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ABSTRACT

Introduction: Modern care of patients with lung cancer requires rapid and accurate diagnosis
leading to personalized therapies for individual patients based on molecular characteristics of
their tumour. Detecting mutations that predict response to drug quickly and accurately is an
essential part of this process. Next generation sequencing (NGS) technologies provide an
alternative approach for detecting mutated oncogenes in cancer. We hypothesize that NGS is
equal if not superior to standard methods for identifying targetable mutations in the EGFR and

ALK genes in lung cancer.

Methods: DNA and RNA from 38 formalin fixed paraffin embedded lung cancer samples (37
non-small cell lung cancer (NSCLC) and one small cell lung cancer (SCLC)) archived in
Diagnostic Services Manitoba were collected and analyzed using gene enrichment methods from
Archer Diagnostics followed by sequencing on the HHlumina MiSeq NGS machine. Targeted
DNA sequencing to detect the EGFR mutation was performed on 19 samples while targeted
RNA sequencing was applied to 20 samples to identify the ALK gene rearrangement. The NGS
results were compared with and confirmed by current clinical standard molecular tests for EGFR

(real-time PCR) and ALK (immunohistochemistry and FISH).

Results: Three cases were positive for the EGFR mutation and two other samples harbored the
EML4-ALK fusion genes as determined by NGS. The concordance between NGS and real-time

PCR for EGFR mutation detection was 88.9%. Additionally, the NGS methodology also



provided profiles of other genes commonly mutated in NSCLC including KRAS and TP53. The

consistency for ALK fusion testing was 100% between NGS and FISH.

Conclusion: This study provides support that NGS is a promising diagnostic tool for mutation
detection in NSCLC and holds strong potential for an alternative approach to identifying
clinically relevant targets such as EGFR and ALK. Furthermore, NGS provides more information

on cancer driven gene mutations than other traditional methods.
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1. INTRODUCTION (Part 1)

Lung Cancer

1.1. Epidemiology

Lung cancer broadly defines malignant tumours of epithelial origin that develop within the lung
parenchyma. Worldwide, lung cancer is the most common cancer among males both in
morbidity and mortality (WHO 2014). Among females, lung cancer has the third highest
prevalence and is the second leading cause of cancer death following breast cancer (WHO 2014).
On average, lung cancer accounts for 19.4% of all cancer deaths globally in 2012, i.e. 1.6 million
fatal cases (WHO 2014). In Canada, lung cancer is the most commonly diagnosed cancer along
with prostate, breast and colorectal cancers, but is the leading cause of cancer-specific mortality:
greater than the next three most lethal cancers combined (Table 1 and Table 2). In 2016, an
estimated 26,600 new cases of lung cancer will be diagnosed in Canada, which represents 14%
of all new cancer cases. Furthermore, 20,900 Canadian will die from lung cancer and this
represents approximate 26% of all cancer mortalities in 2016 (Table 1 and Table 2) (Canadian
Cancer Statistics 2016, Alberg et al., 2007). In the United States, the lifetime risk of developing
lung cancer is 8% in men and 6% in women (Horn et al., 2015). Recently published statistics
data shows that women in Canada have a 1 in 9 chance of dying from lung cancer (Canadian
Cancer Statistics 2016). The World Health Organization reported in 2014 that lung cancer is
most prevalent in North American, Europe and East Asia with the lowest rates in Africa and
South Asia (WHO 2014). Of note, more than one third of new cases in 2012 are in China

(Bernard and Christopher, 2014; Zhang et al., 2011). Thus, lung cancer is without doubt the
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single most important cause of cancer-related death in industrialized countries and deserves for

much medical attention and research focus.

Table 1: Percent distribution of estimated top four of new cancer cases, by sex, Canada, 2016

(Canadian Cancer Statistics 2016)

Males

102,900 New cases

Females

99,500 New cases

Prostate 21.0%

Colorectal 14.1%

Lung and bronchus 14.0%

Bladder 6.4%

Breast

Lung and bronchus

Colorectal

Body of uterus and
uterus NOS

25.8%

14.1%

11.7%

6.6%

Table 2: Percent distribution of estimated top four of cancer deaths, by sex, Canada, 2016

(Canadian Cancer Statistics 2016)

Males Females
(41,700 Deaths) (37,100 Deaths)

Lung and bronchus  26.1%

Colorectal 12.0%
Prostate 9.5%
Pancreas 5.8%

Lung and bronchus

Breast

Colorectal

Pancreas

14

26.4%

13.2%

11.6%

6.5%



1.2. Classification
1.2.1. NSCLC and SCLC
Lung cancer is broadly divided into two major histologic categories: non-small cell lung cancer

(NSCLC) and small cell lung cancer (SCLC).

Approximately 85% of new lung cancer cases are NSCLC (Crino et al., 2010). NSCLC
itself is a heterogeneous disease with three dominant histologic subtypes based on the
microscopic appearance of the cancerous cells: adenocarcinoma, squamous cell, and large cell
carcinoma. SCLC accounts for the remainder of new diagnosis. In some cases, there may be a
mixed histological pattern with multiple histologic subtypes coexisting within the tumour, for
example SCLC in combination with adenocarcinoma. Lifetime exposure to cigarette smoke is
considered the greatest risk factor for subsequently developing lung cancer. This observation is
particularly true for SCLC and squamous cell carcinomas which are commonly diagnosed in
patients who have smoked on average a package of cigarettes daily for 30 years (30 pack-year).
By contrast, lung adenocarcinoma is often diagnosed in individuals without a personal history of
exposure to cigarette smoke (defined as consuming less than 100 cigarettes in the lifetime). In
the last decade, adenocarcinoma arising from the terminal respiratory units of the lung has
replaced squamous cell carcinoma arising from the proximal bronchial airways as the most
common diagnosed lung cancer in some industrialized countries including Canada. Part of this
change is speculated due to a cultural shift towards the consumption of cigarettes with micro-
filter causing the deposition of carcinogenic particles in the distant airways (Travis et al., 2004).
Lung adenocarcinoma is also the most common lung cancer in females (Mitchell et al. 2015) and

young adults (< 45 year old) (Hsu et al., 2012). Besides cigarette smoking, limited evidence
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exists to show other environmental risk factors for lung cancer including air pollution, primitive
cooking, ionizing radiation and inhalation of asbestos. The exposure to carcinogens found in
cigarette smoke and other environmental risk factors causes mutations at cellular level that

ultimately leads to lung cancer development.

1.2.2. Clinical subtyping of lung cancer is critical to the management of the disease

SCLC is considered the most aggressive type of lung cancer. These tumours are defined
morphologically as having a round to fusiform shapes, scant cytoplasm, finely granular
chromatin, and frequent mitotic figures (Kumar et al., 9 edition, 2013). At the DNA level, a
hallmark of these tumour cells is the almost universal loss of function of the tumour suppressor
genes TP53 and RB1, either through mutation or gene deletion (Pfeifer et al., 2012). Even when
diagnosed at an early clinical stage, all SCLCs are presumed to have metastasized due to the
aggressive nature of the disease. Hence, surgery is not typically performed and instead
chemotherapy remains the standard of care for all patients. Radiation therapy can be added to
some patients where gross disease is confined to a limited region of the chest. Even with optimal

therapy, median survival for SCLC is about 6 months (Molina et al., 2008).

By contrast, the treatment of NSCLCs can vary depending of the stage of disease at
diagnosis (Table 3). Stage | and Il disease are considered localized and may be curable by
surgical resection alone. Newer therapies for Stage | disease also include stereotactic body
radiation therapy which may be used for patients medically ineligible for surgery. Five-year
survival for Stage | and II NSCLC with curative intent treatment is approximately 70% and 50%,

respectively (Paoletti et al., 2011; Howington et al., 2013). Stage 111 disease is usually treated
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with a combination of multiple treatment modalities including surgery, radiation, and
chemotherapy depending on the clinical scenario. However, even when curative intent treatment
is delivered, 5-year survival does not exceed 30% (Wanders et al., 2011). Patients initially
diagnosed with Stage I-111 disease, may subsequently progress to Stage 1V disease even
following curative intent therapy. Stage 1V or metastatic disease is considered incurable even
with aggressive systemic therapy and radiation. Unfortunately 50% of all NSCLC patients
present with Stage IV disease at initial diagnosis (Molina et al., 2008). In these patients, all
treatment is provided with a palliative intent specifically to reduce disease burden, improve
cancer-specific symptoms, improve quality of life, and potentially prolong life. The treatment of
Stage IV NSCLC has gone through significant changes since the start of the new millennium,
mainly through an improved understanding of the molecular mechanisms underlying NSCLC,
and the development of newer therapeutics. The AJCC Cancer Staging Manual including detail

of lung cancer staging is available at https://cancerstaging.org/references-

tools/deskreferences/Pages/default.aspx.

17


https://cancerstaging.org/references-tools/deskreferences/Pages/default.aspx
https://cancerstaging.org/references-tools/deskreferences/Pages/default.aspx

Table 3: Treatment of NSCLC depending on tumour staging (pre-2017).

| NSCLC

Palliative Care

Palliative Care

Stage IV
Stage | Stage Il | Stage Il | agenocarcinoma | Adenocarcinoma | Squamous/Large
(EGFR/ALK (EGFR/ALK cell cancer
mutation mutation
positive) negative)
*Surgery *Surgery | *Chemo *EGFR or ALK *Platinum doublet | ePlatinum doublet
TKI
«Stereotactic | *Chemo RT *Pemetrexed *Taxane
radiation *Platinum doublet . .
*Surgery *EGFR TKI *Clinical Trial
*Pemetrexed .
*Taxane *Palliative care
*Taxane

TKI: Tyrosine kinease inhibitor, RT: Radiation therapy

1.3. Somatic Gene Mutations of Lung Cancer

1.3.1 Overview

Cancer arises from gene alterations, or mutations that cause defects in normal cellular function.

These mutations are referred to as ‘somatic’ since they arise in the tumor and are not carried by

patients at birth. Genomic studies over the last decade mainly in the most common lung

adenocarcinoma subtype have revealed recurrent somatic mutations (Figure 1) in the oncogenes

KRAS and EGFR, occurring in 30% and 10% of annual North American cases respectively (Ding

et al., 2008). KRAS mutations are common in smokers while EGFR mutations are more common

in non-smokers and females. Less common mutations in lung adenocarcinoma include a gene
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fusion activating the ALK oncogene present in <5% of cases (Soda et al., 2007). Besides EGFR
mutations, ALK fusions are also enriched in non-smokers. ALK, KRAS and EGFR mutations are
typically mutually exclusive and are rarely seen in other NSCLC subtypes. Other potentially
targetable mutations in lung adenocarcinoma occur in BRAF, ERBB2, and ROS1, at frequencies
of 1-3% (Imielinski et al. 2012). Drugs for each of these targets are at various stages of clinical

trials.

Figure 1: Estimated prevalence of common somatic oncogene mutations in lung adenocarcinoma.
(Adapted from Kris et al. JAMA. 2014. 311(19):1998-2006, courtesy of Dr. Shantanu Banerji)

& KRAS
W EGFR
EML4-ALK

“ BRAF

“ PIK3CA
' ERBB2
Other
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In 2014, The Cancer Genome Atlas Research Network reported a landmark whole
genome analysis of 230 resected lung adenocarcinomas (The Cancer Genome Atlas Research
Network, 2014). High rates of somatic mutation (mean 8.9 mutations per megabase) were
observed. Of 18 statistically significantly mutated genes noticed, TP53 (46%) and KRAS (33%)
are commonly mutated, followed with STK11 (17%) and EGFR (10%). Gene fusions of ALK (3
cases) and ROSL1 (4 cases) are also identified. Gender and smoking status correlation with
mutation patterns seen in this large scale study is consistent with previous investigations (Ding et

al. 2008, Weir et al., 2007 and Imielinski et al., 2012).

1.3.2. EGFR in Lung Cancers

Epidermal Growth Factor Receptor (EGFR) is a transmembrane protein with cytoplasmic kinase
activity that transduces important growth factor signaling from the extracellular milieu to the cell
(da Cunha Santos et al., 2011). Upon activation by its growth factor ligands, EGFR undergoes a
transition from an inactive monomeric form to an active homodimer. This configuration change
stimulates its intrinsic intracellular tyrosine kinase activity and initiates the downstream
signaling cascades, leading to increased proliferation, angiogenesis, metastasis, and decreased
apoptosis (Mosesson and Yarden, 2004). Mutations, including increased gene copy number, that
cause EGFR overexpression or over-activity have been associated with carcinogenesis

(Ciardiello and Tortora, 2008; Woodburn, 1999)

Studies show more than 60% of NSCLCs express EGFR. EGFR-activating mutations

occur in 47.9% of Asian and 19.2% of Western patients with NSCLC (Dearden et al., 2013).
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These mutations are usually heterozygous and predominantly associated in EGFR exons 18-21,
which encodes a portion of the EGFR kinase domain (Soh et al., 2009). Approximately 90% of
these mutations are short deletions in exon 19 and point mutations of L861Q, G719S and L858R
in exon 21 (Ladanyi and Pao 2008, Lynch et al., 2004, Paez et al., 2004). Mutational data from
more than 20,000 NSCLC samples have been reported and are available at the Catalogue of
Somatic Mutations in Cancer

(http://www.sanger.ac.uk/perl/genetics/ CGP/cosmic?action=gene&In=EGFR) (da Cunha Santos

et al., 2011). Furthermore, those EGFR-activating mutations are more common in female, never
smoker and lung adenocarcinoma. This trend of EGFR mutations suggests different pathogenesis

underling NSCLC (Sakurada et al., 2006).

Almost two-thirds of lung cancers are known to express the EGFR protein (Sherwin et
al., 1981), this observation led to clinical trials with the oral small molecule inhibitors erlotinib
and gefitinib that specifically target EGFR. With both drugs showing evidence of activity,
erlotinib was approved for widespread clinical use as second or third line therapy for patients
with metastatic lung adenocarcinoma based improved survival compared to placebo (Shephard et
al., 2005). Response rates were 8.9% however and seemed to be more common in females, non-
smokers, and those of East-Asian descent. Subsequent work by several groups revealed the
presence of specific point mutations in the EGFR gene predicted both sensitivity and resistance
to the drugs (Lynch et al., 2004; Paez et al., 2004; Pao et al., 2005 and Mitsudomi et al., 2005).
Over the last 10 years, there has been considerable clinical trial data supporting the use of anti-
EGFR small molecule inhibitors as first line therapy in EGFR-mutant positive patients. The

pivotal iPASS trial from East Asia demonstrated a hazard ratio (HR) of 0.48 for progression or
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death (p<0.001) for mutation positive patients who received gefitinib versus standard carboplatin
and paclitaxel chemotherapy (Mok et al., 2009). Similarly, the EURTAC trial from Europe
comparing erlotinib and platinum based chemotherapy showed a significantly improved
progression free survival of 9.4 vs. 5.2 months for erlotinib in EGFR-mutant patients (Rosell et
al., 2012). Overall survival difference again was not significantly different in both studies mainly
due to significant crossover in the treatment arms. Both drugs are now approved globally for the
first-line treatment of EGFR-mutated lung adenocarcinoma. EGFR mutation testing is now

considered mandatory for all patients with lung adenocarcinoma in Canada (Ellis et al., 2011).

1.3.3. ALK in Lung Cancers

Anaplastic lymphoma kinase (ALK) is a type of tyrosine kinase receptor, which is also a novel
oncogene associated with the development of lung adenocarcinoma. In 2007, the Mano
laboratory in Japan first reported the presence of oncogenic gene fusions involving the gene ALK
in lung cancer (Soda et al., 2007). ALK rearrangements, for example an EML4-ALK fusion gene,
occur in 2 to 7% of NSCLC. Never smokers with lung adenocarcinoma have a higher rate of
EML4-ALK fusion mutation (Soda et al., 2007; Kwak et al., 2010). EML4-ALK gene variants are
based on distinct breakpoints within EML4 exons, and the fusion gene encodes a cytoplasmic
aberrant protein with constitutive kinase activity (Choi et al., 2008; Takeuchi et al., 2008 and
Kwak et al., 2010). Other than NSCLC, the dysregulation of kinase associated with ALK somatic
mutation has been previously identified in several other types of cancer such as anaplastic large
cell lymphoma (Kotok and Aster, 2002), neuroblastoma (George et al., 2008; Moose et al., 2008)

and inflammatory myofibroblastic tumor (Pulford, 2004). In addition, ALK fusion genes with
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other genes partners beyond EML4 has been reported in NSCLCs at low frequencies (Takeuchi,

2009).

The presence of ALK fusion genes in lung cancers has led to clinical trials using the
combined ALK and cMET oral small molecule inhibitor crizotinib (Kwak et al., 2010). Trials
enrolled only patients with evidence of the ALK fusion based on a break-a-part FISH assay.
Response rates of over 60% were seen in heavily pretreated patients who typically do not show
responses greater than 10% with cytotoxic agents. As reported at the ESMO annual meeting in
2012, evidence of significant progression free survival has now been demonstrated for crizotinib
versus standard chemotherapy in the second line setting for lung cancer patients with the ALK
fusion. The break-a-part FISH assay remains the gold standard and approved assay to confirm
the presence of the fusion gene. However, PCR, sequencing, and chromogenic in situ

hybridization may also be used (Kim et al., 2011).

1.3.4. KRAS in Lung Cancers

V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS) is a member of the RAS family
of membrane-associated G proteins and acts downstream of a number of receptor tyrosine
kinases including EGFR (Sholl 2014). The activation of KRAS is necessary for signaling in cell
growth and proliferation. As a common proto-oncogene, KRAS is mutated in 34% of smokers
and 6% of never smokers with lung adenocarcinoma (Dogan et al., 2012). The high frequency of
KRAS mutation in smokers strongly suggests its correlation with smoking history. The most

common KRAS mutation in smokers is a codon 12 G>T transversion which causes a substitution
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of Cysteine (C) with Glycine (G) in translation. The single-nucleotide missense alteration of the
codons 12 and 13 account for more than 90% of the KRAS mutations in lung adenocarcinoma
(Dogan et al., 2012 and Kranenburg 2005). However, no KRAS mutation-targeted treatment is

approved for clinical use but is an active area of clinical research (Okimoto and Bivona, 2014).

1.4. Personalized Treatment of Lung Cancer

1.4.1 Overview

Traditional cancer therapy is selected based on the organ of tumour origin and then choosing the
most appropriate cytotoxic drugs for the disease. Cytotoxic chemotherapy is defined as drugs
that interfere with basic functions of cellular replication including DNA synthesis, repair and
replication, or interfere with microtubule synthesis. Commonly used cytotoxic drugs for the
treatment of NSCLC include platinum agents (DNA cross-linking), etoposide (inhibiting DNA
replication), taxanes and vinka alkaloids (affecting normal microtubule function), gemcitabine
(nucleoside analogues), and pemetrexed (inhibiting DNA synthesis and cellular metabolism).
The non-specific nature of these therapies leads to dose-limiting toxicities through damage to
normal tissues including the neuropathy, nephropathy, alopecia, diarrhea, and cytopenias. These
toxicities limit the safe delivery of these drugs to patients with poor clinical performance status,
multiple comorbidities, and elderly patients (Socinski 2004; Sorenson et al., 2001). The
identification of oncogenes that drive cancer has led to greater personalization of cancer
treatments as new therapy is directed specifically against the protein product altered by the gene

mutation. This ‘targeted therapy’ or ‘personalized medicine’ has resulted in treatments that are
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both effective against the tumor and less toxic to the patient. This enhances the quality of life of

patients diagnosed with an incurable disease.

1.4.2. Targeted Therapy and the Challenge in Manitoba

In Manitoba, targeted therapies are approved for lung adenocarcinoma with EGFR, ALK, or
ROS1 mutations. Patients with activating somatic EGFR mutations are treated with oral EGFR
inhibitors gefitinib or erlotinib as first line therapy with better and longer lasting responses
compared to cytotoxic chemotherapy. The utility of these drugs in the first line setting was
demonstrated in the iPASS study comparing the use of first line EGFR therapy to standard
platinum doublet chemotherapy (Mok et al., 2009). This study demonstrated superiority of
gefitinib over chemotherapy in patients with a somatic EGFR mutation, but also demonstrated
inferiority of the same drug in patients without an EGFR mutation. Therefore, the current routine
use of these agents for first line treatment requires testing all patients with advanced
adenocarcinoma for the EGFR mutation. At the present time, this test is not available in
Manitoba and clinical samples are sent to Calgary Laboratory Services for polymerase chain

reaction (PCR)-based detection at a cost of $475/case.

The oncogenic ALK gene fusion was discovered in 2007. The fusion results from a
chromosomal rearrangement that places the kinase portion of the ALK gene adjacent to another
activated gene, commonly EML4. This leads to the constitutive activation of the ALK protein
that in turn signals tumor growth. The clinical gold standard for detecting the fusion gene is

using a break-a-part fluorescent in situ hybridization (FISH) assay, after which positive patients
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receive the oral inhibitor crizotinib. The test is also unavailable in Manitoba and samples are sent

to PhenoPath labs in Seattle at a cost of US$495/case.

Routine clinical testing is not yet approved for BRAF, ERBB2, and ROS1 in lung cancer.
However, drugs that effectively target these mutations are approved in Canada for other
indications. The ROS1 gene fusion predicts similar response to crizotinib as the ALK fusion.
ERBB2 mutations predict response to the pan-EGFR-inhibitor afatinib approved for EGFR-
mutated lung cancer. BRAF mutated lung tumours respond to vemurafinib which has been
approved to treat BRAF mutated metastatic melanoma. These mutations are detected either with
FISH (ROS1 fusion) or PCR (ERBB2 and BRAF point mutations) at similar costs per case as
EGFR and ALK. Clinical trials correlating biomarker and respective inhibitor in lung cancer are
underway and the expectation of the cancer community is that the drugs will be approved for

these indications within a year (Okimoto and Bivona, 2014).
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2. INTRODUCTION (Part I1)

DNA Sequencing

2.1. Current Methods for Cancer Mutation Testing

As described above in Chapter 1, the majority of mutations amenable to targeted drug therapy
are point mutations. The most commonly used method for mutation detection in clinical
laboratories is PCR-amplification based sequencing. Multiple variations of this method exist and
mainly differ in i) the amount of input DNA, and ii) the sensitivity to detect mutations at a lower
allelic fraction. The major first step involves the amplification of a specific region of DNA using
gene specific primers. This amplified region is then sequenced using standard capillary
sequencing to identify the altered DNA bases. Newer laboratory methods amplify the DNA using
customized primers compatible with quantitative PCR, which produce a signal only when the
mutation is present. This no longer requires the extra sequencing step and can improve
turnaround time for mutation reporting. The limitation of these PCR-amplification methods is
that they can only interrogate known mutations and are limited to a single sample per assay.
Also, they are often restricted to a single gene, and even then, specific loci within the gene. In
general, the cost of testing a clinical sample for mutations ranges from $100 to $500 per case

depending on the number of gene loci within the assay.

Gene amplifications and fusion gene detection are most efficiently performed by either
PCR or FISH in most laboratories. The current gold standard for detection of ERBB2

amplification in breast cancer and the ALK fusion in NSCLC is FISH. This requires adequate
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collection and processing of samples so that nuclear architecture is preserved to provide a
satisfactory report. The interpretation of FISH result is subjective and significant variations of
FISH results by different assay readers have been reported (Wallander et al., 2012). Therefore,
properly trained technicians to read the assay manually is essential. Also, FISH is a qualitative
molecular testing tool which neither can identify the fusion partners nor distinguish fusion
variants. Cost of FISH is typically $300-500 per case. If a particular tumor sample requires both
mutation testing and fusion gene testing such as in lung cancer, clinical specimens can become
depleted very quickly. In the age of minimally invasive procedures and smaller biopsies, this

can often be a significant limitation.

PCR-based testing has a long history of application in genomic study of cancers,
particularly the detection of known fusion gene products. This method is widely used for
hematologic malignancies where fresh RNA from hematologic cells are readily available. By
contrast, most biopsies from solid tumors are stored as formalin fixed paraffin-embedded (FFPE)
specimens. RNA in this format unfortunately suffers from increased degradation and cross-
linking. Therefore, this method is not currently recommended as a first-line diagnostic tool for
ALK fusion detection by the guidelines because of concerns of higher risks of assay failure due to
false negatives in RNA-based assay in routine FFPE pathology material, and also due to the
variability in EML4-ALK fusion structure and the existence of other ALK fusion partner

(Lindeman et al., 2013).
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2.2. DNA Sequencing

2.2.1. First-generation versus Next-generation Sequencing

The terminology first-generation sequencing typically refers to traditional Sanger sequencing. In
brief, this process involves incubating a single-strand of DNA with a DNA primer (specific to
the region of interest), DNA polymerase, normal deoxynucleotides, and modified
deoxynucleotides usually labeled with a unique fluorescent dye color corresponding to each of
the four bases (A, C, G, T) that can be incorporated into the complementary sequence. With
incorporation of each new base, this fluorescent dye is activated and can be detected with
automated sensors. The chronological sequence of dye being released with each base
corresponds to the DNA base order of the region of interest being sequenced (Smith et al., 1985).
This process overall is fairly efficient and accurate but overall throughput is limited as only one

DNA region and one patient can be examined with each analysis.

Next-generation sequencing (NGS) in simplistic terms relies on slight variations of the
Sanger sequencing process as its fundamental basis. The key difference is that the process has
been adapted and automated so that hundreds of thousands of sequencing reactions can be run in
parallel. A variety of methods exist to accomplish this process. Table 4 summarizes currently
available NGS platforms (Goodwin et al., 2016). For an extensive description of commonly used
platforms, please refer to the review by Metzker (2010). The major accomplishments of next-
generation methods have been to increase throughput of sequencing, increase the area of DNA

that can be covered, and increase the number of samples that can be processed. More
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significantly, these improvements result in a reduction in cost, which makes these platforms

increasingly suitable for clinical applications (Figure 2).
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Table 4: Summary NGS platforms. Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews
Genetics. June 2016; 17, 333-351. Goodwin S, McPherson JD, McCombie WR. Coming of age: ten years of next-
generation sequencing technologies. Copyright (2016).
http://www.nature.com.uml.idm.oclc.org/nrg/journal/v17/n6/full/nrg.2016.49.html
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Table 4: Summary NGS platforms (continued)
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Figure 2: Improvement in DNA sequencing equipment (courtesy of Dr. Yvonne Myal)

Then (first generation sequencing): 33 years to sequence one human
genome on one machine

Now (next generation sequencing): 2 weeks to sequence one human
genome on one machine
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Next-generation DNA sequencing efforts are typically divided into whole-genome and
sub-whole-genome projects. Whole-genome sequencing aims to cover each base in the genome
on average 30 times so that subsequent analytical tools can call the presence of a mutation with
sufficient confidence. This method is useful for point mutation discovery, detection of fusion
genes, and for examining non-coding regions of the genome. The main limitation to whole-
genome sequencing is the substantial cost associated with covering the vast genomic territory.
This can become even more problematic in polyploid cancer samples. Also, the functional
relevance of the vast amount of data obtained from whole-genome sequencing can be limited.
Sub-whole genome sequencing restricts the DNA territory sequenced so that the cost of
sequencing can be reduced. This is accomplished through a process of targeted sequencing.
This can be accomplished either by targeted amplification of specific DNA regions (for example
via PCR) and then subsequently sequencing only the amplified DNA on next-generation
machines. Another solution is to design oligonucleotides ‘baits’ that are complementary to a
DNA region of interest to ‘capture’ only this specific territory for sequencing (Gnirke et al.,
2009). Typical sub-genome methods used are whole-exome sequencing where oligonucleotides
against the whole coding region of the genome (or exome) are used as baits. All functional
mutations to date are known to reside within the exome that account for 1% of the whole
genome. Mutations that alter the protein structure may be the most relevant to cancer biology
and actionable targets for future therapy. Also, by sequencing a smaller territory, there is
increased sensitivity of detecting mutations that may be present in sub-clonal populations of the
tumour. Restricting sub-genome sequencing to an even smaller territory, for example clinically

relevant genes, makes next-generation methods more suitable for every day clinical applications.
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2.2.2. Next-generation Sequencing (NGS) Improves Cancer Gene Mutation Discovery

The year 2001 saw the first published reports of the complete human genome sequence,
approximately 6 gigabases in total (Lander et al., 2001 and Venter et al., 2001). These initial
efforts relied on the step-by-step assembly of individual sequences of human DNA through a
collaboration of multiple centers across the globe, a laborious and costly endeavor. Not until
2009 was the first complete cancer genome published. The major advance leading to this
accomplishment was the development of next-generation sequencing technologies that allowed
the parallel sequencing of thousands of DNA fragments simultaneously (Wheeler et al., 2008).
This resulted in both improved speed of sequencing and reduction in the amount of input DNA
from an individual case. The first cancer sequencing effort focused on the acute myelogenous
leukemia (AML) genome of a single patient (Ley et al., 2008). The complete genome sequence
of a breast tumor was the first for an epithelial cancer (Shah et al., 2009). In 2008, two lung
cancer cell lines were sequenced (Campbell et al., 2008). Two years later, Lee et al. reported the
whole genome sequencing of lung adenocarcinoma and normal lung tissue from a same patient.
Of the 530 somatic single nucleotide variants found, 393 were detected in coding regions
including in the KRAS proto-oncogene. In addition, 53 structural variations were identified (Lee
et al., 2010). The massive parallel sequencing a SCLC cell line was first reported in 2010
(Pleasance et al., 2010). Ju’s research team published the whole genome study of paired NSCLC
and normal lung tissue from a never smoking patient, and a novel fusion gene, KIF5B-RET, was
discovered (Ju et al., 2012). More recently, The Cancer Genome Atlas Research Network
published comprehensive molecular profiling of 230 resected lung adenocarcinomas using
messenger RNA, microRNA and shotgun DNA sequencing (2014). While many somatic

mutations were observed in the individual lung cancer, the functional significance of any
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individual mutation remained unknown. Increasing the number of samples sequenced was
proposed to improve the sensitivity of detecting significantly mutated genes to better understand

cancer pathogenesis.

The significant cost of genome sequencing (>$100,000 per sample) initially limited
expansion of sequencing efforts. Improvements in both sequencing technology and analytic
methods resulted in further cost reductions. For a detailed discussion of these technical
improvements, please refer to the review by Meyerson et al (2010). Over the last two years,
dozens of cancer genome sequencing papers have been published each involving larger numbers
of patient samples. The more recent efforts have involved over a hundred cases per project.
These studies have revealed that the cancer genome is complex and that many potential targets
for therapy, both point mutations and fusion genes, may exist in individual patients.
Unfortunately, many of these new targets occur at frequencies under 10% within individual
cancer types. Thus efficient methods to detect these mutations and enroll patients in clinical

trials for targeted therapy must be implemented.

2.2.3. Bringing Next-generation Technology to Clinical Laboratory

The value of next-generation sequencing methods for detecting rare mutations within tumours

has been widely demonstrated. The key next step in the process is to bring the technology to the
clinical laboratories where pathologic specimens from patients are collected and examined on a
daily basis. Instruments that can serve this function have three major requirements: i) accuracy

of sequencing, ii) ease of use, and iii) modest physical space needs. Multiple instruments are
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currently entering clinical use that meet these requirements led by the lon Torrent PGM
Sequencer and the Illumina MiSeq Personal Sequencer. These machines occupy less space than
most flow cytometry instruments and can perform the majority of sequencing steps including
analysis in an automated fashion. Also, these instruments are compatible with a number of

commercial methods for targeting sub-genomic regions.

For the analysis of genes relevant to cancer, targeted methods can concentrate on
sequencing only the handful of clinically important genes. This can be limited to just the few
that currently guide targeted therapies, like those described earlier. Or they can be more
expansive to include additional genes that are potential targets for newer drugs currently in early
phase clinical trials. A major restriction to analysis of cancer samples is the availability of
sufficient DNA. With more widespread use of minimally invasive procedures, many biopsies
are of limited size. Once these specimens are processed for histology and routine
immunohistochemistry, limited material remains for subsequent DNA analysis. Platforms like
the lon Torrent PGM Sequencer can function with DNA input as little as 10ng. Thus, DNA
obtained from as few as 3,000 cells may be sufficient. Recently, success in next generation
sequencing in lung adenocarcinoma specimens of fine needle aspiration has been reported by
Qiu et al (2015) who applied 10 ng of pooled amplicons for the study. However, if there is still

insufficient DNA, repeat biopsies may be necessary to make the correct molecular diagnosis.

Tumor Heterogeneity: Of note, a major issue now being realized in epithelial cancers is

the existence of intra-tumor heterogeneity (Gerlinger et al., 2012). In practical terms, this means
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that a single biopsy of any given sample may not contain all genetic abnormalities within the

tumor and may confound current efforts to personalize patient treatments.

2.2.4. NGS in Manitoba

A NGS platform was established at the University of Manitoba in 2012 for research use.
Diagnostic Services Manitoba (DSM), the main molecular pathology provider in the province,
has established a clinical NGS platform. At present, its main purpose is to provide germline
mutation analysis for heritable diseases. Our research project expands on these efforts to apply
the next-generation sequencing technology with both research and clinical applications to the

clinical challenge of somatic mutation detection to guide cancer therapy.
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3. RATIONAL, HYPOTHESIS AND RESEARCH DESIGN

3.1. Rational and Hypothesis

The trend in oncology practice is to personalized therapy for individual patients based on
molecular characteristics of their tumour. Targeted therapies for lung cancer are already in
routine clinical use while others are progressing rapidly through pre-clinical and clinical
development. Detecting the genetic abnormality targeted by these drugs quickly and accurately is
essential for appropriate patient selection. As described, the ability to perform routine lung
cancer gene testing in Manitoba is limited. The next-generation sequencing provides an
alternative approach for detecting mutated oncogenes in lung cancers. The investment in NGS
technology by DSM represents an opportunity to erase the current cancer gene testing deficit and
position Manitoba as a national leader in the field. Current commercially available NGS-based
cancer assays are robust for point mutation detection. Fusion gene sequencing requires a
different NGS workflow that traditionally runs separate from point mutation detection. We aim
to develop an NGS-based gene assay including ALK fusion and EGFR mutation for lung cancer.
We hypothesize that this approach is likely equivalent in sensitivity to standard methods and

significantly more cost-effective.

3.2 Research Design

DNA and RNA from 38 formalin-fixed paraffin embedded NSCLC samples archived in
Diagnostic Services Manitoba will be extracted and analyzed using gene enrichment methods

from Archer Diagnostics followed by sequencing on the Illumina MiSeq NGS machine. Targeted
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DNA sequencing to detect the EGFR mutation will be performed on 19 samples while targeted
RNA sequencing will be applied to 20 samples to identify the ALK gene rearrangement. The
NGS results will be compared with and confirmed with current clinical standard molecular tests

for EGFR (real-time PCR) and ALK (immunohistochemistry and FISH).
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4. MATERIALS & METHODS

4.1. Patients and Sample Selection

Archived formalin-fixed paraffin-embedded (FFPE) tissue blocks were collected from 38
patients diagnosed with lung carcinoma from 1999 to 2015 at the Diagnostic Services of
Manitoba, Canada. Selection of the patients for the study was not random. The selected patients
were those with NSCLC histology. Based on the WHO 2004 classification, 37 of the patients
were diagnosed with adenocarcinoma and 1 with small cell carcinoma. The ratio of male and
female is 0.81 (male: 17, female: 21). The mean age of the 17 male patient is 63.9 years old,
ranging from 47 to 83 years. Mean age is 67.2 years old for the 21 female patients (49 to 81
years). The tumor tissue percentage of the specimens was above 15% as assessed by a
pathologist (Dr. Gefei Qing). Of those specimens, 33 are lung resection samples and 5 are from

needle biopsy (lymph nodes, pleura or vertebra).

Among 18 patients, the EGFR gene mutation and ALK fusion status have been previously
tested either with real-time PCR or FISH, respectively. The smoking history of most cases is
unknown. Dr. Gefei Qing at the Diagnostic Services Manitoba is the only individual in our
research team who knows the mutation status of individual samples. All other personnel are

blinded until all analysis is complete.
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4.2. ALK fusion detection

4.2.1 Immunohistochemistry

A widely accepted method to screen patients for ALK fusion is immunohistochemistry (IHC)
with ALK-specific antibodies that are sensitive and have a high negative predictive value. In
2013, using a 40-case TMA, Dr. Gefei Qing and DSM tested the IHC approach. Independent
sections were stained with the ALK 5A4 (Novacastra) and D5F3 (Cell Signaling) antibodies.
Three cases (including a positive control) stained positive with both antibodies. Positive cases
and 3 random negative cases were sent to PhenoPath Laboratories (Seattle, USA) for FISH
confirmation. The 3 IHC positive staining cases were confirmed FISH positive. IHC is now used
routinely to screen for the ALK fusion gene in Manitoba. Approximately 180 advanced Stage

NSCLC are tested in DSM laboratories annually.

4.2.2. Fluorescence In Situ Hybridization
All IHC positive or equivocal staining cases are sent to PhenoPath Laboratories

(http://phenopath.com/, Seattle, USA) for FISH confirmation. The confirmation test was

performed using the Vysis® ALK Break Apart FISH Probe IVD Kit (Abbott Molecular,
Chicago, IL) following the IVD probe package insert protocol with modifications. The
modifications include use of a Metasystems image analysis system to enhance scoring of tumor
cells and an optimized digestion, pretreatment, and wash protocol comparable to the IVD kit
protocol. These modifications have been validated by PhenoPath and approved for clinical use.
Each ALK test performed is evaluated by a pathologist including analysis of an H&E stained
section for tumor cell adequacy. Probed slides are scanned in areas selected by a pathologist

using the MetaSystemsTM imaging platform. Tumor cells are then scored and each case is
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resulted according to the IVD kit protocol. For each case 50 tumor cells are evaluated. If more
than 50% of the tumor cells are positive then the case is positive. If less than 10% of the tumor
cells are positive then the case is negative. If there is between 10% to 50% positivity, 50 more
cells are evaluated by a second analyst. After the second count, a sample is positive if 15% or
more of the 100 cells counted in total by the 2 analysts are positive. The performance

characteristics of this test have been validated by Phenopath Laboratories.

4.3. Real-Time Polymerase Chain Reaction for EGFR Testing

Samples negative for ALK fusion were sent to Calgary Laboratory Services (Calgary, Canada)
for RT-PCR based EGFR mutation assessment. According to the assessment reports provided,
EGFR mutation is tested by RT-PCR utilizing the Qiagen EGFR RGQ PCR Kit. The PCR Kit
screens for the following mutations: deletions in exon 19 (detects the presence of any of the
common deletions but does not distinguish between them), T790M (This mutation has been
associated with resistance to anti-EGFR therapy), L858R, L861Q, G719X (detects the presence
of G719S, G719A, or G719C but does not distinguish between them), S768l, and 3 insertions in
exon 20 (detects the presence of any of 3 insertions but does not distinguish between them). A
result of "not detected" refers to those mutations screened for in this kit but not found to be

mutated.
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4.4. Next Generation Sequencing

4.4.1. DNA isolation

Two 10 um FFPE sections were cut for each sample using a microtome. Sections underwent
DNA extraction using the QlAamp® DNA FFPE Tissue isolation kit (QIAGEN) according to
manufacture instructions. Briefly, one 10 um FFPE tissue section is placed in 1.5 ml micro-
centrifuge tube to which 1 ml xylene is added to the sample before centrifuging at full speed for
2 minutes at room temperature to remove paraffin. One ml of 99% ethanol is used to extract
residual xylene and discarded after centrifugation. After all residual ethanol has evaporated,
sample is lysed under denaturing condition (incubating at 56 degrees Celsius for one hour) with
proteinase K. To reverse formalin crosslinking, the sample is then incubated at 90 degrees
Celsius for one hour with the buffer provided. Sample DNA binds to the membrane provided and
contaminations flow through by centrifugation. Residual contaminants are removed by repeated
washing and centrifugation cycles. Pure and concentrated DNA is eluted from the membrane and

stored at -20 degrees Celsius until use.

4.4.2. RNA isolation

RNA extraction was completed using AllPrep® DNA/RNA FFPE kit (QIAGEN) according to
manufacture instructions. In Brief, one 10 um FFPE tissue section from each sample is
deparaffinised using xylene before proteinase K is added and incubated at 56 degrees Celsius for
15 minutes to release RNA molecules from crosslinked protein molecules. Centrifuge for 15
minutes at 20,000 x g to collect RNA containing supernatant. The supernatant is then incubated

at 80 degrees Celsius for 15 minutes to reverse formaldehyde modification. Next, the sample is
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treated with DNase to remove DNA contamination. Sample RNA binding to the column is
washed and centrifuged for purification. Extracted RNA is eluted from the column and stored at

-20 degrees Celsius until use.

4.4.3. DNA Quantification

DNA quality was assessed with the QuantiFluor™ dsDNA system (Promega) according to
manufacturer’s guide. In brief, the Fluorometer is calibrated with blank and 500ng/ml DNA
standard. Then the concentration of the unknown DNA sample is calculated by comparing and

plotting to the standard DNA concentration curve.

4.4.4. RNA quantification

RNA quality was assessed with the QuantiFluor™ RNA system (Promega) according to
manufacturer’s guide. Briefly, the Fluorometer is calibrated with blank and 2,000ng/ml RNA
standard. Then the concentration of the unknown RNA sample is calculated by comparing and

plotting to the standard RNA concentration curve.

4.4.5. Gene Enrichment and Library Construction

4.4.5.1. Archer VariantPlex CTL Kit for Illumina (http://archerdx.com/variantplex/ctl-

dna?mid=nav, ArcherDX, Boulder, CO) was applied to capture all exons of EGFR, KRAS,
ERBB2, and BRAF combined additional gene territories as described (Table 5). This represents a

total genomic territory of ~56 kb. Fifty ng of DNA from 19 samples were digested into 150-200
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bp fragments prior to DNA library construction according to manufacturer’s instructions.
Illumina-specific barcoded adapters with total length of 121 bases were attached to each
fragment to generate sequencing libraries. Pooled libraries were then hybridized to the
biotinylated baits. Baits are then captured using streptavidin coated magnetic beads. After elution
and washing, the DNA representing only regions of interest was ready for sequencing. DNA

quality is assessed both before and after library construction to assess suitability for sequencing.

4.4.5.2. Archer FusionPlex CTL Kit for Ilumina (http://archerdx.com/fusionplex-assays/ctl-

rna?mid=nav, ArcherDX, Boulder, CO) was ordered to capture exons 19, (intron 19), 20, 21, 22,
23 of ALK and its fusion partners (Table 6). Following the manufacture’s protocol, 20 ng RNA
of 20 samples were loaded for cDNA synthesis prior to cDNA fragmentation and library
construction. Once the cDNA synthesis was accomplished, the remaining steps are highly similar

as described above in the section of 4.4.3.1.

Table 5: Gene mutations and or copy number variations (CNV) detected by Archer VariantPlex
CTL Kit

BRAF CCND1 CTNNB1 DDR?2 EGFR EIF1AX
ERBB2 FGFR1 FGFR2 FGFR3 GNAS HRAS
IDH1 IDH2 KIT KRAS MAP2K1 MDM2
MET NRAS PDGFRA PIK3CA PTEN RET
ROS1 STK11 TERT TP53 TSHR
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4.4.6. DNA (cDNA) sequencing

Purified libraries were sequenced on the Illumina MiSeq machine (Harisendy et al., 2011). The
MiSeq captures sequential images of fluorescent-labeled nucleotides added simultaneously to
~15x10° clusters isolated in parallel on a sequencing chip. Each cluster represents a million
copies of an individual DNA strand. Images are stacked to determine the specific DNA sequence
of each cluster. The MiSeq sequences 5000 Megabases (Mb) of DNA in a single run. Up to 20
samples can be sequenced on each run: this represents the maximum number of samples that can
sequenced in a single run while achieving at least 200 fold sequencing depth of coverage for
each base in the region of interest. Paired-end DNA sequencing of 200 bp length were

performed.

4.4.7. Data Analysis

Publicly available software Archer Analysis (http://archerdx.com/software/analysis) was used to
perform the analysis. Briefly, after filtering reads and alignment to the reference genome, paired-
end reads were analyzed for the presence of an ALK fusion (Figure 3) and other common gene

mutations in lung cancers including EGFR, KRAS, ROS1 and TP53.
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Figure 3: Anomalous paired-read mapping to the reference genome sequence can be used
to identify gene fusions (courtesy of Dr. Shantanu Banerji).
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5. RESULTS

5.1. Targeted DNA Sequencing for Gene Mutation Detection

Of those 19 cases subjected to targeted DNA sequencing, 7 cases have been previously tested for
EGFR mutation by RT-PCR with 2 cases being positive for the L858R mutation and other 5
cases being negative. The DNA sequencing results are consistent with 6 out of those 7 cases
except for one discordant case that is RT-PCR positive but DNA sequencing negative for EGFR
mutation (Table 6). Among the remaining 12 cases with unknown status for EGFR mutation,
targeted sequencing detected a L858R mutation in 2 cases that were subsequently confirmed
with RT-PCR tests (Table 7). The overall concordant rate between targeted DNA sequencing
and RT-PCR in EGFR mutation detection in this study is 88.9% (8 out of 9). Furthermore, the
DNA sequencing revealed 3 cases having a KRAS mutation in codon G12C, 2 cases harboring a
KRAS mutation in codon G12V, and 1 case with TP53 (Y220C) mutation (Tables 6 and 7). No
single case holds two or more common lung cancer oncogenic mutations simultaneously as per

the DNA sequencing results.

5.2. Targeted RNA Sequencing for ALK Fusion Detection

Targeted RNA sequencing for ALK fusion detection was performed on 20 cases. Among those
cases, 11 cases have been pre-screened for ALK fusion using IHC assay with 3 positive, 1
equivocal and 7 negative stains observed. All ALK-IHC positive or equivocal cases were further

tested with ALK-FISH methods, and 2 IHC positive cases were confirmed to harbor the EML4-
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ALK fusion gene. The two FISH-confirmed ALK fusion positive cases were also identified by the
targeted RNA sequencing (Figure 4 and Figure 5). The results between RNA sequencing and
IHC/FISH are 100% concordant (Table 8). No ALK fusion was revealed by the sequencing
among those 9 cases whose ALK fusion conditions were unknown prior to sequencing, as shown

in Table 9.

Table 6: NGS of 7 cases with known EGFR mutation status pre-assessed by RT-PCR.

Sample Code EGFR mutation | NGS Mutation Codon of Total NGS reads
status (RT-PCR) Call mutation

VP10 L858R EGFR L858R 1,496,233
VP7 L858R _ _ 1,551,457
VP3 Negative KRAS G12C 1,505,662
VP4 Negative _ _ 1,704,674

VP4 repeat Negative _ _ 1,509,067
VP5 Negative _ _ 971,178
VP6 Negative _ _ 1,999,338
VP9 Negative KRAS Gl2v 1,233,455

VP9 repeat Negative KRAS G12v 1,758,788
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Table 7: NGS of 12 cases with unknown EGFR mutation status. (* The EGFR-L858R
mutations of V17 and V19 were confirmed with RT-PCR afterwards)

Sample Code EGFR mutation | NGS Mutation Codon of Total NGS reads
status Call mutation

Unknown _ _ 2,234,547
VP13 Unknown TP53 Y220C 1,529,724
VP8 Unknown KRAS G12C 842,383
VP8 repeat Unknown KRAS G12C 1,355,976
VP11 Unknown _ _ 821,298
VP12 Unknown _ _ 390,299
VP14 Unknown _ _ 904,321
VP17* Unknown EGFR L858R 1,766,884
VP18 Unknown KRAS Gl2v 1,274,231
VP19* Unknown EFGR L858R 2,184,210
VP21 Unknown KRAS G12C 1,832,898
VP22 Unknown _ _ 626,113
VP20 Unknown Failed
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Table 8: NGS of 11 cases with known ALK fusion status pre-determined by FISH and IHC.

Sample Code ALK-IHC ALK-FISH NGS Total Reads | NGS Gene Fusion Call

FP3 Negative - 1,492,711 0

FP10 Equivocal Negative 1,829,497 0

FP13 Positive Negative 1,167,394 0

FP1 Positive Positive 273,152 EML4-ALK
FP23 Negative - 1,064,785 0

FP2 Positive Positive 208,279 EML4-ALK
FP5 Negative - 960,224 0

FP6 Negative - 190,192 0

FP7 Negative - 101,514 0

FP9 Negative - 110,666 0
FP15 Negative - 183,848 0
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Table 9: NGS of 9 cases with unknown ALK fusion status.

Sample Code ALK-IHC ALK-FISH | NGS Total Reads | NGS Gene Fusion Call

FP8 Unknown Unknown 980,353 0
FP17 Unknown Unknown 687,747 0
FP18 Unknown Unknown 1,188,151 0
FP19 Unknown Unknown 1,105,897 0
FP20 Unknown Unknown 1,090,132 0
FP11 Unknown Unknown 935,418 0
FP14 Unknown Unknown 870,559 0
FP21 Unknown Unknown 1,395,113 0
FP22 Unknown Unknown 876,248 0
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Figure 4: Detection of EML4-ALK fusion in lung adenocarcinoma case FP1 by targeted
RNA sequencing.
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Figure 5: Detection of EML4-ALK fusion in lung adenocarcinoma case FP2 by targeted
RNA sequencing.
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6. DISCUSSION & CONCLUSION

Traditional cancer therapy is selected based on the organ of tumor origin and then choosing the
most appropriate cytotoxic drugs that poisoned proliferating cells. The non-specific nature of
these therapies led to dose-limiting toxicities. The identification of oncogenes that drive cancer
has led to greater personalization of cancer treatments as now therapy is directed specifically
against the protein product altered by the gene mutation. This ‘targeted therapy’ has resulted in
treatments that are both effective and less toxic to the patient. To identify a qualified candidate
for targeted therapy, a highly sensitive and specific testing for targeted gene mutation is

mandatory.

Three targeted therapies are approved in Manitoba to treat lung adenocarcinoma including
anti-EGFR (gefitinib or erlotinib) and anti-ALK (crizotinib). Clinical use of these agents requires
testing patients for the EGFR mutation and ALK rearrangement. The ‘gold standard’ or
recommended molecular tests, PCR and FISH, are not currently available in Manitoba and
clinical samples are sent out of province for testing at a cost of $475/case and $495/case,
respectively. Furthermore, these ‘low-throughput’ methods are often limited to screen a single
gene with known variations. As a qualitative assay, FISH detects gene fusions but cannot
distinguish between the fusion partners and fusion variants. The interpretation of FISH results is

subjective and, therefore requires highly trained individuals to read the tests manually.

In the past decade, next generation sequencing has been developed and become the cutting

edge platform for molecular testing of multiple cancers. A major merit of NGS is the capacity to
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analyze a spectrum ranging from the whole genome or limited to selection of multiple genes
specific genes depending on the indication. This enables oncologists to achieve comprehensive
knowledge of genetic information of cancer patients and hence to optimize personalized
treatment to increase the standard of cancer care. After the first NGS-based cancer sequencing
was completed in an acute myelogenous leukemia case in 2008 (Campbell et al. 2008), the
sequencing of lung cancers were conducted and reported by several research teams (Shah et al.,
2009; Lee et al., 2010; Pleasance et al., 2010 and Ju et al., 2011). Recently, NGS studies are
being focused on clinical cases for the detection and validation of the gene alterations for

targeted therapy, such as ALK fusion and EGFR mutation, in individual cases.

Break-apart FISH assay is the current gold standard test for ALK fusion gene detection. As
discussed previously, FISH methods provides very limited information on fusion partners and
fusion variants. A threshold (usually splitting signals in 15% or more of 50 evaluated tumor
nuclei) is required for a positive ALK FISH result. Therefore, reading FISH signals can be
challenging and subjective, particularly when the break-apart signal patterns are subtle. This may
result in variations among individual FISH readers or between different laboratories (Wallander

et al., 2012). In addition, the FISH assay is relatively expensive and labor intensive.

Considering the limitations of the FISH assay as above, alternative and or complimentary
diagnostic tools have been explored, for example NGS and IHC. Attributing to the optimization
of antibodies and application of amplification technology, IHC has been developed into a highly
sensitive and specific test for ALK fusion detection in lung cancers (Mino-Kenudson et al., 2010,

Marchetti et al., 2016, Savic et al., 2013, Ying et al., 2013, Lantuejoul et al., 2015 and Pekar-
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Zlotin et al., 2015). Compared to FISH, IHC is cheaper, faster, easy accessible, less labor
intensive and more readily available for reading results. The D5F3 antibody based Ventana
automated IHC assay has been approved by the US FDA for detecting the ALK gene
rearrangements. Of note, as a molecular approach, by targeting protein expression, IHC offers
only indirect diagnostic information on the presence of gene fusions or amplifications. Like

FISH, IHC cannot distinguish fusion sites and fusion partners (Dagogo-Jack and Shaw, 2016).

Targeted sequencing is a promising molecular test for ALK rearrangement detection. In
2014, Abel et al. employed NGS to analyze a series of FFPE samples from seven ALK
rearranged cancers (Six lung adenocarcinomas and one anaplastic large cell lymphoma), six
KMT2A rearranged leukemias, and 77 ALK/KMT2A rearrangement-negative cancers, as
previously tested by FISH. The researchers reported that ALK rearrangements can be detected
from targeted gene panel-based NGS with sensitivity and specificity equivalent to that of FISH,
while NGS provides finer-scale information and increased efficiency for molecular oncology
testing, for example identifying translocation partners without specifically targeting any of these
partners (Abel et al., 2014). Tuononen et al. (2012) assessed the ALK fusion status for 95 FFPE
tumor tissue samples from 87 patients with NSCLC by FISH and real-time RT-PCR, for 57
specimens from 56 patients by targeted resequencing, and for 14 specimens from 14 patients by
IHC. The results of NGS correlated significantly with those from FISH, real-time RT-PCR, and
IHC. Compared with other methods, targeted sequencing can identify all variations of ALK
fusions but is time-consuming as ten days were needed to complete the analysis. FISH, IHC and

RT-PCR ALK assays all can be done in 2 or 3 days (Tuononen et al., 2012).
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Consistent with the two studies reported above, our study demonstrates a 100% correlation
between targeted sequencing and FISH method for ALK fusion assessment among 11 cases with
lung adenocarcinoma. Moreover, we observed discordance in one case (case number FP13,
Table 8) that is IHC positive but FISH negative. In favor of the FISH result, the sequencing did
not identify any EML4-ALK fusion in this single case. The discordant results between ALK IHC
and ALK FISH have been previously reported by multiple research groups (Cabillic et al., 2014,
Pekar-Zlotin et al., 2015, Marchetti et al., 2016, Rosoux et al., 2016 and Peled et al., 2012). In
Cabillic’s study, ALK fusion mutation were identified in 150 of 3244 NSCLC cases.
Interestingly, the consistency of FISH and IHC results presents in only 80 of 150 specimens. The
remaining specimens were either FISH positive/I[HC negative (36 cases) or FISH negative/I[HC
positive (19 cases). A primary monoclonal ALK antibody (mAb) from Abcam (clone 5A4;
Abcam, Cambridge, United Kingdom) was used for the IHC study reported by Cabillic et al.
Although the definite mechanism underlying the discordance is not clear, several factors have
been proposed, including low expression level of ALK protein in lung cancers (Mino-Kenudson
et al., 2010), variable properties and stabilities among different chimeric ALK proteins (Bargalet
et al., 2011), silenced transcription/translation of ALK proteins (Cabillic et al. 2014), and ALK
fusion variants undetectable for FISH (Wallander et al., 2012). Even poor technical skills and
artifacts may lead to the discordance (Cabillic et al., 2014; llie et al., 2012). In our study, only
one case was discordant (IHC positive, but FISH and NGS negative for ALK fusion). A possible
explanation is that the ALK expression may be associated with other forms of gene mutations
rather than rearrangement, such as ALK amplifications or activating point mutations as reported
in neuroblastoma, renal clear cell adenocarcinoma, and myofibroblastic tumors (Ogura et al.,

2012; Butrynski et al., 2010; Sukov et al., 2012). The higher false positive rates that contributes
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to the high sensitivity but lower specificity of ALK IHC has been accepted by the academic
community as a cost-effective screening test for the presence of the gene fusion. In the clinic,
IHC discordant cases still receive the anti-ALK therapy and have been reported to have treatment
responses. However, in this particular case, the associated clinical data was not retrieved as part

of the study.

Recent evidence indicates a significant ALK false negative rate for FISH exists. A
published retrospective study shows that 4 out of 5 lung adenocarcinoma cases with IHC
positive/FISH negative were positive for ALK rearrangement based on NGS assay (Pekar-Zlotin
et al., 2015). More recently, Ali et al. reported that 11 of 31 NGS ALK positive NSCLC cases
were FISH negative. The majority of these NGS-positive/FISH-negative cases were responsive
to crizotinib. This implies the sensitivity of FISH is inferior to that of NGS in the assessment of
the ALK rearrangement (Ali et al., 2016). Volckmar et al. applied NGS to facilitate detection of
the classic E13-A20 EML4-ALK fusion in an ALK FISH/IHC inconclusive biopsy of a stage 1V
lung cancer patient. As proposed by the researchers, the negative FISH and IHC results might be
caused by tissue artifacts introduced by cauterization and surgical instruments. However, NGS
yielded a clear positive result in the biopsy sample and was confirmed with further molecular
testing on the surgical resection specimen. Volckmar et al. suggest that NGS is particularly
advisable in a case where FISH and IHC ALK results are inconclusive or tissue artifacts are

suspect (Volckmar et al. 2016).

Addition to ALK fusion, our NGS study investigated other common gene mutations found

in lung cancer including EGFR, KRAS and TP53. Our data shows a high concordance (8 out of 9
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cases, Table 6 and Table 7) of the results for EGFR mutation detection between the targeted
NGS and RT-PCR methods. Only one case (case number VVP7, Table 6) was EGFR mutation
positive revealed by the real-time PCR but not confirmed by the NGS. In a study reported by
Tuononen et al. (2013), FFPE tumor tissue specimens from 81 NSCLC patients were analyzed
for EGFR, KRAS, and BRAF mutations using targeted NGS and real-time PCR. The percentage
of concordance for EGFR mutation between two approaches is 96.3%. In Tuononen’s study, the
EGFR mutations of 3 cases were detected by real-time PCR but not by NGS, similar to the
observed rate in our study. The authors suggested that the NGS method used appears not to be as
sensitive as the real-time PCR for lower allelic fraction, in which the sensitivity is set at 1% of
allelic frequency. Another potential explanation the authors provided for the discordance is that
the hybridization-based enrichment method of the NGS favored the enrichment of wild-type
allele, which may cause the chance of sequencing of wild-type allele higher than that of a lower
abundance variant allele. The subsequent Sanger sequencing confirmed that all three discrepant
cases are negative for EGFR mutation and, hence, supports the NGS results. However, the author
frankly pointed out that the confirmation of Sanger sequencing is problematic as Sanger
sequencing is less sensitive than real-time PCR in gene mutation detection. Indeed, the
mechanism underlying the inconsistency between targeted NGS and real-time PCR is not fully

understood (Tuononen et al. 2013).

In a number of studies recently published (Shao et al., 2016, Xu et al., 2016 and Gao et al.,
2016) noted a significant rate of concordance up to 100% were observed between targeted NGS
and conventional testing tools including real-time PCR for mutation profiling of EGFR in

NSCLC. Based on the results acquired, all of those independent research groups tend to agree
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that the sensitivity of targeted NGS may be modestly inferior to real-time PCR but this
sequencing technology provides more genetic information such as detection of multiple
mutations simultaneously and uncovering non-hotspot mutations. Thus, the most feasible
explanation for the discordant EGFR mutation result in our study is the unequal sensitivity
between targeted NGS and real-time PCR. The EGFR mutation frequency of this discordant case
appears to fall in a “grey zone” which can be detected by real-time PCR but is out of the range of
targeted NGS. However, other possibilities for the discordance cannot be definitely ruled out,
for example, DNA quality/quantity flaw of FFPE sample achieved and relatively low amount of
tumor component of tissue sample. Reexamining the tissue sample and retesting of NGS and
real-time PCR can be an option for further investigation. Again, obtaining clinical information
on outcome of targeted therapy will be helpful in determining the EGFR mutation status for this
case in our study. Finally, tumor heterogeneity may also have played a role where the section
sampled in the current NGS study did not contain the mutation, whereas the one for RT-PCR did
contain the mutation. This can be confirmed by going back and examining the block used for

testing carefully.

Of note, in those studies reported above, targeted NGS was mainly used as a validation
approach to compare with and confirm with the mutation status of EGFR pre-determined by
conventional diagnostic tools. In our study, 9 cases with unknown condition of EGFR mutation
was first assessed with targeted NGS. 2 out of 9 cases are positive for EGFR L858R mutation.
Subsequently, the 2 positive cases were confirmed with real-time PCR assay ordered. This

supports the value of NGS as an alternative tool for EGFR mutation diagnosis in lung cancer.
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Besides the identification of EGFR mutations, our NGS data demonstrated other common
tumor driven gene mutations for lung cancers including 5 cases with KRAS mutations (3 cases in
codon G12C and 2 cases in codon G12V) and 1 cases harboring TP53 mutation in codon Y220C.
Cancer driven gene mutations of lung cancer are typically mutually excluded. This exclusion is
also noticed in our study. No single case of our study harbors two or more of those common
oncogenic mutations associated with lung cancer including ALK, EGFR and KRAS. Neither
IHC/FISH nor PCR assays as designed are capable of detecting these additional gene mutations
in a single run assay. The essence of NGS screening as many as thousands of genes
simultaneously makes NGS a unique and strong tool to profile gene mutations in lung cancer and
optimized for the current era of personalized medicine. This high-throughput sequencing not
only helps to identify known cancer driven genes but also benefits the searching of candidate or
novel gene mutations for carcinogenesis and potential target therapy. For example, llumina plans
to develop a pan-cancer screening protocol to sequence tens of thousands of genomes using
circulating tumor DNA (Goodwin et al., 2016; https://www.illumina.com/company/news-

center/press-releases/press-release-details.html?newsid=2127903).

To the best of our knowledge, our single-blinded study is the first such study in the
Province of Manitoba and among the first efforts across Canada to explore the clinical
application of NGS to detect therapeutically relevant oncogene mutations in lung cancer. All
results acquired in this study are consistent with literature and current evidence. Our data is in
favor of the high accuracy, sensitivity and specificity of NGS in ALK-fusion and EGFR mutation
detections in lung cancer. Our study supports that NGS has the potential to become one of the

standard initial or confirmation test for molecular genotyping of NSCLC. One minor limitation
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of our study is the limited correlation with clinical information such as smoking status and
clinical treatment response of most patients. This prevents us from correlating presence of gene
mutations to smoking status and compare to the published literature. The other minor limitation
is the non-random selection of tumor cases. This results in the reported occurrence rate of
oncogene mutations observed in our study not to reflect the mutation frequency of lung cancer in
the population. Also the relatively small scale of research subjects makes the statistical analysis a

challenge.

To date, the ability to perform lung cancer gene testing in Manitoba is limited. A NGS
platform was established at the University of Manitoba in 2012 for research use. Diagnostic
Services Manitoba (DSM), the main molecular pathology provider in the province, has
established a clinical NGS platform to serve a variety of needs including germline mutation
analysis for heritable diseases and somatic mutation detection in cancer. Our study provides
support to developing this NGS platform for cancer gene testing in Manitoba, starting with lung

cancer.
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7. FUTURE DIRECTIONS

In the last decade, rather than being an add-on or complimentary approach, next generation
sequencing has been developed and commercialized into a mainstay of genetic tool in biological
research, laboratory diagnosis and clinical management, such as detection of clinically relevant
oncogene mutations as conducted in our study. The advent of rapid, high-throughput and low-
cost sequencing is prompting to bridge genomic testing to clinically practicable measurements,
exemplified with optimizing personalized treatment in cancer patients. Thus, the trend to

incorporation of NGS to clinical use is increasing enormously.

Scholars, research teams and institutes at the University of Manitoba / CancerCare
Manitoba including Dr. Shantanu Banerji and Dr. Gefei Qing are focusing on NGS-based
translation medicine particularly in Oncology. For this research study as part of this group, we
have successfully employed NGS for the detection of ALK and EGFR mutations in a group of
lung cancer cases, which is the first such study in Manitoba. Meanwhile, the study has explored a
practical protocol for local use of NGS in lung cancer management. Our preliminary data
supports the routine use or at least optional use of NGS to investigate clinically relevant

oncogenes.

As of future directions, a cohort with expanded sample number could be considered for
further validation of NGS in analysis of ALK and EGFR mutations. This can also be extended to
other gene mutations with clinical significance such as ROS-1 and KRAS. A close follow-up of

clinical outcome of anti-EFGR and anti-ALK therapy in selected patients will be essential to
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clinically confirm mutation status revealed by those molecular diagnostic assays including NGS.
Determine the lower threshold of ALK fusion and EGFR mutation detection to optimize the
protocol through sensitivity control. Combine methods for ALK and ROS-1 fusion gene detection
with NGS-based EGFR, KRAS, ERBB2, and BRAF point mutation detection to produce a
comprehensive lung cancer test. Besides lung cancer, the significance of NGS platforms in
molecular profiling of other malignancies is worth exploring, like breast cancer, leukemia and
colorectal tumor. The economics of NGS investment is another interesting topic to look at in the

future.
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