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Abstract

Sakthikumar, S. 2020. Characterizing the spectrum of somatic alterations in canine and human
cancers. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1624. 64 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-0839-5.

Cancers arise as a result of deleterious somatic alterations accumulating in the genome during
the process of cell division. These alterations arise either via exposure to mutagens or due to
errors occurring during DNA replication. In this thesis, a systematic exploration, from discovery
to analyses of somatic alterations in three diverse cancers that affect dogs and humans, was
undertaken.

In Studies I and II, whole-exome sequencing of dogs affected by the cancers of osteosarcoma
and hemangiosarcoma were done to delineate coding mutations that can contribute to their
carcinogenesis. Besides, as these cancers mirror the corresponding human disease in clinical
manifestation and histological features, a secondary objective was to confirm the molecular
drivers found in the canines were also influencing factors in the human cancer(s).

In the osteosarcoma investigations with three breeds, we found that tumors show a high
frequency of somatic copy-number alterations, affecting key cancer genes. TP53 was the
most frequently altered gene, akin to human osteosarcoma. The second most mutated gene,
histone methyltransferase SETD2, has known epigenetic roles in multiple cancers but not in
osteosarcoma. Our study highlights the strong genetic similarities between human and dog
osteosarcoma, suggesting that canine disease may serve as an excellent model for developing
treatment strategies in both species.

In the hemangiosarcoma study in golden retrievers, putative driver alterations were identified
in the tumor suppressor 7P53 and in genes involved in the cell cycle regulating PI3K pathway,
including PIK3CA and PIK3RI. Furthermore, we find several somatic alterations between the
dog hemangiosarcoma and human angiosarcoma overlap, indicating we can use the canine
model to apprise the infrequently occurring human disease.

In Study I1I, we implemented whole-genome sequencing methodologies to define both coding
and non-coding alterations in the glioblastoma cancer genome. We find the coding somatic
alterations recapitulate what has been previously seen for the cancer, including driver alterations
in the genes of EGFR, PTEN, and TP53. Significantly though, using the concept of evolutionary
constraint, we find an enrichment of non-coding mutations in regulatory regions, around
GBM-implicated genes. The mutated regions include splice sites, promoters, and transcription
factor binding sites, suggesting the importance of regulatory mutations for the pathogenesis of
glioblastoma.

Overall, the insights garnered from the above exome- and genome-wide surveys provide
novel insights into unraveling some of the complexities associated with somatic genomic
alterations in cancer genomes. It also convincingly underscores the benefits of using sequencing
technologies to comprehend complex biological diseases.
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“Strange things may be generally accounted for if their cause be fairly
searched out.”
—Jane Austen, Northanger Abbey
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1 Introduction

1.1 What is cancer, and how does it develop!?

Cancer, ‘The Emperor of all Maladies’ [1], is not one disease, but in actual
fact represents a group of neoplastic disorders that are characterized by genet-
ically unstable cells that are capable of dividing uncontrollably and grow in
an atypical manner. In the year 2000, Hanahan and Weinberg, in their seminal
paper “Hallmarks of Cancer” [2], describe how normal cells, via a multi-step
process, acquire biological traits or functional capabilities that make them turn
cancerous. The authors stipulate that the important characteristics for a normal
cell to become cancerous include development of: 1) the ability to grow in the
absence of growth stimulatory signals; ii) insensitivity to inhibitory signals
that stop unregulated growth; iii) the capability to elude apoptosis (pro-
grammed cell death); iv) indefinite proliferative capacity; v) the ability to
stimulate angiogenesis, which can result in the formation of new blood vessels
that can deliver oxygen and essential nutrients to the cancer cells; vi) the com-
petence to invade neighboring tissues, enter the blood or lymphatic systems,
and spread to other parts of the body. The authors [3] have since amended the
list of hallmarks to include two more capabilities that cancer cells must pos-
sess: vii) the ability to reprogram the energy metabolism; viii) and lastly, the
capacity to evade immune suppression/destruction. More importantly, the au-
thors aver that there are two enabling aberrations that facilitate the normal
cell’s acquisition of the above functional capabilities: genome instability and
tumor-promoting inflammation. The eight traits and the two enabling charac-
teristics together are described as “The Hallmarks of Cancer: Next Genera-
tion” (Figure 1).
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Figure 1. The Hallmarks of Cancer. The schema elucidates the necessary crite-

ria/conditions for the manifestation of cancer. Reproduced with permission from
Hanahan and Weinberg [3].

1.2 Somatic mutation theory of cancer, tumor suppressors and
oncogenes

Historically, multiple theories have been advanced to explain the incidence of
cancer [4]. One of the earliest tenable ideas was put forth by Theodor Boveri
in 1914, wherein he believed that groups of chromosomal aberrations in vul-
nerable cells lead to carcinogenesis [5]. The notion was reinforced soon after
by Karl-Heinrich Bauer’s proposal that mutations in cells are responsible for
the formation of cancer [6]. Boveri’s model, now referred to as the “somatic
mutation theory” (SMT; Figure 2), acquired traction when, in 1953, the Nor-
wegian statistician Carl Nordling published “A new theory on cancer-inducing
mechanism” [7]. Here, he conjectured that over time, somatic cells can acquire
gene mutations, and when many genes become mutated, they can cause cells
to form cancer.
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Figure 2. According to the SMT, cancer is the result of successive mutations. A nor-
mal cell acquires a somatic alteration when exposed to an endogenous or exogenous
mutagen, which can then initiate and go through the phases of carcinogenesis as
shown. Adapted with permission from Siddiqui et al. [8].

In 1969, D.J. Ashley [9] estimated that the process from initiation to formation
of cancer is the result of a discrete/finite number of mutations, a theory cor-
roborated in 1971 by Alfred Knudson, with his two-hit hypothesis [10]. When
Knudson compared the incidence of inherited versus sporadic (non-heritable)
forms of retinoblastoma, he found that the former required only one mutation,
whereas the latter needed two. He found that patients who were afflicted with
the heritable variety had a susceptibility or germline mutation in the negative
regulator of the cell cycle gene Retinoblastoma 1, RB/. Only one mutation in
the somatic cell was needed for carcinogenesis to occur. Conversely, for the
sporadic type, two mutations were required in the gene, leading to its ‘loss-of-
function’ and, consequently, the manifestation of the disease.

RB1 was the first tumor suppressor gene (TSG) to be identified [11]. This
class of genes helps regulate cell growth, in particular inhibit uncontrolled
growth. When inactivated by mutation, it can lead to the formation of cancer
[12]. TSGs are typically recessive at the cellular level, and usually in cancers
both alleles of the gene get inactivated [13]. Examples of TSGs include 7P53,
which is seen to be mutated in >50% of all human cancers [14]; BRCA1/2 are
two genes where mutations in both the germline as well as somatic cells are
known to have clinical consequences for breast cancer patients [15, 16]. PTEN
is another TSG that is seen across several cancers; its loss of function occurs
through either point mutations, copy number alterations or transcriptional si-
lencing of the gene [17].

Another category of genes consists of the so-called oncogenes; these orig-
inate from proto-oncogenes, genes that help in the regulation of cell growth
and enhance cell proliferation [13]. However, when proto-oncogenes get ac-
tive through ‘gain-of-function’ mutations, it can fuel uncontrolled cell growth
and division, thereby triggering carcinogenesis [13]. Examples include the ras
family of proto-oncogenes (H-ras, K-ras, and N-ras), and mutated forms of
these are found across several cancers, including carcinomas and myelodys-
plastic syndromes [18-20]. The MYC family of oncogenes are also seen to be
dysregulated in several cancers, and this dysregulation is often associated with
poor clinical outcomes [21]. Oncogenes are dominant, and unlike TSGs, they
only need one mutation in one of the two alleles for the initiation of cancer. In
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vivo studies in animals [22-24], where mutated oncogenes were inserted into
healthy cells leading to their carcinogenic transformation, intriguingly serve
to underscore SMT, i.e., cancer starts with a mutation, followed by clonal ex-
pansion, the appearance of the disease, and eventual metastasis.

1.3  Strategies for studying cancer

Cancer affects one in five men and one in six women [25] and is the second
leading cause of death globally [26]. In 2018, there were an estimated ~18
million cases worldwide and ~9 million deaths as a result of the disease [25].
Not only does cancer have tragic consequences for the affected individuals
and their families, but it also is a heavy burden on the taxpayer. For example,
the projected cancer-associated expenditure in the United States for the year
2020 is USD 173 billion [27]. Cancer is predominantly a disease of the aging
[28], and with life expectancy increasing worldwide [29], the incidence of the
disease and its associated mortality are expected to be on the rise, along with
the economic burden, which is also projected to increase considerably follow-
ing diagnosis [30]. Therefore, concerted research efforts in allied fields are
necessary, not only to understand the biological mechanisms behind the dis-
ease, but also to create new therapeutic strategies and eventually find cures for
this dreadful disease.

There are many systematic approaches for investigating cancer; traditional
methods include histopathological and cytogenetic studies. The former
method is the most prevalent, and involves studying alterations in cancer tis-
sues, while the latter entails probing the disease in terms of chromosomal
counts and possible modifications to their structure. These strategies fall under
the framework of what can be termed as ‘organ-focused’ approaches. How-
ever, cancer is inherently a disease of genes/genome malfunctioning and pos-
sibly epigenetic dysregulation, and the above methodologies shed very little
light on the genetic origins of the disease. It is imperative that there be a shift
or a complementary approach towards investigating the disease at the genomic
level to better apprehend the associated pathogenesis.

The advent of human genome sequencing [31, 32], targeted gene sequenc-
ing panels [33-35] and genome-wide association studies (GWAS) for the de-
tection of inherited mutations [36], and the application of the so-called next-
generation sequencing (NGS) technologies encompassing the gamut of
whole-genome sequencing (WGS) and whole-exome sequencing (WES) to
study tumor mutations, and/or—transcriptome sequencing (RNA-seq) to study
changes in gene expression [37-40], have endowed researchers with disease
insights never before gleaned. These approaches give us effective ways to look
at associations between genetic variants and disease traits, cancer genome al-
terations—be they base-pair level changes, insertions/deletions (indels), copy
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number alterations, or chromosomal rearrangements—and garner an im-
proved understanding of the underlying disease biology.

For example, investigations for germline predisposing factors in hereditary
cancers can be done using the GWAS methodology. This entails scanning for
markers, often in the form of single nucleotide polymorphisms or SNPs across
the genomes of many individuals in a population to find inherited genetic var-
iations that may be associated with a specific disease [41]. From over 350
cancer GWAS studies, more than 2,500 unique SNPs were shown to be asso-
ciated with solid and hematological tumors [42].

Although germline mutations predispose an individual to cancer, it is the
accrual of additional somatic alterations in the genome that is likely to be the
causal factor for malignancy. To discern these alterations (which could be ei-
ther point mutations or larger structural changes), targeted or WGS methods
are employed [43]. Systematic high-throughput sequencing analysis has led to
the discovery and validation of mutations in genes such as AKT [44], EGFR
[45], and BRAF [46], all of which are known to have roles in the somatic pro-
gression of cancers. The next section elaborates further on sequencing strate-
gies and their applications.

1.4 Massively parallel sequencing and its application in cancer

The introduction of Sanger sequencing, based on capillary electrophoresis in
the mid-1970s, brought about a revolution in the field of genomics that culmi-
nated in the sequencing of the human genome in the 1990s. Sanger sequencing
(also referred to as first-generation sequencing) as yet is the gold standard for
obtaining contiguous DNA fragments. The fragments with per-base accura-
cies as high as 99.999% are typically 600-700 base pair (bp) long, though they
can be sequenced up to ~1 kilobase pair (kbp) length [47]. Notwithstanding
these advantages, the Sanger methodology is prohibitively expensive, of rela-
tively low throughput, and can only be done in large sequencing centers and
by consortiums. In 2005, the appearance of the massively parallel sequencing
(MPS) methods ushered in the era of next-generation sequencing [47]. Funda-
mentally, NGS technologies are akin to Sanger sequencing, wherein DNA
fragments are sequenced, albeit to smaller lengths; in contrast, though, with
NGS’s sequencing chemistry, it is possible to sequence millions of DNA frag-
ments in parallel and achieve a high level of redundancy or multiple represen-
tations of a nucleotide or base, which allows for its accurate characterization
[48]. Commercial vendors that offer NGS sequencing include Illumina, for
short-read sequencing, PacBio, the most widely used for long-reads, and Ox-
ford Nanopore, which offers sequencing of both the forward and reverse
strands of DNA [49, 50]. NGS, in conjunction with the mandatory bioinfor-
matics-based methods, has enabled researchers to perform genomic analyses
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in a systematic and high-throughput manner, which has resulted in accelerat-
ing the pace of biological and biomedical investigations. The technology has
wide-ranging applications, including genome re-sequencing, variation detec-
tion, gene discovery, gene expression profiling with RNA sequencing, DNA
methylation, and epigenetics [51].

As previously noted, from a molecular standpoint, cancer is a disease that
involves malignant or harmful alterations to the DNA, and the ability to detect
and decode the changes wreaked here is fundamental to understanding the dis-
ease’s genetic origins and related mechanisms. The cancer genome can now
be explored in high resolution and with sensitivity to discern alterations that
initiate and drive tumor development through the NGS' WES, WGS or tran-
scriptome sequencing approaches [35, 52]. Although it is possible to do a de
novo detection of tumor changes, the majority of the cancer studies thus far
employ matched paired investigations, in which both the normal and tumor
genomes of the same individual (normal DNA coming most often from blood,
alternatively from tissues near the tumor) are sequenced to discriminate so-
matic mutations from germline mutations [53]. In cancer genome analysis, it
is critical to have matched pairs sequenced to enough depths of coverage
(DoC; the number of times a base is covered during sequencing). Sequencing
depth influences the sensitivity and specificity of both germline and somatic
variant detection. The higher the DoC, the greater the probability of calling a
mutated base and distinguishing it from sequencing errors [54].

Furthermore, if the somatic mutations exist only in a subset of the tumor
cells (for example, only in subclones), it is critical to sequence to higher depths
of coverage to be able to delineate these variants correctly. Studies have
shown that for accurate and confident somatic variant detection, the normals
and tumors be sequenced to minimum depths of coverage of 30X and 60X,
respectively [55, 56].

So far, several studies have exploited NGS to characterize genome-wide
molecular alterations in diverse cancers, including breast [57], lung [58], cer-
vical [59], colorectal [60] and multiple myeloma [61]. However, this is only
the “tip of the iceberg.” With the dawn of third-generation sequencing tech-
nologies, our knowledge and understanding of the cancer genome will be fur-
ther enhanced, wherein we will be able to differentiate intricate genomic ab-
errations, detect multiple transcript isoforms, epigenomic modifications, and
their phase statuses [62]. These efforts, it is hoped, will lead to improved di-
agnosis, better cure, and ultimately actual prevention of the disease.

1.5 The dog as a model organism for the study of complex diseases

After the sequencing of the human genome, high-quality assemblies for the
genomes of numerous model organisms, including the mouse and dog, have
been generated [63, 64]. Comparative genomics approaches have shown that
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humans share most of their genes and molecular pathways with some of these
above model organisms [64, 65]. For example, dogs have approximately
20,257 genes, which is of the same order of magnitude as seen in humans
(20,805; www.ensembl.org), and most of these genes are known to be orthol-
ogous. Therefore it is probable that they will carry out the same essential bio-
logical functions, including being the possible genetic basis for similar disease
phenotypes across the two species. Hence genetic insights gathered from dogs
can be used for further understanding of human biology, including the origin
of diseases [65].

Canis familiaris, the domestic dog, is an invaluable model organism in bi-
omedical research for several reasons. Dogs are easily accessible and have an
important and prized status in homes across diverse societies. In the United
States, an excess of USD 40 billion is spent annually on health care for dogs
[66]. As a consequence, the shared environment of pet owners and dogs can
be taken advantage of, to study the epidemiology and genetics of diseases that
are common to both dogs and humans. Of all the mammals, excepting humans,
dogs have the most phenotypic diversity and the broadest spectrum of natu-
rally occurring diseases [67]. On a phylogenetic tree, dogs are more distant
from humans than the commonly used model organism, the mouse; however,
dogs possess a higher degree of sequence and protein similarity with the hu-
man genome [64]. Hence many biological processes in dogs, which occur as
a result of changes either at the regulatory or at the protein sequence level, are
presumably conserved in humans as well. Nearly ~400 ailments related to
those of humans are documented in dogs, including complex illnesses such as
cancers, heart disease, and neurological disorders [68, 69]. Given the anatom-
ical and physiological similarities between dogs and humans, disease mani-
festations and clinical responses in dogs often closely mirror human diseases,
indicating that they might share similar genetic pathways [70]. In more than
40 conditions (monogenic as well as multi-factorial), dogs are known to have
mutations in the genes homologous to human genes associated with the dis-
ease phenotype [71].

Dogs are prone to several cancers that strike humans also, including lym-
phoma, osteosarcoma, glioblastoma, bladder, and breast cancer [72-76]. These
dog tumors share characteristics with human cancers, such as in their histol-
ogy, etiology, the spontaneity of occurrence, and similar progression of the
disease [77]. Furthermore, many types of cancers in both humans and dogs
have similar genetic alterations, be it germline or somatic mutations or copy
number alterations, among others. For instance, a study comparing the somatic
copy number alterations (SCNA) and progression of colorectal cancer (CRC)
in humans and dogs [78] showed, firstly, that the tumors in both species have
similar SCNAs, and, secondly, that the same genetic pathways were affected
by the genes in the aneuploidy regions. Lastly, when clustering analysis was
done using overlapping SCNAs, it was observed that the samples clustered,
not as expected at the species level, but according to the site of origin or the
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stage of the disease. These findings indicate that dog-human recurrent SCNAs
and the altered genes they contain are probable drivers that cause CRC in both
species. (Driver mutations in cancer genomes contribute to malignant initia-
tion or development).

In an investigation of the cancer lymphoma (LSA) in dogs, using WES of
matched tumor and normal samples, Elvers et al. [79] discovered somatic mu-
tations in multiple genes that are also found in human lymphomas. The study
included three dog breeds—cocker spaniels (CS), golden retrievers (GR), and
boxers (BX)—each with differing risk for lymphomas arising from either B-
or T-cells. For the T- type LSA, there was no overlap among the significantly
mutated genes (SMG) between BX and GR. In contrast, for the B-cell LSA,
multiple SMGs overlapped between CS and GR; these include TRAF3-
MAP3KI14, FBXW7,and POTI. The FBXW?7 mutations recur at a specific co-
don, and the matching codon in humans is known to be frequently mutated in
LSA. Thus the identification of genes that are common with the human disease
and of novel risk-associated genes in dogs may increase our understanding of
the LSA disease mechanism, and in turn, may lead to new therapeutic targets
for both species.

Some heritable cancers in dogs are known to be similar to human familial
cancer syndromes. Therefore, identifying and cataloging germline mutations
in cancer-predisposing genes in the dog can potentially be used to identify
regions in the human genome that harbor disease susceptibility loci [80]. A
GWAS performed in GR dogs, a breed that has 6% and 20% predisposition to
lymphoma and hemangiosarcoma respectively, uncovered a locus that confers
risk for both malignancies [81]. (These two dog tumors are known to be equiv-
alent to human B-cell non-Hodgkin lymphoma and angiosarcoma, corre-
spondingly). The authors also identify three shared and one lymphoma-spe-
cific risk haplotypes within the two loci. Although no coding changes were
linked to the risk haplotype, differential gene expression analysis of the hap-
lotype identified over 100 genes that are associated with immune cell activa-
tion. Therefore it was suggested that the disposing germline variants in the
risk loci are likely regulatory in nature and affect pathways that mediate T-
cell regulation and proliferation. The authors thus conclude that the interface
between the immune system and malignant tumor cells indicates a common
role in the oncogenesis of these comparatively diverse cancers.

In addition to having similar diseases as humans, dogs have a population
structure that has primarily contributed to the use of their genomes for study-
ing the genetic causes of diseases. The dog population has undergone two sig-
nificant bottlenecks, the first resulting from domestication more than 15,000
years ago [82], and the second due to either selection or genetic drift during
intentional breed creation over the last 200 years [69]. The latter rigorous ar-
tificial selection, through which desirable phenotypes were selected from a
few founders, has led to the creation of more than 400 distinct dog breeds with
great diversity in morphological features and/or behavioral traits [83]. The
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haplotype structure of the dog genome has been influenced by these two pop-
ulation bottlenecks. (Haplotype blocks/structures are long stretches of DNA
along a chromosome and are often lacking in recombination events). Dogs
from the initial domestication of wolves carried forward a limited gene pool
in short haplotype blocks — the domestic dog has a haplotype block size across
breeds of about 10-kbp and shorter than what is found in humans [84]. In con-
trast, selection for specific traits during the recent phase of breed creation has
resulted in long haplotype blocks measuring up to 1-megabase pairs (Mbp)
within breeds [64].

The recent inbreeding of dogs has also led to an enrichment of specific
genetic variants, some of which may confer disease susceptibility in certain
breeds. Several autoimmune diseases, behavioral syndromes, and cancers are
known to be more prevalent in certain breeds over others [85]. Nearly all of
these diseases have analogs in the human disease spectrum, and the segrega-
tion of diseases based on breeds suggests that the genetic background plays a
factor. This fact can, therefore, be exploited to study diseases by focusing on
one or more breeds.

1.6 Comparative genomics, conservation, and their application to
understanding diseases

In the previous section, the extensive orthologous relationship between dogs
and humans relative to the protein-coding part of the genome was discussed,
and how it is probable that the corresponding encoded genes have the same
biological functions cross-species. The field of comparative genomics, where
comparison of genomes, akin to the above human-dog or other distantly re-
lated species, is made, has increased our knowledge of how genomes evolve.
In addition, it has also aided in the identification of functional elements, both
in the coding as well as non-coding (regulatory) part of the genomes [86], and
has led to a better grasp of molecular mechanisms that are conserved across
several taxa [87].

The foundation of the field of comparative genomics is based on the prem-
ise that essential biological sequences or functionally important residues
among species are encoded in evolutionarily conserved DNA as a result of
functional constraints [86]. Therefore it follows that specific genomic altera-
tions in the functional constrained elements (regions of highest sequence con-
servation) are likely to disrupt function and be damaging to an organism [87].

The question that begs to be answered now is: how do we connect or asso-
ciate genomic changes with a damaging phenotype that is observed? This
question is especially important to resolve in diseases like cancer. Coding al-
terations that are responsible for carcinogenesis can be detected with relative
ease. For a given cancer, it entails looking for signals of positive selection in
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genes across several tumors, in which the genes tend to have higher mutation
frequencies than what is observed in the background. The non-coding altera-
tion that is detrimental or damaging to the cancer cannot be marked as straight-
forwardly, however. For one, there are substantially more mutations in the
non-coding disease genome than what is found in the coding regions. (Studies
have shown that >90% of disease-associated variants are likely to be in the
non-coding regions of the genome [88]). Secondly, to prioritize the changes,
we need to know if the mutations actually overlap functional sequences of the
non-coding genome and are therefore likely to have a deleterious effect.

Delineating the functional sequences of the non-coding genome is chal-
lenging, but projects like the Encyclopedia of DNA Elements (ENCODE;
[89]) have used the assays of DNA methylation, ChIP-seq, DNase I Hyper-
sensitivity and RNA-seq to identify functional regions of the human genome.
ENCODE information can be used to annotate regions of the genome, includ-
ing regulatory elements that control cellular functions and also elements that
function at the RNA level. A comparative analysis with 29 mammalian ge-
nomes by Lindblad-Toh and colleagues [90] revealed that >4% of the human
genome contains constrained elements. And ~60% of the constrained bases
likely overlap regulatory elements that include promoter, insulator, and en-
hancer regions. The authors contend that with the information available about
constrained elements, it will be possible to annotate variants in a disease, and
center on those that likely disrupt regulatory functions. ‘Genomic Evolution-
ary Rate Profiling’ (GERP; [91]), a tool devised for estimating evolutionary
constraint based on sequence conservation across species, also discerns con-
strained elements, and GERP threshold scores can potentially be used to de-
fine regions that may contain putative functional elements. In the study of gli-
oblastoma in this thesis, we have applied the concepts of sequence conserva-
tion and GERP scores to understand better the somatic alterations that occur
in the non-coding genome, and this is further elaborated in Chapter 5.
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2 Overview of the cancers investigated

2.1 Types of cancer

There are over 200 types of cancers, with different classification schemes for
the disease based on the histological features, tissue of origin, differentiation
states, and biological behavior of the associated tumor cell [13]. For instance,
based on the cell type the tumor cells are originating from, cancers can be
categorized as either as carcinomas (arising from epithelial cells), sarcomas
(occurring in mesenchymal cells, e.g., bone or muscle cells), adenocarcinomas
(developing from glandular tissue, e.g., breast), leukemias (arising from bone
marrow stem cells), lymphomas (initiated in lymphocytes) or melanomas
(evolving in melanocytes). There are also cancers that occur in the central
nervous system (CNS), which affect the brain and spinal cord, such as glio-
blastoma, medulloblastoma, meningioma, and intramedullary tumors, among
others.

In this thesis, the focus is on two sarcomas and one CNS tumor, the profiles
of which are expanded on in the next three sections of the current chapter.

2.2 Osteosarcoma

Osteosarcoma (OSA) is the most prevalent type of primary cancer of the bone
in humans [92]. It is an aggressive tumor that is diagnosed in children and
adolescent patients, with a second peak in frequency observed in adults over
the age of 50 [93]. For the childhood type of the disease, the incidence is 5.0
per million persons per year, regardless of ethnicity, whereas for the adult
form, it is 4.6, 6.5, and 6.8 per year per million persons per year for Cauca-
sians, Hispanics, and Blacks respectively [93]. OSA commonly occurs in the
long bones of the extremities near the metaphyseal growth plates, and the most
common affected sites are the femur, the tibia, and the humerus [93]. The five-
year survival rate for osteosarcoma is 46% [94].

The majority of the OSA tumors are high grade and are genomically unsta-
ble tumors with complex disorganized karyotypes [95]. At the chromosome
level, there is a high level of instability, with parts or entire chromosomes
being duplicated or deleted, leading to high levels of somatic structural varia-
tions and copy number alterations [96, 97]. The molecular characterization of

23



the disease can, therefore, be impeded by the extensive genomic variability as
well as by the presence of intra- and inter-tumoral heterogeneity in the tumors.

OSA in humans is mostly sporadic; however, if the gene RB] is inactivated
through a germline mutation, the risk of developing osteosarcoma increases
significantly [98]. Also, it has been shown that individuals who are susceptible
to the autosomal recessive diseases of Werner, Bloom, and Rothmund-Thom-
son syndromes [99] have an increased predisposition to osteosarcoma [99].

In dogs, osteosarcoma accounts for approximately 85% of bone tumors
[100], and the average incidence has been estimated to be ~14 per 100,000
dogs per year [101]. It mostly affects middle-aged dogs, around 7.5 years
[102] of age; there is a second, smaller peak in which 6-8% of cases are <3
years of age [103]. The size of the dog is a stronger predictor than its age,
however. Large (25-40 kilograms) and giant breeds (more than 40 kilograms)
account for 55% and 35%, respectively, of all cases of OSA [102]. As in the
case of humans, the primary tumor of the bone comprises malignant stroma,
with osteoid formation [104]. The sites of the tumor also reflect the human
counterpart appendages, including the tendency of having more tumors in the
appendicular versus the axial regions [105]. Approximately 90% of the tumors
in humans and ~80% in dogs are appendicular tumors. Unlike in humans, dog
breeds cover a span of values for relative risk and mortality from the disease,
indicative of an apparent genetic predisposition for the disease among certain
breeds over others [106]. For example, among the breeds of GR, Rottweiler
(RW) and greyhound (GH), the incidence rates per 10,000 dog-years at risk
(DYAR) are 6.0, 36, and 30 respectively [107].

Karlsson et al. [108], through a GWAS with the dog breeds of GH, RW,
and Irish wolfhounds, discovered 33 inherited risk loci for OSA predisposi-
tion. These loci explain 50-80% of disease risk for the breeds, and the top
locus was found to be a non-coding region on chromosome 11 near the tumor
suppressor genes of CDKN2A/2B. The risk haplotype 11q16 is syntenic to a
regulatory region on human chromosome 9p21 and is known to be deleted in
5% to 21% of human OSA cases [109]. This region of chromosome 9 is also
one of the most complex regulatory areas in the human genome. It was there-
fore postulated that variants in the risk haplotype might disrupt enhancer ele-
ments upstream of the CDKN2A/B locus, thus altering the expression of genes
in the region. Functional enrichment analysis of the genes in the 33 loci im-
plicate pathways that are linked with bone growth and formation.

Despite discerning genetic alterations in both human and dog OSA, few
recurrent clinically actionable mutations have been found. For around 35 years
up to the present days, it is standard practice for OSA patients from both species
to be treated with surgery, followed by rigorous adjuvant chemotherapy [110,
111]. For human OSA, immunotherapy with denosumab, a monoclonal anti-
body, is currently being tested in clinical trials to verify if it can inhibit the
growth and spreading of the tumor cells (https://clinicaltri-
als.gov/ct2/show/study/NCT02470091). There is also an indication in pre-
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clinical studies that immune checkpoint inhibitors can be used in the manage-
ment of the disease [112].

2.3 Hemangiosarcoma and Angiosarcoma

Hemangiosarcoma (HSA) is an extremely invasive and malignant canine tu-
mor that occurs in the vascular endothelium or endothelial precursor cells
[100, 113]. There is a milder form induced by ultraviolet radiation, which oc-
curs as a cutaneous mass that can be treated [114]. In contrast, though, the
splenic type of HSA is often described as being a ‘silent’ killer since the clin-
ical manifestation is almost indiscernible until after an acute collapse follow-
ing the rupturing of the primary tumor [100].

HSA is a relatively common cancer in dogs, with several breeds at risk,
including boxers, bulldogs, golden retrievers, Labrador retrievers, and Great
Danes, among others [114]. The median survival period for the affected dogs
is dismal, and most die within six months of diagnosis [115]. There are no
standard therapies offered so far; doxorubicin, an anthracycline, is a moder-
ately effective chemotherapeutic drug, though survival following its admin-
istration is only nominal [116].

The etiology of the disease is mostly unknown; however, given that there
are a few select breeds that are more prone to the disease than others, it indi-
cates that heritable predisposing factors are enabling the formation of the tu-
mor [117]. The molecular basis for HSA also has not been clearly delineated.
However, in a GWAS study [81] with golden retrievers from the USA, which
carry a 20% lifetime risk for HSA, the authors identified two loci on chromo-
some 5 that contribute to an ~20% risk for contracting the disease. Whole-
genome resequencing and subsequent genotyping identified several risk hap-
lotypes in the two loci. The authors also find that none of the predisposing
germline mutations were coding; instead, they appear to be regulatory in na-
ture. In another whole-exome sequencing study with 20 affected dogs, somatic
mutations in known cancer genes, including 7P53, PTEN, and PIK3CA, were
seen in >50% of the dogs [118].

Angiosarcoma (AS), the human histological equivalent of canine hemangi-
osarcoma, is a rare and fatal cancer [119]. The disease appears to stem from
cells that are endothelial in nature, analogous to what is observed in dogs
[119]. Though the disease can occur anywhere in the body, the most common
manifestation is in the form of cutaneous diseases in the head and neck regions
in Caucasian men over the age of 70 [119, 120]. The five-year survival rate
for non-metastatic disease is ~45% [121]. One of the earliest known causes
for the disease was attributable to therapeutic radiation with the commercial
drug ‘Thorotrast’, which contained radioactive thorium [122]. Another plau-
sible reason for the disease is exposure to vinyl chloride [123, 124], though
not all in contact with the chemical agent are affected.
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Because of the lack of human samples for studying the genetic basis of the
disease, the molecular pathology remains largely unknown. However, a few
cytogenetic studies of radiotherapy-induced AS indicate that it is an aneuploid
cancer with amplifications seen in the MYC locus [125, 126]. Gains have also
been observed for the genes of FLT4 and VEGFR3 [126, 127]. Applying a
combination of WGS and WES approaches with 39 tumors, Behjati et al. iden-
tified frequent mutations in the angiogenesis signaling pathway genes of
PTPRB and PLCGI. The authors believe the resulting aberrant signaling in
the pathway is likely the driver for AS [128].

There is no cure for AS, though if the disease is diagnosed soon after in-
ception, surgical intervention and chemotherapy may prolong patient survival
[129]. Nevertheless, the nature of AS growth is somewhat deceptive, and the
clinical signs are not visible until it is too late. Canine HSA is being recruited
as a model to better understand the pathology of the AS disease [118, 130].
The information gathered from these research efforts could potentially benefit
both species with new therapeutic strategies.

2.4 Glioblastoma

Gliomas are dominant forms of brain tumor, second only in incidence after
meningioma, that arise from the neural stem or progenitor cells [131]. Gliomas
encompass a group of cancers, which include astrocytic tumors, ependy-
momas, oligodendrogliomas, and mixed gliomas [131]. CNS tumors are
graded on a scale of I-IV: at one end of the spectrum are the grade I pilocytic
astrocytomas, which are slow-growing and benign tumors [132], and at the
other the maximum grade IV glioblastoma (GBM), the most common as well
as the most malignant form of glioma [133]. In 2016, the World Health Or-
ganization (WHO), based on both histology measurements and molecular fac-
tors, has restructured the classification of tumors that arise in the CNS [134].
Two forms of GBM are demarcated, based on the status of mutations found in
the isocitrate dehydrogenase /DH1 and IDH?2 genes [135]. The primary tumor,
wild-type for IDH, is exceptionally aggressive, occurs de novo, and accounts
for ~90% of GBMs [136]. It is often diagnosed in the elderly (>55 years), and
the affected patients have a median survival period of about 9.9 months [137].
The secondary tumor, which often progresses from low-grade diffuse astrocy-
toma or anaplastic astrocytoma, carries mutations in the /DH gene [136]. It
has relatively less necrosis when compared to the primary form and also has
a better prognosis, with median survival being around 24 months [137]. In the
WHO classification, there are reports of sporadic cases where the tumors are
grade IV GBMs, but their IDH mutation status cannot be ascertained and are
therefore labeled as ‘not otherwise specified’ (NOS; [134]).

As of today, the etiology of GBM remains unknown. There are few studies
that have focused on the probable inherited susceptibility to the disease. For
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example, Melin and colleagues [138], in a meta-analysis of three GWAS stud-
ies, identified nine risk loci (four of which had been previously reported)
linked with GBM. These include 5p15.33, 7p11.2, 9p21.3, and 20q13.33;
however, they have not ascertained candidates for causality among the asso-
ciated loci. Loss of heterozygosity in chromosome 10, observed in up to 80%
of the primary tumors, is the most common genetic alteration in GBM [139-
142]. Another frequent alteration is the co-deletion of the arms of 1p/19q seen
in GBM tumors that tend to have better clinical outcomes [143-146]. In a so-
matic mutational analysis of GBM with more than 500 tumor samples using
NGS approaches, Brennan et al. [147] distinguished recurrent point mutations
in known GBM genes that included the tumor suppressors 7P53, PTEN and
RB1, and the oncogene PIK3CA; in addition, they also found frequent changes
in ~60 novel genes that may have roles in the disease progression. New struc-
tural rearrangements of signature receptors were also uncovered in the study.

Inter- and intra-tumor heterogeneity are known to be prominent in GBM
[148, 149]. For instance, in an investigation involving 11 patients, genomic
analyses of multiple tumor sections of individual tumors showed variable
changes reflecting intra-tumor heterogeneity [150]. These changes were also
shown to correspond to different molecular subtypes within the same tumor.
In an RNA-seq study [151], expression profile analysis of 430 cells from five
primary GBM tumor samples showed that genes related to proliferation and
oncogenic signaling, among others, were differentially expressed in the cells
and the tissues they originated from, indicative of intra-tumor diversity.

Surgical resection, followed by radiotherapy and chemotherapy with te-
mozolomide, form part of the standard care for GBM [152]. In most cases,
though, the tumor reappears within a short time, spreads to other regions of
the brain, and ultimately leads to the death of the individual. A recent investi-
gational effort that focuses on tumor-localized gene therapy [153] indicates
better survival for the patients in the study. Vaccination to stimulate immuno-
surveillance against glioma cells is being actively tested in several clinical
trials [154]; however, negative results from some of earlier phases of the trials
deem that vaccination can only be part of a multi-modal treatment approach.
Another innovative approach involves an oncolytic (virus)-based therapy with
the drug PVSRIPO (Polio/Rhinovirus Recombinant) that is currently being
tested on n = 61 patients with recurrent GBM (https://clinicaltri-
als.gov/ct2/show/study/NCT01491893). While studies like these show prom-
ise, it remains to be seen how effectual they will prove to be when applied to
a larger population.

A footnote to include in the present section, despite the subject not being
part of the current investigations, is with reference to glioma in dogs. Sponta-
neous gliomas in dogs account for about 35% of all tumors affecting the CNS
[155]. Though epidemiological evidence for the prevalence among breeds is
lacking, based on necropsy investigations in 21 breeds [156], there was evi-
dence for glial neoplasms being common in brachycephalic dogs. In 2016,
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Truvé et al. [157] from our lab were involved in a GWAS study, which iden-
tified three genes that have associations with glioma; these include CAMKK?2,
P2RX7, and DENR. The authors surmise that because of the histological and
genetic similarity that exists between human and canine glioma, the above
associations may be relevant for the study of the corresponding human dis-
ease.

2.5 In summary

The cancers focused on in this thesis are all characterized by significant com-
plexity, encompassing cytopathological, transcriptional, and genomic levels.
Also, dealing with their inter-tumoral and intra-tumoral tumor heterogeneity,
to how cells become cancerous and acquire metastatic capabilities, are all fac-
tors that make these cancers challenging to comprehend as a researcher, and
to clinically combat as a patient.

Sequencing approaches adopted in the current studies potentially offer av-
enues to uncover some of these cancers’ molecular mechanisms and gain a
better understanding of their pathobiology.
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3 The current studies

3.1

Aims of the thesis

Somatic changes resulting from errors during DNA replication and exposure
to endogenous or exogenous mutagens accrue in the genome during the pro-
cess of cell division. Some of these aberrant modifications can provide cells
with a selective growth advantage that can result in the disease of cancer.
These selected alterations — often termed driver mutations — can occur either
in coding or non-coding, or in both regions of the genome, and trigger car-
cinogenic processes. The overall aims of the thesis, therefore, were to charac-
terize the somatic mutational landscape across three types of malignant tumors
prevalent in dogs and humans.

Explicitly, the aims are:

L.

II.

I1I.

To utilize whole-exome sequencing methodologies to distin-
guish coding mutational changes that may have roles in the in-
itiation and progression of osteosarcoma tumors, across three
dog breeds with differential susceptibility to the disease.

To delineate coding changes present in canine hemangiosar-
coma using whole-exome sequencing, and perform a compara-
tive analysis with the somatic modifications observed in the
analogous human tumor of Angiosarcoma to converge on
driver alterations that may be pervasive across species.

Using whole-genome sequencing to identify and prioritize cod-

ing and non-coding genomic changes that may have functional
roles in the human tumor of glioblastoma.
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4 Remarks on methods implemented in the
current studies

4.1 Overview of cancer genome analysis

The sequential workflow for a standard cancer genome analysis employed for
the discovery of somatic variants that explain (some of) the cancer biology
across the studies in the thesis is shown in Figure 3.

Sequence Data Prep and Processing

Sequencing of matched Alignment to the Reference
tumor/normal DNA Genome

Dissect and Catalog Genomic Changes

Nucleotide changes Copy nu.mber Structural variation
alterations

g

Consequence Analysis

[Recurrent cha nges] [Sngnmr;aen:gsaltered] [Biological pathways]

Figure 3. Standard pipeline for cancer genome analysis with matched tumor-normal
sequencing reads. Nucleotide changes can be either point or indel mutations. Copy
number alterations can be either focal- and/or large-scale-, amplifications, or dele-
tions.

The first step, irrespective of specific cancers, involves the biological sample
collection after ensuring that ethical certifications and informed consent are in
place. The samples in the cohort are then sequenced to appropriate targets
(whole-exome or whole-genome) and depths of coverage set for the study de-
sign. The second step involves performing sequencing and aligning the se-
quenced reads to a reference genome assembly, to identify the genomic coor-
dinates to which each read fragment maps. With the aligned reads, the next
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stage is variant calling with appropriate protocols. The purpose here is to dis-
cern the differences that may exist between the sequenced reads and the ref-
erence genome that exist only in the tumor. These differences can be small or
large, from a single nucleotide change to several thousand base pairs changes.
The sequences could also potentially be rearranged with duplications, inver-
sions, or complex rearrangements.

It should be emphasized that the somatic variant calling in cancer genomes
is dissimilar to the germline detection of variants, and the algorithms used for
the latter’s delineation are not suitable for the former. For germline calling,
the assumptions are that the genomes are diploid, that the alternate allele (the
mutant base) frequency for a heterozygous call is 50%, and that an alternate
homozygous call is 100%. On the other hand, the somatic variant callers do
not have any supposition about the ploidy levels and have to be designed to
call variants at very low allele fractions. They also need to contend with nor-
mal (healthy cells) admixture in the tumor sample, or the variants could come
from only a fraction of the tumor cells (subclonal variants). Additionally, copy
number or ploidy changes in the cancer genome could introduce artifacts in
the calling that have to be appropriately identified and removed.

Most somatic variant algorithms are devised to analyze matched tumor-
normal samples (where the sequenced DNA for these come from the same
individual), and to look for differences between them and also for dissimilar-
ities between the tumor reads and a reference genome. The calls that are
unique to the tumors are then marked as somatic variants, and the conse-
quences of these variants are then assessed. Though most of the variations
discerned are likely to be benign, if they fall in a protein-coding region of the
genome, it could potentially alter the function of the protein, which could be
deleterious. If the variants happen to be in critical non-coding regions of the
genome — for example, in the regulatory regions — it can considerably affect
the regulation of genes and pathways involved in cancer [158]. Recurrent var-
iants (somatic calls identified in more than one individual tumor) are an im-
portant indication of driver status in cancer genomes [159]. The mutational
‘hotspots’ in which they occur could potentially be directly involved in the
carcinogenic process, and the identification of these positions can likely serve
as biomarkers [160]. Lastly, in the cancer genome analysis, pathway enrich-
ment offers a comprehensive method for connecting mutated genes with
known signaling pathways and regulatory networks to understand the mecha-
nisms and biological functions they may be involved in [161, 162].

4.2 Whole-exome and whole-genome sequencing of cancer

Exome sequencing or whole-exome sequencing centers on the protein-coding
sequences, which constitute approximately 1% of the entire genome [163].
This is accomplished through an enrichment procedure, where DNA baits are

31



used to hybridize with only the protein-coding parts, separating these regions
from the non-coding portion of the genome [164]. WES has been effectively
implemented in several disease-gene detection as well as diagnostic projects
[165, 166]. In cancer studies, with WES, it is possible to discover driver mu-
tations in genes (ones that are responsible for either disease initiation or pro-
gression) without any prior knowledge of the actual genes [167-169]. How-
ever, there are a few drawbacks to WES. For instance, in the detection of copy
number alterations that may span beyond the coding/captured part of the ge-
nome, WES introduces biases that make their detection difficult [170]. Also,
there are issues in detecting structural variants (SV) at base-pair resolution
where the junction breakpoints cannot be clearly defined [171].

Whole-genome sequencing of cancer samples entails sequencing the vast
majority of the genome. With WGS, in addition to being able to probe the
coding sequences, it can, unlike WES, also be used to detect multiple classes
of alterations — copy number variations (CNV), rearrangements, and other SVs
— with more confidence and certainty [171]. Also, it is possible that the non-
coding genome contains pathogenic variants [172], whose detection is likely
to be missed when using targeted approaches like WES. These include point
or indel mutations in cis-regulatory regions, which can create or disrupt tran-
scription factor-binding sites [158, 173], or in long noncoding RNAs
(IncRNAs; [174]) which are aberrantly expressed in various cancers [175-
177]. WGS circumvents most concerns that WES has; nevertheless, there are
still a few disadvantages. Though CNV and SV calling is efficient with WGS,
somatic indel calling shows a significant discrepancy, as discerned in the con-
cordance analysis using various algorithms [178]. Another challenge for WGS
is in assembling the requisite computing structure for storage and analyses in
a cost-effective manner [179].

The consideration regarding the use of WGS or WES methods hinges on
whether a complete or a more-targeted approach to characterization of the
cancer genome is warranted for a given study. It is estimated that WES se-
quencing per patient is about a third cheaper than what it is with WGS [180],
and, consequently, the associated overheads also may play a decisive role in
the choice of technology adopted for a given study. Ultimately, though both
WGS and WES offer prospects for the discovery of carcinogenic alterations,
their scopes are vastly different — from the regions of the genome scanned to
the turnaround time for delivery of analysis-ready results, and budgetary con-
straints; these are all factors that have led to the variations in their particular
implementation.

The WES or WGS methods implemented for each of the studies in the the-
sis are detailed in the attached published or submitted manuscripts.
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4.3 Bioinformatics analyses of cancer genomes in the current

studies

Standard bioinformatics pipelines for cancer genome analysis were employed
to elucidate sources of variation that are present in the diseased tumors. A
typical protocol is shown in Figure 4. Quality-controlled passing sequencing
reads were aligned against the dog [181] and human reference genomes of
CanFam3.1 and hg19 [31], using the tool BWA [182]. After a multi-step re-
finement of the resulting alignments, somatic point mutations (SPM) and so-
matic indel mutations (SIM) were called using the algorithms of MuTect2
[183] and Strelka [184]. To reduce miscalled germline events and sequencing
artifacts, the raw calls are subjected to successive filtration steps. This in-
volves the removal of polymorphism calls that have been marked in the panel-
of-normals, or in the publicly available germline databases like dbSNP [185]
or SweGen [186]. The final SPM and SIM thus obtained were then annotated
with gene information using the tools of SnpEff v4.2 [187] for the dog cancers
of OSA and HSA, and Oncotator [188] for the human GBM. In the coding
part of the genome, the tools of MuSiC [189] and MutSigCV [190] were em-
ployed to distinguish putative driver mutations from passengers (mutations
that do not have an impact on cancer progress). Ensembl’s Variant Effect Pre-
dictor (VEP; [191]) was used to prioritize genes with high-impact mutations.
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Figure 4. The bioinformatics pipeline adopted for the cancer genome analysis. 4a.
Workflow for calling somatic point and indel mutations. The dark grey inset box is
valid for WES matched reads. The light grey encompasses methods applicable to
WGS. 4b. Workflow for copy number detection. The tools used are shown in blue.

To delineate non-coding alterations that may have a functional impact (in the
cancer of GBM, where the entire cancer genomes was sequenced), we looked
at likely functional non-coding variants around selected GBM genes based on
the 33-mammals alignment constraint scores as defined by GERP++[91]. The
non-coding constraint mutations (NCCMs; variants found in regions of se-
quence conservation in the neighborhood of the above genes) were annotated
with regulatory information downloaded from either the UCSC genome
browser [192] or ENCODE portal [89]. These included data from tracks of
transcription factor binding sites (TFBS), methylation markers, regulatory
markers, transcription start sites, and enhancer information, among others.
Mutations that were likely to affect non-coding constraint regulatory regions
were further studied for transcription factor binding affinity, using the tool
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‘TRanscription Factor Affinity Prediction’ (sTRAP program for detecting dif-
ferences in binding between two sequences [193]).

Mutational signatures, ‘imprints’ of somatic mutations hidden in the cancer
genome, were detected using the Bayesian variant of the nonnegative matrix
factorization (NMF) algorithm [194] for the dog cancers, and using the online
utility ‘MUTation AnaLylS toolKit” (Mutalisk; [195]) for the GBM study.
The results obtained were compared with the 30 COSMIC signatures ([196];
http://cancer.sanger.ac.uk/cosmic/signatures).

Somatic copy number alterations in the samples were detected using the
tools of VarScan2 [197] in the dog cancers of OSA and HSA, and ascatNGS
[198] in the human GBM dataset. For all the copy number alterations dis-
cerned, GISTIC v2.0 [199], a tool that evaluates the frequency and fold-
changes of the copy number alterations, was applied to prioritize regions that
may drive cancer development.

Pathway analysis, to identify a shared network the significantly mutated
genes may be involved in, was performed using multiple methods across the
projects. These include the online utilities of DAVID [200], Enrichr [201],
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways [202].

4.4 Statistical analysis employed

Descriptive statistics was used to tabulate the mutational and copy number
alteration frequencies for all of the studies.

In Study I, Spearman’s correlation was run to determine the relationship
between age and total counts of somatic mutations found across the breeds.
The tools of MuSiC and MutSigCV assessed the significantly mutated genes,
and for both, a false discovery rate (FDR) threshold of 0.1 was applied. In the
identification of putative drivers with VEP’s high-impact mutations among
the non-silent genes, the Wilcoxon rank sum test, with multiple testing cor-
rections for the number of genes tested, was implemented. Functional annota-
tion charts were created for KEGG using the default options, using the Benja-
mini—Hochberg method to control the FDR.

In Study II, methods for MuSiC and pathway enrichment analysis with
KEGG were run as in Study 1.

In Study I1I, statistical tests for enrichment of non-coding constraint muta-
tions around GBM genes as well as other protein-coding genes were per-
formed with unpaired #-test, using the R statistical framework (R Foundation
for Statistical Computing, Vienna, Austria. http://www.R-project.org/).
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5 Summary of current studies

51 SETD2 Is Recurrently Mutated in Whole-Exome Sequenced

Canine Osteosarcoma (Paper )

5.1.1  Background

To characterize somatic alterations in canine OSA tumors, we performed
WES of matched tumor-normal (T/N) pairs in three breeds GR, GH, and RW,
all predisposed to osteosarcoma but with different lifetime risks. The goals
here were to discover putative candidate cancer driver genes, to evaluate if
OSA in dogs shares mutated genes with OSA in humans, and, lastly, to detect
potential differences among breeds.

5.1.2  Results

Sixty-six pairs of samples (22 GR, 23 GH, and 21 RW) passed the quality
thresholds, with a median sequence depth of 136x (range, 90-176) for the tu-
mor and 95x (range, 31-166) for the normal samples. Across all three breeds,
VarScan?2 identified a large number of SCNAs. For both amplification and
deletion SCNA classes, the GRs had more of the genome altered than either
the RWs or GHs. GISTIC v2.0 identified 19 large-scale and 67 focal recurrent
SCNA events. The chromosomal regions corresponding to recurrent focal
SCNAs contained numerous cancer-related genes, including 7P53,
CDKN2A/B, HRAS, and PTEN.

Analysis of the exome sequence data using MuTect2 revealed a total of
7,900 SPMs and 1,197 SIMs across all individuals. The average numbers of
SPMs and SIMs were different among the breeds — the GRs had a more ex-
tensive range of mutations, showing a higher median of 133 SPMs, compared
with 113 SPMs in RWs and 97 SPMs in GHs. However, when the SPMs and
SIMs were mapped to gene information with SnpEff, followed by enrichment
analysis with MuSiC, 11 genes were found to be significantly mutated across
all three breeds. The top SMGs across all samples were, in order, TP53,
SETD2, and TANGO. TP53, tumor protein 53, had mutations in roughly 60%
of all samples, and SETD2 was mutated in 21% of samples, with a variety of
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non-silent mutation types (frameshift, nonsense, splice, and missense muta-
tions). It is worth noting that the SETDZ2 gene has not previously been linked
to osteosarcoma.

The mutational signature analysis identified three distinct mutational pro-
files, including COSMIC 1, the aging-associated signature, and COSMIC 17,
a motif for which the etiology has not been established in humans. The third
signature, characterized by T>G transversions, is novel. Although all three
signatures were found in each of the breed groups, the contribution of each
signature per sample per breed indicates that there is a difference in the repre-
sentation of signatures. GHs and RWs have a higher rate of COSMIC 1,
whereas the novel signature is more prevalent in the GRs.

It is known that in humans, germline mutations in the genes of GRM4,
WRN, and BLM (the last two are associated with specific familial syndromes)
increase the risk for OSA. In the dogs in our study, we find candidate germline
mutations in the above susceptibility genes; however, there is variability in the
prevalence of these mutations across the breeds, i.e., specific genes are seen
to be mutated exclusively in one or two breeds and show no changes in the
other(s).

5.1.3  Discussion

The somatic mutation landscape in the coding genome in dog breeds predis-
posed to OSA was evaluated using WES approaches. Our findings reiterate
and extend what has been reported for the corresponding human disease.
These include widespread recurrent copy number aberrations and fewer point
mutations in all the three breeds studied. The above SCNAs encompass sev-
eral tumor suppressors and oncogenes, some of them with known roles in OSA
and other genes are shown here for the first time in the disease. TP53 is the
most frequently altered gene (with >80% of the dogs having either mutations
or SCNAs), again reflecting human OSA patterns. SETD2, a histone methyl-
transferase (HMT) and an epigenetic regulator, though it has no recognized
ties to OSA cancers yet, has known tumor-suppressor activity across several
human cancers [203-205]. Here, in the canine tumors, we find that the 16/17
non-silent changes in SETDZ2 (as predicted by VEP) are high-impact muta-
tions, i.e., mutations that are likely to have a disruptive effect on the gene and
lead to its loss of function.

Additionally, support for the finding that histone modification enzymes
having roles in OSA was further strengthened when we uncovered that 36%
of the dogs in the study have mutations in either SETD2 or other members of
this family of genes that include histone acetyltransferases (HATs) and histone
deacetyltransferases (HDACs). Histone modifiers, when disrupted, are known
to cause cancerous alterations and promote tumor proliferation [206]. Inhibi-
tors developed for these druggable ‘targets’ are in clinical trials for several
cancers [207] and so can conceivably also be used for OSA.
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Mutational signature analyses used for discerning patterns of somatic
changes confirm the existence of three distinct signatures, including a novel
signature, across all breeds. Each signature, though, has different distributions
of signatures per breed. COSMIC 1 is widely seen in both the GH and RW
samples and is also the dominant signature in human OSA [208], and the novel
signature is seen almost exclusively in the GRs. Breed differences were also
detected in germline mutations among candidate protein-altering or predispos-
ing genes, indicating a probable role for the genetic background in tumor ini-
tiation. In summary, the similar spectrum of SCNAs and the mutation burden
seen cross-species works not only to inform the OSA biology but also to high-
light the usefulness of the canine disease models for enhancing our under-
standing of the corresponding human disease.

5.2 Comparative Genomics Reveals Shared Mutational Landscape in
Canine Hemangiosarcoma and Human Angiosarcoma (Paper II)

5.2.1  Background

To discern the somatic mutational spectrum of canine HSA, we implemented
WES of primary tumors and matched healthy tissues from an HSA-susceptible
breed, the golden retriever. In addition, we wanted to assess if the clinical
correspondence of the disease to human AS also had comparable genetic eti-
ology or genomic underpinnings.

5.2.2  Results

Matched T/N WES reads from golden retrievers (n = 47) were aligned against
the dog reference genome to an average sequencing depth 78X for the tumors
and 63X for the normal samples. A standard pipeline for calling somatic var-
iants was implemented with the MuTect2 algorithm and followed by func-
tional annotation of the resultant filtered calls using SnpEff. Significantly mu-
tated genes were then identified using the tool MuSiC. Seven SMGs were dis-
cerned across the dataset, including mutations in the tumor suppressor 7P53
(28/47 tumors, ~60%), in the oncogene PIK3CA (14/47 tumors, ~30%), and
in PIK3R1 (aregulatory subunit of PIK3CA, 4/47 tumors, ~9%). Mutations at
amino acid position 1047, encoded by the gene PIK3C4, is a known hotspot
for mutation across several human cancers [209]. We find that 10 of the 14
tumors that have mutations in the PIK3CA gene gave rise to either H1047L or
H1047R changes. Though not frequently mutated, there are other genes from
the P13K gene family that have non-silent mutations in the cohort, including
PIK3CB, PIK3C2G, PIK3C3, PIK3RI, and PIK3R5. We then compared the
somatic mutations observed in our cohort with the reported changes in ‘The
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Angiosarcoma Project’ (a patient-led effort that performs sequencing of AS
tumors; https://ascproject.org/) and found that the frequently mutated genes
here include the canine top SMG hit 7P53. Analysis of mutational signatures
for the cohort revealed that the dominant signature, COSMIC 1, is in accord
with what was seen as the main profile for the human AS [210].

KEGG pathway enrichment analysis [202], with datasets from canine HSA
and two subtypes of human AS (defined based on the tumor location), showed
there were many shared pathways between the two diseases. The angiogenesis
pathway genes of Phospholipase C gamma 1, PLCGI, and Protein Tyrosine
Phosphatase Receptor Type B, PTPRB, are known to have recurrent mutations
in human AS (mentioned elsewhere/noted in the background section). Neither
of these genes, though, has recurrent alterations in canine HSA, but seven tu-
mors were found to harbor mutations in other PLC genes; likewise, eight cases
had mutations in the PTP family of genes.

Lastly, copy number analysis shows the alterations recur in many cancer-
related genes, including the tumor suppressor of CDNK2A4/B (deleted in 22%
of the samples) and the MYC oncogene (gains in 9% of the samples). Com-
parative analysis for SCNAs between the human AS data and canine oligonu-
cleotide array comparative genomic hybridization (oaCGH) data showed copy
number aberrations in known cancer genes, including KDR and AXINI, for
both species. Interestingly, the gene KDR was also found to be significantly
mutated in human AS patients and is observed to be mutated only once in the
canine HSA cohort with a predicted benign or tolerated effect.

5.2.3  Discussion

The genetically homogenous population of golden retrievers was used to de-
lineate the molecular profiles for canine hemangiosarcoma. Our investigations
reveal there are both genetic similarities as well as differences that exist be-
tween the dog HSA and the human AS. TP53 is the only gene found to be
significantly mutated in both diseases. In the canine dataset, the majority of
the mutations for 7P53 occur in the DNA-binding domain, likely leading to
loss of function for the encoding protein. The second SMG, PIK3CA, which
is known to exhibit oncogenic activity across several cancers [211], is found
only in a subset of human AS (only in the breast tumors). There are also sev-
eral other genes in the PI3K pathway that were commonly mutated in our co-
hort. The PI3K pathway is an essential cellular pathway, and one of the most
frequently altered pathways in cancer, playing an essential role in signal trans-
duction, leading to cell proliferation, survival, differentiation, and regulation
of metabolism and immunity [212, 213]. Another potentially important differ-
ence between the two species is that, while copy number gains in KDR are
typical in both species, somatic mutations in this gene were seen in over 20%
of human tumors but in only one canine tumor. As the KDR receptor is up-
stream of the PI3K pathway, it is possible that mutations in either may lead to
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a similar phenotype. Tumors in both dogs and humans were enriched for mu-
tations in protein tyrosine kinases, which are essential regulators of cellular
growth and division signals and are commonly mutated in cancers. There were
also recurrent mutations in the protein tyrosine phosphatase gene family in
both species. Tyrosine kinase inhibitors have been used for angiosarcoma in
the clinic and have also shown promise against hemangiosarcoma in vitro
[214], but so far have been less favorable in the clinic [215]. Investigations of
the interaction between the many affected pathways, therefore, may help to
determine the possibility of designing a combination therapy for targeting
them. Summing up, our characterization of the biological foundations of ca-
nine HSA reveals many similarities but also some important differences with
human AS; this knowledge hence can be used to better understand the patho-
genesis of both diseases and come up with therapeutic strategies that will serve
both species.

5.3 Whole genome sequencing of glioblastoma reveals enrichment
of non-coding constraint mutations in known and novel genes

(Paper Il1)

5.3.1  Background

To systematically identify the genomic terrain encompassing both the coding
and non-coding cancer genome of the brain tumor glioblastoma, we WGS
matched tumor samples from n = 39 (human) patients who did not carry a
mutation in the IDH1/2 gene (i.e., were IDH1"™). The principal objectives for
the study were: first, to verify if the coding landscape reiterated observations
from previous investigations into the disease; and next, and more importantly,
to explore and prioritize somatic changes in non-coding sequences, especially
in regulatory regions that may have possible pathogenic consequences in
GBM.

5.3.2 Results

The matched tumor-normal DNA from the cohort of 39 patients was se-
quenced using [1lumina whole-genome sequencing methodologies. Alignment
of the reads to the human reference assembly yielded depths of coverage of
median 75x (range: 64-89) for the tumors and 38x (range: 30-66) for the
matched normal. SCNAs were detected using the tool ascatNGS, and the pat-
terns were found to highly similar to what was seen in the ‘The Cancer Ge-
nome Atlas’ (TCGA) cohort [216, 217]. As in the previous two studies, Mu-
Tect2 was next employed to discern somatic point and indel mutations. Here,

40



however, to achieve a highly reliable dataset, we decided to intersect the above
mutations with Strelka’s call set, and only those SPMs and SIMs that were
concordant between the two callers were used for downstream analysis. An-
notating the variants with Oncotator, followed by the analysis of the protein-
coding genes with MutSigCV, showed TP53, PTEN, and EGFR as the three
SMGs. Also, we adopted a frequency-based approach for delineating more
coding genes that may potentially have driver alterations. Accordingly, we
found nine other frequently mutated genes (FMQG) that harbored non-silent
mutations in 210% of the study cohort. The 12 genes from the SMGs/FMGs
list overlap with the top 20 genes seen to be mutated in the TCGA-GBM da-
taset [218].

The majority of SPMs and SIMs in our cohort were in the non-coding re-
gions of the genome. Most of them are likely to be passengers; nonetheless, a
fraction of these non-coding changes which are associated with regulatory el-
ements such as promoters, UTRs, splice signals, enhancers, IncRNAs, and
TFBSs, among others, can be expected to have roles in carcinogenesis [172].
Frequent alterations in the promoter of the telomerase reverse transcriptase,
TERT gene, have been described across several cancers [219, 220], including
glioma [221]. In our cohort, we find that >75% of samples have mutually ex-
clusive mutations at two positions previously reported for the promoter [221].
We decided to investigate further mutations in the regulatory sequences of
genes known to have roles in GBM, and we focused only on variants occurring
in evolutionary constrained sequences in the vicinity of these key genes. (The
list of 78 key genes was compiled by combining the SweGBM-1 SMG/FMG
and TCGA-GBM SMG gene sets). By applying GERP constraint scores, we
find a significant enrichment of NCCMs associated with the 78 key genes ver-
sus all other protein-coding genes.

Twenty-six of these 78 genes had >1.0 NCCM per 100 kbp. These NCCMs
were annotated with functional datasets, such as TFBS, acetylation, and his-
tone markers, among others. Mutations in these functional sites can potentially
have an impact on GBM. For instance, the GBM gene SEMA3C, with a total
of 14 NCCMs, intersects several regulatory annotations (Figure Sa). NCCM
9, associated with this gene in the study cohort, had a mutation in its promoter
that was predicted by sTRAP to disrupt the binding of the transcription factor
FOXAI (Figure 5b and 5c¢).
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Figure 5. UCSC genome browser view of SEMA3C, the top key GBM gene with the
highest rate of non-coding constraint mutations. 5a. The NCCMs seen in both introns
as well as the in the flanking regions lie regions of genome that are well conserved
across mammals and have at least one regulatory annotation. 5b. The sequence logo
(MA0148.1) of the FOXAI TFBS shows that the SEMA3C NCCM9 mutation affects a
highly conserved nucleotide that could abate the binding in the mutated site compared
to the wildtype.5c. The affinity profiles, for the same mutated sequence, shows a de-
creased affinity for the FOXAI transcription factor, compared with the wild-type se-
quence.

In another key gene, DYNC111, 9/20 NCCMs overlap with the activating epi-
genetic marker H3K27me3 (tri-methylation on lysine 4 of histone) that is of-
ten found in promoter regions and is closely associated with transcriptionally
active genes. Among the other protein-coding genes, a total of 1,776 genes
had a frequency of >1 NCCMs/100 kbp, of which 43 had > 3.0 NCCMs per
100 kbp sequence, indicating that there are genes and associated regulatory
regions that possibly have roles in GBM. These include Distal-Less Homeo-
box 5, DLX5, which has been shown to affect glioma cell motility via the
PAX6/DLX5-WNT5A axis [222]. On chromosome 14, four genes—
SLC25A421, MIPOLI1, FOXAIland TTC6—had over 55 shared NCCM:s that not
only are in regions of high conservation but also overlap multiple transcription
factor binding annotations. Analysis with the utility sSTRAP showed signifi-
cant differences in the binding affinity in the mutated sequences versus the
corresponding wildtype sequence.
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Examination of the mutational signatures for the cohort with Mutalisk re-
vealed two dominant profiles — COSMIC 1 and COSMIC 5 — which is also in
accord with previously detected signatures in GBM [196]. Interestingly, when
the variants were split into coding and non-coding alterations, the former
showed predominance for the aging signature, whereas the non-coding vari-
ants showed near equal distribution between the COSMIC 1 and COSMIC 5
signatures.

5.3.3  Discussion

Although somatic alterations in the genome are responsible for the disease of
cancer, most studies in GBM, as well as in other cancers thus far, have stressed
the discovery of coding driver mutations. The non-coding sequences which
account for >98% of the genome are largely left unexplored. In this study, we
set out to distinguish the non-coding mutations that arise in GBM tumors that
may have roles in carcinogenesis. Though our cohort of n = 39 is relatively
small, the protein-coding alterations, SCNAs, and mutational signatures found
here mirrored what was previously seen in the TCGA-GBM dataset. This,
therefore, lends credibility to our cohort and the findings derived from it.

Mutations within the functional, non-coding regions of the genome can al-
ter gene expression, splicing, expression of non-coding transcripts, and the
epigenetic state [172]. However, the question of how to prioritize the muta-
tions in the non-coding regions into drivers and passengers is a challenge.
Evolutionary conservation provides a practical way of identifying which spe-
cific positions are likely to be important for genome function [223]. We, there-
fore, used the concept of mammalian constraint (as defined by GERP++) to
hone in on putative non-coding mutation candidates around 78 key GBM
genes. We identified highly significant enrichment of NCCMs in the neigh-
borhood of the key GBM genes, with 26 genes found being enriched for
NCCMs (>1 NCCMs/100 kbp). The key genes with the highest frequency of
NCCMs were SEMA3C, DYNC111, CNTNAP2, and LRFN5. While the NCCM
frequencies in key GBM genes were skewed to the right, compared to all
OPCQG, the latter category still contained genes with high NCCM frequency,
including a total of 43 genes with >3 NCCMs/100 kbp. To assign candidate
functions to the NCCMs, we used publicly available sources of genome anno-
tations in addition to the evolutionary constraint and found that most NCCMs
had functional annotations, suggesting that mutations in them could poten-
tially be drivers. We also observed that 91% of NCCMs in the top genes (26
key GBM genes and 43 from the OPCG set) had a variant allele fraction of
>10%, again supporting their ability to affect the tumor initiation and/or pro-
gression. (Variant Allele Fraction or VAF is the fraction of reads overlapping
a genomic coordinate that supports the alternate allele).

When assessing the potential biological importance of the analyzed vari-
ants, SEMA3C was conspicuous, both due to its large number of NCCMs and
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due to indications in the current literature that overexpression of the gene is
linked to poor prognosis in several cancer types, including prostate cancer
[224] and GBM [225]. The SEMA3C gene has been shown to be regulated by
several transcription factors, including FOXA1, GATA2, and GATA6. Muta-
tions occurring in TFBSs can disrupt the binding of transcription factors (TFs)
and lead to gene dysregulation/aberrant gene expression, which can trigger
carcinogenesis [226]. We also observe that multiple NCCMs overlap binding
sites for the GATA family of transcription factors. Given that GATA factors
are known to coordinate cell survival, cellular maturation, and proliferation
arrest [227], this family of genes has been anticipated to have a role in human
cancers [228]. Variants for SEMA3C, DYNCI11, and CDH18 lie in conserved
TFBS of the GATA family. GATA2 has been directly implicated in the pro-
motion of glioma through the EGFR/ERK/Elk-1 pathway [229], further indi-
cating its potential to forward tumor development in GBM.

The discovery of non-coding driver mutations in GBM is still a nascent
area in the field of cancer genomics. In this study, we show that it is possible
to use the concept of evolutionary constraints in conjunction with relevant ge-
nomic annotations to identify candidate mutations. We hope that the conclu-
sions from this study will provide a basis for further analysis of pathogenic
non-coding variants, not only in the cancer of GBM but also potentially in
other cancers too.
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6 Concluding remarks and future directions

6.1 Overview

The objectives of the work in the current thesis were to increase our under-
standing of three diverse cancers: osteosarcoma, hemangiosarcoma, and glio-
blastoma. The goal was achieved by the demarcation of somatic alterations
that are imprinted in the genomes of the above diseases. The highlights of each
study are summarized again below.

In the first study of osteosarcoma in three dog breeds with differing sus-
ceptibility to the disease, it was shown that the mutational landscape at the
nucleotide level, though discordant, with more private mutations per breed, all
converge on the same (putative) driver genes. These include the genes of TP53
and SETD2. The tumor protein p53 encoded by the gene TP53 is not only
responsible for maintaining the genome integrity of an organism, but in re-
sponse to an array of cellular stimuli/stresses, also promotes cell cycle arrest,
apoptosis, and DNA repair, among its several other functions [230]. Mutations
to the gene can be extremely damaging, leading to its loss of tumor-suppres-
sive function and resulting in carcinogenesis, as has been observed in a mul-
titude of cancers [231, 232]. SETD2, an epigenetic modifier, has, in recent
years, also been implicated as a tumor suppressor in various types of cancers
[205, 233, 234]. Although our study was the first to expressly link SETD2 with
OSA, others have since corroborated its role in the disease [235, 236]. Gardner
et al., in their investigation across multiple dog breeds, elaborated on the bio-
logical consequences of SETD?2 alterations, which they found to be recurrently
mutated in >40% of their tumors [236]. Also, support for epigenetic modifi-
cations was reinforced by their discovery that 67% of the samples showed
aberrations in epigenetic and chromatin-modifying genes. Leveraging the
knowledge gained about epigenetic mechanisms in OSA can, therefore, be
used to serve as a valuable biomarker, and also to explore the efficacy of epi-
genetic therapy to inhibit the disease.

In the second study centering on hemangiosarcoma, the coding mutational
profile was delineated in a single-breed study, wherein we found driver muta-
tions in the genes of 7P53 and the oncogene PIK3CA. The dog HSA is the
histopathological equivalent of the human disease AS, with both showing the
same aggressive clinical course. Our investigations reveal that the ge-
nomic/coding bases also share many similarities, from similar mutated genes
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to copy number alterations and biological pathways. Human AS is an uncom-
mon cancer (accounting for only 0.01 of all cancers; [237]), and therefore any
genomic investigations that can be undertaken are likely to be under-powered.
However, given that dog HSA shows similar pathobiology with AS and also
the fact that it is a vastly more prevalent cancer in canines, we can use them
as models to study the human disease with relative ease (and power). Our
study is a step in this direction, where our findings show that prospective ther-
apeutics designed based on the genomic targets discovered in dogs may also
possibly inform the human treatment of the disease.

In the last study, genome-wide characterization of the somatic alterations
in the cancer of glioblastoma was embarked upon. At the outset, we find the
coding alterations recapitulate what has been previously seen in the GBM ex-
ome. These include non-silent mutations in genes that have roles in the cancer,
including TP53, EGFR, and PTEN. Also, the recurrent somatic copy number
alteration events in the cohort exhibit concordance with observations from
multiple studies. Surveys of the non-coding changes in the GBM genome have
heretofore been sporadically undertaken. These include examining the roles
of non-coding RNAs in GBM pathogenesis [238, 239], and analysis of the
mutations in the promoter for the TERT gene [221]. In the current inquiry, we
focused on non-coding changes in the regions of the genome that are evolu-
tionarily constrained, and we discovered that there is a significant enrichment
of what we designate as non-coding constraint mutations in the neighborhood
of previously implicated GBM genes. A large number of these mutations over-
lap cis-regulatory elements, and somatic mutations in these elements/features
possibly result in modulating/altering the expression of the genes to which
they are linked. In addition, we also identify 43 other genes that have NCCMs
>3.0/100 kbp sequence, potentially providing additional/novel GBM candi-
date genes. Overall, we believe harnessing the information garnered with the
(potential) driving non-coding alterations from our study, along with the
knowledge we have about protein-coding changes, can serve to inform on
probable modes of carcinogenesis adopted in glioblastoma.

6.2 Limitations of the current investigations

A critical and objective evaluation of our three studies is liable to reveal a few
shortcomings, which is crucial to address and resolve for the follow-up inves-
tigations that may arise. Across all our studies, we have a few tens of samples,
leading to relatively low power, in particular for weaker effects. Though we
were able to delineate major candidate drivers for the diseases investigated,
there potentially exist other genes, with fewer or weaker alterations that work
synergistically to produce effects that have impacts on carcinogenic initiation
and/or progression. These are likely to be left undetected or fall short of a
statistically significant result when working with non-optimal sample sizes. It
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is also possible when working with a (small) study population that ostensibly
significant results, despite passing appropriate thresholds for the test statistic
used, are in truth false-positives or have overestimated the effect size of the
association between genotype and phenotype, a phenomenon known as “Win-
ner’s Curse”.

A second limitation could be a consequence arising from the scope of the
study. For instance, in our investigations into osteosarcoma and hemangiosar-
coma with WES, we focused on defining only the coding mutational land-
scape. Any effects exerted by the non-coding genome, as a result, remain un-
identified. Another factor scope-wise is the number of breeds chosen for the
study. Though we have selected breed(s) that are susceptible to the diseases
investigated, it would be beneficial to know if the same disease variants are
associated across other diverse populations, or if there are varying breed-spe-
cific routes to arriving at the phenotype.

In our investigation of GBM, the whole-genome approach removed the
lack of non-coding information described above, which gave us important in-
sights into genes and non-coding alterations that have potential roles in car-
cinogenesis. However, we need to be able to perform functional assays or
characterizations to confirm these somatic alterations are actually involved in
initiating cancer or have roles in carcinogenesis. Only when this is established
can we propose the discerned somatic changes as clinically actionable genetic
events for future therapeutic strategies.

Genetic tumor heterogeneity is another issue to cope with in our studies,
and in general, across all cancer sequencing investigations. This phenomenon,
stemming from spatial and temporal changes in a given tumor, can give rise
to multiple subpopulations of tumor cells or heterogeneous subclones and is
observed across most cancers [240]. Bulk sequencing, which is generally em-
ployed to profile these tumor subclones, may not capture all of the cells that
contain driver alterations, which can lead to a decrease in the sensitivity of
mutation detection [241, 242].

Lastly, across all our studies, we have focused on probing the disease at the
DNA level. However, the actual disease manifestation is the result of altera-
tions that occur across multiple strata, from the genome, epigenome, transcrip-
tome, proteome, and the metabolome. While there are individual-level —omics
approaches to studying each of these layers—for example, epigenomics, to
identify altered epigenetic landscapes, or transcriptomics, to discover the dif-
ferential expression of mMRNA—we need to have integrative methodologies to
systematically interrogate and comprehend the fundamental mechanisms gov-
erning the biology of cancer.
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6.3 Ongoing work and future directions

Our work thus far—the delineation of somatic alterations in the genomes of
the osteosarcoma, hemangiosarcoma, and glioblastoma—is only the first step
in comprehensively defining the mutational landscape of these complex can-
cers. We are involved in several ongoing explorations for each of these dis-
eases.

For osteosarcoma, we are in the process of sequencing more prone-breeds,
using both WGS as well as RNA-seq methodologies. The former will likely
give us insights into the non-coding genome’s role in the cancer, and the latter
is likely to increase our knowledge about aberrant genetic alterations and
dysregulated molecular pathways in the disease and the relationship between
the two. Our quest to expand our understanding of germline susceptibility for
the disease as detailed by Karlsson et al. [108] is continuing — we are in the
process of collecting data for several new breeds of dogs (including golden
retrievers, Leonbergers, and Great Danes, among others) to conduct another
GWAS study and possibly discover new risk loci and gene pathways that
might be implicated for breed-specific OSA. Also, we will select candidate
loci from the new research and previously identified 33 loci, and perform fine
mapping using first whole-genome sequencing and then targeted genotyping
and functional analysis to hone in on potential causative loci. Evidence from
several cancers indicates that germline mutations cooperate with somatic mu-
tations to drive carcinogenesis [243-245]. With WGS data from both tumors
as well as normal samples available, we plan to conduct a similar exploratory
analysis to see if there are molecular links present between germline predis-
posing factors and the alterations that occur in the somatic genome.

In the study of hemangiosarcoma, we are exploring the possibility of using
liquid biopsy, a noninvasive approach to study the molecular profiles of tu-
mors. This procedure involves sequencing circulating tumor DNA (ctDNA)
from small volumes of secreted body fluids such as blood, urine, or saliva
[246]. Because ctDNA can be a proxy for the tumor genome, the use of liquid
biopsies for sequencing may aid in getting an accurate snapshot of the driver
mutations that are present in the tumor. Currently, we have tested ctDNA se-
quencing as a proof of concept for several dogs across multiple breeds, and
we find that the approach is compatible for a vascular cancer like HSA. Fur-
thermore, with collaborating veterinarians, we propose to use the liquid biopsy
for longitudinal sampling or monitoring of the cancer, i.e., screen for tumor
lesions that may arise in predisposing patients over time.

For glioblastoma also, we are expanding our cohort to not only whole-ge-
nome sequence data from more patients but in addition are also sequencing
patient-derived cell lines corresponding to the matched tumor-normal of the
existing data as well as from the above dataset. Our goals here are to make a
systematic genomic comparison of the cell line and tumor mutation data and
validate to what extent the mutations in cell lines are representative of the
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original tumor, and to estimate the extent of heterogeneity in the original tu-
mors compared to the resulting cell lines. We are also engaged in RNA se-
quencing of the same tumor tissues used in the present study, to monitor gene
expression and transcriptome changes in candidate genes, and also for the cou-
pling of tumor NCCMs with expression data.

As alluded to in the previous section, looking at only the mutational
changes at the DNA level gives only a partial glimpse of the alterations in the
cancer genome. Therefore, an overarching goal for all of the projects here (and
across cancer studies in general) would be to collect biological data that en-
compasses the dimensions of epigenome, transcriptome, proteome, and
metabolome, and to use the derived multi-omic measurements to understand
the foundations of cancer in terms of biological mechanism, possible bi-
omarkers and, most importantly, therapeutic targets.
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