC2 was chromogranin-A positive (H.) but CD56 negative (G.).
(Magnifications: A. and E., x25; B., C., and F., x200; D., x100; A., B., C., D., F.

Staining: hematoxylin and eosin; C., G., H.: immunohistochemistry).
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Figure 5.1
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Figure 5.2 — Comparison of genomic alterations between subcomponents of a
combined carcinoma. Each clone on the array CGH platform is represented at its
known chromosomal position by a small dark blue line. For each array experiment, the
signal intensity ratio at each clone is plotted on a log2 scale along the horizontal axis.
Vertical lines show log2 signal intensity ratios from -1.0 (green line) to +1.0 (red line),
with unchanged regions falling along the zero line (purple), green shading marking
regions of segmental genomic loss, and red shading marking regions of segmental gain.
A. Two tumors harbored additional copies of the MYC oncogene: a focal amplification
spanning this gene was seen for the LCNEC component while a lower level segmental
gain was seen for the AC tumor. B. An example of a chromosomal breakpoint shared
by SC1 and SC2. Neither the AC nor LCNEC components exhibited this alteration
boundary within 13g21.33. C. The alterations status of chromosome 20 was different
between SC1 and SC2, suggesting ongoing evolution. The first two karyograms show
genome profiles generated by comparison of tumor and reference DNA and are
annotated as in parts A. and B. The third karyogram (within the gray box) shows the
results of a direct competitive hybridization experiment between SC1 and SC2. As
above, where clones are positioned along the zero line (purple), equivalent copy
number between the two samples is inferred. Where log2<0, it suggests increased
DNA copy number for SC2 relative to SC1 (green shading). Where log2>0, the reverse
may be inferred. D. A putative clonal relationship of genetically distinct tumor types in
this combined carcinoma. Tumors could have arisen from different normal airway

progenitor cells that might be pleuripotent or lineage-defined.
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Figure 5.2
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Table 5.1 — Immunophenotypes of tumor components studied by array CGH.

LCNEC AD SC1 SC2
CK7 + + + +
TTF-1 + + + +
CD56 + - + -
Chromogranin-A - - Focal +
Synaptophysin - - - +
P63 - - - -
P53 + - - -

LCNEC, large cell neuroendocrine carcinoma; AD, adenocarcinoma, SC, small cell

carcinoma.
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Table 5.2 — Summary of genome alterations identified for each tumor component.

Tumor Shared alterations Independent alterations
component
AC None identified Gain of 4p14-p13, 5p15.33, 6p22.2-
21.2,6922.33-923.3, 6927, 7p21.3-
p11.2, 8924.13-q24.21, 16p13.3-
p13.2, 17912-925.3, 20q13.2,
20913.33, 22q11.21-913.33
Loss of 3p26.3-p22.1, 4p16.1-p15.1,
8p23.1, 9p24.3-933.1, 11p15.4,
13933.1-q34
LCNEC None identified Gain of 19g21.2-g41, 8p12-g24.3,
10p15.3-p11.23
Loss of 3912.3-q21.3, 6g12-927,
8p23.3-p12, 13931.1-q34, 16923.1-
q23.3, 17p13.2-p12
SC1 (Chr-/ | Gain of 1921.1-g44*, Gain of 16p13.3-p11.2, 20q11.23-q12,
CD56+) 5p15.33-p12*, 6p25.3- 20913.32-q13.33
p21.2, 7p22.2-p14.1,
13921.33-q34
Loss of 13g11-g21.33, Loss of 4931.3, 20p13-p11.21,
15911.1-q26.3* 17p13.2-p11.2*
SC2 (Chr+/ | Gain of 1921.1-g44*, Gain of 20p13-q13.33*
CD56-) 5p15.33-p12*, 6p25.3-

p21.2, 7p22.2-p14.1,
13¢21.33-q34

Loss of 13g11-g21.33,
15911.1-q26.3*

Loss of 10q11.1-926.3, 12q12,
21q11.1-q11.2, 22q11.21-q13.33,
17p13.2-g21.31

*Denotes whole chromosome arm or whole chromosome change.
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6. Defining clonal relationships and evaluating clonal evolution™

6.1.Introduction

Resistance to chemotherapy is a major barrier to effective treatment for many cancer
types. Resistance mechanisms may either act directly against a drug (e.g. limiting
intracellular drug accumulation, increasing drug detoxification, or failing to convert drug
precursors into their active form) or act by compensating for drug-induced effects (e.g.
altering amounts or activities of drug targets, activating analogous pathways not
targeted by drugs, or increasing DNA repair and anti-apoptotic signalling) (Yasui et al.
2004). Where multiple drugs are used to treat a tumor, multidrug resistance (MDR) may
arise — sometimes by activation of a single gene (Szakacs et al. 2006). In order to
develop effective treatment strategies for the clinic, it is necessary to understand

mechanisms of chemoresistance (Leonard et al. 2003).

Cell models such as the NCI-60 cell lines have been the in vitro platform for identifying
drug resistance factors. Exposure of cell cultures to chemotherapeutic agents has led
to the identification of genes that confer resistance by virtue of their increased gene
dosage and expression level. Classic examples of gene discovery include P-
glycoprotein (ABCB1), multidrug resistance-associated protein 1 (ABCC7), and
dihydrofolate reductase (DHFR) (Alt et al. 1978; Cole et al. 1992; Juliano & Ling 1976).

Previously, Bradley et al. characterized DNA copy number and expression changes of
ABCBT1 in a series of vincristine-selected SKOV3 ovarian adenocarcinoma cell line
derivatives (SKVCRs) (Bradley et al. 1989). These SKVCR lines, derived in series
through exposure to increasing amounts of drug, exhibited escalating resistance to a
broad variety of therapeutic agents, including vincristine, vinblastine, adriamycin, and
colchicine, demonstrating a clear MDR phenotype. Increases in ABCB1 expression at

both mRNA and protein levels were observed with increasing resistance, with

'8 A version of this chapter has been published: Buys TPH, Chari R, Lee EHL, Zhang M, MacAulay C, Lam S, Lam
WL, Ling V. (2007) “Genetic changes in the evolution of multidrug resistance for cultured human ovarian cancer cells”
Genes, Chromosomes & Cancer, 46:1069-1079.
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concurrent gene amplification detected in the more resistant lines. Significantly, ABCB1
expression increases were observed prior to gene amplification and increases in
ABCB1 protein levels were seen without concurrent spikes in transcript levels,
suggesting complex activation of the MDR phenotype. Moreover, low level MDR was
observed prior to marked increases in ABCB1 expression, suggesting alternative

mechanisms contributing to the resistance phenotype (Bradley et al. 1989).

In this study we used an integrative approach to track global genomic and gene
expression changes that parallel the escalation of the MDR phenotype in SKVCRs. Our
results suggest that not only might multiple genes play a role in driving ABCB1-
mediated resistance, but also that the MDR phenotype may in fact emerge in these

lines through activation of resistance genes that function independently of ABCB1.
6.2. Materials and methods

6.2.1. Cell culture, DNA and RNA isolation

Vincristine-resistant derivatives of the ovarian adenocarcinoma cell line SKOV3
(SKVCRs) were previously described (Bradley et al. 1989). No mutagens were used to
derive resistant sublines. All cells were routinely maintained in a-MEM medium with
15% fetal calf serum and grown at 37°C in humidified atmosphere containing 5% CO..
All SKVCR lines were passaged four times in the presence of maximum tolerable drug
concentration (at 0, 0.015, 0.10, 0.25 or 2.0 ug/ml vincristine for SKOV3, SKVCR 0.015,
SKVCR 0.10, SKVCR 0.25, and SKVCR 2.0, respectively) prior to harvesting for DNA
and RNA extraction. Cell pellets were resuspended in a DNA lysis buffer (10 mM Tris-
HCI, pH7.5, 50 mM NaCl, 1 mM EDTA, 0.5% SDS) and digested with Proteinase K
(Invitrogen) at 55°C for 48 hours. DNA extraction and RNase-treatment were performed
as previously described (Garnis et al., 2003). DNA quantities were determined using an
ND-1000 Spectrophotometer (Nanodrop). RNA was extracted from isolated cells using

the RNeasy Mini Kit (Qiagen) and re-dissolved in RNase-free water.

6.2.2. Gene expression profiling

The SKOV3 and SKVCR 2.0 cell lines were profiled using the Affymetrix Human
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Genome U133 Plus 2.0 microarray at the McGill University Genome Quebec Innovation
Centre. Briefly, this array allows the simultaneous analysis of >47,000 different
transcripts. The data were then processed and normalized using the Microarray Suite
5.0 (MASS) algorithm and mean scale normalized prior to further differential analysis,
with the “control” group comprised of two samples of SKOV3 and the “treated” group
comprised of two samples of SKVCR 2.0. To determine which changes were
significant, a standard two fold change between the control group mean and treated
group mean was used. In addition, the difference between the control and the treated
group means was required to exceed 100, and the call measurement for the given
probe had to be present (“P”) in at least 1 of the 4 samples. 5,569 probesets met these
stringent criteria (see Supplementary Table 6.1)'. Heat maps of log2 transformed gene
expression array data were generated using Genesis software (Sturn et al. 2002).
Gene expression microarray results have been made publicly available at the NCBI

Gene Expression Omnibus (Accession No. GSE7556).

6.2.3. Whole genome tiling-path array CGH

Segmental DNA copy number status was assessed for the SKOV3 genome and the
genomes of its SKVCR derivative lines by array CGH. Tiling-path CGH arrays were
manufactured at the British Columbia Cancer Research Centre. Each array is
comprised of >32,000 overlapping BAC clones, spotted in triplicate, that span the entire
human genome (Ishkanian et al. 2004). Array CGH experiments were undertaken as
previously described (Garnis et al. 2004). 400 ng each of test and reference genomic
DNA (Novagen) were differentially labelled with cyanine-5 and cyanine-3 dye
respectively, using a random priming protocol. Unincorporated nucleotides were
removed using ProbeQuant Sephadex G-50 Columns (Amersham). The sample
mixture was co-precipitated with 200 ug of Cot-1 DNA (Invitrogen), resuspended in a 90
Ml cocktail consisting of DIG Easy hybridization solution (Roche), sheared herring sperm
DNA (Sigma-Aldrich), and yeast tRNA (Calbiochem), denatured at 85°C for 10 min,
followed by a 1 hour incubation at 45°C, and hybridized to the array at 45°C for 36

% All supplementary data from this manuscript may be found at the journal website
(http://lwww3.interscience.wiley.com/journal/38250/home ).
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hours. Slides were washed in 0.1X saline sodium citrate (SSC), 0.1% SDS solution at
room temperature five times for 5 min each, rinsed with 0.1X SSC, and then dried by
centrifugation. Arrays were imaged using a CCD-based imaging system (Arrayworx
eAuto, Applied Precision) and analyzed using SoftWoRx Tracker Spot Analysis
software. A normalization framework was applied to detect and correct any systematic
platform bias (Khojasteh et al. 2005). Spot data were visualized in a karyogram format
using SeeGH software (Chi et al. 2004). Data filtering and breakpoint identification was
performed as previously described, with replicate clones having standard deviations
>0.075 and signal-to-noise ratios <3 excluded from the raw data (Baldwin et al. 2005).
Alteration status for each BAC clone and genomic breakpoint boundaries were defined
by aCGH-Smooth software (Lambda = 6.75, Maximum number of breakpoints per
chromosome = 100, and Minimum difference between levels = 0.075. Default program
settings were used for all other parameters.) (Coe et al. 2006; Jong et al. 2004). Clones
with non-informative values (i.e. those filtered out with the above criteria) had their
alteration status inferred by neighbouring clones. Array CGH data for all profiled
samples have been made publicly available through the System for Integrative Genomic
Microarray Analysis (SIGMA) on-line resource (http://sigma.bccrc.ca) (Chari &
Lockwood et al. 2006).

6.2.4. Semi-quantitative reverse-transcriptase-PCR

Expression levels of genes of interest were determined by reverse-transcriptase PCR
(RT-PCR) using gene-specific primers. cDNA was synthesized for SKOV3 and all
SKVCR sublines using SuperScript || Reverse Transcriptase (Invitrogen). Table 6.1
summarizes the sequences of primers used in this study. PCR cycle conditions were as
follows: denaturation for 1 min at 95°C, followed by 30-35 cycles of (30 seconds at
95°C, 30 seconds at specified annealing temperature for a given gene, 1 min at 72°C),
and a 10 min extension at 72°C. RT-PCR products were resolved by polyacrylamide
gel electrophoresis, imaged by SYBR green staining (Roche) on a Molecular Dynamics
Storm Phosphoimager model 860 and quantified using ImageQuant software (Molecular

Dynamics). B-actin levels were used for normalization between samples.
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6.2.5. Analysis of pathway activation

Gene lists were generated based on differential analysis of genomic and gene
expression data from SKOV3 and SKVCR cell lines. Functional annotation and
differential pathway activation between drug sensitive (SKOV3) and highly resistant
(SKVCR 2.0) lines was determined for genes identified in Supplementary Table 6.1 with
Ingenuity Pathway Analysis software (Ingenuity). Genomic status in SKVCR 2.0,
defined by the segmented array CGH data, was then established for activated pathway
members in order to determine the contribution of alterations at the DNA level to the

observed gene expression changes.
6.3. Results

6.3.1. High level genomic and gene expression differences between
parental line and MDR line SKVCR 2.0

Comparison of the parental vincristine-sensitive SKOV3 and the drug resistant SKVCR
2.0 gene expression profiles using the Affymetrix U133 2.0 Plus platform revealed
striking gene expression differences (Supplementary Table 6.1). The top 25 genes
overexpressed with resistance are listed in Figure 6.1. ABCB1 exhibited a marked
increase in transcript level for SKVCR 2.0, which is consistent with the pivotal role of
this gene in the MDR phenotype. Figure 6.1 shows that one third of genes highly over-
expressed in SKVCR 2.0 were ECM-associated factors, including FN7 (the most
differentially expressed gene observed), COL1A2, COL5A1, COL8A1, FLRT3, HAS2,
CSPG2, and THBST1.

To investigate if changes in gene dosage were a mechanism for the observed
overexpression, we compared the genomes of SKOV3 and SKVCR 2.0 by whole
genome tiling-path array CGH. Direct competitive hybridization of DNA samples of
these two lines revealed overall similarity in genomic profile, but also showed distinct
segmental DNA copy number differences (Figure 6.2). Both broad alterations spanning
multiple chromosome bands and focal sub-megabase alterations were detected.

ABCB1 gene amplification was evident, with the identification of a high level amplicon of
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<700 kb at 7g21.12. A second ABC transporter gene, ABCB4, was amongst the seven
genes within this amplicon. Examination of gene expression microarray data showed
that ABCB4 had elevated expression with increased resistance, though this difference
between SKOV3 and SKVCR 2.0 was less than the observed difference in ABCB1
expression (Supplementary Table 6.1). Besides ABCB1, of the differentially expressed
genes identified in Figure 6.1, CSPG2, THBS1, CDH13, and CYBA showed DNA copy

number gains with concurrent overexpression (Figure 6.2).

6.3.2. Global genomic analysis to identify disruption in gene networks

We next performed an unbiased global analysis of expression data for all genes defined
as differentially expressed between SKOV3 and SKVCR 2.0 (Supplementary Table 6.1).
Functional annotation of these genes and evaluation of gene network disruption — using
IPA software to assess concerted changes — revealed that the most highly activated
network in SKVCR 2.0 was comprised of ECM-associated factors. Specifically,
identified genes included those involved with ECM-mediated activation of tumor cell
invasion and cell proliferation processes (Table 6.2, Figure 6.3) (Adamia et al. 2005;
Poon et al. 2004; Tringler et al. 2005; Wu et al. 2005).

We then examined if there were genetic bases for the disruption of this gene network.
Segmental genomic gains and losses were defined for the SKVCR 2.0 versus SKOV3
tiling-path array CGH profile by the aCGH-Smooth algorithm (Coe et al. 2006; Jong et
al. 2004). All genomic data were then integrated with expression data for those genes
defined as differentially expressed between SKVCR 2.0 and SKOV3 (Supplementary
Table 6.2).

Our data show a correlation for genomic alterations in activating the ECM factors
described above, with approximately a third of the overexpressed ECM genes showing
increased DNA copy number in SKVCR 2.0 (Figure 6.2 and 6.3).

6.3.3. Characterization of genomic alterations in the escalation of

resistance by analyzing intermediate lines
DNA copy number status throughout the genomes of SKOV3 and its derivative lines of

147



increasing resistance (SKVCR 0.015, SKVCR 0.10, SKVCR 0.25, and SKVCR 2.0 —-
see Materials and Methods) were assessed by tiling-path array CGH. Approximately
5.6% (5.5% gains, 0.1% losses) of genomic alterations represented by BAC clones
were shared in all SKVCR lines and absent in SKOV3 (Supplementary Table 6.3). On
average, over two hundred segmental DNA copy number alterations were observed for

each cell line (Supplementary Table 6.4).

Seven of the ECM-associated genes described above were shown to reside within
segmental DNA gains across all SKVCR lines (Figure 6.3). Gene expression analysis
of five representative components of the ECM gene network by semi-quantitative RT-
PCR across all cell lines revealed overexpression at even the lowest level of resistance
(Figure 6.4). The expression levels of FN1, HAS2, THBS1, CSPG2, and CD44 were
increased in SKVCR 0.015 compared to the SKOV3 parental line. Greater expression

of these genes was observed across all the SKVCR derivative lines.

Significantly, we detected novel genomic alterations present only in SKVCR lines with
intermediate resistance levels. The most conspicuous of these alterations was a 1.79
Mb amplicon at 16p13 present in SKVCR 0.015 and SKVCR 0.10 that encompassed
the ABC transporter genes ABCC1 and ABCC6 (Figure 6.5A). The level of this
segmental copy number alteration was the highest detected for any lines in this study.
Semi-quantitative RT-PCR experiments confirmed the functional consequence of this
genetic event as these transporter genes were correspondingly overexpressed in
SKVCR 0.015 and SKVCR 0.10 cell populations relative to parental SKOV3, but not in
the more resistant SKVCR 0.25 and SKVCR 2.0 lines, which no longer contained
evidence of this amplicon (Figure 6.5C). In contrast, ABCB1 (and ABCB4) expression
escalated with increasing resistance, with high levels of expression observed for
SKVCR 0.25 and SKVCR 2.0, both of which harboured a 0.66 Mb amplicon at 7921.12
(Figures 6.5B and 6.5C). Only minimal ABCB1 expression was observed for SKOV3
and for the lines exhibiting “intermediate” levels of MDR (SKVCR 0.015 and SKVCR
0.10) (Supplementary Figure 6.2). This was consistent with previous reports of ABCB1

expression for these lines (Bradley et al. 1989).
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6.4.Discussion

6.4.1. Identification of factors complementing ABCB1-mediated MDR

Because ABCB1 activation was previously described as the major driving force behind
resistance in the SKVCR lines (Bradley et al. 1989), it is anticipated that ABCB71 would
be one of the most differentially expressed gene between these lines (Figure 6.1).
Notably, recent studies have implicated the contribution of ECM-associated genes in the
MDR phenotype (Adamia et al. 2005; Miletti-Gonzalez et al. 2005; Misra et al. 2005;
Poon et al. 2004; Shain & Dalton 2001; Toole 2004; Tringler et al. 2005; Wu et al.
2005). For example, it has been shown that CD44 and hyaluronan (product of the
HAS?2 gene) activate ABCB1, with overexpression of these genes demonstrated to
directly drive resistance mechanisms in vitro (Miletti-Gonzalez et al. 2005; Misra et al.
2005; Toole 2004). Overexpression of many ECM-associated genes is seen in our
results. It is possible that these ABCB1-activating factors in SKVCR 2.0 may act
synergistically with ABCB1 amplification to drive MDR in response to the extremely high
drug concentrations faced by SKVCR 2.0. Furthermore, additional factors known to
play an upstream role in invasion and/or activation of CD44/hyaluronan signalling were
detected by our gene expression profiling analysis to be overexpressed in SKVCR 2.0
(Figure 6.3) (Adamia et al. 2005; Poon et al. 2004; Ricciardelli & Rodgers 2006; Tringler
et al. 2005; Wu et al. 2005). Given the pronounced levels of expression increase we
observe for these factors, and their reported interactions with CD44 and hyaluronan,
these genes may also play a role in the activation of ABCB1-mediated MDR.
Interestingly, while high level gene amplification and overexpression appears to be the
process for activation of ABCB1, our integrated genomic and gene expression data
suggest that activation of the ECM-associated factors described above is characterized

by more subtle increases in gene dosage and expression.

6.4.2. Activation of ECM and invasion genes with emerging resistance

FN1 exhibits a significant change in expression between the vincristine-sensitive
SKOV3 and the resistant derivative SKVCR 2.0 (Figure 6.1). It has previously been
demonstrated that FN1 may contribute to drug resistance through cell adhesion-
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mediated drug resistance (CAM-DR) and that this phenotype is essential for cell survival
at the time of initial drug exposure (Shain & Dalton 2001; Hazlehurst et al. 2006). The
increase in FN1 expression we detected at even the lowest levels of resistance (SKVCR
0.015) (Figure 6.4) may suggest a role for FN1 in cell survival prior to the establishment
of resistance through ABCB1 amplification. In addition, we also observed
overexpression of other ECM factors such as CSPG2 beginning at the lowest level of
resistance (SKVCR 0.015) and continuing through the subsequent stages (Figure 6.4).
Moreover, our data showed genomic activation in this ECM-associated pathway at all
levels of resistance, including increased DNA copy number for FBLNZ2, ITGA3, MMP?2,
MMP15, MMP24, TIMP2, and TNC across all SKVCR lines (Figure 6.3). Although a
direct role of ECM disruption in drug resistance in for the SKVCR lines is unclear, these
genes have previously been reported in CAM-DR-based survival in response to drug
selection (Cattaruzza et al. 2004; Zheng et al. 2004).

6.4.3. Succession in ABC transporter-mediated resistance

Multiple ABC transporter genes have previously been implicated in drug resistance for
tumor cells. Given that amplification of the ABC transporter ABCB1 had been described
as contributing to MDR in the SKVCR cell lines, we decided to simultaneously track all
known ABC transporter genes for DNA copy number increase across all SKVCRs (Borst
& Elferink 2002; Frank et al. 2003; Stefkova et al. 2004; Uitto 2005). Besides ABCB1,
ABCB4, ABCC1, and ABCC6, no high level copy number changes were observed
(Supplementary Figure 6.1). As stated above, ABCB4 was a part of the amplicon at
7921.12 encompassing ABCB1 and exhibited increases in gene expression that
paralleled the behavior of its neighbor (Figure 6.5B and 6.5C). However, ABCB4 has
previously been shown to have minimal importance in resistance to mitotic inhibitors
(Duan et al. 2004), suggesting that it may in fact be a passenger alteration that arises

through selection for ABCB1 activation.

We also observed a prominent high level amplification on chromosome 16 found in both
SKVCR 0.015 and SKVCR 0.10 that encompassed multiple genes, including two ABC
transporters: ABCC1 and ABCC6 (Figure 6.5A). This was the largest genomic
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alteration observed for any of the cell lines in this study. ABCC1 has been implicated in
poor prognosis and drug resistance for numerous cancer types and numerous
chemotherapeutic agents (Kruh & Belinsky 2003). While ABCC6 has been shown to
transport organic anions and play a role in the heritable disorder pseudoxanthoma
elasticum (Uitto, 2005), its role in drug resistance is still being determined. Although
earlier work suggests that ABCC6 activation is a by-product of drug selection for
ABCC1 amplification (Kool et al. 1999), the discovery of drug substrates for ABCC6
bolsters its role as a potential mediator of the MDR phenotype (Belinsky et al. 2002;
Kruh & Belinsky 2003). Interestingly, ABCC6 has previously been implicated in
“intermediate” level drug resistance (Schmidt et al. 2003; Schmidt et al. 2004 ), which is
consistent with our findings in the SKVCR 0.015 and SKVCR 0.10 lines. Semi-
quantitative RT-PCR clearly showed overexpression of ABCC1 and ABCC6 (Figure
6.5C), confirming the biological significance of the observed amplifications of these

transporter genes.

The fact that the boundaries of this amplicon were identical between SKVCR 0.015 and
SKVCR 0.10 suggests that it did not arise independently in these lines, indicating that
this genetic alteration was preserved at and likely important to “intermediate” level MDR.
(The increased magnitude of this amplicon in SKVCR 0.10 may have been the result of
further amplification of the alteration already present in SKVCR 0.015.) The fact that
this alteration was not detected in the lines exhibiting higher levels of drug resistance
(SKVCR 0.25 and SKVCR 2.0), indicates that an alternative process — likely ABCB1
activation — was driving MDR at higher drug dosage. This suggests that a succession
of amplification-mediated mechanisms may regulate the MDR phenotype (specifically,

amplifications spanning different ABC transporters).

In conclusion, our data show that multiple genes — including different ABC transporter
genes — are activated with escalating vincristine resistance in SKOV3, suggesting that
the activation of the MDR phenotype is complex and multi-faceted. This is consistent
with earlier findings, including previous analysis of paclitaxel resistance for ovarian

cancer (Duan et al. 2006). Our finding that a specific segmental DNA alteration
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containing ABCC1 and ABCC6 is amplified and later displaced by an amplicon

spanning ABCB1 suggests that a population of cells is capable of evolving successive
drug resistance mechanisms. In light of this, therapeutic measures to address MDR as
a single-gene trait may need to be re-evaluated. Moreover, the sequential appearance
of these amplicons suggests that it may be useful to consider longitudinal monitoring of
genetic changes as part of disease management strategies for ovarian and other cancer
types. Without knowledge of alternate avenues to MDR, many cancer types will

continue to be intractable.
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Table 6.1 — Semi-quantitative RT-PCR conditions and gene primers.

Sequence serving

Gene as basis for MgCl, Annealing
name primers Forward primer Reverse primer (mM) |Cycles |T, (°C)
ABCB1 [NM_000927 ttgtccaaactgcctgtgaa ccaagaagaatgaagccaga |2 32 58
ABCB4 [NM_018850 cctcaaatcctectgtigga gtgccatgctecttgactct 1 45 56
HAS2 NM_005328 cctggatctcattcctcage gagatgcctgtcatcaccaa 1 35 56
THBS1 [NM_003246 gcaaagaaagccatgaggtc  |ctctttccgcttgatccaaa 1 45 52
FN1 NM_002026 ggtgccatgacaatggtgt gcaaatggcaccgagatatt 1 45 58
CSPG2 |NM_004385 ccagtgcagtccatttcctaa agcagccgaaccaatgatta 1 35 58
CD44 NM_000610 cattggccagatccattttc ggagtggcttgttgcettttc 1 45 51
B-actin - {NM_001101 gatgtggatcagcaagca gaaagggtgtaacgcaact 2 35 55
ABCC1 [NM_004996 gaagggacctggttggacta catcaatcatggtgggatca 2 45 58
ABCC6 [NM_001171 agatccacgcaggagagaag |ggatgatgctgatcctggag 1 40 58
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Figure 6.1

Fold
Probeset ID Gene Increase
216442 x_at FN1 2850.41
1557411_s_at LOC203427 977.37
209994 s_at ABCB1 706.56
209040_s_at PSMBS 546.72
202404 _s_at COL1A2 280.62
210119_at KCNJ15 248.07
231867 _at oDz2 247.82
205627 _at CDA 220.75
212488 _at COL5A1 220.75
239336 _at THBS1 220.48
226237 _at COL8A1 136.79
208131_s_at PTGIS 122.14
219250_s_at FLRT3 121.91 _
212942 _s_at KIAA1199 118.85 0 15
226851_at LYPLAL1 115.34 Increasing gene expression
221024 s at SLC2A10 115.13 (log2 scale)
211571_s_at CSPG2 114.09
209373_at BENE 113.30
203951 _at CNN1 102.70
209035_at MDK 99.07
206432_at HAS2 91.50
204726_at CDH13 90.47
203028_s_at CYBA 90.04
223294 at MGC874 87.86
202345 s_at FABP5 86.04

200801_x_at ACTB 0.99
201891 _s_at B2M 1.02

Figure 6.1 — Top 25 genes increased in expression for SKVCR 2.0 relative to
SKOV3. Data were from Affymetrix expression microarray profiling. Expression level
and fold change values were calculated for genes based on representative probesets
listed in this table. Genesis software was used to create colorimetric representations of
gene expression data, with greater intensity of the red color denoting increased
expression. Gene expression data for the housekeeping genes B-actin (ACTB) and [3-
2-microglobulin (B2M), which showed equivalent expression in all experiments, were

also included. All expression data included in the heat map were log2 transformed.

154



Figure 6.5
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Figure 6.2 — Whole genome SeeGH karyogram of array comparative genomic
hybridization of SKOV3 vs. SKVCR 2.0. Each BAC clone on the tiling-path array
CGH platform is represented as a black spot at its known chromosomal position.
Clones are plotted along the horizontal axis based on the log2 value of their signal
intensity ratios from the array experiment. Vertical lines show log2 signal intensity ratios
from -1 (green line) to 1 (red line), with copy number increases to the right and
decreases to the left of zero (purple line). A log2 signal ratio of zero represents
equivalent copy number between the hybridized samples. Where log2 > 0, it suggests
increased DNA copy number for SKVCR 2.0 relative to parental SKOV3. Where log2 <
0, the reverse is inferred. Vertical orange bars span alterations at ABCB1, THBS1,
CSPG2, CDH13, and CYBA with higher magnification images of these specific regions
also provided (regions of genomic gain within zoomed in image are highlighted in

yellow).
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Table 6.2 — Genes assessed for pathway activation in SKVCR 2.0.

Gene Gene Name Potential Oncogenic Functions
Symbol
A disintegrin-like and metalloproteinase . .
ADAMTST with thrombospondin type 1 motif, 1 Proliferation
CD44 CD44 antigen Migration, adhesion, proliferation, apoptosis, invasion, growth
COL18A1 Collagen, type XVIlI, alpha-1 Migration, proliferation, apoptosis, adhesion, invasion, growth
CSPG2 Versican Adhesion, apoptosis, attachement, growth, proliferation
EGR1 Early growth response 1 Apoptosis, growth, differentiation, proliferation, adhesion,
transformation
Excision-repair, complementing e )
ERCC1 defective, in chinese hamster, 1 Polyploidization, DNA repair
F3 Coagulation Factor Ill Migration, adhesion, apoptosis, cell death
FBLN1 Fibulin 1 Invasion
FBLN2 Fibulin 2 Invasion
FBN1 Fibrillin 1 Cell spreading, growth
FN1 Fibronectin 1 Migration, adhesion, cell spreading, apoptosis, proliferation, survival
FOS FBJ osteosarcoma virus T_ransfor_mgtlon, apoptosis, growth, proliferation, cell death, motility,
differentiation, cell cycle progression
FOSL2 FOS-related antigen 2 Differentiation, cell death, proliferation, cell cycle progression
FSTL1 Follistatin-like 1 Invasion
HAS2 Hyaluronan synthase 2 Invasion, growth, migration, transformation
ITGA3 Integrin, alpha 3 Adh95|oq, mlg!’atlon, _att_achment, cell spreading, survival, motility,
proliferation, differentiation
ITGB3 Integrin, beta 3 /-\dhespn, 'mlgr'atlon,' attachment, proliferation, cell spreading,
differentiation, invasion, survival
KCNIP3 Potassium channel-interacting protein 3 | Proliferation
LAMA4 Laminin, alpha 4 M|grat|qn, branc'hmg', adhesion, bln.dmg, alignment, development,
elongation, proliferation, degeneration
LAMP2 Lysosome-assomated membrane Attachment
protein 2
LOX Lysyl oxidase Growth, transformation, proliferation, attachment, invasion
LTBP1 Latent transforming growth factor-beta- Proliferation, differentiation, growth
binding protein 1
MMP15 Matrix metalloproteinase 15 quaswn_, growth, proliferation, adhesion, invasiveness, survival,
differentiation
MMP2 Matrix metalloproteinase 2 Invasion, migration, growth, proliferation, invasiveness, differentiation
MMP24 Matrix metalloproteinase 24 ‘Invas.lon, growth, p.rollfer.atlon, rjnaillgnancy, cell movement,
invasiveness, survival, differentiation
NID2 Nidogen 2 Adhesion
PLAUR Plasmlnogen activator receptor, Migration, adhesion, invasion, proliferation, growth, survival
urokinase-type
SDC1 Syndecan 1 Cell spreading, migration, adhesion, proliferation, invasion
SERPINE?2 | Protease inhibitor 7 Growth, migration, proliferation, apoptosis
TGFB1 Transforming growth factor beta 1 Apopt05|§, growth, prollferatlop, differentiation, cell death, cell cycle
progression, adhesion, migration
Transforming growth factor beta- Adhesion, apoptosis, proliferation, cell spreading, migration,
TGFBI .
induced attachment
TGFBR2 Transforming growth factor beta Proliferation, growth, differentiation, apoptosis, ploidy
receptor, type |l
THBS1 Thrombospondin 1 dPg;ltlﬁ]eratlon, migration, adhesion, cell spreading, activation, cell
TIMP2 Tissue inhibitor of metalloproteinase 2 Migration, proliferation, growth, invasion, apoptosis, angiogenesis,
attachment
Nne Tenascin C Adhesion, apoptosis, proliferation, cell spreading, migration,

differentiation
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Figure 6.3 — Pathway activation of across SKVCR lines. All depicted genes were
overexpressed in SKVCR 2.0 relative to drug sensitive SKOV3. The degree of
overexpression is represented by intensity of red within the shape representing a given
gene. Those genes surrounded by a blue border also have increased DNA copy
number in SKVCR 2.0 relative to SKOV3. Those genes with black-dashed border
exhibited increased copy number across all SKVCR lines. Where green lines exist
between genes, an activating relationship is indicated (with arrow depicting direction of
activation). Black lines between genes show known interactions. Gene relationships
and figure layout are based on Ingenuity Pathway Analysis and references provided

elsewhere in text.
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Figure 6.3
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Figure 6.4
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Figure 6.4 — Expression levels of ECM and tumor invasion genes. Semi-
quantitative RT-PCR analysis of HAS2, CD44, CSPG2, FN1, THBS1 and B-actin
expression in SKOV3 and the SKVCR derivatives. Representative results from

replicate experiments are shown.
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Figure 6.5 — Assessment of genetic alteration and gene expression changes at
16p13 and 7gl12. A. Tiling-path array CGH profiles of 16p13.13-p12.3 containing
ABCC1and ABCC6 genes. The SeeGH karyogram was annotated as described in
Figure 6.2. Each cell line sample was hybridized against the same reference DNA
sample. The amplicons in the SKVCR 0.015 and SKVCR 0.10 lines are labelled in pink.
B. Tiling-path array CGH profiles of 7q12.11-q12.13 containing ABCB1 and ABCB4.
Regions of amplification are highlighted in blue. C. Results for replicate semi-
quantitative RT-PCR experiments for ABCC1, ABCC6, ABCB1, and ABCBA4.
Expression levels for each gene were given as ratios to (3-actin expression, with SE for
each group also shown. ABCB1 expression levels in SKOV3, SKVCR 0.015, and
SKVCR 0.10 were too low for detection under the conditions of the RT-PCR experiment.
Additional real-time quantitative PCR experiments confirmed low level ABCB1
expression for these lines, consistent with earlier findings (Supplementary Figure 6.2,
[Bradley et al. 1989]).
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Figure 6.2
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7. GENOME SIGNATURES ASSOCIATED WITH POST-TREATMENT
RECURRENCE IN EARLY STAGE LUNG CANCERY

7.1.Introduction

A quarter of worldwide cancer deaths result from lung cancer, with non-small cell lung
cancer accounting for approximately 80% of cases (Canada 2007; Jemal et al. 2008;
Travis 2002). More than two thirds of NSCLC patients present with locally advanced
disease or distant metastases, precluding tumour resection as a curative treatment
(Ries et al. 2008). Even half of resectable early stage tumours will recur, with adjuvant
chemotherapy only slightly improving outcome (Ries et al. 2008). There is a clear need
to be able to parse early stage patients based on their likelihood of recurrence following
standard treatments; tools subclassifying lung cancer patients in this way would help
direct application of chemotherapy only where it would have an effect and would help

identify patients best-suited to clinical trials with novel regimens.

For lung cancer, previous attempts to identify molecular markers predicting disease
recurrence or outcome have had mixed success. Single gene markers have been most
effective where they have been the direct target of small molecular inhibitors or
antibody-based treatments, with EGFR and various tyrosine kinase inhibitors
representing the most prominent example (though there have been even ambiguous
results in this relatively straightforward paradigm) (Karamouzis et al. 2007). Complex
activation of nucleotide excision repair factors has been associated with different
outcomes for more conventional treatments: activation of DNA repair factors such as
ERCC1 and RRM1 is associated with a more favourable outcome in patients treated by
surgery alone, but a poorer outcome where adjuvant platinum-based chemotherapy is
also used (Gazdar 2007).

"7 A version of this chapter is being prepared for submission as a research manuscript: Timon P. H. Buys, Julia M.
Chae, Chang Qi Zhu, William W. Lockwood, Bradley P. Coe, Raj Chari, Luc Girard, John Yee, John English,
Sukhinder Atkar-Khattra, Dorothy Hwang, May Zhang, Cindy Dong, Heather Saprunoff, Jennifer Y. Kennett,
Raymond Ng, Adi F. Gazdar, John D. Minna, Ming-Sound Tsao, Victor Ling, Calum MacAulay, Stephen Lam, Wan L.
Lam. (2009) “Genomic signatures associated with post-treatment recurrence in early stage lung cancer,” in
preparation.
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Previous data indicate that pro-metastatic molecular alterations may exist before distant
metastases occur (Ramaswamy et al. 2003). In addition, we have uncovered genome
alterations in pre-invasive oral lesions that may be associated with invasive disease
(unpublished results). Genome alterations mediating response to chemotherapy may
similarly exist in pre-treatment cancer tissue. If such changes are tied to other essential
tumourigenic processes, they will likely occur at high incidence in a tumour cell

population and be readily detected by analysis of that entire population.

We have evaluated global genomic alterations for a panel of early stage lung tumours
treated by surgical resection and adjuvant chemotherapy with a cis-platinum/
vinorelbine doublet. Cases were obtained from multiple hospitals and had a minimum
of two years follow-up. We investigated behaviour of individual gene candidates and
global dysregulation of established molecular signaling pathways. Recent data suggest
that specific genome alterations are associated with different lung cancer subtypes, a
finding which has broad implications considering uniform approaches to NSCLC
treatment (Kwei et al. 2008; Petersen et al. 1997; Weir et al. 2007). Because of this, we
undertook independent analyses of genome alterations within histological groups in
addition to a combined NSCLC analysis. Ultimately, alterations at multiple
chromosomal regions were associated with tumour recurrence following treatment, with
candidate loci spanning either potent oncogenes or multiple genes contributing to a

given molecular signaling cascade.
7.2.Materials and methods

7.2.1. Tissue collection and DNA extraction

Three hundred seventy-four stage IA-IIIA NSCLC cases were obtained from the Ontario
Cancer Institute and the British Columbia Cancer Agency. Tissue samples were
obtained either from biopsy specimens (formalin-fixed, paraffin embedded material) or
from freshly resected tumours. To limit the impact of tissue heterogeneity on DNA
analysis, lung pathologist reviewed all cases and guided microdissection so that a
minimum of 70% tumour cells contributed to each DNA extraction (these stringent

criteria necessitated laser capture microdissection for a subset of cases). DNA was
168



isolated from each case by a standard phenol:chloroform protocol (Sambrook et al.
1989). Genome profiles were successfully generated for 198 of these tumours. Some
of these tumours were from patients treated with a combination of surgery and adjuvant
chemotherapy (cis-platinum and vinorelbine, n = 81) while others came from patients
treated by surgery alone (n = 117). All cases were associated with detailed
demographic data (e.g. age, sex, smoking history, etc.) (Table 7.1, 7.2). These cases
all had >2 years follow-up and were evaluated for post-treatment recurrence. Recurrent
disease was documented for approximately a third of cases (40/117 cases treated by

surgery alone and 27/81 cases receiving surgery and chemo).

7.2.2. Genome profiling and data normalization

An array comparative genomic hybridization (aCGH) platform comprised of 26,363 tiled
BAC clones was used to analyze tumour genomes (Watson et al. 2007). In brief, 200
ng of patient DNA and 200 ng of a standard individual male genomic reference DNA
sample were labeled with cyanine-3 and cyanine-5 dCTP dyes respectively. Labeled
probes were next combined, with unincorporated nucleotides removed by size exclusion
(YM-30 Microcon centrifugation Tube, Millipore, Etobicoke, ON). Following addition of
100 pg Cot-1 DNA (Invitrogen, Carlsbad, CA), this mixture was precipitated and then
resuspended in a 45 pl cocktail including DIG Easy hybridization solution (Roche,
Mississaga, ON), yeast tRNA (Calbiochem, Mississaga, ON), and sheared herring
sperm DNA (Sigma-Aldrich, Oakville, ON). Steps for probe denaturing and blocking
were then perfromed at 85°C and 45°C for 10 minutes and for 1 hour respectively.
Following this, the probe mixture was applied to the surface of the CGH array,
coverslips were put in place, and arrays were incubated for 36-40 hours at 45°C. After
incubation came five agitating washes in 0.1X saline sodium citrate, 0.1% sodium
dodecyl sulfate at 45°C (each wash ~5 min). This was followed by rinses with 0.1X
SSC and drying by centrifugation, then scanning of microarray images by a CCD-based
camera system. Microarray images were analyzed using SoftWoRx Tracker Spot
Analysis software (Applied Precision, Issaquah, WA). Experimental biases due to the
array platform and DNA samples of varying quality were normalized as previously

described (Chi et al. 2008; Khojasteh et al. 2005). Log signal intensity ratios for each
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clone on the array were visualized against their known chromosomal position using
SeeGH software (Chi et al. 2008). Clones were filtered from analysis when their signal-

to-noise ratios were <3 or standard deviations between replicate spots were >0.1.

7.2.1. Analysis of genomic data

The aCGH-Smooth segmentation algorithm delineated segmental alterations for each
case (Jong et al. 2004). Default parameters were used on all settings except for the
following changes: lambda value = 6.75, maximum number of breakpoints in initial pool
= 100. Analysis was restricted to autosomes to avoid bias due to use of an individual
male DNA reference sample. Each clone was called as gained, lost, or unchanged.
These values were then used to determine frequency of gain and loss across a given
sample panel (e.g. recurring NSCLC cases). Fisher’s Exact Test was then used to

identify genomic tracts with significantly different activation (p < 0.05 cut-off).

7.2.2. Gene expression analysis

Gene expression profiles for each tumour specimen were generated using a custom
oligonucleotide microarray (Agilent). For each case, 5 ug of RNA from a given tumour
sample and a universal reference RNA sample were reverse transcribed to cRNA,
labeled with the fluorescent dCTP dyes cyanine-3 and cyanine-5 (replicate flip-fluor
experiments were performed), and competitively hybridized to the microarray surface.
Data were normalized using Rosetta Resolver software and log1o transformed
(Vardhanabhuti et al. 2006). Significant differences in expression between groups of

tumours were calculated using a Mann-Whitney U test (p < 0.05).

7.2.3. Parallel analysis of DNA alterations and pathway disruption

The approaches applied to identify genes associated with post-treatment recurrence
and chemoresistance are shown in Figure 7.1 and 7.2. Functional annotation and
differential pathway activation for these genes was determined using Ingenuity Pathway
Analysis software (Ingenuity). Fisher's Exact Test was used to determine whether

disruption of a given fraction of genes in a specific pathway was significant (p < 0.05).
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7.2.4. Validation in NSCLC cell lines

Forty-nine lung cancer cell lines were used to further investigate genome alteration
findings from clinical samples. These lines were a generous gift from Dr. John Minna
(University of Texas, Southwestern), whose lab determined cis-platinum sensitivity and
vinorelbine sensitivity for each cell line. Briefly, seeded cells were treated with drug and
their viability was assessed by the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) assay. Replicate experiments using varying doses of
each drug were used to define ICsp values and these values were used to define each
line as “sensitive”, “intermediate”, or “resistant” to each drug. Genomic data were
generated and analyzed as above. Gene expression profiles were generated using the
Affymetrix U133 Plus 2.0 array platform (data were normalized using Microarray Suite
5.0). Differences in gene expression between drug response groups were calculated by
Mann-Whitney U test (p < 0.05). Candidate genes were only included where gene
expression changes matched the direction that would be expected based on DNA copy
number changes (i.e. “gained” genes had to be over-expressed and “lost” genes had to

be under-expressed).
7.3.Results

7.3.1. Identification of DNA alterations associated with recurrence
following adjuvant chemotherapy

We sought to identify genomic alterations associated with tumour recurrence in patients
who received treatment with adjuvant cis-platinum/ vinorelbine. To that end, we
analyzed 198 resectable lung cancer cases by tiling-path array CGH (a representative
genomic profile is shown in Figure 7.3) (Watson et al. 2007). One hundred seventeen
of these cases were treated by surgery alone (Table 7.1) and the remaining 81 received
both surgery and adjuvant chemotherapy in the form of a cis-platinum/vinorelbine
doublet (Table 7.2). Sample accrual and genome profiling approaches are described in
the Materials and Methods. The experimental framework used to delineate DNA

changes associated with recurrence following chemotherapy is depicted in Figure 7.1.
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Initially, we defined genome alterations associated with post-adjuvant chemotherapy
recurrence in a combined panel NSCLC tumours. For tumours from patients treated
with surgery and adjuvant chemotherapy, a comparison of the genomic alterations in
recurring and non-recurring cases showed differential alteration in 7% of the genome
(Fisher’'s Exact Test, p < 0.05) (Figure 7.4). Lung tumour histological subgroups, which
have previously been demonstrated to harbour distinct DNA changes, were represented
at different frequencies within in each recurrence group of this panel (e.g. squamous
tumours represented 42% and 22% of recurring cases and non-recurring cases
respectively). To adjust for this imbalance, we compared genomic alterations for
squamous and non-squamous tumours in this same panel of tumours. Regions found
to be significantly altered by both analyses — recurrence and histological subtype — were
excluded from further analysis. This same analytical approach was applied to the panel
of 117 lung tumours that were treated by surgery alone (Supplementary Figure 7.51.),
leaving us with recurrence-associated alterations in each lung tumour panel.”® Finally,
to hone in on alterations associated with recurrence after adjuvant chemotherapy, we
subtracted changes identified in the panel of tumours treated by surgery alone from
those identified in the panel of tumours treated by surgery and a cis-platinum/
vinorelbine doublet. This resulted in a shortlist of 242 genes that were significantly
associated with chemoresponse, ~94% of which showed relative activation in recurring
cases (i.e. higher frequency of gain in recurring cases and/or higher frequency of loss in
non-recurring cases) (Supplementary Table 7.S1). Pathway analysis software for these
data indicated that the BMP signaling cascade was strongly disrupted, with various

components deleted in non-recurring tumours (Figure 7.5).

Given evidence of different underlying genome changes in histological subtypes, we
also undertook separate analyses for squamous and non-squamous tumours. The

analytical approaches for genomic data were undertaken as above, the only change
being that exclusion of genome alterations associated with histological subtypes was

excluded (Figure 7.1). For each subtype, genome alterations significantly associated

8 Al Supplementary Figures and Tables for Chapter 7 are included in Appendix 1.
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with recurrence after surgery and adjuvant chemotherapy were identified (Figure 7.6).
No overlap was observed between these two groups. (Results for subtype-specific
analysis for cases treated by surgery alone are shown in Supplementary Figure 7.S2.)
The most prominent alteration associated with recurrence in non-squamous tumours
was gain of chromosome arm 7p, which was more commonly gained in recurring cases
(31 non-recurring cases were compared to 21 recurring cases for this analysis).

Several other regions also harboured significantly different regions of alteration (see
Supplementary Table 7.S2). Regions of alteration significantly associated with
recurrence were also identified for squamous tumours (23 non-recurring versus 6
recurring), including chromosome arm 4q gain and chromosome arm 8p loss, which
were both associated with post-treatment recurrence (see Supplementary Table 7.S3).
Combined pathway activation analysis for genes defined as significantly altered in either
histological group revealed significant losses for components of the BMP signaling
pathway. This was similar to what was observed when all NSCLC cases were analyzed

together, though different pathway components were dysregulated (Figure 7.7).

7.3.2. Analysis of matched gene expression data from lung tumours

Genes identified by the above genomic analyses were further investigated in mRNA
expression profiles which were available for 9/81 NSCLC cases. Five of these cases
did not recur following treatment with surgery and chemotherapy while four did recur.
Of the genes significantly associated with recurrence in NSCLC by genomic analysis,
only eight were found to have significant expression changes in the same direction as
the DNA alterations (Table 7.3). We repeated this analysis for genes significantly
altered at the genomic level in non-squamous tumours (only one expression profile was
from a squamous tumour, therefore analysis could not be undertaken for that subtype).
In this comparison of four recurring and four non-recurring cases, only two genes found
to be significantly different at the genomic level were also found to be significantly
altered at the gene expression level: KIAA0895 and EGFR.
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7.3.3. Analysis of genomic dysregulation in cell models

Having identified gene alterations associated with recurrence following adjuvant
chemotherapy, we next sought to associate these changes with resistance to the
specific components of the adjuvant chemotherapy (the experimental approach for this
is outlined in Figure 7.2). We examined the status of genomic alterations identified in
clinical lung tumours in lung cancer cell lines with known response to drug
(Supplementary Tables 7.51, 7.52, 7.S3)." ICs values in a panel of 49 NSCLC tumour
lines were known for cis-platinum (CDDP) and vinorelbine (Table 7.4, Materials and
Methods). For CDDP, six lines were defined as sensitive to treatment while 11 were
defined as resistant. For vinorelbine, 42 were defined as sensitive and seven were
defined as resistant. Genome profiles for each of these lines were generated and
analyzed by the same approaches applied to lung tumours. Results are shown in
Supplementary Figure 7.S3. No genes were found to be significantly associated with
both post-treatment recurrence in tumours and vinorelbine resistance in cell lines. With
respect to CDDP, only one gene was shown to exhibit the same alteration status in
clinical specimens and CDDP-resistant cell lines; KIAA1303, also known as Regulatory-

associated protein of mTOR (Raptor), was found to be gained in both groups.

This analytical approach in cell lines was then repeated to validate our findings in non-
squamous tumours.?® With respect to vinorelbine response in non-squamous cell lines,
multiple regions of genomic alteration were identified as significantly difference following
the comparison of 37 sensitive lines to 7 resistant lines (Supplementary Figure 7.S4).
However none of these regions intersected with regions described as significantly
altered with response in clinical specimens. Analysis for CDDP-resistant non-
squamous lines was not repeated as all cases represented in the analysis above were
already of this histological grouping (Supplementary Figure 7.S3A). Sixty-one genes

associated with recurrence following surgery and chemotherapy were also associated

'® Because so few tumours had matched mRNA expression microarray data, analysis was not restricted to candidate
genes identified by both genomic and gene expression analysis of tumours.

% Analysis of squamous cell lines was precluded since none of the five lines with this histology were classified as
resistant to either drug tested.
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with CDDP-resistance in non-squamous cell lines (Table 7.5). All of these genes were

located on chromosome 7 and were gained where recurrence/resistance occurred.

7.3.4. Analysis of candidate gene expression in NSCLC cell lines

Matched gene expression profiles were available for most analyzed lung cancer cell
lines. With respect to the combined analysis of NSCLC cases, Raptor was not found to
have significantly different expression between CDDP-resistant and CDDP-sensitive
cells. With respect to the analysis of non-squamous tumours, only ten of the
chromosome 7 genes identified above were found to have similar behaviour at the gene
expression level (Figure 7.8). EGFR was the only gene found to be significantly altered
in terms of DNA copy number and gene expression in both clinical samples and cell
lines, its activation apparent in non-squamous tumours resistant to CDDP. No genes
were found to behave this way in the combined analysis of all NSCLC samples and data

were insufficient for this kind of analysis in squamous tumours.

7.4.Discussion

Gene candidates associated with recurrence after adjuvant chemotherapy were
identified in a panel of 198 resected lung tumours. This was accomplished by excluding
genomic alterations associated with specific tumour histologies and post-surgical
recurrence (Table 7.1 and 7.2, Figure 7.1). Imbalances in the incidence of histological
groups within different recurrence groups were also addressed by independent
analyses for chemoresponse genes in squamous tumours and non-squamous tumours
within this panel of NSCLC cases (Figure 7.6).

7.4.1. Molecular candidates associated with post-adjuvant chemotherapy

recurrence by combined analysis of NSCLC tumours

Analysis of molecular pathway activation in NSCLC tumours indicated that the BMP
signaling cascade was significantly down-regulated in non-recurring cases and/or
activated in recurring cases (Figure 7.5). (See also SMAD1 gain, Figure 7.3.) BMP
pathway signaling has previously been implicated in tumour suppression for a variety of
cancer types, though its broad array of downstream targets suggest it can be involved in
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a variety of cellular phenotypes (Hardwick et al. 2008; Kim & Kim 2006). While BMP
signaling has previously been demonstrated to mediate a variety of key oncogenic
processes in a variety of cancer types, it has not previously been implicated in response
to CDDP or vinorelbine (Hardwick et al. 2008; Gelse et al. 2008; Langenfeld et al.
2006). Although relationships between some of the identified genes can be
antagonistic, the complex dysregulation we observed may represent a means for
focusing signals to specific downstream targets (Kitisin et al. 2007). Pathway analysis
specifically showed that six BMP pathway genes were differentially altered between
recurrence groups; approximately half the tumours that did not recur had deletions
spanning at least one of these genes. Whether this suggests that retention of BMP
signaling is necessary for recurrence or loss of BMP signaling fosters chemosensitivity

remains to be determined.

Individual genes identified in this combined NSCLC analysis may also play a role in
mediating post-treatment recurrence. XRCC4, a component of the non-homologous
end joining (NHEJ) DNA repair pathway, was lost in 36% of tumours that did not recur
following treatment but retained or gained in a majority of cases that did recur.
Polymorphisms at XRCC1, another NHEJ component, have recently been implicated in
response to platinum-based treatment (Sun et al. 2009). Given that XRCC4 and
XRCC1 both play a critical role in repairing double stranded DNA breaks, this retention
of XRCC4 in recurring cases could be significant for countering the effectives of DNA-
damaging CDDP (Audebert et al. 2004; Burma et al. 2006).

Integrative analysis of genomic and gene expression data was possible for nine NSCLC
tumours, with eight genes found to be significantly altered in the same direction (e.g.
gained and over-expressed) (Table 7.3). Only one of these genes — HABP2 — was
previously associated with lung cancer, though it had not been reported as associated
with prognosis or response to chemotherapy (Chong et al. 2006; Wang et al. 2002).
While neither BMP pathway members nor XRCC4 were identified by this integrative
approach, this absence may have occurred because only a small fraction of cases were

represented by expression microarray profiles; it is quite possible that these genes
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would be detected as significantly associated with post-treatment recurrence if

additional matched expression data were available.

7.4.2. DNA copy number changes associated with recurrence following
treatment with adjuvant cis-platinum/ vinorelbine in lung tumour

histological subtypes

Different molecular alterations may drive the emergence of different NSCLC histological
subtypes. Subtype-specific gene changes — such as gain of chromosome 3q in lung
squamous cell carcinomas — suggest that NSCLC may contain multiple biologically
distinct tumour types, each warranting independent analysis and treatment approaches
(Kwei et al. 2008; Petersen et al. 1997; Weir et al. 2007). To that end, we identified
genome alterations associated with recurrence after adjuvant chemotherapy separately
for squamous and non-squamous tumours (as defined above). Distinct, non-
overlapping DNA changes were found associated with each subgroup (Figure 7.6).
Some BMP signaling pathway genes were disrupted in these subtypes, though these
were different genes than had been observed for the combined NSCLC analysis (Figure
7.7). Disruption of different components of the same receptor complex in non-recurring
tumours (BMPR1A in non-squamous tumours and BMPR1B in squamous tumours)
could be a product of co-activation with neighbouring genes, with these broader
genome changes specific to each tumour subtype. Taken together, both the combined
NSCLC analysis and the independent histological subtype analyses suggest that low

level disruption at multiple loci from this pathway may play a role in chemosensitivity.

Nearly 70% of the genes associated with post-treatment recurrence in non-squamous
tumours were found on chromosome 7p, which was gained in >30% of recurring cases
(Supplementary Table 7.S2). Retention/gain of XRCC4 was found to be significantly
associated with recurrence in squamous tumours, as it was in the combined NSCLC
analysis. Similarly, SFRS1 — a splicing factor previously described as a proto-oncogene
in multiple cancer types — was found to have relative activation in recurring samples
following both the combined NSCLC and the separate non-squamous tumour analyses

(Karni et al. 2008). These results suggest that some of the alterations detected by
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combined NSCLC analysis may have been prominent differences within histological
subgroups. Detection of compelling recurrence-associated genes for each tumour
subtype supports the idea that histological groups represent biologically distinct disease

classes.

Gene expression data were combined with genomic data for integrative analysis of non-
squamous tumours, as was done with the combined NSCLC analysis (this analysis was
precluded for squamous tumours as only one expression microarray profile was
available). Comparison of expression profiles for four recurring tumours against four
non-recurring tumours revealed only two genes to be significantly associated with
genomic and gene expression changes. One gene encoded the hypothetical protein
KIAA0895, located at 7p14.1. The function of this gene is unknown and it has not
previously been implicated in lung cancer. The other gene was EGFR which has
previously been described as amplified in multiple NSCLC subtypes and is described in
greater detail below. When additional expression data for these cases becomes

available, this analysis will be repeated to confirm our findings.

7.4.3. Investigation of chemoresistance genes in lung cancer cell models

Vinorelbine and CDDP sensitivity was known for a panel of 49 lung tumor cell lines with
matched genomic and gene expression data (Table 7.4). Drug sensitive and resistant
lines were compared to identify gene changes significantly associated with
chemoresistance. Separate analyses allowed association of specific gene changes with
response to each drug. Genes identified in vitro were then compared to genes we
associated with post-treatment recurrence in tumours (Figure 7.2). Raptor, which
encodes a component of the mTORC1 complex and plays a role in mTOR-mediated
regulation of MRNA translation, was the only gene found to be altered at the genomic
level in both a combined analysis of NSCLC and an analysis of CDDP-resistant NSCLC
cell lines (Sabatini 2006). No genes associated with tumour recurrence in clinical
samples were similarly altered in vinorelbine-resistant lung cancer cells. Genes
uncovered by the combined analysis of all NSCLC tumours may not have been

detected in cell lines because of differences in the histological make-up of the cell line
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panel, which only had five squamous tumour lines (none of which were associated with

resistance to either CDDP or vinorelbine).

In regard to previously described genes associated with recurrence following application
of adjuvant platinum-based chemotherapy, ERCC1, RRM1, and BRCA1 copy number
alterations were not found to be significantly associated with post-treatment recurrence
in combined analysis of NSCLC or histology subtype-specific analysis (Rosell et al.
2006). Neither were these genes found to be associated with chemoresistance in cell

lines (which are discussed in greater detail below).

7.4.4. Implication of recurrence-associated genes from non-squamous

tumours in chemoresistance in lung cancer cell lines

Genomic data for cell lines only overlapped with data from recurring lung tumours in the
case of CDDP-resistant non-squamous tumours (explained in Results). It has
previously been suggested that aneuploidy may drive various cancer phenotypes,
including chemoresistance (Duesberg 2005; Duesberg et al. 2007). Certainly there is
evidence in lung tumours that there may be several oncogenes on chromosome 7
(Campbell et al. 2008; Garnis et al. 2006). All 61 genes uncovered by integration of
genomic data from recurring non-squamous lung tumours and CDDP-resistant cancer
cell lines were located on chromosome 7p (Table 7.5). Of the ten genes on this list that
also exhibited increased expression in CDDP-resistant lines (Figure 7.8), many of these
had previously been implicated in cancer (though only HUS7 and EGFR have
previously been implicated in chemoresistance) (Di Renzo et al. 2006; Epel et al. 2008;
Floyd et al. 1998; Hoque et al. 2006; Katz et al. 2007). HUS1 has been shown to
complex with Rad1 and Rad9 to repair DNA damage (Volkmer & Karnitz 1999). HUS1
has also previously been shown to mediate sensitivity to CDDP in lung cancer cells and
has also been implicated in regulating radiosensitivity (Brandt et al. 2006; Kinzel et al.
2002). Its status and association with outcome in clinical lung cancer has not previously

been evaluated and warrants further analysis.

It is striking that only EGFR exhibited the same genomic and transcriptional activation in

both clinical specimens and tumour cell lines. Previous studies have implicated EGFR
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activation in CDDP resistance in neuroblastoma, head and neck, and breast cancer cell
lines (Eckstein et al. 2008; Michaelis et al. 2008; Sok et al. 2006). Additionally, EGFR
shares downstream targets with the BMP pathway and has been demonstrated to signal
via mTOR (Faivre et al. 2006; Jiang & Liu 2008; Sabatini 2006). While previous
analysis of EGFR has suggested that copy number change is not associated with
progression or survival following platinum-based or non-platinum based chemotherapy,
the sample sizes used for these analyses were quite small and in many instances was
undertaken with advanced disease stages (Cappuzzo et al. 2007; Ceppi et al. 2006).
Moreover these patients were of mixed histologies whereas we have restricted our
analysis within tumour subtypes. Recently, analysis of lung tumour cell lines has
indicated that previous CDDP exposure reduces sensitivity to erlotinib (Chin et al.
2008). These data in conjunction with our own suggest that tyrosine kinase inhibitors
(TKIs) may prove useful as first-line adjuvant chemotherapy in early stage lung cancer,
with EGFR copy number status used not just as a marker supporting application of TKls

but also as a means of excluding treatment with CDDP.

7.5.Conclusions

We have identified gene alterations in chemo-naive lung cancer cells that are
associated with recurrence following treatment with a cis-platinum/vinorelbine doublet.
The fact that these DNA changes are detectable in a tumour cell population prior to
treatment suggests that a majority of malignant cells could be drug resistant even
before exposure to chemotherapy. This in turn suggests that gene changes driving
chemoresistance may be intrinsic to other crucial tumourigenic processes; post-
treatment recurrence may not be a product of clonal expansion for a small portion of

resistant cells from the original tumour mass.

Our findings implicate BMP pathway signaling in recurrence following treatment with
adjuvant cis-platinum and vinorelbine. These results also justify independent genomic
analysis of lung tumour histological subtypes and reinforce the idea that different
NSCLC subgroups represent biologically distinct forms of disease. Also, our data

indicate that EGFR gene copy number may be useful for guiding treatment decisions
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outside of the context of TKI therapy. Analysis in an independent panel of non-
squamous lung tumours is needed to confirm the association between EGFR
gain/amplification and recurrence following platinum-based adjuvant therapy. Future
work will also evaluate the utility of increased EGFR copy number as a CDDP
chemoresponse marker relative to existing markers such as ERCC1, RRM1, and
BRCA1 expression. Our data may also be used as a rationale for investigating the use
of TKls in an adjuvant context for resectable lung cancer, particularly where molecular

markers indicate that platinum-based modalities would be ineffective.
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Table 7.1 — Demographic data for early stage NSCLC patients treated by surgery
alone (n =117).

Age* Range 39 to 90
Median 69
Stage* I 75
Il 28
1 9
Histology Squamous 35 (30%)
Adenocarcinoma 71 (60%)
Large cell carcinoma 3 (3%)
Undifferentiated NSCLC 8 (7%)
Recurrence status | Responsive disease 77 (66%)
Recurrence following
treatment 40 (34%)
Sex Male 51
Female 66
Smoking Status* Current smoker 32
Former smoker 59
Never smoker 25

*Age, stage, and smoking status were unknown for a small number of cases.
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Table 7.2 — Demographic data for early stage NSCLC patients treated by surgery

and adjuvant chemotherapy (cis-platinum/vinorelbine doublet) (n = 81).

Age Range 34to75
Median 62

Stage I 41 (51%)
Il 40 (49%)

Histology Squamous 7 (33%)
Adenocarcinoma 42 (52%)
Large cell carcinoma 4 (5%)
Undifferentiated NSCLC 8 (10%)

Recurrence status | No recurrence 7 (33%)
Recurrence following 54 (67%)
treatment

Sex Male 43 (53%)
Female 38 (47%)

Smoking Status* Current smoker 28 (35%)
Former smoker 45 (56%)
Never smoker 7 (9%)

*Smoking status for one case was unknown.
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Figure 7.1 — Experimental framework for genome analysis of lung tumours. We
analyzed a panel of NSCLC tumours to identify genome alterations associated with
recurrence following treatment with adjuvant chemotherapy (a cis-platinum/ vinorelbine
doublet). Each case was treated either by resection plus adjuvant chemotherapy
(Group 1) or by resection alone (Group 2). Cases were classified as recurring or non-
recurring after treatment. Step 1: Within each group, genomic alterations in the
recurring and non-recurring sub-groups were compared. This defined genomic
alterations significantly associated with post-treatment recurrence. Step 2: Owing to
sample size, histological subtypes were represented in different amounts within each
group and within each recurrence sub-group (different tumour histological subtypes
have previously been associated with specific chromosomal imbalances). To
compensate for this potential bias, we defined genomic alterations associated with
histology within each group, then filtered those regions from analysis. Step 3: To define
alterations significantly associated with recurrence following adjuvant chemotherapy, we
subtracted results for samples treated by surgery alone (Group 2) from results for
samples treated by surgery plus adjuvant chemotherapy (Group 1). This same
approach was also applied for analysis within lung tumour histological subgroups, with
Step 2 omitted.
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Figure 7.1
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Figure 7.2
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Figure 7.2 — Experimental framework for NSCLC cell lines. Separate IC,, values for
cis-platinum and vinorelbine were known for a panel of NSCLC cell lines (see Materials
and Methods). For each drug, cell lines were classified as having either a resistant,
intermediate, or sensitive response to drug. Step 1: DNA alterations significantly
associated with chemoresistance were defined by a comparison of genomic data for
resistant and sensitive cell lines. Step 2: To establish clinical relevance, candidate
chemoresistance genes from cell lines were then compared to genes already associated
with recurrence in tumours following adjuvant chemotherapy. (The approaches used to
define these latter alterations were already described.) Those genes appearing in both
groups were analyzed further. Step 3: Matched expression data from cell lines were
then evaluated to confirm activation of candidate chemoresistance genes. This
approach was applied in both combined NSCLC analysis and analysis of separate

tumour histology subtypes.
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Figure 7.3 — Karyogram for a lung adenocarcinoma recurring after treatment with
surgery and chemotherapy. Each BAC clone on the aCGH platform is represented
as a blue spot at its known chromosomal position. Clones are plotted along the
horizontal axis based on the log, value of their signal intensity ratios from the array
experiment. Vertical lines show log, signal intensity ratios from -1 (green) to 1 (red),
with copy number increases to the right of zero (purple line) and decreases to the left.
A ratio of zero represents equivalent copy number between the hybridized samples.
Where logz > 0, it suggests increased DNA copy number in the tumour specimen and
where log; < 0 it suggests loss. Vertical pink bars span alterations encompassing
SMAD1 (4931.22) and EGFR (7p11.2).
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Figure 7.3
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Figure 7.4
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Figure 7.4 — Whole genome frequency of alteration for NSCLC patients treated

with surgery and chemotherapy. Individual tumour genome profiles were generated
for each case in a panel of stage |IA-IlIA lung tumours (n = 81, Figure 7.3). Segmental
DNA copy number alterations for each case were defined as described in Materials and
Methods. Genome loci were altered to a maximum frequency of 100%. In this image,
frequency of DNA gain is defined to the right of each chromosome, while frequency of
loss is defined to the left. Red represents “non-recurring” specimens and green repre-
sents “recurring” (yellow indicates overlap between these two groups). The lighter blue
horizontal lines in the karyogram span genome segments found to be significantly
different between response groups and between histological groups (squamous versus
non-squamous subtypes) (Fisher’s Exact Test, p < 0.05). The dark blue horizontal lines

span segments significantly associated with response groups alone.
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Figure 7.5
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Figure 7.5 — Signaling pathways with relative activation in NSCLC cases recurring

following treatment with chemotherapy. Genes associated with chemoresponse
were assigned to their known signaling pathways using Ingenuity Pathway Assist
software. The x-axis shows the pathway name. The right y-axis shows the ratio of
genes affected in a given pathway (e.g. the ratio for the BMP signaling pathway was
0.075 [6/80]). The left y-axis shows positive values for log-transformed p-values
calculated for each pathway using Fisher’s Exact Test. Each blue bar represents the
p-value for a given pathway. The threshold value was ~1.3 (orange horizontal line,
-log[0.05]). Additional pathways not approaching the threshold value were not
displayed. The table at the top shows an example of a gene contributing to the BMP
signaling pathway that was significantly altered. Details about the frequency of

alteration for this gene in different post-treatment recurrence groups is included.
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Figure 7.6 — Whole genome frequency of alteration within NSCLC subtypes where
patients were treated with surgery and chemotherapy. Both images are annotated
as in Figure 7.4, with red representing “non-recurring”, green as “recurring”, and yellow
indicating an overlap between these groups. Dark blue lines denote regions
significantly different between recurrence groups (Fisher’s Exact Test, p < 0.05). A.
Regions of differential genomic alteration within non-squamous tumours. Specifically,
genomic differences were determined for 31 non-recurring versus 21 recurring tumours.
Similar alterations identified by this analysis and by analysis of non-squamous tumours
treated by surgery alone (51 non-recurring versus 31 recurring) were excluded from
further analysis. B. Regions of differential genomic alteration within squamous tumours.
As with non-squamous tumours, differences determined for patients receiving surgery
alone (26 non-recurring versus 9 recurring) were subtracted from changes observed for

patients treated by surgery and chemotherapy (23 non-recurring versus 6 recurring).
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Figure 7.6
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Figure 7.7 — Disruption of BMP pathway signaling in clinical NSCLC. All coloured
genes exhibited differential activation in cases recurring following treatment with surgery
and chemotherapy, with the majority affected by genomic loss in non-recurring
specimens. Yellow pathway members were uncovered by analysis of non-squamous
tumours, blue by analysis of squamous tumours, and green by combined analysis of
NSCLC. Where arrows exist on lines between genes, an activating relationship is
indicated (with the arrow depicting the direction of activation). Where bars exist at the
end of a line between genes, an inhibitory relationship is inferred. An unannotated line
between genes indicates a known interaction. All double-bordered pathway members
were comprised of multiple genes (e.g. JNK, which included genes activated in both

NSCLC and squamous specimens).
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Figure 7.7
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Table 7.3 — Genes significantly associated with recurrence in NSCLC by genomic

and gene expression.

Chromosome Relative MannWhitney U

Gene band Activation* test
CTSO 4q32.1 Recurring tumours 0.016
SHOC2 10925.2 Recurring tumours 0.016
NRAP 10925.3 Recurring tumours 0.016
HABP2 10925.3 Recurring tumours 0.032
PNLIPRP3 10925.3 Recurring tumours 0.032
C100rf90 10g26.2 Recurring tumours 0.032
SPRED1 15914 Recurring tumours 0.016
KCTD19 16q22.1 Recurring tumours 0.048

*No gene candidates exhibited relative activation in non-recurring cases.
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Table 7.4 — Features of NSCLC cell lines (n = 49).

Cell Line . . Log(ICsp) Value*
Name Histological Subtype Cis-platinum | Vinorelbine
A549 Adenocarcinoma 0.455 1.603
Calu-1 Squamous (Epidermoid Carcinoma) 0.825 0.212
Calu-3 Adenocarcinoma 0.279 1.686
Calu-6 Squamous (Anaplastic Carcinoma) -0.043 0.340
H1155 Large Cell Carcinoma 0.176 0.505
H1299 Large Cell Carcinoma 0.017 0.892
H1355 Adenocarcinoma 0.670 1.149
H1437 Adenocarcinoma 1.204 1.114
H157 Squamous Cell Carcinoma 0.371 -0.420
H1648 Adenocarcinoma 0.748 0.140

Adenocarcinoma (Bronchioloalveolar
H1650 Carcinoma) 0.538 0.477
Adenocarcinoma (Bronchioloalveolar
H1666 Carcinoma) 0.459 0.780
H1770 Neuroendocrine 0.279 -0.178
H1819 Adenocarcinoma 0.968 -0.854
H1975 Adenocarcinoma 0.565 0.442
H1993 Adenocarcinoma 0.802 0.602
H2009 Adenocarcinoma 0.740 0.886
H2085 Adenocarcinoma 0.991 1.569
H2087 Adenocarcinoma -0.208 0.371
H2122 Adenocarcinoma 0.613 0.204
H2126 Adenocarcinoma 0.602 1.079
H2347 Adenocarcinoma 0.544 0.991
H2882 Non-small Cell Lung Cancer 0.255 0.643
Adenocarcinoma (Bronchioloalveolar
H322 Carcinoma) 1.267 0.462
H3255 Adenocarcinoma 0.303 0.267
Adenocarcinoma (Bronchioloalveolar
H358 Carcinoma) 0.611 0.921
H441 Adenocarcinoma 0.562 0.778
H460 Large Cell Carcinoma -0.310 1.041
H820 Large Cell Carcinoma 0.127 0.484

HCC1195 Adenocarcinoma 0.771 1.220

HCC1359 Large Cell Carcinoma 0.863 0.756
HCC15 Squamous Cell Carcinoma 0.785 0.658

HCC193 Adenocarcinoma 1.079 1.114

HCC2279 Adenocarcinoma 0.932 1.906

HCC2935 Adenocarcinoma 1.638 1.863

HCC366 Adenocarcinoma 0.602 -0.796
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Cell Line . . Log(ICsp) Value*
Name Histological Subtype Cis-platinum | Vinorelbine
HCC4006 Adenocarcinoma 1.143 0.685
HCC44 Non-small Cell Lung Cancer 0.643 1.000
HCC461 Adenocarcinoma 0.958 1.556
HCC78 Adenocarcinoma -0.187 0.581
HCC827 Adenocarcinoma 0.431 0.556
HCC95 Squamous Cell Carcinoma 0.342 0.869
H2887 Non-small Cell Lung Cancer 1.041 2.633
H1395 Adenocarcinoma 0.755 3.000
Adenocarcinoma (Bronchioloalveolar
H1781 Carcinoma) -0.721 3.000
H2073 Adenocarcinoma 0.204 3.000
HCC1171 Non-small Cell Lung Cancer 0.944 3.000
HCC4011 Non-small Cell Lung Cancer 0.775 3.000
HCC515 Adenocarcinoma 0.334 3.000

*Bold values indicate resistance to drug, italicized values indicate sensitivity.
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Table 7.5. Genes associated with recurrence following surgery and adjuvant
chemotherapy in non-squamous tumours and with CDDP-resistance in lung

cancer cell lines.

Gene Chromosome | Relative

Symbol Band Activation
LOC402644 | Tp15.1 Recurring tumours
CREB5 7p15.1 Recurring tumours
CPVL 7p15.1 Recurring tumours
CHNZ2 7p15.1 Recurring tumours
WIPF3 7p15.1 Recurring tumours
SCRN1 7p15.1 Recurring tumours
FKBP14 7p15.1 Recurring tumours
PLEKHA8 | 7p15.1 Recurring tumours
ZNRF2 7p15.1 Recurring tumours
NOD1 7p15.1 Recurring tumours
GGCT 7p15.1 Recurring tumours
GARS 7p15.1 Recurring tumours
CRHR2 7p15.1 Recurring tumours
INMT 7p15.1 Recurring tumours
FLJ22374 7p15.1 Recurring tumours
AQP1 7p15.1 Recurring tumours
GHRHR 7p15.1 Recurring tumours
NEUROD6 | 7p15.1 Recurring tumours
CCDC129 | 7p15.1 Recurring tumours
C7orf16 7p15.1 Recurring tumours
PDE1C 7p14.3 Recurring tumours
LSM5 7p14.3 Recurring tumours
KIAA0241 7p14.3 Recurring tumours
KBTBD?2 7p14.3 Recurring tumours
FKBP9 7p14.3 Recurring tumours
NT5C3 7p14.3 Recurring tumours
RP9 7p14.3 Recurring tumours
BBS9 7p14.3 Recurring tumours
BMPER 7p14.3 Recurring tumours
NPSR1 7p14.3 Recurring tumours
DPY19L1 7p14.3 Recurring tumours
HERPUD?2 | 7p14.2 Recurring tumours
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Gene Chromosome | Relative

Symbol Band Activation
KIAA0895 | 7p14.2 Recurring tumours
ANLN 7p14.2 Recurring tumours
ELMO1 7p14.2 Recurring tumours
GPR141 7p14.1 Recurring tumours
SFRP4 7p14.1 Recurring tumours
EPDR1 7p14.1 Recurring tumours
STARD3NL | 7p14.1 Recurring tumours
TARP 7p14.1 Recurring tumours
AMPH 7p14.1 Recurring tumours
FAM183B 7p14.1 Recurring tumours
POUG6F2 7p14.1 Recurring tumours
C70rf36 7p14.1 Recurring tumours
C7orf10 7p14.1 Recurring tumours
INHBA 7p14.1 Recurring tumours
GLI3 7p14.1 Recurring tumours
TNS3 7p12.3 Recurring tumours
LOC401335 | 7p12.3 Recurring tumours
PKD1L1 7p12.3 Recurring tumours
FLJ21075 | 7p12.3 Recurring tumours
HUS1 7p12.3 Recurring tumours
SUNC1 7p12.3 Recurring tumours
C7o0rf57 7p12.3 Recurring tumours
UPP1 7p12.3 Recurring tumours
ABCA13 7p12.3 Recurring tumours
VWC2 7p12.3-p12.2 Recurring tumours
FIGNL1 7p12.2 Recurring tumours
VSTM2A 7p11.2 Recurring tumours
EGFR 7p11.2 Recurring tumours
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Figure 7.8 cis-platinum
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Figure 7.8 — Gene expression data for response-associated genes in non-
squamous lung cancer cell lines. Matched gene expression profiles were available
for 14/16 lines that were classified as sensitive or resistant to cis-platinum (five and
nine lines respectively). Genomic alterations associated with chemoresponse in non-
squamous clinical samples and lung cell lines were predominantly located on
chromosome 7. Ten genes from this region were also found to have significantly
different expression levels based on chemoresponse in cells. The chromosome band
where each gene is located is indicated on the left. Gene expression microarray probe
names are listed on the right, gene names on the left, and individual cell lines on the
top of the heatmap display. Colourimetric values for each probe were assigned based
on rank across the 14 lines studies, with the lowest intensity assigned to black and the

highest to red.
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8. SUMMARY?

8.1.Research summary

In Canada and the United States, non-small cell lung cancer (NSCLC) accounts for
nearly as many deaths as do prostate, breast, and colorectal malignancies combined
(Jemal et al. 2008; Canada 2007). This poor survival is largely attributable to the high
metastatic potential of even small NSCLC tumours and the lack of sensitivity to existing
systemic therapies. Over the last five years, improving technologies for analyzing DNA
and gene expression changes in tumour genomes have been applied to better
understand the molecular basis for disease phenotypes. Such analyses are meant to
yield new tools for predicting tumour behaviour and to provide additional candidates for
the next generation of targeted therapies, both of which could significantly improve

outcomes.

In this thesis, we began by describing the development of comprehensive approaches
to sample collection and genomic analysis for clinical lung cancer. We applied these
approaches to identify novel oncogene candidates in lung tumours and in cancer cell
lines. We then took advantage of high resolution genome profiling to comment on
clonal relationships between multiple tumours from the same patient and to define
genes driving chemoresistance during drug-selected clonal evolution. Finally, we
applied integrative analysis of genomic and gene expression data from both clinical
lesions and NSCLC cell lines to define genes and molecular signaling cascades
contributing to tumour recurrence after treatment with surgery and adjuvant

chemotherapy.

8.1.1. Optimizing approaches to sample handling and genomic profiling for

clinical lung cancer

High resolution platforms for whole genome analysis represent a critical tool for
discovering the causal gene changes underlying tumour behaviour. We have

undertaken much work to optimize the manufacture and application of such a platform

2 Text included in this chapter originally appeared in abstracts for the manuscripts used for chapters 2-7.
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to clinical cancer specimens (Ishkanian et al. 2004; Watson et al. 2007; Watson et al.
2004; Buys et al. 2007b). The ability of the tiling-path BAC array to profile lower quality
DNA samples has facilitated analysis of archived biopsy specimens, meaning that
genomic data could be obtained for non-resected tissues such as early stage lesions
and inoperable late stage tumours. In addition to optimizing microarray protocols and
analytical approaches, we also optimized approaches to lung tumour collection to
ensure that best quality DNA for a given case was available for analysis. Precise
microdissection of tumour cells was also applied to minimize the impact of tissue
heterogeneity on genomic signatures (Garnis et al. 2005a). This initial attention to both
the development of a robust genome profiling technology and the collection of lung
tumour DNA served as the foundation for the various molecular analyses described in

subsequent chapters.

We next sought to demonstrate that the genomic approaches defined in Chapter 2
could effectively be applied to specific research questions. In chapter 3, we analyzed
molecular alterations in premalignant lung lesions and in invasive disease (Garnis et al.
2005b). Despite the fact that pre-invasive lesions are challenging to isolate, and often
yield insufficient DNA for the analysis of multiple loci, genomic profiling of such lesions
is worthwhile since it can lead to the discovery of causal genetic alterations that might
otherwise be masked by the gross instability associated with invasive tumours. We
identified multiple early genetic events on chromosome 5p in lung cancer progression.
Using a tiling-path chromosome 5p-specific genomic array, nine novel minimal regions
of loss and gain were discovered in bronchial carcinoma in situ (CIS) specimens.
Within these regions we identified two candidate genes novel to lung cancer. The 0.27
Mbp region at 5p15.2 contains a single gene, Triple Functional Domain (TRIO), which
we determined to be differentially expressed in tumours. The 0.34 Mbp region at
5p13.2 contains Glial Cell Line-Derived Neurotrophic Factor (GDNF), which is a ligand
for the RET oncogene product and is normally expressed during lung development (but
absent in adult lung tissue). Our data showed not only that GDNF is overexpressed at

the transcript level in squamous non-small-cell lung carcinoma, but also that the GDNF
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protein is present in early-stage lesions. Reactivation of the fetal lung-expressed GDNF

in early lesions and its amplification in CIS suggests an early role in tumourigenesis.

We also sought to confirm the utility of our genomic approaches in integrative analysis
of lung cancer cell model systems and clinical lung tumours (Campbell et al. 2008).
Several previous genome studies have identified recurring aberrations on chromosome
7 in NSCLC. The presence of recurring chromosome 7 alterations that do not span the
well-studied oncogenes EGFR (at 7p11.2) and MET (at 7q31.2) has raised the
possibility that additional genes on this chromosome contribute to tumourigenesis. In
Chapter 4, we demonstrated that multiple loci on chromosome 7 are indeed amplified in
NSCLC, and through integrative analysis of gene dosage alterations and parallel gene
expression changes, we identified new lung cancer oncogene candidates, including
FTSJ2, NUDT1, TAF6, and POLR2J. Activation of these key genes was confirmed in

panels of clinical lung tumour tissue as compared to matched normal lung tissue.

8.1.2. Delineating clonal relationships and clonal evolution in lung cancer

Moving beyond gene discovery, we next applied fine-mapped genome alteration
boundaries as signature markers for clonality. In Chapter 5, we used this approach to
evaluate the clonal relationship between nodules for a rare case where a patient
presented with a combined small cell lung carcinoma (SCLC), large cell neuroendocrine
carcinoma (LCNEC) and adenocarcinoma (AC) (Buys et al. 2009). In two areas of
SCLC distinguishable by divergent neuroendocrine markers expression (CD56 and
chromogranin-A), the presence of identical genomic breakpoints and rearrangements
indicated a common origin, with the presence of additional distinct genomic alterations
in these two components indicating diverging clonal evolution. The absence of shared
genome alteration features for the AC and LCNEC components suggested that these

tumours evolved independently from the SCLC lesions.

In Chapter 6 we then applied our high resolution genome analysis to cell populations
that were known to be clonally-related in order to characterize regions of genomic
difference (Buys et al. 2007a). Previously, multidrug resistance (MDR) phenotypes

have been attributed to the activity of ATP-binding cassette (ABC) transporters such as
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P-glycoprotein (ABCB1). Earlier work has suggested that modulation of MDR may not
necessarily be a single gene trait. To identify factors contributing to the emergence of
MDR, we undertook integrative genomic analysis of the ovarian carcinoma cell line
SKOV3 and a series of MDR derivatives of this line (SKVCRs). As resistance
increased, comparative analysis of gene expression showed conspicuous activation of a
network of genes in addition to ABCB17. Functional annotation and pathway analysis
revealed that many of these genes were associated with the extracellular matrix and
had previously been implicated in tumour invasion and cell proliferation. Further
investigation by whole genome tiling-path array CGH suggested that changes in gene
dosage were essential for the activation of several of these over-expressed genes.
Remarkably, alignment of whole genome profiles for SKVCR lines revealed the
emergence and decline of specific segmental DNA alterations. The most prominent
alteration was a novel amplicon residing at 16p13 that encompassed the ABC
transporter genes ABCC1 and ABCC6. Loss of this amplicon in highly resistant SKVCR
lines coincided with the emergence of a different amplicon at 7q21.12, which harbors
ABCB1. Integrative analysis suggests then that multiple genes are activated during
escalation of drug resistance, including a succession of ABC transporter genes and

genes that may act synergistically with ABCB1.

8.2.Lung cancer pharmacogenomics

Finally, in Chapter 7, we examined a panel of ~200 resected early stage NSCLC
tumours to identify genomic alterations associated with recurrence following treatment
with an adjuvant cis-platinum/vinorelbine doublet. Post-treatment recurrence status for
each case was determined based on a minimum follow-up of two years. Genomic
alterations significantly associated with recurrence were initially defined in the subset of
patients who were treated by both surgery and chemotherapy (n = 81). Significant
alterations defined for patients treated by surgery alone were then subtracted, leaving
those DNA changes more likely to mediate chemoresponse. This same analysis was
repeated within the panel for squamous tumours and for non-squamous tumours.
Independent analyses for NSCLC and separate histological subtypes indicated that

retention/activation of BMP pathway signaling was significantly associated with post-
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treatment recurrence. Additional analysis was undertaken in NSCLC cell lines which
had known response to cis-platinum (CDDP) and vinorelbine. Combined genomic and
gene expression analysis of tumours and cell lines revealed several associated several
individual genes with post-treatment recurrence. We observed prominent activation of
chromosome arm 7p in non-squamous tumours in the context of CDDP resistance, with
several genes in this region apparently gained and over-expressed (including EGFR).
Broad dysregulation of chromosome 7 as a means of activating several oncogenes was
a phenomenon reported earlier in this thesis [Chapter 4] (Campbell et al. 2008) and our

findings support that this is a critical alteration in lung cancer.

8.3.Conclusions

We have developed effective approaches to sample collection and genomic data
analysis in clinical lung cancer. Specimen accrual, cancer cell microdissection,
microarray production and usage, and integration of various molecular data have been
optimized to uncover critical changes contributing to lung cancer phenotypes. Parallel
analysis using genomic approaches defined in this thesis characterized recurring DNA
copy number alterations in premalignant disease, revealing candidate biomarkers for
disease progression. Use of these same approaches in a combined analysis of cell
model systems and clinical lung tumours uncovered several oncogene candidates
within a single chromosomal region (chromosome 7), suggesting that imbalance at this

locus may contribute to tumourigenesis via several mechanisms.

Based on our subsequent analysis, we conclude that fine-mapped genomic changes
have great utility as signature markers of clonality. We initially demonstrated that the
presence of identical DNA alteration boundaries in multiple tumour specimens could be
used to infer a shared clonal origin. This application of whole genome analysis shows
how high resolution molecular tools may have great utility for resolving the origin of and
delineating the clonal relationships between tumours from the same patient. We next
applied this fine-mapping approach to define differences in cell populations already
known to have a shared clonal origin, thus uncovering critical gene changes that could

be associated with a specific cancer phenotype (in this case, chemoresistance). The
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sum of this analysis was that the evolution of the MDR phenotype appears to be a

dynamic, multi-genic process in the genomes of cancer cells.

We also used genomic data from lung tumours to draw multiple conclusions regarding
the basis for disease recurrence following treatment with adjuvant chemotherapy. First,
our discovery of recurrence-associated genome changes in pre-treatment specimens
indicates that DNA changes mediating chemoresponse exist prominently in tumour cell
populations before exposure to drug. These findings suggests that chemoresistance
may not be mediated by a tiny subpopulation of resistant cells and that pro-resistance
DNA changes may in fact be tied to earlier malignant processes. Second, the fact that
some of the most striking recurrence-associated DNA alterations were identified when
analysis was restricted within histological subgroups lends support to the idea that
different cellular morphologies reflect differences in underlying tumour biology. The
mounting evidence that these subgroups are driven by different molecular changes
suggests that analyzing NSCLC as a single disease entity may be a flawed approach
and that greater emphasis should placed on analysis within subgroups such as lung

squamous cell carcinoma.

Finally, we gained several insights into the importance of initial experiment design and
the need for ongoing audits of data and results. We learned that up-front knowledge of
all the questions that will be applied to a given dataset is beneficial, since not all
experimental results may be usable when additional patient demographic data are
introduced (this is because some patients may be inevaluable based on these new
criteria). This is important for tempering expectations for what can be learned from a
given sample set. We also learned that ongoing evaluation of experimental data is
essential. For example, the need to normalize for microarray hybridization artifacts
arising due to poor quality DNA only became apparent after side-by-side examination of
tumors from unrelated individuals revealed highly recurrent alterations. Without this
discovery, we would not have taken steps to remove this bias and would have detected
these alterations as genuine changes. Based on these sorts of challenges, we

conclude that it may ultimately be more effective to analyze samples accrued from
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existing clinical trials, where collection of demographic data and standardized

approaches to patient follow-up are de rigueur.

8.4.Future directions

In terms of our analysis of chemoresponse in lung cancer, two series of experiments
would logically follow from our results. The first would involve an expanded clinical
analysis of our proposed biomarkers. For example, the predictive power of EGFR and
BMP signaling pathway genomic dysregulation in the context of recurrence for non-
squamous tumours will need to be measured against existing markers for recurrence
following platinum-based therapy (e.g. ERCC1, RRM1, and BRCA1) (Rosell et al.
2006a; Rosell et al. 2006b). On a longer time-line and with expanded resources, we
could evaluate our markers in a march larger patient cohort to improve the statistical
power of our analyses. In this scenario, we would restrict enrollment to only one lung
cancer subtype (e.g. lung adenocarcinoma). This step would be taken to maximize our
evaluable data set, given our finding that gene alterations associated with drug
response are different between tumour histological subgroups. (Selection for this group
would also likely be refined to include only current and former smokers, since there is
increasing evidence that tumours from non-smokers are driven by distinct molecular
changes [Sun et al. 2007]). DNA and RNA markers for recurrence that were derived by
analysis of several hundred lung cancer cases would have a strong rationale use in a

clinical trial.

The second set of experiments logically following our chemoresponse findings would
involve further characterization of the mechanism by which candidate genes govern
chemoresistance. This work would be most effective where candidates had been
confirmed in the larger sample set described above. Initially, we would manipulate
expression of resistance genes in lung cancer cells with known sensitivities to CDDP
and vinorelbine. Significant changes in drug ICsy values based on this perturbation
would confirm a direct role for candidates in response. Then, once a gene had been
strongly linked to resistance against a specific drug, we would assess the downstream

effects of its activation. The assays used for these experiments would be chosen based

212



on the known action of the candidate gene. For example, if the candidate was a
transcription factor, we would identify its downstream targets by manipulating its
expression . The logical step after this would be to characterize how these downstream
targets might contribute to the resistance phenotype. Taken together, these
experiments would define the processes underlying lung cancer chemoresistance and

provide druggable targets for new forms of chemotherapy.

Another project that could logically follow this thesis in the short term would involve
analysis of a panel of lung cancer cases from patients that presented with multiple
tumours (this panel is actually being assembled right now). These cases could be used
to test our ability to define clonal relationships using fine-mapped genomic alteration
boundaries. For example, we could check to see whether cases we defined as clonally-
related were strongly associated with the development of distant metastases (as would
be expected if we had truly described pulmonary mets). Complex algorithms for
defining clonality based on high resolution genomic data are being developed and we

are already working to adapt these to our analysis of such cases (Begg et al. 2007).

Finally, a highly practical application based on the work in this thesis would be the
sharing of our rigorous standards for clinical collection, handling, and storage of lung
tumour specimens with other institutes. The fruits of our experience in this area could
be adopted across the country to ensure that high quality tissues were available for

molecular studies on a pan-Canadian scale.

8.5. Significance of work

We have shown that it is feasible to apply whole genome profiling technologies to
clinical lung cancer specimens, demonstrating particularly that meaningful genomic data
may be obtained from a large panel of archived tumour tissues. We have also
described a genomic approach for defining clonal relationships between tumours,
providing a tool that could impact on patient management strategies. Finally, we report
that chemoresponse in different histological subtypes of lung cancer may be driven by
different gene alterations, a finding that could have a significant impact on the way that

NSCLC is managed. The sum of this work has been the discovery of critical gene
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changes associated with cancer phenotypes such as tumour invasion and
chemoresistance. Upon further validation, these candidate genes will have utility as
prognostic biomarkers and may also be useful as targets for novel therapeutics that will

improve lung cancer survival.
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Appendix 1 — SUPPLEMENTARY DATA FOR CHAPTER 7

Supplementary Table 7.S1 — Genes significantly associated with recurrence
following treatment with surgery and adjuvant chemotherapy based on combined
analysis of NSCLC tumours (n = 81).

Gene Name Chromosome Group with relative activation
Ctlorf111 1 Non-recurring tumours
C1orf226 1 Non-recurring tumours
LOC100133912 1 Non-recurring tumours
NOS1AP 1 Non-recurring tumours
SH2D1B 1 Non-recurring tumours
ACCN5S 4 Recurring tumours
CTSO 4 Recurring tumours
GUCY1B3 4 Recurring tumours
HHIP 4 Recurring tumours
IL15 4 Recurring tumours
INPP4B 4 Recurring tumours
SMAD1 4 Recurring tumours
TBC1D9 4 Recurring tumours
TDO2 4 Recurring tumours
ZNF330 4 Recurring tumours
ABLIM3 5 Recurring tumours
ANKRA2 5 Recurring tumours
AP3S1 5 Recurring tumours
APC 5 Recurring tumours
ATG12 5 Recurring tumours
BNIP1 5 Recurring tumours
Cborf13 5 Recurring tumours
Cborf41 5 Recurring tumours
CAMK4 5 Recurring tumours
CANX 5 Recurring tumours
CCDC112 5 Recurring tumours
CCDC99 5 Recurring tumours
CDO1 5 Recurring tumours
CEP120 5 Recurring tumours
CLK4 5 Recurring tumours
CNOT6 5 Recurring tumours
COL23A1 5 Recurring tumours
COMMD10 5 Recurring tumours
CPEB4 5 Recurring tumours
CPLX2 5 Recurring tumours
CSNK1G3 5 Recurring tumours
DCP2 5 Recurring tumours
DOCK2 5 Recurring tumours
DRD1 5 Recurring tumours
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Gene Name Chromosome Group with relative activation
DTWD2 5 Recurring tumours
DUSP1 5 Recurring tumours
EFNAS 5 Recurring tumours
EPB41L4A 5 Recurring tumours
FAM170A 5 Recurring tumours
FAM44B 5 Recurring tumours
FBXL17 5 Recurring tumours
FBXW11 5 Recurring tumours
FEM1C 5 Recurring tumours
FER 5 Recurring tumours
FGF18 5 Recurring tumours
FOXI1 5 Recurring tumours
GABRP 5 Recurring tumours
GFPT2 5 Recurring tumours
HAPLN1 5 Recurring tumours
HMHB1 5 Recurring tumours
HMP19 5 Recurring tumours
HNRNPH 1 5 Recurring tumours
HSD17B4 5 Recurring tumours
KCNIP1 5 Recurring tumours
KCNMB1 5 Recurring tumours
KCNN2 5 Recurring tumours
LCP2 5 Recurring tumours
LOC100131897 5 Recurring tumours
LOC133874 5 Recurring tumours
LOX 5 Recurring tumours
LVRN 5 Recurring tumours
MAN2A1 5 Recurring tumours
MAPK9 5 Recurring tumours
MCC 5 Recurring tumours
MGAT1 5 Recurring tumours
MSX2 5 Recurring tumours
NKX2-5 5 Recurring tumours
NPM1 5 Recurring tumours
NR3C1 5 Recurring tumours
ODz2 5 Recurring tumours
OR2Y1 5 Recurring tumours
PAM 5 Recurring tumours
PANK3 5 Recurring tumours
PGGT1B 5 Recurring tumours
PJA2 5 Recurring tumours
PRR16 5 Recurring tumours
RANBP17 5 Recurring tumours
RARS 5 Recurring tumours
RASGEFi1C 5 Recurring tumours
REEP5 5 Recurring tumours
RGNEF 5 Recurring tumours
RNF130 5 Recurring tumours
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Gene Name Chromosome Group with relative activation
RUFY1 5 Recurring tumours
SCGB3A1 5 Recurring tumours
SEMAGA 5 Recurring tumours
SFXN1 5 Recurring tumours
SH3PXD2B 5 Recurring tumours
SH3TC2 5 Recurring tumours
SLC25A46 5 Recurring tumours
SLIT3 5 Recurring tumours
SNCAIP 5 Recurring tumours
SRFBP1 5 Recurring tumours
SRP19 5 Recurring tumours
ST1C2 5 Recurring tumours
STK10 5 Recurring tumours
THOC3 5 Recurring tumours
TICAM2 5 Recurring tumours
TMED7 5 Recurring tumours
TRIM36 5 Recurring tumours
TSLP 5 Recurring tumours
TSSK1B 5 Recurring tumours
UBTD2 5 Recurring tumours
UTP15 5 Recurring tumours
VCAN 5 Recurring tumours
WDR36 5 Recurring tumours
XRCC4 5 Recurring tumours
YTHDC2 5 Recurring tumours
ZFP62 5 Recurring tumours
ZNF474 5 Recurring tumours
KIAA0196 8 Non-recurring tumours
MAL2 8 Non-recurring tumours
MTSS1 8 Non-recurring tumours
NSMCE2 8 Non-recurring tumours
SQLE 8 Non-recurring tumours
TRIB1 8 Non-recurring tumours
ZHX2 8 Non-recurring tumours
ZNF572 8 Non-recurring tumours
CSMD1 8 Recurring tumours
ABLIM1 10 Recurring tumours
ADRA2A 10 Recurring tumours
ADRB1 10 Recurring tumours
AFAP1L2 10 Recurring tumours
ATRNL1 10 Recurring tumours
C100rf118 10 Recurring tumours
C100rf81 10 Recurring tumours
C100rf82 10 Recurring tumours
C100rf90 10 Recurring tumours
C100rf96 10 Recurring tumours
CASP7 10 Recurring tumours
DKK1 10 Recurring tumours
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Gene Name Chromosome Group with relative activation
DUSP5 10 Recurring tumours
FAM1608B1 10 Recurring tumours
GFRA1 10 Recurring tumours
HABP2 10 Recurring tumours
HECTD2 10 Recurring tumours
HPSE2 10 Recurring tumours
HSPA12A 10 Recurring tumours
MXiI1 10 Recurring tumours
NRAP 10 Recurring tumours
PDCD4 10 Recurring tumours
PNLIP 10 Recurring tumours
PNLIPRP1 10 Recurring tumours
PNLIPRP2 10 Recurring tumours
PNLIPRP3 10 Recurring tumours
PPP1R3C 10 Recurring tumours
PRKG1 10 Recurring tumours
RBM20 10 Recurring tumours
SHOC2 10 Recurring tumours
SMC3 10 Recurring tumours
SMNDC1 10 Recurring tumours
SORCS1 10 Recurring tumours
SORCS3 10 Recurring tumours
TCF7L2 10 Recurring tumours
TDRD1 10 Recurring tumours
TNKS2 10 Recurring tumours
TRUB1 10 Recurring tumours
VTI1A 10 Recurring tumours
VWA2 10 Recurring tumours
OR10A5 11 Recurring tumours
OR2AG1 11 Recurring tumours
OR2AG2 11 Recurring tumours
OR6A2 11 Recurring tumours
FBXL14 12 Non-recurring tumours
WNT5B 12 Non-recurring tumours
SPRED1 15 Recurring tumours
A2BP1 16 Recurring tumours
ADCY7 16 Recurring tumours
ATP6VOD1 16 Recurring tumours
BRD7 16 Recurring tumours
C160rf61 16 Recurring tumours
C160rf70 16 Recurring tumours
CBFB 16 Recurring tumours
CDH16 16 Recurring tumours
CENPN 16 Recurring tumours
CES2 16 Recurring tumours
CES3 16 Recurring tumours
CLEC3A 16 Recurring tumours
E2F4 16 Recurring tumours
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Gene Name Chromosome Group with relative activation
ELMO3 16 Recurring tumours
EXOC3L 16 Recurring tumours
FAM96B 16 Recurring tumours
FHOD1 16 Recurring tumours
FLJ37464 16 Recurring tumours
HSD11B2 16 Recurring tumours
KCTD19 16 Recurring tumours
LOC653319 16 Recurring tumours
LRRC29 16 Recurring tumours
LRRC36 16 Recurring tumours
NKD1 16 Recurring tumours
PDP2 16 Recurring tumours
PLEKHG4 16 Recurring tumours
RRAD 16 Recurring tumours
SLCY9AS 16 Recurring tumours
TMEM208 16 Recurring tumours
TPPP3 16 Recurring tumours
WWOoxX 16 Recurring tumours
ZDHHC1 16 Recurring tumours
ANKFN1 17 Recurring tumours
C170rf67 17 Recurring tumours
CUEDC1 17 Recurring tumours
DGKE 17 Recurring tumours
DYNLL2 17 Recurring tumours
EPX 17 Recurring tumours
KIAA1303 17 Recurring tumours
LPO 17 Recurring tumours
MKS1 17 Recurring tumours
MPO 17 Recurring tumours
MRPS23 17 Recurring tumours
MSI2 17 Recurring tumours
NOG 17 Recurring tumours
OR4D1 17 Recurring tumours
OR4D2 17 Recurring tumours
SFRS1 17 Recurring tumours
TRIM25 17 Recurring tumours
VEZF1 17 Recurring tumours
ACAA2 18 Recurring tumours
ATPY9B 18 Recurring tumours
CTDP1 18 Recurring tumours
GALR1 18 Recurring tumours
HDHD2 18 Recurring tumours
IER3IP1 18 Recurring tumours
KATNAL2 18 Recurring tumours
MAPK4 18 Recurring tumours
MBP 18 Recurring tumours
MYOS5B 18 Recurring tumours
NFATC1 18 Recurring tumours
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Gene Name Chromosome Group with relative activation
PIAS2 18 Recurring tumours
SALL3 18 Recurring tumours
SIGLEC15 18 Recurring tumours
SLC14A1 18 Recurring tumours
SLC14A2 18 Recurring tumours
SMAD7 18 Recurring tumours
SYT4 18 Recurring tumours
TCEB3B 18 Recurring tumours
TCEB3C 18 Recurring tumours
TCEB3CL 18 Recurring tumours
ZNF516 18 Recurring tumours
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Supplementary Table 7.S2 — Genes significantly associated with recurrence
following treatment with surgery and adjuvant chemotherapy based on analysis

of non-squamous lung tumours (n = 52).

Gene name Chromosome Group with relative activation
C2orf15 2 Recurring tumours
C2orf29 2 Recurring tumours
CREG2 2 Recurring tumours
EIF5B 2 Recurring tumours
IL18R1 2 Recurring tumours
IL18RAP 2 Recurring tumours
IL1R1 2 Recurring tumours
IL1R2 2 Recurring tumours
IL1RL1 2 Recurring tumours
IL1RL2 2 Recurring tumours
LIPT1 2 Recurring tumours
LYG1 2 Recurring tumours
LYG2 2 Recurring tumours
MAP4K4 2 Recurring tumours
MFSD9 2 Recurring tumours
MITD1 2 Recurring tumours
MRPL30 2 Recurring tumours
NPAS2 2 Recurring tumours
RNF149 2 Recurring tumours
RPL31 2 Recurring tumours
SLC9A2 2 Recurring tumours
SLC9A4 2 Recurring tumours
SP110 2 Recurring tumours
SP140 2 Recurring tumours
SP140L 2 Recurring tumours
TBC1D8 2 Recurring tumours
TMEM182 2 Recurring tumours
TSGA10 2 Recurring tumours
TXNDC9 2 Recurring tumours
SEPT7 7 Recurring tumours
ABCA13 7 Recurring tumours
AMPH 7 Recurring tumours
ANLN 7 Recurring tumours
AQP1 7 Recurring tumours
BBS9 7 Recurring tumours
BMPER 7 Recurring tumours
C7orf10 7 Recurring tumours
C7orf16 7 Recurring tumours
C7orf31 7 Recurring tumours
C70rf36 7 Recurring tumours
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Gene name Chromosome Group with relative activation
C7orf57 7 Recurring tumours
CAMK2B 7 Recurring tumours
CCDC129 7 Recurring tumours
CHN2 7 Recurring tumours
COBL 7 Recurring tumours
CPVL 7 Recurring tumours
CREB5 7 Recurring tumours
CRHR2 7 Recurring tumours
CYCS 7 Recurring tumours
DPY19L1 7 Recurring tumours
EEPD1 7 Recurring tumours
EGFR 7 Recurring tumours
ELMO1 7 Recurring tumours
EPDR1 7 Recurring tumours
EVX1 7 Recurring tumours
FAM183B 7 Recurring tumours
FIGNL1 7 Recurring tumours
FKBP14 7 Recurring tumours
FKBP9 7 Recurring tumours
FLJ21075 7 Recurring tumours
FLJ22374 7 Recurring tumours
GARS 7 Recurring tumours
GGCT 7 Recurring tumours
GHRHR 7 Recurring tumours
GLI3 7 Recurring tumours
GPR141 7 Recurring tumours
HECW1 7 Recurring tumours
HERPUD2 7 Recurring tumours
HIBADH 7 Recurring tumours
HOXA1 7 Recurring tumours
HOXA10 7 Recurring tumours
HOXA11 7 Recurring tumours
HOXA13 7 Recurring tumours
HOXA2 7 Recurring tumours
HOXA3 7 Recurring tumours
HOXA4 7 Recurring tumours
HOXAS 7 Recurring tumours
HOXA6 7 Recurring tumours
HOXA7 7 Recurring tumours
HOXA9 7 Recurring tumours
HUS1 7 Recurring tumours
IKZF1 7 Recurring tumours
INHBA 7 Recurring tumours
INMT 7 Recurring tumours
JAZF1 7 Recurring tumours
KBTBD2 7 Recurring tumours
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Gene name Chromosome Group with relative activation
KIAA0241 7 Recurring tumours
KIAA0895 7 Recurring tumours
LOC401335 7 Recurring tumours
LOC402644 7 Recurring tumours
LSM5 7 Recurring tumours
NEUROD6 7 Recurring tumours
NOD1 7 Recurring tumours
NPSR1 7 Recurring tumours
NPVF 7 Recurring tumours
NT5C3 7 Recurring tumours
PDE1C 7 Recurring tumours
PKD1L1 7 Recurring tumours
PLEKHA8 7 Recurring tumours
POUG6F2 7 Recurring tumours
RALA 7 Recurring tumours
RP9 7 Recurring tumours
SCRN1 7 Recurring tumours
SEC61G 7 Recurring tumours
SFRP4 7 Recurring tumours
SKAP2 7 Recurring tumours
STARD3NL 7 Recurring tumours
SUNC1 7 Recurring tumours
TARP 7 Recurring tumours
TAX1BP1 7 Recurring tumours
TBX20 7 Recurring tumours
TNS3 7 Recurring tumours
UPP1 7 Recurring tumours
VSTM2A 7 Recurring tumours
Vwe2 7 Recurring tumours
WIPF3 7 Recurring tumours
ZNRF2 7 Recurring tumours
C9orf79 9 Recurring tumours
CCRK 9 Recurring tumours
CTSL3 9 Recurring tumours
GSN 9 Recurring tumours
STOM 9 Recurring tumours
DRD5 4 Non-recurring tumours
AGAP11 10 Non-recurring tumours
BMPR1A 10 Non-recurring tumours
C100rf116 10 Non-recurring tumours
GRID1 10 Non-recurring tumours
MMRN2 10 Non-recurring tumours
SNCG 10 Non-recurring tumours
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Supplementary Table 7.S3 — Genes significantly associated with recurrence
following treatment with surgery and adjuvant chemotherapy based on analysis

of squamous lung tumours (n = 29).

Gene name Chromosome Group with relative activation
C1orf53 1 Recurring tumours
CFH 1 Recurring tumours
DENND1B 1 Recurring tumours
TMEM18 2 Recurring tumours
TSSC1 2 Recurring tumours
ROBO1 3 Recurring tumours
ABCG2 4 Recurring tumours
ARHGAP24 4 Recurring tumours
BMPR1B 4 Recurring tumours
DMP1 4 Recurring tumours
FAM13A1 4 Recurring tumours
GRID2 4 Recurring tumours
HERCS3 4 Recurring tumours
HERCS 4 Recurring tumours
HERC6 4 Recurring tumours
IBSP 4 Recurring tumours
MAPK10 4 Recurring tumours
MEPE 4 Recurring tumours
MGC48628 4 Recurring tumours
NAP1L5 4 Recurring tumours
PDHA2 4 Recurring tumours
PDLIMS 4 Recurring tumours
PGDS 4 Recurring tumours
PIGY 4 Recurring tumours
PKD2 4 Recurring tumours
PPM1K 4 Recurring tumours
SMARCAD1 4 Recurring tumours
SPP1 4 Recurring tumours
UNC5C 4 Recurring tumours
RASA1 5 Recurring tumours
TMEM167A 5 Recurring tumours
XRCC4 5 Recurring tumours
AlG1 6 Recurring tumours
AKAP7 6 Recurring tumours
ANKRD6 6 Recurring tumours
ARG1 6 Recurring tumours
BACH2 6 Recurring tumours
BVES 6 Recurring tumours
Céorf225 6 Recurring tumours
CASP8AP2 6 Recurring tumours
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Gene name Chromosome Group with relative activation
CITED2 6 Recurring tumours
ENPP3 6 Recurring tumours
FYN 6 Recurring tumours
GJA10 6 Recurring tumours
GPR126 6 Recurring tumours
HACE1 6 Recurring tumours
HIVEP2 6 Recurring tumours
IRAK1BP1 6 Recurring tumours
LAMA2 6 Recurring tumours
LAMA4 6 Recurring tumours
LIN28B 6 Recurring tumours
LYRMZ2 6 Recurring tumours
MAP3K7 6 Recurring tumours
MDN1 6 Recurring tumours
MED23 6 Recurring tumours
MOXD1 6 Recurring tumours
OR2A4 6 Recurring tumours
PACRG 6 Recurring tumours
PHIP 6 Recurring tumours
SH3BGRL2 6 Recurring tumours
STX7 6 Recurring tumours
TAAR1 6 Recurring tumours
TAAR2 6 Recurring tumours
TAARS 6 Recurring tumours
TAARG6 6 Recurring tumours
TAARS8 6 Recurring tumours
TAAR9 6 Recurring tumours
TCF21 6 Recurring tumours
TMEM200A 6 Recurring tumours
TRAF3IP2 6 Recurring tumours
TUBE1 6 Recurring tumours
VNN1 6 Recurring tumours
VNN3 6 Recurring tumours
VTA1 6 Recurring tumours
WISP3 6 Recurring tumours
AMAC1L2 8 Recurring tumours
C8orf74 8 Recurring tumours
DEFB130 8 Recurring tumours
DEFB134 8 Recurring tumours
DEFB136 8 Recurring tumours
DEFB137 8 Recurring tumours
DUB3 8 Recurring tumours
EFHA2 8 Recurring tumours
FAM86B1 8 Recurring tumours
FGF20 8 Recurring tumours
FGL1 8 Recurring tumours
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Gene name Chromosome Group with relative activation
GSR 8 Recurring tumours
GTF2E2 8 Recurring tumours
MSR1 8 Recurring tumours
MTMR9 8 Recurring tumours
MTUS1 8 Recurring tumours
NAT1 8 Recurring tumours
PDGFRL 8 Recurring tumours
PINX1 8 Recurring tumours
PPP2CB 8 Recurring tumours
PURG 8 Recurring tumours
RBPMS 8 Recurring tumours
SGCZ 8 Recurring tumours
SLC7A2 8 Recurring tumours
SOX7 8 Recurring tumours
TEX15 8 Recurring tumours
TUSC3 8 Recurring tumours
UBXN8 8 Recurring tumours
WRN 8 Recurring tumours
XKR6 8 Recurring tumours
ZDHHC2 8 Recurring tumours
ZNF705D 8 Recurring tumours
ADAMTS20 12 Recurring tumours
BTG1 12 Recurring tumours
CLLU1 12 Recurring tumours
CLLU10S 12 Recurring tumours
EEA1 12 Recurring tumours
FBX021 12 Recurring tumours
IRAK4 12 Recurring tumours
LOC338809 12 Recurring tumours
LRRK2 12 Recurring tumours
MRPL42 12 Recurring tumours
NOS1 12 Recurring tumours
NUDT4 12 Recurring tumours
PEBP1 12 Recurring tumours
PLEKHG7 12 Recurring tumours
PUS7L 12 Recurring tumours
SLC2A13 12 Recurring tumours
SOCS2 12 Recurring tumours
SUDS3 12 Recurring tumours
TAOK3 12 Recurring tumours
TESC 12 Recurring tumours
TMCC3 12 Recurring tumours
TMEM117 12 Recurring tumours
TWF1 12 Recurring tumours
UBE2N 12 Recurring tumours
BZRAP1 17 Recurring tumours
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Gene name Chromosome Group with relative activation
CUEDC1 17 Recurring tumours
DYNLL2 17 Recurring tumours
EPX 17 Recurring tumours
HSF5 17 Recurring tumours
LPO 17 Recurring tumours
MKS1 17 Recurring tumours
MPO 17 Recurring tumours
MRPS23 17 Recurring tumours
OR4D1 17 Recurring tumours
OR4D2 17 Recurring tumours
RNF43 17 Recurring tumours
SFRS1 17 Recurring tumours
SUPT4H1 17 Recurring tumours
VEZF1 17 Recurring tumours
C18o0rf55 18 Recurring tumours
CYB5A 18 Recurring tumours
FBXO15 18 Recurring tumours
HDHD2 18 Recurring tumours
IER3IP1 18 Recurring tumours
KATNAL2 18 Recurring tumours
TCEB3B 18 Recurring tumours
TCEB3C 18 Recurring tumours
TCEB3CL 18 Recurring tumours
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Figure 7.51
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Supplementary Figure 7.S1 — Whole genome frequency of alteration for NSCLC
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patients treated with surgery alone. Individual tumour genome profiles were
generated for each case in a panel of stage IA-IlIA lung tumours (n = 117). Segmental
DNA copy number alterations for each case were defined as described in Materials and
Methods (Chapter 7). Genome loci were altered to a maximum frequency of 100%. In
this image, frequency of DNA gain is defined to the right of each chromosome, while
frequency of loss is defined to the left. Red represents “non-recurring” specimens and
green represents “recurring” (yellow indicates overlap between these two groups). The
lighter blue horizontal lines in the karyogram span genome segments found to be
significantly different between response groups and between histological groups
(squamous versus non-squamous subtypes) (Fisher's Exact Test, p < 0.05). The dark
blue horizontal lines span segments significantly associated with response groups

alone.
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Supplementary Figure 7.S2 — Whole genome frequency of alteration within
NSCLC subtypes where patients were treated with surgery alone. Both images are
annotated as in Figure 7.S1, with red representing “non-recurring”, green as “recurring”,
and yellow indicating an overlap between these groups. Dark blue lines denote regions
significantly different between recurrence groups (Fisher’s Exact Test, p < 0.05). A.
Regions of differential genomic alteration within non-squamous tumours. Specifically,
genomic differences were determined for 51 non-recurring versus 31 recurring tumours.
B. Regions of differential genomic alteration within squamous tumours. Differences

were determined for 26 non-recurring cases versus 9 recurring ones.
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Figure 7.S2
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Supplementary Figure 7.S3 — Genome profiles comparing chemoresistant and
chemosensitive NSCLC cell lines. The karyograms are annotated as in Figure 7.51
and 7.S2, with red now representing drug sensitive cells and green representing drug
resistant cells. A. Results for cis-platinum resistance. Genomic data for six resistant
lines were compared to data for 11 sensitive lines, as defined by I1Cs values. B.
Analysis of genomic data in the context of vinorelbine resistance. Forty-two drug

sensitive cell lines were compared to seven resistant lines.
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Figure 7.S3
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Figure 7.54
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Supplementary Figure 7.S4 — Genome profiles comparing vinorelbine-resistant

and vinorelbine-sensitive nonsquamous lung cancer cell lines. The karyogram is

annotated as in Figure 7.S3. Genomic data for 37 cell lines defined as sensitive to

vinorelbine were compared to data for seven lines defined as resistant. This analysis

was not repeated in non-squamous lung cancer lines for cis-platinum due to the fact

that all samples classified as sensitive or resistant in the combined NSCLC analysis

were already of non-squamous histology (see Figure 7.S3A).
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