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POPULAR SCIENCE SUMMARY OF THE THESIS

Cancer is caused by changes in the genetic code, the DNA. Cells with cancer-causing
genetic changes get characteristics such as more frequent division and efficient escape from
the immune system defense. Hereditary cancer syndromes are caused by inherited genetic
changes that increase the likelihood that cells will develop into a malignancy. We do not yet
know the genetic mechanisms for all hereditary cancer syndromes. Further, we do not have
a good enough biomarker for detecting and surveying cancer, whether it is inherited or not.
Cell-free DNA is BNA-released into the blood, and it might be useful as a biomarker for
cancer.

Study | and Study Il aimed at increasing the knowledge about hereditary cancer syndromes.
We studied a family wherein many members had rectal cancer, and found six potential
genetic risk factors. Also, we studied individuals with three or more different tumours, to see
if they would benefit from the most thorough genetic test we can offer in clinical practice
(whole-genome and whole-exome sequencing). Our conclusion was that it may be of value
to re-evaluate the genetic information already available for these patients.

Study Il aimed at increasing the knowledge about liquid biopsies (analysis of cell-free DNA)
as a test for cancer. The lab workflow was based on the clinical non-invasive prenatal tests,
and the data analyses were a further development from that. We analysed the genetic
information with two different programs. We found that it was possible to detect DNA from
stomach and oesophageal cancer in blood samples. One of the programs enabled detection
of cancer-associated genetic aberrations in more samples than the other. This program is
today used in prenatal diagnostics at our centre. Since we already have the clinical pipeline
up and running, it is likely this specific cell-free DNA test can be of value in the future.

With these results, we believe our studies help improving the care we offer at clinical
genetics departments.

Results
Suggested genes for rectal cancer.
Re-analysis should be the focus.

It is possible to detect cancer in blood.

Aims
Find new hereditary cancer syndromes?
Who should be offered a genetic tests?

Is it possible to detect cancer in bloood?



POPULARVETENSKAPLIG SAMMANFATTNING

Cancer beror pa férandringar i tumdércellers arvsmassa (DNA). DNA-férandringar kan gora
att cellerna till exempel delar sig oftare eller 6verlever dven vid syrebrist. Arftliga
cancersyndrom orsakas av DNA-forandringar som arvs inom familjer. Vi kanner inte till alla
arftliga cancersyndrom an och vi vet inte alla genetiska orsaker till de vi kdnner till. Det finns
idag inte nagon tillrackligt bra biomarkér for att upptacka, karaktarisera eller 6vervaka
cancer, oavsett om den ar nedarvd eller inte. Cell-fritt DNA (DNA som cirkulerar i blodkarlen)
skulle kunna vara en lattillganglig biomarkor for cancer.

Malet i Delstudie | och Il var att 6ka kunskapen om arftliga cancersyndrom. | en familj med
manga personer som fatt andtarmscancer, som vi undersokte i Delstudie |, hittade vi sex
genetiska forandringar som skulle kunna ge 6kad risk fér den cancerformen. Det har
foreslagits att personer som fatt tre eller fler olika tumorer borde erbjudas den mest
heltdckande genetiska analysen vi har pa kliniken (hel-genom/hel-exom-sekvensering).
Resultatet fran Delstudie Il visade att man som alternativ kan évervaga att om-analysera
resultaten fran genetiska test som redan gjorts.

Malet i Delstudie Ill var att 6ka kunskapen om hur man kan anvanda cell-fritt DNA som en
biomarkar for cancer. Samma rutiner for blodprovstagning och bearbetning av blodet som vi
redan anvander vid en viss typ av fosterdiagnostik kunde utnyttjas. Data-analysen var en
vidareutveckling av den som anvandes for fosterdiagnostiken. Tva olika program testades
for att fa fram listor pa potentiellt cancer-associerade genetiska varianter i blodproven. Vi
visade att det var mgjligt att hitta cancer-férandringar med var metod och att ett av
programmen gjorde det mer effektivt &n det andra. Eftersom vi redan har en klinisk rutin som
fungerar kan vi i framtiden erbjuda denna analys av cell-fritt DNA som test ocksa till
cancerpatienter.

Med dessa resultat kan vara studier hjalpa till att forbattra varden vid sjukhusens kliniskt
genetiska mottagningar och laboratorier.



ABSTRACT

Cancer is a genetic disease. The cancer cells evolve clonally through changes of their
genome, gaining malignant characteristics. In hereditary cancer syndromes, a genetic
aberration which puts the cells one step closer to being malignant is inherited and present
throughout whole body. Not all genes associated with hereditary cancer syndromes have
been discovered, and the spectrum of cancers connected to each cancer-associated gene is
not yet known. When it is feasible, the genetic changes within the tumour can be analysed
by performing a tissue biopsy. Alternatively, analysis of cell-free DNA from a blood sample
might give the same information. Cell-free DNA is released into the blood stream from both
malignant and nonmalignant cells, and it carries the same genetic aberrations as the cells it
comes from.

The aims of this thesis were to improve oncogenetic counselling, by increasing the
knowledge about who should be offered genetic tests and what genes to test, and to
improve treatment decision-making, by developing a clinical pipeline for a new cancer
biomarker, cell-free tumour DNA.

In Study |, we explored the genetic cause for a suspected highly penetrant, autosomal
dominant rectal cancer syndrome in one family. We analysed the blood samples from six
family members by massive parallel sequencing, and found six variants that could contribute
to the increased risk for rectal cancer in the family. The variants were in the genes CENPB,
ZBTB20, CLINK, LRRC26, TRPM1, and NPEPL1. None of the variants have a known
connection to hereditary cancer syndromes and further studies are needed to investigate
their potential involvement.

In Study Il, we evaluated the efficacy of performing massive parallel sequencing in patients
with three or more primary tumours. We found two likely pathogenic variants in two
individuals. In a woman with a clinical diagnosis of MEN1, we found a synonymous variant in
the MEN1 gene. By RNA analysis, we could show that the variant activates a cryptic splice
site, which leads to a deletion of 14 nucleotides, and a frameshift in the RNA transcript. The
variant segregated with disease in the family, and it was classified as likely disease-causing.
In a woman with multiple Lynch-associated tumours and microsatellite instability, we found a
synonymous variant in the MLH1 gene. This variant has recently been described as an
epimutation, leading to methylation of the MLH1 promoter, and Lynch syndrome. Both these
genes had previously been analysed in blood samples from the two women, but the variants
had not been recognized as pathogenic. We therefore conclude that genetic re-analysis may
be beneficial, especially for patients with a clear clinical diagnosis of a specific hereditary
cancer syndrome.

In Study lll, we developed a clinical method for detecting cancer-associated CNAs (copy
number alterations) in cell-free tumour DNA from patients with gastro-oesophageal cancer.
The same clinical laboratory protocol as for non-invasive prenatal testing at Karolinska
University Hospital, Stockholm, was used, and for the last bioinformatic steps
WISECONDOR and ichorCNA were used. This generated a list of potentially cancer-
associated CNAs, which we manually annotated. We compared the variants to the tissue
sample from the same participant, and also with a control set of samples from pregnant
women. We found cancer-associated CNAs in 14/26 (54%) of the individuals with detectable



cancer-associated CNAs in the tissue samples. Potentially clinically actionable amplifications
were detected in the genes VEGFA, EGFR, and FGFR2. This study showed that the clinical
pipeline we have set up for the non-invasive prenatal testing workflow can be used in the
oncogenetic field, and CNA analysis in patients with gastro-oesophageal cancer might be
used as a biomarker in the future.

In conclusion, we report six new genes with a potential involvement in a hereditary rectal
cancer syndrome, we suggest re-analysis might be beneficial for patients without a
molecular diagnosis but who fulfil testing criteria for specific cancer syndromes, and we
show that the non-invasive prenatal testing clinical pipeline can also be used in the
oncogenetic setting.
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1 BACKGROUND
11 WHAT IS CANCER?

1.1.1 Cancer hallmarks are acquired capabilities in malignant cells

Cancer is a result of natural selection. Normal cells can progressively evolve into cancer
cells, acquiring capabilities enabling them to survive and multiply. Cancer cells are
characterised by their unlimited proliferative potential. Their capabilities have been
categorised comprehensively into “cancer hallmarks” and enabling capabilities, as described
by Hanahan and Weinberg. They include for instance resisting cell death and genome
instability (1). There are cellular intrinsic mechanisms working against unlimited growth.
Therefore, multiple genetic changes are needed, in order for the many different defence
mechanisms to be put out and cancerous growth to be achieved (2).

1.1.2 There are different kinds of genetic changes

Genetic changes increasing the risk for a cell to become malignant can be copy number
alterations (CNAs), single nucleotide variants (SNVs) and indels, structural rearrangements,
and epigenetic changes. CNAs result in less or more genetic material. An amplification, a
type of CNA, is a segment of DNA that has been duplicated many times. Even though SNVs
only include a change of one single base pair, they can occur at critical positions and change
one or more proteins. Missense variants are SNVs predicted to change the amino acid, and
SNVs not predicted to affect the amino acid sequence are called synonymous. Nonsense
variants introduce a premature stop signal. Frameshift variants generate an unnatural
reading frame in the translation from RNA to protein. Indels (short insertions and/or
deletions) are similar to SNVs but include a change of not one but a few or a stretch of base
pairs. Structural rearrangements, such as translocations, can lead to changes in the
regulation of gene transcription or changed amino acid sequences in proteins (2). Epigenetic
changes do not occur within the genetic code but can nevertheless alter the expression of
genes (3). These different types of changes can have similar effects but may require
different analyses to detect.

1.1.3 Tumour suppressor genes and oncogenes drive the evolvement towards
cancer
Within a cancer cell, there are both genetic changes in genes involved in the cancer
formation, called driver genes, and changes in genes not important for the cancer
evolvement, called passenger genes (4). In general, the driver genes can be divided into
tumour suppressor genes and oncogenes. Tumour suppressor genes, for instance the
CDH1 gene, code for proteins involved in blocking cancer development, through
suppressing proliferation or through control of genomic damage. Usually, some tumour
suppressor genes need to be blocked, by deletion of the gene, silencing of gene expression,
or by SNVs that inactivate the protein product (loss-of function mutations), for cancer to
occur. Both copies of the specific tumour suppressor gene need to be deactivated for the cell
to gain a malignancy potential. Oncogenes, for instance the EGFR gene, code for proteins
promoting cell proliferation, and they are activated rather than deactivated, for instance by
amplification of the gene or an SNV that gives the protein an enhanced function.



In general, only one of the paired oncogene copies needs to be changed for the cell to gain
survival benefits.

Tumour suppressor genes blocking cancer progression, an oncogene hitting the gas pedal.

1.1.4 Gastrointestinal cancer can be classified based on genetic changes

Colorectal cancer formation is driven by three main molecular pathways: microsatellite
instability (MSI), chromosomal instability (CIN), and CpG island methylator phenotype
(CIMP) (5). A tumour with different microsatellite lengths compared to the normal tissue is
classified as MSI. The microsatellites are short repetitive DNA sequences spread across the
genome. When the mismatch repair system in a cell is out of order, frameshift SNVs or
indels occur spontaneously more frequently than in normal cells. This is detectable as MSI,
since the microsatellites gain varying size, which can be measured. The frameshift SNVs
and indels can drive oncogenesis, by occurring in cancer driver genes. The DNA mismatch
repair genes MLH1, MSH2, MSH6, (EPCAM), and PMS2 are often classified as tumour
suppressor genes (6). CIN tumours are characterized by CNAs spread throughout the
genome, including amplifications of oncogenes (7). The mechanisms behind CIN often
include changes of proteins involved in chromosome segregation in cell division, or stress
response (8). Aneuploidy (abnormal chromosome number) is present in most cancers. The
precise relationship between aneuploidy and cancer formation is not known (8) (9). CIMP
drive tumourigenesis through transcription inactivation (obstruction of the process when DNA
codes for RNA) in tumour suppressor genes. By DNA hypermethylation at promoters rich on
C and G bases (CpG islands), the genes are turned off (5).

CIN
MSI
EBV
GS

MSI
CIN
cimp

Molecular subgroups of gastric and colon cancer.



Gastric and oesophageal adenocarcinomas can be divided into four different molecular
subtypes, according to the classification system suggested by the Cancer Genome Atlas
Research Network. This is partly based on the genetic changes, molecular cancer-driving
mechanisms, that have been activated in the tumour cells. The molecular subtypes are CIN,
MSI, Epstein-Barr virus (EBV)-positive, and genomically stable (GS). The CIN subtype is
commonly associated to pathogenic variants in the TP53 gene. The MSI subtype is
associated to hypermutation (many SNPs and indels in the tumour cell genomes) and a
silenced MLH1 gene. The EBV subtype often harbours pathogenic variants in the PIK3CA
gene. The genomically stable subtype has recurrent (occurring in many different tumours)
pathogenic variants in the CDH71 and RHOA genes (10) (7). Other subclassifications, and
cost-effective strategies for molecular classification, have been published (11). But in clinical
practice in Sweden and many other countries, the histology (diffuse, intestinal or mixed),
differentiation, and TNM stage (individual staging of the tumour, and whether it is spread to
nodes and/or as distant metastases) are still the most common classifications and
prognostic stratification systems (12).

1.1.5 The cancer-driving events differ according to tissue and cancer type

In some cancer types, the genome changes are well known and non-variable. This is true for
chronic myeloid leukaemia, defined by the translocation between chromosome 9 and 22
(13). The TP53 gene, contrarily, is commonly altered in most cancer types, albeit in many
different ways (14). In gastro-oesophageal adenocarcinoma (GEAC), however, each specific
SNV only occurs in a small subset of the cases, suggesting that there are limited possibilities
to find targeted therapies applicable to a reasonably large cohort in clinical trials (15) (10).
CNAs are more common than SNVs in GEAC and recurrent CNAs are seen in more than
50% of the cases (10) (16) (17). This is important to know when deciding which analysis
method to use, to be able to detect genetic changes associated to the specific cancer.

1.2 IS CANCER INHERITED?

1.21 Somatic genetic changes occur within the organism

Most genetic aberrations within a tumour have occurred as the cells develop into cancer
cells, within the organism. A normal colorectal epithelium can develop into adenomas, and
acquire pathogenic variants in the WNT signalling pathway (most often inactivation of the
APC gene), evolving to advanced adenomas. The epithelium cells typically then acquire
activating SNVs at specific positions (hotspots) within the KRAS gene, and deletions of the
part of chromosome 17 containing the TP53 gene. Thereby, finally, they form an
adenocarcinoma (5). Those genetic variants are called somatic. Less is known about the
early genetic events in cancer formation than in advanced cancer, and there are ongoing
initiatives for increasing the knowledge about cancer formation (18).



Cancer is a clonal disease, and not all cancer-associated pathogenic somatic variants occur
in all cancer cells. For instance, in gastric cancer, HER2 (ERBBZ2) gene amplification can
sometimes be detected in some tissue biopsies but not others from the same patient. This
has implications when it comes to treatment options, since there are targeted therapies for
patients with HER2 overexpression (19).

)

Germline genetic variants present in all cells (grey), and somatic genetic variants present in a subset of cells.

1.2.2 Germline genetic changes are inherited

Genetic variants which exist in all cells of the body, and can be inherited, are called
germline. If germline genetic variants are pathogenic, they can give rise to disease, and
increase the risk for cancers. There are known inherited cancer syndromes, often caused by
germline SNVs causing a high risk to develop cancer. The genetic change is commonly
situated in a tumour suppressor gene and when the other gene copy is lost by a cellular
mechanism, the cell acquires a growth advantage (20).

O

Generic autosomal dominant pedigree. Transmission occurs from both fathers and mothers, and both men and
women are affected.

Cancer syndromes are almost always autosomal (not sex-linked) dominant or recessive. In
dominant syndromes, a genetic variant in one of the two copies that exist for each gene
increases the risk (gives predisposition) for cancer. In recessive inheritance, both copies are
altered in the germline when the syndrome occurs. Most often, tumour suppressor genes,
including genes maintaining genome stability, are responsible for hereditary cancer. Even
though both copies of the tumour suppressor gene need to be inactivated on the cellular
level to have impact, the cancer syndrome can be inherited in a dominant fashion. This is
because the “second hit” (the mechanism inactivating the gene copy with no inherited
pathogenic genetic variant) occurs somatically (2). In autosomal dominant cancer
syndromes, the penetrance (the fraction of individuals affected by cancer compared to all
individuals carrying pathogenic variants) is seldom 100%. The explanation may be either
that no second hit has occurred in the critical tissue at the critical time, and a second hit may
not in itself be cancer-causing. Often, more genetic changes than two are needed for the cell
to be transformed into a malignant state. Also, the expressivity (the manifestations of the



disease) may vary within a family. The same pathogenic variant can cause one type of
cancer in one individual and another in a relative carrying the exact same variant. Aspects to
take into account when predicting cancer risks from specific sequence variants are
environmental factors and modifying variants within the rest of the genome (21) (20).

1.2.3 Cancer is a complex disease

The heritability of cancer is overall approximately 30% (22). Heritability can be defined as the
proportion of the variance in a specific trait that is genetic (2). Most of the genetic factors
causing hereditary cancer are not known (22). Apart from monogenic cancer syndromes,
such as Lynch syndrome and hereditary diffuse gastric cancer, most cancers are caused by
both multiple genetic changes and the environment. Cancer can therefore be considered a
complex disease (2).

Polygenic reasons for cancer (many genetic loci together increasing the susceptibility of
cancer formation) have not been as extensively studied as monogenic. There are thousands
of single-nucleotide polymorphisms (base pair variations in the germline genome) per cancer
type, which have a known connection (23). These genomic variations might account for
more than 10% of the heritability (24). The genetic variations do not in themselves have
clinical relevance, but they can be combined into a polygenic risk score, which has the
potential to discriminate those with a higher risk of developing cancer from those with lower
risk. There is an ongoing debate if this score should be implemented in the clinical setting or
not (25) (26). Example of environmental factors also influencing the cancer incidence are
cigarette smoke, viral infections, and obesity (27).

Environment
N

Monogenic Polygenic

< r 4

Cancer occurrence is usually both dependent on genetics and different degrees of environmental influence.

1.2.4 Some monogenic gastrointestinal cancer syndromes are known

Among all individuals with colorectal cancer, 12-35% are suspected to be due to heritable
factors (28) (22) (29). Around 5-10% of individuals with colorectal cancer carry pathogenic
germline genetic variants in genes that have a known association to a high or a moderate
risk for colorectal cancer (30) (31) (32). Like colorectal cancer, most gastric cancer does not
seem to have a genetic cause. It is estimated that around 10% (1-20% depending on study)
is due to genetic factors (28) (22) (33), and 1-3% of the total heritability is estimated to be
caused by known genetic pathogenic variants (34).

Colorectal cancer syndromes can be divided into polyposis and non-polyposis, whereas
hereditary gastric cancer syndromes include hereditary diffuse gastric cancer, familial
intestinal gastric cancer and gastric adenocarcinoma and proximal polyposis of the stomach
(35) (36). Colorectal polyposis syndromes, with multiple polyps of different types, are both
dominant and recessive. Familial adenomatous polyposis, caused by pathogenic variants in



the tumour suppressor APC gene, is inherited in an autosomal dominant fashion, whereas
for instance MUTYH-associated polyposis is autosomal recessive (35). Gastric
adenocarcinoma and proximal polyposis of the stomach is inherited in a dominant fashion
(37), and has been shown to be caused by pathogenic variants in a promoter (part of the
regulatory region) for the APC gene. It is a variant in the familial adenomatous polyposis
syndrome spectrum, but only includes polyps in the stomach and not in the bowel (38) (39)
(40). New genes associated to recessive hereditary colorectal polyposis have been
discovered by whole-exome sequencing, in for instance the NTHL1 (41) and MSH3 (42)
gene.

Hereditary non-polyposis colorectal cancer syndromes can be divided into those with DNA
deficient and proficient mismatch repair tumours (35). Pathogenic germline variants in the
mismatch repair genes cause Lynch syndrome, which includes an increased risk for
mismatch repair-deficient tumours in the colorectal tract and uterus, among others (43). In
most families with apparent dominant non-polyposis colorectal cancer syndrome with a
mismatch repair-proficient tumour, no causative gene is found. Causative genes have been
suggested, and the only one with consistent association so far is the RPS20 gene (44) (45).
Among other candidates are genes involved in cell-cycle checkpoints and chromosome-
associated proteins (46). An example of this is the CENPE gene (47) (48).

Gastric cancer is traditionally subdivided histologically into diffuse and intestinal, with the
diffuse subtype typically containing signet ring cells. Hereditary diffuse gastric cancer
syndrome is associated with pathogenic variants in the CDH1 gene (49), and, in a minority of
the cases, the CTNNA1T gene (50) (51). It gives an increased risk for diffuse gastric cancer
and lobular breast cancer, inherited in a dominant fashion. The CDH1 gene codes for E-
cadherin, a cell adhesion protein important for tissue architecture and homeostasis. It is
considered a tumour suppressor gene. In more than 60% of stomach tissue biopsies from
asymptomatic carriers of a pathogenic CDH1 variant, signet ring cell carcinoma is detected.
The detection rate depends on pathology protocol used (52) (63) (54). In a carrier of a
pathogenic CDH1 variant, the lifetime risk of diffuse gastric cancer is 30-70%, and the risk
for lobular breast cancer in a woman might be around 50% (55) (56). The manifestations of
cancers associated to CDH1 pathogenic variants differ between different families, and in
some families there seems to be an increased risk for colorectal cancer (57). Also, with
increased genetic testing, it has become evident that not all families with a pathogenic
variant in the CDH1 gene display cases of gastric cancer. In some families, only lobular
breast cancer occurs, and some families do not fulfil any of the clinical criteria for the
syndromes. The risk for cancer in those families is not known (58).

1.2.5 Lynch syndrome can also be caused by epimutations

Constitutional (germline) epimutations should also be considered as a hereditary cause for
colorectal cancer. Constant methylation of the promoter of the MLH71 and MSHZ2 gene has
been shown to silence that copy of the gene, and lead to Lynch syndrome. The methylation
can be secondary, caused by a genetic alteration, or primary, without any detectable change
of the genome connected to the methylation. The secondary epimutations are autosomal
dominant, but the inheritance for the primary epimutations does not follow that pattern and
often occur without any family history of colorectal cancer. For the MLH1 gene, both
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secondary and primary epimutations have been discovered, and for the MSH2 gene, the
epimutations are secondary to deletions in the EPCAM gene (59).

1.2.6 MEN1 syndrome is monogenic but not all pathogenic variants are detected

Multiple endocrine neoplasia type 1 (MEN1) is an autosomal dominant cancer syndrome
caused by pathogenic variants in the MEN1 gene. The MEN1 gene is a tumour suppressor,
and most pathogenic germline variants described inactivate one copy of the gene.
Parathyroid hyperplasia occurs in almost all individuals with MEN1. Pancreatic islet and
anterior pituitary tumours are also frequent. Many other manifestations, such as lipoma and
angiofibroma, have been described (60). Pathogenic variants in the MEN1 gene can be
found in 80-90% of individuals with a clinical diagnosis and also a family history of MEN1, or
less if there is no family history (61) (62). When no pathogenic MEN1 variant is found, there
might be somatic predisposing variants not present in blood, or germline variants in the
regulatory regions, or the tumours might have occurred by chance (60) (63).

1.2.7 Multiple primary tumours might have a genetic cause

Multiple primary tumours are usually defined as two or more tumours in one individual, not
caused by metastasis, recurrence or local spread (64). Most publications concerning multiple
primary tumour genetics include individuals with two primary malignancies, and reports on
cohorts with three or more are rare. Approximately 0.1-0.2% of all patients with cancer have
at least three primary malignancies (65) (66). Multiple primary tumours can be caused by
inherited genetic variants, sometimes associated to an underlying developmental
abnormality (mono- or polygenic), common exposure to carcinogenic agents or hormones
(environmental), or a combination of all. Whitworth et al have performed whole-genome
sequencing in a cohort of 460 individuals with at least two primary tumours before 60 years
or three before 70 years of age (n=182), and they found pathogenic or likely pathogenic
variants in 15% of the participants (67) (and personal communication). That indicates it
might be clinically beneficial to offer genetic screening to all patients with three or more
primary tumours, whether they fulfil testing criteria for a specific hereditary cancer syndrome
or not.

1.3 WHY ARE GENETIC ANALYSES OF HEREDITARY CANCER PERFORMED?

1.3.1 Finding a pathogenic variant enables surveillance programs

Hereditary cancer is generally suspected when there are cases of early onset cancer, or
many cancers of the same spectrum within one family. In the clinical setting, families with a
suspected hereditary cancer syndrome can often be offered genetic testing, such as a
screening for genes with known association to a hereditary cancer syndrome. A prerequisite
for this is that there are genes with a known connection to the suspected syndrome, and
preferentially a family member with cancer is tested. There are criteria for when each known
specific hereditary cancer syndrome should be suspected. If a pathogenic variant is found,
predictive testing can be offered in the family. Healthy family members carrying the
pathogenic variant have an increased risk for cancer (if the inheritance is dominant), and
those not carrying the variant do not have an increased risk. Carriers of dominant cancer
syndrome pathogenic variants are as a rule offered surveillance programs for the cancers
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associated to the syndrome, and sometimes prenatal testing is an option (68). The
surveillance program depends on the specific cancer syndrome, and some examples are
listed below.

For suspected hereditary colorectal cancer, one or two different pre-set gene panels,
including genes known to harbour pathogenic variants for adenomatous and non-polyposis
hereditary colorectal cancer, is often used in the clinic (69). All individuals with colorectal
cancer are recommended screening for Lynch syndrome, for instance by checking for MSI in
the tumour, by the National Institute for Health and Care Excellence in Great Britain, and it
has been shown to be cost effective (70) (71). Predictive testing is offered worldwide in
families with a pathogenic variant in a DNA mismatch repair gene and surveillance programs
with colonoscopy and different kinds of gynaecological assessment is recommended to
carriers (72) (73) (74) (75). There are international colonoscopy surveillance
recommendations for carriers of genetic variants that only moderately increase the risk for
colorectal cancer, and more studies are needed to improve those guidelines (76) (72).

Concerning gastric cancer, genetic testing is only possible for hereditary diffuse gastric
cancer and gastric adenocarcinoma and proximal polyposis of the stomach, as familial
intestinal gastric cancer has no known connection to a specific gene (77). If a pathogenic
variant is found in the CDH1 gene, all family members carrying the variant are
recommended prophylactic gastrectomy, and women are also recommended breast cancer
surveillance and in some cases risk-reducing mastectomy. In families where no pathogenic
CDH1 variant is found, regular gastroscopy surveillance is preferred to gastrectomy. In the
most recent international guidelines for hereditary gastric cancer, much emphasis is put on
genetic testing (78).

Patients with MEN1 and their families should be offered care by a multi-disciplinary team,
and all individuals with MEN1 germline pathogenic variants should be recommended regular
tumour screening (63).

. ot carr/‘e,
Carrier W
Q
Surveillance No increased cancer risk

Risk-reducing surgery

A carrier of a pathogenic variant for an autosomal dominant cancer syndrome is generally offered surveillance for the associated
cancers, and in some cases risk-reducing surgery. Family members not carrying the variant are not at increased risk for the
inherited cancer syndrome.
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1.4 HOW DO GENETIC ANALYSES FOR HEREDITARY CANCER WORK?

1.41 WGS and WES enable fast sequencing of the whole genome

To analyse a genetic sequence, traditionally Sanger sequencing has been used. Its basic
principles are in vitro DNA replication and random incorporation of chain-terminating bases,
followed by size-dependent assortment and detection of synthesized bases (79). This is a
feasible analysis method for specific genes, and frequently used still, but not when the entire
genome must be sequenced. For this, massive parallel sequencing (MPS), with billions of
sequencing reactions carried out in parallel, can be used. That is sometimes referred to as
“next generation sequencing”, as it is an improvement from the first sequencing techniques,
such as Sanger, when it comes to data output and speed.

0 Blood
0

DNA

Library prep

Sequencing
Bioinformatics
Variant filtration

Variant annotation

Overview of a typical MPS workflow.

After DNA has been isolated, the first step in MPS is library preparation, in which nucleic
acids representing the input genome are created. Most often, this includes genome
fragmentation, sometimes also amplification by PCR (polymerase chain reaction), and then
attachment to specific adapters and identifying index tags (80). The second step is
sequencing and imaging, in which the DNA sequence of the nucleic acids is registered.
Depending on the company, different sequencing techniques are used. lonTorrent (Guilford,
CT, USA) measures pH changes (81), and both lllumina (San Diego, CA, USA) and Roche
(Basel, Switzerland) use optical detection (82) (83), to read the bases incorporated to the
template strand. In optical detection, fluorescent-labelled bases are added and read as they
pair with the bases of the DNA strand, the “target sequence”. This generates reads
(sequences of bases corresponding to the genome). In whole-exome sequencing (WES),
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the genetic sequences are enriched for the exome (protein coding) parts of the genes and in
whole-genome sequencing (WGS), all regions are mapped and analysed (80). The third step
is bioinformatics, where the reads are processed so that specific genetic variants can be
presented. The bioinformatics include genome alignment (in which the overlapping reads are
aligned to the known reference sequence), variant analysis, variant calling, variant
annotation, prioritization of variants, and variant quality control. At the Karolinska University
Hospital Laboratory, Stockholm, Sweden, a collaboration with the Science for Life
Laboratory offers a robust and efficient handling of clinical and research blood samples in
the MPS pipeline. MIP, Mutation Identification Pipeline framework, is used for the
bioinformatics steps. MIP runs the first output from the sequencing data through a pipeline of
software tools, and generates a list of variants which can be visualized in Scout (a graphical
user interface). This workflow has been thoroughly described by Stranneheim et al (84).

1.4.2 Variant filtration is necessary to find the genetic variants that could be of
interest

There are usually too many variants detected by MPS to know which ones might be
causative for a specific condition. Filtering of the variants is needed. This filtering process
depends on what the aim of the analysis was. A frequently used approach is to remove
variants common in the general population, and only include exonic variants or splice site
variants (see below), which are predicted to affect the protein sequence. This process can
be performed according to specific guidelines, and tools are developed to ease and
standardize the process (85). Variants passing the filtering steps are classified according to
criteria stipulated by the American College of Medical Genetics (ACMG). In this approach,
the variants are sorted into benign/likely benign, of unknown significance, and
pathogenic/likely pathogenic (86). A pathogenic variant is not necessarily disease-causing,
since it may for instance occur in a gene causing a recessive disease, without another
pathogenic variant on the other gene copy. The ACMG classification system is one-
dimensional, and disease- and gene-specific systems have been proposed. An example of
this is a proposition of adjustments for variant classification of the MEN1 gene (87). The
Clinical Genome Resource ClinGen has a sequence variant interpretation group, aiming at
evolving the ACMG criteria (88). Recently, a classification system with independent tiers for
assessment of functional consequences of the variant and the clinical importance, has been
suggested. This would be especially important for variants classified as of unknown
significance by the ACMG system (89).

1.4.3 RNA-sequencing can be used to detect splicing variants

Splicing is part of the transcription and translation process (when the DNA strand codes for a
protein). Non-coding sequences (introns) are removed from the RNA copy of the DNA and
the exons are ligated (2). DNA variants can disturb this process and give rise to RNA with
aberrant splicing, for instance without the usual coding parts or with non-coding parts
incorporated. These variants are often called splicing variants. This can lead to aberrant
proteins and diseases. Analyses of RNA profiles in blood have been used to detect
pathogenic DNA variants in patients with cancer syndromes, and could be considered an
important supplement to DNA analyses (90).
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1.4.4 Array-CGH finds CNAs

To look for CNAs, array-CGH (comparative genomic hybridization) can be used.
Fluorescence-labelled test DNA and control DNA are simultaneously hybridized to DNA
targets on an array, and a difference in signaling intensity between them indicates gain or
loss of genetic material in the test DNA (91). This can be applied both to blood sample
analysis, to look for inherited CNAs, and to analyses of tumour tissue, to look for somatic,
potentially cancer-associated CNAs. The resolution of the array-CGH depends on the
molecules that were used to construct the microarray, and they could either be spaced
across the genome or concentrated at the locations of interest (2).

1.5 WHAT IS A LIQUID BIOPSY AND CELL-FREE DNA?

1.5.1 Cell-free DNA is released into the blood stream and detected in a blood
sample
Human cells can release DNA into body fluids, such as blood and urine, wherein it can be
detected and analysed. This cell-free DNA is released either by apoptosis or necrosis of the
cells or by active release, and the way it is released affects the length of the DNA fragments.
The fragments generated by apoptosis are about 160-170 basepairs long, or multiples
thereof. This is because DNA is protected when it is wrapped around proteins, in what is
called a chromatosome (the DNA strand and the protective histone proteins), and the cuts
generally occur in between these entities (92). Cell-free DNA originating from necrotic cells is
generally longer than from apoptosis, and the DNA actively released is usually associated to
other proteins or present within vesicles (93) (94). There are indications that the cell-free
DNA from malignant cells might be shorter than that originating from healthy cells. Studying
the length of the cell-free DNA fragments is considered important when it comes to cancer
detection, but there is a need for more research in that area (95) (96). Most of the cell-free
DNA in plasma stems from haematopoietic cells (97) and in pregnant women, some of the
cell-free DNA stems from the placenta (92).

Individuals with cancer have a higher mean cell-free DNA concentration than controls. Some
of this cell-free DNA comes from the tumour cells, which is called cell-free tumour DNA
(ctDNA) (98). The cell-free DNA is degraded by nuclease activity, by the liver and spleen or
by urinary excretion, and its halftime in the circulation is estimated to 2 hours (99). This is
under debate, though. The elimination process might be two-phased, and not enough in-vivo
studies in individuals with malignant tumours have been performed (100).

1.5.2 Cell-free DNA can be used as a biomarker

Cell-free DNA is a potentially useful biomarker, since ctDNA often harbours the same
genetic changes as the tumour cells. Analysis of cell-free DNA, a sub-category of “liquid
biopsy”, has been shown to have great potential as a measure of tumour burden, a
prognostic marker, a disease monitor, and a detection method for resistance mechanism
within the tumour (98). The golden standard diagnostic tool up until now, when it comes to
solid (non-haematological) tumours, has been tissue biopsies. This does, however, have
limitations. A tissue biopsy is not readily available in all patients and not all tumour cells carry
the same genetic changes, due to tumour heterogeneity (different cells from the same
tumour have different characteristics, such as genetic aberrations). A single tissue sample
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may therefore not be representable of the genetic changes in the whole tumour, and it has
been shown that cancer-associated genetic changes that are missed in tissue biopsies can
be found in plasma (101).

1.6 HOWIS CELL-FREE DNA ANALYZED?

1.6.1 Only the DNA outside of blood cells is desired in the analysis

Starting with a regular blood draw from the arm vein, with the same procedures as any other
peripheral blood test, cell-free DNA can be isolated from the blood. Within a blood sample,
there are both blood cells and cell-free DNA. Ideally, the cell-free DNA is isolated from
plasma, which is the cell-free part of blood including clotting factors (achieved by treating the
sample with anti-coagulants), and not the serum (the liquid remaining after coagulation of the
blood) (102). To avoid contamination from the genomic DNA (DNA from within the blood cell
nucleus), either rapid plasma isolation (before the blood cells have started breaking) or
specific test tubes are usually used. There are different collection tubes designed to
preserve cell-free DNA and stabilize the blood cells (103), for instance Streck tubes (Cell-
Free DNA BCT, Streck, La Vista, NE, USA). Biological factors within the individual affect the
cell-free DNA yield from a blood sample. Smoking, medical treatments, kidney failure,
exercise, autoimmune diseases etcetera might influence the cell-free DNA levels and
composition. Too little is so far known about these effects (104). After the cell-free DNA is
isolated, it is analysed by different techniques depending on which aberrations are sought.

Other body fluids than plasma can also potentially be used for cell-free DNA analysis. Urine
(105) and gastric wash have for instance been studied for GEAC patients (106).

1.6.2 Customised analyses are used, depending on what is sought

The sought aberration decides the analysis technique. This is true for all DNA analyses, not
only cell-free DNA.

The earliest plasma analyses of GEAC often measured total cell-free DNA concentration.
This can be done by a targeted genetic analysis of Alu repeats (a DNA sequence recurring
throughout the human genome) (107) (108). But the total cell-free DNA concentration varies
physiologically with age and co-morbidities, and it is a non-specific test for cancer (109).

Methylation (a methyl group attached to a base, most often cytosine, in the DNA strand)
analysis is a more specific approach for ctDNA analysis than total cell-free DNA
concentration measurements. GEAC patients can be distinguished from control groups by
methylation pattern analysis, such as methylation-sensitive PCR (amplification of both
potential methylated and un-methylated target regions in the sample, to see which is
present). Genomic regions containing significantly different methylation patterns in cancer
tissue compared to non-cancer tissues can be targeted. A methylation signature analysis of
5hmC (partly degraded methylated cytosine) (110), and analysis of specific genomic
promoter regions in genes such as SEPTIN9 (111), CDKNZ2A (112), ZIC1, HOXD10, RUNX3
(113), SOX17 (114), APC, RASSF1A (115), RNF18, and SFRPZ2 (116) have been reported.

For non-targeted CNAs, a whole-genome sequencing approach is needed (117). Whole-
genome sequencing can be performed with high or low coverage (number of unique reads

16



that include a given base when the sequence has been re-constructed). In our experience, a
low-coverage approach, shallow WGS (sWGS), with 0.2X (sequencing 1/500 basepairs)
detect CNAs that are 2 megabasepairs or longer. Methods for CNA analysis in cell-free
DNA, using WISECONDOR (118) or ichorCNA (119) (120) (121) (122) to detect ovarian,
prostate and breast cancer, have been reported. Reports on CNA detection in cell-free DNA
are few in number, and often small proof-of-concept studies (123). When it comes to studies
on CNAs in GEAC, there are even fewer studies. One study included a cohort of 30
individuals with mostly metastatic GEAC. ichorCNA was used for identifying CNAs, which
were detected in 23 (77%) of the individuals (117). In advanced gastric cancer, the ctDNA
fraction (ctDNA amount in relation to the total cell-free DNA) has been reported to be
approximately 0.3-8% (124), and most studies using CNA analysis in cell-free DNA require
at least 5-10% ctDNA fraction in order to proceed successfully with low-coverage whole
genome sequencing (125) (119).

It might be beneficial to first make an approximation of the ctDNA fraction within the sample,
and then use a targeted analysis (knowing what genetic aberrations to look for) for those
with low ctDNA fractions, and an untargeted analysis (looking for any cancer-associated
CNA, for instance) for those with high enough ctDNA fractions. One such approach is
named FAST-Seq. A general overview of aneuploidy is established by a genome-wide z
score, and this can be used as a pre-screening in the decision of further analyses (125)
(126). Suggested approaches for detecting CNAs in cell-free DNA are for instance massively
multiplexed PCR and next-generation sequencing (mmPCR-NGS) and Repetitive Element
AneupLoidy Sequencing System (RealSeqS). mmPCR-NGS is based on SNP analysis, and
might be able to detect low ctDNA fractions (127) (128). RealSeqS uses a single primer pair
(starting points for the copying of the genome), pinpointing repetitive regions spread
throughout the genome. It can be considered a further development of the Fast-Seq method,
and can detect CNAs despite extremely low ctDNA fraction. RealSeqS has been used in a
cohort including nonmetastatic GEAC patients and could detect CNAs in 49% of them (129).

Specific amplifications (such as in the HER2 gene) can be quantified in a cell-free DNA gene
panel (only analysing pre-selected genes and variants within genes) (130). The ctDNA
HER?Z2 gene can also be compared to a reference gene and analysed by qPCR (amplification
of the gene and at the same time measurement of the amount) (131), or by digital droplet-
PCR (an amplification method which is highly specific for a gene or even an exact SNV,
which can detect extremely low copy number levels of the target sequence) (132).

To detect cancer-associated SNVs in cell-free DNA, a gene-panel is often used. The panel
typically includes known cancer driver genes. Possibly pathogenic SNVs not present in white
blood cells, or validated in a tumour tissue, are considered cancer-associated. By that
approach, about half of study participants with GEAC usually have detectable cancer-
associated SNVs in the cell-free DNA, if they have cancer-associated SNVs detectable in
the tumour tissue (133) (134) (135). When only a few single SNVs are sought, for instance
when a tissue analysis has been performed in the same individual, ddPCR can be used
(136). Cancer-associated structural rearrangements can be detected in gastric tumour tissue
by sequencing, and subsequently by targeted sequencing in cell-free DNA, similar to for
SNVs.

17



1.6.3 The NIPT workflow can be used for cancer CNA detection

In the non-invasive prenatal test (NIPT), trisomy 21, 18, and 13 are looked for within the
blood of a pregnant woman. After plasma has been isolated, sSWGS and interpretation of
aberrant chromosome counts are performed. A likelihood of foetal aneuploidy is calculated.
If foetal aneuploidy is statistically likely, an invasive test (of placenta or amniotic fluid) is
recommended for confirmation (137). The principle of CNA detection in cell-free DNA from
individuals with cancer is the same as in NIPT (92). Even though not intended, NIPT
incidentally detects cancer-associated CNAs from pregnant women. Most often
haematological malignancies but also solid tumours have been discovered (109).

Bioinformatic tools are used to analyse the results from sWGS. They normalize the number
of reads at each genomic position by statistical methods. There are a number of softwares
freely available, and most of them normalize the reads in the sample with help from a
reference set of samples (138). WISECONDOR (WIthin-SamplE COpy Number aberration
DetectOR, https://github.com/VUmcCGP/wisecondor) identifies optimal reference regions for
each part of the chromosome, based on a set of normal samples. It calculates a z-score
based on comparison between the sample regions and the reference region, within the
same sample (139). WISECONDOR is, after our proof-of-principle study (Study Il in this
thesis), used in the NIPT workflow at the Department of Clinical Genetics, Karolinska
University Hospital, Stockholm, Sweden. It has recently been improved in WISECONDOR X,
with shorter analysis time (138). ichorCNA (https://github.com/broadinstitute/ichorCNA),
another bioinformatic CNA tool but with initial intended use in cancer patients, utilises a
probabilistic model (Hidden Markov Model) to predict CNAs and estimate a tumour fraction.
The reads are normalized based on GC-content (the bases in the DNA), mappability biases
(reads that could come from different positions withing the genome), and with a reference
sample set (119).

The software outputs are lists of potential CNAs found within the plasma sample, and they
are assessed, for instance compared to a tissue sample, before their association to cancer
can be established. Not all of them are truly cancer-associated. They could be germline, or
technical artifacts in regions which are hard to sequence, for instance (119).

1.6.4 Too little DNA is the major obstacle

The amount of input DNA is usually the greatest challenge when it comes to ctDNA analysis.
In a test tube containing 10 ml blood, there is usually not more than 4 ml plasma. From this,
about 40 ng of cell-free DNA can be isolated. This corresponds to the amount of DNA within
6000 normal cells. The ctDNA fraction varies according to tumour type and stage. Given a
ctDNA fraction of 0.1%, only 6 molecules per tube would contain the DNA segments that are
the most interesting to analyse. The lower the input DNA and the lower the ctDNA fraction,
the lesser are the chances that there even exists one cancer-associated genetic change in a
blood sample (98).

Some tumours shed more ctDNA than others and the later the stage, the higher the tumour
fraction in general (140). There is an increasing number of studies proving the clinical utility
and capability of cell-free DNA analysis in late stage cancers, when the ctDNA levels are
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generally higher, but in the early stage cancers or in the cancer screening setting, the results
are not yet as promising (98) (109).

To overcome the obstacles associated with low ctDNA fraction, technical development is
needed. Increasing the blood volume analysed potentially increases the detection rate. Also,
more targeted SNVs can be included. The same blood volume is required to detect one
single SNV with a variant allele frequency (VAF, number of reads with the specific SNV
divided by the total number of reads at that position) of 0.1% as of detecting any of ten SNVs
with variant allele frequencies of 0.01%. It seems that a wider gene-panel (targeting 10,000
SNPs, which is more than what is most often used), with a sequencing depth (reads per
genomic position) of only 20-50X, is possible (103). Another suggested solution is the use of
unique molecular identifiers, which could help minimizing the error associated to technical
issues in MPS. The unique molecular identifiers are introduced as identity markers for each
DNA molecule before the amplification step in the sequencing process, and they enable
exclusion of sequencing artefacts (141).

1.6.5 Clonal haematopoiesis is another obstacle

Genetic aberrations found in cell-free DNA do not necessarily originate from cancer. It is
known that blood cells undergo clonal haematopoiesis (multiplication of cells from one single
cell, all carrying the same genetic changes). SNVs in a specific set of genes, for instance
TP53 and DNMT3A, have been described. Clonal haematopoiesis is uncommon in young
individuals (<1% before 40 years of age) but occurs with increasing frequency in older
individuals (10-15% after 70 years of age). There is an increased risk for the cells displaying
clonal haemopoietic markers to give rise to haematological cancer, but most do not (142).
Not only SNVs but also CNAs can be present in cell-free DNA from healthy individuals. In
non-cancer populations, 0.5-1% have been shown to carry somatic CNAs in their blood, with
increasing numbers in older cohorts (143) (144). The malignancy potential of these CNAs is
not yet known and there are no clinical guidelines on how to follow individuals carrying
detectable CNAs in their blood. To exclude clonal haematopoiesis as the reason for a
possibly pathogenic variant found in cell-free DNA, the cell-free DNA variant can be
compared to white blood cell DNA variants from the same individual. If the variant is not
found in the blood cells, it could be cancer-associated (109). When no DNA analysis of
cancer tissue is available as a validation of cancer-associated cell-free DNA variants, white
blood cell analysis should be used (133). Most of the genetic alterations in cell-free DNA
have now been shown to stem from clonal haematopoiesis of white blood cells, and not from
the tumour (145). When it comes to ctDNA as a treatment predictive marker, clonal
haematopoiesis has to be considered. Clonal haematopoiesis might occur in the exact same
genes as those that are known to be cancer driver genes, and gene targets used in precision
medicine (103).

To evaluate the prognostic potential of ctDNA analysis, clonal haematopoietic SNVs need to
be excluded from the filtered cell-free DNA variants, as has been described in individuals
with oesophageal adenocarcinomas (146).
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1.7 HOW CAN CELL-FREE DNA BE USED AS A GASTRO-OESOPHAGEAL CANCER
BIOMARKER?

1.7.1 GEAC is deadly but there are treatment options

Gastric cancer is the fifth most common cancer worldwide, both when it comes to
occurrence and cause of cancer death. Oesophageal cancer is the ninth most common
cancer type, and the seventh most common cause for cancer death (147). The overall
prognosis in GEAC patients depends on stage at discovery. The 5-year survival rate in
localized oesophageal cancer is almost 50%, whereas it is only 5% in case of distant
metastases (148). The corresponding numbers for gastric cancer are around 70% and 5%
(149). Tumour stage at diagnosis is the main survival determinant, but also age, ethnicity,
tumour localisation and treatment choice (12). Initially, symptoms are often subtle and
unspecific. The diagnostic procedures include gastroscopy with tissue biopsies, computer
tomography of the thorax and abdomen, and in some cases other forms of imaging (150).
Barrett’s oesophagus (changes of the squamous cell epithelium in the lower part of the
oesophagus into an epithelium more like that in the stomach) increases the risk for
oesopageal adenocarcinoma. There is no single genetic marker predicting which Barrett’s
oesophagus will develop into cancer, but CNAs are associated with an increased risk for
malignant progression and are common in oesophageal adenocarcinomas (151). In
Sweden, the curative treatment for GEAC typically includes surgery, chemotherapy, and
radiotherapy (150).

Gastric tumours showing high expression of HER2 and PD-L1 might be more aggressive,
and MSI seems to be correlated to a better prognosis (152). There are not yet any
international consensus guidelines on molecular profiling and actionable genetic aberrations
(12). It is, though, known that MSI tumours have worse treatment response to chemotherapy
than microsatellite stable tumours (153), but a higher clinical benefit from immunotherapy
(152). Also, if HER2 (ERBBZ2) gene amplifications are detected, anti-HERZ2 treatment
(monoclonal antibodies) can be considered (154). Other potentially actionable genetic
aberrations (molecular findings indicating a targeted therapy might be possible) in GEAC
include for instance amplification of the genes VEGFR (KDR) (155), EGFR, MET (156), and
FGFR2 (157).

Gastric tumour releasing ctDNA into the blood stream.
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1.7.2 Cell-free DNA analyses are not good enough for GEAC patients yet...

In GEAC, there are not yet enough studies to justify implementation of cell-free DNA
analysis as a clinical biomarker. We do not know enough of its physiology and how to handle
the information we get from a test. Also, the amount of ctDNA released from the cancer
naturally limits the detection rate (124), as discussed above. As GEACs do not harbour one
specific genetic aberration but usually have CNAs spread all over the genome (15) (10) (16)
(17), whole-genome sequencing technique analysing CNAs might be suitable for detection in
cell-free DNA.

1.7.3 ...but there are potential clinical applications

Potential clinical applications for cell-free DNA analysis in GEAC care are early detection,
detection of minimal residual disease or recurrence, prognostic prediction, and guide for
treatment.

Early GEAC detection by cell-free DNA analysis is not yet possible, as is true for most solid
tumours (109). Though, analyses in GEAC patients show that the concentration of cell-free
DNA is generally increased in GEAC patients compared to healthy controls (107).
Methylation pattern analysis of 5ShmC in cell-free DNA from a mixed patient cohort of any
stage (but a majority high-grade dysplasia up to grade Il) of oesophageal cancer, both
squamous cell and adenocarcinomas, has a sensitivity of 94% and specificity of 86%. This
suggests it might be used as a diagnostic biomarker in the future (110). Other methylation
analysis approaches have also shown promising results for GEAC detection with high
specificity, although the cohorts include predominantly gastric cancer of high stage
(suggesting the tumour burden is larger than it would be in a screening setting) (112) (116).
A combination of SNV, CNA and protein marker (proteins occurring in the blood stream with
suggested different levels in cancer patients compared to control individuals) analysis has
been suggested for detection of early stages of GEAC, with a potential detection rate of 80%
for cancer-associated aberrations (129).

To distinguish Barrett’'s oesophagus from GEAC, methylation pattern (158) and deletion
(159) analyses in cell-free DNA have been suggested. However, the exact correlation
between early cancer-driving events, cancer onset, and cancer aggressiveness is not yet
understood (151), and Barrett’'s oesophagus can harbour the same methylation profile as
GEAC (160).

Minimal residual disease (cancer-associated cells or their DNA after cancer treatment)
monitoring and recurrence detection in cell-free DNA are limited, just as early diagnostic
detection, by low ctDNA levels. Minimal residual disease of GEAC can be detected in cell-
free DNA by an individual broad gene panel, including SNVs and CNAs already identified in
the tumour tissue (161). Recurrence of GEAC can in some cases be discovered earlier by
cell-free DNA analysis than by computer tomography (162) (163), and methylation analysis
of selected gene promoters seem to be able to detect early stages of GEAC (113).

Prognostic prediction in GEAC patients by cell-free DNA analysis is possible. In general,
detectable cancer-associated SNVs or aberrant methylation in ctDNA is correlated to a
worse prognosis (shorter time to relapse and shorter overall survival time) than when none
are found (133) (134) (135) (146) (114) (115). Combined analyses of SNVs and
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amplifications specific to each study participant with GEAC seem to indicate that detectable
cancer-associated aberrations after surgery predicts a shorter overall survival than when no
aberrations are found (progression-free survival of 190 days and 934 days, respectively).
Also, the higher the VAF the shorter overall survival (136). Measurements of total cell-free
DNA concentration can potentially also be used as a biomarker for tumour burden, as it is
significantly higher in GEAC patients with advanced gastric cancers than in healthy controls
(108). Cancer-associated structural rearrangements are detectable in gastric tumour tissue
by sequencing. If they are also found in ctDNA from the same individual after surgery, the
prognosis is worse than in the case of undetectable levels (164). Whole-genome CNA
analysis using SWGS on cell-free DNA from individuals with late stage cancers may be a
cost-effective measurement of disease burden. It is applicable across different cancer types
when the ctDNA fractions are high enough (165) (166).

To guide GEAC treatment, HERZ2 analysis in ctDNA might be applicable. It is suggested as a
repeatable and less invasive detection method for HER2 gene amplification, especially
relevant for individuals with gastric and colorectal cancer (130). HERZ2 gene amplifications
can be detected in ctDNA after surgery by digital droplet PCR. Even though no HER2
amplification is present in the diagnostic tumour tissue sample, it may occur during treatment
and at recurrence (132). EGFR gene amplifications can also be detected in ctDNA, and their
resistance mechanisms can be studied (167). Tissue and cell-free DNA MET gene
amplification detection is described to correlate in 90% of individuals with GEAC (168).

1.7.4 Molecular classification of GEAC is possible in cell-free DNA

The Cancer Genome Atlas Research Network molecular sub-divisions of GEAC (7), see
above, can so far partly be investigated in cell-free DNA. MSI detection by sequencing of
cell-free DNA using a pre-set panel corresponds well to detection rates in tissue samples,
both in gastric and oesophageal cancer patients (169) (170). EBV subtype detection in
individuals with gastric cancer is sometimes possible, especially in case of active infection
and large primary tumours. Indirect markers of the EBV subtype can also be used, such as
genetic methylation markers recurrent in that specific subtype (152). A chromosomal
instability score can be calculated from WGS data of CNAs in cell-free DNA from gastric
cancer patients. This score would be high when CIN tumours are present, and could
possibly predict and monitor therapeutic response (171). Assuming it is possible to feasibly
detect the GEAC subtypes MSI, EBV and CIN, the genomically stable subtype would be
annotated in the remaining samples, supported by CDH7 and RHOA SNVs (7) (11).

Tumour mutational burden (TMB) can also potentially be investigated in cell-free DNA. In
tissue, it is defined as the number of coding SNVs and indels per megabasepair of the
targeted genome. High TMB, associated to higher response rate to cancer immune therapy,
co-occurs with MSI in gastrointestinal cancers (172). TMB can also be measured in cell-free
DNA, for instance by commercial kits, sometimes being a better representative of the total
mutational load than a tissue biopsy (173) (174). TMB in combination with copy number load
and HERZ2 amplification status might detect GEAC recurrence before computer tomography
screening (23).
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2 RESEARCH AIMS

21 OVERALL AIM

To improve oncogenetic counselling, by increasing the knowledge about who should be
offered genetic tests and what genes to test, and to improve oncology treatment decision-
making, by developing a clinical pipeline for a new cancer biomarker, cell-free tumour DNA.

22 STUDYI

Explore the genetic cause for a suspected highly penetrant, autosomal dominant rectal
cancer syndrome in one family.

23 STUDYII

Evaluate the yield of performing massive parallel sequencing in patients with three or more
primary tumours.

2.4 STUDYIl

Develop a clinical method for detecting cancer-associated CNAs in cell-free tumour DNA
from patients with gastro-oesophageal cancer.
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3 MATERIALS AND METHODS L

3.1 PATIENT COHORTS

The participants in Study | and Study Il were recruited at the Department of Clinical
Genetics, Karolinska University Hospital, Stockholm, Sweden, after being referred for
oncogenetic counselling, either personally or through a family member. The family in Study |
included multiple cases of gastrointestinal cancer, and six family members with rectal cancer
or large rectal tubulovillous adenomas with high grade dysplasia were included in the genetic
analyses. All participants in Study Il either had three primary tumours, with the first one
before 60 years of age, or four primary tumours at any age.

The participants in Study Il were recruited at the Department of Gastric Upper Abdominal
Diseases at Karolinska University Hospital, Stockholm, Sweden, after being referred for
gastric cancer treatment. All patients with a verified gastro-oesophageal cancer diagnosis
were offered participation in the study.

3.2 SEQUENCING AND VARIANT FILTRATION

3.21 Study|

Germline DNA was isolated from peripheral blood in EDTA tubes. The DNA was sequenced
using the lllumina platform and WES/WGS was performed at Clinical Genomics, SciLifeLab,
Stockholm, Sweden. Only exonic or splicing variants occurring in all six family members
were included. Variants with a minor allele frequency above 1% reported in publicly available
cohorts, or more common in the public cohorts than in the local colorectal cancer cohort,
were excluded. Also, variants occurring in the local breast cancer cohort were excluded.

3.2.2 Studyll

The same pipeline for DNA isolation, sequencing and bioinformatics as in Study | was
applied. An in silico gene panel containing genes with a known connection to tumour
development was used. In the filtering steps, only exonic or splice site variants were
included and synonymous variants were only included if they were predicted to affect
splicing. Variants with a minor allele frequency above 0.1% reported in publicly available
cohorts were excluded. Also, variants reported to be benign were excluded, and those with
an allele fraction below 30% were considered somatic and not included.

For the expression analysis of the MEN1 gene in participant E from Study I, RNA was
isolated from a PAXgene tube. cDNA was prepared from the RNA, and sequenced with
specific primers for the break between exon 3 and exon 4 of the MEN1 gene.

3.2.3 Study il

Cell-free DNA was isolated from peripheral blood in Streck-tubes. 1 ml of plasma from each
participant was included in library preparation and sequencing, which was performed at
Clinical Genomics, SciLifeLab, Stockholm, Sweden, using the same clinical pipeline as the
non-invasive prenatal diagnostics. The reference set was a locally collected cohort of
pregnant women, analysed previously in the same pipeline as the plasma samples from the
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participants. Single-end (sequencing of each fragment from just one end, not both) sSWGS
was used, aiming at a coverage of 0.2X. The cell-free DNA sequencing reads were
converted and analyzed using WISECONDOR (https://github.com/VUmcCGP/wisecondor)
and ichorCNA (https://github.com/broadinstitute/ichorCNA). In WISECONDOR, CNAs with
a z score >4.95, and an effect size (difference in target bin sequencing coverage) >1.5%
were called. In parallel, the sequencing data was analysed with ichorCNA. A bin size of
500kb and default settings without subclonal analysis were used, and, in accordance with
the WISECONDOR analyses, only calls with an effect size >1.5% (converted from the
reported segmental log2 ratio) were included. Both a targeted approach, only analysing 61
regions with recurrent CNAs in GEAC, and a whole-genome view was tried.

All calls were manually curated, with exclusion of calls from chromosome X, Y, and 19,
recurrent calls from segmental duplication regions, or variable centromere regions, and likely
germline variant, and calls present in the reference set. A CNA was classified as verified if it
was also detected by array-CGH in the paired tissue, and unverified if it was not.

3.3 ARRAY-CGH

From the frozen tumour tissue in Study Ill, sampled as a gastroscopy biopsy or during
surgery, DNA was isolated. After oligo array-CGH analysis, the calls were visualized and
further analysed in Cytosure Interpret Software (Oxford Gene Technology, Begbroke, UK).
CNAs not overlapping with previously described CNAs in our internal database (~8000
samples) or published data sets, and a log2 ratio not matching a germline variant, were
considered cancer-associated.
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4 RESULTS AND DISCUSSION

41 STUDYI

Six potentially disease-causing variants in the genes CENPB, ZBTB20, CLINK, LRRC26,
TRPM1, and NPEPL1 were found. They were all missense, and all of them occurred,
although in low frequencies, in population databases of healthy individuals. The five variants
were classified according to the ACMG criteria as of unknown significance, and further
studies will be needed to validate or discard their potential involvement in a rectal cancer
syndrome.

We believe the most interesting variant in the list is the one in the CENPB gene. That gene
might be involved in the WNT signaling pathway, which is believed to be hyperactivated in
almost all colorectal cancers.

Genetic counselling has been offered to all family members, and they are recommended
endoscopic surveillance programs. It is not yet, though, possible to offer predictive testing in
this family. From the pedigree, a monogenic cancer syndrome with an autosomal dominant
inheritance pattern would be suspected, and we aimed at finding a pathogenic variant in a
gene associated to a high-risk cancer syndrome. It is, however, possible that the potential
pathogenic variant is situated within the non-coding parts of the genome, which we have not
investigated. Also, there could be many different variants in different genes, together
increasing the risk for cancer in the family but only causing a minor increased risk
separately.

42 STUDYII

In two out of the ten participants, the pathogenic variants causing the tumour syndromes
were found.

In a woman with a clinical diagnosis of MEN1, we found a synonymous variant in the MEN1
gene. This variant had already been found during clinical testing before the start of the study,
but it was discarded and not considered disease-causing. However, when using software
prediction tools, we could see that the variant might affect splicing. In an RNA analysis, we
showed that the variant resulted in activation of a new splice site, which led to a deletion of
14 nucleotides at the end of exon 3, and a frameshift in the RNA transcript. The protein, if
the RNA would be translated, would therefore be truncated. In this participant, we also found
two variants considered risk factors for cancer.

In a woman with colorectal cancer and microsatellite instability detected in the tumour tissue,
we found another synonymous variant in the MLH1 gene. This variant, too, had been
detected in a clinical analysis before, but not acknowledged as disease-causing. When we
performed our study, two reports showing this was an epimutation had been published. We
could therefore classify it as likely pathogenic and disease-causing.

In the other participants, no known disease-causing variants were found, but we found three
pathogenic incidental findings. These are connected to recessive cancer syndromes, and
since we did not find another pathogenic variant in the genes, they were not considered
disease-causing.
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The two participants carrying disease-causing pathogenic variants got updated genetic
counselling, and predictive testing has been offered in their families. We conclude that re-
analysis of already performed genetic investigations should be considered in the clinic,
especially when clinical criteria for a specific tumour syndrome are met. New studies are
published, the prediction tools evolve, and the bioinformatic support improves over time. The
chances of finding a disease-causing pathogenic variant might improve.

4.3 STUDYII

Of the 44 participants included, 26 (59%) had detectable cancer-associated CNAs in the
tissue sample. In 14 individuals, amplifications could be seen, two of which can be
considered potentially clinically actionable (in the genes HERZ2 and EGFR). The targeted
approach detected fewer cancer-associated CNAs than the genome-wide approach (in 11
versus 17 participants in total).

Of the individuals with cancer-associated CNAs in the tissue sample, 14 (54%) also had
detectable cancer-associated CNAs in cell-free DNA. WISECONDOR had a higher detection
rate than ichorCNA. Potentially clinically actionable amplifications were detected in the
genes VEGFA, EGFR, and FGFR2.

CIN was detected in 15 individuals, one was based solely on the cell-free DNA analysis.

Three participants had cancer-associated CNAs detectable in the cell-free DNA but not in
the tissue sample. However, all three had received neoadjuvant chemotherapy before the
tissue sampling, and it is reasonable to believe these CNAs would have been detectable in
the tissue at the time of plasma sampling.

ichorCNA estimates a ctDNA fraction when it is at least 3%, and there is at least one
amplification and one deletion event, both larger than 100Mb. In 12 samples, ichorCNA
calculated a ctDNA fraction above 0. The highest fraction was 8%, but we saw no correlation
between clinical characteristics and ctDNA fraction or effect size.

To find a threshold for cancer-associated CNA calls in cell-free DNA, when tissue status is
unknown, we plotted the CNA length against the effect size. We could see that all
WISECONDOR CNAs >30Mb long and with an effect size >3% (or 5-30Mb and effect size
>5%) were tissue-verified cancer-associated CNAs. For ichorCNA, the threshold would be
30Mb in size and an effect size >3% (or size 2-30Mb and effect size 5%). After this
definition, three CNA calls in cell-free DNA were classified as cancer-associated even
though they were not found in the tissue by the stringent filtering process.

This study showed that we could detect cancer-associated CNAs in cell-free DNA for GEAC
patients, with a detection rate matching other published studies for this cancer type. The
clinical pipeline we have set up for the NIPT workflow can be used in the oncogenetic field.
We will be able to detect cancer-associated CNAs in the patients even though there is no
tumour tissue sample available. In those cases, clonal haematopoiesis needs to be
considered, and an additional analysis of peripheral blood DNA would be recommended. In
gastric cancer, as well as many other solid tumours, the ctDNA fraction is generally low,
which decreases the detection rate regardless of which technical detection method is used
(109).
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5 CONCLUSIONS

In study |, we suggest pathogenic variants in six different genes could increase the risk for
rectal cancer. In study Il, we found that re-analysis of already performed genetic tests might
be beneficial in the oncogenetic setting, especially if a patient fulfills the testing criteria for a
specific gene. In study Ill, we show that it is possible to use our clinical pipeline to detect
cancer-associated genetic changes in a blood test from patients with gastro-oesophageal
cancer. These findings have the potential to improve the oncogenetic counselling, and to lay
the groundwork for use of a new cancer biomarker at our clinic.

SAAATATT 77

Results

Suggested genes for rectal cancer.
Re-analysis should be the focus.

It is possible to detect cancer in blood.
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6 POINTS OF PERSPECTIVE

6.1 WHY IS THERE MISSING HERITABILITY IN CANCER SYNDROMES?

The entire heritability of cancer has not been explained by monogenic syndromes and
polygenic susceptibility inheritance, as of now. Some argue we might still find monogenic
causes for up to half of the missing heritability in colorectal cancer, for instance (175). Study
| is an example of ways of trying to find this type of missing heritability. However, highly-
penetrant pathogenic variants in cancer syndrome genes might not be more common than
9% (97/1040), when screening cancer patients in general (176). It is possible that mainly
ultra-rare variants remain to be discovered, and they are not easily validated in other families
than those already known to carry the variants (177) (178). We also lack knowledge about
the spectrum of cancers connected to specific genes. With increasing use of WGS/WES
both in the clinic and in the research setting, pathogenic variants in genes not traditionally
connected to the cancers occurring in the family are discovered. This will expand and evolve
our understanding of the molecular background to the cancers, and in some cases testing
criteria for cancer syndromes will be adapted. An example of this is the CDH7 gene,
traditionally thought to be connected to diffuse gastric cancer, but the newest guidelines
acknowledge its role in isolated hereditary lobular breast cancer (78).

Genome-wide association studies, identifying common genetic variants with a cumulative
important increased risk for cancer, indicate that up to 15% of the colorectal cancer
heritability might be attributed to these low-risk variants (179) (180) (181) (182) (177).
However, not only SNPs but also larger structural rearrangements should perhaps be
included in this approach of finding low-risk genetic variants (177).

In case of somatic mosaicism, the pathogenic variant is only present in certain cells. Then, it
might not be discovered in a peripheral blood sample. And epimutations are also important
to consider. It is reasonable to believe that more epimutations than those already known
might be discovered in the future (177). Indeed, in Study I, we found a disease-causing
epimutation not discovered by the clinical analyses. Technical limitations of WGS/WES
should also be considered potential reasons for the missing heritability, as well as non-
genetic shared environmental factors.

Not surprisingly, more studies are needed. The validation of genetic variants already
discovered is also important. WGS/WES generate variants that could be connected to an
increased risk for cancer, and functional analyses are important tools for actually showing, or
rule out, this. Functional analyses to validate genetic variants include for instance creating an
organoid (3D cellular models of a tissue) gene-modified by CRISPR-Cas (the gene knife),
and perform analyses of enzyme activity, RNA expression, and protein-protein interactions in
this model (183). For a new gene to be implemented in a clinical gene panel, knowledge
about how to act when a pathogenic variant is found is needed, just as much as a validation
of the cancer-connection. A potential next step after Study | would be to perform functional
analyses of the CENPB gene.
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6.2 WHEN SHOULD WE USE CELL-FREE DNA ANALYSES?

6.2.1 Politics and commercial interests cannot be neglected

The European Medicines Agency and FDA (Food and Drug Administration in the US) have
recommended some liquid biopsy tests as companion diagnostic tests (analyses which help
matching the patient’s specific tumour to a treatment), and for tumour profiling
(characterization) or detection (184) (185). There are initiatives for collecting large datasets
of plasma samples from cancer patients and also from healthy individuals, mostly with the
focus on developing a biomarker for finding the cancer early. A promising cancer screening
method is a cell-free DNA methylation pattern assay, which both seems to be sensitive and
sometimes able to tell from which organ the cancer-associated aberrations stem (186). The
efficacy of this approach is controversial. Even though critics argue the test methods are not
validated for large asymptomatic populations (187), NHS (National Health Service in Great
Britain) has started a clinical trial for assessing the blood test in 140,000 individuals (188).
When it comes to treatment choices and resistance tracing, the efficacy of cell-free DNA
analysis is usually higher. Specific aberrations in the EGFR gene, for instance, leading to
higher response rate to EGFR targeted therapy in lung cancer patients, can be detected by a
commercial, FDA approved, test (98). It is clear that liquid biopsy applications are not only a
medical concern anymore, but also a commercial and political issue.

6.2.2 Clinical implementation is a complex process

A potential cell-free DNA analysis with appropriate analytical and clinical validity might be
considered for clinical implementation. Both the testing routine, the technical aspects of cell-
free DNA analysis, the bioinformatic steps, and the interpretation of the results then need to
be taken into account. This is a complex process, involving different personnel, and it is
important to note that for many care centers a totally new routine is necessary (103). When
considering the utility of a cell-free DNA analysis, the clinical context must be considered.
Therefore, using already existing expertise and methods has its advantages. This is why we
thought it important to perform Study Ill, as a proof-of principle and stress-testing of the
current pipelines at our institutions.
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6.2.3 Cell-free DNA analyses are likely to be clinical routine soon

ctDNA is an attractive candidate as GEAC biomarker. It is a minimally invasive and readily
accessible way of receiving information on a potential tumour and its genetic characteristics.
In ten years, it is likely the methylation analyses can be used clinically, both to detect GEAC
early and to get prognostic information (111). Perhaps a combination of SNV, CNA, tumour
mutational burden, and methylation analyses will make it possible to detect GEAC even
when the ctDNA fraction is low, for screening, minimal residual disease surveillance, and
early recurrence detection. It is already possible to detect amplifications in for instance the
HERZ2 gene, and evaluate microsatellite status in ctDNA from GEAC patients (132) (130)
(167) (169) (170), and as this information can guide treatment choices, perhaps this is also
two of the first applications which will be used world-wide clinically.

6.3 CAN THE SUB-STUDIES BE COMBINED INTO ONE CLINICAL
APPLICATION?

The risk of cancer is generally high in carriers of a pathogenic variant in a gene associated to
a cancer syndrome. Surveillance programs are most often recommended. In some cases,
such as hereditary diffuse gastric cancer, carriers of pathogenic variants in the CDH1 gene
are usually recommended risk-reducing gastrectomy (78). But not all carriers will get a life-
threatening cancer, and a gastrectomy is a taxing experience. There are ongoing studies,
including individuals with hereditary cancer syndrome but no known cancer, who undergo
regular collection of cell-free DNA, to see if this might detect the cancers at an early stage
(189). Perhaps, in the future, analysis of cell-free DNA in carriers of a pathogenic variant in
the CDH1 gene could detect cancer occurrence early enough. Then, only those with an
actual gastric cancer would have to undergo gastrectomy. For this to happen, we need to
know more about hereditary cancer syndromes and their genetic causes, and we also need
better cell-free DNA analysis techniques, and more knowledge of the nature of cell-free
DNA. The sub-studies in this thesis address these different issues.
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Inherited CDH1 pathogenic variant = diffuse gastric cancer - detectable ctDNA?
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