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Abstract

Lung cancer genomic profiling has led to the development of therapies targeting aberrant
protein expression. However, the majority of patients present tumours with undruggable or
unidentified driver mutations, highlighting the need for a new approach to discover lung cancer
genes. Non-coding RNAs (ncRNAs) have emerged as critical regulators of cellular processes,
such as proliferation, apoptosis, and the immune response; functions that can be perturbed in
cancer. | take a global approach to explore the broad role of ncRNAs in lung tumours to uncover
alternative regulatory mechanisms and potential therapeutic targets.

Non-coding RNAs are divided into two main categories based on their size: small
(sncRNAs; <200nt) and long (IncRNAs; >200nt). | analyzed small RNA sequencing data from
two cohorts of paired lung tumour and non-malignant tissue samples to identify previously-
unannotated microRNAs (miRNAs). Using in silico algorithms and subsequent curation, |
discovered 141 novel miRNA sequences, representing a substantial increase in the lung miRNA
transcriptome. Not only were these transcripts specifically expressed in lung tissues, but they
also displayed deregulated expression patterns in tumours and potential prognostic value. This
strategy has been instrumental for miRNA discovery in tumours from other organs.

Immunotherapy has provided a promising treatment option for lung cancer, but the ability
to predict treatment response is an emerging challenge. LncRNAs are known to have a
significant role in the immune system. Several IncRNAs have described functions in lung
tumours, but INcRNA expression in tumour-infiltrating lymphocytes remains uncharacterized. |
determined the INncRNA expression patterns from purified human immune cell subsets, and

delineated their cell-type specificity, which may contribute to their particular immune-regulatory



roles. These expression patterns were recapitulated in both bulk lung and in single-cell RNA
sequencing data. My observations highlight the contribution of infiltrating immune cells to
sequencing analyses and also the relevance of IncRNAs to the biology of the tumour
microenvironment.

Together, my results emphasize the importance of high-throughput deep-sequencing efforts
and lay a foundation for the discovery of novel genes involved in lung cancer biology.
Assessment of ncRNAs represents the next frontier of cancer biology research and new

opportunities for therapeutic target and biomarker discovery.



Lay Summary

Lung cancer is the leading cause of cancer-related death, but it is not solely a smoker’s
disease. Uncovering genetic alterations causing tumours has helped design new therapies, but for
many patients these are ineffective. Thus, we need to find new genes driving tumours. Non-
coding RNAs (ncRNAs) are largely unexplored as they do not encode proteins, but now have
demonstrated important regulatory functions. However, the extent of their expression in human
cells is poorly understood. | comprehensively describe ncRNA expression in lung tumours. |
discovered 141 novel lung-specific genes that were altered in tumours and predict patient
outcome. | further define ncRNAs specifically expressed in immune cells, which can also be
detected in lung tumours. These analyses may be used to identify immune cells within tumours
and new functional roles for ncRNAs. Collectively, my results underscore the necessity of in-

depth molecular profiling and the undeniable roles of ncRNAs in cancer.
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Chapter 1: Introduction

1.1  Lung cancer background

1.1.1 Health burden

Despite major advancements in diagnostics, prognostics, and therapeutics, cancer
represents an enormous burden on global health. A broad term that represents the unregulated
growth of cells, cancer can arise in any bodily tissue, from the blood to the brain. However, each
individual cancer presents a unique clinical challenge and requires different treatment
approaches.

Known to be associated with exposure to tobacco smoke, lung cancer is the deadliest
form of the disease to date, with a substantial impact on developing countries. In Canada, lung
cancer represented 14% of all new cancer cases, was marked by a dismal five-year survival of
14% in males and 20% in females, and accounted for 26% of all cancer-related deaths in 2017
(Figure 1.1A)%. However, lung cancer can also arise in individuals that have never smoked, a
sub-group that represents nearly 25% of cases®. While facilitating the critical function of gas
exchange, the lungs are continuously exposed to compounds in the environment. Arsenic, radon
gas, asbestos fibres, and the fine particulate matter in air pollution have been shown to contribute
to the development of lung cancer (Appendix A; Items 6, 12)*®. Additionally, heritable factors
may also affect individual susceptibility (Appendix A; Item 9)*%°. Thus, there remains an urgent
need to understand the intricacies of this multifaceted disease, which will enable the design of

strategies that will lead to better outcomes and quality of life for patients.



1.2 Histological and cellular heterogeneity in lung cancer

1.2.1 Classification of lung cancer

Lung cancer is not one, but many diseases as the lung is made up of a complex milieu of
cells with varying but critical functions**. Broadly, lung cancer is separated by histology into
small cell lung carcinoma (SCLC) which accounts for roughly 15% of cases, and non-small cell
lung carcinoma (NSCLC) representing an overwhelming 85% of cases (Figure 1.1B)'2. NSCLC
can be further broken down into its most frequently observed histological categories: the most
common lung adenocarcinoma (LUAD; ~50% of lung cancer cases), followed by lung squamous
cell carcinoma (LUSC), and the relatively infrequent large cell carcinoma (LCC)®. These
classifications are representative of the cell-of-origin of the tumours, in that the gland-forming
alveolar cells in the distal airways are more commonly associated with LUAD, while the cells
lining the upper airways are typically associated with LUSC and LCC. Due to the deep tissue
residency of alveolar cells, LUAD tumours are the most common type observed in individuals
who have never smoked, the incidence rates for which continue to increase despite smoking
cessation programs™> 8. Thus, there is a need to understand the differences of these tumours at
the cellular and molecular level in order to address the contribution of heterogeneity to the poor

treatment efficacy faced by many patients.



1.2.2 The lung tumour microenvironment

Beyond the differences between tumours arising from various cells and spatial locations in
the lung, these tumours are incredibly heterogeneous in terms of cellular organization. Due in
part to the strong influence of exposure to environmental carcinogens on the development of
lung cancer, it is characterized as having a strikingly high number of non-synonymous mutations
and inflammatory responses compared to other types of cancer'®?°. Among others, these features
contribute to a relatively high degree of immune and other stromal cells that are found within
lung tumours. This community of cells is recognized as the tumour microenvironment, of which
the various cell populations, such as fibroblasts, immune cells, and epithelial cells can contribute
to both tumour growth and regression®*. Tumour mutation profiles may lead to the presentation
of tumour-specific antigens that can be recognized by cytotoxic immune cells to attack tumour
cells and halt progression?’. Conversely, tumour cells can also employ mechanisms to either
avoid immune detection, or alter the phenotypes of neighbouring cells to promote malignant
growth and survival®?. These biological features are under intense scrutiny and have prompted
the development of therapeutic strategies looking to promote immune-cell recognition of and
subsequent action against tumour cells®®. However, accurate identification of cell populations
and their activation status within the tumour microenvironment will be critical to improving the

efficacy of these immunotherapeutic regimes.



1.3  Molecular heterogeneity in lung cancer and effects on treatment

1.3.1 Molecular alterations in the development of lung cancer

Heterogeneity at the histological, cellular, and genetic levels is a major contributing factor
to the poor prognosis of lung cancer patients, which is compounded by frequent late-stage
diagnosis (Figure 1.1C). Thus, understanding and characterizing the specific molecular events
that lead to lung cancer is critical for directing its treatment. Large-scale genome sequencing
efforts of hundreds of lung tumour samples have been invaluable to this endeavour, such as The
Cancer Genome Atlas (TCGA) consortium, which has next generation sequencing data on over
one thousand lung tumours and has since uncovered many important genetic events (Figure
1.1D)*"28,

In LUAD, one of the most commonly observed mutations constitutively activates the
epidermal growth factor receptor (EGFR) gene, which is part of signaling pathways that
promote many cellular phenotypes including proliferation and DNA synthesis®. Interestingly,
mutations in EGFR are more prevalent in never-smokers, and thus LUAD, while mutations in the
gene encoding Kirsten Rat Sarcoma virus protein (KRAS) are more common in individuals with
a history of smoking®. This in-depth profiling has led to the development of inhibitors targeting
the molecular drivers of lung cancer. However, many patients present with acquired resistance,
which occurs through the activation of alternative pathways or secondary mutations®:.
Interestingly, LUSC tumours are not as frequently driven by EGFR mutations as in LUAD, but
rather approximately 47% of cases may be the result of alterations in the PI3K pathway, which
maintains cell survival and proliferation®. Together, these observations highlight the

heterogeneity amongst individual lung tumours at the genomic level.



Despite the benefits of sequencing efforts, many genetic aberrations are still considered
“undruggable”, such as KRAS alterations, and upwards of 40% of lung adenocarcinoma cases
remain characterized as driven by unknown molecular events®. Thus, the lack of well-defined
molecular drivers further impedes access to effective treatment for patients, underscoring the

need to identify novel genes relevant to the development of lung cancer.
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Figure 1.1. Epidemiological, histological, and molecular features of lung cancer.

A) Proportion of new lung cancer cases (red) relative to all other cancer types (blue) in Canada
in 20172 B) Histological breakdown of lung cancer as a percentage of total cases (x-axis)®*. C)
Tumour stage for patients newly diagnosed with non-small cell lung cancer (NSCLC)% D)
Molecular landscape of lung adenocarcinoma tumours. The genes mentioned here represent
some of the well-documented examples of genetic alterations driving lung tumour
development™.



1.3.2 Current treatment options for lung cancer patients

Patients with early stage lung cancer can often be effectively treated with surgical
intervention, but the vast majority of lung tumours are diagnosed at much more advanced stages
because of the lack of symptom presentation and effective detection programs'’. Stage IlI
(locally advanced) lung cancer patients are subjected to combined chemotherapy and
radiotherapy, which has tangible but only slight benefits in outcome®*>. However, as previously
mentioned, advancements in genomic sequencing and analysis technologies have enabled not
only the determination of key molecular aberrations driving lung cancer, but also the
development of therapeutic agents specifically targeting these alterations®. For example, there
are now three generations of targeted EGFR inhibitors, the most recent of which is osimertinib™".
Each new compound is developed to improve upon resistance and lack of durable response in
previous generations®’. Despite the promise of these tyrosine kinase inhibitors (TKIS),
observations of new resistance mutations as well as patients presenting with lung tumours driven
by non TKI-related events have necessitated research into alternative methods of treatment.
Recent breakthroughs in the understanding of the immune microenvironment of lung tumours
and its dichotomous role in pro- and anti-tumour effects have made immunotherapy an exciting
potential treatment option for many cancer patients®:. Namely, checkpoint blockade inhibitors
such as Nivolumab are able to promote cytotoxic activity against tumour cells and have shown
promising responses in patients®®. However, response rates to immunotherapy remain fairly low,
and thus further work is required in order to identify markers of treatment efficacy®®. Together,
broadening our understanding of the unique genomic events in different lung tumours may
stimulate the development of novel biomarkers and therapies to combat persistently poor

prognoses.



1.4 Non-coding RNAs as emerging players in lung cancer

1.4.1 Next generation sequencing and non-coding RNAs

Although the relevance of molecular aberrations to human pathology has been widely
recognized for decades, effective profiling of the human genome has only been made possible in
recent years. The completion of the Human Genome Project in 2003 laid the groundwork for the
emergence of large-scale genome sequencing initiatives that have been invaluable to the
characterization and treatment of human disease®. Initial sequencing techniques such as Sanger
sequencing have now been improved upon from technical, practical, and economic
perspectives*™*?. Since the first large-scale sequencing technology emerged in 2005, many
techniques — collectively termed next generation sequencing (NGS) — are now available that can
provide high-coverage parallel reactions and accurate sequencing at reduced costs in a timely
manner”®“*®. As technology has developed there has also been an increased demand for the
accurate analysis of the data that are produced, which has resulted in the development of
numerous computational algorithms*. These algorithms decode the extensive information
provided by NGS experiments and represent a necessary step that continues to be refined.
Together, sequencing and subsequent analyses enable the discovery of novel genetic events
important to normal and disease biology, especially cancer®’.

The analyses of the thousands of samples in public repositories such as TCGA are largely
focused on open reading frames (or coding sequences), which only account for approximately
2% of the genome, while transcribed genes represent about one-third of the genome*. However,
numerous studies have described widespread gene transcription throughout the genome, of which
80% of these transcripts may have functional roles®. While originally discarded in early

genomic explorations due to their inability to code for protein, non-coding RNAs (ncRNAS) are
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now recognized as functional RNA units and important regulators of gene expression. Broadly
characterized by the basis of size into long (IncRNA; >200nt) and small (sncRNA; <200nt) non-
coding RNAs, ncRNAs include many classes of transcripts that serve key functions in the cell.
Beyond ncRNAs with critical functions in cellular housekeeping, such as transfer RNAs
(tRNAs) and ribosomal RNAs (rRNAs), ncRNAs have also been shown to act in the regulation
of gene expression at many levels. For instance, PIWI-interacting RNAs (piRNAs) are sncRNAs
that largely function in the regulation of histone modifications at the DNA level, while
microRNAs (miRNAs) act to regulate messenger RNA (mRNA) transcripts™. Alternatively,
IncRNAs, which include those derived from pseudogene loci and natural antisense transcripts,
can regulate genes at the DNA, RNA, and protein levels®®. Together, this class of RNA
transcripts represents an immensely vast repertoire of previously unexplored transcripts in the

biology of normal and malignant cells. This thesis will explore the role, transcription, and

deregulation of miRNAs and IncRNAs in further detail with regards to lung cancer.

1.4.2 microRNAs?

Small non-coding RNAs — particularly microRNAs — are perhaps the better characterized
of the two broad classes of ncRNAs. These 18-25 nucleotide transcripts typically act to
negatively regulate protein-coding genes post-transcriptionally but pre-translationally, through
RNA-RNA base-pairing (Figure 1.2A)>. Since their discovery in 1993, the evolutionarily-
conserved and single-stranded RNA transcripts have been demonstrated to be associated with

nearly every aspect of cancer biology>*. Many miRNAs also show promise as predictors of

! Chapter 1.4.2 alludes to a book chapter that has been accepted for publication (Appendix A; Item 5): Guisier F*,
Barros-Filho MC*, Rock LD*, Constantino FB, Minatel BC, [Sage AP], Marshall EA, Martinez VD, Lam WL
(2019). Small non-coding RNA expression in cancer. In Gene Expression Profiling in Cancer, Dimitrios Vlachakis
ed., InTechOpen, London. In press.



patient outcome and disease recurrence®. Thus, miRNA-based genomic profiling has become a
prevalent focus in cancer research particularly because of their translational utility as not only
markers of disease and outcome, but also their potential use as therapeutic agents and targets®.

The miRNA biogenesis pathway is a tightly regulated process, of which its disruption is a
common mechanism of miRNA deregulation in cancer®’. Following transcription by RNA
polymerase Il (Pol I1), the newly-formed primary-miRNA (pri-miRNA) transcripts are cleaved
and processed into mature miRNAs>’. Interestingly, pri-miRNAs can contain the sequences of
multiple mature miRNA transcripts as well as protein-coding exons®®. Next, pri-miRNAs are
cleaved by Drosha, producing pre-miRNAs>’. These ~70 nucleotide sequences are transported
from the nucleus through Exportin-5, where their processing and cleavage into mature double-
stranded miRNA sequences is carried out by the Microprocessor complex, containing Dicer and
DGCR8. Mature miRNA duplexes are unwound, a single-stranded miRNA (17-22 nt) is loaded
into the argonaute 2 (Ago2) protein, which together with other proteins form the RNA-induced
silencing complex (RISC)®!. At this point, the seed sequence of the miRNA (nucleotides 2-7)
binds with target RNA transcripts through complementary sequences primarily at their
3’untranslated region (3’UTR)%. If the interaction is perfectly complementary in the middle
region of the miRNA (nucleotides 9-11), Ago2 will cleave the target transcript, imperfect
binding directs expression repression through the blockage of translation®.

As miRNA target recognition relies on a relatively short sequence of nucleotides, a single
miRNA can have a variety of RNA targets, highlighting the consequences of mIRNA
dysregulation. Thus, the targets of miRNAs can include key genes in cellular biology, as well as
both tumour suppressors and oncogenes (Appendix A; Item 4). These observations have led to

the designation of oncogenic (oncomiRs) and tumour suppressive roles for numerous miRNAs®.
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In light of this, aberrant expression of a miRNA (or a pool of miRNAs) which normally targets a
known tumour suppressor would thus have an oncogenic effect on the cells. For example let-7, is
proposed to be tumour suppressive through its ability to target KRAS and HMGAZ2, both related
to the proliferation of lung cancer cells®. Reduced expression of this miRNA is commonly
observed in lung cancer samples, and correlates with worsened patient prognosis®®. Together,
this highlights an alternative mechanism for the regulation of well-established cancer-associated
genes. Similar associations have also been noted for the aberrant expression of numerous other
miRNAs, including miR-200 (promotes epithelial-to-mesenchymal transition), miR-494
(decreases proliferation), and miR-135b (inflammatory response)®”"°. Excitingly, beyond the
development of miRNA-based diagnostic and prognostic signatures, there is a growing body of
work looking into the use of synthetic miRNA-mimics for inappropriately lost miRNAs with
tumour-suppressive functions and conversely, anti-miRs targeting upregulated oncomiRs .

The proportion of the total pool of miRNAS currently-annotated in public repositories
(~2400 miRNAs) with established roles in cancer is marginal relative to their widespread
regulation of the genome’?. While high-throughput sequencing efforts have enabled the
characterization of miRNA function, the landscape of their expression has been proposed to be
underestimated in human tissue samples as many large-scale sequencing projects are enriched for
larger, protein-coding transcripts’>. Thus, miRNAs present exciting opportunities from both
biological and therapeutic perspectives and further exploration of their expression patterns may

uncover alternative regulatory programs in difficult-to-treat cancers.
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1.4.3 Long non-coding RNAs

Unlike small non-coding RNAs, long non-coding RNAs are frequently discovered in
whole-genome sequencing projects due to their shared features with mRNAs. Despite the
frequent description of pervasive transcription of long RNAs across the genome beyond coding
genes, INCRNAs as a class of transcripts remain relatively poorly characterized. The difficulty in
assigning function to INcRNAs is due in part to their widespread recognition as transcriptional
noise™. However, the renewed interest in the non-coding transcriptome that has accompanied
sequencing improvements has resulted in the identification of a multitude of functional roles for
IncRNAs, particularly the modulation of gene expression in both cis and trans”. The biogenesis
of IncRNAs follows strikingly similar pathways to that of mRNAs. They are transcribed by Pol
Il and often similarly processed post-transcriptionally (5’ capped, spliced, 3’poly-adenylated),
although there is growing evidence of exceptions to these observations’®. Beyond the major
difference in their ability to encode proteins, IncRNAs diverge from mRNAs in that they have
relatively shorter length and fewer exons, as well as expression levels that are lower in
magnitude but more specific than their coding counterparts’’. While IncRNAs do not exhibit a
high-degree of conservation between different species, INCRNA transcription occurs to a larger
extent and may have better correlations to organism complexity than mRNA transcription’®,
These observations emphasize the importance and broad relevance of IncRNAs to cellular
biology as well as their necessary inclusion in future genomic investigations.

LncRNA action occurs through a multitude of mechanisms at all levels of gene expression
including transcriptional enhancement, decoys for miRNAs, as well as protein and/or RNA
scaffolding (Figure 1.2B)"®. LncRNAs are commonly found in the nucleus, where they impact

chromosomal organization as well as transcription. They are also frequently transported to the
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cytoplasm and other sub-cellular compartments, where they can regulate processes such as
translation and mRNA/protein stability®. Similar to recent sncRNA explorations, a number of
InNcRNASs have been described to mediate key cancer-related phenotypes and are often shown to
have deregulated expression levels®. In fact, INcRNAs have garnered attention as sites of
frequent genomic alteration in many cancer types, such as mutation events, copy-number
alterations, and epigenetic disruptions®. Some of the most well-characterized cancer-associated
InNcRNAs are described in lung cancer, including Metastasis-Associated Lung Adenocarcinoma
Transcript 1 (MALAT1) and HOX antisense intergenic RNA (HOTAIR)®®%  The
overexpression of these transcripts is associated with poor survival for lung cancer patients®.
These IncRNAs are involved in the regulation of numerous metastasis-associated genes. In the
case of HOTAIR, this occurs via polycomb repressive complex 2 (PRC2) recruitment and
epigenetic remodelling®. Excitingly, treatment of lung tumours in vivo with antisense
oligonucleotides (ASOs) targeting MALAT1 have been successfully shown to prevent
metastasis®®. Together, these studies highlight the utility of InNcRNA-based analyses from both

biological and clinical perspectives and emphasize the need for their further exploration.
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Figure 1.2. General mechanisms of transcription and function for miRNAs and IncRNAs.
A) General transcription pathways for miRNAs (left), mMRNAs (centre), and IncRNAs (right).
Inhibitory relationships are represented by red lines, while positive regulatory relationships are
denoted by green lines. B) Common mechanisms of action for IncRNAs at the DNA, RNA, and
protein levels.

14



1.5 Challenges in ncRNA research

The recognition of the immense molecular heterogeneity of lung cancer subtypes has been
made possible with large-scale genome sequencing efforts, yet, many cases present with
undefined or unactionable molecular drivers®. Thus, non-coding RNAs present a unique
opportunity to explore largely-uncharted areas of the genome for alternative mechanisms of gene
regulation and potentially novel therapeutic intervention points.

Despite their relatively strong functional characterization recent studies differ in their
descriptions of the landscape of human small non-coding RNA expression. A possible
explanation for this may be the requirement of small RNA enrichment steps in RNA extraction
and genomic analyses®. Even those studies that do focus beyond mRNAs to ncRNAs often
examine a single subset of transcripts, resulting in the underdevelopment of general ncRNA
detection tools™. Further, initial work that sought to characterize the human miRNA
transcriptome was largely based on hypotheses that miRNAs were highly expressed and
conserved between genera®. Since, evidence has emerged showing miRNA transcripts that are
organism specific®. These observations have led to the suggestion that the human genome
encodes a substantially greater number of small non-coding RNAs than currently anticipated®.
Thus, further characterization of the miRNA transcriptome in human tissues is necessary prior to
elucidating their widespread translational value.

Alternatively, while IncRNA research does not face barriers in sequence detection, the
identification of the broad relevance and categorization of these transcripts limits our
appreciation of their utility from the cellular to clinical level. Indeed, the rapid attribution of
potential functions to an increasing number of annotated transcripts outpaces our ability to
identify trends within non-coding RNA interaction networks, thereby hampering the
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development of platforms aimed at functional InNcRNA identification®. Specifically, a complex
secondary structure, poor target-prediction and analysis tools, and difficulty in the design of
effective knock-out/knock-in experiments impede our ability to generate phenotypically-relevant
candidates’®®%. Further, most discovery and functional characterization of IncRNAs have been
performed in mice but IncRNAs show complex mechanisms of conservation between species,

which impedes reproducible results between organisms’ %%’

. Because of these features,
although there are many functional studies, they are largely focused on single transcripts in
specific contexts. Therefore, biochemical analyses will be critical to addressing challenges
associated with structure and function, such as studies examining the functional domains and
motifs within the dynamic IncRNA structure®. Similarly, it has become increasingly important
to identify the broad expression patterns of INCRNAs in human diseases and disease phenotypes,
in order to elucidate trends that aid in the downstream delineation of function®. Findings from

these types of studies will not only strengthen our understanding of this complex class of

transcripts, but also uncover potential avenues for their implementation in future cancer clinics.

1.6  Thesis themes

1.6.1 Rationale

There are a large proportion of lung cancer cases that result from unknown molecular
events or exposures, which is true despite both a renewed global focus on smoking cessation and
large-scale genetic profiling of these tumours. It remains critical to identify novel genes and
mechanisms relevant to lung cancer development in order to direct specific and effective
treatment strategies. Thus, the comprehensive analysis of non-coding RNA expression patterns
and regulatory relationships represents the next frontier of lung cancer biology and treatment.
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However, our understanding of the implications of ncRNA expression in human tissues remains
limited. Profiling these transcripts at a broad level in human lung tumours and non-malignant
samples is necessary to identify their lung-specific mechanisms of gene regulation and

subsequent roles in tumour development and progression.

1.6.2 Obijectives, hypotheses, and specific aims

The main objective of this thesis is to generate a clearer picture of the landscape of ncRNA
expression in human lung cancer tissues, which will enable the discovery of novel genes that are
central to lung cancer biology. Particularly, | endeavour to comprehensively characterize the
miRNA transcriptome of normal and malignant lung samples, to supplement further analysis of
tissue- and disease-specific transcripts. From the perspective of INCcRNAs, while easily detectable
in NGS data, their broad functional relevance remains veiled. Thus, | will assess their specificity
to the cells within the lung tumour microenvironment, an area of recent intense exploration in
light of its role in the response to immunotherapy treatment. | have formed two hypotheses:

(1) The landscape of small non-coding RNA expression, particularly miRNAs, while

largely functionally characterized, is underestimated in human lung tissues; and

(2) LncRNAs are specifically expressed and mediate regulatory networks in the cells of the

tumour microenvironment.

For the first hypothesis, |1 aim to demonstrate the existence of previously-unannotated
miRNAs in human tissue samples and subsequently analyze their relevance to tissue- and cancer-
specific biology. SncRNA detection requires a targeted approach that results in the more

widespread use of low coverage analysis techniques, such as microarrays, as well as a reliance
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on current annotations of miRNAs. However, early miRNA discoveries based on sequence
analyses relied on observable sequence conservation between species, which consequently
eliminated a large proportion of specifically expressed miRNAs from further consideration. I
thus re-explore small-RNA sequencing data with the goal of discovering and paneling the
expression of previously-unannotated miRNA sequences that are specifically expressed in non-
malignant and cancerous lung tissues. To assess whether this phenomenon is also true for other
human tissues, | apply my approach to the same type of data from clear cell renal cell carcinoma
samples. The specific aims are:

Aim 1: Assess the existence of previously-unannotated miRNAs in human lung samples

Aim 2: Explore the potential roles and utility of these transcripts in LUAD biology

Aim 3: Determine whether this phenomenon holds true in other tissue contexts
Collectively, I show that current analysis pipelines may result in the misrepresentation of a large
proportion of biologically important sequences, and describe a platform to provide a more global

representation of their expression.

For the second hypothesis, | aim to delineate the expression and potential roles of long
non-coding RNAs in infiltrating immune cells in the lung tumour microenvironment. Lung
cancer is characterized by a relatively high mutational burden and subsequent high degree of
immunogenicity. Immunotherapy has become a viable and effective treatment option for patients
with difficult-to-treat lung cancer, and is being explored as first-line therapy for select cases™.
However, it is important to identify which patients will respond to treatment, which may be
facilitated through the identification of specific markers of immune infiltration. Long non-coding

RNAs are known to have specific expression patterns and despite numerous studies describing
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IncRNAs that function in the regulation of the immune response, the landscape of IncCRNA
expression in human immune cells remains poorly characterized. Thus, | aim to describe the
expression of INcCRNAs in healthy human immune cells and further apply these observations to
tumour infiltrating lymphocytes in human lung cancer samples. The specific aims are:

Aim 1: Delineate the expression of IncRNAs in healthy human immune cells

Aim 2: Panel these immune-related IncRNAs in tumour-infiltrating lymphocytes

My work aims to identify novel patterns of ncRNA expression that are important to lung

cancer biology. Together, my results will lay the groundwork for the identification of unique

markers of disease and potential therapeutic intervention points.
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Chapter 2: Methods

2.1 Patient tumour cohorts and collection of RNA sequencing data

Numerous sample cohorts and datasets were used for the analyses described in this thesis.
All datasets are publicly available, with the exception of the BC Cancer Agency (BCCA) lung
adenocarcinoma dataset, which is a cohort specifically obtained for use by the BC Cancer
Research Centre. Data were downloaded from public servers using the Sequence Read Archive
(SRA) toolkit command line application*®. Table 2.1 provides a summary and description of the

datasets used.

2.1.1 BC Cancer Lung Adenocarcinoma Samples (BCCA-LUAD)

Lung tumour samples with matched adjacent non-malignant tissues were acquired during
surgery at the VVancouver General Hospital. Patients had not undergone any previous treatments.
Tissue samples were obtained with informed patient consent as well as the approval of the
Research Ethics Board of the University of British Columbia and the BCCA. After collection,
tumour samples were microdissected to 80% tumour cell-content (tumour purity) and
subsequently analyzed using whole genome sequencing. A total of 236 samples were processed
using the lllumina HiSeq 2000 small RNA sequencing platform for the analysis of small RNAs
described in Chapter 3, and the 36 paired samples sequenced using the Illumina HiSeq platform

were used to assess long RNA expression levels.
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2.1.2 TCGA Lung Adenocarcinoma Samples (TCGA-LUAD)

A cohort of lung adenocarcinoma tumours obtained from TCGA Research Network under
the TCGA-LUAD heading was obtained for analysis of whole genome sequencing data. Small
RNA sequencing data were available for 118 tumour samples with matched non-malignant
tissues, processed using the lllumina Hi Seq 2000 small RNA sequencing platform. The TCGA-
LUAD contains long RNA sequencing data from 515 LUAD tumours generated using the
[llimuna Hi Seq 2000 platform, 54 of which were used with their matched non-malignant
samples in paired analyses. The data from small RNA sequencing experiments were used in the
analysis of novel miRNAs in lung tissue in Chapter 3, while the long RNA data were used in

multiple analyses of INcCRNA expression in lung tumours described in Chapter 4.

2.1.3 TCGA Clear Cell Renal Cell Carcinoma Samples (TCGA-KIRC)

Clear cell renal cell carcinoma (ccRCC) tumours with matched non-malignant samples
(n=71 pairs), as well as unpaired tumour samples (n=431) were collected and processed by
TCGA Research Network (TCGA-KIRC; http://cancergenome.nih.gov/). The Illumina
HiSeq2000 platform was used to generate small RNA sequencing reads, which were obtained
from the Cancer Genomics Hub (cgHUB) Data Repository (dbgap Project ID: 6208). These data
were used in the exploration and analysis of previously-unannotated miRNA sequences in

Chapter 3.
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Table 2.1. Cohort sample characteristics

TCGA-LUAD

BCCA-LUAD

TCGA-KIRC

Non-malignant samples

Malignant samples

Tumour cell content
Clinical Information

Mean Age

Gender Male
Female
Caucasian
Asian
Hispanic/Latino
Not Hispanic/Latino
Other
Not Reported

Ethnicity

I
I
Stage Il
v
Not Reported

Current
Smoking Former
Never

54 (long-read)
91 (short-read)

515 (long-read)
91 (short-read)

>60%

67

24
30

o1

28
14
10

36 (long-read)
118 (short-read)

36 (long-read)
118 (short-read)

>80%

70

10
26

11
14

11

20
11

25

71 (short-read)

502 (short-read)

>60%

61

331
171

24
332

146
241
55
122
81

64

431
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2.2 Processing of RNA sequencing data

2.2.1 Processing of small RNA sequencing data

Raw small RNA sequencing data generated from the BCCA-LUAD, TCGA-LUAD, and
TCGA-KIRC cohorts were processed according to a custom pipeline for the detection and
quantification of small RNA sequences'®. First, the raw sequencing reads (.bam files) were
converted into unaligned reads (.fastq files) using the PartekFlow software, build 7.0.18.0724%.
The unaligned reads were then trimmed according to their sequencing quality scores (Phred
scores > 20). The Spliced Transcripts Alignment to a Reference (STAR; v2.4.1d) algorithm™®
was used to align the reads that met the quality threshold were to the most recent annotation of

the human genome (hg38 build). Quantification of reads was then performed, using various

algorithms and normalization methods described in more detail in Chapter 2.3.2.

2.2.2 Processing of long-read RNA sequencing data

Raw RNA sequencing data were processed similarly to the small RNA sequencing reads as
described previously. Reads were unaligned to .fastq files and realigned to the current build of
the human genome using the STAR aligner. Quantification of long RNA sequencing reads was
performed using the Cufflinks algorithm®. Long non-coding RNAs were defined according to
the Ensembl v89 annotation, wherein transcripts labeled as antisense, bidirectional promoter

IncRNA, lincRNA, and macro IncRNA were considered for further analysis'®.
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2.3 Discovery of novel miRNA sequences

2.3.1 Description of predictive algorithms

The discovery of previously-unannotated miRNA sequences described in Chapter 3 used
two publicly available platforms that are based on the miRDeep2 prediction algorithm'®. The
miRDeep2 algorithm combines sequencing read numbers with secondary structure information.
The relative free energy of the secondary structure predicted by the sequence is combined with
the significance associated with random folding to generate a score representing the likelihood of
a miRNA-like secondary structure. This measurement is known as the miRDeep2 score and
higher miRDeep2 scores are reflective of more reliable predictions.

Recently, studies have sought to expand upon the in silico insight provided by algorithms
like miRDeep2. In 2017, Fehlmann and colleagues described a new predictive tool coined
miRMaster that could integrate the base algorithm for the prediction of novel miRNAs with
direct quantification of miRNA expression and identification of isomiRs/polymorphisms in
miRNAs'. Furthermore, while this algorithm does not curate any of the predicted novel
miRNA candidates, it provides the user with comparisons to miRBase and RefSeq databases,
which enables the identification of sequences overlapping currently annotated miRNAs, and
potential viral or bacterial contaminants’>**"%® Thus, miRMaster provides not only a high
degree of reliability in predicted candidates through its extensive set of features, but also
provides fewer requirements for manual curation, lessening the possibility of false discovery
through user error.

Algorithms similar to miRMaster based upon the miRDeep2 prediction algorithm also
provide comparable results, while operating with slightly different specifications. Another

prominent prediction tool is OASIS, which generates grouped predictions of novel miRNA
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candidates from raw sequencing reads that map to regions of the genome that are not currently

annotated for miRNAs'%

. While quantification of miRNA expression is not directly available in
this algorithm, read counts are described, which separates the analysis of novel miRNA detection
from the evaluation of their expression. Together, the development of these algorithms represents

the growing need for and continual improvement of data analysis and interpretation tools.

2.3.2 Sequence detection and candidate curation

To determine a robust set of novel miRNA candidates for further analysis of their
expression in human tissues, curation based on the molecular features of the predictions was
performed. In the analyses using miRMaster, the raw prediction output files were merged with
normalized expression quantification using the perl command line application. The predictions
were then filtered to include only candidates that had: (1) completely novel annotation; (2) no
complete sequence overlap with sequences annotated in miRBase; and (3) GC content within 2
standard deviations from the mean of all sequences. Candidates with duplicate 5p and 3p
sequences were consolidated and their expression levels summed. Finally, an expression
threshold of > 1 read per million (RPM) in 10% of samples was set to exclude candidate
sequences with little or no expression.

The OASIS platform provides raw sequence information for the predicted novel miRNA
sequences®. Thus, for the analyses using this platform, sequences were first filtered to select for
candidates that had: (1) no overlap with rRNA/tRNA reads in the RNA families (Rfam)
database™®; (2) significant (p < 0.05) miRNA-like secondary structure predictions; (3) loci with

an acceptable number of sequencing reads (> 10 reads); and (4) a GC content within 2 standard

deviations from the mean. Duplicate candidates were consolidated and the remaining sequences
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were assessed for their similarity to miRNAs currently annotated in miRBase v217%, which was
performed using standard nucleotide blast (BLASTn) through the BLAST+ command line
application'*!. These analyses yielded expect (E) values for each sequence, and candidates with
E < 0.1 were determined to have strong overlap with previously-annotated sequences and were
subsequently discarded. As OASIS does not use expression information, the sequencing reads

were quantified using the featureCounts v1.4.6 algorithm™?

on a per-sample basis and
normalized using the weighted trimmed mean of log expression ratios method (TMM).
Candidates with summed expression levels > 10 as well as > 0.1 in at least 10% of samples were

considered expressed and used for further analysis.

2.3.3 Statistical analyses of gene expression

Several statistical tests were used to analyze and interpret information from next generation
sequencing data. All analyses of differential expression were performed using a two-tailed
Mann-Whitney U-test, performed using MATLAB R2013a, with the Benjamini-Hochberg (BH)
method performed in RStudio v3.3.3 used to correct for multiple testing and ensure adequate
control of the false-discovery rate™>. All unsupervised hierarchical clustering analyses were
performed using Partek Flow software (build 7.0.18.0724*%), with a cluster distance metric of
Average Linkage and the point distance metric as Pearson Correlation. Patient clinical
information was obtained for all publicly available samples through the University of California
Santa Cruz (UCSC) Xena browser (http://xena.ucsc.edu/). Survival analyses were performed by
stratifying samples into tertiles of high to low expression of the gene of interest, categorizing

vital status and days to death/last follow up. The significance of how well patient outcome was
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predicted by gene expression was assessed by the logrank method***

, using both GraphPad Prism
v8 and MATLAB R2013a software.

Protein-coding target genes of miRNAs were assessed using the miRanda v3.3a
algorithm™*. This algorithm compares the sequences of candidate miRNAs against the 3°UTR of
all  human protein-coding genes (obtained from the Ensembl BioMart tool;
https://www.ensembl.org). Predicted targets are based on: (1) the sequence complementarity of
the miRNA to the 3°’UTR,; (2) the free energy of the duplex formed; and (3) the conservation of
the target sites. Predicted targets generated by the algorithm were first curated by analyzing five
scrambled miRNA sequences, wherein protein-coding targets predicted by both candidate
miRNAs and scrambled sequences were discarded. Targets were further filtered to only include
those with an alignment score of > 140 and a free energy threshold of < -20 kcal/mol. Transcripts
targeted by at least 10% of the miRNAs-of-interest were analyzed for their membership in key

signaling pathways via the pathDIP v.2.5.21.6 algorithm™'®, which comprehensively examines

pathways enriched in the predicted target genes in 15 distinct public repositories.

27


https://www.ensembl.org/

Chapter 3: Discovery of previously-unannotated miRNAs specific to

normal and malignant human tissues’

3.1 Introduction

3.1.1 miRNAs in lung cancer

Beyond their roles in the regulation of close to 60% of protein-coding genes, miRNAs are

now also regarded as important players in cancer biology*’

. As the recognition (seed) sequence
for miRNA-mRNA interactions can be as little as only 6 nucleotides, a single miRNA can have
an array of protein-coding targets, including many well-established tumour-suppressors and
oncogenes'*8. Every step of the miRNA biogenesis pathways is tightly regulated**. However,
dysregulation of miRNA expression in cancer both specifically (amplification/deletion events)
and indirectly (disruption of miRNA biogenesis enzymes) is frequently observed and may
promote pro-tumour phenotypes and poor outcome’*2012,

In lung cancer, the deregulation of many miRNAs is implicated to be pathogenic'??. For
example, the decreased expression of miR-101 through DNA copy-number losses has been
shown to result in the upregulation of EZH2, a key epigenetic modifying enzyme, which
subsequently leads to the inhibition of apoptosis and disruption of proliferation, among other
effects’®!%. Further, there has been immense investigation into the ability of miRNAs to

supplement lung cancer early detection and subtype identification, in light of their expression

patterns in cancer and their stability in biofluids and formalin-fixed paraffin-embedded (FFPE)

% The work in Chapter 3 describing the detection of novel miRNA sequences in renal cell carcinoma has been
published. [Sage AP], Minatel BC, Marshall EA, Martinez VD, Stewart GL, Enfield KSS, Lam WL. (2018)
Expanding the miRNA transcriptome of human kidney and renal cell carcinoma. International Journal of Genomics
2018:1-10. (Appendix A; Item 8).
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tissues>®. However, despite the rapidly increasing number of miRNA-based signatures in lung
cancer none have yet to be translated into the clinic, necessitating further exploration of sensitive

and specific markers of disease?**%.

3.1.2 Previously-unannotated miRNAs

The continuously developing body of evidence suggesting diverse roles for miRNAs in the
regulation of numerous important cellular processes underscores the renewed emphasis on the
accurate characterization of the sncRNA transcriptome. However, many early genomic
explorations focused on miRNA transcripts that were abundantly expressed and conserved
between organisms, features that may exclude important specifically-expressed miRNAs*%,
Thus, it follows that with next generation sequencing efforts it is possible to uncover the
transcription of miRNAs that have yet to be described in any capacity, genes that may have more
specialized expression and function than their well-characterized predecessors.

Indeed, algorithms have now been developed to search for miRNA transcripts that are not
annotated in public repositories, namely miRDeep2, Oasis, and miRMaster’®" %130 Ag
described in Chapter 2.3.1, these algorithms are designed to integrate NGS reads with molecular
features of miRNAs (e.g. DICER processing, secondary folding structure). These platforms
enable the re-evaluation of RNA-sequencing data to better represent the landscape of
transcription in these samples. Further, separate curation and bioinformatic analyses can be
performed to estimate the probability of a true-positive prediction, such as novomiRank which
compares candidate sequences with those annotated based on features such as free energy,
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folding, length, and sequence composition=". While their existence in human tissue and disease

29



contexts still requires comprehensive analysis, these novel sequences represent exciting

discoveries that may present specific markers and intervention points.

3.1.3 Small non-coding transcriptome of the NCI-60 cell line panel

Cell lines provide invaluable genetic and phenotypic resources for the study of cancer
biology™*?. The NCI-60 cell line panel is perhaps the most widely used in basic cancer research,
which contains 59 cell lines from nine different cancer types'®’. However, cell lines are often
limited by their ability to truly recapitulate the complex nature of human tumours. Additionally,
while many novel cancer-related ncRNAs have been described, adequate expression profiles of
the non-coding transcriptome in tissues-of-interest are necessary for the further characterization
of these important transcripts. Thus, to provide a resource to facilitate genome-level research of
SsncRNA expression in cancer and cancer cell lines, our group recently described the small non-
coding transcriptome of the NCI-60 cell line panel (Appendix A; Item 11)"%,

Through high-throughput small RNA sequencing, we were able to characterize SncRNAs
in each cell line and found the widespread distribution, proportion, and unique expression
patterns for piRNAs, miRNAs, small nuclear RNAs (snRNAs), and small nucleolar RNAs
(snoRNAs). Additionally, we discovered that novel miRNA transcripts were not only detectable
in these cell lines, but represented striking increases of roughly 10% from those currently-
annotated. This previous work provides a foundation for the exploration of sncRNA-mediated
gene regulation in cancer cell lines and emphasizes the existence of many previously-
unannotated mMIiRNA transcripts. Together, these observations highlight the necessity of

determining whether these findings hold true in human tissue samples, from both malignant and

non-malignant perspectives.
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In light of these findings, | hypothesized that human lung samples not only expressed a
significant number of previously-unannotated miRNA sequences, but also that their expression
patterns and molecular targets were indicative of roles in the maintenance of important lung
cancer pathways. | thus set out to develop a platform for the discovery of these sequences in
human cancer tissues, and then assess both the potential functions of these transcripts as well as

whether this phenomenon remains true in other tissue contexts.

3.2 Methods

3.2.1 Patient Samples and small RNA sequencing

The BCCA-LUAD and TCGA-LUAD cohorts were used in this analysis (Chapter 2.1.1
and Chapter 2.1.2). Raw unaligned sequencing reads from these samples were filtered for read
quality (Phred > 20) and aligned to the hg38 build of the human genome (STAR aligner) (Figure
3.1). Aligned sequencing read files for both LUAD cohorts were quantified using the miRMaster
platform. Gene expression levels ascertained by these algorithms were then normalized to the

total number of reads in each sample, using the RPM method.

3.2.2 Discovery and analysis of previously-unannotated miRNAs

LUAD small RNA sequencing files were submitted to the miRMaster online sequence
analysis platform. The miRMaster algorithm allows for the integration of per-sample and per-
group features to directly quantify transcript expression levels and examine novel miRNA
candidates. Thus, miRMaster provided an extensive set of novel miRNA candidates that were

then curated based on molecular and cellular features to generate a robust set of predictions.
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Figure 3.1. Sequence analysis flow chart for novel miRNA sequences discovered in human
lung samples from the TCGA-LUAD and BCCA-LUAD cohorts, and subsequent validation

in TCGA-KIRC patient samples and ccRCC cell lines.
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3.2.3 Analysis of previously-unannotated miRNA expression

Following the generation of this set of miRNAs newly-discovered in human lung samples,
| set out to assess their expression patterns and potential relevance to cancer biology. The tissue
specificity of these transcripts was analyzed through principal components analysis using the
PartekFlow software (build 7.0.18.0724)'%2. We also examined their expression patterns in
matched tumour and non-malignant samples in both the TCGA-LUAD and BCCA-LUAD
cohorts using MATLAB R2013a and RStudio v3.3.3. The associations of key miRNAs with
patient outcome were assessed in GraphPad Prism v8, using the log rang method. Finally, we
examined the potential molecular targets for these miRNAs using the miRanda v3.3a algorithm

and the associated pathways that were disrupted, through PathDip v2.5.21.6 (Chapter 2.3.3).

3.2.4 Validation in different contexts: human ccRCC samples and cell lines

To assess whether the phenomenon of novel miRNA expression held true in different
human tissue contexts, we performed the discovery analysis on human kidney samples from the
TCGA-KIRC cohort (Chapter 2.1.3). Novel miRNA discovery was performed using the OASIS
platform (Chapter 2.3.1 and 2.3.2), and transcript expression values were quantified using the
featureCounts v1.4.6 algorithm through PartekFlow (build 7.0.18.0724)'%and normalized using
the TMM method. To validate the novel miRNAs detected in kidney samples, we assessed their
expression in renal cancer cell lines from the NCI-60 cell line panel. Following the same
procedure, the detection of previously-unannotated miRNAs was confirmed in eight renal cell
lines (A498, CAKI-1, 786-0, TK-10, UO-31, ACHN, RXF393, and SN12C). Sequences with
expression levels of TMM > 0.1 were considered to be expressed in the cell lines and thus

validated. Differential expression, association with patient outcome, as well as target prediction
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and subsequent pathway analysis were performed for these transcripts, in the same manner as

those discovered in lung samples (Chapter 2.3.3, Chapter 3.2.3).

3.2.5 Cell culture and real-time quantitative PCR (RT-gPCR)

To further confirm not only the existence, but also the deregulated expression of novel miRNA
sequences in human tissues, two sequences with the greatest differential expression levels in
tumour and non-malignant tissues (Knm17_ 1130, Knm3_1968) were assessed in vitro. The
ccRCC tumour cell line TK10 and immortalized non-malignant embryonic kidney cell line HEK-
293T were used in this analysis. Cultures of both lines were maintained according to guidelines
provided by the American Tissue Culture Collection (ATCC) and the National Institute of Health
(NIH) (TK10 — Roswell Park Memorial Institute medium (RPMI) 1640 + 10% Fetal Bovine
Serum (FBS); HEK-293T — Dulbecco's Modified Eagle Medium (DMEM) + 10% FBS) and
stored in a 37 °C incubator with 5% CO,. Total cellular RNA was extracted from plates of
confluent cells using the Quick-RNA™ MiniPrep Kit Zymo Research, Catalog number R1055).
To specifically convert the predicted novel miRNAs to complementary DNA (cDNA) products,
custom primers were designed through the Custom TagMan® Small RNA Assay Design Tool
from Thermo Fisher (Knm3_1968 - GCAGAUUCCCAGAGUGGGACAG; Knml7_1130 -
UGAGGUGGAGGGUUGUGGGA). The TagMan miRNA Reverse Transcription Kit was used
to perform the cDNA conversion, with an input RNA concentration of 2 ng/uL. The resulting
cDNA was then analyzed by real-time quantitative PCR (RT-qPCR) using the Applied
Biosystems® 7500 Real-Time PCR System. Finally, the 27 **“* method was used to quantify the
relative expression of the novel miRNA candidates, after normalization to the expression of the

widely-expressed SnRNA U6.
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3.3 Results

3.3.1 Expression of previously-unannotated miRNAs in human lung samples

We have previously shown the widespread expression of not only small non-coding RNAs
in cancer cell lines, but also the presence of a striking number of miRNAs that have yet to be
annotated in public databases (Appendix A; Items 8, 10)******. Thus, | aimed to assess whether
this phenomenon holds true in human lung samples, in both normal and disease contexts. After
obtaining and processing small RNA sequencing data from the TCGA-LUAD and BCCA-LUAD
cohorts (Chapter 2.1, 3.2.1), we analyzed these data using our custom analysis pipeline for the
discovery of novel miRNAs, which makes use of the miRMaster online tool (Chapter 2.3.1,
3.2.2)*". Initial assessments of quality and the removal of sequences with strong similarity to
currently-annotated sequences generated a list of 379 previously-unannotated miRNA candidates
discovered in both cohorts. Further curation by expression and sequence composition resulted in
a set of 141 previously-unannotated miRNAs expressed in human lung tissues. Together, this
represents an approximately 14.6% increase in the known miRNA transcriptome of the lung
(Figure 3.2A). We then examined the similarity of these novel sequences to those currently-
annotated in miRBase, using features including: GC content, seed sequence composition, and
genomic location (Figure 3.2B-D). These comparisons emphasize the miRNA-like character of
these sequences, their potential roles in the regulation of protein-coding target genes, and

subsequently tissue- and cancer-specific pathways.
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Figure 3.2. Detection parameters and molecular features of novel miRNA candidates.
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A) Relative proportion of the known lung miRNA transcriptome represented by newly-
discovered novel miRNA candidates (blue). B) Violin plot comparing the distribution of G/C
content per sequence between known (blue) and novel (red) miRNAs. C) Sequence logo
comparison between known and novel miRNAs in the nucleotide composition of the seed
region*®*. D) Genomic localization of known (grey points on blue concentric circle) and novel
(grey points on red concentric circle)**’. Human chromosomes are represented on the outer
concentric circle. Grey lines highlight novel miRNAs differentially expressed between tumour
and non-malignant samples. Links between regions represent the predicted interaction pairings
between novel miRNAs and protein-coding targets, where genes targeted by at least 2 miRNAs
are coloured with green lines, at least 3 miRNAs are purple lines, and at least 4 miRNAs are red
lines.
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A prominent hypothesis explaining why these newly-discovered miRNAs have been
overlooked is the reliance of previous genomic explorations on sequence conservation between
species and tissues, and their relatively low expression escaping detection by the relatively low-
coverage techniques™. In light of this observation, | aimed to assess the specificity of the 141
newly-detected sequences to lung tissue. Principle component analysis revealed that the
combined expression pattern of the newly-detected miRNA candidates was able to distinguish
lung samples from the other 12 non-malignant tissues that were analyzed (Figure 3.3). Further,
while samples from other tissue types are not completely separate from one another, they can be
seen to be organized within their tissue type, highlighting the potential tissue- and context-
dependence of previously-unannotated miRNA sequences. Together, these results suggest the
specificity of the newly-detected sequences to non-malignant lung tissue, as well as the potential

translational utility of these sequences as tissue-of-origin and disease-specific markers.
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Figure 3.3. Lung-specific expression of previously-unannotated miRNAs revealed by
principle components analysis.

Non-malignant tissue samples are represented by circles on the graph, and samples from the
same tissues are grouped within their respective coloured and shaded regions (e.g. lung samples
are represented by green circles, surrounded by light green shading).
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3.3.2 Dysregulation of novel miRNAs in lung tumours and their clinical potential

After observing that the newly-detected sequences were specifically expressed in non-
malignant lung tissue, | was curious as to whether this trend of specific expression would apply
to tumour contexts. Initially, it was striking to see that of the 141 novel miRNA candidates, 49
were discovered in non-malignant samples and displayed no detectable expression in tumours,
while 74 were only expressed in tumour samples (Figure 3.4A). The context-dependence of
previously-unannotated sequences suggests the clinical utility of these transcripts as markers of
disease onset and progression, as well as targets for therapy that could be specific to tumour
cells.

We also examined the 18 previously-unannotated miRNA loci that were discovered and
had detectable expression in both non-malignant and tumour samples. Analysis of their
expression revealed that of these 18, 14 were differentially expressed (BH-p < 0.05), the majority
of which were over-expressed in tumours (Figure 3.4B). The genomic locations of these
differentially-expressed previously-unannotated miRNA transcripts are also highlighted by grey
bars on the circos plot in Figure 3.2D. Collectively, these results lay the groundwork for future
studies examining the impact of previously-unannotated miRNA dysregulation on lung tumour

onset and progression, as well as their translational potential, which I aimed to explore further.
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Figure 3.4. Previously-unannotated miRNAs are differentially expressed between lung
tumours and matched adjacent non-malignant tissues in the BCCA-LUAD cohort.

A) Venn diagram representing the number of sequences discovered and displaying detectable
expression in either normal (blue) or tumour (red) samples. B) Histogram of the 14 previously-
unannotated miRNAs differentially expressed between tumour (red) and normal (blue) samples.
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In order to gain insight into the potential use of these novel miRNA sequences in clinics, |
first wanted to assess whether these specific candidates could be predictive of patient outcome in
individuals with lung adenocarcinoma. We examined de-identified patient phenotype and clinical
characteristics data for the samples from the BCCA-LUAD cohort. Indeed, we observed that the
expression of several previously-unannotated miRNAs was able to stratify patients by outcome
in a logrank survival analysis, revealing striking examples of pred-nov-miR-10972_TP and pred-
nov-miR-5274_TP (Figure 3.5). It is particularly interesting that the expression of singular novel
miRNAs alone is observed to have prognostic value. Thus, it can be suggested that these highly
specific sequences may be able to strengthen current molecular prognostic panels, allowing for

earlier detection of more aggressive tumour characteristics and subtypes.
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Figure 3.5. Prognostic utility of previously-unannotated miRNAs.

Red lines represent the tertile of samples with relatively high transcript expression, while blue
lines represent the lower tertile of expression. Overall survival was assessed using the log-rank
test (p < 0.05) for pred-nov-miR-10972_TP (A) and pred-nov-miR-5274_TP (B).
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3.3.3 Novel miRNAs target important protein interaction networks in lung tumours

Gene regulation enacted by miRNAs relies on sequence complementarity of the miRNA
with the 3°’UTR of a given protein-coding mRNA transcript, specifically, the six-nucleotide seed
sequence (nucleotides 2-7 of the miRNA)™®. Because of this feature, in silico algorithms have
been developed that assess sequence complementarity and the thermodynamic stability of the
corresponding RNA duplex to predict potential protein-coding targets of a given set of
miRNAs™™. We used the algorithm known as miRanda v3.3a to predict the genes targeted by the
newly-discovered miRNA sequences. Predicted miRNA-coding-gene pairs were filtered to have
an alignment score > 140 and an energy threshold of < —20 kcal/mol, which represents stronger
potential interactions. To find the most likely protein-coding targets, we subjected only the genes
predicted to be targeted by at least 10% of the novel miRNA sequences to pathway enrichment
analysis using the pathDIP algorithm®*®. These analyses revealed the enrichment of pathways
curated from 15 literature sources that included EGFR and ERK signaling pathways, as well as
genes that mediate mMRNA stabilization (Figure 3.6). Additionally, the genome-level regulation
enacted by these miRNAs can be seen by the linking lines in the center of the circos plot in
Figure 3.2D, which further illustrates the functional impact of previously-unannotated miRNA

expression and deregulation.
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Figure 3.6. Pathways significantly enriched in genes targeted by novel miRNAs discovered
in human lung samples.
Pathways were determined using the PathDip algorithm and plotted according to the logged
value of their statistical significance in enrichment for genes predicted to be targeted by novel
mMIRNA transcripts. Individual genes in each pathway are predicted to be targeted by at least 10%
of previously-unannotated miRNAs. The red line represents the threshold of significance (BH-
corrected p-value < 0.05).
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3.3.4 Technical validation of the novel miRNA discovery platform

With the discovery of 141 previously-unannotated miRNAs expressed in human lung
tissues, | was interested in examining if this phenomenon could be extended to other tissue
contexts. Similar to lung adenocarcinoma, while specific molecular events including miRNA
disruption have been implicated in ccRCC disease progression and prognosis, patient outcome
remains impeded by the limited availability and efficacy of relevant diagnostic and prognostic
markers. Following our previous work with the NCI-60 cell lines, | decided to assess clear cell
renal cell carcinoma tissue samples to expand upon the landscape of novel miRNA expression in
human tissues and diseases.

The OASIS/miRDeep?2 algorithm was used to discover previously-unannotated miRNAs in
the TCGA-KIRC cohort (Chapter 2.1.3). Similar to the initial landscape of novel miRNA
expression in human lung samples, we discovered a total of 376 miRNA candidates in human
ccRCC samples. Manual curation as described in Chapter 2.3.2 (BLASTn, GC content) resulted
in our final set of 35 and 134 previously-unannotated miRNA candidates detected in non-
malignant kidney and ccRCC samples, respectively (Kidney novel miRNAs, Knm). To further
confirm the existence of these novel sequences in ccRCC samples, we assessed the expression of
the newly-detected miRNA loci in the 8 renal cancer cell lines in the NCI-60 cell line panel. As
the renal cell lines are derived from different patients and tumour subtypes, we considered novel
miRNA sequences with normalized expression greater than 0.1 in at least one cell line to be
detected. Excitingly, we found that 65% (26) of the sequences in non-malignant human kidney
samples and 71% (102) in ccRCC patient tumours to also be present in the NCI-60 renal cell
lines. Further, there is nearly no sequence overlap between the novel miRNA transcripts detected

in renal samples with those discovered in lung tissues. Together, these results first confirm the

46



existence of novel miRNAs in human tissues and patient-derived cell lines beyond lung samples,

and also highlight the efficacy of our platform for novel miRNA discovery.

3.3.5 Novel miRNAs are similarly deregulated and associated with survival in ccRCC

tumours as in lung adenocarcinoma samples

To ensure that there were no systematic biases in the discovery of previously-unannotated
miRNAs specific to lung tissue we examined the potential roles of novel miRNAs in human
ccRCC samples in a similar fashion to the assessment in lung samples. This also allowed me to
explore the relevance of previously-unannotated miRNA sequences to human tissue and disease
biology. Of the 65 previously-unannotated miRNA loci detected in ccRCC and non-malignant
samples, 31 were significantly differentially expressed (Figure 3.7A; 15 over-expressed, 16
under-expressed; BH-p < 0.05). Further, the combined expression of these miRNA sequences
was sufficient to stratify samples into non-malignant and tumour groups (Figure 3.7A), which
has implications for the use of these newly-detected sequences as diagnostic markers.

In line with the exploration of the potential diagnostic and therapeutic utility of these
candidates, specific sequences are of particular interest because of the striking magnitude of their
deregulation. Knm22_2209 has little to no detectable expression in tumours, representing a 28-
fold decrease in expression, while Knm3_ 1968 and Knm17_1130 show strongly increased
expression in tumour tissues, 100- and 13-fold, respectively (Figure 3.7B). We also examined the
associations between the expression of these candidate miRNAs and patient outcome. In fact, we
found the increased expression of Knm6 2419 to be significantly associated with worsened
patient survival, which agreed with its significant over-expression in tumours (Figure 3.7C).
Finally, as observed with the previously-unannotated miRNA sequences discovered in human

lung samples, the miRNAs newly-detected in ccCRCC were predicted to target genes significantly
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enriched in relevant kidney cancer pathways. These pathways include the VEGF pathway and

pathways associated with cellular metabolism, which are important to ccRCC biology.
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Figure 3.7. Differential expression of novel miRNA sequences in ccRCC samples relative to
non-malignant tissues.’

A) Unsupervised hierarchical clustering of tumour (red) and non-malignant (blue) ccRCC
samples (columns), and kidney novel miRNAs (rows). Relative expression values are
represented from low (blue) to high (red). B) Specific examples of deregulated novel miRNA
expression between non-malignant (blue) and ccRCC samples (red). All corrected p values are
below 0.0001. C) Deregulated expression and associations with patient outcome for Knmé_2419.
Patients were stratified into tertiles based on the expression of these novel miRNA transcripts.

® Figure 3.7 is adapted from the following publication: [Sage AP], Minatel BC, Marshall EA, Martinez VD, Stewart
GL, Enfield KSS, Lam WL. (2018) Expanding the miRNA transcriptome of human kidney and renal cell carcinoma.
International Journal of Genomics 2018:1-10. (Appendix A; Item 8).

49



3.3.6 Confirmation of novel miRNA expression patterns in vitro

With the confirmation of the widespread but tissue- and context-specific expression of
previously-unannotated miRNA sequences in multiple human tissues, | finally aimed to
experimentally validate the expression of key miRNA candidates (Knm3_1968 and
Knm17_1130). To this end, we cultured TK-10 renal cancer cells as well as HEK-293T
embryonic kidney cells and extracted total RNA. After specifically converting our miRNA
candidates-of-interest to cONA, we assessed their relative expression levels by RT-gPCR. Both
miRNASs, which were over-expressed in ccRCC samples in the analysis of small RNA
sequencing data, had detectable expression and displayed similar patterns of deregulation in
these cell lines (fold-change = 8.56 and 16.54, for Knm3_1968 and Knm17_1130, respectively;
Figure 3.8). Additionally, we also assessed Knm22_2209 expression, which was not detected in
the renal cancer cell line, but it was also not detected in the non-malignant cells. However, the
embryonic nature of HEK-293T cells may account for these observations. Collectively, these
results confirm the existence of previously-unannotated miRNA sequences in vitro and further

emphasize the impact of the in silico findings.
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Figure 3.8. Fold change values for novel miRNA candidates in ccRCC (TK-10) relative to
non-malignant kidney (HEK-293T) cell lines.*

RQ was calculated by analyzing RT-qPCR data, using the 2744

method.

* Figure 3.8 is taken from the following publication: [Sage AP], Minatel BC, Marshall EA, Martinez VD, Stewart
GL, Enfield KSS, Lam WL. (2018) Expanding the miRNA transcriptome of human kidney and renal cell carcinoma.
International Journal of Genomics 2018:1-10. (Appendix A; Item 8).
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3.4 Discussion

In this study, I assessed high-throughput small RNA sequencing data from TCGA to build
a more comprehensive picture of the miRNA transcriptome of human lung tissues, from both
non-malignant and malignant perspectives. Leveraging in silico tools for novel-miRNA analysis,
we discovered 141 previously-unannotated miRNAs in human lung samples from two separate
cohorts of RNA-sequencing data, representing a substantial 14.6% increase in the known lung
miRNA transcriptome. Together my results highlight the extent of miRNA transcription that is
missed in many current analyses, which may provide novel opportunities in future lung cancer
research.

In line with the reliance of previous analyses of the human miRNA transcriptome on
sequence conservation, | found that the newly-discovered miRNAs displayed remarkably
specific expression in lung samples. Comparing non-malignant tissues with lung
adenocarcinoma samples, many novel miRNAs were exclusively expressed in only one context.
These results are particularly encouraging in light of the need for specific and easily-detectable
markers of tumour onset and progression, which is further supported by the associations between
individual novel miRNA transcripts and LUAD patient outcome. In fact, these expression
patterns combined with the stability of miRNAs in biofluids and FFPE specimens makes these
attractive candidates for the development of sensitive diagnostic and prognostic markers, or
potential therapeutic targets with limited off-target effects™>*>**!. Further, there is a potential for
the utility of the specific of novel miRNA sequences to be extended to other cancers, which we
have begun to explore in their ability to distinguish malignant from benign nodules in papillary
thyroid carcinoma as well as differentiate mesothelioma cases from lung tumours that have

metastasized to the pleura (Appendix A; Items 1, 2).
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Many of the novel miRNAs expressed in both malignant and non-malignant lung samples
were observed to show significant differential expression between these two contexts. These
observations suggest the potential for the dysregulation of novel miRNAs to represent an
alternative mechanism whereby cancer-associated genes become aberrantly expressed in
tumours. While the exact mechanisms of dysregulation for many miRNAs are relatively poorly
characterized, common causes of genomic alterations such as biogenesis defects, changes in
DNA and histone methylation status, or even infection — as has been described for miR21 in
gastric cancer — may be relevant'***3, Characterizing the impact and mechanisms of miRNA
dysregulation will be integral to uncovering novel miRNAs with oncogenic or tumour-
suppressive roles that may be clinically actionable.

Similarly, as miRNAs act through the regulation of protein-coding targets, it was
interesting to observe that many of the genes predicted to be targeted by the newly-discovered
transcripts were significantly enriched for their involvement in lung cancer pathways, including
EGFR signaling. While these interactions and associations require validation in vitro, my
preliminary observations can be used to guide the selection and design of necessary miRNA-
inhibition and over-expression experiments. Another area warranting exploration may be the
effects of inter-individual genetic variations, due to the heavy reliance on sequence
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complementarity for miRNA action™". Additionally, these features of miRNA gene-targeting in

tandem with the discovery of specific novel miRNAs may be able to be used to guide the
development of future miRNA-mimics targeting key oncogenic mMRNAs'*.
To assess whether the phenomenon of previously-unannotated miRNA expression was

widespread throughout human samples from both normal and cancer biology perspectives, |

described and validated the expression of these transcripts in human kidney samples. Not only

53



did I observe similar context-specific expression and deregulation of these transcripts from RNA
sequencing data, but | was also able to validate their expression in cell lines by RT-gPCR as well
as NGS experiments. Moreover, these transcripts displayed patterns of deregulation in line with
sequencing data between malignant and non-malignant cell lines. The results of my analysis into
ccRCC serve to extend the impact of novel miRNA discovery beyond lung tissues, and present
implications for all cancer types.

Beyond the biological and therapeutic information uncovered by the discovery of novel
miRNA sequences, my results highlight the usefulness of whole-genome sequencing and
subsequent in silico analysis in basic cancer research. While in silico algorithms are continuously
being optimized and refined, they provide unique opportunities for large-scale analyses of gene
expression and regulatory patterns. In this case, | combined the use of established miRNA-
discovery algorithms with our custom curation pipeline. Filtering candidate sequences by their
miRNA-like characteristics such as GC content, homology with known sequences, and their
detectable expression in samples allowed me to ensure a much lower degree of false-positive
predictions. These observations were confirmed by my validation of sequence expression in
additional cohorts, and in vitro.

Collectively, this work highlights the misrepresentation of a significant portion of the
transcriptome, both in quantity and in relevance to cellular and disease biology. My results
provide a foundation for further in vivo validation of these sequences, their targets, and their
subsequent functions. With this information, the specific expression and gene regulation of novel
mIiRNA transcripts may be exploited in the clinic in the management of lung cancer and

extended to any type of cancer.
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Chapter 4: Examining the expression of long non-coding RNASs in

infiltrating immune cells in the lung tumour microenvironment

4.1 Introduction

4.1.1 The lung cancer immune microenvironment and immunotherapy

Immune cells able to infiltrate bulk tumours can act as a natural defense system against
malignant growth. Paradoxically, they can also actively contribute to tumour proliferation,
growth, and survival. In fact, features such as chronic inflammation, cytokine release, and
hypoxia have been associated with tumour development'*®**.  Thus, comprehensive
characterization of the cells that make up the tumour microenvironment is required to adequately
understand the individual contributions of various cell types to tumourigenesis.

Uncovering the mechanisms used by tumours to evade infiltrating immune cells has
catalyzed an immense body of work towards therapeutic agents that can help the cells of the
immune system to recognize and attack tumour cells'*. The most prominent immunotherapeutic
strategy is the use of immune-checkpoint inhibitors, which have shown particular efficacy in
cancers resulting from high mutagen exposure, such as melanoma and non-small cell lung
cancer'®. These agents (e.g. Pembrolizumab) are antibodies that target and block the interactions
between inhibitory receptors (e.g. programmed cell death receptor 1; PD-1) and their ligands
(e.g. PD-L1), which are frequently upregulated by tumour cells as a mechanism of immune
evasion?®**,

While immunotherapy regimes have been shown to be effective, an outstanding clinical
challenge is the wide variation in patient-response to treatment'>23, Currently, numerous
features of the tumour microenvironment have demonstrated potential prognostic value, such as
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the expression of the genes encoding PD-L1 and interferon gamma (IFN-y), the mutational load
of the tumour, as well as the relative proportion of infiltrating immune cells***’. For example, a
higher proportion of cytotoxic T cells is associated with improved outcome for NSCLC
patients™®. However, accurate immunophenotyping from bulk tumour samples can be difficult
and can require a number of different analytical techniques™®. These factors highlight the
importance of identifying detectable microenvironment-specific markers for the efficacy of

immunotherapy regimes.

4.1.2 Non-coding RNAs in immune cells and cancer immunology

The increasing accessibility of NGS technologies have corresponded to an increase in the
search of disease and treatment markers at the genomic level, as well as uncovering new
molecular features of the tumour microenvironment. This is particularly applicable to
immunotherapy, wherein gene expression profiling approaches such as microarrays have been
used to explore mRNA expression of immune-related genes that may be indicative of distinct
immune cell types within tumours*®. Indeed, immune-gene signatures, namely those
representing an active immune response such as NKG7, IDO1, and IFNG, have been described to
be differentially expressed between patients that are responsive to treatment versus those that are
not'®*. However, many of the genes identified in these panels can be expressed at varying levels
in cells and in other cell types, which convolutes accurate analysis*®.

Demarcating immune cell infiltrate and response to immunotherapy through high-
throughput sequencing of tumour samples would provide advantages over other techniques such
as immunohistochemistry (IHC), as the same data could also be assessed for other molecular

features of the tumour samples (e.g. mutation status or prognosis). In fact, there are a number of
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algorithms that have been built to integrate gene expression information to generate estimations
of relative proportions immune cell infiltrate, such as CIBERSORT, and TIMER'3!%* However,
these estimates are unable to provide accurate determination of cellular proportions and specific
composition within and between tumours, necessitating the use of genome-wide high-throughput
techniques to improve these analyzes*®.

As specifically-expressed transcripts representing alternative mechanisms of gene
regulation, the consideration of ncRNAs may present a unique opportunity to address these
issues. Unlike sncRNAs, IncRNAs are readily detectable in common next generation sequencing
experiments, but have broad functional roles and patterns of expression that remain poorly
characterized. Long non-coding RNAs have been described to be specifically expressed in
cancer tissues and also have demonstrated gene-regulatory roles in immune-related phenotypes,
including development, homeostasis, and response to infection*®*%. The specific regulation
enacted by IncRNAs enables the fine-tuning required by the immune system to balance pro- and
anti-inflammatory phenotypes (Figure 4.1). For example, the IncRNA Morrbid negatively
regulates the expression of its neighbouring gene Bcl2111, promoting differentiation of myeloid
progenitor cells'®. Despite their recognized roles in immune cell function, immune-related
IncRNA research has been focused on particular transcripts relevant to a single phenotype.

Leveraging the potential of INCRNA expression patterns to strengthen our knowledge of
tumour immunology and mechanisms of the immunotherapy response, requires a high-level
understanding of their expression in immune cells and tumour infiltrating lymphocytes. In light
of their roles in the immune system and the tumour microenvironment, | hypothesized that
IncRNAs are specifically expressed in human immune cells, which can be detected in bulk

tumour samples.
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Figure 4.1. Long non-coding RNAs involved in immune cell differentiation.
The differentiation of immune cells from hematopoietic stem cells (HSCs) relies on the gene
regulation exerted by numerous INncCRNAs (red text). Figure is adapted from Chen et al, with

permission from the publisher™®.
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To this end, | first sought to characterize the landscape of IncCRNA expression in healthy
human immune cells, which then allowed me to assess INCRNA expression from immune cell
populations in the lung tumour microenvironment. Together, these observations can be used to
facilitate further exploration of IncRNAs as both mediators of the tumour-immune response and
as markers of immunotherapy effectiveness, particularly in immunogenic malignancies such as

lung cancer.

4.2 Methods

4.2.1 Analysis of INCRNA expression in RNA sequencing data from sorted healthy human

immune cells

To probe IncRNA expression in tumour infiltrating lymphocytes, their expression was first
assessed in whole genome sequencing data from two datasets of purified, flow-sorted cells from
six immune-cell subsets (CD8" T, CD4" T, B, Monocytes, Neutrophils, and Natural Killer)
obtained from a healthy donor (GSE62408'%) as well as the same immune-cell subsets from
patients with various auto-immune diseases, which included 4 healthy donors (GSE60424'™). As
described in Chapter 2.2.2, following quality filtering and sequence alignment to the human
reference genome (STAR v2.4.1d), reads were quantified using the Cufflinks algorithm v2.2.1'*
and normalized using the Fragments Per Kilobase of transcript per Million mapped reads
(FPKM) method*’?. Loci encoding IncRNAs were extracted based on the Ensembl v89
annotation. Transcripts were filtered based on their expression in samples, wherein InCRNAs
with summed expression levels > 1 FPKM across all samples were considered in further

analyses. Gene expression patterns were analyzed through hierarchical clustering and differential

expression tests described in Chapter 2.3.3. Figure 4.2 summarizes the analysis pipeline.
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Figure 4.2. Analysis pipeline.

LncRNAs were first assessed for their expression in healthy human immune cells (upper
portion), which was applied to examine the contribution of infiltrating immune cells to bulk lung
tumour data (lower portion).
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4.2.2 Assessment of INCRNA expression patterns in bulk tumour data

In order to assess the expression of immune-associated InNcRNAs in bulk lung tumours, the
TCGA-LUAD cohort (n = 54 pairs; Chapter 2.1.2) was used to first identify IncCRNAS
significantly deregulated (two-tailed Mann-Whitney U-test, BH-p < 0.05) between lung tumours
and matched adjacent non-malignant samples. In a similar manner, immune-associated INCRNAs
identified in healthy human immune cells were then assessed for their deregulated expression
patterns in both the TCGA-LUAD and BCCA-LUAD cohorts. Hierarchical clustering analyses
(Chapter 2.3.3) were used to identify whether the expression of immune-associated INCRNAS
was able to stratify samples by disease status.

Three separate markers of tumour immune-cell infiltrate were used in the identification of
InNcRNAs associated with tumour-infiltrating lymphocytes. First, tumours were stratified by their
average expression of 200 known tumour-associated antigens (TAAS), as the presence of these
proteins is known to trigger an adaptive immune response to the tumour®**”. From this subset
of genes encoding tumour-associated antigens, tertiles were defined, and INcRNAs were assessed
for differential expression between tumours with high average expression of tumour-associated
antigens versus those with lower average expression. Secondly, immune-associated INCRNAs
expressed in the tumour samples of the TCGA-LUAD cohort were assessed for their correlation
(Spearman’s Correlation; r > 0.4; p < 0.05) with the expression of PTPRC (encodes CD45), the
canonical marker of immune cells. Finally, associations between InCRNA expression and
Leukocytes Unmethylation for Purity (LUMP) scores were examined. Briefly, LUMP scores are
an established marker of immune cell infiltrate in tumours, which are a measure of the
methylation at sites unmethylated in immune cells but frequently methylated in cancer cells"™.

Thus, IncRNAs with significantly negative associations with LUMP scores (Spearman’s
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Correlation; r < -0.4; p < 0.05) were considered associated with immune cell content.
Additionally, as samples from the BCCA-LUAD cohort are microdissected to 80% tumour-cell

content, only TCGA-LUAD tumours were considered for infiltrating immune cell analyses.

4.2.3 Analysis of INcRNA expression in single-cell RNA sequencing data

Following the assessment of INCRNA expression in bulk tumour data, | sought to examine
whether these IncRNAs were similarly expressed in tumour-infiltrating lymphocytes. To
accomplish this, we examined RNA sequencing data at the single cell resolution (SCRNAseq)
obtained from a study that sought to evaluate the subpopulations of cells in the lung tumour
microenvironment'’®. By analyzing coding-gene expression programs, this study was able to
recapitulate the tumour microenvironment of five lung tumour samples into 52 sub-clusters of
stromal cells, organized into seven overarching cell types (alveolar, fibroblast, endothelial, T
cells, B cells, myeloid, epithelial). The transcriptomic data generated from these samples were
extensive, but subsequent analyses were largely focused on cell-type identification and marker-
gene expression. Thus, these data provided me with an opportunity to assess the expression of
the immune-related IncRNAs from single cell populations within a lung tumour
microenvironment. As such, we subjected these sScCRNAseq data to our InNcRNA-analysis pipeline
and examined their expression in the clusters of infiltrating stromal cells, as well as their co-
expression with known protein-coding markers of gene expression. We also assessed
associations with the expression of these immune IncRNAs and the relative proportions of given
cell types, focusing on clusters of T cells. Finally, to assess the potential translational value of
the immune-related IncRNAs, selected transcripts with cytotoxic expression patterns were

assessed for their associations with patient outcome, as described in Chapter 2.3.3.
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4.3 Results

4.3.1 LncRNAs are specifically expressed in healthy human immune cells

Despite the emerging importance of IncRNAs to both immune biology and cancer
development, the landscape and relevance of IncRNA expression in tumour infiltrating
lymphocytes is poorly understood. To explore the landscape of INCRNA expression in tumour-
infiltrating lymphocytes, gene expression data from flow-cytometry sorted and purified healthy
human immune cell subsets were first explored. High throughput RNA sequencing data from
granulocytes, monocytes, CD8" T cells, CD4" T cells, and B cells from healthy donors were
comprehensively analyzed for INnCRNA expression patterns. Of the 13,006 IncCRNA genes
annotated in Ensembl v89, 4,919 had detectable expression (summed FPKM > 1 across all
samples). Further, just over one quarter of the IncRNAs identified in immune cells were
expressed in all cell types, which indicates their potentially conserved functions and highlights
the ubiquitous expression of this class of transcripts in human immune cells (Figure 4.3A). As
InNcRNAs are known to have relatively tissue- and context-specific expression patterns, it was
interesting that 15% of IncRNAs were found to be exclusively expressed in only one cell type,
compared to just 3% of protein-coding genes (Figure 4.3B). The cell-type specific expression of
IncRNAs is further emphasized by examining unsupervised hierarchical clustering analyses,
wherein INcCRNA expression alone was able to recapitulate immune cell differentiation and
developmental lineage patterns (Figure 4.4). Together, these data highlight not only the
widespread transcription of IncRNAs in human immune cells in various contexts, but also
suggest the importance of these INCRNAs to the differentiation and function of the immune

system.
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Figure 4.3. Distribution of INcRNAs expressed in healthy human immune cells.

A) Venn diagram representing the number of IncRNAs expressed in adaptive (left) and innate
(right) immune cell subsets. Overlapping regions denote sequences expressed in multiple cell
subsets. B) Histogram of the cell-type specificity of INcRNA (left) and protein-coding (right)
transcripts in human immune cells. Cell-type overlap (x-axis) denotes the number of cell subsets
with detectable expression of a given INcRNA (quantified as number of INCRNAS; y axis). The
red bar represents the number of transcripts specific to only one of the cell subsets analyzed
(quantified as percent of total; red text).
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Figure 4.4. Expression of INcRNAs in healthy human immune cells.

Unsupervised hierarchical clustering of InCRNAs expressed in purified immune cell subsets (N:
neutrophils; M: monocytes; WB: whole blood; CD8: CD8" T cells; CD4: CD4" T cells, NK:
natural killer cells). LncRNA expression is represented from high (red) to low (blue).
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4.3.2 Known and novel IncRNA expression patterns are indicative of function in immune

cells

Functional classification of IncRNAs remains impeded by complex secondary structure,
veiled functional motifs, and poor conservation between species. Although hundreds of INcCRNAs
have been functionally characterized to date, no broad functional categories have emerged and
many IncRNAs are labeled as artefacts of transcription’®. Together, this necessitates
consideration of alternative factors for assessing potential functional roles for IncRNAs, such as
genomic location and orientation, sequence homology, as well as patterns of expression. Thus,
we first examined the expression patterns of specific INCRNAs to identify whether the observed
patterns were congruent with ascribed functions of previously-characterized IncRNAs. The
tumour suppressive INCRNA MEG3, recently shown to regulate IL-1p abundance in alveolar
macrophages®’®, is observed to be highly expressed in healthy human monocytes with little to no
detectable expression in other cell types (Figure 4.5A). Similarly, IFNG-AS1 (also known as
NeST) displays an expression pattern characteristic of a recently uncovered function in the

77 and the Thi-lineage specificity of IFN-y'"®,

regulation of IFN-y production in CD8" T cells
although its relatively high expression in B cells has not been described (Figure 4.5B).

The idea of using the expression patterns and genomic location of IncRNAs to elucidate
potential biological function can also be applied to IncRNAs that have yet to be functionally
characterized. As a representative example, AC008750.1 (and transcript variant AC008750.2;
located on chromosome 19q13.41) display markedly high expression levels in natural Killer cells,
as well as detectable but less pronounced expression in CD8" T cells; cell subsets which share

analogous cytotoxic function (Figure 4.5C and D). Interestingly, 20 kilobases (kb) upstream of

AC008750 sits the gene encoding the NKG7/GMP-17 protein (NKG7; Figure 4.5E). NKG7 is
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involved in the granulation response in both natural killer and cytotoxic T cells, and has been

shown to demarcate cytotoxic effector function in CD8" T cells'™

. Conversely, the expression of
SIGLEC10, another immune-related gene that is transcribed from a region overlapping
AC008750, is most prevalent in neutrophils, monocytes, and B cells (Figure 4.6). These
observations suggest that the expression of AC008750 is not merely a passenger of transcription
in cytotoxic immune cells. Specifically, these results suggest a potential role for AC008750 in the

regulation of cytotoxic function, and more broadly, highlight the relevance of examining

widespread IncRNA transcription programs to immune biology in healthy and disease contexts.
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Figure 4.5. Expression patterns of long non-coding RNAs and protein-coding genes in
healthy human immune cell subsets.

The expression patterns of InNcRNAs with known immune function, MEG3 (A) and IFNG-AS1
(B); previously-uncharacterized IncRNAs, AC008750.1 (C) and AC00850.2 (D); and the protein-
coding genes at this genomic region, also with known immune function, NKG7 (E) and
SIGLEC10 (F), were assessed in healthy immune cell subsets.
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Figure 4.6. Genomic region (Chrl9, g13.41) highlighting the location and orientation of
NKG7, SIGLEC10, AC008750.1, and AC008750.2 genes.

This figure was designed using images obtained from the UCSC Genome Browser
(https://genome.ucsc.edu/cgi-bin/hgGateway), where filled boxes represent exons, lines represent
introns, and chevrons represent the direction of transcription.
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4.3.3 LncRNAs are deregulated in tumours but may result from tumour impurity

LncRNAs have frequently been described to be differentially expressed in many solid
tumours, compared to non-malignant tissues™**®*, Additionally, the importance of stromal cells
in bulk tumours and their relevance to disease progression and treatment has become a major
focus of basic cancer research. However, as IncCRNA expression profiles in stromal cells are only
superficially described, the contribution of these cells to the analysis of IncRNA expression and
potential function in tumours is poorly understood. Thus, | aimed to explore the contribution of
tumour-infiltrating immune cells to the analysis of INCRNA expression data from bulk tumours.

Confirming the observations of previous studies, the general dysregulation of INCRNAS in
lung tumours from the TCGA-LUAD cohort was observed to a relatively high degree (Figure
4.7)'% . In fact, 679 IncRNAs displayed significantly deregulated expression in tumours relative
to matched non-malignant tissues (BH-p < 0.05). These include IncRNAs with established roles
in lung cancer, such as PVT1 (Average fold-change = 6.70, BH-p = 8.94*107)'¥%. When
examining only the 815 immune-associated INcRNAs expressed in the TCGA-LUAD cohort, 194
were significantly over-expressed in tumours while 156 were significantly under-expressed
(Figure 4.8A), which is suggestive of their potential oncogenic or tumour-suppressive functions.
However, given the observed expression of these IncRNAs in immune cells and the relatively
low requirement for tumour cell content of TCGA samples (>60%)*"*, | expected these results to
be altered when examining the same immune-associated INCRNAs in a cohort of microdissected
tumours. Indeed when the same analyses were performed in the BCCA-LUAD cohort, only 61
IncRNAs are significantly over-expressed, with 321 significantly under-expressed (Figure 4.8B).
Further, 209 of the differentially expressed InCRNAs are significantly deregulated in both TCGA

and BCCA cohorts, yet the cohorts show different directionality for 68 transcripts. As a prime
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example, TUGL1 has been shown in multiple studies to be associated with NSCLC proliferation,
with some citing its under-expression as a mechanism of tumour development, while others
describe its increased expression in tumours'®**®. In these analyses, TUG1 is observed to be
over-expressed in tumours in the TCGA-LUAD cohort, while it is under-expressed in the
BCCA-LUAD cohort. These inconsistent results may be in part due to the presence of non-
tumour cells depending on the samples used and suggest that the consideration of tumour purity
may help to elucidate the true effects of TUG1 deregulation. The stark contrast in immune-
associated IncRNA expression observed depending on the purity of the samples warrants caution

when examining the potential dysregulation of IncRNAs in tumours.
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Figure 4.7. General dysregulation of IncRNAs between lung adenocarcinoma samples and

matched adjacent non-malignant tissues.
Samples are organized along columns, where tumours are represented in red and non-malignant

samples in blue. LncRNAs are organized along rows, with low to high expression represented by
dark blue to dark red, respectively. Both samples and transcripts were clustered in an
unsupervised fashion as described in Chapter 2.3.3. Only significantly differentially expressed
IncRNAs are shown.
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Figure 4.8. Dysregulation of immune-associated INCRNAs in bulk tumour data in TCGA-
LUAD (A) and BCCA-LUAD (B) cohorts.

Heat map of immune-associated INncRNA expression from low (blue) to high (red). Samples
(columns) and IncRNAs (rows) are organized based on unsupervised hierarchical clustering
analysis, where blue bars represent non-malignant tissues and red bars are tumour samples. Only
significantly differentially expressed IncCRNAs are shown. Both samples and transcripts were
clustered in an unsupervised fashion as described in Chapter 2.3.3.
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To further confirm whether the observed differential expression of immune-associated
InNcRNAs in bulk lung tumour data from the TCGA-LUAD cohort may be confounded by the
presence of infiltrating lymphocytes, we assessed the associations between the expression of
these INcRNAs and established immune-cell markers. First, as the expression of TAAS is known
to be immunogenic, we stratified samples into tertiles by their average TAA expression®. We
observed 152 differentially-expressed immune-associated IncRNAs to be significantly
differentially expressed between tumours with relatively high TAA expression and those with
low, including a number of IncRNAs specifically expressed in one of the cell subsets analyzed
such as AC027763.2 (Neutrophils), LPP-AS2 (Monocytes), and THAP7-AS1 (Neutrophils)
(Figure 4.9A). Next, of these INcRNAs we found 11 that were strongly and significantly
correlated (r > 0.4, p < 0.05) with the expression of the gene encoding CD45 (PTPRC), a
canonical marker of immune cells. For example, linc00426 is significantly overexpressed in
tumour samples (average fold-change = 2.25, BH-p = 0.0107), but strongly correlated with
PTPRC expression (r = 0.725, p < 0.0001) (Figure 4.9B). Finally, we also assessed the
association of INncCRNA expression with an established marker of tumour-infiltrating
lymphocytes, the LUMP score. This score represents the relative methylation values of 44 CpG
sites frequently unmethylated (<5%) in immune cells, and averagely methylated (>30%) in all
tumour types'’®. Similarly, we found 7 differentially-expressed immune-associated INcRNAs
strongly negatively correlated with LUMP score (r <-0.4, p < 0.05; e.g. linc00426, Figure 4.9C).
Together, not only do these results emphasize the necessary consideration of tumour purity and
infiltrating immune cells when examining bulk tumour data, but also highlight potential novel

functions for IncRNAs from the perspective of tumour-infiltrating lymphocyte activity.
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Figure 4.9. LncRNA expression is confounded by infiltrating immune cells in bulk tumour
data.

A) Differential expression of selected cell-type specific immune-associated INCRNAS in tumours
with high (red) versus low (blue) tumour-associated antigen expression. B) Spearman’s
correlation of linc00426 with CD45 (r = 0.725, p < 0.0001), where blue dots represent tumour
samples. C) Spearman’s correlation of 1inc00426 with LUMP scores (r = -0.614, p < 0.0001),
where blue dots represent tumour samples.
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4.3.4 Immune-IncRNAs are co-expressed with immune cell markers in single cell RNA

sequencing data isolated from bulk lung tumour samples

The observation that IncRNAs expressed in healthy human immune cell subsets were also
associated with markers of immune infiltration in bulk tumours led me to ask whether it was
possible to identify similar trends in tumour sequencing data at the single cell resolution. To
accomplish this, we examined the expression of the immune-related INcRNAs in scRNAseq data
of stromal cells isolated from five lung tumour samples'’®. The original analysis of these data
yielded 52 stromal cell subsets, which included 9 subsets each of T and B cells.

We first assessed whether the InNcRNAs associated with immune cells in bulk tumour data
were co-expressed with canonical immune cell markers in the T and B cell subsets. Indeed, we
observed IncRNAs with specific or strongly elevated expression in healthy CD4" and/or CD8* T
cells to display congruent expression patterns in clusters of stromal cells isolated from bulk lung
tumours (e.g. 1inc00649; Figure 4.10), as well as an expression association with the three subunit
genes of CD3, an established marker of T cells. These observations serve to provide further
evidence suggesting the detectable and specific expression of numerous IncRNAs from tumour

infiltrating lymphocytes.
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Figure 4.10. linc00649 expression across immune cell subsets.
A) 1inc00649 expression in healthy human immune cell subsets. B) linc00649 expression in
subsets of stromal cells isolated from bulk lung tumour samples.
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Interestingly, when the broad cell categories are further stratified into their specific cell
subsets, such as the separation of T cells into CD4", CD8", and natural killer cells, InNcCRNA
expression patterns that confirm our earlier observations in healthy human immune cells can be
seen. For instance, linc00861 was observed to be relatively highly expressed in healthy CD4",
CD8", and natural Killer cells from the initial dataset that was examined (Figure 4.11A). We also
observed the expression of this IncCRNA to be associated with decreased tumour purity in bulk
tumour samples, in that it was strongly negatively correlated with LUMP scores in the TCGA-
LUAD cohort (Figure 4.11B, r = -0.556, p < 0.0001). Analysis of 1incO0861 expression in
ScCRNAseq data from stromal cells in the lung microenvironment revealed a similarly high
expression in the cluster representing T cells, relative to all other stromal cell clusters (Figure
4.11C). Further examination of the specific sub populations within the T cell cluster found that
much like in healthy immune cells, linc00861 was highly expressed in natural killer cells with
detectable expression in CD4", CD8" cells, but relatively lower expression in all B cell subsets
assessed (Figure 4.11D). Together, this suggests not only the expression of this and other
IncRNAs from immune cells in the lung tumour microenvironment, but also the potential
functional relevance of IncRNAs such as 1inc00861 to tumour biology through key immune
pathways.

Finally, as demonstrated in Chapter 3, tissue- and cell-type-specific expression patterns of
non-coding RNAs may have insightful implications for their clinical translation as markers of
disease progression and prognosis. Although the proportion and identity of infiltrating immune
cells in tumours have been observed to display significant associations with patient outcome, it
remains a challenge to easily identify the specific cells in a three-dimensional tumour

microenvironment with current techniques™®. Thus, | explored the association of linc00861
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(highly expressed in cytotoxic T cells) with patient survival and found that its low expression is
significantly associated with a worsened prognosis for patients (p = 0.0273, Figure 4.11E).
Although these observations can be attributed to a potentially lower proportion of anti-tumour
immune cells in patients with low expression of this InCRNA, they support the expression of

linc00861 from immune cells and highlight translational utility of ncRNA analysis.
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Figure 4.11. linc00861 expression in healthy immune cells and association with tumour-
infiltrating lymphocytes.

A) 1inc00861 expression in healthy human immune cell subsets. B) Spearman’s correlation of
linc00861 expression and tumour purity as estimated by LUMP scores, where higher LUMP
scores indicate higher tumour-cell content. C) 1lincO0861 expression in clusters of stromal cells
isolated from bulk lung tumour samples. D) lincO0861 expression in specific sub-clusters of T
(n=9) and B (n=9) cells isolated from bulk lung tumour samples. E) Five-year survival of lung
cancer patients stratified into tertiles of high (red) versus low (blue) expression of lincO0861. The
log-rank test was used to calculate the statistical significance of this association.
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4.4 Discussion

Contrary to miRNAs, of which specific gene targets can be predicted by sequence analysis,
elucidating IncRNA mechanisms of action presents a unique challenge in light of their complex
secondary structure, targeting mechanisms, and wide-reaching interaction partners. Large-scale
analyses of INCRNA expression in specific contexts are necessary to provide a foundation from
which functional studies can be built. Here, | describe an atlas of INCRNAs expressed in human
immune cells, which | use to assess their expression and potential roles in the lung tumour
microenvironment. My approach is based on the consideration of: (i) the emerging roles for
InNcRNAs in homeostatic and disease biology; (ii) the recognized importance of infiltrating
lymphocytes to tumour development; and (iii) the ability of INCRNASs to be detected in NGS data.

| uncovered the widespread expression of INCRNAs in human immune cells, with
transcripts expressed at incredibly varying levels. Approximately one quarter of the INCRNAS
expressed in this cohort were expressed in all cell types (Figure 4.3). Conversely, | observed
numerous INCRNA transcripts to be expressed exclusively in one cell type, which aligns with the
observation that IncRNAs typically display tissue- and context-specific expression. In my
assessment, | found approximately 15% of the INCRNAs expressed in the immune cell subsets
analyzed to be expressed in only one cell type, whereas this proportion was only 3% for mRNAs.
Further, unsupervised hierarchical clustering analysis showed that INCRNA expression was
capable of recapitulating known patterns of immune cell differentiation (Figure 4.4). From this, it
can be suggested that IncCRNA expression may be of value in supplementing current
deconvolution panels, such as CIBERSORT. As such, future studies may seek to examine the
ability of IncRNA expression in tandem with established markers to better identify proportions
of cells in bulk samples, such as tumours.
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Broadly, the expression pattern and genomic location of a given InCRNA may be a means
whereby its potential functional relevance can be inferred, particularly for transcripts that act in
cis. This idea is supported by the observation of IncRNAs with previously-characterized
functions in immune cells, such as high MEG3 expression in monocytes aligning with its

observed function in the regulation of IL-1p release (Figure 4.5)'®

. As a prominent example, |
observed transcript variants of AC008750 to be expressed only in cytotoxic cells (CD8*-T and
NK) and transcribed from a genomic locus that is neighbouring NKG7. NKG7 not only displays a
congruent expression pattern but is also an important gene in the granulation response and
cytotoxic effector function, suggesting a potential regulatory relationship between this gene and
its neighbouring IncRNA. Further, the gene overlapping AC008750, SIGLEC10, while also
involved in the immune response displays a clearly distinct expression pattern, making the
transcription of this IncRNA unlikely to be the result of a passenger effect. While biochemical
assays are required to elucidate whether there is indeed a regulatory relationship between
AC008750 and NKG7, such as a CRISPR-induced knockout or inactivation of AC008750, my
results highlight the utility of broad panelling of IncRNA transcription to identify potential
functionally-relevant candidates.

Generating an atlas of INcRNA expression in healthy human immune cells allowed me to
ask whether these expression patterns could be detected in bulk tumour data, potentially
indicating the presence of infiltrating lymphocytes. To explore this, | first examined RNA
sequencing data from LUAD tumours from TCGA, where | found many immune-related
IncRNAs to be differentially expressed between tumours with matched non-malignant samples.

Given their detection in immune cells, | expected differences between tumours with high versus

low potential for infiltrating stromal cells. To this end, examining the dysregulation of these
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same transcripts in our microdissected BCCA-LUAD cohort revealed the marked under-
expression of immune-related IncRNAs in these tumours. Additionally, | found a number of
these INCRNAs to significantly correlate with three separate markers of immune cell infiltration:
CD45 gene expression, purity (LUMP) scores, and tumour associated antigen expression.
Finally, to confirm the expression of immune-related INcCRNAs from immune cells in the lung
tumour microenvironment, | assessed single cell RNA sequencing data from lung tumour
samples. Here, | showed that immune-related INCRNAs were not only expressed in similar
patterns in these cell populations as initially observed in purified healthy cells, but also that this
expression was specific to their respective cell type.

Together, these results suggest the contribution of infiltrating immune cells to gene
expression data from bulk samples. Thus, my repertoire of immune-related INCcRNAs may be
used to identify the presence of specific immune cell populations within tumour samples from
NGS data, as well as provide novel explanations for observed deregulated expression patterns.
Although these results cast doubt on the widely-held idea that differential expression may
indicate a functional role in tumour development and warrant further analysis, they may be used
to identify potential roles in the maintenance of tumour-associated phenotypes, such as immune-
infiltration and inflammation. My analysis of immune cells can also be extended to the landscape
of RNA expression and gene regulation in the broader tumour microenvironment. The
importance of IncRNA-based analysis shown here provides both the rationale and the
methodology to more widely explore these types of transcripts in the larger context of bulk
tumour data. In fact, the expression of immune-related InCRNAs could be assessed in
immunogenically “hot” tumours versus those that are immunogenically “cold”, such as

187

colorectal cancer with and without microsatellite instability™'. Additionally, to identify potential
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tumour-associated roles for these INcCRNAs, their expression and functions could be assessed in
immunological malignancies, such as acute myeloid leukemia. Similarly, their functions in cases
of hyperactive immune systems, such as amyotrophic lateral sclerosis could be surveyed.

Finally, in light of the increasing relevance of the tumour microenvironment to lung
cancer development and treatment, as well as the functional importance and specific expression
of IncRNAs make them attractive transcripts for clinical intervention. Although studies to
confirm their specific expression from immune cells in bulk tumours are required, such as
fluorescence in situ hybridization, the INcRNAs described here could have translational utility as
prognostic markers of immune cell infiltration or response to immunotherapy. | observed a
subset of these immune-related INcRNAs to be associated with patient outcome in LUAD, which
aligns with the poor outcome for patients lacking the presence of specific lymphocytes. Further,
the specific expression of InCRNAs may provide the advantage of limited off-target effects for
novel therapeutic agents. Additionally, the fact that the RNA is the functional unit rather than an
intermediate may make them amenable to RNA-based inhibitors such as antisense
oligonucleotides. Collectively, the widespread consideration of IncRNAs reveals broad features
of this class of transcripts, which can be used to further elucidate their functions as novel

mediators of gene expression and disease.
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Chapter 5: Conclusions

5.1.1 Summary and significance

Non-coding RNAs, while initially discarded for not encoding proteins, have since become
recognized as transcripts with specific expression patterns and important functions in gene
regulation. Here | take a large-scale, high-throughput approach to study the non-coding
transcriptome of lung adenocarcinoma cases, a disease with a markedly poor prognosis and a
persisting lack of well-established molecular drivers. | sought to address some of the broad
challenges in ncRNA research to identify novel genes in lung cancer biology. First, | addressed
the difficulty in accurately describing the landscape of sncRNA expression in human tissues,
especially those with specific expression patterns that have largely been underestimated. From
this, | shifted focus to the expression of long non-coding RNAs which, while specific examples
are well-documented, a lack of broad characterization imposes barriers to uncovering their roles
in human tissue and disease contexts.

In Chapter 3, | re-evaluated whole-genome small RNA sequencing data from lung tumours
in both the TCGA-LUAD and BCCA-LUAD cohorts. Through this, I not only described a
substantial proportion of previously-unannotated miRNAs expressed between the individual
cohorts, but also observed their remarkable specificity to lung samples. These results serve to
significantly expand the miRNA transcriptome of human lung tissues, which can be of value in
finding new candidates for important players in lung biology and disease. In fact, | found several
of these miRNA s to display significantly deregulated expression patterns between non-malignant
and tumour samples, many of which were specifically expressed in only one context. These

features combined with their observed associations with survival emphasize the biological
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importance and translational utility of deep sequencing initiatives. To further explore the extent
of previously-unannotated miRNA expression in human samples, | applied a similar pipeline to
the analysis of kidney and clear cell renal cell carcinoma samples. Here, | observed a congruent
phenomenon of a significant number of novel miRNAs expressed in and deregulated between
normal and malignant human kidney samples, as well as in widely-used renal cell lines.
Furthermore, | validated the expression of novel miRNA candidates in vitro, wherein they
showed detectable expression as well as similar patterns of dysregulation between malignant and
non-malignant cell lines. The discovery of the widespread transcription of previously-
unannotated miRNAs highlights the information that is missed by relying on abundance and
conservation. Similarly, | illustrate the extensive data that can be obtained from previous RNA-
sequencing initiatives and the ability of in silico analyses to identify robust novel gene
candidates for further investigation. Collectively, my results serve to address part of the
difficulty surrounding sncRNA identification in human samples, and provide a resource for the
deeper characterization of their specific functional roles.

Conversely, while sncRNAs have relatively defined mechanisms of gene regulation,
InNcRNA-based research remains focused on specific examples. In Chapter 4, | sought to
highlight the application of a broad approach to studying IncRNA expression from the
perspective of a key feature of lung cancer, the tumour microenvironment. Given that lung
cancer is one of the most immunogenic malignancies and that the presence of specific infiltrating
lymphocyte populations has prognostic value, | sought to identify whether there were INcCRNAs
relevant to this phenomenon. Rather than narrowing my focus to specific transcripts, | first
panelled INcCRNA expression in purified healthy human immune cell populations, wherein |

observed the widespread and specific expression of close to 5000 IncRNAs. Their striking degree
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of cell-type specificity — to a greater extent than protein-coding genes — and their ability to
recapitulate immune differentiation pathways is suggestive of their potential applications to
immune-cell deconvolution of bulk sequencing studies. With this atlas of immune-related
INcRNAS, | explored their expression in bulk-tumour data. I first observed significant differential
expression between tumour and normal samples, which is suggestive of a potential relevance of
InNcRNAs to tumour biology. However, the same analyses performed in the BCCA-LUAD
cohort, which is microdissected to 80% tumour-cell content, revealed the widespread under-
expression of INCRNAs in tumours. This suggested that infiltrating immune cells in bulk tumour
samples may confound RNA-sequencing data. To further explore this, | found several immune-
related INcCRNAs that were strongly associated with immune cell markers, namely purity
estimates (LUMP scores), correlation with CD45 expression, and tumour-associated antigen
exposure. Finally, 1 aimed to assess this specifically in sequencing data from lung tumours at the
single cell resolution. Here, | observed many of the IncRNAs identified in healthy human
immune cells to co-express with cell-type markers from stromal cells found within tumours.
Further, the specific expression patterns observed for a number of IncRNAs in purified cell
subsets was maintained in the SCRNAseq data. Collectively, these results highlight the expression
of a subset of IncRNAs from immune cells in the tumour microenvironment. Firstly, this
emphasizes the necessary consideration of tumour-cell content when examining bulk sequencing
data, in order to avoid conclusions and follow-up experiments on the basis of results confounded
by infiltrating lymphocytes. Further, my approach highlights the utility of genome-wide
approaches to studying IncRNA-related function. While specific functional IncRNAs in the

tumour microenvironment require further study, I provide the groundwork to elucidate genomic
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links between malignant and immune cells, which in the future may uncover truly novel

therapeutic intervention points.

5.1.2 Limitations and future directions

Although my results underscore the value of deep sequencing efforts and in silico analyses,
they will need to be confirmed via in vitro and in vivo experiments. Beyond validating the
expression patterns described here, these experiments may seek to address the dysregulation of
the various functional ncRNA candidates. The most pertinent experiments would involve
targeted knockdown or knock-out of the ncRNA candidate of interest, using a system such as
CRISPR. A CRISPR-mediated interference (CRISPRI) design may be particularly effective for
the study of the phenotypic consequence of InCRNA dysregulation. CRISPRi captures the
potential action of a IncRNA in cis or in trans, as well as the potential effects of the act of
IncRNA transcription or transcriptional enhancement'®. Further, this could be coupled with
CRISPR activation (CRISPRa) experiments, to assess for functional/phenotypic rescue with the
re-expression of a deleted INcRNA'®. Alternatively, miRNA analysis may be more realistically
performed by targeted oligonucleotides to block or degrade over-expressed functional miRNAs,
such as short-interfering RNAS (siRNAS).

The prediction of miRNA gene targets through algorithms based on free energy and
sequence homology such as miRanda are subject to a relatively high degree of false-positive
results'®. Thus, the predicted targets and subsequent pathways for the newly-discovered miRNA
transcripts described in Chapter 3, while encouraging, should be taken with caution. For
INcRNAs, target prediction is almost wholly unreliable due to unknown binding motifs and

dynamic secondary structures. To combat this, gene-editing experiments coupled with gene
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expression analysis could be used to assess miRNA targets, as well as interaction assays such as
RNA immunoprecipitation or luciferase-based assessments. These experiments could also be
used to examine the functional outcomes of mutations or polymorphisms in ncRNAs, an
understudied but widespread phenomenon®®*. Similarly, my results describe the dysregulation of
many ncRNAs in the context of lung tumours, but do not address the mechanisms of their
deregulation. Future studies may look to examine whether the most frequently deregulated
ncRNAs are found within commonly amplified or deleted genomic regions, display aberrant
methylation, or even the product of deregulated miRNA targeting.

I have shown the usefulness of examining broad expression levels of ncRNAs, to provide a
glimpse of their potential functions in cellular biology. Analyzing ncRNAs from this perspective
allows the elucidation of alternative regulatory mechanisms, but also focuses on the functional
unit of the genes. Conversely, protein-coding mRNAs are an intermediate step to functional
products, meaning that mRNA expression alterations do not necessarily indicate effects at the
protein-level. In light of this, | did not assess expression correlations between ncRNAs and
potential target genes; however, these analyses could provide rationale for the further
confirmation of the protein-level consequences of NcRNA:mRNA regulatory relationships.

| also suggest the broad translational utility of many of the aforementioned ncRNA
transcripts, both in theory and through the development of prognostic signatures in both Chapters
3 and 4. Although | performed these analyses on a relatively extensive dataset, the validation of
these signatures in individual cohorts and markedly higher sample sizes is required before these
results could be used to direct clinical intervention. Additionally, while lung cancer in smokers is
known to display different molecular signatures, | did not focus my analyses on tumours arising

in individuals that have never smoked. Smoking status could be a contributing factor to the
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results described here, such as in the differential expression of IncRNAs between tumours with
high versus low tumour-associated antigen expression. Thus, future studies could assess ncCRNA
expression and specificity while controlling for additional factors such as smoking, histology, or
stage. With this information in tandem with the confirmation of their functional impact, certain
ncRNAs may prove to be valuable therapeutic intervention points, particularly those that are cell-
type specific. Therefore, the design of anti-miRs, miRNA mimics, as well as the potential of
ASO-based IncRNA inactivation (e.g. targeting MALAT1), may be seen more frequently in
future clinical trials.

Finally, while my results are performed under the lens of lung cancer, the platforms
described here can be applied to all cancer types, and other disease contexts, as evidenced by the
findings of novel miRNAs expressed in ccRCC in Chapter 3. In a similar fashion, IncRNAs with
immune-specific expression and functions could be panelled in other malignancies that can
evade the immune system, or on the other end of the spectrum, in autoimmune diseases that
represent aberrant hyperactivity of specific lymphocytes. Regardless of the context in which they
are assessed, | show that the high-level analysis of ncRNA expression can generate extensive
hypotheses and is necessary for the downstream identification of their functions.

Overall, I show the plethora of functions and genomic information that is encoded within
non-coding RNAs, despite their absence of protein-coding propensity. | identified novel patterns
of non-coding RNA expression and used these to broaden our understanding of the lung tumour
genome. While further experiments to confirm and extend these results are required, my results
set the stage for the identification of alternative mechanics of gene regulation, impacting cellular

phenotypes and cancer development.
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