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ABSTRACT
Endometrial and ovarian cancers are among the most prevalent malignancies in females all
around the world. Carcinomas belonging to the type I subset exhibit many similarities in
their genetic and epigenetic profiles. Lynch syndrome (LS) is one of the most prevalent
hereditary cancer susceptibility syndromes in the world. LS is a result of defective mismatch
repair (MMR) caused by a germline mutation in MMR genes, which combined with other
molecular alterations, is known to accelerate tumorigenesis. In addition to a high
prevalence in colon cancer, type I endometrial and ovarian cancers predominate in women
with LS. Apart from the MMR abnormalities, the molecular profile of LS-associated ovarian
cancer remains unknown. Moreover, the developmental changes occurring in LS patients
and in the general population prior to endometrial and ovarian cancer are poorly
understood. Type I endometrial and ovarian non-serous carcinomas are believed to
originate from the endometrial lining of the uterus, termed the endometrium. Women with
LS have been offered regular gynecological surveillance in Finland since 1996. This
surveillance program provides invaluable consecutive endometrial samples before cancer
diagnosis and represents an excellent model with which to investigate the molecular
changes resulting in the development of endometrial and ovarian tumors. The aims of this
thesis were to identify and compare the molecular alterations in LS-associated and sporadic
ovarian cancer, and to determine genetic, epigenetic and gene expression alterations in
consecutive specimens prior to the appearance of endometrial and ovarian cancer.
In total, 213 endometrial and ovarian carcinomas, as well as endometrial biopsy specimens
from 66 LS mutation carriers were compared to 197 sporadic specimens of the
corresponding histological types and profiled with established genetic and partly novel
epigenetic markers. Immunohistochemistry (IHC) was used to analyze the expression of
MMR, ARID1A, and L1CAM genes, whereas epigenetic DNA methylation alterations of 37
tumor suppressor genes (TSGs) were evaluated using both commercial and customdesigned methylation-specific multiplex ligation-dependent probe amplification (MSMLPA) assays. Additionally, ovarian carcinomas were investigated by IHC for p53 protein,
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hypomethylation of LINE-1 marker (a retrotransposon) was detected by MS-MLPA and we
also conducted a mutational analysis of hotspot sites in KRAS, BRAF, and PIK3CA by PCR,
followed by sequencing.
Novel molecular characteristics of LS-associated ovarian cancer were identified: An
extremely high frequency of loss of ARID1A protein expression, MMR deficiency, no BRAF
and KRAS mutations, normal p53 protein expression, a unique hypermethylation of
selected TSGs, and an absence of LINE-1 hypomethylation in endometrioid and clear cell
ovarian carcinomas, and frequent L1CAM overexpression specifically in clear cell ovarian
cancer. Molecular analyses of LS surveillance specimens revealed closely related pathways
in endometrial and ovarian type I tumorigenesis. For example, both MMR deficiency and
TSG promoter methylation of specific genes appeared in histologically normal endometrial
tissue preceding endometrial and ovarian cancer and there was ARID1A loss in complex
hyperplasia with or without atypia prior to the appearance of the endometrial cancer.
Additionally, we identified a high degree of similarity in the molecular alterations present
in the hyperplastic lesions that occurred prior to or concurrently with the detection of
endometrial or ovarian carcinoma collected from the same patient. This discovery suggests
that endometrial hyperplasia may contribute to the development of ovarian tumors in
addition to its well-established role in endometrial tumorigenesis.
Our findings provide novel and valuable information about the gynecological tumorigenesis
of LS as well as the corresponding tumor with a sporadic origin. Further investigations are
warranted with larger patient series. Our results may facilitate the prediction of the
malignant potential of pre-neoplastic specimens, guide treatment decisions and identify
those women who could benefit from prophylactic surgery.
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INTRODUCTION
Cancer is an extensive global cause of death regardless of the endless time and money
spent on attempts to learn how to control the disease or destroy metastatic cells. Cancer
is a genetic and epigenetic disease — this means that genetic and epigenetic alterations in
genes allow cells to function abnormally, especially to grow and divide without control,
which can ultimately lead to tumor development. Genetics refers to information based on
the structure of the DNA sequence, whereas epigenetics means the inherited information
restored in gene expression patterns (1). In fact, genetic and epigenetic events together
with lifestyle and other environmental influences are closely intertwined in cancer
development and progression; epigenetic alterations can introduce mutations into genes,
whereas mutations often occur in genes involved in epigenome modifications (2).

Changes that contribute to tumorigenesis can be inherited from the parents or they can be
acquired during an individual´s life e.g. from endogenous sources (such as hormones and
free radicals from cellular metabolism) or external mutagens (such as chemical carcinogens
from cigarette smoke, physical risk from radiation, and pathogenic bacterial and viral
infections) as well as errors in DNA replication. In normal cells, these errors are quickly
repaired by several layers of effective DNA repair mechanisms. Therefore, a damaged DNA
repair system, such as mismatch repair (MMR) mechanism, may promote tumorigenesis by
the accumulation of mutations with a growth advantage in the cell´s genome (3).

Lynch syndrome (LS) is a hereditary cancer syndrome, associated with inherited autosomal
dominant alterations in MMR genes and rare cases in EPCAM gene (4-6). In addition to its
high prevalence of colorectal carcinomas, as many as 57% and females with LS develop
endometrial carcinoma and this is also the case in 24% of ovarian carcinomas (7, 8). In
addition to being common cancers as part of LS, in general, endometrial and ovarian
carcinomas are some of the most prevalent cancers among women (4th and 8th place,
respectively), in the United States (9, 10). Survival from ovarian cancer is poor, and
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regardless of the fact that there are major histological and molecular differences within
ovarian cancer, the different diseases are currently treated as a single entity. Endometrial
cancer is the most common but ovarian cancer is the most lethal of gynecological cancers,
but for both, the molecular changes that precede cancer development are currently
unknown. Interestingly, epidemiological findings suggest that pathways leading to
endometrial and ovarian tumorigenesis may intertwine in the early steps of tumor
development, even before malignant progression.

The unsatisfactory management of most of the ovarian and part of the endometrial
carcinomas reflects the poor knowledge of what molecular alterations actually lead to
malignant development, starting from an uncertainty of the cell type of origin. An increased
understanding of the molecular pathogenesis of ovarian and endometrial carcinoma will
be required before we can expect improvements in the diagnosis and management of both
hereditary and sporadic cases. MMR alterations are known to accelerate tumorigenesis in
LS and sporadic cases (11, 12), but other mechanisms, such as mutations or epigenetic
hypermethylation of specific genes may be important in the initiation of tumorigenesis but
also in determining in which tissue and how fast tumor development progresses.

LS offers an excellent model with which to study epigenetic factors that facilitate
tumorigenesis, since both the genotype and phenotype of a patient with LS often display a
poor correlation. In addition, LS is an invaluable model for investigating the molecular
changes preceding endometrial and ovarian cancer, as the basic tumorigenesis in LS
significantly resembles that in corresponding sporadic cases but is accelerated.
Furthermore, invaluable consecutive endometrial biopsy specimens from surveillance
against gynecological cancer are available from these patients (13). Since the risk for
gynecological carcinomas among LS mutation carriers increases after 40 years of age (7,
14), prophylactic surgery is recommended around that age, but its exact optimal timing
remains an open question. Molecular findings from biopsy specimens could help to resolve
this question.

10

Review of the Literature

REVIEW OF THE LITERATURE
1

Cancer – Overview

Cancer is a diverse disease of multiple organs as a result of genetic and epigenetic
alterations in specific genes, which disrupt the cells’ abilities to maintain normal growth
and division. Although the start of cancer development is monoclonal, the high rate of new
mutations and the different forms of genomic instability soon divide cancer cells into new
populations (15). In 2000, Hanahan and Weinberg (16) proposed six hallmarks that all
cancers have in common and which explain the properties that permit cancer cells to live,
divide and spread. Every cancer is a unique combination of these hallmarks and aberrations
that may occur in changing orders or simultaneously. The hallmarks include (1) the ability
of cancer cells to stimulate their own proliferation, (2) the cancer cells are resistant to
signals that inhibit their growth, (3) they have the capacity to avoid cell death, (4) they have
an endless potential to replicate, (5) they possess a capability to grow and maintain blood
vessels, and (6) cancer cells display a potential to move from the original site to invade
distal organs (16). In 2011, the same scientists added two emerging hallmarks, the ability
of cancer cells to modify cellular metabolism and to escape from immune destruction, as
well as two facilitating hallmarks known as genome instability and inflammation which
facilitate cancer cells to receive the main core and emerging hallmarks (17). In addition to
these well-known hallmarks, another important hallmark exists; global alterations in the
epigenetic landscape (18). Moreover, epigenetic mechanisms may be involved in each of
the hallmarks proposed.

In the United States, it is predicted that around 1 735 350 new cancer cases will be
diagnosed in 2018 (19). The most prevalent cancers in the Finnish population are shown in
Table 1. On the positive side, the cancer death rate is declining (especially the death rates
of the most common cancers of lung, colorectal, breast, and prostate), due to a reduction
in smoking, early diagnosis and improvements in treatment.

11

Review of the Literature

Table 1. The five most common cancers in Finland and cancers included in the study (in 2015).
Primary
cancer
Breast
Colon
Skin, non-melanoma
Lung and trachea
Endometrium
Ovarian
Prostate
Lung and trachea
Bladder and urinary tract
Colon
Skin, non-melanoma

Order of prevalance
1.
2.
3.
4.
5.
10.
1.
2.
3.
4.
5.

Female
New cases
5161
1014
789
936
846
436
Male
4855
1690
991
981
896

Deaths

Incidence*

841
394
30
779
203
349

96.9
14.13
7.9
13.27
12.55
7.12

921
1456
217
378
32

78.77
27.36
15.42
16.09
12.68

*relative to world standard population by age adjusted, 1/100 000 people (20).

2

Tumorigenic pathways

Genetic and epigenetic alterations that contribute to cancer mainly affect two major types
of genes: Tumor suppressor genes (TSGs) and proto-oncogenes, which are involved in the
growth and division of normal cells. DNA repair genes are an important subclass of TSGs,
tightly implicated in normal cellular functions (21). In cancer, proto-oncogenes become
activated to become oncogenes that drive cell division or prevent cells from apoptosis
(programmed cell death) whereas TSGs become silenced so that they cannot resist these
oncogenic processes to happen (22). Moreover, DNA repair genes become faulty and lead
to permanent DNA damage, thus causing the accumulation of mutations. Although
thousands of alterations in different genes take place in a neoplastic cell, only
approximately 140 of those are so-called driver genes which have the ability to promote
tumorigenesis. Usually, 2 to 8 driver gene mutations are found in a tumor and all the rest
(more than 99.9% of the alterations) are passenger mutations which do not enhance nor
impair the tumor growth (21). The driver genes are involved in key processes of a cell,
including specific cell fate, cell survival, and genome maintenance (21).
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2.1 Altered tumor suppressor genes and proto-oncogenes in cancer
Mutations affecting proto-oncogenes are typically dominant and speed up tumorigenesis
by a gain of function in gene expression, leading to enhanced cell division or prevention of
cell death. KRAS is the most commonly altered proto-oncogene in cancer (23); it encodes a
GTPase, a key component of the P13K/AKT pathway, and this proto-oncogene plays an
important but stringently regulated role in normal cell signaling growth. However,
mutations in KRAS can transform it into a constitutively active oncogene, causing overproduction of its gene product further promoting uncontrolled growth (24, 25).

In contrast to proto-oncogenes, mutations and epigenetic alterations that occur in TSGs
are frequently recessive, meaning that both of their parental alleles need to be inactivated
(by Knudson´s “two- or multiple hit” hypothesis) to achieve complete expression of the
modified phenotype (26, 27). TSGs can be silenced by different kinds of “hits”, such as
mutational inactivation, loss of heterozygosity (partial or complete loss of gene) or the gene
can be turned off by epigenetic mechanisms (2). Occasionally, inactivation of only one allele
of a TSG may predispose to a change in gene expression; in haplo-insufficiency, one allele
alone is unable to produce a wild-type phenotype (28). This can also be achieved by a
situation in which one mutated allele can disturb the function of the other allele by
dominant-negative manner. p53 is a good example of a crucial TSG often associated with
different cancers; it is also known as “the guardian of the genome”, which in normal cell
becomes active in response to DNA damage (29, 30). Loss of expression of p53 increases
cell proliferation (31) and interrupts p53-dependent cell death promoting tumorigenesis
(32).

2.1.1 An epigenetic tumor suppressor, ARID1A
A recent intriguing finding in cancer research, discovered through whole genome
sequencing, has been the realization that nearly all cancers harbor alterations in genes
involved in creating the epigenetic machinery. These modified genes may therefore alter
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the epigenome, resulting in changed gene expression and evoking genomic instability.
Moreover, the frequency of many of these mutations is sufficiently high to suggest that
they are “driver” mutations, meaning that a disturbance of the epigenome may be an early
event in the initiation of cancer (2, 33). ARID1A, a gene involved in chromatin/nucleosome
remodeling, is one of these genes often altered in several different types of cancer (34).

ARID1A (AT-rich interaction domain 1A) is a TSG which is often mutated in human cancers
and believed to play a role both in tumor initiation and progression (35). ARID1A encodes
a large protein, BAF250a, a key component of the ATP-dependent chromatin remodeling
complex SWI/SNF (switch/sucrose non-fermentable). This complex regulates the
transcription of specific genes by changing the accessibility of the chromatin around gene
promoters; it is involved in several cellular processes such as DNA synthesis, DNA repair
and genomic stability (36). As part of the chromatin remodeling complex, ARID1A is able to
inhibit cell growth in normal cells (37). Disrupted ARID1A may cause distinct problems in
SWI/SNF complexes, including a disturbance of nucleosome sliding, targeting to certain
genomic sites and the assembly of coactivators or corepressors (38). Mutations in ARID1A
are expected to lead to direct epigenetic modifications in cancer cells by changing the
chromatin structure. Therefore, mutated ARID1A in cancer can partly explain why DNA
methylation and chromatin differ between cancer and normal cells (39).

2.2 DNA repair
Despite the massive amount of errors that occur in a cell’s genome, only a very low number
(10-7-10-11bp/cell generation) of mutations remain in the genome due to the multilevel
repair mechanisms that proofread DNA and correct most of the genomic alterations (40).
Most mutations that are left in the genome are harmless to the cell, but on rare occasions
the cell acquires a growth promoting mutation that will confer on the cell ability to achieve
the hallmarks of cancer and eventually become neoplastic (16, 17, 41). If a defence
mechanism such as MMR becomes defective, mutations start to build up high rate in a
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cell´s genome, causing hypermutability and an increased risk for additional destructive
mutations that often lead to tumor development.
There are a variety of DNA repair strategies, each repairing specific types of damage and
restoring lost information. For instance, base excision (42), nucleotide excision (43) and
mismatch repair (44) are needed to repair single-strand breaks on DNA, whereas doublestrand breaks are often repaired by non-homologous end joining or by homologous
recombination (45).

2.2.1 DNA mismatch repair (MMR)
The mismatch repair (MMR) machinery plays a critical role in the protection of genome
stability by recognizing and stimulating repair of base pair mismatches and
insertion/deletion loops in DNA caused by environmental factors and cellular processes as
well as replication errors that escape DNA proofreading (46). Figure 1 illustrates the MMR
repair of single base pair mismatches. Defects in MMR cause an accumulation of small
mono- and dinucleotide deletions and insertions, which lead to a variable number of these
repeats causing microsatellite instability (MSI) (see Chapter 2.3.2 below). MSI can be used
as a marker to detect MMR deficiencies (47). Defective MMR promotes tumorigenesis in
two alternative ways: First, defective MMR causes increase in the number of replication
errors leading to hypermutability, which may increase tumor heterogeneity and generate
mutations, which are advantageous for neoplastic cells (3). Second, the absence of sensors
for DNA damage, may lead to accelerated cell divisions and evading apoptosis (48).

Both genetic and epigenetic silencing of many genes have been implicated in the MMR
pathway (4). A defective MMR system may be the starting point for tumorigenesis and
inherited aberrations in the MMR machinery are well known to underlie a hereditary
cancer syndrome called Lynch syndrome.
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Figure 1. Simplified outline of the MMR pathway. Three main steps are involved in MMR repair: (1)
Recognition of damaged DNA and initiation of repair, (2) excision of mismatched DNA and (3)
resynthesis. (1) The DNA damage is recognized by the hMutSα complex, consisting of a MSH2 and
MSH6 heterodimer, which binds to single base pair mismatches (as shown in the figure). The MSH2
and MSH3 heterodimer, called hMutSβ complex, detects longer insertions or deletions (not shown).
Proliferating cell nuclear antigen (PCNA) is also involved in the recognition of mismatches. (2) After
the recognition of DNA damage, the hMutLα complex, consisting of MLH1-PMS2 heterodimer, is
recruited to the site and starts dissembling the mismatched DNA by exonuclease EXO1. (3) Finally, a
new complementary strand of DNA is synthesized by DNA polymerase δ and further ligated to the
old, undamaged strand by DNA ligase I.

2.3 Genomic Instability
Genomic instability in cancer is the driving force that leads to genetic heterogeneity inside
a tumor, generating the genetic diversity for cancer cells to survive through natural
selection, and providing extensive variety in patient phenotypes (49, 50). Genomic
instability is a feature of nearly all human cancers, but the molecular basis and the time
point when it arises in carcinogenesis remains still largely unknown. In hereditary cancer,
this phenomenon has been linked to defective DNA repair mechanisms causing a high
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spontaneous mutation rate (mutator hypothesis) (51) which is present already in
precancerous lesions and confers on the neoplastic cell an ability to undergo favorable
genetic changes and to achieve the hallmarks of cancer (17, 52). On the other hand, the
molecular background of genomic instability in sporadic cancer is still not fully understood.
It has been proposed that oncogene-induced errors in DNA replication as well as telomere
erosion could be at least partly responsible for the genomic instability encountered in
sporadic tumors (53, 54). Chromosomal instability (CIN) and MSI are two distinct forms of
genomic instability (55, 56).

2.3.1 Chromosomal instability (CIN)
The amount of chromosomal alterations is highly increased in cancer, and it is the major
form of genomic instability in cancer occurring in more than 90% of solid tumors (57).
Alterations that contribute to CIN are large-scale rearrangements of the chromosome
structure and number, involving aneuploidy (changes in numbers of chromosomes) as well
as intrachromosomal inversions, deletions, translocations and amplifications (55, 58).
Aneuploidy is a consequence of unequal division of chromosomes to daughter cells in
mitosis and this feature of CIN is unique to neoplastic cells as the accurate arrangement
and the number of chromosomes is strictly regulated in normal cells (55). CIN provides
cancer cells with the possibility to obtain heterogeneity, allows them to rapidly collect
mutations and modify tumor genomes, which further drives tumor progression (59).

2.3.2 Microsatellite instability (MSI)
Microsatellite DNA refers to short repeated sequences of DNA (typically dinucleotides)
scattered throughout the human genome. The lengths of the repeats vary among the
population, but are unique in an individual (60, 61). A defective MMR system can lead to
an accumulation of base pair mismatches in microsatellites causing MSI; this can be
observed as deletions or insertions of only a few nucleotides at repeat sequences (47, 62).
MSI is a characteristic of almost all LS-associated tumors (over 90% of colorectal and
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endometrial carcinomas (63, 64) but additionally, acquired aberrations in the MMR system
are estimated of being the causal factor in 15 to 20% of colon and up to 30% of endometrial
cancers of sporadic origin (63, 65-67). These sporadic carcinomas develop as a result of a
defective MMR machinery caused by a somatic mutation or by DNA methylation (68).
Tumors displaying MSI show a major acceleration of the mutations rate by between 100 to
1000 fold in comparison with normal cells (69).

3 Epigenetics and Cancer
The initiation and progression of cancer by silencing of TSGs, activation of oncogenes and
the acquisition of genomic instability is achieved by genetic and epigenetic dysregulation.
Epigenetics refers to all of the mechanisms involved in the regulation of gene expression
not involving changes in the primary DNA sequence (70). Thus, in contrast to genetic
mutations, epigenetic alterations (epimutations) do not alter the genetic code of the DNA
itself but are able to regulate gene expression by other, potentially reversible, mechanisms.
Furthermore, epigenetic regulation is affected by genetic factors and the environment.
Epigenetic mechanisms consist of DNA methylation, histone modifications, non-coding
RNAs (mainly miRNA expression) and modifications of chromatin remodeling systems
(demonstrated in Figure 2). These epigenetic mechanisms which carefully regulate normal
homeostasis of expressed genes in a cell, become completely disrupted in the neoplastic
cell (1). Additionally, recent findings from next-generation sequencing (NGS) of whole
cancer genomes have shown that epigenetic genes, for instance those encoding parts for
chromatin remodeling machinery as well as enzymes that modify histones, are frequently
mutated in cancer, transforming them to behave like TSGs or oncogenes (71, 72).

The reversible but heritable nature of epigenetic aberrations has led to the emergence of
the promising field of epigenetic therapy, which is already making progress with the recent
FDA approval of four epigenetic drugs for use in the cancer treatment of T-cell lymphomas
and myeloma (73).
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Figure 2. Epigenetic alterations in cancer, including DNA methylation (A), histone modifications (B),
miRNAs (C) and chromatin modifiers (D). A (top), in cancer, TSG promoters become methylated
(black balls) and silenced (bent arrow indicates the transcription starting point); A (bottom),
oncogene promoters become hypomethylated and activated (open arrow indicates low and solid
arrow high expression). B, The number of inactivating histone marks increases in cancer cells
resulting in compact chromatin and silencing of TSGs. C (top), inactivation of a TSG by increased
oncogenic miRNA expression; C (bottom), oncogene activation by decreased expression of tumor
suppressive miRNA. D, chromatin remodeling complex SWI/SNF modifies chromatin accessibility. In
normal cells (left), SWI/SNF-complex activates genes normally silenced by packed chromatin
structure established by HDACs. SWI/SNF complex represses expression of HDACs leading to active
chromatin and expression of genes regulated by HDACs. In cancer (right), the loss of ARID1A,
expression leads to a dysfunction in the SWI/SNF-complex resulting in expression of HDACs,
subsequent repressive chromatin state and inactivation of genes targeted by HDACs. Modified from
Peltomäki et al. (74)
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3.1 DNA hypermethylation and cancer
DNA methylation is an epigenetic change in DNA sequence that typically occurs at a
5´cytosine located next to guanine forming CpG dinucleotides (2). Patterns of DNA
methylation are established in the early stages of development and maintained
respectively stable throughout life. Furthermore, methylation patterns are frequently
inherited to daughter cells in cell division (75) and even aberrant hypermethylation
(epimutations) of specific TSGs has been shown to be inherited in the germline from
parents to progeny (76, 77). Particularly stable form of DNA methylation is involved in
genomic imprinting which is a way of silencing gene expression of one parental allele by
DNA methylation (78). DNA methylation in humans is produced and maintained by DNA
methyltransferase (DNMT) enzymes, which add a methyl group (CH3) into the 5´ position
of a cytosine adjacent to a guanine (by DNMT1) and maintain (by DNMT3A and DNMT3B)
the methylation through cell divisions. On the contrary, 10–11-translocation proteins (TET)
can remove methyl groups and further demethylate DNA (79).

In human genome, approximately 60% of gene promoters contain a high number of CpG
dinucleotides, called CpG islands (80). The DNA methylation patterns of these islands are
tissue specific (81). Hypermethylation of CpG islands around gene promoters is associated
with inactivation of the gene. In normal cells, most of the CpG islands around gene
promoters are unmethylated, as it allows open and active chromatin and expression of
genes when equivalent transcription factors are
hypermethylation

and

consequent

inactivation

accessible. In contrast to
associated

with

promoters,

hypermethylation that occurs in a gene body either enhances or has no effect on gene
expression (2). In cancer, usually 5 to 10% of CpG sites located in gene promoters become
heritably hypermethylated (33). This may cause transcriptional inactivation of the TSGs,
which in normal conditions would suppress tumor formation (18, 33, 82). These alterations
in methylation are believed to drive the cancer formation as they appear already in early
stages of cancer development (83). Genes known to be hypermethylated in cancer are

20

Review of the Literature

involved in all of the key cellular pathways, such as the cell cycle (CDKN2B), DNA repair
(MLH1), metabolic reprogramming (VHL) and cell death (DAPK) (1, 79).

Abnormal hypermethylation of gene promoters is a main mechanism associated with
tumor suppressor gene inactivation in carcinogenesis (See Figure 2A) (84). In nearly all
cancer types, hundreds of genes may be silenced by promoter hypermethylation. However,
only a small fraction of these hypermethylated genes are “drivers” and hence affect cancer
initiation and progression (2, 85). Three main routes involving DNA methylation are known
to promote tumorigenesis. These changes often occur concurrently and include genomewide hypomethylation, specific hypermethylation of TSG promoters, and direct mutational
processing of sites containing methylated cytosines by ultraviolet radiation, deamination
or by other carcinogenic mutagens (2, 86).

DNA methylation has been utilized as a biomarker in diagnosis, prognosis, and in response
to treatment (79). At the present, clinical treatments with demethylating agents have been
limited by their non-specific nature. This may change in the future, as the CRISPR-mediated
system holds the promise of site-specific epigenetic editing of the genome (87).

3.2 Hypomethylation, LINE-1 and cancer
Hypomethylation, the genome-wide decrease in 5-methylcytosine, was the first epigenetic
alterations identified in human tumors (88). Global hypomethylation is often a
characteristic of tumor progression but sometimes it can be also observed in the early
stages of tumor development (89, 90). Hypomethylation is a frequent feature of cancer
cells and in contrast to hypermethylation of CpG sites in gene promoters, hypomethylation
is often present in the remainder of the genome and can be detected in vast areas of the
genome. Hypomethylation stimulates carcinogenesis in diverse ways such as activating
oncogenes (91), generating CIN by disruption of genes via retrotransposition of long
interspersed element 1 (LINE-1), and by loss of imprinting (LOI) (92, 93). LOI activates an
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allele that has been imprinted and therefore silenced by DNA methylation and this
activation will result in an overabundance of the gene product expressed now by both
alleles (94).

Highly repeated DNA sequences, such as the interspersed Alu and LINEs comprise nearly
half of the human genome, and are the typical place for hypomethylation to take place.
LINE-1 retrotransposon, up to 6 kb in length and the only active and abundant LINE-element
still in human, provides a useful marker to measure global hypomethylation of the cancer
cell genome (95, 96). DNA hypomethylation activates LINE-1 transcription and enables the
retrotransposition of these elements into new sites in the genome. In tumor development,
these elements can disrupt gene function by insertion and can also act as surrogate splice
sites or as alternative promoters (93). Alterations in DNMTs and TET2 have been detected
in some cancers which may cause global hypomethylation (79).

3.3 Histone modifications
DNA in the human nucleus is tightly wrapped around histone proteins. Histones have an
unfolded domain, called the histone tail, which is bound by different epigenetic marks (see
Figure 2B). These epigenetic signatures on histone tails contribute to packing of the
chromatin and influence the binding of proteins to chromatin. The histone tails can be
modified with many different chemical bounds, such as methylation, acetylation,
phosphorylation and ubiquitination (97, 98). The chemical modification together with its
position of the histone tail, specify influence the chromatin. For example, trimethylation of
lysine 4 in histone 3 (H3K4Me3) is an activating signal, whereas the same modification in
lysine 9 in histone 3 (H3K9Me3) mediates a repressive function. Furthermore, the
modification with a different chemical of the same position may produce an opposite event
such as acetylation of lysine 9 in histone 3 (H3K9ac) may cause an activation of transcription
(79). In cancer, these covalent histone marks around promoter regions often become
altered together with DNA methylation changes (2, 82, 99).
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3.4 MicroRNAs
MicroRNAs (miRNAs) are another set of crucial factors involved in epigenetic regulation.
MiRNAs belong to small non-coding RNAs, which regulate the expression of selected genes
at the post-transcriptional level (100). MiRNAs regulate the translational processing of
genes by specific targeting of 3´-untranslated region of messenger RNA (mRNA) followed
either by target mRNA degradation or by blocking mRNA translation into protein. MiRNAs
may be important players in tumor development, because they target and consequently
regulate specific proto-oncogenes (tumor suppressive miRNAs such as miRNA let-7a which
inhibits MYC oncogene) (101) and TSGs (oncogenic miRNAs such as MIR34B) as shown in
Figure 2C, and furthermore, miRNAs may mediate regulatory communication between
oncogenes and TSGs in carcinogenesis (102). In addition, MiRNAs directly target
components of the epigenetic machinery, such as DNMTs (103) and histone deacetylases
(HDACs) (104), resulting in indirect modulation of genes regulated by epigenetic
modifications (105).

On the contrary and making this network even more complex, miRNA themselves can be
regulated at the transcriptional level by binding of specific proto-oncogenes and TSGs to
miRNA host gene promoter which encode miRNA (106), as well as through genetic
alterations of the host gene promoter (107). Moreover, recent breakthrough findings have
shown that the genes encoding for miRNAs can also be epigenetically regulated by
promoter methylation, acetylation and methylation of histones as well as chromatin
modifications (105, 108). This ability of a cancer cell to epigenetically regulate specific
miRNAS may help the cell to transform its transcriptome to an oncogenic phenotype.

3.5 Chromatin modifiers in cancer
Defective epigenetic machinery may often underlie the epigenetic alterations in a cancer
cell´s genome as demonstrated in Figure 2D (2). During cancer progression, the
maintenance of transcriptionally repressed and active chromatin states becomes altered.
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Therefore, chromatin modifiers and their alterations may play a major part in
carcinogenesis. Several candidates have been acknowledged: HDACs are proteins that
remove acetylation from histones as well as from other proteins and establish a tightly
packed and silenced chromatin structure (109). Other candidates are histone
acetyltransferases (HATs), which function as transcriptional activators by adding acetylgroups to histone tails, as well as the SWI/SNF protein complex, together with its subunit
ARID1A, which actively modifies the chromatin around promoter regions as well as
changing the localization of nucleosomes to promote gene expression (1, 38).

3.6 Technology to identify DNA methylation changes
There are many different techniques available for analyzing gene-specific or genome-wide
DNA methylation patterns. The determination of the DNA methylation patterns and their
distribution in the genome is essential in understanding their function in normal cellular
functions as well as in disease, such as cancer. These techniques are primarily divided into
three categories depending on the pre-treatment step applied: (1) Restriction enzyme
based assays, (2) affinity enrichment based assays, and (3) sodium bisulfite based assays
(110, 111). The optimal choice for DNA methylation assay depends on several aspects such
as the scientific question, the amount and quality of the sample to be analyzed, the
information available of the sequence under analysis, the required sensitivity of the assay,
the bioinformatics knowledge available, as well as economic issues.

For many methods, the limiting factor is the high quality and/or large quantities of DNA
required and therefore only a few assays are suitable for formalin-fixed paraffin embedded
(FFPE) samples. Many assays, such as restriction landmark genomic scanning (RLGS) and
the methylated-CpG island recovery assay (MIRA) require high quality DNA, but for
instance, Illumina Infinium 450K assay can be used to analyze low quality, FFPE samples
(110, 112, 113). As the whole-genome methylation assays have developed becoming more
sensitive and cheaper, they are replacing the methods used to analyze gene-specific
methylation. Still today, gene-specific methods are pivotal due to their low cost, their

24

Review of the Literature

ability to generate quantitative data, the possibility to detect methylation changes from
low quality FFPE DNA (such as MS-MLPA), and in cases where the interest in detecting DNA
methylation only requires a low number of specific genes, such as MLH1 methylation in
colorectal and endometrial cancer (5). In addition, the plethora of data produced by wholegenome methylation assays, require time and bioinformatics knowledge to sort out the
data, whereas analyzing gene-specific methylation is often fast and requires less
bioinformatics skills.

New platforms using NGS and/or genome-wide hybridization to investigate genome-wide
DNA methylation patterns have enabled the identification of large sets of genes
methylated in cancer (67, 114). The widely used, Illumina Infinium 450K microarray
platform detects around 450,000 candidate CpG sites throughout the genome giving a
broad perspective of the methylation changes in the human genome. Although, the
coverage of this platform is broad, it is not very specific in a given region of the genome
and thus it is mainly used as a first screening method and subsequently followed by
methods that carry a higher number of probes for a specific region (115). In addition, direct
sequencing of all CpG sites after bisulfite modification of DNA (for instance, whole genome
bisulfite sequencing, WGBS) (116) is currently available and allows extensive information
of nearly all CpGs throughout the genome (117).

4 Hereditary cancer
Most cancers are caused by somatic mutations in driver genes, but around 10% of cases
are a consequence of a germline mutation that may be inherited from parents to offspring.
More than 110 genes are known to be associated with hereditary cancer syndromes (118).
The most common inherited alterations involved in hereditary cancer are due to defects in
DNA repair genes (119).

Most hereditary cancer syndromes are passed on to the children in an autosomal dominant
manner and in most cases, a carrier is heterozygous for the inherited germline mutation.
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This means that the carrier inherits one defective allele of a specific TSG (the so-called first
hit in Knudson´s two hit hypothesis) (26, 27) which increases the risk for developing cancer,
but only after the second somatic hit has been acquired in a cell of a target tissue, may
tumor development be initiated. In sporadic cancer however, two hits affecting both alleles
of a TSG need to occur somatically before tumor development can begin. Either one or
both of these inactivating hits can occur genetically or epigenetically. Examples of
hereditary autosomal dominant cancer syndromes include Lynch syndrome (described
below), hereditary breast and ovarian cancer syndrome (described below), and PeutzJeghers syndrome (germline mutation in STK11 gene) (120) which predispose to several
cancers, whereas familial adenomatous polyposis (germline mutation in APC gene) mainly
predisposes to colon cancer (121).

4.1 Lynch syndrome
Lynch syndrome (LS, OMIM #120435, #120436), earlier referred to as hereditary nonpolyposis colorectal cancer syndrome (HNPCC), was first reported by Doctor Aldred Scott
Warthin in 1913 (122). Patients with LS were defined according to clinical and family history
alone until the year 1993, when Peltomäki et al. (123) identified the first susceptibility locus
for this syndrome. LS is a severe hereditary cancer susceptibility syndrome caused by
autosomal dominant mutation or epimutation in one of the genes belonging to the MMR
system (5). LS mutation carriers have a high risk of developing early onset colon or
gynecological cancer (endometrial and ovarian) and most tumors present with a MSI
phenotype due to aberrant MMR (124). Most women with LS become affected with
endometrial and/or ovarian cancer at some stage of life and the latest analysis of cancer
risk in LS patients has shown that the risk of gynecological cancer in women with LS
outweighs the risk for colon cancer (7). Other cancer types such as stomach, urinary tract,
bladder, breast, brain (glioblastoma) and cancer of the kidney are less common in LS
patients but nonetheless, the incidence exceeds that of average population (see Figure 3)
(125, 126). MMR genes are expressed in all tissues, but the cancer risk varies according to
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the tissue. This may be a consequence of the amount of MMR product produced in the
tissue, the proliferation rate of cells, the power of immune defense, and the way in which
the tissue has been exposed to endogenous or exogenous carcinogenic agents (127). It is
typical that an LS mutation carrier may be diagnosed with different cancers in their life but
fortunately, the survival is higher for most cancers compared to sporadic cancers (8). The
incidence of an individual with Lynch syndrome developing any type of cancer before the
age of 70 is 75% in women and 58% in men (8).

Figure 3. Cumulative cancer risk of LS-associated cancers from age 25 up to 75 years of age in general
population and in LS germline mutation carriers. Cumulative risk values in general population are
shown for females only (pink color). The cancer risk in Lynch syndrome for endometrial, ovarian,
and breast cancer is shown in females only; for all other cancers, the risk values are shown for
combined genders. In LS-associated cancers, the cumulative risk is shown separately in MLH1, MSH2
and MSH6 mutation carriers, respectively (green color). The data for general population is collected
from the NORDCAN-database (128, 129) and for Lynch syndrome from Møller et al. (2017) (130).
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The incidence of LS in the population can be as high as 1 in every 370 individuals and even
this value may be an underestimation (124). It has been estimated that there are more than
10 000 LS mutation carriers in Finland and over a million in Europe, moreover, LS has been
evaluated as being the causal factor in 3% of the newly diagnosed colorectal carcinomas
(5). In Finland, there are currently approximately 280 known families with a verified
mutation causing LS (131). Because of the dominant characteristic of the LS causing
mutation, the risk for passing on a defective allele to a child is 50%. In a rare condition,
constitutional MMR deficiency (CMMRD), the child inherits defective MMR alleles from
both parents causing a severe form of cancer syndrome and in which cancers (mainly
hematological malignancies, colorectal cancer, and brain tumors) occur already in
childhood (132).

LS is a consequence of germline mutation in one of the MMR genes (MLH1, MSH2, MSH6
and PMS2), or by a large deletion in EPCAM gene. EPCAM germline mutation is a rare event,
but it can also cause LS by epigenetic inactivation of its adjacent MSH2 promoter by DNA
hypermethylation followed by silencing of MSH2 gene (6, 133). Almost 3500 unique LSassociated variants have been discovered in MLH1, MSH2, MSH6, PMS2 and EPCAM, and
the shares of the variants among MMR genes are approximately 38%, 33%, 19%, and 10%
respectively (134). On rare occasions, Lynch syndrome may be inherited via a constitutional
epimutation (135). This means that hypermethylation of a specific allele (non-imprinted),
such as MLH1 in LS, occurs in a germline and is therefore spread throughout the normal
tissues in the body. This constitutive epimutation of MLH1 is typically the first hit and LOI
frequently the second hit that inactivates the gene and drives tumor formation in a tissue
(76). Clinically, this resembles the MLH1 mutation or methylation of MLH1 in sporadic cases
(136). On the contrary, an MSH2 epimutation is secondary and caused by a deletion of the
EPCAM gene (6, 77). In LS-associated cancers both two hits, hereditary and later acquired
somatic, are frequently genetic (MMR or EPCAM) (137, 138).
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4.1.1 Diagnostics and screening pathways
The identification of colorectal and gynecological carcinoma patients with LS is important
in order to save lives by guiding these patients and their affected relatives to surveillance
programs and to start prevention interventions. It has been estimated that colonoscopy
surveillance for colorectal carcinoma in verified LS patients decreases the overall death
incidence from colorectal carcinoma by 65% (139). The estimates with gynecological
surveillance have not shown a similar effect (140). However, Auranen and Joutsiniemi
(2011) performed a systematic review of gynecological surveillance in women with LS and
revealed a 5% to 6.5% detection rate of pathological endometrial findings in surveillance
visits that involved endometrial biopsies (141).

Different guidelines (Amsterdam Criteria and Bethesda Guidelines) have been developed
for clinicians to identify colorectal and endometrial carcinoma patients that have a high risk
of being LS mutation carriers and who should be guided to further analysis of MMR defects
(142-145). The problem with these guidelines is that they are either not sensitive
(Amsterdam Criteria) or specific (Bethesda Guidelines) enough and hence most Lynch
mutation carriers remain undetected. The currently used guidelines Amsterdam criteria II
(145) and Bethesda (revised in 1999) (143) for LS diagnosis are shown in Table 2.
Table 2. Amsterdam Criteria II and revised Bethesda guidelines for diagnosis of LS.
Amsterdam Criteria II
1. At least three relatives with LS-associated cancer a, of whom one affected individual is a first-degree
relative of the other two.
2. Affected individuals detected in two generations
3. At least one of the LS-associated cancers a, diagnosed under 50 years of age
4. Familial adenomtous polyposis (FAP) excluded in CRC cases
Revised Bethesda guidelines
1. CRC diagnosed in an individual under 50 years of age
2. Synchronous or metachorous LS-associated tumors a detected regardless of age
3. CRC tumor with MSI-high histology b diagnosed in an individual under 60 years of age
4. Diagnosis of CRC in at least one first-degree relative with LS-associated tumor, with one of the tumors
diagnosed under 50 years of age
5. Diagnosis of CRC in at least two first- or second-degree relatives with LS-associated tumors, at any age.
a

LS-spectrum tumors include CRC, endometrial, ovarian, stomach, urinary tract, bladder, breast,
brain (glioblastoma), skin, pancreas, and cancer of the small bowel. bMSI-high histology is
determined as the presence of tumor-infiltrating lymphocytes, mucinous/signet-ring differentiation
or medullary pattern of growth. Abbreviations: LS, Lynch syndrome; CRC, colorectal cancer.
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If patient is suspected of being LS, at present immunohistochemical (IHC) analysis of MMR
genes is recommended. This analysis is able to detect an absent MMR protein and thus
identifies which MMR gene to test by mutational analysis in order to find out the exact
mutation causing the syndrome (146). If the absence of MLH1 is detected by IHC, an
additional methylation analysis of MLH1 promoter is needed before mutational testing to
exclude common sporadic cases caused by methylation of MLH1 gene promoter (5).

The final identification of LS mutation carriers is based on the detection of MMR or EPCAM
germline mutations which can be found by sequencing. At present, a tumor sample is
needed in the characterization of a mutation, but a functional assay is being developed that
would detect a MMR deficiency from a healthy relative by using fibroblasts (147). Until the
present time, sequencing has been expensive and time-consuming and the analysis and
interpretation of sequencing data of MMR genes have required substantial effort due to
their large size and high number of variants known in these genes. Therefore, only patients
showing convincing proof by fulfilling clinical criteria of LS and having a defective MMR by
IHC are at present guided to undertake final genetic testing. All verified mutation carriers
should be provided with genetic counseling and enrolled into surveillance programs to
prevent cancer development (5). Families meeting the clinical criteria of LS but showing
negative for tested predisposing mutations should be considered for further epigenetic
testing to exclude constitutional epimutation that also predisposes to LS (76, 148).

Currently, immunohistochemistry (IHC) analysis of four MMR proteins is recommended for
all colorectal cancer cases and it can also be considered for the detection of Lynch
syndrome among endometrial carcinomas (at least when diagnosed at an age of less than
70 years) internationally (5, 149). Despite these recommendations, it is very clinic- and
clinician-dependent, deciding which patients will be selected for genetic counseling and
further IHC testing of the samples.
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4.2 Hereditary Breast and Ovarian Cancer Syndrome
Tumor suppressor genes, BRCA1 and BRCA2, involved in the repair of a damaged DNA are
the genes most often involved in hereditary ovarian cancer causing Hereditary Breast and
Ovarian Cancer Syndrome (HBOC, OMIM #604370, #612555) and account for
approximately 14% of the epithelial ovarian carcinomas, and 65 to 85% of all hereditary
ovarian carcinomas (150-152). Mutations in BRCA1/2 predispose carriers to a high risk of
breast and ovarian cancer but also other cancers such as prostate cancer in males. The
cumulative risk for developing ovarian cancer before the age of 80 was recently estimated
by Kuchenbaeker et al. (153) and found to be 44% in BRCA1 mutation carriers and 17% in
carriers of BRCA2 germline mutation. Ovarian carcinomas diagnosed in these BRCA1/2
mutation carriers are generally of the high-grade serous histological type, often an
aggressive form of ovarian cancer which predominates in the general population as well
(154).

5 Ovarian and endometrial cancer
5.1 Closely intertwined epidemiology of endometrial and ovarian carcinoma
The epidemiology of endometrial and ovarian carcinoma is tightly entangled, including
highly comparable risk factors as well as age and geography which are correlated with the
incidence of cancer rates. Many factors, such as a late onset of first menstruation, giving
birth, breastfeeding and healthy weight reduce the risk for both cancers. On the contrary,
obesity, late onset of menopause, nulliparity, and heredity increase the risk for endometrial
and ovarian carcinomas. All these factors contribute to hormonal levels (especially the
estrogen and progesterone involved in these cancers) and to number of ovulatory cycles
(155).
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5. 2 Type I and type II ovarian and endometrial cancer
Histopathological and epidemiological characteristics underlie the clinical outcome and
divide both ovarian and endometrial cancer into two major types, designated as type I and
type II. Tumors of both endometrial and ovarian origin belonging to the type I category as
being highly similar to each other (156, 157). The differences in genetic, epigenetic and
gene expression profiles between type I and type II highlight the distinct origin and
molecular pathways involved and may provide new ways to improve the prognosis due to
the development of subtype specific treatments (157). The hypotheses of the endometrial
and ovarian tumorigenesis of type I and II are demonstrated in Figure 4.

Approximately 80 to 85% of all endometrial carcinomas belong to type I category, which
consists of tumors with low-grade endometrioid histology, that are associated with an
intense estrogen expression (158), often have a good prognosis, and generally develop
through hyperplastic endometrial lesions (159). Type II tumors, on the other hand, mainly
display a serous and clear cell histology, are likely to originate from atrophic endometrium
and typically have a poor prognosis after their diagnosis (160).

Type I ovarian cancers mainly comprise low-grade serous, low-grade endometrioid, clear
cell and mucinous carcinomas, whereas high-grade serous is the main histology of type II
tumors. Type I ovarian tumors typically grow slowly and are thought to originate from
endometriosis or borderline tumors (157, 161) whereas type II tumors are often aggressive
and are likely to originate from precursor lesions in fallopian tubes or endosalpingiosis
(162). In comparison to endometrial type I tumors, which account for the majority of all
endometrial carcinomas, high-grade serous are the most common histological type and are
responsible for approximately 70% of all epithelial ovarian tumors (163).

Endometrial and ovarian type I tumors often have mutations in ARID1A, KRAS/BRAF,
PIK3CA, PTEN, and CTNNB1 (67, 114, 164-166). MSI is a rare feature in normal endometrial
tissue, but a common finding (13 to 30%) in endometrial carcinoma as well as in preceding

32

Review of the Literature

hyperplastic tissues, as well as in ovarian type I carcinomas (10%) of sporadic origin (67,
167-170). Type II endometrial and ovarian tumors frequently harbor mutations in p53 and
are chromosomally unstable (67, 114, 157, 166).

Figure 4. Hypothesis of endometrial and ovarian tumorigenesis.

5.3 Ovarian cancer
In the United States, there were 22 440 new ovarian carcinoma cases and 14 080 deaths
expected in 2017 (171). The early signs of ovarian carcinoma are typically mild and at the
time of diagnosis, already around 75% of ovarian carcinomas have spread out of the ovaries
leading to the high fatality rate. Most of the women diagnosed with ovarian cancer die of
this disease (163).

Ovarian cancer is a highly diverse disease comprising of variable tumors and histological
cell types within the tumors, which complicates the treatment of ovarian cancer. More than
95% of ovarian tumors are epithelial, but there are also germ cell and sex cord stromal cell
tumors. Epithelial ovarian carcinomas are principally classified by the cell type in the tumor
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into serous (high-grade 70%, low-grade 5%), endometrioid (10%), clear cell (10%) and
mucinous (3%). The main four histological types of ovarian cancer are shown in Figure 5. In
addition, undifferentiated and non-malignant borderline ovarian tumors exist (163). It is
acknowledged that the different histological subtypes are separate entities and should be
considered as distinct diseases, since they have different clinical presentations, responses
to treatment, and overall outcome. However, at present, epithelial ovarian cancer is
treated as a single disease. This is partially attributable to the lack of knowledge of the
driver molecular events behind each disease. Nonetheless, it is vital to learn more about
the molecular mechanisms and detect drivers if we are to establish novel and individual
treatments against all types of ovarian cancer. Other obstacles in the treatment of ovarian
cancer are the absence of reliable markers for early detection and the acquisition of
chemoresistance as treatment progresses (172).

Figure 5. The main four histological types of epithelial ovarian cancer.
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Histology and tumor grade can be used to divide ovarian carcinomas into two different
categories, namely Type I and Type II (as described above in Chapter 5.2) (157).
Additionally, ovarian carcinomas are classified into four stages according to the
International Federation of Gynecology and Obstetrics (FIGO) staging system. The stage
depends on the invasiveness of the cancer. Accordingly, in stage I, the tumor is confined to
ovaries or fallopian tube(s), in stage II, the tumor involves one or both ovaries/fallopian
tube with some pelvic peritoneal extension, in stage III, it has spread to the peritoneum
outside the pelvis or metastasis to retro-peritoneal lymph nodes has occurred, and by stage
IV, the metastasis is found in distal organs (173).

5.3.1 Origin of ovarian cancer
In 1872, Sir Spencer Wells claimed that epithelial ovarian cancer arises from ovarian surface
epithelial cells and for more than a century, it was believed that the origin of ovarian cancer
was in the ovary itself (174). But with the latest evidence, it has appeared that the origin
and early steps of epithelial ovarian carcinoma development take place outside the ovaries.
There is recent data suggesting that serous ovarian cancer originates from the fallopian
tubes and endosalpingiosis whereas endometrioid and clear cell ovarian carcinomas
originate from endometrioid epithelial cells through a process involving atypical
endometriosis and/or borderline tumors (see Figure 4) (162, 175, 176). It still remains a
mystery how endometriosis contributes to the development of endometrioid and clear cell
types of ovarian cancer, but it has been speculated that repetitive damage and repair of
endometriotic epithelial cells in their microenvironment abundant with free iron which
induces the production of free radicals and leads to the abnormal growth of these cells
(177, 178). Although, it has been acknowledged that endometrioid and clear cell ovarian
carcinomas originate from atypical endometriosis, the importance of alterations in
endometrial epithelia that contributes to endometriosis has been largely uninvestigated.
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5. 3.2 Lynch syndrome associated ovarian cancer
Lynch syndrome is the second most common cause of hereditary ovarian cancer after
BRCA1/2 (causing HBOC syndrome) and is responsible for 8% to 13% of all hereditary
ovarian cancers and up to 2 % of all ovarian carcinomas (179, 180). The lifetime risk of
ovarian cancer in women with LS varies according to the mutation carried by the carrier
and is 10% in MLH1, 17% in MSH2 and 1% in MSH6 carriers (181) and it occurs typically
before menopause (7). LS-associated ovarian cancer differs from sporadic ovarian cancer
in several ways both clinically and histologically. The mean age at diagnosis of ovarian
cancer in female LS mutation carriers is 45 which is 15 to 20 years earlier than in patients
with sporadic cases (182). The histology of ovarian carcinomas is mainly non-serous
(typically endometrioid or clear cell) and presents as well-differentiated and early stage
tumors at the time of diagnosis compared to sporadic cases which are typically of serous
histological type and displayed in advanced tumor stages (182). In addition, more than 20%
of women with LS have a synchronous endometrial cancer at the time of ovarian cancer
diagnosis in comparison to sporadic ovarian carcinomas where the frequency of
synchronous tumors is less than 10% (183, 184).

5.4 Endometrial cancer
In the United States, it has been estimated that 61 380 new endometrial carcinoma cases
and 10 920 deaths would occur in 2017 (171). Endometrial cancer is a heterogeneous
disease from a histopathological standpoint. The vast majority of endometrial carcinomas
have their origin in the endometrial lining called the endometrium and these cancers are
referred to as adenocarcinomas. Furthermore, sarcomas exist, which arise mainly from the
smooth muscle tissue or stromal cells of the uterus (160).

5.4.1 Precursor lesions of type I endometrial cancer and its tumorigenesis
Tumors of (low-grade) endometrioid histology and categorized as type I are believed to
develop through hyperplastic lesions likely as a consequence of excessive estrogen
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stimulation combined with inadequate progesterone levels (185). Endometrial hyperplasia
means thickening of the endometrium, the lining of the uterus, caused by cellular
overgrowth. Molecular alterations in KRAS, BRAF and PTEN, a high frequency of MSI, and
hypermethylation of specific TSGs have been detected in endometrial hyperplastic lesions
and seem to be early developments in endometrioid endometrial carcinogenesis (186-191).

For 20 years, according to the World Health Organization 1994 (WHO94) and the revised
WHO2003 schema, the differences in histological complexity of the glandular architecture
(either simple or complex), the presence or absence of nuclear atypia (atypical and nonatypical), and the risk of precursor progression into cancer, have been used to divide
hyperplasias into four categories, namely simple and complex non-atypical as well as
simple and complex atypical hyperplasia (159, 192-194). Based on several publications, the
risk of atypical endometrial hyperplasia to progress into carcinoma has been estimated as
being up to 30%, and therefore these are currently seen as precursor lesions of endometrial
carcinoma (190, 192). According to these results, in 2014 the WHO decided to classify
tumors into two categories, namely non-atypical and atypical hyperplasia, and this
classification is based only on nuclear atypia (WHO2014) (195). This WHO2014 schema is
currently recommended to be used on categorizing of hyperplasias in Finland.

The categorization of endometrial hyperplasia is not universal and in addition to the
WHO2014, another schema for endometrial atypical hyperplasia classification exists,
referred to as endometrial intraepithelial neoplasia (EIN) (196). This schema, developed by
the International Endometrial Collaborative group, takes into account the clonal origin of
the lesions as well as all of the criteria and terminology that clearly divide atypical
hyperplastic lesions into different categories that can be managed differently with a
specific management protocol recommended for each category. This system classifies the
precursor lesions into benign (non-atypical hyperplasias which are hormone-dependent
and these changes are reversible), premalignant (atypical hyperplasias) and malignant
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(carcinoma) according to the data emerging from histological, genetic, and clinical analyses
(159, 185, 196, 197).

At present, total hysterectomy (removal of uterus and cervix) is the standard method of
treating atypical hyperplasia whereas hyperplasia without atypia is treated with
medication in the majority of the cases (185). Too little is still known about the efficacy of
the nonsurgical methods, such as progestin-based therapy of atypical hyperplasia, which is
a desirable alternative in patients who wish to retain fertility and when surgery is not an
applicable option for the patient (185).

5.4.2 Lynch syndrome associated endometrial cancer
Around 3 to 5 % of endometrial carcinomas are likely caused by inherited predisposition
with LS being responsible for most of these cases (198, 199). Moreover, around 10% of all
early-onset (under age 40) endometrial carcinomas are diagnosed with a deleterious LS
causing mutation (200). The cumulative incidence of endometrial carcinoma in female LS
mutation carriers ranges from 43% to 57% depending on the type of mutation (181).
Compared to the general population, LS-associated endometrial cancer occurs in younger
women (mean 50 years vs. 68 years), typically before menopause, most (~90%) LSassociated endometrial carcinomas have an endometrioid histology belonging to type I
carcinomas (201), and a lower uterine segment involvement is detected in up to 29% of the
cases compared to less than 5 % in sporadic cases (202). In addition, over 90% of the LSassociated cases show MSI (203). There are conflicting results whether the Lynchassociated endometrial cancer has a worse prognosis compared to the respective sporadic
cases (204).

The identification of defective MMR system among endometrial carcinoma patients is
important, because it may enhance prognostication, it can help in guidance of targeted
therapy and it improves the identification of LS patients (205). It is still a matter of debate,
whether all endometrial carcinomas should be tested with IHC of MMR proteins.
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Eventually, as the cost and feasibility of sequencing will become reasonable, all
endometrial carcinoma cases will be sequenced to detect mutations in the MMR genes.
Until that day, if resources permit, IHC will become the primary method to detect abnormal
MMR protein expression in laboratories and hospitals (140).
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AIMS OF THE STUDY
In addition to the MMR defects, little is known about the molecular background of LSassociated ovarian carcinoma. Moreover, molecular changes prior to endometrial and
ovarian cancer and the sequence of events leading to their appearance remain unsolved.
The aim of the thesis projects was to identify genetic and epigenetic alterations involved in
LS-associated and sporadic ovarian and endometrial tumorigenesis.
The specific aims were:

1. To identify epigenetic, genetic and gene expression alterations in LS-associated and
sporadic ovarian cancer (I-III)
2. To investigate epigenetic mechanisms in ovarian tumorigenesis and in particular,
to discern differences and reveal similarities between LS-associated and sporadic
ovarian cancer as well as between different histological types of ovarian cancer (II)
3. To determine the molecular changes that precede endometrial and ovarian cancer
(III)
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MATERIALS AND METHODS
1 Cell lines (II-III)
Commercial cell lines (endometrial and colorectal cancer cell lines purchased from
American Type Culture Collection, ATCC, Rockville, USA and ovarian cancer cell lines
provided by R. Bützow who was involved in all thesis projects) were used in optimization
and validation of custom MS-MLPA test (specified in section 6.2) as well as in the epigenetic
drug treatments to detect methylation consequences (specified in section 6.3.1). The DNA
from cell lines was extracted using the method described by Lahiri and Nurnberg (1991)
(206).

2 Patient samples (I-III)
For the studies I and II, all available LS-associated ovarian carcinomas and their respective
normal samples were identified from the nationwide Hereditary Colorectal Cancer Registry
of Finland, followed by collection of all available archival FFPE samples. In the third study,
we took advantage of a surveillance program against gynecological carcinoma which has
been offered to women with LS in Finland since 1996. Thus, additional newly diagnosed
cases of LS-associated ovarian cancer as well as all patients diagnosed with endometrial
carcinoma and/or endometrial hyperplasia and their consecutive aspiration biopsies from
this surveillance program were identified from the registry and collected. Sporadic samples
of ovarian (207) and endometrial carcinoma (208), endometrial hyperplasias (189)(and
original Publication III), reference normal endometria (189, 209) and fallopian tubes (n=22)
(used in thesis studies I and II) representing histological types common in LS carriers were
collected from larger sporadic cohorts and studied for comparison. The number of
specimens included in studies are given in Table 3. For more information of the tumor
characteristics, please see original publications I-III. A four category system for the
classification of hyperplasias (simple hyperplasia, SH; simple atypical hyperplasia, SAH;
complex hyperplasia without atypia, CH; and complex hyperplasia with atypia, CAH)
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according to WHO2003 (194) was applied for interpretation of hyperplasias because that
same categorization was being used at the time of diagnosis.
Table 3. Number of specimens of Lynch and sporadic used in studies.
Ovarian
cancer

Endometrial
cancer

Endometrial
hyperplasias

Normal
endometrium
49

Lynch
I

20

−

−

II

19

−

−

7

III

23

35

56

99

Sporadic
I

87

−

−

18

II

84

−

−

18

III

87

36

76
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All patient material consisted of FFPE tissue archived in blocks, which had been cut into 4
μm sections with a microtome, stained with hematoxylin and eosin for visual inspection.
Areas with over 60% tumor cell coverage were chosen and manually microdissected for
DNA extraction which was performed according to the customized protocol devised by
Isola et al. (210). All ovarian and endometrial tissue material was reviewed by a
gynecological pathologist at the time of diagnosis, and the diagnosis was further reevaluated by a collaborator (Bützow R.) when samples were collected.

The studies were approved by the Institutional Review Boards of the Departments of
Surgery (466/E6/01) and the Obstetrics and Gynecology (040/95) of the Helsinki University
Central Hospital (Helsinki, Finland) and the Jyväskylä Central Hospital (Jyväskylä, Finland)
(Dnro 5/2007). The archival specimen collection was approved by the National Authority
for Medicolegal Affairs (Dnro 1272/04/044/07, original publications I and II) and the
National

Supervisory

Authority

for

Welfare

and

Health

(Valvira/Dnro

10741/06.01.03.01/2015, original publication III).

A detailed description of patient materials and cell lines as well as methodology used in
thesis, including information primers and probes, can be found in the original publications
I-III. A summary of the methods included in the publications see Table 4.
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Table 4. Summary of methods included in thesis.
Method

Publication

Processing of FFPE samples for DNA extraction and IHC

I-III

DNA extraction and quantification

I-III

RNA extraction and quantification

I

Primer design and DNA sequencing

I-III

Mutational analyses

I

Single-strand conformation poymorphism analysis (SSCP)

I

RNA profiling by microarray
Identification of patients with OvCa, EnCa and endometrial hyperplasia from hereditary CRC
registry of Finland and collection of samples nation-wide

I
III

Microsatellite instability (MSI) analysis

I-III

Immunohistochemistry (IHC)

I, III

DNA bisulphite conversion

II-III

DNA bisulphite sequencing

II-III

Methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA)

I-III

Statistical analyses

I-III

3 Protein expression by immunohistochemistry (I, III)
Immunohistochemistry (IHC) was used to analyze the protein expression status of the
specimen. At the beginning of IHC of each protein analyzed, the 4μm FFPE tissue sections
were deparaffinized with xylene and dehydrated with graded alcohols. After antigen
retrieval, tissue slides were counterstained with hematoxylin (Mayers HTX, Histolab),
dehydrated, cleared in xylene, and mounted. IHC was carried out on individual whole-slide
sections from LS-associated cases and on tissue microarray (TMA) slides containing
sporadic ovarian and endometrial carcinomas. The slides were scored by two investigators
and pathologists specialized in gynecology (Bützow R. and Pasanen A.).

3.1 p53 protein (I)
Expression of p53 protein was analyzed using ultraView Universal DAB Detection Kit with
Cell Conditioning Solution (CC1, Ventana Medical Systems INC, Tucson, AZ). Anti-p53
(1:200; clone DO-7, Dako, Glostrup, Denmark) was used as the primary antibody. The
expression of p53 was regarded as abnormal by two distinct expression profiles; (1) if over
50% of tumor nuclei were strongly stained indicating overexpression and (2) if expression
was completely lost but stromal cells stained positive indicating silencing of p53.
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3.2 ARID1A and L1CAM proteins (III)
PT-Module (Lab Vision, CA, USA) was performed for antigen retrieval at 98C°/20 minutes
using Envision TM Flex Target Retrieval solution, pH 6.1 for ARID1A and pH 9 for L1CAM
(Agilent technologies, USA). The following antibodies were used: Covance SIG-39110-200
produced in mouse for L1CAM (1:40 for 20 minutes, CD171, clone 1E11, Covance) and antiARID1A antibody produced in rabbit for ARID1A (1:200 for 20 minutes, HPA005456,
polyclonal, Lot D104841, Sigma-Aldrich, USA). Autostainer 480 automated immunostainer
(Lab Vision, CA, USA) was used for staining. Examples of expression and scoring are shown
in Figure 6.

Figure 6. Examples of normal and abnormal IHC results of ARDI1A and L1CAM proteins. A, ARID1A
is positive/normal in all nuclei and B, negative/abnormal when there is no nuclear staining of the
tumor cells but stromal cells show positive expression functioning as an internal control. C,
Membranous L1CAM staining of cells is scored as negative/normal when less than 10% of tumor
cells express L1CAM and D, positive/abnormal when more than 10% of tumor cells express L1CAM.

3.3 MMR genes (I, III)
Whole-slide and TMA sections were immunohistochemically stained with mouse primary
antibodies detecting MLH1 (anti-MLH1, 1:40, clone G168-15, BD Biosciences/Pharmingen,
Erembodegem, Belgium), MSH2 (anti-MSH2, 1:60, clone FE11, Calbiochem/Oncogene
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Research, Darmstadt, Germany), MSH6 (anti-MSH6, 1:60, clone 44/MSH6, BD Biosciences)
and PMS2 (anti-PMS2, 1:400, clone A16-4, BD Biosciences). MMR expression was regarded
as negative/abnormal when there was no nuclear staining of tumor cells and the internal
control (typically stromal cells, tumor infiltrating lymphocytes or endothelium) displayed a
positive expression. Negative immunostaining of the tumor tissue was interpreted to
indicate the inactivation of the particular MMR gene.

4 Microsatellite instability (MSI) analysis (I, III)
MSI was analyzed by DNA fragment analysis using polymerase chain reaction (PCR) with
mononucleotide repeat markers BAT25 and BAT26. These MSI-markers are sensitive and
specific and have been shown to define the MSI-status with high accuracy (211, 212).
Products labeled with fluorescent dyes were sequenced with ABI 3730 Automatic DNA
Sequencer and GeneMapper 4.0 and 5.0 softwares (Applied Biosystems) were obtained for
visual interpretation of results. Samples with stable repeat markers were interpreted as
microsatellite stable (MSS), whereas those with at least one unstable repeat marker was
considered as MSI.

5 Mutation analysis
5.1 KRAS, BRAF and PIK3CA (I, III)
Known hotspot mutations in KRAS, BRAF and PIK3CA were analyzed by exon-specific DNA
sequencing. Before sequencing, all gene products were amplified by PCR. The primer
sequences and PCR protocol are described in original Publication I. The PCR products were
sequenced with ABI 3730 Automatic DNA Sequencer (Applied Biosystems) using BigDye
Terminator v.3.1 chemistry.

5. 2 Single strand conformation polymorphism (SSCP) analysis (I)
SSCP analysis allows two sequences of identical length to be distinguished from each other
on the basis of their distinct conformations in gel electrophoresis (213). Thus, all the
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samples identified as positive for the KRAS mutation by sequencing were further
investigated by SSCP analysis to verify the mutational status against positive reference
samples carrying known KRAS mutations. Sample DNA amplified in PCR was separated on
a polyacrylamide gel accompanied with 1 x MDE Gel Solution (Cambrex BioScience
Rockland Inc., ME, USA) at 3W for 20 hours followed by silver staining of the gel for visual
detection of DNA.

6

DNA methylation analysis (I-III)

6.1 Bisulfite modification, direct bisulfite sequencing, and sequencing after
cloning (II, III)
Bisulfite modification and direct bisulfite sequencing was used as a method to select a
representative region for the MS-MLPA probe design and to validate the methylation data
obtained from a custom designed MS-MLPA test (original publications II and III). In brief,
600ng of DNA from 13 cancer cell lines, normal colon and endometrial DNA (purchased
from AMS Biotechnology, UK) as well as blood from a so-called healthy donor were bisulfite
modified by using EZ DNA methylation Direct™ Kit (Zymo research, CA, USA) following the
manufacturer´s instructions (version 1.0.7). Bisulfite modification refers to treating of DNA
with sodium bisulfite (NaHSO3) which deaminates unmethylated cytosine nucleotides
converting them into a uracil nucleotide, whereas methylation protects cytosine from
conversion and leaves it intact (214). The MethPrimer-program (215) and manual designing
when appropriate were used to build bisulfite primers for selected ovarian and endometrial
cancer related gene promoters. The detailed characteristics of primers and PCR protocol
can be found in original Publication II. The PCR products were sequenced with Applied
Biosystems ABI3730 Automatic DNA Sequencer.

Bisulfite sequencing was additionally used after cloning of bisulfite-converted and PCR
amplified fragment (SFRP2 was used as an example) to prove the quantitative nature of
MS-MLPA test (see original publication II). PCR amplification products of SFRP2 gene from
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five cancer cell lines and normal colon and endometrial samples representing distinct types
of methylation statuses were cloned into Escherichia coli bacterial cells in pCR2.1 TOPO
vector by utilizing the TOPO TA Cloning System (Invitrogen, USA). After cloning, all
produced white bacterial colonies were collected, DNA was extracted and sequenced with
bisulfite sequencing primers. The methylation status of the HhaI restriction site (GCGC)
chosen to be included in MS-MLPA probe was analyzed for each clone and interpreted as
either methylated or unmethylated to determine the proportion of methylated DNA.
Methylation dosage ratio (Dm) values between clones and the MS-MLPA result of SFRP2
were concordant.

6.2 MS-MLPA (I-III)
All methylation data produced from patient samples was conducted by methylationspecific multiplex ligation-dependent probe amplification (MS-MLPA) test (Figure 7), first
introduced by Nygren et al. in 2005 (216). MS-MLPA test is based on probes that contain a
restriction site (GCGC) for the methylation-sensitive endonuclease HhaI (Promega, USA),
which binds to the unmethylated CpG dinucleotide of a GCGC site and subsequently digests
the site. If the GCGC is methylated, then the site stays undigested and will generate a signal
peak in PCR. All MS-MLPA analyses involving TSGs were conducted according to the
manufacturer´s protocol (217) using 100 to 250ng of DNA extracted from FFPE samples.
The PCR products were separated by capillary electrophoresis performed with ABI 3730
Automatic DNA sequencer (Applied Biosystems, USA) and analyzed by GeneMapper 4.0
and 5.0 genotyping software (Applied Biosystems). For each sample analyzed, the MSMLPA method produces a Dm-value which is calculated as described in Gylling et al. (218).
The Dm-value varies between 0 and 1 corresponding to the frequency of methylated DNA
in the specific GCGC site analyzed.
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Figure 7. General outline of the MS-MLPA method. The probe targeting a specific gene promoter
consists of two oligonucleotides (left and right oligo probes, LPO and RPO), each probe containing a
universal primer sequence (black), a hybridizing sequence (blue), and a stuffer sequence (green)
when needed. A, the method starts with denaturation of DNA and hybridization of the probes to
their target sequences. B, ligation and digestion are performed in two tubes: The first tube both
ligation and digestion take place whereas in the second tube only ligation reaction is carried out (not
shown in the figure). In the first tube, only the probe pairs that target a methylated GCGC site will
ligate, since the HhaI restriction enzyme does not recognize and digest the site. If the target site is
unmethylated, HhaI enzyme will digest the site and the LPO and RPO will not be ligated. C, only
ligated probes are exponentially amplified in subsequent PCR and show as peaks in the
electropherogram. Black dots indicate the reference probes, that do not contain HhaI restriction site
and will be amplified and generate a peak in ligated and digested reactions. A star indicates the
target DNA sequence and shows a peak in the digested sample only when the target DNA is
methylated.
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Commercial MS-MLPA test (SALSA ME001-C2 Tumour suppressor 1, MRC Holland, The
Netherlands) was applied to analyze methylation patterns of 24 general tumor suppressor
genes (TSGs) (219) often known to be methylated in several cancer types. The threshold
Dm-value of 0.15 or above was considered to represent methylation as previously
described (218) for all commercial TSGs except for CDKN2B (Dm cut-off = 0.34), which was
noticed by MRC-Holland to give higher values than expected.

A custom MS-MLPA test was designed to detect abnormal methylation of 11 TSGs and two
miRNA genes (genes specified in original publication II) often methylated in endometrial
and ovarian cancer. The methylation patterns of CpG islands in promoters of selected genes
containing a GCGC site were first investigated by bisulfite sequencing of cancer cell line and
normal sample DNA followed by designing of custom MS-MLPA probes that were optimized
according to the results obtained from bisulfite sequencing to target representative HhaI
restriction sequences (GCGC) and by bacterial cloning of SFRP2 gene as described briefly
above and more detailed in original publication II. The custom MS-MLPA probes were
designed following the instructions from MRC Holland (217). CpG islands of selected genes
were detected using EMBOSS CpG Plot software (220). Custom probes were combined with
SALSA MLPA kit P-300-B1 human DNA reference-2 (221) to carry out MS-MLPA reactions.
Since the baseline level for methylation that distinguishes tumor from normal depends on
the normal tissue as well as probe analyzed, the thresholds for methylation were calculated
individually for each endometrial and ovarian cancer related gene (see original Publications
I and III). In brief, the thresholds for each gene were calculated separately for LS-associated
and sporadic case according to average methylation levels in normal endometrium (for
comparison of non-serous samples) and in fallopian tubes (for comparison of serous
samples) plus 1 standard deviation.

6.2.1 LINE-1 hypomethylation analysis (I)
A custom-made MS-MLPA test designed by Pavicic et al. (222) was used to measure
hypomethylation from LS-associated ovarian carcinomas and their respective normal
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samples when available as well as from sporadic ovarian carcinomas by using 50 to 100 ng
of FFPE DNA. This custom MS-MLPA test contains three LINE-1-specific probes with HhaI
restriction site and is combined with the SALSA MLPA kit P300-A1 Human DNA Reference2 (221). The test was carried out following the customized standard MS-MLPA protocol,
defined by Pavicic et al. (222).

6.3 Expression based methods
6.3.1 Cell culturing and epigenetic drug treatments
Gene expression can be regulated by epigenetic modifications, such as DNA methylation
and histone acetylation. Chemical agents, 5-aza-2'-deoxycytidine (5-aza-dC) and
trichostatin A (TSA) can be used to modify these epigenetic alterations and change the
regulative stage of a protein. 5-aAza-dC functions as a strong inhibitor of methyltransferase
causing demethylation and reactivation of epigenetically inactivated genes (223). TSA, on
the other hand, inhibits HDAC activity and leads to an opening of the chromatin structure
(224, 225). 5-Aza-dC and TSA have been reported to exert a synergistic effect in the reactivation of expression of genes epigenetically silenced by methylation (226, 227).
Therefore, both chemical agents were used in order to achieve the highest possible
reactivation state of genes silenced by promoter methylation and further to confirm the
methylation consequences of selected genes.

Different cell lines were chosen for treatments to serve as models for different types of
carcinomas and MMR status. The cell lines were cultured as described in the supplier´s
instructions (ATCC, Rockville, MD, USA) and then treated according to protocol by Derks et
al. (228) with 5-aza-dC (1μM, Sigma, A3656) and TSA (300nM, Sigma, T1952) for 96h and
18h, respectively. All drug treatments were done in duplicate to verify the effect of the
treatment on the cell line. After treatments, the cell line DNA was extracted using the
standard protocol by Isola et al. and total RNA was isolated with miRNeasy mini kit (Qiagen,
CA, USA). The performance of drug treatments was verified by comparing the results before
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and after treatment by investigating the promoter methylation of selected TSGs using
SALSA MS-MLPA ME001-C1 (219) test.

6.3.2 Genome-wide RNA expression profiling of cell lines (I)
Genome-wide mRNA gene expression analysis was accomplished using Affymetrix Human
Genome U133 plus 2.0 GeneChip® microarrays (Affymetrix, Santa Clara, CA) whereas
miRNA expression was analyzed using Agilent´s human miRNA microarrays (8 x 15 K, Agilent
Technologies, G4470B). RNA isolated from treated and untreated cell lines as well as
respective normal samples (Amsbio, Abingdon, UK or extracted from fresh-frozen tissues
obtained from national hospitals) were amplified, labeled and hybridized as characterized
in Nymark et al. (229). Array image and fluorescent signals were analyzed using GeneChip
operating software (from Affymetrix) for mRNA data whereas fluorescent signal intensities
from miRNA expression array were calculated according to the Feature Extraction software
(version 10.7.3.1, Agilent).
Microarray data analysis was carried out by GeneSpring GX software, version 12 (Agilent
Technologies, Santa Clara, CA) for both mRNA and miRNA expression. The following
parameters were established to evaluate distinct mRNA and miRNA expression patterns
between treated and untreated cell lines and normal samples: (1) mRNA expression was
RMA normalized whereas quantile normalization was used for miRNA data, (2) the
statistical significance of gene expression changes was identified by moderated t-test
integrated with Benjamini and Hochberg correction for multiple testing and (3) filters based
on p-value cut-off of 0.05 and fold change cut-off +/-1.5 were chosen to identify distinct
expression.

7

Statistical analyses (I-III)

Statistical evaluations were performed using SPSS software, versions 20.0 and 22.0 (IBM®
SPSS® Statistics, Inc. Chicago, IL, USA) as well as using Vassarstats programs (230). Fisher´s
exact test was applied to calculate frequency data in pairwise comparisons of gene
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expression status as well as MMR status (two-tailed P-values) and adjusted for multiple
comparisons by Bonferroni correction when appropriate. Comparisons between two
groups involving Dm-values of specific genes or numbers of methylated genes, ShapiroWilk test was implemented first to test if the data were normally distributed. Student´s Ttest was applied for normally distributed samples and Mann-Whitney U test for samples
not normally distributed. The non-parametric Kruskal-Wallis test with pairwise
comparisons was applied when analyzing statistical significance of methylation changes
between multiple categories of endometrial specimens. Kruskal-Wallis was chosen because
either all groups did not reach the homogeneity of variances studied by Levene´s test or
were not normally distributed. P values < 0.05 (2-tailed) were considered significant.
Pearson product-moment correlation coefficient for normally distributed (tested by
Shapiro-Wilkins test) data and Spearman rank correlation coefficient for data not normally
distributed was applied to test statistical significance between methylation and expression
correlation. The detailed description of statistical analyses used for gene expression data
are depicted above in section 6.3.2.
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RESULTS
1

Novel molecular profile of Lynch syndrome associated ovarian cancer (I-III)

At the beginning of this thesis project in 2011, rather little was known about the exact
molecular background of LS-associated ovarian cancer and in general, the origin of ovarian
cancer was just starting to be revealed. The clinical and histological differences between
LS-associated and sporadic ovarian cancer had been acknowledged but the underlying
genetic and epigenetic causes of these differences other than MMR defects remained a
mystery. It was particularly interesting to examine whether there are molecular differences
that can explain the better survival of ovarian cancer in LS-associated versus sporadic
ovarian cancer (183). Prompted by this lack of knowledge, we decided to investigate
established genetic and new epigenetic markers involved in ovarian cancer from LSassociated ovarian carcinomas and compare results to cases from sporadic cohorts with
corresponding histological types. Among the genetic markers studied, there were the
known hotspot mutation sites from KRAS, BRAF, and PIK3CA which were identified by exon
specific sequencing, whereas immunohistochemistry (IHC) was used to detect aberrant
protein expression of the MMR, p53, ARID1A, and L1CAM genes. Additionally, MSI analysis
was carried out to verify the MMR status and to detect MMR deficient cases missed by
MMR IHC. Epigenetic analysis was carried out by investigating promoter methylation of 37
TSGs shown to be involved in tumorigenesis.

All available cases with ovarian cancer were identified from the nationwide Hereditary
Colorectal Cancer Registry of Finland and collected as part of the project. Overall, 14 cases
of endometrioid and 9 cases of clear cell ovarian carcinomas were collected from 22 MMR
mutation carriers and the results were compared to 39 and 28 cases of clear cell and
endometrioid type of ovarian cancer, respectively, from sporadic cases. Additionally, LSassociated cases included two serous cases (one low- and one high-grade). For comparison
of the results from carcinomas, 18 normal unrelated endometrial samples (the expected
origin of endometrioid and clear cell ovarian carcinomas) were analyzed. The sporadic high-
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grade serous category was included in the analysis in original Publications I and II. The next
sections will concentrate on the findings from non-serous (endometrioid and clear cell)
histological types of ovarian cancer, which are the prevalent histological types among LS
mutation carriers.

1.2 Genetic profile of Lynch syndrome associated ovarian cancer (I, III)
1.2.1 Deficient MMR status is a key feature of ovarian carcinomas from Lynch mutation
carriers (I-III)
Lynch patients inherit one inactive allele of a MMR gene (or EPCAM gene in rare cases).
One inactive gene copy in all of the cells of an individual´s body predisposes the individual
to a high risk of cancer. However, in order for tumor development to start, a second
somatic alteration of the other parental allele needs to occur in the target tissue (140).
Deficient MMR status of a sample marks inactivation of the wild type allele by somatic
alteration. Accordingly, we regarded MMR status deficient if MSI was found by
microsatellite analysis, or a loss of MMR protein expression detected by IHC, or both.
Deficient MMR is a key feature of LS-associated ovarian carcinomas but also a common
characteristic of type 1 ovarian cancer of sporadic origin (231). All (23/23, 100%) LSassociated type I ovarian carcinomas were MMR deficient (see Figure 8 and 9). In sporadic
ovarian carcinomas, MMR-deficiency was detected in 14% (4/28) of endometrioid and 15%
(6/39%) of clear cell ovarian carcinomas. The difference was statistically significant
(P<0.001) between LS and sporadic cases of corresponding histological types.
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Figure 8. Frequencies of abnormal status of p53, MMR, ARID1A, and L1CAM expression in LSassociated versus sporadic type I ovarian cancer. Abbreviations: OvE, endometrioid ovarian cancer;
OvCC, clear cell ovarian cancer.

1.2.2 p53, ARID1A and L1CAM expression profiles in LS-associated ovarian cancer (I, III)
A TSG p53 is often abnormally expressed in several cancer types and is a typical feature of
type II (mainly high-grade serous) ovarian carcinomas (114). Normal expression of p53 was
detected in all LS-associated endometrioid (12/12) and clear cell (7/7) ovarian carcinomas
whereas abnormal expression was present in 30% (8/27) of endometrioid and 18% (7/39)
of clear cell ovarian carcinomas of sporadic origin as demonstrated in Figures 8 and 9.
When endometrioid and clear cell histological types were combined and the results were
compared between LS (0%, 0/19) and sporadic cases (23%, 15/66), sporadic cases showed
a significantly higher frequency of aberrant p53 expression (P=0.035) in non-serous tumors.
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ARID1A, a tumor suppressor and a subunit of SWI/SNF chromatin remodeling complex, is
often mutated in type 1 ovarian tumors, irrespective of MMR-status (114, 232).
Surprisingly, LS-associated ovarian carcinomas revealed an exceptionally high frequency of
aberrant ARID1A expression. All LS-associated clear cell (9/9) and 86% (12/14) of the
endometrioid ovarian carcinomas had lost their ARID1A expression which was in striking
contrast to sporadic cases where ARID1A expression was absent in none of the clear cell
(0/39) and in only 11% (3/28) of the endometrioid ovarian carcinomas. The differences
between different histological types of LS and sporadic ovarian tumors of corresponding
histological types were significant (P<0.001) as shown in Figure 8.

Overexpression of L1CAM is connected to invasion and metastatic potential in cancer and
aberrant expression of L1CAM has been detected in endometrial and ovarian cancer by
several studies (233-237). Compared to the high prevalence (86% – 100%) of aberrant
ARID1A expression and MMR defects in LS-associated ovarian carcinomas, L1CAM
aberrations were less frequent. L1CAM overexpression showed the highest frequencies in
ovarian clear cell carcinomas: 43% (3/7) in LS-associated and 26% (10/39) in sporadic clear
cell ovarian carcinoma compared to 15% (2/13) and 18% (5/28) of endometrioid ovarian
carcinomas in LS-associated and sporadic cases, respectively (A.N. et al. unpublished data).
The differences between LS and sporadic cases were not statistically significant which in
part may reflect the small sample series (Figure 8). Although, overexpression of L1CAM has
been associated with a dismal prognosis in ovarian cancer (235) in a recent publication by
Soovares et al. (207) the dismal prognosis was shown to be associated only with
endometrioid but not in clear cell type of ovarian cancer. According to results from
Soovares et al. (207) our finding of frequent L1CAM overexpression in LS-associated clear
cell ovarian cancer is in agreement with the high survival among LS-associated ovarian
carcinomas (8, 183). Moreover, the only two endometrioid ovarian carcinomas that were
detected with aberrant L1CAM expression were characterized as grade 2 carcinomas, thus
showing a higher grade (A.N. et al. unpublished data).
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Figure 9. Genetic profile of LS-associated vs. sporadic non-serous ovarian carcinomas.

1.2.3 KRAS, BRAF and PIK3CA mutations in LS-associated ovarian carcinomas (I)
Type I ovarian carcinomas often show mutations in KRAS, BRAF and PIK3CA genes (157,
238). As a unique feature of LS-associated ovarian carcinomas, these completely lacked
mutations in KRAS exon 2 and BRAF V600E. The BRAF mutations were also absent in
sporadic endometrioid and clear cell ovarian carcinomas, instead KRAS mutations were
detected in 11% (3/27) of endometrioid and 8% (3/37) of clear cell ovarian carcinomas as
shown in Figure 9. The observed differences between LS and sporadic ovarian carcinomas
did not reach statistical significance.

PIK3CA mutations are detected in 20 to 40% of sporadic endometrioid and clear cell (nonserous) but are rare in serous ovarian carcinomas according to the literature (239, 240).
Our results were in agreement with previous findings from sporadic tumors: PIK3CA
mutations were present in similar frequencies in LS-associated (6/19, 32%) and sporadic
(24/67, 36%) non-serous ovarian cancer, but only in 5% (1/20) of sporadic serous ovarian
carcinoma. Thus, hotspot mutations of PIK3CA seem to be a characteristic of non-serous
histological type and common regardless of hereditary or sporadic background (Figure 9).
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The lack of p53 expression aberrations and KRAS mutations but frequent detection of
PIK3CA alterations agree with the good prognosis in LS ovarian carcinoma patients, since
p53 abnormalities and KRAS mutations have been shown to associate with advanced stages
and poor prognosis, whereas PIK3CA mutations which activate P13K/AKT/mTOR pathway
are connected to a propitious prognosis in ovarian cancer (25, 239-241). In addition, our
data resembled the genetic background of LS-associated colorectal carcinomas, which also
have fewer p53 expression aberrations (242), BRAF mutations (243), better stage-specific
survival compared to sporadic cases and also harbor PIK3CA mutations in approximately
20% of the cases (137).

1.3 Epigenetic profile of LS-associated ovarian cancer (I-III)
In addition to genetic alterations, DNA methylation analyses (by MS-MLPA) were motivated
as epigenetic changes provide fingerprints of cancer cell origins (244), are histology-specific
(67), and likely to promote tumorigenesis in MMR deficient cells. Hypermethylation of TSG
promoters and genome-wide hypomethylation are likely to drive tumorigenesis, since they
arise in early steps of tumor development (83). Therefore, it is important to look deeper
into the epigenetic changes and differences between different backgrounds and
histological subtypes of ovarian carcinoma in order to enhance diagnosis, treatments and
survival of the patients.

1.3.1 Hypermethylation of specific gene promoters is a frequent event in LS ovarian
tumorigenesis (I-III)
A panel of epigenetic markers to study hypermethylation (13 endometrial and ovarian
cancer related and 24 general TSGs often methylated in cancer) was chosen for sample
profiling. In addition to commercial MS-MLPA assay including 24 TSGs often methylated in
several cancer, we wanted to design a custom test including genes that would be more
specific for endometrial and ovarian cancer. Briefly, gene candidates that would be highly
informative epigenetic markers specifically for endometrial and ovarian carcinomas were
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identified from the literature and by expression profiling of cancer cell lines treated with
demethylating chemicals. After evaluation for the most informative markers, a custom MSMLPA test was designed to include 13 genes. The selected gene candidates fulfilled two
key prerequisites: (1) Abnormal methylation at the gene promoter can be used as a marker
of a malignant process based on literature and (2) methylation was shown to correlate with
expression by expression profiling or by literature. MS-MLPA was chosen as a method to
investigate promoter methylation, because it can be used to analyze low quality and
fragmented DNA extracted from FFPE tissue blocks. Normal endometrial tissue specimens
(18 non-related cases) were used as a reference. All promoters of genes included in the
studies except the promoters of WT1 and CABLES1 (showing low levels of methylation in
tumor and normal samples) as well as let-7-3a (oncogenic miRNA showing high methylation
levels in tumor and normal samples) displayed a low degree of methylation in normal
endometrial tissue and increased methylation levels in non-serous (endometrioid and clear
cell) ovarian tumors.

The highest hypermethylation frequencies were detected in genes RSK4, PROM1, and
MIR34B in LS-associated clear cell ovarian carcinomas among all histological types and LS
and sporadic origin. Moreover, LS-associated endometrioid ovarian carcinomas resembled
those found in sporadic cases. RSK4, SPARC, PROM1, HOXA10, HOXA9, WT1-AS, SFRP2,
OPCML, and MIR34B were frequently hypermethylated in LS-associated and sporadic
ovarian non-serous tumors compared to normal endometrial tissue.

LS-associated and sporadic endometrioid and clear cell ovarian carcinomas were combined
for analysis of clinical correlations. One interesting finding was made according to grade
analysis with endometrioid ovarian carcinomas, where Dm values of RSK4, SPARC and
HOXA9 were shown to decrease together with increasing grade of tumors, showing a shift
towards the characteristics of high-grade serous tumors (see original publication II for more
information). Therefore, lower methylation levels among these three genes may predict a
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more aggressive (high-grade) phenotype within endometrioid carcinomas which generally
have a favorable prognosis (245).

The same trend of high hypermethylation frequencies of selected genes in non-serous
tumors of LS and sporadic background were observed when analyzing the methylation of
24 general TSGs using commercial MS-MLPA test. Figure 10 demonstrates the methylation
profiles of the TSGs most frequently methylated among Lynch-associated ovarian tumors
compared to normal endometrium.

Promoter methylation of TSGs has previously been shown to be a common feature of LSassociated endometrial, colorectal, gastric, urinary tract, brain and breast tumors using the
same commercial MS-MLPA assay (189, 218, 246-249). The former studies have highlighted
that TSG promoter methylation levels and the average number of methylated genes are
tissue specific, and additionally, hereditary background affects the methylation profile
(246-248). Agreeing with results from other LS-associated tumors, methylation profiles of
TSGs in ovarian carcinomas varied depending of the histological type of tumor and
hereditary vs. sporadic origin. The most frequently methylated TSGs among 24 were APC,
RASSF1, TP73, and CDH13 and hypermethylation of these genes appears to be a common
feature of LS-associated and sporadic non-serous ovarian carcinomas. All these genes,
except TP73 were also frequently methylated in LS-tumors of different types from other
studies (189, 218, 246-249). Moreover, Strathdee et al. (250) detected hypermethylation
of TP73 in sporadic ovarian carcinomas, but the frequencies were rather low (13%).
Although the frequencies of hypermethylated promoters of TP73 and CDH13 were high in
tumors, the frequencies were high in normal endometrial tissue of Lynch and sporadic
origin as well, and therefore no significant differences were detected between tumor and
normal tissue (see Figure 10). Since TP73 and CDH13 were often methylated already in
normal endometrium from LS-associated cases, it may indicate that the promoters of these
genes become hypermethylated and silenced early in ovarian (and endometrial) tumor
development.
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An interesting observation among LS-associated ovarian tumors, was the finding that LSassociated ovarian carcinomas displayed the highest number of hypermethylated genes
(4.2/24) and the lowest levels of LINE-1 hypomethylation (Dm=0.91) as compared to the
results from all other LS-associated tumors collected from 8 different organs and analyzed
using the same techniques (218, 222, 247, 248). These findings suggest that TSG
hypermethylation is an important part of ovarian tumorigenesis, especially in LS.

BRCA1 and BRCA2 are among the most investigated genes in ovarian cancer due to their
important role in hereditary and sporadic types of the disease (150-152). Promoter
methylation of BRCA1 is thought to be the cause for the loss of BRCA1 expression in
sporadic ovarian cancer (251). Complete or partial silencing of the BRCA1 gene due to
promoter methylation has been observed in 15% of ovarian tumors with a sporadic
background and the methylation has been shown to be more frequent among advanced
stages (II and III) and serous histological type of ovarian cancer than in stage I and nonserous tumors (250, 252, 253). In contrast to BRCA1 methylation profile in ovarian cancer,
BRCA2 does not seem to be differentially methylated in ovarian cancer compared to normal
tissue (254). BRCA1 and BRCA2 were included in the 24 TSG panel, but no methylation in
either of the gene promoters were detected among LS-associated or sporadic ovarian
carcinomas of different histological types. Our sporadic series included a serous set of
ovarian carcinomas (n=20) but no signs of methylation were detected in these carcinomas.
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Figure 10. TSG methylation profiles of the most interesting methylation markers in LS-associated
endometrioid and clear cell tumors vs. normal reference endometrial tissue. Cut-off Dm-values are
gene-specific and can be found in original publications I and III. Only TSGs that showed methylation
above its cut-off level in at least 35% of tumors of any histological group were included in this
comparison. Asterisks denote significantly elevated methylation in tumor vs. normal endometrium
by t-test for independent samples.

1.3.2 Hypomethylation is not a feature of LS ovarian tumors (I)
Decrease in methylation (hypomethylation) of highly repetitive sequences, such as LINE-1,
may activate oncogenes and oncogenic microRNAs (98). Moreover, several studies have
linked LINE-1 hypomethylation in hereditary and familial cancer (222, 255, 256), the level
of LINE-1 hypomethylation can distinguish colorectal carcinoma subgroups (256), and it has
been shown to arise early in ovarian carcinoma development (90). Motivated by these

62

Results

findings, we wanted to investigate LINE-1 methylation levels in normal and tumor tissues
from LS-associated and sporadic ovarian carcinoma patients by using custom MS-MLPA
method designed by Pavicic et al. (222). LINE-1 is highly methylated in normal cells and
often hypomethylated in tumor cells (96) and hypomethylation of this elements has been
shown to increase in all histological types of ovarian cancer from normal tissue towards
cancer (235, 257). However, in contrast to hypermethylation profiles, hypomethylation
does not seem to differ among different histological types of sporadic ovarian cancer (258).
Our findings of sporadic ovarian carcinomas are in line with the previous reports, since
decreased methylation of LINE-1 compared to normal corresponding tissue was a
characteristic of all histological types of sporadic ovarian cancer, and the differences
between tumors of all histological types compared to the respective normal tissue were
statistically significant. On the other hand, no decrease in the average level of methylation
was detected between LS-associated ovarian endometrioid carcinomas (n=12, Dm=0.90)
and

corresponding

normal

endometrial

tissue

(n=49,

Dm=0.90)

and

LINE-1

hypomethylation was even increased in clear cell carcinomas (n=7, Dm=0.94) compared to
normal tissue from LS mutation carriers. Thus, our results emphasize that genome-wide
hypomethylation is a characteristic of sporadic ovarian cancers, whereas the absence of
prominent hypomethylation of LINE-1 may be a feature of LS-associated ovarian
carcinoma. The same observation was made later by Sahnane et al. (256).

2 Molecular alterations in progressive endometrial specimens prior to
endometrial and ovarian cancer (III)
The molecular aberrations and the sequence of events that lead to endometrial and ovarian
tumorigenesis are unknown. In order to investigate early steps in these cancers, we took
advantage of a lifelong surveillance program against gynecological cancer provided since
1996 in Finland (13) for women with LS. We collected all consecutive endometrial
aspiration biopsy specimens, tumor tissue and respective (pre-malignant) hyperplastic and
normal endometrial tissue from hysterectomy and salpingo-oophorectomy from patients
identified with endometrial and/or ovarian cancer or endometrial hyperplasia as endpoint.
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Altogether 213 samples were obtained from 66 LS mutation carriers and were
supplemented with 197 histology-matched specimens from sporadic cohorts. The samples
were examined using markers known to be involved in endometrial and ovarian
tumorigenesis, including protein expression of ARID1A, L1CAM and MMR proteins, MSI
analysis and TSG hypermethylation of the 24 general TSGs often methylated in cancer using
commercial MS-MLPA tests (ME-001-C2) and additional 7 markers (RSK4, SPARC, PROM1,
WT1, CABLES1, HOXA10 and HOXA9) often methylated in endometrial and ovarian cancer
using custom designed MS-MLPA assay.

Both LS and sporadic series of endometrial specimens revealed accumulation of genetic
and epigenetic changes along with the increasing level of histological abnormality of
hyperplastic lesions. Figure 11 demonstrates that loss of ARID1A expression and MMRdeficiency were the most prominent genetic alterations, whereas increasing levels of TSG
hypermethylation from low malignant potential to high malignant potential lesions
illustrated epigenetic aberrations. Loss of ARID1A expression, deficient MMR and TSG
hypermethylation were characteristics of early tumorigenesis, whereas L1CAM was not a
particularly informative marker. The loss of ARID1A was detected already in one case of LSassociated complex hyperplasia without atypia (CH) 25% (1/4), and appeared in 20% of
cases with complex atypical hyperplasia (CAH) of LS (6/30) and sporadic (4/20) origin. Even
earlier changes were MMR-deficiency and TSG promoter methylation which were detected
already in histologically normal endometrium of LS-associated cases (Figure 11). The
presence of MMR-deficiency in histologically normal endometrium in 12% (12/99) of LS
specimens compared to 0% (0/38) of sporadic cases was a remarkable feature of LS (the
difference was statistically significant between LS and sporadic, P=0.037). An analysis of
consecutive endometrial samples showed that in a few cases, MSI was detectable several
years before endometrial cancer (see LEC1, original publication III), ovarian cancer (LOC20,
original publication III) or endometrial hyperplasia (LCAH5, original publication III). All the
cases in which CAH was detected 1 to 9 years before ovarian or endometrial carcinoma
diagnosis were MMR deficient (7/7 = 100%). Interestingly, also one case with CH (1/1) and
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67% (2/3) of the patients with simple hyperplasia (SH) diagnosis 1-2 years before
carcinoma, were shown to be MMR deficient. Thus, MMR deficiency in hyperplastic
endometrial specimens may predict endometrial or ovarian tumor development in LS
patients.

Figure 11. Occurrence of ARID1A, L1CAM and MMR aberrations (upper panel) and average numbers
of methylated endometrial and ovarian cancer related TSGs and 24 general TSGs (lower panel) in LSassociated and sporadic endometrial specimens as part of progressive endometrial and ovarian
tumorigenesis. Alterations in ARID1A, L1CAM and MMR in ovarian cancer are demonstrated in
Figure 8. The number of samples studied in each category is given below the bar graphs. P-values by
Fisher´s exact test for LS vs. sporadic comparisons test are indicated on the right. Only significant
values are shown. Abbreviations: N/A, result not available; EnCa, endometrial carcinoma; OvCa,
ovarian carcinoma.

Another intriguing finding made by investigating endometrial progressive specimens from
LS-associated and sporadic cases was that they could be divided into three categories
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according to increasing abnormalities in ARID1A expression, MMR deficiency, and TSG
promoter methylation, based on the significant differences between combined groups
(detailed categorization explained in original publication III). The categories comprised of
normal endometrium (NE) and simple hyperplasia (SH) (I), complex hyperplasia with (CAH)
or without atypia (CH) (II), and endometrial cancer (III). The current classification devised
by WHO2014 combines non-atypical SH and CH and treats them as non-neoplastic forms
for endometrial cancer and only considers CAH (and SAH) as potential premalignant forms
of endometrial cancer. In contrast to WHO classification, our analysis with different genetic
and epigenetic markers, CH and CAH were molecularly indistinguishable.

2.1 Molecular comparison of synchronous LS-associated endometrial and
ovarian carcinoma specimens (III)
In approximately 20% (201, 259) of LS-associated and 5 to 10% of sporadic cases (260, 261),
endometrial and ovarian carcinomas are diagnosed concurrently, raising the question of
whether the two carcinomas arise independently as primary carcinomas or one is a
metastasis of the other.

Among the samples collected from LS mutation carriers with endometrial and/or ovarian
carcinoma, 13 cases with synchronous carcinomas were identified. We utilized this unique
synchronous sample set to investigate the relationship between ovarian and endometrial
carcinogenesis in LS. In total, nine pairs of synchronous endometrial and ovarian
carcinomas, 3 cases with bilateral (and synchronous) ovarian carcinomas and one
synchronous case of endometrial and endocervical adenocarcinoma were identified. Figure
12 illustrates the molecular findings case by case of the synchronous tumors. Synchronous
carcinomas always shared identical MMR-status (13/13) and ARID1A expression when the
result was available from both cases (11/11). Moreover, TSG hypermethylation profiles
showed a high intra-pair concordance and an average of 4.4 (57/13) TSGs per synchronous
tumor pair were concordantly methylated among 31 TSGs investigated. The most
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frequently concordantly methylated TSGs among synchronous tumor pairs were CDH13
(75%, 9/12), RSK4 (54%, 7/13), SPARC (46%, 6/13), HOXA10 (46%, 6/13), and RASSF1 (42%,
5/12). Interestingly, the expression of L1CAM, an adhesion molecule involved in metastasis
(235, 262), was abnormal in 6/14 (43%) of the carcinomas included in synchronous ovarian
and endometrial tumor pairs, compared to 3/25 (12%) of independently arisen ovarian and
endometrial tumors (P=0.047) (A.N. et al. unpublished data). Our molecular findings from
synchronous gynecological tumors in LS mutation carriers strongly suggest that each pair
has a shared origin with one tumor likely to arise as the metastasis of some other tumor.
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Figure 12. Molecular characteristics of synchronous carcinoma pairs from Lynch patients.
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2.2 Closely entangled pathways of endometrial and ovarian tumorigenesis (III)
Molecular characteristics of endometrial hyperplasias preceding or coinciding with ovarian
carcinoma from LS patients are shown case by case in Figure 13. In patients with
endometrioid ovarian cancer CAH was diagnosed prior or concurrently with ovarian cancer
in 50% (7/14) of the cases and in 22% (2/9) of the cases with clear cell ovarian cancer. The
high extent of similarity of molecular markers (mainly MMR status and hypermethylation
of specific genes) was detected between ovarian cancer and hyperplastic lesions,
suggesting that ovarian cancer may also develop in a stepwise manner from endometrial
hyperplasia. Only 38% (3/8) of the cases with ovarian cancer and concurrent CAH were
diagnosed with endometrial carcinoma as well. Cases LOC1 (CAH detected three years
before ovarian cancer) and LOC13 (CAH detected concurrent with ovarian cancer) highlight
molecular similarity between CAH and ovarian cancer. These findings together with the
common background of synchronous endometrial and ovarian cancer in LS mutation
carriers as described above suggest that type I endometrial and ovarian tumorigenesis may
be molecularly even more entangled than previously appreciated.
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1

Developmental model of ovarian and endometrial tumorigenesis in Lynch
syndrome and sporadic cases

1.1 Overview based on currently available data
The epidemiologies of ovarian and endometrial cancer are closely entangled which is
probably attributable to similarities in the hormonal, immune system-related, and
inflammation mechanisms influencing the reproductive tract (155). LS offers a good model
with which to study the molecular background of these gynecological cancers for three
important reasons: (1) the prevalence of these cancers is significantly increased in LS
mutation carriers compared to the general population, thus providing reasonable numbers
of tumors and other specimens for analysis (7, 8), (2) several lesions (benign and malignant)
from the same patient are common (263), and (3) consecutive specimens are available from
individuals taking part in a surveillance program to detect gynecological cancers which
permits an investigation of the types of changes occurring before a carcinoma is detected.

Beyond the known defects in MMR genes, LS-associated ovarian carcinomas have not been
molecularly analyzed before. More is known about the endometrial carcinomas in women
with LS, but there is very limited information about the molecular changes preceding
endometrial cancer. Our findings revealed a novel and distinct genetic and epigenetic
background of LS-associated ovarian and endometrial cancer as compared to sporadic
corresponding cases, including MMR deficiency and TSG hypermethylation of specific
genes appearing already in histologically normal endometrium, a high frequency of ARID1A
expression alterations, and L1CAM overexpression, specifically in clear cell ovarian cancer.
The novel findings of LS-associated ovarian and endometrial tumorigenesis are illustrated
in Figures 14 and 15, respectively.
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Figure 14. Molecular alterations of type I ovarian tumorigenesis in Lynch mutation carriers and sporadic cases. Horizontal bars denote the stage
of tumorigenesis at which each molecular alteration occurs. A red box around indicates findings made in the course of this thesis work, whereas
a black box displays information obtained from the literature. Abbreviations: CIMP, CpG island methylator phenotype.

Discussion

72

Figure 15. Molecular alterations of type I endometrial tumorigenesis in Lynch mutation carriers and sporadic cases. Horizontal bars denote the
stage of tumorigenesis at which each molecular alteration occurs. A red box indicates findings made in the course of this thesis work, whereas a
black box displays information obtained from the literature. Abbreviations: CIMP, CpG island methylator phenotype.
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1. 2 The role of deficient MMR
Lynch mutation carriers have one defective allele in an MMR gene in every cell of their
body. An acquired second hit in a particular MMR gene in a tissue of an LS mutation carrier
compromises the MMR machinery and eventually leads to inactivation of MMR protein
expression in the cell, conferring a growth advantage on the cell and the possibility to
transform into a neoplastic cell. Thus, MMR deficiency in a pre-malignant specimen
indicates an increased risk for tumor development. In fact, LS-associated ovarian and
endometrial carcinomas displayed MMR deficiency already at histologically normal
endometrium in 12% (12/99) of the cases compared to 0% (0/38) in sporadic cases
(P=0.037), suggesting that this is a very early change in LS-associated tumorigenesis.

Gynecological cancers could be almost completely prevented with prophylactic total
hysterectomy and bilateral salpingo-oophorectomy (THBSO), and it has been shown to
effectively decrease the risk of these cancers in LS women (264, 265). Women with LS are
recommended to take part in regular endometrial surveillance against gynecological cancer
every 2 to 3 years, starting at 30 to 40 years of age, but currently there are no further
official guidelines to screen for gynecological cancer. Moreover, the optimal timing of
prophylactic THBSO is debated (5, 266). It is intriguing to speculate whether analysis of
MMR deficiency of endometrial specimens from LS patients taking part in gynecological
screening might be beneficial in determining the timing of prophylactic THBSO and other
treatment decisions (see below).

The frequency of MMR deficiency in endometrial specimens increased with increasing
histological abnormality of lesions in LS and sporadic series. The frequencies were
exceptionally high in LS mutation carriers, 42% (5/12) in SH, 83% (5/6) in CH and 87%
(33/38) in CAH. Moreover, an MMR deficiency was detected in all of the cases of CAH and
appeared 1 to 9 years before the diagnosis of either ovarian or endometrial carcinoma (7/7
= 100%). These patients with CAH did not have THBSO at the time of diagnosis either
because the patient preferred not to undergo the surgery or CAH was not originally
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diagnosed at the time of biopsy. Interestingly, also 67% (2/3) of the patients with SH and
one case with a CH (1/1) diagnosis 1-2 years before carcinoma diagnosis, were shown to be
MMR deficient. Similar to our findings, Faquin et al. (169) detected MMR deficiency by
microsatellite analysis in one non-neoplastic endometrial specimen 7 years before the
development of sporadic endometrioid endometrial carcinoma and argued that MSI
diagnosis in endometrial tissues could predate the carcinoma diagnosis by years.
Moreover, the diagnosis of aspiration biopsy specimens may be unreliable for pathologic
inspection due to the fragmented nature of specimens, especially with postmenopausal
women who often have an atrophic endometrium. Accordingly, pre-malignant (CAH) and
even carcinoma cases may be diagnosed as benign (SH) and therefore, molecular analysis
of hyperplasias could assist in treatment decisions, especially in borderline cases.

1.3 ARID1A alterations and relationship with MMR
Mutations of ARID1A are known to be common in sporadic clear cell (43-57%) and
endometrioid (30%) ovarian carcinomas and endometrioid endometrial (40%) carcinoma
(34, 39, 267), and many studies have shown a high correlation between ARID1A mutation
by genetic analysis and deficient ARID1A expression by IHC (34, 267). In our study, the
frequency of aberrant ARID1A expression was exceptionally high in LS-associated ovarian
carcinomas (100%, 9/9 in clear cell and 86%, 12/14 in endometrioid ovarian carcinomas)
compared to sporadic cases (0/39 in clear cell and 11%, 3/28 in endometrioid ovarian
carcinomas) (P<0.001 in both histological types). Only 10% (1/10) of sporadic non-serous
ovarian carcinomas with deficient MMR and showing MSI had lost their ARID1A expression.
The loss of ARID1A expression was also high in endometrioid endometrial carcinoma,
accounting for 61% (14/23) of the cases in comparison to 17% (6/35) in sporadic cases
(P<0.001). In contrast to the low frequency of concurrent MSI and ARID1A aberrations in
sporadic ovarian carcinomas (10%, 1/10), these alterations were frequent in endometrial
carcinomas (67%, 4/6) (P=0.036). Bosse et al. (268) also detected a high frequency of
aberrant ARID1A expression in sporadic MSI-high endometrial carcinomas (75%, 24/32),

75

Discussion

but in contrast to our findings, they detected inactivation of ARID1A in only 14% (5/36) of
their LS-associated cases.

Mutations of ARID1A and consequent loss of protein expression have been detected in
atypical endometriotic lesions adjacent to ovarian cancer, suggesting that this is an early
event in ovarian tumorigenesis (267). No aberrant ARID1A expression was detected in
progressive endometrial specimens (0/17, including NE, SH, CH, and CAH) from LS patients
with ovarian carcinoma as the endpoint diagnosis, suggesting that ARID1A loss is a late
event in LS-associated ovarian tumorigenesis or it possibly occurs only in atypical
endometriosis preceding and/or adjacent to ovarian carcinoma which was not analyzed.
On the other hand, a loss of ARID1A expression was detected in 15% (5/33) of complex
hyperplasias (including one CH and 4 CAH) prior to or concurrent with LS-associated
endometrial carcinoma. Similar findings were detected in sporadic cases of endometrial
carcinoma by Werner et al. (269), who detected inactivation of ARID1A in complex atypical
hyperplasia (16%) but no signs of this alteration in non-atypical hyperplasias. Our findings
together with Werner et al. (269) propose that the loss of ARID1A expression is an early
event in endometrial carcinoma regardless of origin (hereditary or sporadic) and could
potentially be used as a biomarker in endometrial complex hyperplasia to evaluate the
malignant potential of the lesion, and further to guide treatment decisions.

Our findings raise a question about the relationship between MMR deficiency and the loss
of ARID1A expression, since both were always present in clear cell carcinoma of the ovary
and they are very common in endometrioid ovarian and endometrial carcinomas from LS
mutation carriers and also frequent in sporadic MSI-high endometrial carcinomas. Bosse et
al. (268) speculated that the loss of ARID1A expression was attributable to epigenetic
inactivation of the MLH1 gene instead of being inactivated by mutations resulting from
MSI. Our findings from consecutive specimens preceding cancer showed that MMR
deficiency arises already in histologically normal endometrium and ARID1A later in complex
hyperplasia. This discovery argues against the theory of Bosse et al. (268) and proposes
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that ARID1A inactivation follows MSI and not vice versa. Arguments of MMR deficiency
leading to aberrant ARID1A have also been hypothesized in gastric (270) and colorectal
cancer (271, 272). In the study of Wang et al. (270), the somatic ARID1A mutation rate was
found to be 12-61 fold higher compared to the general background mutation rate in MSI
associated gastric carcinomas. Although mutations affecting ARID1A are typically nonsense
and frameshift (34), Wang et al. (270) detected mainly insertions/deletions of short
mononucleotide repeats in ARID1A in MMR-deficient cases suggesting that for some
unknown reason, ARID1A is specifically targeted by MSI. A similar trend of high incidence
of ARID1A insertions/deletions mutations associated with MMR deficiency in colorectal
cancer was detected by Jones et al. (271) and Chou et al. (272) indicating that MMRdeficiency often leads to aberrant ARID1A gene as the result of MSI.

1.4 Epigenetic changes as early events
Genetic modifications alone cannot explain the complex nature of LS-associated and
sporadic ovarian and endometrial cancer. Epigenetics, including hypermethylation, is
expected to play a major role in the LS-associated tumors, since deficient MMR machinery
causes hypermutability and increases the possibility of alterations in other genes involved
in cancer development (273). Some of the affected genes may be involved in epigenetic
regulation which can cause hypermethylation of TSGs (274). Similar to MMR deficiency,
hypermethylation of specific TSGs (frequently including RSK4, SPARC, HOXA10, HOXA9,
RASSF1 and CDH13) was detected even in normal endometrium several years prior to the
development of ovarian or endometrial carcinoma in LS cases, suggesting that these are
early alterations in tumorigenesis. Our findings, together with published reports, support
the concept that detection of specific epigenetic gene profiles in premalignant lesions and
in cancer tissue may facilitate early detection, classification and treatment of ovarian and
endometrial cancer (see also the next Chapter) (275, 276) .
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2

Three-tiered categorization system proposed for endometrial specimens

The main view at present is that type I endometrial carcinomas mainly originate from
atypical hyperplasia (192). Therefore, the WHO2014 schema categorizes hyperplasias into
two types, non-atypical (including SH and CH) or atypical (including SAH and CAH) (195). A
correct classification of hyperplasia is highly important, since it guides treatment decisions.
These decisions can be quite dramatic: Atypical hyperplasia is mainly treated with
hysterectomy whereas medication is the standard treatment for hyperplasia without
atypia (185).

In contrast to the WHO2014 classification, our findings of MMR-deficiency, the loss of
ARID1A expression, and the methylation status of TSG promoters divided progressive
endometrial samples into three categories of combined histological types: NE plus SH
(category I), CH plus CAH (category II), and endometrial carcinoma as its own entity
(category III). Importantly, our results suggested that in addition to CAH, CH should be
considered as a pre-neoplastic form of endometrial carcinoma. In particular, the average
numbers of methylated TSGs in both panels (the panel of 24 general TSGs and the panel
comprising of 7 endometrial and ovarian cancer related TSGs) and regardless of origin (LS
or sporadic) were able to discriminate between categories I (NE + SH) and II (CH+CAH) and
III (endometrial cancer). Our results are compatible with the idea of classes with low (I) and
high (II, III) malignant potential.

Similar to our observations, van der Putten et al. (190) found that the genetic profile for
complex hyperplasias (both CH and CAH) differed from simple hyperplasias of both nonatypical (SH) and atypical (SAH) type and stated that complex hyperplasia, regardless of
atypia, seems to be the most important precursor for endometrial carcinoma. The
categorizations of hyperplasia are still largely based on the original findings of Kurman et
al. in 1985 (192), who reported that only 3% of complex hyperplasia without atypia (CH)
progressed to cancer and partly because of this statement, CH has not been considered as
a pre-neoplastic form of endometrial cancer. However, the study of Kurman et al. (192)

78

Discussion

included only 29 cases of CH. A recent publication by Matsuo and colleagues (277)
estimated a 21% risk of concurrent endometrial cancer with CH. In addition, one may also
speculate whether the transition from CH to CAH is so fast that it is often not recognized,
suggesting that CH should be regarded as pre-neoplastic lesion as well.

Several biomarkers have been proposed to detect and predict the cancer risk in
hyperplasias, but so far, these have not proven effective enough for application in a clinical
setting (185). It is tempting to postulate that the methylation analysis of specific TSGs (and
MMR status in cases of LS mutation carriers) could improve diagnostics and help to predict
the malignant potential of hyperplastic lesion, either atypical or non-atypical.

3

Is endometrial hyperplasia a component of ovarian tumorigenesis?

Only a few studies have investigated the prevalence of endometrial hyperplasia occurring
concurrently with ovarian cancer and the knowledge of this subject is poor (184, 278).
Nonetheless, surprisingly high frequencies of atypical hyperplasia concurrent with ovarian
carcinoma have been detected. Mingels et al. (184) reported that approximately half of the
endometrioid and 29% of clear cell ovarian carcinomas present with concurrent atypical
hyperplasia. These results were nearly identical to our findings of concurrent CAH with
endometrioid (7/14, 50%) and clear cell ovarian cancer (2/9, 22%) from LS patients (Figure
13). It is well known that endometrial hyperplasias are significant steps in endometrial
tumorigenesis (185), but our findings together with those of Mingels et al. (184), raise the
question of whether endometrial hyperplasias are also connected to ovarian
tumorigenesis. Moreover, the correspondence of the molecular markers between complex
hyperplasias and concurrent ovarian cancer (Figure 13) included in our studies, indicate
that endometrial hyperplasias may have a role in the development of ovarian carcinoma.
These findings should act as a springboard for additional research. In particular, the
epigenetic findings may help to reveal relationships within samples reflecting the common
origins (279). Indeed, hypermethylation of the same loci was often detected in hyperplasia
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prior to or concurrent with ovarian cancer frequently in the HOXA10, HOXA9, RASSF1 and
CDH13 genes.

Mingels et al. (184) speculated that atypical hyperplasia could be caused by increased
production of estrogen by the ovarian cancer, i.e. especially the endometrioid type ovarian
cancer has been shown to increase estrogen levels. But since Mingels et al. (184) only
investigated concurrently occurring samples, it is not known which abnormality occurred
first, i.e. was it atypical hyperplasia or ovarian cancer? In our consecutive sample series,
two LS patients, LOC1 and LOC22, were diagnosed with CAH but treated with hysterectomy
only instead of THBSO. The patients ended up developing endometrioid and clear cell
ovarian cancer three and seven years later, respectively. Thus, our observations of CAH
arising several years before the identification of ovarian carcinoma, are compatible with
the possibility of CAH being an early step in ovarian tumorigenesis.

Mingels et al. (184) hypothesized that concurrent atypical hyperplasia is a premalignant
form of synchronous endometrial carcinoma. This is likely to be true, but additionally, our
findings raise the question of whether a hyperplastic lesion in the endometrium could also
metastasize to the ovary and thus be the precursor for ovarian cancer as well, since
endometrial epithelial cells are the putative origins of endometrioid and clear cell ovarian
tumors (280). Kelemen et al. (260) studied the risk factors of synchronous endometrial and
ovarian tumors by multivariable models and observed that endometriosis in the ovary was
associated with a decreased risk of synchronous tumors relative to clear cell and
endometrioid ovarian-only tumors. Kelemen et al. (260) suggested that endometriosis is
not a likely step in the development of synchronous endometrial and ovarian carcinomas,
leaving room for the scenario that endometrial hyperplasia might represent this step in
synchronous cases.
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CONCLUDING REMARKS AND FUTURE PROSPECTS
LS-associated ovarian cancer differs from its sporadic counterpart in several ways, but the
molecular alterations behind these differences remain unanswered. This thesis work
describes a novel genetic and epigenetic profile of LS-associated ovarian carcinomas: There
was the virtually inevitable loss of ARID1A expression, a mismatch repair deficiency, a lack
of KRAS and BRAF mutations, normal p53 expression, the unique hypermethylation profile
of selected tumor suppressor genes and a lack of LINE-1 hypomethylation. Additionally, the
frequency of PIK3CA mutations and L1CAM overexpression were common and comparable
to that encountered in sporadic tumors of the same histological types. Moreover, we
identified different hypermethylation profiles of selected genes in non-serous histological
types of Lynch and sporadic ovarian carcinomas, as compared to sporadic serous ovarian
tumors. The prominent differences discovered between ovarian tumors of Lynch and
sporadic origin as well as between histological types help to explain the distinct behavior
of these carcinomas and emphasize the need for individualized clinical management.

Møller et al. (8) described the excellent survival in endometrial (98%) and ovarian (89%)
cancer, but speculated that further investigation would be needed to determine the factors
behind this favorable prognosis. Our results from genetic and epigenetic analysis indicate
that LS-associated ovarian carcinomas have more favorable molecular characteristics
compared to sporadic ovarian carcinomas. In addition to the novel molecular
characteristics of LS-associated ovarian carcinomas, other possible explanations to account
for the better prognosis need to be addressed; these will include surveillance and the
consequent early detection of pre-neoplastic lesions of endometrial carcinoma and the
subsequent detection of synchronous ovarian carcinoma, as well as clarifying the role of
immunogenic factors and explaining the lack of metastatic features (like in colorectal
cancer) (13, 183, 281).
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Survival of ovarian cancer is poor, and regardless of major histological and molecular
differences within different histological types of ovarian cancer, the therapy is similar in all
patients. Indeed, the detection of driver mutations and epimutations between ovarian
cancer subtypes may offer new opportunities in ovarian cancer management through
subtype-specific care. At present, only two biomarkers, CA125 and HE4 (Human epididymis
protein 4) for ovarian cancer monitoring have been approved by FDA (282-284), but more
specific markers, especially biomarkers for early detection are urgently needed. In
particular, epigenetic biomarkers involving DNA methylation would be ideal because of its
reversible nature and the possibility of targeting a specific gene region (172). Our findings,
together with other reports, suggest that alterations in DNA methylation profile are able
to discriminate between non-serous and serous types of ovarian cancer. By selecting the
most prominent markers, DNA methylation could be used as a biomarker to distinguish
between different subtypes of ovarian cancer especially in borderline cases in which the
diagnosis may be difficult by pathological inspection only.

Molecular alterations that predict ovarian and endometrial cancer risk and progression
identified in this thesis project may have valuable clinical significance. As discussed earlier,
information obtained from hyperplastic lesions guides treatment decisions. Although the
risk-reducing effect of gynecological surveillance or early detection of these has not been
proven scientifically yet, for now women with LS are recommended to take part in
endometrial biopsy screening every 2 to 3 years starting at 30-40 years of age (5, 266).
Endometrial biopsies obtained from this kind of surveillance program could be most
beneficial when analyzed with specific markers during the interval between the diagnosis
of LS and possible prophylactic surgery. Molecular changes detected in endometrial
aspiration biopsies could identify those patients who would benefit from intensive
screening and cancer prevention, including oral contraceptives, progestin therapy and
aspirin-based chemoprevention that may be effective against LS-associated gynecological
carcinomas (266, 285). Furthermore, molecular alterations could help to predict the
optimal time point for prophylactic surgery.
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Currently, nuclear atypia detected by histopathological inspection of endometrial
hyperplasias, is the only characteristic that confers an elevated risk for endometrial
carcinoma in the general population and an additional risk of ovarian cancer in Lynch
mutation carriers. Important information of the histologically normal endometrial tissue of
hyperplastic biopsy specimen may remain undetected if investigated by histopathological
inspection alone. This warrants further investigation but already now the results strongly
emphasize that molecular testing of specific markers from aspiration biopsies, such as
detection of MMR-deficiency status or hypermethylation profiles of specific gene
promoters can provide more information of the malignant potential of pre-neoplastic
specimens and clinical behaviour of tumor specimens. The results would allow more
efficient counselling, help to select cases more suitable for non-surgical treatment of
endometrial hyperplasia, guide treatment options in hereditary and sporadic cases and
facilitate in the selection of the optimal timing of THBSO in women with Lynch syndrome.
Indeed, our findings from the consecutive sample series prior to the appearance of ovarian
and endometrial cancer, suggest that the precursor for endometrial cancer (or possibly
even ovarian cancer) can be detected from aspiration biopsies taken from histologically
normal endometrium several years before any carcinoma diagnosis.

Our findings, together with findings from others, suggest that complex hyperplasia with
and without atypia of LS and sporadic origin should be considered as equally important
precursors for endometrial carcinoma progression and these findings should be included
in considerations of treatment decisions. In addition, in the future, it could be investigated
whether the histological classification should be combined with information from
molecular markers (such as MSI status, ARID1A expression, KRAS) in order to predict the
risk for endometrial carcinoma progression.

Our molecular analyses emphasize the shared background of LS-associated synchronous
endometrial and ovarian carcinomas and the possibility of metastatic disease. Moreover,
molecular analysis of endometrial hyperplasias collected as a part of long-term surveillance
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program before or concomitant with endometrial and/or ovarian cancer revealed
concordance in alterations (MMR-status and hypermethylation profile of selected TSGs
appearing already in histologically normal endometrium and the loss of ARID1A expression
being evident in endometrial hyperplasias), pointing to an early convergence of
endometrial and ovarian tumor development. If one wishes to obtain a broader
perspective, it would be important to supplement our findings from LS specimens with
results from synchronous sporadic gynecological carcinomas.

Interestingly, the examination of consecutive specimens revealed that endometrial
hyperplasias prior to or concurrent with ovarian carcinoma exhibit similar degrees of
molecular alterations as compared to endometrial carcinoma. This discovery reveals that
in addition to endometrial tumorigenesis, endometrial hyperplasia may also be connected
to ovarian carcinogenesis. Overall, our observations of multilevel ties between endometrial
and ovarian tumor development suggest that always when a pre-malignant or malignant
endometrial lesion is detected, the possibility of ovarian cancer should be kept in mind and
vice versa.

In the future, it would be interesting to design a more comprehensive MS-MLPA based
assay to detect methylation of the most prominent epigenetic biomarkers (including RSK4,
SPARC, PROM1, HOXA10, HOXA9, WT1-AS, SFRP2, OPCML, MIR34B, APC, RASSF1, TP73 and
CDH13) in a single assay and to investigate the markers in larger sample cohorts. A digital
MLPA assay (286) has been recently developed to detect copy number alterations in up to
a thousand target sequences, and a similar digital solution could be designed for MS-MLPA.
This digital MS-MLPA test would be perfect for our purposes. In fact, if we were able to
identify reliable and common epigenetic alterations preceding endometrial and ovarian
cancer, these alterations could be used as epigenetic biomarkers which would not only
further assist in the early detection but also help to predict prognosis and monitor the
treatment response.

84

Concluding Remarks and Future Prospects

Genetic and epigenetic analysis of LS-associated ovarian and endometrial carcinomas on a
genome-wide scale will be an obvious next step. Our truly interesting findings of the
possible endometrial hyperplasia step involved in the development of ovarian carcinoma
in women with LS is a springboard for additional research. For now, it remains to be
resolved whether endometrial hyperplasia serves as a precursor lesion for endometrial
carcinoma alone or could it also be relevant for ovarian tumorigenesis. Therefore, it would
be especially important to find a suitable method to examine the whole methylome and
genome of consecutive endometrial samples prior to endometrial and ovarian carcinoma.
This genome-wide analysis could help to reveal the epigenetic relationships between
specimens as well as identifying more specific and early genetic changes contributing to
these carcinomas, and hopefully resolving whether endometrial hyperplasia is a precursor
of ovarian tumorigenesis. At present, the problem is that most genome-wide methods
require high quality and/or large quantities of DNA to produce reliable data and are
therefore not suitable for FFPE samples. In particular, the amount and quality of DNA
extracted from endometrial aspiration biopsies are mainly poor and inadequate and cannot
be used to perform these whole genome analyses. Fortunately, methods are developing at
a high speed and hopefully soon there will be an assay available to fulfill our needs.

85

Acknowledgements

ACKNOWLEDGEMENTS
This doctoral thesis work was carried out under the supervision of Professor Päivi
Peltomäki, in the Department of Medical and Clinical Genetics, University of Helsinki. The
work was primarily funded by the Integrative Life Science Doctoral Program (ILS) and the
European Research Council (ERC). The Finnish Cancer Organizations, Sigrid Juselius
Foundation, K Albin Johanssons Foundation, and The Finnish Concordia Fund are also
acknowledged for providing financial support for this research.
I was thrown into fascinating world of epigenetics during an exchange year in Munich, in
the University of Ludwig-Maximilians. I want to express my sincere gratitude to Professor
Päivi Peltomäki for giving me the wonderful opportunity to continue along my research
path in cancer epigenetics. I am truly thankful for her constant support, and for sharing her
endless knowledge in cancer genetics and epigenetics. I feel privileged to have been given
the chance to learn from the best. I was very lucky to have two astonishing supervisors.
Sippy Kaur, my other supervisor, I sincerely thank you for many great discussions and your
important mental support.
Docents Miina Ollikainen and Auli Karhu are sincerely thanked for being part of my thesis
committee, and for providing me valuable comments and support annually. I truly
appreciate Docent Minna Pöyhönen and Professor Robert Winqvist for the hard work while
precise reviewing of my thesis. I really value the conversations I had with both of you. Ewen
Mac Donald is greatly thanked for reviewing the language of the thesis.
I want to express my dearest thanks and appreciation to the former and current members
of our research group: Annette, Taina, Saila, Wael, Sippy, Walter, Johanna, Emmi, Oona,
Soheila, Satu V, Noora, Satu M-N, and Alisa. I want to thank you with all my heart for the
great company, assistance, and encouragement during these years. I have been extremely
lucky to be surrounded with such smart people. I sincerely thank all of you for answering
my many questions. Saila, our lab technician, deserves huge thanks for everything you have
taught me in the lab. Your technical expertise is spectacular. I warmly thank Heidi for all
your help and support. Maija, our former secretary, is to be thanked for bringing sunshine
and laughter to our coffee breaks. The place has not been the same since you retired.
This work would not have been possible without several collaborators. First of all, the
studies regarding Lynch syndrome overall would not be the same in Finland without the
endless effort and ideas from Jukka-Pekka Mecklin. You are one of the great intellects
behind my projects. In addition, millions of thanks are sent to Ralf Bützow. You have been
the backbone and fundamental part of the thesis projects since the very beginning. It has
been a pleasure to work with such a professional and I have learned so much from you. I
appreciate it that you always made time for me in your busy schedule. I would also like to
sincerely thank the other talented clinicians and co-authors in my projects, including

86

Acknowledgements

Annukka Pasanen, Heini Lassus, Laura Renkonen-Sinisalo, Heikki Järvinen, and Synnöve
Staff. I am also grateful for Beatriz Alcalá-Repo and Tuula Lehtinen for managing the Lynch
syndrome database and for being a crucial help in carrying out the sample collection.
Furthermore, I express my deepest gratitude to all of the patients included in these studies.
I want to thank for all my dear friends, near and far, for your friendship and for bringing so
much fun and laughter in my life. I want to thank Sanna, Elina, Anna, Suvi, Riikka, Laura,
Audra, Jasmin, Johanna N, Anu, Krista, Sofia, Jenni, Satu, Kia, Johanna L, Veera, and Mari
just for being superb and occasionally distracting me from the thesis. My special thanks are
dispatched to Riikka for always listening and being by my side, as well as for your invaluable
help with graphical design. I also want to express my gratitude to Kia, for being such a great
friend at all times but also for our fantastic trip to Miami after finishing writing the thesis. I
specifically want to thank Veera for listening to my frustration and excitement depending
of the day during our evening walks with the dogs. I want to thank Audra for being such a
great friend throughout these years. I feel you are always beside me even though we live
thousands of miles apart. Finally, Salla, my sister and best friend, I simply thank you for
everything.
Above all, I want to thank my family. My parents Marja and Martti have always believed in
me and encouraged me to fulfil my dreams. I want to thank you for being such amazing
parents, always supportive and helpful, and for your endless love. My siblings, Teemu, Salla
and Olli, and extra siblings Annette, Mikko, and Johanna are all just over-the-top people.
Additionally, I am grateful for the four magnificent nieces - Natalie, Nadine, Elli and Hilda and one awesome nephew Wilton. I´m so thankful for each of you every day.
There are not enough words to praise Kalervo, my father-in-law for the endless help with
kids, our dog Hupi, doing house chores and anything else you can think of. Your and Kaija´s
support, help and love has been invaluable in ensuring that this process could be done in
such a happy spirit.
My adorable daughters Lilja and Alissa, you are the biggest dream to come true. Your ability
to live in the moment has opened my eyes wide and because of you, every day is more
special than before. I love you with all my heart and beyond. Hupi is acknowledged for
helping to relieve stress and for bringing so much happiness and light.
My sincere gratitude goes to my wonderful husband Tomi for his continuous love, support,
for always believing in me, and always being proud of me. If I did anything right in my life,
it was when I gave my heart to you.
Helsinki April 2018

87

References

REFERENCES

1.
2.
3.
4.
5.

6.

7.
8.

9.
10.
11.

12.
13.
14.

15.
16.
17.
18.
19.

20.

Esteller M, Herman JG. Cancer as an epigenetic disease: DNA methylation and chromatin
alterations in human tumours. J Pathol 2002;196:1-7.
Baylin SB, Jones PA. Epigenetic Determinants of Cancer. Cold Spring Harb Perspect Biol
2016;8.
Jeggo PA, Pearl LH, Carr AM. DNA repair, genome stability and cancer: a historical
perspective. Nat Rev Cancer 2016;16:35-42.
Jacob S, Praz F. DNA mismatch repair defects: role in colorectal carcinogenesis. Biochimie
2002;84:27-47.
Vasen HF, Blanco I, Aktan-Collan K, et al. Revised guidelines for the clinical management
of Lynch syndrome (HNPCC): recommendations by a group of European experts. Gut
2013;62:812-23.
Ligtenberg MJ, Kuiper RP, Chan TL, et al. Heritable somatic methylation and inactivation
of MSH2 in families with Lynch syndrome due to deletion of the 3' exons of TACSTD1. Nat
Genet 2009;41:112-7.
Bonadona V, Bonaiti B, Olschwang S, et al. Cancer risks associated with germline
mutations in MLH1, MSH2, and MSH6 genes in Lynch syndrome. JAMA 2011;305:2304-10.
Moller P, Seppala T, Bernstein I, et al. Incidence of and survival after subsequent cancers
in carriers of pathogenic MMR variants with previous cancer: a report from the
prospective Lynch syndrome database. Gut 2017;66:1657-64.
Sorosky JI. Endometrial cancer. Obstet Gynecol 2012;120:383-97.
Baldwin LA, Huang B, Miller RW, et al. Ten-year relative survival for epithelial ovarian
cancer. Obstet Gynecol 2012;120:612-8.
Homfray TF, Cottrell SE, Ilyas M, et al. Defects in mismatch repair occur after APC
mutations in the pathogenesis of sporadic colorectal tumours. Hum Mutat 1998;11:11420
Kloor M, Huth C, Voigt AY, et al. Prevalence of mismatch repair-deficient crypt foci in
Lynch syndrome: a pathological study. Lancet Oncol 2012;13:598-606.
Renkonen-Sinisalo L, Butzow R, Leminen A, et al. Surveillance for endometrial cancer in
hereditary nonpolyposis colorectal cancer syndrome. Int J Cancer 2007;120:821-4.
Aarnio M, Mecklin JP, Aaltonen LA, Nystrom-Lahti M, Jarvinen HJ. Life-time risk of
different cancers in hereditary non-polyposis colorectal cancer (HNPCC) syndrome. Int J
Cancer 1995;64:430-3.
Greaves M, Maley CC. Clonal evolution in cancer. Nature 2012;481:306-13.
Hanahan D, Weinberg RA. The hallmarks of cancer. Cell 2000;100:57-70.
Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011;144:64674.
Jones PA, Baylin SB. The epigenomics of cancer. Cell 2007;128:683-92.
Society® AC. Cancer Facts & Figures 2018. https://www.cancer.org/research/cancer-factsstatistics/all-cancer-facts-figures/cancer-facts-figures-2018.html. 2018. Accessed:
12.4.2018 2018.
Syöpärekisteri S. Syöpätilastot. https://syoparekisteri.fi/tilastot/tautitilastot/. Accessed:
1.12.2017 2017.

88

References

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.
34.
35.
36.
37.

38.
39.
40.
41.
42.
43.
44.

Vogelstein B, Papadopoulos N, Velculescu VE, et al. Cancer genome landscapes. Science
2013;339:1546-58.
Brodeur GM. The involvement of oncogenes and suppressor genes in human neoplasia.
Adv Pediatr 1987;34:1-44.
Prior IA, Lewis PD, Mattos C. A comprehensive survey of Ras mutations in cancer. Cancer
Res 2012;72:2457-67.
Malumbres M, Barbacid M. RAS oncogenes: the first 30 years. Nat Rev Cancer 2003;3:45965.
Haigis KM. KRAS Alleles: The Devil Is in the Detail. Trends in cancer 2017;3:686-97.
Knudson AG, Jr. Mutation and cancer: statistical study of retinoblastoma. Proc Natl Acad
Sci U S A 1971;68:820-3.
Knudson AG. Two genetic hits (more or less) to cancer. Nat Rev Cancer 2001;1:157-62.
Santarosa M, Ashworth A. Haploinsufficiency for tumour suppressor genes: when you
don't need to go all the way. Biochim Biophys Acta 2004;1654:105-22.
Baker SJ, Fearon ER, Nigro JM, et al. Chromosome 17 deletions and p53 gene mutations in
colorectal carcinomas. Science 1989;244:217-21.
Lane DP. Cancer. p53, guardian of the genome. Nature 1992;358:15-6.
Drosten M, Sum EY, Lechuga CG, et al. Loss of p53 induces cell proliferation via Rasindependent activation of the Raf/Mek/Erk signaling pathway. Proc Natl Acad Sci U S A
2014;111:15155-60.
Vazquez A, Bond EE, Levine AJ, Bond GL. The genetics of the p53 pathway, apoptosis and
cancer therapy. Nat Rev Drug Discov 2008;7:979-87.
Baylin SB, Jones PA. A decade of exploring the cancer epigenome - biological and
translational implications. Nat Rev Cancer 2011;11:726-34.
Guan B, Mao TL, Panuganti PK, et al. Mutation and loss of expression of ARID1A in uterine
low-grade endometrioid carcinoma. Am J Surg Pathol 2011;35:625-32.
Mao TL, Shih Ie M. The roles of ARID1A in gynecologic cancer. J Gynecol Oncol
2013;24:376-81.
Reisman D, Glaros S, Thompson EA. The SWI/SNF complex and cancer. Oncogene
2009;28:1653-68.
Nagl NG, Jr., Wang X, Patsialou A, Van Scoy M, Moran E. Distinct mammalian SWI/SNF
chromatin remodeling complexes with opposing roles in cell-cycle control. EMBO J
2007;26:752-63.
Wu JN, Roberts CW. ARID1A mutations in cancer: another epigenetic tumor suppressor?
Cancer Discov 2013;3:35-43.
Jones S, Wang TL, Shih Ie M, et al. Frequent mutations of chromatin remodeling gene
ARID1A in ovarian clear cell carcinoma. Science 2010;330:228-31.
Kunkel TA, Erie DA. Eukaryotic Mismatch Repair in Relation to DNA Replication. Annu Rev
Genet 2015;49:291-313.
Negrini S, Gorgoulis VG, Halazonetis TD. Genomic instability--an evolving hallmark of
cancer. Nat Rev Mol Cell Biol 2010;11:220-8.
Lindahl T. Suppression of spontaneous mutagenesis in human cells by DNA base excisionrepair. Mutat Res 2000;462:129-35.
Cleaver JE, Speakman JR, Volpe JP. Nucleotide excision repair: variations associated with
cancer development and speciation. Cancer Surv 1995;25:125-42.
Jiricny J, Nystrom-Lahti M. Mismatch repair defects in cancer. Curr Opin Genet Dev
2000;10:157-61.

89

References

45.

46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.

57.
58.
59.
60.
61.
62.
63.
64.
65.
66.

67.

Mao Z, Bozzella M, Seluanov A, Gorbunova V. DNA repair by nonhomologous end joining
and homologous recombination during cell cycle in human cells. Cell cycle (Georgetown,
Tex) 2008;7:2902-6.
Liu D, Keijzers G, Rasmussen LJ. DNA mismatch repair and its many roles in eukaryotic
cells. Mutat Res 2017;773:174-87.
Peltomaki P. DNA mismatch repair and cancer. Mutat Res 2001;488:77-85.
Roos WP, Kaina B. DNA damage-induced cell death: from specific DNA lesions to the DNA
damage response and apoptosis. Cancer Lett 2013;332:237-48.
Andor N, Graham TA, Jansen M, et al. Pan-cancer analysis of the extent and consequences
of intratumor heterogeneity. Nat Med 2016;22:105-13.
Andor N, Maley CC, Ji HP. Genomic Instability in Cancer: Teetering on the Limit of
Tolerance. Cancer Res 2017;77:2179-85.
Loeb LA. Mutator phenotype may be required for multistage carcinogenesis. Cancer Res
1991;51:3075-9.
Nowell PC. The clonal evolution of tumor cell populations. Science 1976;194:23-8.
Halazonetis TD, Gorgoulis VG, Bartek J. An oncogene-induced DNA damage model for
cancer development. Science 2008;319:1352-5.
Artandi SE, DePinho RA. A critical role for telomeres in suppressing and facilitating
carcinogenesis. Curr Opin Genet Dev 2000;10:39-46.
Lengauer C, Kinzler KW, Vogelstein B. Genetic instabilities in human cancers. Nature
1998;396:643-9.
Ionov Y, Peinado MA, Malkhosyan S, Shibata D, Perucho M. Ubiquitous somatic mutations
in simple repeated sequences reveal a new mechanism for colonic carcinogenesis. Nature
1993;363:558-61.
Weaver BA, Cleveland DW. Does aneuploidy cause cancer? Curr Opin Cell Biol
2006;18:658-67.
Pelizzola M, Ecker JR. The DNA methylome. FEBS Lett 2011;585:1994-2000.
McClelland SE. Role of chromosomal instability in cancer progression. Endocr Relat Cancer
2017;24:T23-t31.
Jeffreys AJ, Wilson V, Thein SL. Hypervariable 'minisatellite' regions in human DNA. 1985.
Biotechnology 1992;24:467-72.
Sharma PC, Grover A, Kahl G. Mining microsatellites in eukaryotic genomes. Trends
Biotechnol 2007;25:490-8.
Boland CR, Goel A. Microsatellite instability in colorectal cancer. Gastroenterology
2010;138:2073-87.e3.
Loukola A, Eklin K, Laiho P, et al. Microsatellite marker analysis in screening for hereditary
nonpolyposis colorectal cancer (HNPCC). Cancer Res 2001;61:4545-9.
Vasen HF, Mecklin JP, Khan PM, Lynch HT. The International Collaborative Group on
HNPCC. Anticancer Res 1994;14:1661-4.
Gurin CC, Federici MG, Kang L, Boyd J. Causes and consequences of microsatellite
instability in endometrial carcinoma. Cancer Res 1999;59:462-6.
Herman JG, Umar A, Polyak K, et al. Incidence and functional consequences of hMLH1
promoter hypermethylation in colorectal carcinoma. Proc Natl Acad Sci U S A
1998;95:6870-5.
Kandoth C, Schultz N, Cherniack AD, et al. Integrated genomic characterization of
endometrial carcinoma. Nature 2013;497:67-73.

90

References

68.

69.
70.
71.
72.

73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.

84.

85.
86.
87.
88.
89.
90.

Esteller M, Levine R, Baylin SB, Ellenson LH, Herman JG. MLH1 promoter
hypermethylation is associated with the microsatellite instability phenotype in sporadic
endometrial carcinomas. Oncogene 1998;17:2413-7.
Parsons R, Li GM, Longley MJ, et al. Hypermutability and mismatch repair deficiency in
RER+ tumor cells. Cell 1993;75:1227-36.
Bernstein BE, Meissner A, Lander ES. The mammalian epigenome. Cell 2007;128:669-81.
Porkka N, Valo S, Nieminen TT, et al. Sequencing of Lynch syndrome tumors reveals the
importance of epigenetic alterations. Oncotarget 2017;8:108020-30.
Yan XJ, Xu J, Gu ZH, et al. Exome sequencing identifies somatic mutations of DNA
methyltransferase gene DNMT3A in acute monocytic leukemia. Nat Genet 2011;43:30915.
Qi Y, Wang D, Wang D, et al. HEDD: the human epigenetic drug database. Database
(Oxford) 2016;2016.
Peltomaki P. Mutations and epimutations in the origin of cancer. Exp Cell Res
2012;318:299-310.
Guo H, Zhu P, Yan L, et al. The DNA methylation landscape of human early embryos.
Nature 2014;511:606-10.
Hitchins MP, Wong JJ, Suthers G, et al. Inheritance of a cancer-associated MLH1 germ-line
epimutation. N Engl J Med 2007;356:697-705.
Chan TL, Yuen ST, Kong CK, et al. Heritable germline epimutation of MSH2 in a family with
hereditary nonpolyposis colorectal cancer. Nat Genet 2006;38:1178-83.
Bajrami E, Spiroski M. Genomic Imprinting. Open access Macedonian journal of medical
sciences 2016;4:181-4.
Llinas-Arias P, Esteller M. Epigenetic inactivation of tumour suppressor coding and noncoding genes in human cancer: an update. Open biology 2017;7.
Bird AP. CpG-rich islands and the function of DNA methylation. Nature 1986;321:209-13.
Gama-Sosa MA, Midgett RM, Slagel VA, et al. Tissue-specific differences in DNA
methylation in various mammals. Biochim Biophys Acta 1983;740:212-9.
Shen H, Laird PW. Interplay between the cancer genome and epigenome. Cell
2013;153:38-55.
Kim HC, Roh SA, Ga IH, et al. CpG island methylation as an early event during adenoma
progression in carcinogenesis of sporadic colorectal cancer. J Gastroenterol Hepatol
2005;20:1920-6.
Suzuki H, Gabrielson E, Chen W, et al. A genomic screen for genes upregulated by
demethylation and histone deacetylase inhibition in human colorectal cancer. Nat Genet
2002;31:141-9.
Weinstein JN, Collisson EA, Mills GB, et al. The Cancer Genome Atlas Pan-Cancer analysis
project. Nat Genet 2013;45:1113-20.
Jones PA, Baylin SB. The fundamental role of epigenetic events in cancer. Nat Rev Genet
2002;3:415-28.
Enriquez P. CRISPR-Mediated Epigenome Editing. Yale J Biol Med 2016;89:471-86.
Gama-Sosa MA, Slagel VA, Trewyn RW, et al. The 5-methylcytosine content of DNA from
human tumors. Nucleic Acids Res 1983;11:6883-94.
Feinberg AP, Gehrke CW, Kuo KC, Ehrlich M. Reduced genomic 5-methylcytosine content
in human colonic neoplasia. Cancer Res 1988;48:1159-61.
Senthong A, Kitkumthorn N, Rattanatanyong P, et al. Differences in LINE-1 methylation
between endometriotic ovarian cyst and endometriosis-associated ovarian cancer. Int J
Gynecol Cancer 2014;24:36-42.

91

References

91.
92.

93.

94.
95.
96.

97.
98.
99.

100.
101.
102.

103.

104.
105.
106.

107.
108.

109.
110.

Feinberg AP, Vogelstein B. Hypomethylation distinguishes genes of some human cancers
from their normal counterparts. Nature 1983;301:89-92.
Howard G, Eiges R, Gaudet F, Jaenisch R, Eden A. Activation and transposition of
endogenous retroviral elements in hypomethylation induced tumors in mice. Oncogene
2008;27:404-8.
Tufarelli C, Cruickshanks HA, Meehan RR. LINE-1 activation and epigenetic silencing of
suppressor genes in cancer: Causally related events? Mobile genetic elements
2013;3:e26832.
Rainier S, Johnson LA, Dobry CJ, et al. Relaxation of imprinted genes in human cancer.
Nature 1993;362:747-9.
Ehrlich M. DNA methylation in cancer: too much, but also too little. Oncogene
2002;21:5400-13.
Woloszynska-Read A, Zhang W, Yu J, et al. Coordinated cancer germline antigen promoter
and global DNA hypomethylation in ovarian cancer: association with the BORIS/CTCF
expression ratio and advanced stage. Clin Cancer Res 2011;17:2170-80.
Vardabasso C, Hasson D, Ratnakumar K, et al. Histone variants: emerging players in cancer
biology. Cell Mol Life Sci 2014;71:379-404.
Sharma S, Kelly TK, Jones PA. Epigenetics in cancer. Carcinogenesis 2010;31:27-36.
Nguyen CT, Gonzales FA, Jones PA. Altered chromatin structure associated with
methylation-induced gene silencing in cancer cells: correlation of accessibility,
methylation, MeCP2 binding and acetylation. Nucleic Acids Res 2001;29:4598-606.
Carrington JC, Ambros V. Role of microRNAs in plant and animal development. Science
2003;301:336-8.
Sampson VB, Rong NH, Han J, et al. MicroRNA let-7a down-regulates MYC and reverts
MYC-induced growth in Burkitt lymphoma cells. Cancer Res 2007;67:9762-70.
Zhou K, Liu M, Cao Y. New Insight into microRNA Functions in Cancer: OncogenemicroRNA-Tumor Suppressor Gene Network. Frontiers in molecular biosciences
2017;4:46.
Fabbri M, Garzon R, Cimmino A, et al. MicroRNA-29 family reverts aberrant methylation in
lung cancer by targeting DNA methyltransferases 3A and 3B. Proc Natl Acad Sci U S A
2007;104:15805-10.
Tuddenham L, Wheeler G, Ntounia-Fousara S, et al. The cartilage specific microRNA-140
targets histone deacetylase 4 in mouse cells. FEBS Lett 2006;580:4214-7.
Fabbri M, Calore F, Paone A, Galli R, Calin GA. Epigenetic regulation of miRNAs in cancer.
Adv Exp Med Biol 2013;754:137-48.
Kumar P, Luo Y, Tudela C, Alexander JM, Mendelson CR. The c-Myc-regulated microRNA17~92 (miR-17~92) and miR-106a~363 clusters target hCYP19A1 and hGCM1 to inhibit
human trophoblast differentiation. Mol Cell Biol 2013;33:1782-96.
Meola N, Gennarino VA, Banfi S. microRNAs and genetic diseases. Pathogenetics
2009;2:7.
Saito Y, Liang G, Egger G, et al. Specific activation of microRNA-127 with downregulation
of the proto-oncogene BCL6 by chromatin-modifying drugs in human cancer cells. Cancer
Cell 2006;9:435-43.
Seto E, Yoshida M. Erasers of histone acetylation: the histone deacetylase enzymes. Cold
Spring Harb Perspect Biol 2014;6:a018713.
Laird PW. Principles and challenges of genomewide DNA methylation analysis. Nat Rev
Genet 2010;11:191-203.

92

References

111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.

123.
124.
125.
126.
127.
128.
129.

130.

131.
132.

Soozangar N, Sadeghi MR, Jeddi F, et al. Comparison of genome-wide analysis techniques
to DNA methylation analysis in human cancer. J Cell Physiol 2017.
Ando Y, Hayashizaki Y. Restriction landmark genomic scanning. Nat Protoc 2006;1:277483.
Rauch TA, Pfeifer GP. The MIRA method for DNA methylation analysis. Methods Mol Biol
2009;507:65-75.
Integrated genomic analyses of ovarian carcinoma. Nature 2011;474:609-15.
Dedeurwaerder S, Defrance M, Calonne E, et al. Evaluation of the Infinium Methylation
450K technology. Epigenomics 2011;3:771-84.
Urich MA, Nery JR, Lister R, Schmitz RJ, Ecker JR. MethylC-seq library preparation for baseresolution whole-genome bisulfite sequencing. Nat Protoc 2015;10:475-83.
Lister R, Pelizzola M, Dowen RH, et al. Human DNA methylomes at base resolution show
widespread epigenomic differences. Nature 2009;462:315-22.
Rahman N. Realizing the promise of cancer predisposition genes. Nature 2014;505:302-8.
Romero-Laorden N, Castro E. Inherited mutations in DNA repair genes and cancer risk.
Curr Probl Cancer 2017;41:251-64.
Hemminki A, Markie D, Tomlinson I, et al. A serine/threonine kinase gene defective in
Peutz-Jeghers syndrome. Nature 1998;391:184-7.
Burt RW, Leppert MF, Slattery ML, et al. Genetic testing and phenotype in a large kindred
with attenuated familial adenomatous polyposis. Gastroenterology 2004;127:444-51.
AS W. HEREDITY WITH REFERENCE TO CARCINOMA AS SHOWN BY THE STUDY OF THE
CASES EXAMINED IN THE PATHOLOGICAL LABORATORY OF THE UNIVERSITY OF
MICHIGAN, 1895-1913. Arch Intern Med 1913;12:546-55.
Peltomaki P, Aaltonen LA, Sistonen P, et al. Genetic mapping of a locus predisposing to
human colorectal cancer. Science 1993;260:810-2.
Hampel H, de la Chapelle A. How do we approach the goal of identifying everybody with
Lynch syndrome? Fam Cancer 2013;12:313-7.
Lynch HT, de la Chapelle A. Hereditary colorectal cancer. N Engl J Med 2003;348:919-32.
Watson P, Vasen HFA, Mecklin JP, et al. The risk of extra-colonic, extra-endometrial
cancer in the Lynch syndrome. Int J Cancer 2008;123:444-9.
Chao EC, Lipkin SM. Molecular models for the tissue specificity of DNA mismatch repairdeficient carcinogenesis. Nucleic Acids Res 2006;34:840-52.
Engholm G, Ferlay J, Christensen N, et al. NORDCAN--a Nordic tool for cancer information,
planning, quality control and research. Acta Oncol 2010;49:725-36.
Engholm G FJ, Christensen N, Hansen HL, Hertzum-Larsen R, Johannesen TB, Kejs AMT,
Khan S, Ólafsdóttir E, Petersen T, Schmidt LKH, Virtanen A, Storm HH. Cancer Incidence,
Mortality, Prevalence and Survival in the Nordic Countries, Version 8.0 (20.12.2017).
Association of the Nordic Cancer Registries. Danish Cancer Society. 2017. Accessed:
21.3.2018.
Moller P, Seppala TT, Bernstein I, et al. Cancer risk and survival in path_MMR carriers by
gene and gender up to 75 years of age: a report from the Prospective Lynch Syndrome
Database. Gut 2017.
Seppala T, Pylvanainen K, Renkonen-Sinisalo L, et al. [Diagnosis and treatment of Lynch
syndrome]. Duodecim 2016;132:233-40.
Wimmer K, Kratz CP, Vasen HF, et al. Diagnostic criteria for constitutional mismatch repair
deficiency syndrome: suggestions of the European consortium 'care for CMMRD'
(C4CMMRD). J Med Genet 2014;51:355-65.

93

References

133.
134.
135.

136.

137.

138.

139.

140.
141.

142.

143.

144.

145.

146.

147.

148.
149.

Kuiper RP, Vissers LE, Venkatachalam R, et al. Recurrence and variability of germline
EPCAM deletions in Lynch syndrome. Hum Mutat 2011;32:407-14.
International Society for Gastrointestinal Hereditary Tumors I. InSiGHT variant databases.
https://www.insight-group.org/variants/databases/. Accessed: 22.11.2017 2017.
Gazzoli I, Loda M, Garber J, Syngal S, Kolodner RD. A hereditary nonpolyposis colorectal
carcinoma case associated with hypermethylation of the MLH1 gene in normal tissue and
loss of heterozygosity of the unmethylated allele in the resulting microsatellite instabilityhigh tumor. Cancer Res 2002;62:3925-8.
Kane MF, Loda M, Gaida GM, et al. Methylation of the hMLH1 promoter correlates with
lack of expression of hMLH1 in sporadic colon tumors and mismatch repair-defective
human tumor cell lines. Cancer Res 1997;57:808-11.
Ollikainen M, Hannelius U, Lindgren CM, et al. Mechanisms of inactivation of MLH1 in
hereditary nonpolyposis colorectal carcinoma: a novel approach. Oncogene
2007;26:4541-9.
Zhang J, Lindroos A, Ollila S, et al. Gene conversion is a frequent mechanism of
inactivation of the wild-type allele in cancers from MLH1/MSH2 deletion carriers. Cancer
Res 2006;66:659-64.
Jarvinen HJ, Aarnio M, Mustonen H, et al. Controlled 15-year trial on screening for
colorectal cancer in families with hereditary nonpolyposis colorectal cancer.
Gastroenterology 2000;118:829-34.
Soslow RA. Practical issues related to uterine pathology: staging, frozen section, artifacts,
and Lynch syndrome. Mod Pathol 2016;29 Suppl 1:S59-77.
Auranen A, Joutsiniemi T. A systematic review of gynecological cancer surveillance in
women belonging to hereditary nonpolyposis colorectal cancer (Lynch syndrome)
families. Acta Obstet Gynecol Scand 2011;90:437-44.
Vasen HF, Mecklin JP, Khan PM, Lynch HT. The International Collaborative Group on
Hereditary Non-Polyposis Colorectal Cancer (ICG-HNPCC). Dis Colon Rectum 1991;34:4245.
Vasen HF, Watson P, Mecklin JP, Lynch HT. New clinical criteria for hereditary
nonpolyposis colorectal cancer (HNPCC, Lynch syndrome) proposed by the International
Collaborative group on HNPCC. Gastroenterology 1999;116:1453-6.
Rodriguez-Bigas MA, Boland CR, Hamilton SR, et al. A National Cancer Institute Workshop
on Hereditary Nonpolyposis Colorectal Cancer Syndrome: meeting highlights and
Bethesda guidelines. J Natl Cancer Inst 1997;89:1758-62.
Umar A, Boland CR, Terdiman JP, et al. Revised Bethesda Guidelines for hereditary
nonpolyposis colorectal cancer (Lynch syndrome) and microsatellite instability. J Natl
Cancer Inst 2004;96:261-8.
Ladabaum U, Ford JM, Martel M, Barkun AN. American Gastroenterological Association
Technical Review on the Diagnosis and Management of Lynch Syndrome.
Gastroenterology 2015;149:783-813.e20.
Kansikas M, Kasela M, Kantelinen J, Nystrom M. Assessing how reduced expression levels
of the mismatch repair genes MLH1, MSH2, and MSH6 affect repair efficiency. Hum Mutat
2014;35:1123-7.
Peltomaki P. Epigenetic mechanisms in the pathogenesis of Lynch syndrome. Clin Genet
2014;85:403-12.
Rubenstein JH, Enns R, Heidelbaugh J, Barkun A. American Gastroenterological
Association Institute Guideline on the Diagnosis and Management of Lynch Syndrome.
Gastroenterology 2015;149:777-82; quiz e16-7.

94

References

150.
151.
152.
153.
154.
155.
156.
157.
158.
159.

160.
161.
162.
163.
164.
165.
166.
167.

168.

169.
170.

Miki Y, Swensen J, Shattuck-Eidens D, et al. A strong candidate for the breast and ovarian
cancer susceptibility gene BRCA1. Science 1994;266:66-71.
Wooster R, Neuhausen SL, Mangion J, et al. Localization of a breast cancer susceptibility
gene, BRCA2, to chromosome 13q12-13. Science 1994;265:2088-90.
Lynch HT, Casey MJ, Snyder CL, et al. Hereditary ovarian carcinoma: heterogeneity,
molecular genetics, pathology, and management. Mol Oncol 2009;3:97-137.
Kuchenbaecker KB, Hopper JL, Barnes DR, et al. Risks of Breast, Ovarian, and Contralateral
Breast Cancer for BRCA1 and BRCA2 Mutation Carriers. JAMA 2017;317:2402-16.
McLaughlin JR, Rosen B, Moody J, et al. Long-term ovarian cancer survival associated with
mutation in BRCA1 or BRCA2. J Natl Cancer Inst 2013;105:141-8.
Cramer DW. The epidemiology of endometrial and ovarian cancer. Hematol Oncol Clin
North Am 2012;26:1-12.
Bokhman JV. Two pathogenetic types of endometrial carcinoma. Gynecol Oncol
1983;15:10-7.
Kurman RJ, Shih Ie M. Molecular pathogenesis and extraovarian origin of epithelial
ovarian cancer--shifting the paradigm. Hum Pathol 2011;42:918-31.
Prat J, Gallardo A, Cuatrecasas M, Catasus L. Endometrial carcinoma: pathology and
genetics. Pathology 2007;39:72-87.
Silverberg SG KR, Nogales F, Mutter GL, Kubik-Huch RA, Tavassoli FA. Epithelial tumours
and related lesions, In: Tavassoli FA DP, (ed). Pathology and genetics of tumours of the
breast and female genital organs. World Health Organization classification of tumours.
IARC Press: Lyon (France); 2003. pp 221–32.
Kitchener HC, Trimble EL. Endometrial cancer state of the science meeting. Int J Gynecol
Cancer 2009;19:134-40.
Karnezis AN, Cho KR, Gilks CB, Pearce CL, Huntsman DG. The disparate origins of ovarian
cancers: pathogenesis and prevention strategies. Nat Rev Cancer 2017;17:65-74.
Nik NN, Vang R, Shih Ie M, Kurman RJ. Origin and pathogenesis of pelvic (ovarian, tubal,
and primary peritoneal) serous carcinoma. Annu Rev Pathol 2014;9:27-45.
Prat J. Ovarian carcinomas: five distinct diseases with different origins, genetic alterations,
and clinicopathological features. Virchows Arch 2012;460:237-49.
Matias-Guiu X, Prat J. Molecular pathology of endometrial carcinoma. Histopathology
2013;62:111-23.
Yeramian A, Moreno-Bueno G, Dolcet X, et al. Endometrial carcinoma: molecular
alterations involved in tumor development and progression. Oncogene 2013;32:403-13.
Iijima M, Banno K, Okawa R, et al. Genome-wide analysis of gynecologic cancer: The
Cancer Genome Atlas in ovarian and endometrial cancer. Oncol Lett 2017;13:1063-70.
Murphy MA, Wentzensen N. Frequency of mismatch repair deficiency in ovarian cancer: a
systematic review This article is a US Government work and, as such, is in the public
domain of the United States of America. Int J Cancer 2011;129:1914-22.
Mutter GL, Boynton KA, Faquin WC, Ruiz RE, Jovanovic AS. Allelotype mapping of unstable
microsatellites establishes direct lineage continuity between endometrial precancers and
cancer. Cancer Res 1996;56:4483-6.
Faquin WC, Fitzgerald JT, Lin MC, et al. Sporadic microsatellite instability is specific to
neoplastic and preneoplastic endometrial tissues. Am J Clin Pathol 2000;113:576-82.
Howitt BE, Strickland KC, Sholl LM, et al. Clear cell ovarian cancers with microsatellite
instability: A unique subset of ovarian cancers with increased tumor-infiltrating
lymphocytes and PD-1/PD-L1 expression. Oncoimmunology 2017;6:e1277308.

95

References

171.

172.
173.
174.
175.

176.
177.

178.

179.

180.

181.

182.
183.

184.

185.
186.

187.

188.

Society AC. Cancer Facts & Figures 2017. https://www.cancer.org/research/cancer-factsstatistics/all-cancer-facts-figures/cancer-facts-figures-2017.html. 2017. Accessed:
30.12.2017 2017.
Chen H, Hardy TM, Tollefsbol TO. Epigenomics of ovarian cancer and its
chemoprevention. Frontiers in genetics 2011;2:67.
Yarbro JW, Page DL, Fielding LP, Partridge EE, Murphy GP. American Joint Committee on
Cancer prognostic factors consensus conference. Cancer 1999;86:2436-46.
Hamilton TC. Ovarian cancer, Part I: Biology. Curr Probl Cancer 1992;16:1-57.
Marquez RT, Baggerly KA, Patterson AP, et al. Patterns of gene expression in different
histotypes of epithelial ovarian cancer correlate with those in normal fallopian tube,
endometrium, and colon. Clin Cancer Res 2005;11:6116-26.
Ng A, Barker N. Ovary and fimbrial stem cells: biology, niche and cancer origins. Nat Rev
Mol Cell Biol 2015;16:625-38.
Yamaguchi K, Mandai M, Toyokuni S, et al. Contents of endometriotic cysts, especially the
high concentration of free iron, are a possible cause of carcinogenesis in the cysts through
the iron-induced persistent oxidative stress. Clin Cancer Res 2008;14:32-40.
Yamaguchi K, Mandai M, Oura T, et al. Identification of an ovarian clear cell carcinoma
gene signature that reflects inherent disease biology and the carcinogenic processes.
Oncogene 2010;29:1741-52.
Walsh T, Casadei S, Lee MK, et al. Mutations in 12 genes for inherited ovarian, fallopian
tube, and peritoneal carcinoma identified by massively parallel sequencing. Proc Natl
Acad Sci U S A 2011;108:18032-7.
Malander S, Rambech E, Kristoffersson U, et al. The contribution of the hereditary
nonpolyposis colorectal cancer syndrome to the development of ovarian cancer. Gynecol
Oncol 2006;101:238-43.
Moller P, Seppala T, Bernstein I, et al. Cancer incidence and survival in Lynch syndrome
patients receiving colonoscopic and gynaecological surveillance: first report from the
prospective Lynch syndrome database. Gut 2017;66:464-72.
Helder-Woolderink JM, Blok EA, Vasen HF, et al. Ovarian cancer in Lynch syndrome; a
systematic review. Eur J Cancer 2016;55:65-73.
Grindedal EM, Renkonen-Sinisalo L, Vasen H, et al. Survival in women with MMR
mutations and ovarian cancer: a multicentre study in Lynch syndrome kindreds. J Med
Genet 2010;47:99-102.
Mingels MJ, Masadah R, Geels YP, et al. High prevalence of atypical hyperplasia in the
endometrium of patients with epithelial ovarian cancer. Am J Clin Pathol 2014;142:21321.
Trimble CL, Method M, Leitao M, et al. Management of endometrial precancers. Obstet
Gynecol 2012;120:1160-75.
Zauber P, Denehy TR, Taylor RR, et al. Strong correlation between molecular changes in
endometrial carcinomas and concomitant hyperplasia. Int J Gynecol Cancer 2015;25:8638.
Feng YZ, Shiozawa T, Miyamoto T, et al. BRAF mutation in endometrial carcinoma and
hyperplasia: correlation with KRAS and p53 mutations and mismatch repair protein
expression. Clin Cancer Res 2005;11:6133-8.
Hayes MP, Wang H, Espinal-Witter R, et al. PIK3CA and PTEN mutations in uterine
endometrioid carcinoma and complex atypical hyperplasia. Clin Cancer Res 2006;12:59325.

96

References

189.

190.
191.

192.
193.
194.
195.

196.
197.
198.
199.

200.

201.

202.
203.
204.
205.
206.
207.

208.

Nieminen TT, Gylling A, Abdel-Rahman WM, et al. Molecular analysis of endometrial
tumorigenesis: importance of complex hyperplasia regardless of atypia. Clin Cancer Res
2009;15:5772-83.
van der Putten LJM, van Hoof R, Tops BBJ, et al. Molecular profiles of benign and
(pre)malignant endometrial lesions. Carcinogenesis 2017;38:329-35.
Gibson WJ, Hoivik EA, Halle MK, et al. The genomic landscape and evolution of
endometrial carcinoma progression and abdominopelvic metastasis. Nat Genet
2016;48:848-55.
Kurman RJ, Kaminski PF, Norris HJ. The behavior of endometrial hyperplasia. A long-term
study of "untreated" hyperplasia in 170 patients. Cancer 1985;56:403-12.
Mills AM, Longacre TA. Endometrial hyperplasia. Semin Diagn Pathol 2010;27:199-214.
Scully RE, Poulsen HE. Histological typing of female genital tract tumours. 2nd ed.
Springer-Verlag: Berlin ; New York, 1994. x, 189 p. pp.
Zaino R CSG, Ellenson L H. WHO Classification of Tumours of Female Reproductive Organs.
Fourth Edition In: Kurman RJ, Carcangiu, M.L., Herrington, C.S., Young, R.H., (ed). WHO
Classification of Tumours, Volume 6. WHO Press: Lyon (France); 2014. pp 125–6
Mutter GL. Endometrial intraepithelial neoplasia (EIN): will it bring order to chaos? The
Endometrial Collaborative Group. Gynecol Oncol 2000;76:287-90.
The American College of Obstetricians and Gynecologists Committee Opinion no. 631.
Endometrial intraepithelial neoplasia. Obstet Gynecol 2015;125:1272-8.
Lynch HT, Snyder CL, Shaw TG, Heinen CD, Hitchins MP. Milestones of Lynch syndrome:
1895-2015. Nat Rev Cancer 2015;15:181-94.
Hampel H, Panescu J, Lockman J, et al. Comment on: Screening for Lynch Syndrome
(Hereditary Nonpolyposis Colorectal Cancer) among Endometrial Cancer Patients. Cancer
Res 2007;67:9603.
Broaddus RR, Lynch HT, Chen LM, et al. Pathologic features of endometrial carcinoma
associated with HNPCC: a comparison with sporadic endometrial carcinoma. Cancer
2006;106:87-94.
Rossi L, Le Frere-Belda MA, Laurent-Puig P, et al. Clinicopathologic Characteristics of
Endometrial Cancer in Lynch Syndrome: A French Multicenter Study. Int J Gynecol Cancer
2017;27:953-60.
Westin SN, Lacour RA, Urbauer DL, et al. Carcinoma of the lower uterine segment: a
newly described association with Lynch syndrome. J Clin Oncol 2008;26:5965-71.
Tafe LJ, Riggs ER, Tsongalis GJ. Lynch syndrome presenting as endometrial cancer. Clin
Chem 2014;60:111-21.
ACOG Practice Bulletin No. 147: Lynch syndrome. Obstet Gynecol 2014;124:1042-54.
Stelloo E, Jansen AML, Osse EM, et al. Practical guidance for mismatch repair-deficiency
testing in endometrial cancer. Ann Oncol 2017;28:96-102.
Lahiri DK, Nurnberger JI, Jr. A rapid non-enzymatic method for the preparation of HMW
DNA from blood for RFLP studies. Nucleic Acids Res 1991;19:5444.
Soovares P, Pasanen A, Butzow R, Lassus H. L1CAM expression associates with poor
outcome in endometrioid, but not in clear cell ovarian carcinoma. Gynecol Oncol
2017;146:615-22.
Pasanen A, Tuomi T, Isola J, et al. L1 Cell Adhesion Molecule as a Predictor of DiseaseSpecific Survival and Patterns of Relapse in Endometrial Cancer. Int J Gynecol Cancer
2016;26:1465-71.

97

References

209.

210.

211.

212.

213.

214.

215.
216.

217.

218.

219.

220.
221.

222.
223.

224.

225.

Ollikainen M, Abdel-Rahman WM, Moisio AL, et al. Molecular analysis of familial
endometrial carcinoma: a manifestation of hereditary nonpolyposis colorectal cancer or a
separate syndrome? J Clin Oncol 2005;23:4609-16.
Isola J, DeVries S, Chu L, Ghazvini S, Waldman F. Analysis of changes in DNA sequence
copy number by comparative genomic hybridization in archival paraffin-embedded tumor
samples. Am J Pathol 1994;145:1301-8.
Halvarsson B, Lindblom A, Rambech E, Lagerstedt K, Nilbert M. Microsatellite instability
analysis and/or immunostaining for the diagnosis of hereditary nonpolyposis colorectal
cancer? Virchows Arch 2004;444:135-41.
Cicek MS, Lindor NM, Gallinger S, et al. Quality assessment and correlation of
microsatellite instability and immunohistochemical markers among population- and clinicbased colorectal tumors results from the Colon Cancer Family Registry. J Mol Diagn
2011;13:271-81.
Orita M, Iwahana H, Kanazawa H, Hayashi K, Sekiya T. Detection of polymorphisms of
human DNA by gel electrophoresis as single-strand conformation polymorphisms. Proc
Natl Acad Sci U S A 1989;86:2766-70.
Frommer M, McDonald LE, Millar DS, et al. A genomic sequencing protocol that yields a
positive display of 5-methylcytosine residues in individual DNA strands. Proc Natl Acad Sci
U S A 1992;89:1827-31.
Lab TL. MethPrimer. http://www.urogene.org/methprimer/index.html. 2011-2017.
Nygren AO, Ameziane N, Duarte HM, et al. Methylation-specific MLPA (MS-MLPA):
simultaneous detection of CpG methylation and copy number changes of up to 40
sequences. Nucleic Acids Res 2005;33:e128.
MRC-Holland. MLPA® Reaction - technical protocols. http://www.mrcholland.com/WebForms/WebFormMain.aspx?Tag=_wl2zCjirCGANQgZPuTixtCplCA1mmwJoFo_xHPnTgc. 2017. Accessed: 29.12.2017 2017.
Gylling AH, Nieminen TT, Abdel-Rahman WM, et al. Differential cancer predisposition in
Lynch syndrome: insights from molecular analysis of brain and urinary tract tumors.
Carcinogenesis 2008;29:1351-9.
MRC-Holland. SALSA MLPA ME001 Tumour suppressor mix 1 probemix.
http://mlpa.com/WebForms/WebFormProductDetails.aspx?Tag=_tz2fAPIAupKyMjaDF-Et9bmuxqlhe_Lgqfk8Hkjuss.&ProductOID=_jDbQ-lF69jA. 2017. Accessed: 29.12.2017 2017.
EMBL-EBI. EMBOSS Cpgplot. https://www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/.
Accessed: 29.12.2017 2017.
MRC-Holland. SALSA MLPA P300 Reference-2 probemix. http://www.mrcholland.com/WebForms/WebFormProductDetails.aspx?Tag=_tz2fAPIAupKyMjaDF-Et9bmuxqlhe_Lgqfk8Hkjuss.&ProductOID=_8cHDW4IbSNc. Accessed: 29.12.2017 2017.
Pavicic W, Joensuu EI, Nieminen T, Peltomaki P. LINE-1 hypomethylation in familial and
sporadic cancer. J Mol Med (Berl) 2012;90:827-35.
Michalowsky LA, Jones PA. Differential nuclear protein binding to 5-azacytosinecontaining DNA as a potential mechanism for 5-aza-2'-deoxycytidine resistance. Mol Cell
Biol 1987;7:3076-83.
Yoshida M, Kijima M, Akita M, Beppu T. Potent and specific inhibition of mammalian
histone deacetylase both in vivo and in vitro by trichostatin A. J Biol Chem
1990;265:17174-9.
McGhee JD, Felsenfeld G. Nucleosome structure. Annu Rev Biochem 1980;49:1115-56.

98

References

226.

227.

228.

229.
230.
231.
232.
233.
234.
235.
236.
237.

238.
239.
240.
241.
242.
243.
244.
245.
246.

247.

Cameron EE, Bachman KE, Myohanen S, Herman JG, Baylin SB. Synergy of demethylation
and histone deacetylase inhibition in the re-expression of genes silenced in cancer. Nat
Genet 1999;21:103-7.
Dannenberg LO, Edenberg HJ. Epigenetics of gene expression in human hepatoma cells:
expression profiling the response to inhibition of DNA methylation and histone
deacetylation. BMC Genomics 2006;7:181.
Derks S, Bosch LJ, Niessen HE, et al. Promoter CpG island hypermethylation- and
H3K9me3 and H3K27me3-mediated epigenetic silencing targets the deleted in colon
cancer (DCC) gene in colorectal carcinogenesis without affecting neighboring genes on
chromosomal region 18q21. Carcinogenesis 2009;30:1041-8.
Nymark P, Lindholm PM, Korpela MV, et al. Gene expression profiles in asbestos-exposed
epithelial and mesothelial lung cell lines. BMC Genomics 2007;8:62.
Vassarstats. Website for Statistical Computation. http://www.vassarstats.net/.
Kurman RJ, Shih Ie M. Pathogenesis of ovarian cancer: lessons from morphology and
molecular biology and their clinical implications. Int J Gynecol Pathol 2008;27:151-60.
Takeda T, Banno K, Okawa R, et al. ARID1A gene mutation in ovarian and endometrial
cancers (Review). Oncol Rep 2016;35:607-13.
Lindner J, Rathjen FG, Schachner M. L1 mono- and polyclonal antibodies modify cell
migration in early postnatal mouse cerebellum. Nature 1983;305:427-30.
Fogel M, Gutwein P, Mechtersheimer S, et al. L1 expression as a predictor of progression
and survival in patients with uterine and ovarian carcinomas. Lancet 2003;362:869-75.
Zeimet AG, Reimer D, Huszar M, et al. L1CAM in early-stage type I endometrial cancer:
results of a large multicenter evaluation. J Natl Cancer Inst 2013;105:1142-50.
Zecchini S, Bianchi M, Colombo N, et al. The differential role of L1 in ovarian carcinoma
and normal ovarian surface epithelium. Cancer Res 2008;68:1110-8.
Wojciechowski M, Glowacka E, Wilczynski M, Pekala-Wojciechowska A, Malinowski A. The
sL1CAM in sera of patients with endometrial and ovarian cancers. Arch Gynecol Obstet
2017;295:225-32.
Cho KR, Shih Ie M. Ovarian cancer. Annu Rev Pathol 2009;4:287-313.
Rahman M, Nakayama K, Rahman MT, et al. Clinicopathologic and biological analysis of
PIK3CA mutation in ovarian clear cell carcinoma. Hum Pathol 2012;43:2197-206.
Abe A, Minaguchi T, Ochi H, et al. PIK3CA overexpression is a possible prognostic factor
for favorable survival in ovarian clear cell carcinoma. Hum Pathol 2013;44:199-207.
Steffensen KD, Waldstrom M, Grove A, et al. Improved classification of epithelial ovarian
cancer: results of 3 danish cohorts. Int J Gynecol Cancer 2011;21:1592-600.
Sankila R, Aaltonen LA, Jarvinen HJ, Mecklin JP. Better survival rates in patients with
MLH1-associated hereditary colorectal cancer. Gastroenterology 1996;110:682-7.
Domingo E, Laiho P, Ollikainen M, et al. BRAF screening as a low-cost effective strategy for
simplifying HNPCC genetic testing. J Med Genet 2004;41:664-8.
Kundaje A, Meuleman W, Ernst J, et al. Integrative analysis of 111 reference human
epigenomes. Nature 2015;518:317-30.
Prat J. New insights into ovarian cancer pathology. Ann Oncol 2012;23 Suppl 10:x111-7.
Gylling A, Abdel-Rahman WM, Juhola M, et al. Is gastric cancer part of the tumour
spectrum of hereditary non-polyposis colorectal cancer? A molecular genetic study. Gut
2007;56:926-33.
Joensuu EI, Abdel-Rahman WM, Ollikainen M, et al. Epigenetic signatures of familial
cancer are characteristic of tumor type and family category. Cancer Res 2008;68:4597605.

99

References

248.

249.

250.

251.
252.
253.
254.

255.

256.
257.

258.
259.
260.

261.
262.
263.

264.
265.

266.

Lotsari JE, Gylling A, Abdel-Rahman WM, et al. Breast carcinoma and Lynch syndrome:
molecular analysis of tumors arising in mutation carriers, non-carriers, and sporadic cases.
Breast Cancer Res 2012;14:R90.
Valo S, Kaur S, Ristimaki A, et al. DNA hypermethylation appears early and shows
increased frequency with dysplasia in Lynch syndrome-associated colorectal adenomas
and carcinomas. Clin Epigenetics 2015;7:71.
Strathdee G, Appleton K, Illand M, et al. Primary ovarian carcinomas display multiple
methylator phenotypes involving known tumor suppressor genes. Am J Pathol
2001;158:1121-7.
McCoy ML, Mueller CR, Roskelley CD. The role of the breast cancer susceptibility gene 1
(BRCA1) in sporadic epithelial ovarian cancer. Reprod Biol Endocrinol 2003;1:72.
Baldwin RL, Nemeth E, Tran H, et al. BRCA1 promoter region hypermethylation in ovarian
carcinoma: a population-based study. Cancer Res 2000;60:5329-33.
Wang YQ, Yan Q, Zhang JR, et al. Epigenetic inactivation of BRCA1 through promoter
hypermethylation in ovarian cancer progression. J Obstet Gynaecol Res 2013;39:549-54.
Kontorovich T, Cohen Y, Nir U, Friedman E. Promoter methylation patterns of ATM, ATR,
BRCA1, BRCA2 and p53 as putative cancer risk modifiers in Jewish BRCA1/BRCA2 mutation
carriers. Breast Cancer Res Treat 2009;116:195-200.
Goel A, Xicola RM, Nguyen TP, et al. Aberrant DNA methylation in hereditary
nonpolyposis colorectal cancer without mismatch repair deficiency. Gastroenterology
2010;138:1854-62.
Sahnane N, Magnoli F, Bernasconi B, et al. Aberrant DNA methylation profiles of inherited
and sporadic colorectal cancer. Clin Epigenetics 2015;7:131.
Akers SN, Moysich K, Zhang W, et al. LINE1 and Alu repetitive element DNA methylation in
tumors and white blood cells from epithelial ovarian cancer patients. Gynecol Oncol
2014;132:462-7.
Earp MA, Cunningham JM. DNA methylation changes in epithelial ovarian cancer
histotypes. Genomics 2015;106:311-21.
Ryan NA, Evans DG, Green K, Crosbie EJ. Pathological features and clinical behavior of
Lynch syndrome-associated ovarian cancer. Gynecol Oncol 2017;144:491-5.
Kelemen LE, Rambau PF, Koziak JM, Steed H, Kobel M. Synchronous endometrial and
ovarian carcinomas: predictors of risk and associations with survival and tumor expression
profiles. Cancer Causes Control 2017;28:447-57.
Heitz F, Amant F, Fotopoulou C, et al. Synchronous ovarian and endometrial cancer--an
international multicenter case-control study. Int J Gynecol Cancer 2014;24:54-60.
Altevogt P, Doberstein K, Fogel M. L1CAM in human cancer. Int J Cancer 2016;138:156576.
Bartosch C, Pires-Luis AS, Meireles C, et al. Pathologic Findings in Prophylactic and
Nonprophylactic Hysterectomy Specimens of Patients With Lynch Syndrome. Am J Surg
Pathol 2016;40:1177-91.
Offit K, Kauff ND. Reducing the risk of gynecologic cancer in the Lynch syndrome. N Engl J
Med 2006;354:293-5.
Schmeler KM, Sun CC, Bodurka DC, et al. Prophylactic bilateral salpingo-oophorectomy
compared with surveillance in women with BRCA mutations. Obstet Gynecol
2006;108:515-20.
Lu KH, Daniels M. Endometrial and ovarian cancer in women with Lynch syndrome:
update in screening and prevention. Fam Cancer 2013;12:273-7.

100

References

267.
268.

269.
270.
271.
272.
273.
274.
275.
276.
277.
278.
279.
280.
281.
282.
283.
284.

285.
286.

Wiegand KC, Shah SP, Al-Agha OM, et al. ARID1A mutations in endometriosis-associated
ovarian carcinomas. N Engl J Med 2010;363:1532-43.
Bosse T, ter Haar NT, Seeber LM, et al. Loss of ARID1A expression and its relationship with
PI3K-Akt pathway alterations, TP53 and microsatellite instability in endometrial cancer.
Mod Pathol 2013;26:1525-35.
Werner HM, Berg A, Wik E, et al. ARID1A loss is prevalent in endometrial hyperplasia with
atypia and low-grade endometrioid carcinomas. Mod Pathol 2013;26:428-34.
Wang K, Kan J, Yuen ST, et al. Exome sequencing identifies frequent mutation of ARID1A
in molecular subtypes of gastric cancer. Nat Genet 2011;43:1219-23.
Jones S, Li M, Parsons DW, et al. Somatic mutations in the chromatin remodeling gene
ARID1A occur in several tumor types. Hum Mutat 2012;33:100-3.
Chou A, Toon CW, Clarkson A, et al. Loss of ARID1A expression in colorectal carcinoma is
strongly associated with mismatch repair deficiency. Hum Pathol 2014;45:1697-703.
Esteller M. Epigenetic lesions causing genetic lesions in human cancer: promoter
hypermethylation of DNA repair genes. Eur J Cancer 2000;36:2294-300.
Weinberg RA. Mechanisms of malignant progression. Carcinogenesis 2008;29:1092-5.
Heyn H, Esteller M. DNA methylation profiling in the clinic: applications and challenges.
Nat Rev Genet 2012;13:679-92.
Balch C, Fang F, Matei DE, Huang TH, Nephew KP. Minireview: epigenetic changes in
ovarian cancer. Endocrinology 2009;150:4003-11.
Matsuo K, Ramzan AA, Gualtieri MR, et al. Prediction of concurrent endometrial
carcinoma in women with endometrial hyperplasia. Gynecol Oncol 2015;139:261-7.
Bafghi A, Zafrani Y, Pautier P, et al. Endometrial disorders in patients with peritoneal
serous papillary carcinoma. Eur J Obstet Gynecol Reprod Biol 2007;134:101-4.
Kolbe DL, DeLoia JA, Porter-Gill P, et al. Differential analysis of ovarian and endometrial
cancers identifies a methylator phenotype. PLoS One 2012;7:e32941.
Gounaris I, Charnock-Jones DS, Brenton JD. Ovarian clear cell carcinoma--bad
endometriosis or bad endometrium? J Pathol 2011;225:157-60.
von Knebel Doeberitz M, Kloor M. Towards a vaccine to prevent cancer in Lynch
syndrome patients. Fam Cancer 2013;12:307-12.
Moore RG, MacLaughlan S, Bast RC, Jr. Current state of biomarker development for
clinical application in epithelial ovarian cancer. Gynecol Oncol 2010;116:240-5.
Bast RC, Jr., Feeney M, Lazarus H, et al. Reactivity of a monoclonal antibody with human
ovarian carcinoma. J Clin Invest 1981;68:1331-7.
Drapkin R, von Horsten HH, Lin Y, et al. Human epididymis protein 4 (HE4) is a secreted
glycoprotein that is overexpressed by serous and endometrioid ovarian carcinomas.
Cancer Res 2005;65:2162-9.
Burn J, Mathers JC, Bishop DT. Chemoprevention in Lynch syndrome. Fam Cancer
2013;12:707-18.
Benard-Slagter A, Zondervan I, de Groot K, et al. Digital Multiplex Ligation-Dependent
Probe Amplification for Detection of Key Copy Number Alterations in T- and B-Cell
Lymphoblastic Leukemia. J Mol Diagn 2017;19:659-72.

101

6/2018 Jinghua Gui
BMP/Dpp Signaling and Epithelial Morphogenesis in Drosophila Development
7/2018 Petra Tauscher
Post-translational Regulation of TGF-β Signaling in Drosophila Development
8/2018 Agnieszka Szwajda
Bioinformatic Identification of Disease Driver Networks Using Functional Profiling Data
9/2018 Kärt Mätlik
Altering the 3’UTR to Increase Endogenous GDNF and BDNF Expression
10/2018 Arjen Gebraad
Tissue Engineering Approaches for the Treatment of Degenerated Intervertebral Discs
11/2018 Leena Arpalahti
The Proteasome-Associated Deubiquitinase UCHL5/UBH-4 in Proteasome Modulation and
as a Prognostic Marker in Gastrointestinal Cancers
12/2018 Tiina Mattila
Airway Obstruction and Mortality
13/2018 Lauri Jouhi
Oropharyngael Cancer: Changing Management and the Role of Toll-like Receptors
14/2018 Jukka Saarinen
Non-linear Label-free Optical Imaging of Cells, Nanocrystal Cellular Uptake and Solid-State
Analysis in Pharmaceutics
15/2018 Olena Santangeli
Sleep and Depression: Developmental and Molecular Mechanisms
16/2018 Shadia Rask
Diversity and Health in the Population: Findings on Russian, Somali and Kurdish Origin
Populations in Finland
17/2018 Richa Gupta
Association and Interplay of Genetic and Epigenetic Variants in Smoking Behavior
18/2018 Patrick Vingadas Almeida
Multifunctional Porous Silicon Based Nanocomposites for Cancer Targeting and Drug Delivery
19/2018 Lena Sjöberg
Reproductive Health in Women with Childhood-onset Type 1 Diabetes in Finland
20/2018 Perttu Päiviö Salo
Studies on the Genetics of Heart Failure
21/2018 Andrew Erickson
In Search of Improved Outcome Prediction of Prostate Cancer – A Biological and Clinical
Approach
22/2018 Imrul Faisal
Genetic Regulation of Mammalian Spermatogenesis - Studies of USF1 and MAD2
23/2018 Katja Wikström
Socioeconomic Differences in the Development and Prevention of Type 2
Diabetes: Focus on Education and Lifestyle
24/2018 Laura Ollila
Genotype-Phenotype Correlations in Dilated Cardiomyopathy
25/2018 Elina Engberg
Physical Activity, Pregnancy and Mental Wellbeing: Focus on Women at
Risk for Gestational Diabetes

ISSN 2342-3161

ISBN 978-951-51-4189-7

26/2018

Helsinki 2018

ANNI NISKAKOSKI Molecular Alterations of Endometrial and Ovarian Tumorigenesis in Lynch Syndrome Mutation Carriers and the General Population

Recent Publications in this Series

dissertationes scholae doctoralis ad sanitatem investigandam
universitatis helsinkiensis

ANNI NISKAKOSKI

Molecular Alterations of Endometrial and
Ovarian Tumorigenesis in Lynch Syndrome
Mutation Carriers and the General Population

MEDICUM
DEPARTMENT OF MEDICAL AND CLINICAL GENETICS
FACULTY OF MEDICINE
DOCTORAL PROGRAMME IN INTEGRATIVE LIFE SCIENCE
UNIVERSITY OF HELSINKI

26/2018

