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Abstract

Introduction: Sarcomas are an infrequent and highly heterogeneous group of mesenchymal
tumours, accounting for 1% of all human cancer worldwide, with more than 50 histological
subtypes and incidence rate of about 20% among all paediatric solid malignant cancers. The
aetiology of most of sarcomas is poorly understood, however, chromosomal aberrations are
the major genetic event, underlying the pathogenesis of sarcomas. To date, molecular
diagnosis of the disease has been confined to the aberrations in a few genes. However,
manifestation of highly complex karyotype and diverse structural aberrations observed in
many sarcomas has made the cytogenetic analysis inevitably laborious. The acquisition of
tumour genetic profile for diagnostic and prognostic purposes by tumour biopsy has been
long utilized in cancer care. Nevertheless, it has been unable to depict the complete tumour
genetic landscape, neither spatially nor temporally. Owing to advances in the next-generation
sequencing (NGS) methodologies, liquid biopsies of tumours by circulating cell-free DNA
(cfDNA) have facilitated tumour genotyping and allows minimally invasive monitoring of

tumour dynamics.

Material and Methods: We generated sequencing libraries from isolated tumour and
matched normal DNA samples, as well as plasma cfDNA collected at the time of surgery. We
sequenced the normal and tumour libraries by whole-exome sequencing (WES), and

preformed targeted resequencing of cfDNA, utilizing the NCGC 900 cancer gene panel.

Result: We identified somatic mutations in the tumours from 14 high-grade soft-tissue
sarcomas. We identified 288 somatic mutations in 6 tumour—plasma pairs, including

damaging mutations in TP53, RB1, TSC1, NRAS, MTOR, MAP3K4, ERBBZ, SETDZ, and ARID1B.

Conclusion: Our results suggest that the detection of somatic mutations in cfDNA of STS
patients is feasible. In addition, our initial results indicate that the detection of tumour
heterogeneity is plausible. Our findings may be translated into the clinical setting for

prognostic or predictive purposes in STS patients.
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1.Introduction

1.1. An introduction to cancer

The term cancer refers to a collection of related diseases and is characterized by
uncontrolled growth of abnormal cells (1). The fact that virtually all human cancers
emerge from sequential aberrations in a common and defined set of critical genes and
pathways and evolve over the a time timeframe of 20 to 30 years (2). Cancer is the
leading cause of morbidity and mortality worldwide. In 2012, approximately 14 million
new cases and 8.2 million cancer-related deaths were identified (3). According to the
World Cancer Report, the annual global incidence of cancer is expected to increase to
19.3 million cases by 2025(3), with the global population growth as a critical
determinants, and major changes in the lifestyle and diet as predicted players that can
contribute the estimation (3).

The worldwide cancer incidence is highest for men, which most frequently develop
lung, prostate, colorectal and stomach cancer. Breast, colorectal, lung and cervix are
among cancers with the highest incidence in women. The highest mortality rate
worldwide has been reported for lung, breast, liver, stomach, and colorectal cancers
(3). In Norway, prostate, colorectal, breast, and lung are the four most common types
of cancer. In Figure 1, a graphical overview of the age-standardised rate (ASR) of

incidence and mortality of common cancers in Norway is shown.
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Figure 1. The number of new cases and deaths of common cancers, per 100,000 persons per year in
Norway. The ASR is a weighted mean of the age-specific rate; the weights are taken from
population distribution of the world standard population. GLOBOCAN 20121

It has been demonstrated that cancer-related mortality can be decreased if two
principles, screening and early diagnosis, in the healthcare management will be
carefully fulfilled. It has been estimated that between 5—10% of all cancer cases have
their root in hereditary genetic defects, whereas aetiology of the majority of cancers
are ascribed to environmental risk factors. High-risk environmental factors include
diet, smoking, alcohol consumption, environmental pollutants, stress, infections,
obesity, and physical inactivity. Therefore, cessation and/or minimization of these
factors can play a major role in cancer prevention [reviewed in (3, 4)]. A growing body
of research have increased our understanding of certain environmental risk factors,
such as smoking and UV exposure, that can jeopardize the function of cells and can
significantly contribute to the risk of developing a lung and/or a melanoma cancer, for

instances [reviewed in (2, 4)].

1 Ferlay ], Soerjomataram I, Ervik M, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin DM, Forman D, Bray, F.

GLOBOCAN 2012 v1.0, Cancer Incidence and Mortality Worldwide: IARC CancerBase No. 11 [Internet].
Lyon, France: International Agency for Research on Cancer; 2013. Available from: http://globocan.iarc.fr, accessed on 10 Apr 2016.



Cancer, at its core, arises from an uncontrolled and rapid cells’ proliferation that
results in the abnormal growth of tissue, an especial characteristic of cancer known as
“neoplasm”. As a result of this consecutive excessive proliferation, tumours may form.
Tumours can primarily be classified as “malignant” and “benign”, with only malignant
tumours being considered to have a cancerous nature. Dissemination of cancer cells
into the blood stream may lead to invasion of cancer to adjacent and/or distal tissues,
resulting in metastatic outgrowths [reviewed in (2, 5)]. Benign tumours, however, are
without capability of invasion, and once they are removed they do not grow back.
Depending on the tissue of origin, benign neoplasms can be classified in different
categories, e.g. adenoma, fibroma or lipoma. Malignant neoplasms that form solid and
hematopoietic tumours can be classified as carcinomas, sarcomas and lymphomas,
non-solid tumours of the blood cells. The classification of solid tumours based on their
tissue-of-origin has been shown in Figure 2. It is noteworthy to mention that the
common cancers, which represented in Figure 1, commonly originate from epithelial

tissues, thus are categorized within the carcinoma tumour type.



Solid Tumor Type

Cell/Tissue of Origin

Benign Tumors Examples

Malignant Tumors Examples

Epithelial Squamous epithelium Epithelioma (papilloma) Squamous cell carcinoma
tumors Transitional epithelium Transitional cell papilloma Transitional cell carcinoma
Glandular/ductal epithelium | Adenoma Adenocarcinoma
Neuroendocrine cells Carcinoid Small cell carcinoma
Internal organ specific
Liver cell Hepatoma Hepatocellular carcinoma
Kidney cell Renal cell adenoma Renal cell carcinoma
Mesenchymal Fibroblast Fibroma Fibrosarcoma
tumors Fat cell Lipoma Liposarcoma
Blood vessels Hemangioma Angiosarcoma
Smooth muscle cell Leiomyoma Leiomyosarcoma
Striated muscle cell Rhabdomyoma Rhabdomyosarcoma
Cartilage Chondroma Chondrosarcoma
Bone cell Osteoma Osteosarcoma

Tumors of neural
cell precursors

Neuroblast

Ganglioneuroma

Neuroblastoma

Tumors of glial
cells and neural

Glial cells

Glioma

supporting cells Meningeal cells Meningioma Malignant meningioma
Schwann cells Schwannoma Malignant schwannoma
Germ cell tumors Embryonic cells Teratoma Embryonal carcinoma

Teratocarcinoma
Seminoma/dysgerminoma

Solid tumors are classified according to the tissue of origin. Usually, but not always,
malignant tumors have names ending in “carcinoma” or “sarcoma.”

Adapted from Damjanov, 2006.

Figure 2. Histological classifications of solid tumours are shown. Pathological investigation on
tumour tissue has important diagnostic value in clinic. Adapted from Ventra Medical System?. Solid
tumors: Principles and perspectives. Level 2.

1.1.1. Hallmarks of cancer

Scientists today have a profound understanding of the biology and underlying causes
of a vast array of cancers. With the advent of new technologies and consequent wealth
of information from the various fields in basic research on cancers, a broader and
deeper insight of cancer biology has been achieved. In the light of these advances,
important key molecular mechanisms underlying different types of cancer have been

uncovered (2, 6).

2 Accessed online at
http://www.ventana.com/_resources/swf/training/SolidTumors/files/assets/basic-html/toc.html



Historically, across several altered functions within transformed cancer cells that were
suggested as the cancer-initiating traits, six described distinctive and complementary
characteristics were highlighted as the major cancer hallmarks that dictate malignant
growth and proliferation pattern of the cancer cells and are manifested in almost every
cancerous cells (1). Hanahan et al. were first to describe these hallmarks as acquired
functional capabilities that allow cancer cells to survive, proliferate, and disseminate.

These core hallmarks are evading programmed cell death (apoptosis), self-sufficiency
in growth signals, evading growth-inhibition, limitless replicative potential, sustained
tissue invasion and metastasis, and inducing angiogenesis. These functions are
acquired in different tumour types via distinct mechanisms at various time points
during tumorigenesis and well describe the diversity of neoplastic diseases (1, 7, 8).
However, an increasing body of evidence by more recent studies have proposed
additional, emerging hallmark features that may facilitate the development and
progression of cancer(9). Emerging hallmarks, “evading immune destruction” and
“reprograming of cellular energetics” underscore continuous support of cell growth
and proliferation by alternation in cellular energy metabolism function, and evasion of
cancer cells from immune system mediated elimination. Enabling characteristics,
“genome instability and mutability” and “tumour-promoting inflammation”, are
considered as potential underlying molecular events contributing to acquisition of both
core and emerging hallmarks. Genomic alternations, especially rare mutations among
them, can govern hallmark capabilities. Moreover, inflammatory responses caused by
innate immune cells can serve cancer cells to promote tumour formation and
progression (9-12). A schematic representation of all discovered hallmarks of cancer is

shown in Figure 3.
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Figure 3. Hallmarks of cancer are shown. The hallmarks are nesseary for tumour growth and
progression.Adapted from Hanahan D, Weinberg RA. Cell. 2011;144:646-674.

1.1.1.1.  Genome instability

Despite the increased understanding of cancers at the genomic and epigenomic level,
the evolutionary mechanisms recruited by tumours are not fully understood for most
of cancer types (13, 14). Both genetic and epigenetic factors can affect cellular
pathways (2, 9, 15, 16). The fact that cancer originates from a genetically normal cell,
gaining alternations at the genomic and epigenomic level, resulting in hundreds of
thousands of divergent cells by the mutational landscape, is widely accepted among the
scientific community. Many of these mutations can have deleterious impact on the cells
function but do not possess the ability to initiate cancer development. Such mutations
are classified as “passenger” mutations. A sequential fraction of approximately 140
mutations are referred to as the cancer “driver”, (2) and are not only deleterious for
the cellular function but also provide selective growth advantage that promotes
tumorigenesis and subsequently cancer development. With the advent of large-scale,
systematic genomic studies conducted on cancer genomes many cancer driver genes

across various cancer subtypes has been revealed (17, 18). The most frequently



mutated cancer critical genes across 28 various cancer types are shown in Figure

4(19).
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Figure 4. The analysis of 6,792 samples has revealed the most frequently mutated genes across 28
various cancers. PAMs on the vertical axis indicates protein-affecting mutations in the plotted
genes. The dataset retrieved from the IntOGen database.

The cause of mutations has been ascribed to both endogenous and exogenous
mutagens. Endogenous mechanisms such as infidelity of the DNA polymerase during
replication mechanism, defective DNA repair machinery, and the enzymatic
modifications of DNA, whereas UV light and inhaled tobacco smoke are instances of the
most known carcinogens that well correlates with the increased risk of mutagenesis in

normal cells [reviewed in (2, 4, 16)].

Across cancer of different types, 3 groups of genes are virtually always mutated—
proto-oncogenes, tumour suppressor genes, and genes responsible for genome repair.
Genes within these groups are particularly important in the regulation of cell essential
pathways such as cell cycle and programmed cell death. Mutations in these genes can
cause gain or loss of function, thereby driving the malignant growth and proliferation
of the cells [reviewed in (2)]. Herein, to clarify the importance and consequences of
mutations in these genes, first the definition of various mutations will be further

explained.



Classically, mutations are broadly classified to germline and somatic mutations. The
germline mutations are inherited and occurred during embryogenesis, and therefore
are present in virtually every cell within the individual, whereas somatic mutations are
acquired mutations present only in a subset of cells, a phenomenon commonly seen in
the cancer cells [reviewed in (2)]. Approximately 90% of the mutations in cancers are
due to acquired somatic alternations and therefor are not present in the normal tissues
[reviewed in (2, 4, 20)]. Nearly 90% of the known somatic mutations in cancer genes
have dominant effect at the cellular level, meaning that one mutation in only one allele

is sufficient to initiate cancer development [reviewed in (5)].

Mutations may occur within regions of the genes that code essential proteins for
normal cellular function, or may happen within regions that do not have directly
impact on the function of the produced proteins. In this respect, region of the genes
with essential protein-coding function, known as exons, encompass the majority of
critical alternations observed in cancers, while mutations in the non-coding region
sequence of the genes e.g. introns and intergenic regions, may indirectly affect the

protein production of the genes by affecting regulatory elements (21).

The term “exome” refers to the complete set of protein-coding regions and
approximately encompasses 1-2 % of the human genome. Mutations from another
perspective are divided into point mutations, namely single nucleotide variation (SNV),
insertions and deletions (Indels), and chromosome structural and numerical

aberrations [reviewed in (5, 22)].

The point mutations are fundamentally of two types; transitions and transversions that
occur at different rates, with rate of transition substitutions predominantly higher than
transversions. Different impacts on the function of genes by these mutations have led
to classification into A) missense mutation, which results in the incorporation of a
different amino acid in the protein made by the same gene. B) Nonsense mutation,
resulting in a shortened polypeptide due to the introduction of a premature
termination codon. The resulting polypeptide may have no function or an improper
activity.. C) Silent mutation (synonymous), where the mutation does not result in an

amino acid change, due to the codon degeneracy. The effects of these changes varies in



the way they may influence e.g. protein folding, destabilize protein binding and/or

active sites conformation [reviewed in (22)].

Indels refer to the insertions or deletions of one or few bases from the sequence.
Depending on the number of bases inserted or removed, indels can be grouped into A)
Frameshift mutations, if the number of nucleotides inserted or deleted is not multiple of
three, which cause a change in the reading frame of transcript, and result in a
completely different, or non-functional protein B) in frame mutations, in which the
number of nucleotides inserted or deleted is a multiple of three, resulting in addition,
deletion, or change of amino acid(s) in the protein. The in frame mutations may
transform, enhance or reduce the activity of normal protein [reviewed in (22)]. Based
on given information, both nonsense and frameshift mutations are considered to
significantly impact protein function [reviewed in (2, 22)]. The chromosome
aberrations refer to large-scale changes where a large area of gene or chromosome is
affected. These changes include inversions, translocations, duplications, and numerical
changes of the chromosomes, which can result in copy number aberration (CNA),
which consequently can affect the level of gene expression. Moreover, chromosomal
rearrangements play the key role in activation of human oncogenes and inactivation of
tumour suppressors genes, a phenomenon observed in various cancers (23). Mutations
that result in loss of function of tumour suppressor genes or gain of function in the
proto-oncogenes conclude to oncogenic activity of the genes and significantly
contribute to initiation and progression of the cancers. The protein product of these
groups of genes are in control of cell proliferation, growth and apoptosis, and can be
broadly divided into transcription factors, chromatin remodellers, growth factors,

growth factor receptors, signal transducers, and apoptosis regulators (24).

Instances of well-known human proto-oncogenes where their oncogenic activity have
been demonstrated in several cancers are RAS, ERBB2, MYC and CCND1. The oncogenic
activity of known tumour suppressor genes such as TP53, RB1, APC, NF1, PTEN and
CDKNZ2A due to loss of function mutations have been frequently observed across

various cancer types (24) [reviewed in (5)].



The third group of genes with critical role in cancers that are commonly mutated in
many cancers are DNA repair genes. The cellular DNA is continuously under attack by
cellular and/or environmental mutagens as previously mentioned. Defects in the
genome maintenance mechanisms, including base excision repair (BER), nucleotide
excision repair (NER), transcription coupled repair (TCR), mismatch repair (MMR) and
double strand break repair (DSBR) can potentially increase rate of spontaneous
mutations capable of tumour development initiation during DNA replication event (20,
25). Enumerated mutations in currently 150 known human DNA repair genes may

greatly affect genome integrity (25).

Deregulation of cancer’s essential genes can also be triggered by epigenetic factors,
which are defined as heritable changes in genome without altering the DNA sequence,
thereby affecting the expression pattern of the genes (26). Disruption in the global
methylation pattern, such as hypermethylation of the CpG islands in the promoter
regions of tumour suppressor genes, can contribute to the development of cancer (26,
27). Furthermore, hypomethylation, i.e. a low level of methylation, has been observed
in tumour tissue compared to corresponding matched normal tissue. The low level of
methylation is believed to promote chromosomal rearrangements and activation of the

transposable elements, which in consequence affects genomic instability.
1.1.2. Tumour heterogeneity and clonal expansion

Tumours, even of same histopathological subtype, exhibit genetic heterogeneity, a
phenomenon known as intra- and inter-tumour heterogeneity. Differences in
mutational spectrum between the primary tumour and metastatic lesions, between
different metastatic lesions, and even within a single tumour have been described. The
tumour heterogeneity was initially attributed to morphological and epigenetic
plasticity, however, associations to genetic factors, particularly genetic instability,
which explain existence of genetically divergent intra-tumour clones have been
demonstrated [reviewed in (20, 28)]. More recently, a broader biological definition
that encompasses all contributors to the development of cancer at genomic and
epigenomic levels has been suggested as “cancer driver” in which a cell-autonomous or
non-cell-autonomous alteration that can contribute to tumour evolution at any stage

by promoting any of the cancer hallmarks (13). These alternations may endow

10



tumours the ability to pave various evolutionary directions, from early initiation to

full-grown metastatic tumours, in the time line of cancers’ development (13).

Tumour heterogeneity is also believed to play a role in acquired drug resistance in the
tumours [reviewed in (20, 29)]. To further explain observed heterogeneity in the
tumours, three paradigms have been suggested. In each of the hypothetical paradigms,
potential factors that can contribute to heterogeneity of the tumour during progression

of cancer have been demonstrated [reviewed in (20)].

The clonal evolution model originally described by Nowell in 1976, suggests expansion
of one (monoclonal) or multiple (polyclonal) subpopulations during the event of a
tumour’s evolution, influenced by Darwinian selection forces. As a consequence, a
fraction of cells within the tumour with different heritable traits are privileged (Figure
5A). In the second paradigm, the cancer stem cell paradigm, tumour heterogeneity is
ascribed to either single or multiple mutations in the progenitor stem cells within the
tumours, regardless of heritable traits (Figure 5B). This concept has been elucidated by
different studies, the principle of cancer stem cell, specifically in the solid tumours, as
the results of experiments vary considerably. In the third model, high diversity of
tumour cells is attributed to random and incremental accumulation of mutations
during tumour progression, known as the mutator phenotypes (Figure 5C) [reviewed

in (30)].

11
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Figure 5. The hypothetical paradigm, underling tumour heterogeneity is shown (A-C). Different
models for tumour evolution can give rise to distinct types of intra-tumour heterogeneity, typified
here by: A) clonal evolution, B) cancer stem cell, and D) mutator phenotype models. (D) The
different evolutionary paths result in several subpopulations with distinct spatial distributions.
Adapted from Russnes et al, ] Clin Invest. 2011;121(10):3810-3818. doi:10.1172/JCI57088.

As a consequence of all enumerated mechanisms above, subpopulations within
virtually all tumours always have different genetic and epigenetic changes, resulting in
distinct and heterogeneous subpopulations of cells within tumours of same cancer type

in each individual [reviewed in (30)].

1.2. Sarcomas

1.2.1.Overview of sarcomas

Sarcomas are an infrequent heterogeneous group of malignant tumours of mainly
mesenchymal origin, accounting for approximately 1 % of all adults and nearly 21% of

all paediatric solid malignant cancers. Soft-tissue sarcomas (STS) compose the vast

12



majority of sarcomas at the time of diagnosis (31). In Norway, approximately 300 new

cases of soft tissue sarcomas are diagnosed every year>.

The term “sarcoma” is Greek and means fleshy (“sarcos”) and tumour (“oma”
[reviewed in (32)]. Sarcomas are primarily grouped into two main subtypes; soft-
tissue and bone sarcomas. Sarcomas mainly develop as sporadic cases and their
aetiology is mainly unknown. However, several hereditary genetic and environmental
risk factors are demonstrated to associate with the development of sarcomas.
Individuals with germline mutation in tumour suppressor genes such as RB1, TP53,
NF1, and APC are shown to be considerably susceptible to develop sarcoma. The
striking example of hereditary genetic risk factor that highly correlates with sarcoma
development is Li-Fraumeni syndrome. Individuals with Li-Fraumeni syndrome are
born with one defective copy of TP53. Overall, it has been demonstrated that TP53

aberrations occurs in about 60% of all sarcomas (33).

From a cytogenetic standpoint, sarcomas can be broadly categorized into two groups.
The first category includes subtypes that manifest relatively simple karyotype,
encompassing up to 50% of all sarcomas, and commonly represent disease-specific
chromosomal translocations, resulting in fusion genes that commonly encode for
defective transcription factors, and a smaller group of fusion proteins with known
deterrent consequences in the cell growth and differentiation. Examples of sarcomas
within this category are Ewing’s sarcoma, clear-cell sarcoma, synovial sarcoma (SS),
and desmoplastic small round cell tumour. Commonly participated genes in
translocations of these subtypes, for some prominent instances, are EWSR1, FOXO1A,
DDIT3, SYT, SSX, PAX, and ALK. Overall, 50% of the affected genes by the translocations
in this category belong to the TET family of transcriptional regulators. It has been
demonstrated that about 20 % of the subtypes in this group have activating and/or
inactivating oncogenic point mutations. Gastrointestinal stromal tumour (GIST)
subtype is the prime example of this group in which aberrations in the KIT, PDGFRA
and rarely BRAF proto-oncogenes play a major role in the pathology of the cancer.

Other known instances of oncogenic mutations in sarcomas include gain of function

3 http://www.sarkom.no/uploads/Arsrapport2013-2015.pdf
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mutations in PIK3CA and loss of function mutations in TSC1/TSC2 and INI1 tumour
suppressor genes (33, 34). Gene amplification events encompasses ~15% of this
group, and the prime instances of genes involved in these events are murine double
minute gene (MDMZ) and cyclin-dependent kinase 4 (CDK4) with function in the
regulation cell cycle [Reviewed in (32, 35)].

The second group is characterized by aneuploid karyotypes with complex structural
defects with several rearrangements, deletions, and duplication. Sarcomas such as
leiomyosarcoma (LMS), osteosarcoma and undifferentiated spindle/pleomorphic
sarcoma are categorized in this group. The subtypes within this category do not
manifest determinant alternations. However, presence of multiple amplifications in
combination with several deletions in chromosomes that results in inactivation of
tumour suppressor genes such as RB1, TP53, and PTEN has been demonstrated (34,
36).

Critical function of TP53 and RB1 in regulation of the G1/S transition during the cell
cycle and initiation of the DNA damage-mediated responses that results to activation of
repair mechanisms and/or apoptosis has been demonstrated, and is thought to be one
of the major cause of various genetic alternation observed in this group. The non-
homologous end-joining DNA repair pathway has also been demonstrated to play a

role in development of sarcomas with complex karyotype(32).

Concordant with many other cancer types, constitutive and/or perturbed activation of
essential growth factor signal transduction pathways such as PI3K/AKT and
MAPK/ERK, and mammalian target of rapamycin (mTOR) have been also
demonstrated in many sarcomas. In this respect, the structural changes of receptor
tyrosine kinases (RTKSs), including IGF-1R, C-KIT, C-MET, VEGFR-A, and FGFR, have
been demonstrated to play a major role in the pathogenesis and progression of many

sarcomas by contributing to cellular transformation (32, 37, 38).
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1.2.2.Soft Tissue sarcoma

The World Health Organization has classified at least 50 distinct STS subtypes, based
on their histological and morphological appearances [reviewed in (32, 39)]. STS
tumours are most common in the muscles, cartilage, nerves, fat, and blood vessels.
Lower and upper extremities together are the most common anatomic parts affected
by STS. Retroperitoneal and visceral are another major sites influenced by STS (Figure
6) [reviewed in (39)]. The most common histologic subtypes of adolescent STS are as
follow; undifferentiated spindle/pleomorphic sarcoma (UPS); liposarcoma;
leiomyosarcoma (LMS); synovial sarcoma (SS); malignant peripheral nerve sheath
tumour (MPNST); rhabdomyosarcoma (RMS), within which undifferentiated sarcomas
and liposarcoma accounts for up to 45 % of all STS. In childhood STS,
rhabdomyosarcoma, neuroblastoma, and the Ewing family are most common STS

[reviewed in (39)].
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Figure6. Anatomic sites and tissues that soft-tissue sarcomas frequently occur are illustrated.
Adapted from www.cancer.gov

Available guidelines in the management of STS vary in the criteria for assigning the
tumours’ grade and stage in STS. However, in assigning a grade score to a tumour the
primacy of parameters such as necrosis, tumour differentiation, and mitotic activity are
commonly emphasized. Moreover, metastasis at the time of diagnosis, tumour size,
grade and location are poor prognostic determinants. Almost 75 % of soft tissue
sarcomas are highly malignant [reviewed in (39)]. After treatment 11 % to 14 % of STS
relapse locally, while 18% to 50% develop metastases [reviewed in (40, 41)]. The
increased frequency of distant metastases and tumour size in high-grade STS has

shown to strongly correlate. The most relapses are proposed to occur within five years.
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The median time of 12 to 18 months for local recurrence and 12 months for distant
recurrences has been demonstrated. The five-year survival rate in the range of 44 % to
91% for localized sarcomas and approximately 50% in patients with metastasis, with
differences inferring from histology, grade of malignancy, and tumour size of the
disease have been indicated [reviewed in (31, 40)]. Noteworthy, metastasis is the
indicative of survival in patients with STS, and despite detection an elimination of
metastasis, only a few patients may reveal prolonged remission. Given information on
the lower survival rate in metastatic, high-grade sarcomas after diagnosis of
metastases underpins the importance of early detection of recurrence as a pivotal

criteria in the survival of the patients [reviewed in (40, 42)].
1.2.3. Current therapies and limitations in soft-tissue sarcomas

Accurate diagnosis of sarcomas is challenging, given their rarity and wide histological
diversity [reviewed in (39)]. Although incremental developments in patient
management guidelines and technological advances have resulted in better outcome of
patients with sarcomas, early diagnosis is still an unmet issue.

To date, a multimodal protocol composed of complete surgical excision of tumour
liaison in combination with adjuvant and neoadjuvant radiation and chemotherapy,
based on tumour size, location, and aggressiveness is widely used therapeutic modality
[reviewed in (39, 42)]. Nevertheless, it has been estimated that half of treated STS
patients develop recurrence [reviewed in (40)]. This highlights the primacy of accurate
diagnosis in determining the prognosis of the STS, particularly risk of metastasis

[reviewed in (40, 41)].

Pre- and postoperative radiation and/or chemotherapy have been demonstrated useful
to avoid local recurrence and reducing the risk of developing systemic metastasis after
complete excision of tumour lesions. These goals have been achieved in specific
tumour types such as Ewing sarcoma and rhabdomyosarcoma, however, the efficacy of
these agents are still a matter of debate in many subtypes [reviewed in (41-43)]. Of
note, it is widely accepted that among exogenous agents, ionizing radiation has been
reported as the most common risk factor for development of often high-grade tumour
with poor prognosis (44). Particularly, evident increased risk of both childhood bone

and soft-tissue sarcomas after exposure to high-dose of radiation has been observed
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(44, 45). Furthermore, resistance to radiation- and chemotherapy-induced cell death
often occurs in cancer cells, including sarcomas (46, 47). Current surveillance
strategies mostly relay on imaging methods, which lack optimal sensitivity to identify
local recurrence after treatment [reviewed in (39)]. Delay in diagnosis greatly affects
the outcome of patients with STS, therefore preventing and/or early identification of
metastasis are cornerstone of sarcoma management [reviewed in (32, 38)].
Uncontrolled microscopic and/or systemic microscopic diseases are the major risk to

life of sarcoma patients [reviewed in (40)].

If the cancer progress, due to latency in diagnosis, conventional treatment of choice for
advanced STS, excluding GIST, is monotherapy by an anthracycline, mainly
doxorubicin, or in combination with ifosfamide (48). However, administration of
current chemotherapeutic treatments in unresectable metastatic STS has rather
palliative intent (49, 50). Preoperative chemotherapy theoretically has several
advantages on some specific histological subset of localized sarcoma tumours, however
the impact of adjuvant chemotherapy on overall survival of patients with high-grade

soft-tissue sarcomas is still unclear [reviewed in (42, 51)].
1.2.4. Targeted molecular therapy

There is a need of more cancer-specific therapies for non-responsive cancers. A precise
classification of patients based on the molecular characteristics of cancer may result in
optimal drug efficacy and usage, consequently making it possible to decrease drug
cytotoxicity on non-responsive patients. To address the concern of individualized
treatment strategies, the emerging field of personalized medicine (PM), a joint effort of
medicine, biology, genetics, and computer sciences has been introduced. The current
description of PM by the National Institutes of Health is “the science of individualized
prevention and therapy” (52). With the fundamental concept of “one size does not fit
all”, PM is attempting to translate tangible discoveries of cancer genomics to the

“beside”.

The immediate goal of PM is to optimally customize preventive measures and
therapeutic approaches, utilizing the individual’s clinical, genetic and genomic

information while patients are still in the earlier stages of the disease (6, 52). Attempts
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in the field of PM have considerably shortened the timeline between the discovery of

disease-causing mutation and the development of effective drugs (53).

Considering sarcoma, efforts within investigation of novel systemic treatments against
specific molecular targets have led to deeper insight of STS pathogenesis and brought
new benefits for patients suffering from the cancer. With the growing amount of
information about fundamental underlying molecular mechanisms with critical
function in pathogenesis of sarcomas, targeted drugs have been developed to
specifically target underlying deterrent mutations, whereas in the conventional
treatment many subtypes were given unspecific treatment regardless of molecular
aberrations in each patient. In STS much of the attempts in treatment of STS are
particularly focused on tyrosine kinase inhibitors (TKIs) (Figure 7), due to few known

causative oncogenic mutations described above (54).
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Figure7. The mechanism of action in the targeted therapeutics versus classical anticancer drugs is
shown. Targeted drugs are designed specifically based on the underlying cancer driver mutation
not tumours’ subtypes, in contrast to non-specific drugs that underlying molecular mechanisms of
individual tumours are not considered. Adapted from Borden et al, Clin Cancer Res. 2003
Jun;9(6):1941-56

The TKI imatinib mesylate is considered the first-line treatment for advanced or
metastatic gastrointestinal stromal tumour (GIST) bearing mutation in exon 11 of c-
KIT, which alone accounts for approximately 70 % of cases, with response rate of more
than 60%. Another frequently mutated exon in GIST tumours has also been discovered
in exon 9 and 13 of ¢-KIT and PDGFRA, which both are cell surface tyrosine kinase

receptors. Imatinib has also been suggested to be effective in targeting fusion gene
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caused by a translocation between COL1A1 and PDGFB in dermatofibrosarcoma
protuberans (DFSP) and the related giant-cell fibrosarcoma. Classification of this kind,
based on the underling driver mutation, has led to utilization of other targeted drugs in
patients who were predicted to not respond to the imatinib. Prime example of this
classification is development of another targeted drug, sunitinib malate, which now is a
second-treatment option for a fraction of GIST patients with mutated c-KIT but not
responsive to imatinib, and also another subset of advanced GIST patients, bearing
mutation in PDGFRA gene (55-58). Another example of benefit of targeted drugs
developed for STS is a multi-targeted TKI, pazopanib, which has been developed for a
particular metastatic subtype of STS patients who failed to response to standard

chemotherapy (59).

The information given above were just few examples of the benefits of targeted
therapeutics that can be designed with more specificity and less cytotoxicity as the
underlying molecular mechanisms that contributed to the development and

progression of cancers become more and more uncovered (53, 60).

1.3. New strategies in the management of cancer patients

1.3.1. The introduction of sequencing technologies

The Human Genome Project (HGP) was a 13-year-long project that successfully
completed in 2003 at the cost of approximately US$3 billion. With the advantage of
utilizing the very first sequencing method introduced by Sanger in 1977, HGP was able
to reveal the first sequence of human DNA, which laid the foundation for genomic

research (22, 61, 62).

With further revolutionary advances of sequencing technology over the past decade
and introduction of next-generation sequencing (NGS), faster, less expensive, more
accurate sequencing of genome and production of enormous amounts of data (Figure

8) are feasible. Using sequencing technologies, analysing of whole-genomes (WGS),
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whole-exome (WES), gene panels (targeted resequencing), complete RNA
transcriptomes, and chromatin map (ChIP-seq) has been made possible. In the light of
these technologies, today a whole human genome can be sequenced at the cost of

US$1000 and in less than 24 hours.

Evolution of sequencing costs
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Figure8. Drop-down cost of sequencing per Mb as the sequencing technologies develop is
represented. Price has been dramatically declined over past 5 years, concurrent with the
introduction of new sequencing technologies. Adapted from Morey et al, Mol Genet Metab. 2013
Sep-Oct;110(1-2):3-24

With the benefit of sequencing technology, various databases of human genomes have
been created. Wealth of data by projects such as The Cancer Genome Atlas (TCGA)
4with the aim of identification of the key genomic changes in 50 major types and
subtypes of cancer, and HapMap5, which aims to determine the common patterns of
DNA sequence variation in the human genome has been created. This provides
powerful tools to enhance our understanding of genome-related health and disease
issues. Recent advances in the field of genomic have raised the insight about the cancer
genome and underlying aberrations in various cancers, and resulted in successful

implementation of sequencing technologies for diagnosis and prognosis purposes (63-

4 http://cancergenome.nih.gov
5 https://hapmap.ncbi.nlm.nih.gov
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70). In this respect, nowadays many studies on different aspects of cancers biology

utilize sequencing-based strategies to interrogate cancer genomes.
1.3.2.Cancer genome analysis with next-generation sequencing

Two broad categories of “targeted” and “untargeted” approaches have been defined.
The untargeted approaches such as WGS and WES interrogate all or a relatively large
proportion of genome, whereas a more defined region of the genome like a set of genes
is the central focus in targeted approaches Prominent advantage of WGS is its
capability to characterize all variant types, specifically structural rearrangements. WES
strategy provide higher sensitivity in comparison to for analysis of somatic
alternations, such as point mutations and small indels in exonic regions of the genes

[reviewed in (22)].

In cancer research, capabilities of targeted NGS strategies have gained traction,
particularly due to the advantages over untargeted approaches such as cost per run,
specificity and relatively easier data analysis [reviewed in (22)]. In this regard, a panel
of frequently mutated genes in cancer will be focus of investigation. Decision on
selection of genes can be made upon wealth of cancer genomic datasets available such
as TCGA International Cancer Genome Consortium®, and Catalogue Of Somatic
Mutations In Cancer’. Potential advantages of targeted resequencing approaches have

been recapitulated in Table 1.

6 ICGC; https://dcc.icgc.org
7 COSMIC; http://cancer.sanger.ac.uk
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Table 1. Advantages and disadvantages of targeted resequencing strategy are represented.

Description

Advantages

Disadvantages

in a specific set of genes

Usually  cheaper than
exome or genome
sequencing, but this
depends on the size of the
gene panel

Focussed on particular

incidental findings, since

Targeted regions of interest and so ]

resequencing Determines the somatic dat?l interpretation  is POES .not prO\.nde
trat aberrations of nce |-casier information on regions
strategy errations of seque No concern regarding | outside of the gene

panel

only the regions of
interest are sequenced

Can customize the panel to
capture problematic
regions that are difficult to
sequence using exome or
genome strategies

The common main feature of all NGS platforms is their ability of massively parallel
sequence several samples at the same time. To achieve this purpose, libraries of DNA
material prior to sequencing must be generated. Several methods have been
introduced for this purpose, though they differ in several parameters such as required
initial input of DNA material, processing time, and other metrics, depending on
downstream procedures (61, 71). Regardless of technology, there are several common
steps in this workflow i.e. fragmentation, end-repair, adapters ligation, and in case of

targeted approach enrichment of regions of interest, in chronological order (72).

The library preparation procedure for genomic DNA usually starts with fragmentation
of DNA to a target size, which varies by the goals of experiments and depending on the
platform used. Fragmentation performs by mechanical or chemical methods.
Fragmentation yields randomly sheared fragments with a normal size distribution
pattern around the target size. The next steps in the line, is to repair the ends of
randomly fragmented DNA. During this step, fragments become blunt-ended and 5’-
phosphorylated by dedicated polymerases and kinases. Consequently, a poly A
overhang (3’- dA overhang) will be built upon 3’-ends, which allows for ligation of

paired-end adapters (61).

If next-generation sequencing of only specific set of genes or whole-exom is demanded,

enrichment of genomic region(s) of interest is required. Various strategies for this
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purpose are commercially available, e.g. PCR-based approaches and capture-based
approach that each comes with advantages and weak points (71) that has been

discussed later.

The sequencing procedure for Illumina (Illumina Inc., CA, USA) HiSeq platform has
been typified, since this platform has been used in this project. The Sequencing-By-
Synthesis (SBS) technology has been utilized in the Hiseq platforms that uses four
fluorescently labeled deoxynucleoside triphosphates i.e. ddATP, ddGTP, ddCTP and
ddTTP, blocked at their 3'-OH. Upon incorporation into the newly synthesized DNA
molecule, emitted fluorescent signal as result of liberation of florescent dyes from each
dNTPs will be detected [reviewed in (73)]. It is also possible to “index” fragments prior
to sequencing, which allows samples to be pooled and sequenced in parallel. During
sequencing, emission wavelength along with the signal intensity determines base call
quality. A quality score (Q-score), ranging from Q10 to Q40 as highest score, is the
prediction of probability of incidental base incorporation during sequencing. A high
quality score implies that a base call is more reliable and less likely to be incorrect

[reviewed in (73)].

1.4. Exploiting biomarkers for dignostic and prognosis in

cancer care

The term biomarker, a portmanteau of “biological marker” was first described by
Hulka et al. in 1990 as “cellular, biochemical or molecular alterations that are
measurable in biological media such as human tissues, cells, or fluids”(74). In 2001, the
National Institutes of Health Biomarkers Definitions Working Group defined a
biomarker as “a characteristic that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention.” (75) Clinical significance of biomarkers is
attributed to their relevance and validity characteristics (76). Currently, circulating
tumour cells (CTCs), circulating tumour DNA (ctDNA), exosome microvesicles (EMVs)
and microRNA (miRNA) are all available alternative, alongside protein markers (Figure
9)[reviewed in (77-80)]. Herein, cfDNA as a promising and rapidly advancing

biomarker will be of central focus, due to its relevance to the scope of present study.
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However, applications of cfDNA in comparison to CTCs and miRNAs as potential

biomarkers will be further discussed.
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Figure 9 An overview of detectable biomarkers in the circulation and their potential applications
are shown. Adapted from Diaz et al, ] Clin Oncol. 2014 Feb 20,32(6):579-86.

1.4.1.cfDNA as potential clinical biomarker
1.4.1.1. Biology of cfDNA

Circulating cell-free nucleic acid (cfDNA) in the blood of healthy individuals was first
identified by Mandel and Métais in 1948 (81). The cfDNA is present in plasma, serum,
urine and other bodily fluids from both healthy and individuals with disease [reviewed
in (80, 82)]. Both genomic DNA (gDNA) and mitochondrial DNA (mtDNA), attached to

nucleoprotein complexes, contribute to the overall concentration of cfDNA (83, 84).

The half-life in range from 15 minutes to several hours in circulation for cfDNA has
been reported [reviewed in (80)]. Several mechanisms have been demonstrated to
contribute to the levels of cfDNA in plasma, however apoptosis and necrosis are
considered to be the two main mechanisms, contributing to the release of cfDNA into
blood circulation (Figure 10). While apoptosis, of mostly hematopoietic lineage cells,
contributes to cfDNA in the plasma of healthy individuals, occurrence of both
mechanisms simultaneously in the tumour microenvironment has been considered to

contribute to the total cfDNA concentration in cancer patients (83, 84).
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Figure 10. Cellular mechanisms that contribute to the total concentration of circulating cell-free
DNA in the blood are shown. Every cell in the body undergoes these mechanisms, including cancer
cells; therefore their DNA is released to the circulation.

Each of these mechanisms produces fragments of various sizes, ranging between small
fragments of 70 to 200 bp, up to large fragments of approximately 21Kb (63, 83, 84).
However, fragments at approximation of 180bp to 200bp are frequent, which
corresponds to the size of nucleosome-bound DNA and mostly resemble the

characteristic of apoptotic cell death (83).

The tumour-derived fraction of cfDNA (ctDNA) range from <0.1% up to 93% of total
cfDNA molecules in plasma, which putatively depends on multi variables [reviewed in
(80, 85)]. Several studies have demonstrated that the level of cfDNA in serum is higher
than in compared matched plasma samples. However, this phenomenon has been
ascribed to clotting of nucleated blood cells consequent to venepuncture, therefor it
has been reasoned that the cfDNA is more contaminated with gDNA in comparison to

purified cfDNA from plasma [reviewed in (86, 87)].
1.4.1.2. Clinical application of cfDNA

Increased concentration of cfDNA under abnormal pathological situations like cancer,

stroke, myocardial infraction, autoimmune disease, intensive exercise and infections, in
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comparison to normal pathological condition has been demonstrated. Presence of
circulating foetal DNA in maternal plasma and serum has been also detected [reviewed
in (88)]. Elevated total concentration of cfDNA in cancer status has been described to
correlate with cancer type, stage and tumour burden, vascularity, and cellular turnover
[reviewed in (80, 82)]. However, there has been no consensus on possible correlation
between total cfDNA concentration (63) and tumour location and size [reviewed in
(86)], and overall concentration of cfDNA between individuals in similar condition has
been demonstrated to vary, considerably. For various cancer types, an average
concentration of 180 ng/ml for circulating free DNA in plasma have been observed,
whereas in healthy individual the mean concentration of 13 ng/ml has been reported
[reviewed in (83)]. In this regards, initial efforts of studies on clinical utility of cfDNA,
which was directed towards simple quantitative evaluation of cfDNA concentration in

the circulation were inconsistence and sometimes contradictory [reviewed in (86-88)].

More recently, qualitative changes of cfDNA have been considered the most clinically
important aspect of cfDNA analysis. The evidence of existence of tumour-specific
oncogenic mutations of N-RAS and K-RAS in cfDNA has been reported from studies
conducted as early as in 1994. Tumour genotyping with the purpose of identifying
actionable mutations, such as NRAS, EGFR, BRAF, PIK3CA, KRAS, and KIT across various
cancer types is the most immediate application of cfDNA analysis that can lead to the
use of available therapeutic in cancer patients, harbouring similar oncogenic mutations
[reviewed in (53, 85, 89)]. In addition, tumour-specific changes have been been
demonstrated as a promising applications of cfDNA in early detection of tumour
recurrence after surgery or treatment with curative intent (Figure 11). In this regard,
investigation of detectable tumour-specific alternations in cfDNA has been suggested
to inform about minimal residual disease and/or emergence of acquired resistance in
refractory cancers [reviewed in (85, 89)]. Ever increasing evidence on the presence of
tumour-specific alternations in cfDNA of cancer patients has encouraged the use of
NGS strategies to interrogate variety of genetic and epigenetic aberrations in several
malignancies in breast (90) and lung (91, 92), ovarian (93, 94) and few sporadic
studies in other cancer types. These studies demonstrate that by analysing of cfDNA
detection of tumour specific alternations with high sensitivity is feasible [reviewed in

(85, 89, 95)]. Overall, analysis of cfDNA is a minimally invasive strategy that may guide
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the course of therapy much faster and accurate than conventional diagnostic strategies,
based on the molecular profile of cancer, which subsequently can also eliminate

hazardous side effects of therapeutics on non-responsive patients [reviewed in (85, 89,
95, 96).
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Figure 11. Potential clinical application of tumour-derived cfDNA in cancer is shown. In this

illustration clinical scenarios following A) a surgical excision and B) a course of treatment are

demonstrated. Part (a) illustrate that by monitoring of one or few tumour-specific mutations in the

ctDNA the recurrence of the cancer can be rapidly detected. part (b), by genotyping tumour specific

mutations emergence of new mutations that play a role in the resistance can be uncovered.
Adapted from Crowley et al, Nat Rev Clin Oncol. 2013 Aug;10(8):472-84

Finally, It has been postulated that early detection of individuals at high risk of cancer,
due to known inherited genetic risk factors, by serial monitoring of cfDNA is feasible

[reviewed in (95)], however, extremely low level of cfDNA in healthy individual should

be considered.
1.4.2.Introduction of liquid biopsy strategy

To overcome limitations posed by tissue biopsy in accurate and dynamic diagnosis and
prognosis of malignancies concept of liquid biopsy has been developed. Advances in
the field of genomics have paved the way for new methods to foster diagnostic,
predictive and prognostic procedures. Emerging field of liquid biopsy offers

advantages in early diagnosis, prognosis, and non-invasive monitoring of diseases at a
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sensitive and dynamic fashion over conventional tissue biopsy approaches. For these
purposes, liquid biopsy exploits information from enumerated biomarkers found in the

circulation [reviewed in (85, 89, 92)]

Liquid biopsies have so far been able to tackle some of the current limitations that
tissue sampling was unable to assists with. First, it allows serial biopsies of patients
during the course of their disease, resulting in real-time monitoring of patients, at the
cost of a blood draw. Second, in contrast to tissue biopsy that is limited both spatially
and temporally, liquid biopsies have been able to delineate intra- and inter-tumour

heterogeneity during the tumour development [reviewed in (85, 89)].

Both features underlined above are important benefits of liquid biopsies that can
address concerns regarding tumour heterogeneity, where its particular subsequent
implication is to guide clinical decision making and faster treatment initiate based on

cancer genomic profile [reviewed in (85, 89)]

Another challenge in the management of cancer patient is posed by the lack of
adequate sensitivity for detection of deep-tumour recurrence, common feature of
sarcomas tumours, and micro-metastases in current imaging methods. Notably in
sarcomas, radiations have been strongly associated with the elevated risk of cancer
development (31, 45). Growing body of evidence has demonstrated that, for instance,
small traces of cfDNA in the plasma harbouring tumour-specific mutations, can be
detected by liquid biopsy approach, allowing for sensitive disease burden screening

and recurrence detection (63,97, 98) [reviewed in(95)].

Applications of liquid biopsies have been recapitulated in the Table 2 [reviewed in (95,
99)]. Despite the future promises, several issues that need to be addressed before the

implementation of liquid biopsies in the clinical setting.
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Table 2. Application of liquid biopsy in the clinical practice has been summarized.

Approach Application

Diagnostic | Early detection

Monitoring of minimal residual disease

Predictive | Evaluation of molecular heterogeneity

Monitoring of tumor dynamics

Identification of genetic determinants for targeted therapy
Treatment response assessment

Real-time investigation of tumour evolution

Prognostic | Evaluation of risk of relapse

Evaluation of changes in tumor burden

1.5. Project background

The prospective study Circulating DNA in Sarcoma (CircSarc), has initiated the
evaluation of the clinical impact of ctDNA as a biomarker for disease monitoring in STS
patients. The prospective CircSarc study is a joint effort between surgeons, molecular
biologists, pathologists, and bioinformaticians. The goal of the study is to recruit 30
patients. Patient material is collected at Oslo and Haukeland University Hospitals. For
each patient, tumour material is being collected at the time of surgery, as well as EDTA
blood samples before and after surgery, before and after each treatment cycle and at

each routine control for five years or to death.

The immediate aim of this study is to evaluate the utility of liquid biopsies to monitor
tumour burden by targeted resequencing. Use of liquid biopsies can be used for early
detection of ctDNA and thus identify patients that have developed relapse or metastatic
disease before this can be detected by standard clinical methods, which increases the
possibility of an early intervention. Identification of new mutations in the ctDNA or
changes in the frequency of the initial tumour mutations may give information on
mutations possibly involved in drug resistance mechanisms. Moreover, analysis of
sequencing dataset may reveal the new therapeutic targets that have been previously
found in other cancer types. This provides the opportunity to implement FDA-
approved drugs designed for those cancers in STS patients, a concept known as “drug

repositioning”.
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1.6. Aims of the study

The project described in this thesis is a part of the prospective study “Circulating DNA
in Sarcoma” (CircSarc). CircSarc will evaluate the clinical impact of ctDNA as a
biomarker for disease monitoring in STS patients. The immediate aim of this study is to
evaluate the utility of plasma cfDNA to monitor tumour burden by targeted
resequencing to identify recurrent tumours prior to clinical manifestation of the
disease, which increases the possibility of early medical interventions in patients who
are at risk of developing relapse or metastatic disease. The second goal of this study is
to underpin patients who may benefit from neo-adjuvant and adjuvant chemotherapy
based on the concentration of tumour-derived mutations in the plasma. In addition, as
a result of blood-based real time monitoring of patients it might also be possible to
separate patients with refractory cancer who may benefit from other therapeutic

modules.

The work described in this master project is part of CircSarc study, and the overall aim
is to evaluate the clinical impact of cfDNA in STS. More specifically, the detection of
tumour-specific mutations in plasma cfDNA will be evaluated, and how well the cfDNA
represent the mutational profile of the primary tumour. This will be done by
identifying somatic mutations in primary STS tumours, establishing methods for

sequencing of cfDNA, and identifying somatic mutations in cfDNA.
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2.Material and methods

2.1. Patients

All clinical specimens including blood, tumour, and plasma samples were obtained
from the patients recruited into the CircSarc or NoSarc studies. Both projects have
been approved by the Regional Ethical Committee for Southern Norway (S-06133).
Informed, written consent was obtained from patients before enrolment into the
studies. The patients eligible to the study were above 18 years of age, had high-grade
malignant soft tissue sarcoma in extremities and trunk wall, and had tumours that
could be operated with wide or marginal surgical margins. Patients with MPNST,
conditions associated with a risk of poor protocol compliance, patients that had
received preoperative treatment (chemotherapy or radiation), and patients that had
other cancers during the past three years before commencement of study were

excluded from the study.

2.2. Tumour materials

Collected tumour tissues were collected and fresh frozen at -80°C immediately after
surgery. For each patient, the tumour piece was divided into 3 parts, and labelled A to C
consecutively. Both parts A and C represented ends of the tumour piece, meanwhile B
the middle. Part B was used for DNA extraction. From the junction of part B, part A and
C were sectioned (4 pm) on a cryostat (Leica CM1950; Leica Microsystems Ltd,
Wetzlar, Germany). Slides were stained with Haematoxylin and Eosin (H&E) and
examined by a pathologist to confirm the presence of cancerous cells in the tumour

piece.

Haematoxylin and Eosin (H&E staining was prepared as followed: Tumour slides were
submerged in 4 % formalin for 4 min followed by rinsing in water. Then, slides were
stained in Haematoxylin for 3 min, which colours nuclei into a deep blue-purple colour.
Slides were rinsed in running water and immersed into ammonia solution for 10 s, and
submerged in water for 4 min. Counterstaining of the slides, to achieve full cellular

detail, were performed by submerging slides into Eosin for 1 min, which colours
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eosinophilic structures in various shades of red or pink. Eosin-stained slides were
dehydrated through consecutive steps in a serial dilution of ethanol, starting from 76
% up to 100 %. The slides were then mounted and examined by a sarcomas

pathologist.
2.3. Normal blood and plasma materials

In the CircSarc study, blood samples were collected 1 day before surgery, 3 days after
surgery and each time the patients came for routine control, approximately every 3
months. In addition, sample collection was carried out before and after administration
of therapy, i.e. radiation or neo- adjacent chemotherapy (Figure 12). For this thesis
project, only blood samples collected before surgery were used. The blood samples
were collected in EDTA tubes (BD Vacutainer, USA) and processed within 2 hours from
venepuncture to minimise contamination as a result of nucleated blood cells lysis. Of
note, four of the plasma samples used in this study were collected under the NoSarc
project protocol in which blood samples were collected in K3EDTA tubes (Streck Inc.,
Omaha, NE, USA) and processed within 24 hours after venepuncture. The collected
samples were subjected to room temperature centrifugation at 820 x g for 10 min
(fixed angle rotor), and the plasma layer was carefully transferred into new tubes
without disturbing the buffy coat layer. The samples were then re-centrifuged at
10,000 x g for 10 min to pellet any possible cell debris and high molecular weight DNA
attached to cell membranes. Then plasma was transferred into 2 mL collection tube
(Qiagen), leaving behind 0.5 mL of supernatant to avoid possible carryover of residual
cell debris. Processed plasma samples were stored at -80 °C until DNA was extracted.
The buffy coat layer from the first centrifugation at 820 x g, representing normal cells,
was frozen at -80 °C.

Surgery

f‘_ﬂbb‘bdbb““‘ué ¢ o6

T

Before & after surgery Every 3rd month for 3 years+ before/after treatment Every 6th month up to 5 years after surgery

Figure 12. Representative timeline of sample collection for each patient in CircSarc study is shown.
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2.4. Isolation of DNA

2.4.1.Isolation of tumour DNA

DNA from fresh frozen tumour material was isolated using the TissueLyser LT (Qiagen,
Hilden, Germany) and the Wizard Genomic DNA Purification Kit (Promega, Wisconsin,

US) according to the manufacturer's protocol.

Twenty-five mg of frozen tumour material was added to nuclei Lysis solution provided
in the Wizard Genomic DNA Purification Kit, and pre-cold 5 mm stainless steel beads
were added. The tube with DNA and beads was inserted into a TissueLyser LT shaker,
and shacked for 40 s at 30 Hz. The homogenized tumour tissue solution was treated
with Proteinase K (Promega, Madison, WI) and incubated at 55 °C for 3 hours with
gentle shaking. Further steps included RNase treatment and isopropanol ethanol

precipitation as described in the provided protocol.
2.4.2.Isolation of normal and circulating cell-free DNA

DNA purification from up to 1mL of buffy coat from EDTA blood was performed using
QIAamp DNA Blood Midi Spin protocol (Qiagen), according to manufacturer’s

instruction. The isolated DNA was then stored at 4 °C.

Circulating cell-free nucleic acids in biological fluids are commonly attached to proteins
or engulfed in vesicles; therefore an efficient lysis procedure to release and purify them
is necessary. Purification of cfDNA from up to 2 ml of plasma was performed under
highly denaturing conditions using QIAamp Circulating Nucleic Acid assay (Qiagen),
according to manufacturer’s instruction. In brief, the procedure comprises 4 steps
(lyse, bind, wash, elute) and is carried out using QIAamp Mini columns on a vacuum
manifold. After thawing, the plasma was re-centrifuged at 16,000 x g for 5 min, and the
supernatant, leaving 50 pL in the tube, was transferred to a new tube and incubated
with lysis buffer and proteinase K, ensuring inactivation of DNases/RNases and

complete release of nucleic acids from other macro-molecules, i.e. proteins and lipids.
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In addition, carrier RNA was added to enhance binding of circulating DNA to the
QIAamp Mini membrane. The cfDNA was eluted with 25 pL of buffer AVE, and stored at
-20°C.

2.5. DNA quantification and quality control

The purity of tumour and normal genomic DNA were measured with NanoDrop 2000
spectrophotometer (Thermo Scientific, MA, USA). The purity of isolated DNA was
determined by ratios of absorbance at A260/280 nm and A230/260 nm on the
spectrophotometer. Ratio values of approximately 1.8, and 2.0 - 2.2 are accepted for
pure nucleic acid, respectively. Considerable deviations from these values indicate the
presence of protein or other contaminants that absorb strongly at or near these

wavelengths.

Despite widely accepted utility of this method for quality measures, quantitative
measure by spectrophotometry lacks specificity, since it measures both single stranded
DNA (ssDNA), double stranded DNA (dsDNA), and RNA contaminations in the reaction.
Accurate concentration measurement, which is crucial for the downstream library
preparation procedure, was carried out by Qubit BR dsDNA assay kit (Life
Technologies, CA, USA), according to manufacturer’s instruction. Qubit fluorometer
detects emitted fluorescent signals from binding of dye molecules to dsDNA in the

reaction.
2.6. Next generation sequencing library preparation

DNA Fragmentation

Fragmentation was performed with Covaris S2 Ultrasonicator (Covaris, MA, USA) with
the following setting: Duty Cycle 10%, Intensity 5, Cycles per burst 200, and Time 6
cycle of 60 seconds each, 4 °C temperature. The Covaris utilizes Adaptive Focused
Acoustics technology to produce controllable cavitation by acoustic stream to
mechanically shear the aqueous DNA sample. This method is highly predictable and
reproducible in terms of output fragment size distribution, and effectively minimizes

GC bias and avoids thermal damages. The fragment size has a profound impact on the

35



outcome of a target-enrichment experiment, with shorter fragments constantly being
captured with higher specificity than longer ones, indicating that longer fragments
probably contain a higher proportion of off-target sequence. Furthermore, longer

fragments may have a higher potential for cross-hybridization.

A volume of 50 pL containing approximately 1,500 ng normal and/or tumour dsDNA
was separately transferred to Snap-Cap microTUBE (Covaris) provided by
manufacturer. Fragmentation setting was adjusted to recommend value provided with
instrument for the target size of 150 bp to 200 bp DNA fragments. Of note, the

fragmentation part was skipped in cfDNA library procedure.

Size selection and sample clean-up with paramagnetic beads

In the predefined polyethylene glycol (PEG) and salt concentration, ssDNA and dsDNA
in the range of >100 bp up to 10kb can be reversibly captured with carboxyl-coated
paramagnetic beads and separated from unwanted DNA fragments and substances in
the sample reaction such as primers, dNTPs and adapter dimers that may influence
steps in the downstream workflow (Figure 13). During the library preparation, clean-
up steps following fragmentation of genomic/tumour DNA and PCR amplification were
performed using Agencourt AMPure XP beads (Beckman Coulter Inc., CA, USA). To
capture fragments size >100 bp, 50 pL of sample reaction, containing sheared DNA was
added to 90 pL (1:1.8 ratio) of room temperatured homogeneous AMPure XP beads,
followed by 2 wash steps with freshly prepared ethanol, according to manufacturer’s
protocol. PCR clean-up step using AMPure beads using the same protocol was carried

out for each sample, following the provided protocol by the manufacturer.

{) Ampure XP () Binding Separation Ethanol Wash Elution Buffer ~ Transfer
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Figure 13. AMPure XP beads clean-up process is shown. Picture acquired from Beckman Coulter
Inc, 1) Sample volume containing different fragment sizes, 2) Binding of DNA fragments to
magnetic beads proportional to volume of beads, 3) Size selection and separation of fragments
bound to magnetic beads, 4) Washing with Ethanol to discard other fragment size in reaction, 5)
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Elution of bound DNA fragments from the magnetic particles, 6) Transfer elution away from the
beads into a new tubes.

2.6.1.Normal and tumour DNA library construction

Sequencing libraries from tumour and normal DNA samples were generated by the
SureSelectXT Target Enrichment System for Illumina Paired-End Sequencing Library
protocol (G7530-90000). For each sample, an individual indexed library was prepared.
The main steps of the workflow were as follow; 1) library preparation, 2) hybridization
and capture, 3) library indexing for multiplexed sequencing, each including different
enzymatic steps. Detailed description is available in manufacturer’s protocol. An
overview of the steps in library preparation workflow is shown in the figurative

depiction (Figure 14).

SureSelect XT

NGS Target Enrichment Genomic DNA samples
(3 1g OR 200 ng DNA per sample)
Workflow Shear DNA

DNA fragments of 150-200 bp
Prepare samples using
Genomic locations of interest SureSelect*T Library
Prep Kit

Design target
sequences in SureDesign

v PCR amplify
Capture Library

(SureSelect, ClearSeq or OneSeq) Prepared DNA libraries

lHybridize using SureSelect™ reagents and protocol

Adaptor-tagged DNA libraries

Capture Library/prepared DNA library hybrids
i Capture hybrids on magnetic beads

Captured libraries

l PCR amplify using indexing primers

Indexed, target-enriched library amplicons

1 Pool captured samples

! (Optional)

v

SureSelect-enriched indexed NGS samples

Figure 14. Target-enrichment library preparation workflow used for generation of sequencing
libraries is shown. Graph acquired from Agilent Technologies SureSelectXT Target Enrichment
System for Illumina Paired-End Sequencing Library protocol.
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Following DNA fragmentation to the desired length ends-repair of the DNA fragments
was carried out. The introduced 5’ overhangs, as result of fragmentation procedure of
both normal and tumour DNA molecules, were enzymatically repaired by T4 DNA
polymerase, Klenow DNA polymerase, and T4 polynucleotide kinase, provided by the
Agilent SureSelect XT Library Prep kit ILM. The samples were purified with AMPure XP
beads and subjected to 3’ ends adenylation, following manufacturer’s protocol.
Consequently, [llumina compatible Paired-end adaptors were ligated to the A-tailed
purified DNA by 6 cycles of PCR amplification, according to the manufacturer’s

protocol.

Quantity and fragment size of purified libraries were analysed with the Agilent 2200
TapeStation System on D1000 ScreenTape (Santa Clara, CA, USA) according to
manufacturer’s protocols. The Agilent 2200 TapeStation system is an automated
electrophoresis-based platform, which separates DNA and RNA molecules based on
size, and provides information on the sample size distribution and size-based
quantification. D1000 ScreenTape is designed for analysing DNA molecules within the

quantitative range of 0.1 - 50 ng/uL with size distribution between 35 and 1000 bp.

In the second step, the prepared library was subjected to hybridization and capturing.
The hybridization reaction required initial concentration of 750 ng in a volume of 3.4
uL (221ng/pL). For libraries below the desired amount, the entire library volume was
subjected to dehydration by vacuum concentrator at low heat and reconstituted with

3.4 pL of nuclease-free water.

DNA libraries were mixed with SureSelect Block Mix, RNase Block dilution and Capture
Library Hybridization Mix. The Agilent SureSelect*T Human All Exon v5 baits were used
to capture whole 50 Mb of the human exome. RNase Block mix used to avoid RNase-
induced degradation of RNA baits during sample preparation procedure. The
hybridization reactions were subjected to overnight incubation at 65 °C, according to
manufacturer’s instruction. Dynabeads® MyOne™ Streptavidin T1 magnetic beads
(Life Technologies, p/n 65602) were used to fish target regions captured on RNA baits

out from the off-target molecules in the reaction, according to manufacturer’s protocol
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(Figure 15). The utilized capture libraries were composed of biotinylated 120mer RNA

baits, with complementary sequence to the DNA libraries.

In the third step of the procedure the captured libraries were indexed with 8 bp
indexes, following 10 cycles of post-capture PCR amplification, according to the
manufacturer instruction. To quality control the indexed libraries, consequent to PCR
clean up with the AMPure XP beads libraries were analysed for the size distribution
and concentration using Agilent TapeStation on HS D1000 ScreenTape and reagent kit

(Agilent technologies).
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Figure 15. Schematic overview of the in-solution capture hybridization workflow is shown.
Dynabeads® MyOne™ Streptavidin T1 were used for capturing regions of interests, specifically
bound to RNA baits during library preparation. Image acquired from www.genomics.agilent.com

Based on the measured concentration on Agilent TapeStation on HS D1000 ScreenTape
of target fragments peak within the recommended range, 250 bp to 350 bp, tumour
and normal libraries were diluted to a centration of 4 nM. Prepared cfDNA libraries
were similarly quantified and diluted to 5 nM. Prior to pooling samples, prepared

dilutions were quantified with qPCR assay to verify the optimal molar concentration of
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amplifiable libraries as an essential prerequisite for proper cluster generations during

sequencing. The PCR assay only amplifies adapter-ligated molecules.

qPCR quantification was performed using the QPCR NGS Library Quantification
protocol (Illumina, GA). Each library was treated by the Stratagene Brilliant III Ultra-
Fast SYBR® Green QPCR Master Mix, containing a mutant Taq DNA polymerase, dNTPs,
and double-stranded DNA-binding dye SYBR Green I according to manufacturer’s
protocol. The gqPCR plate was set up in the following setting; Five 10-fold serial
dilutions of the control template in range of 10 pM down to 0.001 pM and two 10-fold
of generated libraries in duplicates were prepared. Moreover, 2 Non-Template

Controls (NTC) were included to ensure no contamination.
2.6.2.Circulating cell free DNA library preparation

The plasma-purified cfDNA were processed using ThruPLEX Plasma-seq 12S kit
(Rubicon Genomics, MI, USA). The protocol has been optimized to prepare libraries
from as low as 1 ng cfDNA. The workflow consisted of 3 consecutive steps of repair,
ligate, and amplification. To generate libraries from cfDNA, manufacturer’s instruction
was followed. Generated libraries were subjected to qPCR assay, which carried out on
7900HT Fast Real-Time PCR System (Applied Biosystems, CA, USA). The library
amplification’s master mix for RT-qPCR quantification was prepared according to the
manufacturer protocol, and contained 8 nt Sanger indexes, provided with the kit, and
20X EvaGreen dye (Cat. no. 31000-T, Biotium, CA, USA) for monitoring the
amplification of the libraries after each PCR cycles. To achieve optimal quantities and
minimize PCR duplicate rates, the amplification reaction was stopped when the linear

phase was reached, after 8 PCR cycles.

Generated libraries were quantified on Agilent TapeStation HS D5000 ScreenTape to
better resolve small the small fragment-size, and quantify the desired fragment peaks.
The schematic representation in Figure 16 shows the principles of ThruPLEX Plasma-

seq library preparation at each step.
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Figure 16. The three-step ThruPLEX Plasma-seq Technology is shown. The physical shape of
thestem-loop adapters and the blunt-end ligation efficiently avoid formation of concatemers and
primer-dimer structures. Image acquired from ThruPLEX Plasma-seq Technology protocol,
Rubicon genomics.

Downstream enrichment of exonic regions of interest accomplished by Agilent
SureSelectXT Target Enrichment system (G7530-90000), as previously described for
generation of genomic normal/tumour DNA libraries. In this respect, amplified cfDNA
fragmented using specifically designed (Agilent Inc.,) capture library for NCGC 900
genes panel with the approximate size of 3.5 Mb were captured. Guided protocol

(RDM-153-002) provided by Rubicon Genomics followed entirely.
2.7. Next-generation sequencing and data processing

All prepared libraries were sequenced at the Genomic Core Facilities at Oslo University
Hospital. The tumour sample libraries were sequenced at a mean coverage of > 200-
fold, and the matched normal libraries were sequenced at >50-fold coverage on either
HiSeq2500/4000 platforms. cfDNA libraries were sequenced on Illumina HiSeq 4000,
with the average depth of >400-fold coverage. Paired-end reads approach of 100 bp

was utilized for all sample types.
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Real-time analysis and base calling were conducted by Illumina’s software packages
HSC2.0.2/RTA1.17.21.3. De-multiplexing was performed on the raw data and low-
quality reads were filtered using Illumina CASAVA (v. 1.8.2). Consequently, sequenced
reads were analysed through a custom pipeline (Figure 17) developed by the
bioinformatics team of the Norwegian Cancer Genomics Consortium. Validated reads
were mapped to human reference genome hgl19 (build b37) with Burrows-Wheeler
Alignment tool (BWA-mem)(100). Subsequently Picard tool® was used for sample
sorting and duplicate marking. GATK® was used for two-step local realignment around
indels, with tumour-normal pair samples. Paired-end information was checked for
inconsistencies, and base-quality recalibration was performed by GATK. Somatic
variant calling on the matching paired samples was performed by MuTect (101) and
Strelka (102) callers. Using Integrative Genomics Viewer (IGV) (103), the overall
alignment of reads and read depth around the target regions, quality of mapping and

base calls, and base composition of reference sequence were visually interrogated.

8 http://broadinstittute.github.io/picard

9 https://www.broadinstitute.org/gatk
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Figure 17. The workflow of custom bioinformatics pipeline utilized for mapping, sorting, filtering

and realignment of the reads, in this project is shown.
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3.Results

3.1. Clinical features of the patients

We examined 14 STS patients from 7 distinct subtypes (male n = 9, female n = 5) (Table
4). The major subtypes in this series were myxofibrosarcoma (n=5) and
leiomyosarcoma (n=4). The mean age of the patients was 62.3 years. The presence of
cancerous cells in each tumour specimen was confirmed by pathological examination
of tumour slides, done at the Department of Pathology at Oslo University Hospital. A
tumour cell content of >90% was reported in 11 of the 14 tumour samples, and for the
remaining samples a tumour content between 50-80% was observed. The clinical

characteristics of the patients are summarised in Table 3.

Table 3. Clinical features of the patients in the study are represented.

Sample Subtype Tumour Tumour % Status Tumour Metastasis
Size (Cm)
CS01 MFS Primary >50% DOD 17 N
CS02 DDLPS Primary >90% NED 8 N
CS03 UPS Primary >90% AWD 8 N
CS04 PLPS Primary >60% NED 12 N
CS05 MFS Primary >90% NED 10 N
CS06 PEComa Primary >90% NED 11 N
CS07 MFS Primary >90% NED 9 N
CS08 MFS Primary >90% NED 36 N
CS09 LMS Primary >90% AWD 11 YES
CS10 SS Primary >90% NED 9 N
CS11 LMS Primary >90% NED 13 YES
CS12 LMS Primary >80% DOD 9 YES
CS13 LMS Primary >90% DOD 26 N
CS14 MFS Local recurrence >90% AWD 6 N

UPS: Undifferentiated pleomorphic sarcoma, DDLPS: Dedifferentiated liposarcoma, MFS:
myxofibrosarcoma, LMS: leiomyosarcoma, SS: Synovial sarcoma, PLPS: Pleomorphic liposarcoma,
PEComa: Malignant perivascular epitheliod cell tumour, AWD: Alive With Disease, NED: No
Evidence of Disease, DOD: Dead Of Disease.

3.2. Assessment of next-generation sequencing libraries

The constructed tumour/normal libraries using the Agilent SureSelectXT Human All
Exon v5, and Plasma cfDNA libraries using TruePLEX Plasma-Seq kit were analysed on
the Agilent TapeStation 2200 to examine size distribution and concentration of the

final sequencing libraries.
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An example of constructed library for genomic normal and/or tumour DNA is shown in
Figure 18, comparing the size and concentration of fragmented DNA (input material)
and the final libraries. As shown in the example electropherogram, the peaks in the
middle, indicated with b, correspond to the post-capture indexed-libraries after
amplification. Narrower distribution and escalated concentration of desired fragment
size of the input material in comparison to the broader peaks indicated with a, which
shows the size and concentration of the fragments, was observed. The constructed
libraries had a peak of DNA fragments positioned between 250 and 350bp as reference
range, as recommended in the protocol. Similarly, the size range of generated cfDNA
libraries after measurement on the TapeStation 2200, were concordance with the

manufacturer’s recommended reference size.
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Figure 18. Agilent 2200 TapeStation D1000 ScreenTape assay for one cohort of prepared tumour
libraries is shown. Peaks on either end indicate lower and upper markers. Verification of successful
library preparation procedure by shift in size distribution and increase concentration of peaks (a)
to optimal fragment size of approximately 225 to 275bp (b) was observed. The broader peaks in
the middle indicate genomic DNA after fragmentation to target size of 150-200bp.

3.3. Sequencing statistics of high-throughput sequencing
data

The whole exome of 28 tumour and normal libraries from high-grade STS patients
were sequenced paired-end 2*100 bp on an Illumina HiSeq 2500 or HiSeq 4000
instruments using TruSeq SBS Kit v3. As part of a proof-of-concept experiment, 6
corresponding plasma were targeted resequenced using the same instruments and

kits. A mean coverage of 112-fold with 80.8 % of the bases covered >50-fold for normal
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libraries was achieved. A mean coverage of 236-fold, 405-fold for the tumour and

cfDNA libraries was achieved, with 82.7 % and 97.5 % of the bases covered >100-fold,

respectively. An average PCR duplicate rate of 10 %, 12% and 50% were observed for

normal, tumour and cfDNA libraries, respectively (Table 4-5). In addition, per base

sequence quality, per sequence quality scores, per sequence GC content parameters

from FASTAQC reports were enquired.

Table 4. Table represents various sequencing metrics generated by Illumina HiSeq 2500/4000
sequencers. The samples CS01-CS07 are shown. cfDNA from these samples have not been sequenced

Sample CS01 CS02 CS03 CS04 CS05 CS06 CS07
Read Pairs (Million)

Normal 39.077 44.484 47.238 36.167 33.739 41.976 40.390
Tumour 80.128 98.100 85.952 81.870 76.527 93.894 88.892
Mean Coverage

Normal 96.13 106.65 115.57 81.73 78.39 101.25 93.58
Tumour 187.69 233.7 203.79 195.42 175.36 217.82 205.68
% of bases read >100X

Tumour 76.5 83.8 78.1 76.7 93.5 80.1 80.3
% of bases read >50X

Normal 78.6 83.6 85 71.3 70 79.9 78.5

~ PCR Duplicate %

Normal 4 6 5 11 9 8 12
Tumour 11 12 10 8 9 8 8
Table 5. The table represents various sequencing metrics generated by Illumina HiSeq 2500/4000
sequencers. The samples CS08-CS14 are shown. cfDNA from CS10 has not been sequenced.

Sample CS08 CS09 CS10 CS11 CS12 CS13 CS14
Read Pairs (Million)

Normal 34.727 37.619 36.955 60.536 131.090 76.315 27.576
Tumour 74.737 81.122 203.606 124.542 125.741 118.088 108.514
cfDNA 45.652 54.123 65.680 71.401 57.651 48.190
Mean Coverage

Normal 82.72 86.77 89.77 132.97 270.47 166.42 67.86
Tumour 159.68 193.75 440.61 286.56 283.2 272.53 241.49
cfDNA 366.94 165.52 353.92 604.33 435.72 504.42
% of bases read >100X

Tumour 68.3 73.5 97 90 89.4 86.9 84
cfDNA 97.9 92.9 98.2 99 98.4 98.5
% of bases read >50X

Normal 71.5 74.9 99.2 88.3 98.3 91.7 60.8

~ PCR Duplicate %

Normal 9 10 6 15 19 13 12
Tumour 6 14 11 12 17 19 21
cfDNA 48% 63% 60% 44% 50% 38%

Mean coverage (DP) only for samples with sequenced plasma is shown in Figure 19.

46



650
550

450

350
300
250
200
150
100

50

0

& & & & & &

Normal DNA  ®Tumour DNA ®Plasma

Mean Coverage

Figure 19. Shown is the mean coverage for normal, tumour and plasma samples for each patient.
Plasma samples for all but one patient (CS09) have higher coverage in comparison to matching
normal-tumour.

3.4. Somatic mutations

We exome sequenced 14 pairs of tumour-normal libraries from high-grade STS
patients. Alterations that were not present in matched normal samples were
annotated as somatic mutations. A total number of 14,854 somatic mutations were
called by the pipeline. The number of somatic mutations, SNVs and Indels, in each of
the tumour samples is represented in Table 6. The number of SNVs across the tumour
samples was higher in comparison to the number of Indels. The number of non-coding
mutations, within SNVs and/or Indels, was also higher than the number of coding
mutations. Across the tumour samples, transversion substitutions occur at a slightly

higher frequency than transitions, 9 out of 14 (Table 6).
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Table 6. The table represents the samples from which libraries were generated.

Sample # Blood Tumour SNVs Transitions  Transversions Indels Coding Non-
In SNV In SNV Region  Coding
Variants Region
variants
CSo1 X X 147 81 66 Al 55 96
CS02 X X 123 58 65 1 41 82
CS03 X X 10,991 10,115 876 31 4112 6910
CS04 X X 205 89 131 7 62 150
CS05 X X 220 69 121 2 77 145
CS06 X X 190 91 140 3 83 110
CS07 X X 231 134 147 5 73 163
CS08* X X 281 111 103 1 97 185
CS09* X X 214 102 134 3 80 137
CS10 X X 236 336 234 2 43 195
CS11* X X 570 111 155 39 112 221
CS12* X X 266 188 184 12 63 206
CS13* X X 373 275 340 26 75 323
CS14* X X 615 89 131 57 207 465

Asterisk * indicates patients for which the plasma cfDNA was sequenced. Blood represents normal
gDNA libraries, whereas tumour represent tumour gDNA libraries. The tumour’s somatic variants
in different categories are shown for each patient. The total number of coding and non-coding
variants is equal to sum of SNVs and Indels in each sample. X indicates samples that have been used
for library preparation and sequencing.

For all sequenced tumours, somatic mutations in the context of A)
transition/transversion, B) coding/non coding and C) variants class are shown in
Figures 20—23. The number of somatic variants in sample CS03 was higher than the
other 13 tumour samples; 11,022 somatic mutations in comparison to the average of
295 variant in other 13 tumours. This particular case has been further discussed in
more detail. Similarities in the proportion of transversions or transitions substitutions

across the tumours were observed (Figure 20).
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Figure 20. Proportion of SNVs across the tumour samples is shown. Total base changes in sample
CS03 was strikingly higher in comparison with other samples. Y-axis is shown in logarithmic scale.

Among the substitutions, G>A:C>T substitutions were observed at ~57 % of the
tumour samples, 8 out of 14 tumours (Figure 21). The observed pattern showed
concordance with major mechanism for new mutations, which is deamination of 5'-
methyl C, resulting in higher proportion of substitutions mentioned above. The average
number of SNVs in comparison with the average number of indels, was higher by 76-

fold across the tumours’ mutations (Figure 22).
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Figure 21. The proportion of base change patterns within and between the tumour samples is
shown. The G>A: C>T transversions were dominant base change. The prevalence of C>A:G>T
transversions in the 5 tumours, €S04, CS06, CS07, CS09, CS12 were predominant substitutions.
T>G:A>C substitutions was the major base change in sample CS10.
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shown in logarithmic scale.

50



Detected somatic mutations were divided into coding and non-coding groups.
Missense, nonsense, splice-site acceptors/donors, synonymous, and frame shift
variants were defined as coding region mutations, whereas intronic, intergenic, UTRs
and splice region mutations, excluding splice sites, were considered as the non-coding
region mutations. On average, one-third of all detected somatic mutations in the
tumours were grouped within the coding regions of the genes in each sample (Figure
23).
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Figure 23. The proportion of the somatic mutations in the coding region in comparison to the non-
coding region mutations is shown. More than two thirds of somatic mutations in the tumours
occurred in non-coding regions. The data is presented at 100% scale.
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Due to the considerable number of mutations in patient CS03, who had been previously
diagnosed with UPS, the extended analysis of mutational signature was performed and
signatures S7 and S1 were revealed, as defined in (104). In this analysis, substitution
class, the sequence context at 3’ and 5’ of mutated base, and the transcribed strand on

which mutation occurs were considered (Figure 24-25).

Signature.1

unknown

Signature.7

Figure 24. Figure represents concluded proportion of each correlated signatures from the analysis
of mutational signatures, based on mutational catalogue of cancer. The signature 1 is
characterized by considerable C>T substitutions and has been observed in almost all cancer types.
The signature 7 with similar prevalence of C>T substitutions, has been demonstrated to
predominantly correlate with malignant melanoma.
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In comparison between the 14,854 total numbers of somatic variants across all the

tumours and a total of 459 cancer-driver genes retrieved from IntOGen databse, 100

known cancer driver genes were found mutated within the coding regions of genes

across all the tumours. Noteworthy, 61 of these 100 cancer genes were detected in the
tumour sample CS03. Thirteen cancer driver genes, DHX9, TRIP10, SETDB1, TSC1, FAT1,
ASH1L, PTPRF, MED12, TCF4, RB1, TAOK1, TP53 and PCSK5 were observed within more

than one tumour. TP53 mutations were detected in 7 out of 14 tumour samples, where

6 of these mutations were located in the DNA-binding domain of the gene, and the

remaining was located in the tetramer domain of the protein (Table 7). In addition,

mutations in NRAS and NOTCH1, which are among frequently mutated cancer driver

genes across various cancer types, were also identified among the somatic mutations.
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Table 7. Mutations identified in TP53 gene are represented.

Mutated TP53 AA change Consequence
g.chrl7:7577597 GT>G p.D228fs Frame shift
g.chrl7:7578503C>T p.VI43M Missense
g.chrl7:7578413C>T p.VI73A Missense
g.chrl7:7578406C>T p.RI75H Missense
g.chrl7:7578413C>A p.VI73L Missense
g.chrl7:7574013_7574013G>GA p.F338fs Frame shift
g.chrl7:7578212G>A p.R213* Nonsense

AA: Amino Acid. § Indicates the samples for which the somatic mutation has been identified, but not
been confirmed in previous studies. Asterisk * indicates a stop codon.

3.5. Assessment of plasma cfDNA mutations

Somatic mutations in tumours and plasma ctDNA were identified following the
strategy described below for 2 datasets; one dataset of tumour samples and one
dataset for plasma samples (Figure 26). Sequencing libraries for 6 matched tumour-
plasma pairs, out of 14 sequenced tumour samples, were generated. Through the
pipeline used for tumour analysis, germline variants in tumour and plasma were
excluded using the normal sample from the same individual as a control, generating
datasets of somatic mutations. To each datasets, the two following filters were applied;
strong call confidence, or non-synonymous variant. The remaining mutations were

then manually investigated by IGV.

From the 6 tumour pairs, sequenced by exom libraries, 2,457 somatic variants were
identified. Of these, 164 variants coincided with the genes in the NCGC 900 gene panel,
used to sequence the corresponding plasma samples. By applying the filters mentioned
above, a total of 80 somatic calls remained. From the 6 plasma pairs, sequenced using
the 900 genes panel, 828 somatic variants were identified. Of the 80 variants identified
in tumour, 26 mutations were also overlapping with the somatic mutations identified
in the plasma samples. By manual inspection of the plasma BAM files (criteria
explained in methods section), another 5 variants that had not been called through the
pipeline were identified in the plasma. In total, 31 variants were detected to be present
both in tumour and plasma from this investigation, and the remaining 49 variants were

only present in the tumours, but not in the plasma samples.
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In a similar strategy described for the tumour samples, the 828 identified variants in
plasma were filtered, leaving only strong calls and/or non-synonymous variants.
Subsequent to excluding the variants that had already been detected in both tumours
and plasma, a total of 405 somatic mutations remained. Manual investigation of the
BAM files enquired 288 somatic variants that have been called correctly, being present
only in plasma ctDNA, while the remaining 117 confirmed in neither plasma nor

tumour samples. This sum has been broken down for each patient in Table 8.

Table 8. The number of variants that were detected in plasma after applying the filters is shown.

Plasma sample Initial called variants Detected variants (total Mean DP
(total 405) 288)
CS08 56 29 370
CS09 24 24 167
CS11 24 9 353
CS12 242 195 573
CS13 23 19 342
csl14 36 32 444

The number of detected variants indicates those variants that in the manual investigation implied
to be real variants, due to the fact that no apparent artefacts was observed. The mean coverage
(DP) of only detected variants in each patient is represented.
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Figure 26. The strategy for detection of represented number of somatic mutations in the plasma
ctDNA is shown. For details refer to the text. T+P indicates proportion of variants that has been
detected in both tumour and plasma samples, whereas P indicates the somatic variants present
only in the plasma.

In total, 319 somatic mutations were detected, 31 in tumour and plasma and 288 only
in plasma (Table 9). It is noteworthy to mention that among the mutations that were
present only in plasma, two-thirds (195/288) was found in the patient CS12, with an
aggressive cancer type and metastases described at the time of diagnosis. Only some of
the detected somatic mutations for patient CS12 are shown in Table 9. Interestingly,
mutations in several known cancer driver genes, including EGFR, FGFR1, FGFR3,
ERBB2, MTOR, MAP3K4, SETD2 and ARID1B were detected only in the plasma ctDNA
somatic mutations. FGFR3 had been previously reported (COSM5504814) in COSMIC
database and MTOR (p.E2264X) and ERBBZ2 (p.P944H) was detected in plasma from 2
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patients. Other instances of detected mutations in plasma that were detected in 3 or
more patients are; MAP3K4 (p.P1205H), ARID1B (p.P426H), DYRK1B (p.G570C), CDH20
(p.P195), KM2TB (p.P1045T), and FCGR2A (p.P47T).

Table 9. Detected somatic mutations in the plasma ctDNA for each patient are represented.

Sample Detected somatic variants in both tumour and Somatic variants which were only present in the
plasma ctDNA plasma
CS08 PTPRF, EPHB6, TP53 ARID1B, MXRA5, FCGR2A, KMT2B, CRTC1,

DYRK1B, POLD1, FLT4, NLRP7, ITPKB,
MAP3K4, LCTL, ASXL2, PLCG2, PTCH1, FLNC,
SMURF1, PIK3C3, COL2A1, MAP2K5, MLH3,
MUC17, ALK, ALOX12B, TBX3, RET, MUC16
KMT2D (chr 12:49422844 C>A)

KMT2D (chr 12:49420390 C>A)

CS09 NRAS ADAMTS20, PRG4, GNAS, KMT2C
CS11 MAP3K9, TP53, PIK3R5, CDH2, CNBD1,  ARIBD1, TSC1, KMT2B, CDH20, FCGR2A,
LRP2, RUNX1, TP63, IGF2, MST1 (chr MAP3K4, CACNAIE, ALK, AZGP1

3:49723274G>A), BMPR1B, MXRAS,
SFTPA1, MED12, MST1 (chr
3:49723881G>C), RYR2, ACVR1

CS12% TP53, CIC, RB1, GAB2 DNM2, CDH20, FANCA, MAPK7, PRKCA,
LRP2, FGFR1, FGFR3, EGFR, CHEK1, MTOR,
KMT2B (chr 19: 36214707C>A),
ERBB2 (chr 17:37879825C>A),
ERBB2 (chr 17:37882065C>A),
AXIN1 (chr 16:339531C>A),
AXIN1 (chr 16:339498C>A),
CIC (chr 19:42797844C>A),
SETD2 (chr 3:47098557C>A),
SETD2 (chr 3:47139564C>A)

CS13 RYR2, PKHD1, TP53, TAOK1, RB1 POU2AF1, CHD4, LCTL, ZNF276, CRTCI,
DYRK1B, CACNA2D3, ROBO2, SLIT2, ESR1,
MAP3K4, PTCH1, ARID1B, KMT2B,
TBX3, AKT2, FLT4, CARD11, SMARCA2

CS14 PARP4 ESR2, PML, GREB1, FLT4, IRF4, XRCC2,
CARD11, MTOR, ARID1B, CACNA1C, CDH20,
DYRK1B, ELK3, EPHB6, NUP93, ERBB2,
ZNF276, FUBP1, DNM2, NOTCH3, HLA-B,
KMT2B, KMT2D, LCTL, MAP3K4, NEIL2,
NLRPS, PARP10, RAD51, ROBO2, ZNF180,
PTCH1

Exonic mutations are presented in bold. Not all the detected plasma somatic calls for patient CS12
are shown. A considerable number of variants in CS12 were detected more than one time in a gene.

The average AF and mean coverage (DP) for the detected somatic mutations is shown
in Table 10. The somatic calls were divided in 3 series; series 1 included somatic

mutations that were detected both in tumour and plasma (a total of 31), series 2
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includes 49 tumour mutations, out of 80 somatic mutations, that were identified in the
tumour but not in the plasma, and series 3 includes mutations that were only detected

in the plasma ctDNA (a total of 288).

Table 10. The table represents the mean and standard deviations (STDEV) values of AF and DP for
3 data series

Mutation series Mean AF (P) Mean AF (T) Mean DP (P) Mean DP (T)

Series 1 18% = 14% 43% +25% 325+ 159 175 + 105
Series 2 18% +13 % 377 + 227 243 + 220
Series 3 4% 511 +/-215 279 +164

Series 1 includes the somatic mutations that were detected in both plasma and tumour (the total of
31). Series 2 represents mutations among the 80 tumour mutations that were detected only in the
tumours. Series 3 includes mutations that were detected only in the plasma ctDNA. (P) and (T)
indicate plasma and tumour, respectively.

Among the somatic mutations that were detected in both tumour and plasma ctDNA, 6
deletions were identified; two deletions at the exon 3 of RB1 gene in the patients CS12
and CS13 were observed. In the patient CS12 a deletion in GABZ gene was also
detected. In the patient CS11, a deletion in MED12, and a deletion in RYRZ were found.
An insertion in TSC1, resulting in a frame shift elongation, which putatively increases
the risk of developing a rare and sporadic form of sarcoma known as PEComa at
patients CS06 was identified. Interestingly, a frame shift insertion with 80 G>GTC base
insertion in tumour suppressor gene TSC1 (p.D510fs) were detected only in the plasma

ctDNA from patient CS11.

The allele frequency (AF) of detected mutations in plasma ctDNA in comparison to
matched tumour were commonly lower and absent in the matched normal DNA.
However, for a few mutations that had been called through the pipeline, a relatively
high AF in the normal sample was observed. In Figures 27—33, tumour somatic
mutations are shown. In general, AF in tumour was observed to be higher in

comparison to plasma.
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Figure 27. Somatic mutations in the patient CS08 is shown. Underlined genes refer to the mutations
that were found in both tumour and plasma.
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Figure 28. Somatic mutations in the patient CS09 is shown. Underlined genes refer to the mutations
that were found in both tumour and plasma.
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Figure 29. Somatic mutations in the patient CS11 is shown. The genes with more than one mutation
are presented with genomic positions. Underlined genes refer to the mutations that were found in

both tumour and plasma.
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Figure 30. Somatic mutations in the patient CS12 is shown. Underlined genes refer to the mutations
that were found in both tumour and plasma.
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Figure 31. Somatic mutations in patient CS13 is shown. Underlined genes refer to the mutations
that were found in both tumour and plasma.
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4.Discussion

Soft-tissue sarcomas are a rare and heterogeneous group of mesenchymal tumours
with more than 50 histologically distinct subtypes with high variation in their clinical
features. Many soft tissue sarcomas will recur locally and/or metastasize, and the median
time to local recurrence is 12 to 18 months and to metastasis around 1 year (40). The overall
five-year survival of all soft tissue sarcoma patients is approximately 50% (40) and the long-
term survival of patients with metastatic disease is poor. Current monitoring strategies, i.e.
imaging approaches, do not possess optimal sensitivity to detect micrometastasis
and/or deep-located small tumours, which as a consequence may result in inaccurate
diagnosis and prognosis of the cancer during a course of therapy (41, 51). Thus, there
is a clinical need to develop surrogate approaches in order to improve accuracy of
assays for early detection, prognosis and monitoring of STS patients. Owing to the
advances in the genomic tools during past decades, monitoring of cancer patients with
high sensitivity and specificity in the context of liquid biopsy has been gained traction.
It has been demonstrated that spatial and temporal heterogeneity of the tumours can
be depicted by serial liquid biopsies [reviewed in (80, 85, 95, 99, 105)]. In this project,
we generated 34 libraries from 14 genomic normal—tumour pairs and 6
corresponding cfDNA samples. By WES and targeted resequencing we aimed to detect
tumour-specific mutations in the tumour and identify these in circulating tumour DNA
from high-grade STS patients, which be further utilized as a personalized biomarker

for tumour burden monitoring in STS patients.

4.1. Detected somatic variants in the tumour samples

We sequenced 14 soft tissue sarcoma tumours using WES, and identified somatic
mutations. By comparing the somatic mutations in our tumour dataset with a cancer
driver gene dataset retrieved from IntOGen (19), 100 cancer driver genes were found
mutated in their coding region, across the 14 tumour samples. Although, biological

aspects and pathogenesis of discovered genes in our samples are not a main objective
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of this study, genes with diagnostic and/or prognostic values related to STS present in
our samples will be briefly discussed.

TP53 tumour suppressor gene, frequently mutated in osteosarcoma and STS (31, 36),
was found to be mutated in 7 out of 14 tumour samples. Mutations in RB1 were also

detected in 3 of the patients, which this will be briefly discussed further in the text.

It is noteworthy to mention that none of the mentioned cancer driver genes were
detected in the patients CS02 and CS04. Both patients were diagnosed with
liposarcoma. The patient CS02 was diagnosed with dedifferentiated liposarcoma, and
the patient CS04 had a pleomorphic liposarcoma that is the rarest subtype of
liposarcomas with complex structural rearrangements and high risk of local
recurrence and metastasis. Oncogenic activity of TP53, NF1, RB1, MDMZ2, CDK4, HMGAZ2
and TSPAN31 in these subtypes have previously been demonstrated [reviewed in
(106)], however they were not identified in our tumour samples. Nevertheless, a
subset of these tumours carry frequent amplification of CDK4 and MDMZ2, and these
tumours have normal TP53 and RB1 [reviewed in (106)], which may explain the

absence of mutated cancer driver genes in these patients

A total of 3 non-synonymous mutations were identified in TSC1, missense (p.D964N),
insertion (p.L557fs), and insertion (p.D510fs) mutations, identified in patients
CS03(UPS), CSO06(malignant PEComas) and CS11(LMS), respectively. The somatic
insertion (p.D510fs) was only observed in the plasma of patient CS11. Patients with
oncogenic mutations in this gene are thought to develop a family of perivascular
epithelioid cell tumors, including angiomyolipoma, lymphangioleiomyomatosis (LAM)
and PEComa (107). Alternations in TSCI1 and TSC2 have been found to impact the
mTOR-signalling pathway (mTORC1) in patients diagnosed with PEComa, with no

currently effective therapy for malignant PEComas (38).

Revealing mutated TSCI gene as an underlying causative of the cancer is clinically
significant since it may guide the treatment in patients harbouring this mutation. In a
study by Wagner et al,, they observed significant clinical responses in three patients
treated with an off-label inhibitor of mTORC1 protein, sirolimus, which has alerted

expression as a result of loss of function in TSC1/TSC2 tumour suppressor genes (108).
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Interestingly, a frameshift elongation mutation in TSC1 (p.L557fs) with allele frequency
of 43% was identified in the tumour somatic mutation of patients CS06, which had
histologically been diagnosed with PEComa subtype. A deletion and missense
mutations at the denoted codon had previously been reported for bladder cancer

(COSM28285) and adenocarcinoma (COSM3905173) in the COSMIC database.

Based on the information give above, distinguishing the subtype of STS in patients
harbouring mutation in TSC1 seems to be feasible where the clinical descion making
based on histopathological results was difficult, as was the case for the patient
diagnosed with malignant PEComa. Mutated TSCI in the patients CS03 and CS11 was
also identified, but no damaging or deleterious impact of these mutations had been

previously reported.

The mutational profile of patient CS03 deviated from the other samples, having 40-fold
more somatic mutations and far more transversions (G>A:C>T substitutions) than
transitions. In an extended analysis of tumour’s mutational signature based on
mutation catalogue of Alexandrove et al. (104), signatures S1 and S7 were revealed.
The mutational process computes mutational signatures on the basis of the
trinucleotide frequency of the human genome, and the overly of calculated probability
against the human genome trinucleotide frequency precludes various signatures,
operative across cancer types. The signature 1 is characterized by considerable C>T
substitutions at NpCpG trinucleotides, in virtually all cancer types analysed. It has been
postulated that the relatively elevated rate of spontaneous deamination of 5-methyl-
cytosine associates with aging, as an underlying mechanism of this substitution. This
finding correlated with the patient’s age. The signature S7, which exhibits large
numbers of C>T substitutions, has previously been observed in squamous carcinoma of
the head and neck and strongly correlates with malignant melanoma. It has been
demonstrated that the manifested pattern in this signature correlates with the
mutation pattern of UV-induced DNA damages, which mainly causes formation of
pyrimidine-pyrimidine photodimers. Moreover, signature S7 exhibits a strong
transcribed strand bias, indicating that mutation prevalence between transcribed and

untranscribed strands varies, with higher prevalence of C>T mutations on the
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untranscribed strand (104). This observation and concluded mutational signatures led

us to postulate that the cancer may be a malignant melanoma rather than UPS.

However, due to the fact that UV-induced lesions thought to mainly be repaired by
nucleotide excision repair pathway during transcription (25), we sought mutated DNA
repair genes in the identified somatic mutations of the patient. The phenomenon that
cancers with defective DNA repair manifest considerable number of mutations has
been previously described (2). The list of DNA repairs genes from

(http://www.dnarepairgenes.com/), and the most frequently mutated genes in

malignant melanoma were extracted from tumour portal (109), and COSMIC databases
(110), respectively. Interestingly, 21 DNA repair genes, among a list of 376 genes, were
found mutated in the sample. In addition, in a search for frequently mutated genes in
melanoma, a total of 14 genes, FAT4, GRIN2A, ROS1, KMT2C, KDR, KMT2D, CARD11,
RAC1, XIRP2, PPP6C, LCTL, ACO1, ANK3, and MXRAS5, found at the tumour portal and
COSMIC databases, were mutated in tumour CS03. Based on this observation, the
presence of considerable number of mutations in the DNA-repair genes and genes that
are reported to be frequently mutated in malignant melanoma may further explain the
cancer type. As well, observed striking number of detected mutations in this tumour
may be explained with the fact that several DNA-repair genes had mutated in this

tumour. However, this hypothesis needs to be further investigated and validated.

Patient CS03 was diagnosed with a UPS. UPS is a very heterogeneous group of STS
tumour, and is the given diagnosis for any STS that manifest no identifiable line of
differentiation. Further investigation of the tumour clinical characteristics, such as
tumour localization (subcutaneous) and histology could indicate the chance of
undifferentiated melanoma. The patient was recently presented with a local recurrence
at the site of the primary tumour. As a consequence of our findings, histopathological
examination was performed once more for both the primary tumour and the
recurrence. The immunohistochemical panel that included markers for melanoma,
S100, Melan-A and SOX-10 and HMB45, which were negative and consequently the
tumour tissue could not be reclassified as a melanoma, but may be given a diagnosis as
“possible UPS or melanoma”. As a follow-up, we will do RNA-Seq of the tumour

material as an appropriate alternative way to investigate whether melanoma gene
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expression signatures are present in the tumour. A change in diagnosis from UPS to
malignant melanoma would change the treatment possibilities for this patient in a

metastatic setting.

4.2. Detected somatic variants in the plasma ctDNA

One of the goals of this study was to evaluate detection of tumour-specific mutations in
plasma cfDNA. In an analysis of six tumour—plasma pairs, a total number of 319

somatic variants were detected in plasma.

Initially, 80 somatic mutations were detected in tumour (within the NCGC 900 gene
panel), and among these 31 somatic mutations were detected to be present in both
tumour and plasma. Through a manual investigation of mapped reads in IGV, in order
to avoid erroneous calls, absence of variants in the matched normal, quality of reads in
the targeted region, and presence of variants on both forward and reverse strands was
taken into the consideration. Some mutations were detected in the tumour, but were
not automatically identified to be present in the corresponding plasma through the
pipeline, which we reasoned that the low AF of these mutations in the plasma ctDNA is

the probable explanation.

Among the 31 somatic mutations, frameshift deletions in exon 3 (p.Q93fs) and 7
(p.F226fs) of RB1 were found present in both tumour and ctDNA. A point mutation in
the same position of exon 3 has previously been reported and confirmed in one breast
cancer sample (COSM1477250). A mutation at the same position in exon 7 has been
reported in a prostate cancer sample (COSM1470706). Aberrations in the RB1 gene are
a well-known genetic risk factor for development of osteosarcoma and have also
frequently been observed in LMS (34, 36). Both patients harbouring deletions in RB1
had interestingly LMS tumour type. In addition to mentioned deletions, a stop gained
mutation in RB1 (p.C61*) in tumour CS06 was detected for which cfDNA had not been
sequenced were manifested both in tumour and ctDNA. The fact that mutations in RB1
play a role in driving cancer and can be detected in cfDNA, make this gene a good

biomarker for investigation of disease burden after surgical excision of tumour.
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Mutated TP53 in 4 of plasma samples, p.V173M, p.R175H, p.V143M, p.V173L were
detected.

The plasma cfDNA was sequenced to a mean coverage of 405-fold, where the 6
corresponding tumour were had a mean coverage of 135-fold. Nevertheless, several
mutations were only detected in tumour and not in plasma. The mutations that were
detected in both tumour and plasma manifested a trend of higher average AF in
tumours (43%) than those that were only detected in tumours (18%). We were able to
detect mutations with an average AF of around 18 % in plasma, with probably less
ability to pick up those at lower frequencies although mutations with AF down to as

low as 1% were also detected.

Of the 288 somatic calls detected only in plasma, as many as 195 belonged to patient
CS12, which was obviously higher than the average number of somatic variants in the
plasma from the other patients. The patient had been diagnosed with high-grade
aggressive LMS characterized with metastasis at the time of diagnosis and new
metastases appeared few months later, and the patient finally died of the disease.
However, one may argue that the observed mutation may be due to false-positive
sequencing error, since the variants were only detected in the plasma with low AF and
majority of ~96% observed substitutions were observed to be C>A transversion,
manly at CCC>CAC and/or CCCG>CCAG context. C>A:G>T substitution was also
predominant substitution in the tumour sample of this patient, with C>A alone
accounting for 16% of the substitutions in the tumour. It is also important to mention
that in the total number of reported somatic variants that were only detected in the
ctDNA across all 6 samples, C>A substitution composed ~96% of all substitution. The
only remained scepticism may be pointed towards library preparation procedure,
which might have resulted in the introduction of this particular pattern of bases
changes in the plasma. Previously we have experienced similar pattern of base
substitutions, with C>A the predominant change, in the sequenced libraries of a serially
collected plasma sample, not included in this study, with a similar kit (ThruPLEX DNA-
seq Kit) from the same manufacturer. Extended analysis of that sample did not
manifest oxidation pattern, which we first assumed was the rational for observed

pattern of substitution. We enquired the manufacturer of the library preparation kit,
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however, no such observation had been seen or reported before. At this time, we are
not able to justify the validity or erroneous of this observation, however, the discussed

facts may imply the validity of the results.

Overall, for the somatic variants that were only present in the plasma ctDNA, an
average AF of 4% was observed, commonly below 8% and majority at around 3%. The
mean DP was clearly higher than for the mutations that were detected in both tumour
and plasma. Aside from the sensitivity of detection and incidental chance of technical
biases, the result of our observation in the plasma, concord with an important aspect of
our analysis, which was the detection of somatic mutations that were present in the
plasma ctDNA but not in the corresponding normal—tumour pairs. Several intriguing
interpretations of these results might be hypothesised. A possible explanation can be
root from the inherent limitation of tumour sampling in regards to portrait the tumour
heterogeneity. The tumour tissue may be heterogeneous, and is it unlikely to capture
this heterogeneity with a small piece of single tissue biopsy (13, 28), thus the
subclones that have not present in the isolated tumour DNA, may have contributed to
the presence of mutations that were observed only in the plasma ctDNA. Two of the
patients with sequenced tumour—plasma had metastasis at the time of diagnosis and
other 2 had later developed a metastasis. Thus, it might be argued that the low AF
observed for these mutations may inform about presence of undiagnosed contributing

micro-metastasis [reviewed in (85, 95)], due to the limitations of screening strategies.

It is also important to mention that for some of the variants that were initially detected
both in the tumour—plasma pairs, a relatively high level of AF in the normal DNA was
observed. Although variants with this feature were not considered as real variants, due
to the fact that it was not feasible to justify if the observed allele frequency in the
plasma is only due to the technical sequencing biases that has been introduced into the
normal DNA sequence such as base miss incorporation by polymerase. However, upon
further investigation of the sequencing data the base composition of the reference
sequence around the region of these variants was observed to be composed of
repeated bases, which reinforced the sequencing bias. The assumption that the AF of
normal sequence is mainly due to technical error was reinforced by the fact that all the

detected variants were only sequenced from either forward/reverse strands. This
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observation may imply that the callers are able to distinguish sequencing errors in the
samples, which paly a role when high sensitivity is needed. Although these variants
may finally be removed from the results, but they may be manually investigated or

compared with other available sequencing dataset for the same sample.
4.3. Future perspectives for monitoring of cfDNA

As part of this thesis we have established methodologies to identify somatic mutations
in cfDNA in plasma. In the continuation of this project, longitudinal monitoring of the
samples using plasma will be performed. Thus, our results may provoke curiosity,
which mutations from the detected mutations are then more suitable to be utilized as a
personal biomarker for surveillance of the disease burden? As well, what strategies

would best fit into this perspective?

For the purpose of monitoring, there are several approaches that can be followed for
this purpose, and a few possibilities will be discussed. Targeted resequencing
precludes escalated costs of sequencing while yielding more sensitivity, and also
considerably simplifies the data processing workflow by being more time- and cost
effective in terms of data analysis, need for informatics infrastructure, and patient
sensitive data management [reviewed in (61, 69, 111)]. With this in mind, it is possible
to continue targeted sequencing strategy using the NCGC 900 gene panel, since it
provides the possibility to follow all mutations that were initially detected in the first
plasma sample, as well as new mutations that may arise over time due to cancer
progression. However, although it provides high with higher sensitivity in comparison
to WES strategy, still the provided sensitivity was not maximized, as many of the
mutations in tumour remained unidentified, and the costs are still high. As previously
mentioned, sometimes extremely low concentration of ctDNA is present in a
background of cfDNA, which considerably impacts the identification of queried
mutations, thus requiring high depth of coverage in order to identify mutations
[reviewed in (73, 112)]. This issue becomes even more highlighted when the total
concentration of ctDNA is low, due to stage and aggressiveness of tumour (96)

[reviewed in (86)].
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As a second alternative, to reinforce the sensitivity of the assay, it is possible to further
reduce the scale of analysis and interrogate a much smaller set of genes, while keeping
the high throughput ability and increased sensitivity. There are many commercially
available gene sets that have been developed to target the most clinically relevant
genes, which are found to be frequently mutated in cancer. Several methodologies have
been developed [reviewed in (85)], claiming extreme sensitivity that makes detection
of 1 mutated ctDNA fragment feasible. Noteworthy, the majority of these techniques
are only capable of investigating a relatively small set of genes, with prior knowledge of
mutations in interrogated exons. For instance, we have established a collaboration to
utilize the newly established ultrasensitive SiMSen-Seq method (113). It provides
multiplexed, PCR-based barcoding of cfDNA that can be detected with next-generation
sequencing with a sensitivity of 0.1%. As a result of the unique barcodes, a high level of
confidence for detected mutations following massively parallel sequencing will be
achieved. In simple words, discrimination of real mutations from false positive

mutations becomes feasible.

Digital droplet PCR (ddPCR) on selected mutations is another option. This method
provides very high sensitivity and specificity, but the drawback is, as for standard PCR,
that a custom design of specific complementary primers with high specificity has to be
done for each mutation, which is both laborious and costly. Thus, the use of ddPCR is

more sensible when the same mutation in many samples will be investigated.

In regards to the choice of mutation, maybe the safest alternative for this purpose
would be to select mutations present in both tumour and plasma, these mutations are
more likely to be kept by natural selection forces on tumours since they are more
important for tumour development and it has been demonstrated that majority, if not
all, of the mutations in metastatic lesions are already present in the considerable
number of cells in the primary tumours [reviewed in (2)]. As well, relatively higher AF
that does not require to be deeply sequenced can be taken into account for this
selection. Overall, based on the specific goal of monitoring, any mutation may be used as
a biomarker, including mutations present in non-coding regions such as introns, as well as
synonymous mutations. With an optimal choice of methods, longitudinal monitoring using

liquid biopsies will allow new non-invasive means of studying cancer patients in terms of
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monitoring minimal residual disease, response and resistance to therapy and tumour

evolution.

4.4. Pre-analytical considerations of cfDNA analysis

Analysing cfDNA as a biomarker of choice is not without complications. One of the
main difficulties of working with cfDNA is the lack of widely accepted standard
operation procedures. Many studies have reported various factors that may impact the
quantity and quality of the cfDNA during sampling and processing of plasma or serum.
These factors include the type of tube used, containing or without preservative, the
time interval between venepuncture and blood processing, time- and temperature-
dependent storage conditions, centrifugation forces, and effect of freeze-thaw cycles
[reviewed in (87, 88)] There are also considerable opposing findings in terms of
cancer-dependent variables that may affect total cfDNA concentration that has been
described previously in the text [reviewed in (86, 88)]. However, the amount of cfDNA
do not reflect the quality and quantity of the tumour-derived proportion of cfDNA, and
these factors can significantly impact the quality of downstream libraries and

sequencing results.

Pre-analytical factors, e.g. purification and quantification strategies, are also a major
obstacle in the cfDNA analysis. Lack of consensus on a robust and streamlined assay in
order to be able to yield adequate and reproducible amounts of cfDNA, in a timely
manner independent of cancer variable factors, is another prominent pitfall in the
workflow of cfDNA analysis. There are various assays for purification of cfDNA from
blood serum and/or plasma with different performance and workflow (114). Such
assays are for instances conventional extraction with organic solvents, stepwise
elution of cfDNA based on selective binding characteristic of silica-membrane
technology (115), size-selective magnetic beads (116). The variability between utilized
methods has resulted in incomparable results. Of note, many of these assays differ on
the amount of initial plasma or serum needed for optimal yields. In an attempt of
standardization of cfDNA measurement, Devonshire et al, compared the efficacy of the

3 most used commercially available cfDNA extraction kits and concluded that the kit,
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QIAamp circulating nucleic acid, had better performance (114), which was the same kit

we used in our study.

4.5. Circulating tumour DNA as an eligible biomarker

for liquid biopsy

Although promising, there are several studies scrutinizing the investigation of ctDNA
as a promising biomarker in the context of liquid biopsy. The lack of consensus on the
primacy of biomarkers for interrogating tumour aberrations is a matter of debate
between various groups. The rationale behind our choice of biomarker in this study
was the significant observation among many studies as previously described, where
cfDNA had been able to prove the presence of interrogated mutations. Moreover,
available literature on the significance of each blood-based biomarkers confirms cfDNA

potentials for the subjective of our study (91, 92, 94, 96, 117).

The most debatable biomarker across research groups that has been also central focus
of many studies in comparison with cfDNA, is circulating tumour cells (CTCs). CTCs are
also shed into the bloodstream or other biofluids, and can be captured and
concentrated for mutation analysis in cancer patients [reviewed in (78, 95, 118)]. CTCs
may seem more promising, especially when biological aspects of tumour, or temporal
changes at the transcription level are investigated [reviewed in (86)]. Nevertheless,
extremely low numbers of CTCs, with one CTC per ~107 white blood cells (WBCs) per
millilitre of blood is one the major challenges in their detection [reviewed in (78, 86,
118)]. For this reason, extensive effort has been invested in developing various
isolation strategies to facilitate the capture and concentration of CTCs. For some
instances, antibody-based capture assays, functional-characteristics assays, imaging-
based assays, and physical property-based technologies are suggested [reviewed in
(78, 118)]. Aside from technological limitations in robust discrimination of CTC from
crowd of blood cells, lack of well-characterized CTCs markers for validation purpose
poses a challenge in their utility. Capturing adequate number of CTCs requires
relatively high amounts of blood sample in comparison with required amount for

optimum cfDNA isolation workflow. As well, detection of heterogeneity and tumour
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dynamics by analysing only a single disseminated CTC is relatively unlikely [reviewed

in (78,95, 118)].

Given information has been extensively interrogated in several studies. In a research
by Dawson et al., the ability to detect CTCs over cfDNA with somatic mutations in
PIK3CA and TP53 genes in 30 breast cancer patients was 10% lower for CTCs.
Furthermore, the number of patients with increased level of detectable cfDNA before
manifestation of the disease was more than double of those investigated for CTCs (92).
In a clinical trial on a cohort of 41 advanced NSCLC treated with pertuzumab and
erlotinib, the association of ctDNA and CTCs with detectable level of oncogenic
mutations showed a greater sensitivity of ctDNA over CTCs (119). Another
comparative study by Bettegowda et al,, targeted tumour-specific rearrangements in
16 patients and demonstrated higher rate of detectable mutations in ctDNA over CTCs,
81% against 0%, respectively (117). However, in contrast to other studies, investigated
EGFR mutation in patients with metastatic non-small-cell lung cancer was detected at
92% of examined CTCs and only in 33% of matched plasma ctDNA (120). Experiments
described above are a few examples in support of both biomarkers, which make
drawing a concrete conclusion formidable. Overall, relatively higher level of ctDNA,
ease of collection and analysis in comparison to CTCs are advantages ctDNA

represents.

Taken together, utility of ctDNA in management of cancer patient has been
emphasised. However, on the other side, analysis of whole cell, including protein, RNA,
and DNA analysis by CTCs are feasible, and it may better represent the tumour
heterogeneity only if discrepancy on the number of CTCs needed to optimally capture
heterogeneity could be addressed. In this regard, complementary utilization of CTCs
and cfDNA based on the technical and sample availability and the goals of the study has

been recommended [reviewed in (78, 95, 118)].

Recently identified short tumour-originated microRNAs (miRNAs) in the plasma, have
been proposed to have significant potential in cancer diagnostic, particularly due to
strong correlations between their deregulated expression and cancer progression

(121, 122). miRNAs negatively regulate gene expression in a diverse range of cell
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pathways, including apoptosis, proliferation, metastasis and epithelial to mesenchymal
transition . Moreover, miRNAs are shown to be highly stable under storage and
handling conditions, which is an essential feature in blood-borne biomarker with
extremely low abundance [reviewed in (79)]. However, studies on the blood-based
miRNAs have just begun and challenges ahead are purification of inherent extremely
low abundance, lack of unifying structural features that allow for selective isolation
and/or manipulation, small size (~20-30bp), and relatively lengthy and complex

library preparation [reviewed in (77, 79)].
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5.Conclusion

In this study, we sequenced 14 matched-normal pairs, and 6 corresponding plasma
samples by WES and targeted resequencing strategies to evaluate whether tumour
mutations can be detected in the plasma-borne ctDNA from STS patients. The finding of
this project may be interpreted in several categories. First, as it was typified in the
patient CS14 with mutated TSC1, it may be comprehended that underlying mutation
may help guide the diagnosis of STS, which are difficult to diagnose in the clinical
setting, due to lack of specific IHC tests to distinguish the specific subtype. Secondly,
analysis of tumour mutational profiles of particularly hard to diagnose STS subtypes,
such as UPS, which explained in the patient CS03, by revealing the mutational
signatures may provides clues on the type of cancer that may also guide the clinical
decision-making procedures. Although our data suggest that somatic variants may hold
significance in prognostic and diagnostic and therapeutic relevance of STS, these will
need to be further assessed in new studies to more accurately assess the biological

consequence of the identified somatic mutations.

In regards to the liquid biopsy strategy that in this project was used for detection of
somatic mutations in the ctDNA from STS, our results suggest the feasibility of this
implication. The proof-of-concept of this conclusion are 31 mutations that were found
mutated both in tumour and plasma. As well, the total number of 288 mutations was
found only in the plasma that may implies several facts. The most interesting
speculation would be to think of these mutations, which might have been detected due
to the higher sequencing coverage in comparison the sequenced tumour samples, as a
sign of tumour heterogeneity or possible recurrence of the disease. This is also
important to remind that 4 patients for whom the plasma was sequenced had
metastatic tumours. However, from the other hand the reliability of detected mutations
may be enquired. Based on the criteria that we followed the chance of stochastic error
is unlikely but not far-fetched, and as it mentioned a pattern of substitutions in
mutations where observe, which investigation of recurrence of this specific
substitution pattern in future studies of plasma samples may provide more insights
into the possibility of technical issues. Nevertheless, detected mutations in the plasma

need to be further verified, preferentially by more sensitive strategies such as small
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genes panels of frequently mutated genes in cancer and methods with extreme

sensitivity such as ddPCR.

In this regard, the liquid biopsies as a non-invasive strategy in cancer care, regardless
of biomarker used for analysis, may provide a safe platform to surrogate sub-optimal
clinical methodologies in the management of cancers by diagnosis and tracking the
cancer evolutionary blueprints, and may soon be able to encourage their utility in

routine clinical settings.
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6.Future perspectives

In the present study, we only sequenced 6 plasma samples from the available patients
material for evaluation and detection of tumour-specific mutations in the plasma. By
agreement, 30 high-grade STS patients we be followed for maximum of 5 years, and at
the schedule time points the blood and plasma material will be collected. This will
provide us the possibility to monitor the tumour-specific mutations in the plasma
longitudinally. Accordingly, it will be feasible to draw a more accurate conclusion than
this time, for several aspects. First, the level of confidence for currently detected
mutation will be reinforced, if specific mutations would be observed in multiple time
points. Second, whether results of observation from longitudinal monitoring correlates
with the tumour progression and early detection of metastasis. Third, by continuation
of monitoring for tumour -specific mutation in the plasma we might be able to detect
actionable mutations for drug repurposing. Also informative would be to sequence
tumour samples deeper to determine whether the resulting discrepancy in the number
of detected mutations in the plasma in comparison to tumours is matter of higher

sensitivity, tumour heterogeneity or unexplained technical biases.

Overall, presence of various biomarkers in the blood is indisputable, and the research
on the developing technologies and strategies to exploits information is growing at an
unprecedented speed. Technological instruments with adequate analytical sensitivity
in order to produce tangible findings for clinical decision-making within a rational
timespan can significantly speed up the implementation of biomarkers in the clinical
setting. Synergic collaborations between the researchers in the fields of genomics and
bioinformatics for generating a robust pipeline to analyse enormous amount of NGS
data into the biological findings is strongly demanded. Lastly, aggregation of
sequencing data and creation of validated databases of information on various cancer
types, as results of international consortiums such as TCGA and ICGC can significantly
contributes to our understanding of cancer genome, and provide dedicated path for the

research in scientific communities.

The choice of proper biomarkers for liquid biopsy is still a matter of debate, however

this can be considered that each biomarkers may provide several advantages that vary
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from each others, thus on the basis of immediate aim and available resources for each
study their utility can be prioritized. In addition, technological instruments with
adequate analytical sensitivity in order to produce tangible findings for clinical
decision-making within a rational timespan can significantly speed up the

implementation of biomarkers in the clinical setting.

On the other hand, synergic collaborations between the researchers in the fields of
genomics and bioinformatics for generating a robust pipeline to analyse enormous
amount of HTS data into the biological findings is strongly demanded. Lastly,
aggregation of sequencing data and creation of validated databases of information on
various cancer types, as results of international consortiums such as TCGA and ICGC
can significantly contributes to our understanding of cancer genome, and provide

dedicated path for the research in scientific communities.
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