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INTRODUCTION 

The human genome contains about 29 million CpG dinucleotides where a 
cytosine base is followed by a guanine base. Cytosine in the CpG dinucleotide 
can exist in either a methylated or unmethylated state. DNA methyltransferase 
(DNMT) enzymes can add a methyl group to cytosine to form 5-methylcytosine 
(5mC), and this methylated form of cytosine is considered the “fifth” DNA 
base. Methylated cytosines have a crucial role in mammalian development, and 
the proportion of methylated CpG sites can vary greatly over a genome. 
Repeated sequences tend to be the most heavily methylated, while CpG-rich 
regulatory regions are almost exclusively unmethylated in all human tissues. As 
DNA methylation is vital for the normal functioning of organism, changes in 
the epigenome can account for individual differences in drug responses or the 
incidence of severe diseases, especially cancer. DNA methylation patterns have 
been investigated over several decades and various methods have been applied. 
However, the mechanistic details regarding the relationship between epigenetics 
and transcription remain unclear. Several studies have linked methylation 
events in promoter-CpG islands with gene expression regulation. Despite these 
correlations, tissue-specific differentially methylated regions have been 
increasingly found among intragenic regions, such as in gene bodies or even in 
intergenic regions. But the relationship between DNA methylation in non-
promoter regions and gene expression remains unclear.  

Cancer, especially lung cancer, is currently a major health problem world-
wide. Over the past few years, several biomarkers have been discovered, both 
genetic and epigenetic, that may potentially help clinicians diagnose cancer in 
its early stage, or help provide a prognosis regarding treatment outcome or 
overall survival. Despite these advances, however, only a handful of these 
biomarkers have been successfully validated and used in the clinic.  

In the first part of the current thesis, an overview of DNA methylation is 
provided. Specifically, the dynamics of DNA methylation patterns during mam-
malian development are described and the enzymes involved. Insight regarding 
specific methylation differences and their influence on gene expression in 
several adult tissues are also presented. Next, an overview of aberrant genetic 
and epigenetic events in various cancerous tissues is provided, particularly as 
these events relate to lung cancer. Then, finally, the current methods used in 
epigenome analyses are presented.  

The experimental part of this thesis consists of three sections that address the 
global methylation patterns observed in healthy human somatic tissues, in-
cluding fetal and adult liver tissue, and non-small cell lung cancer (NSCLC) 
tissue. In the first study, a set of genes that exhibited alterations in their 
methylation profile in NSCLC tissues were identified and correlated with tran-
scription levels. A number of genes that exhibited a significant association 
between DNA methylation and survival rates were also identified. In the second 
study, tissue-specific differences in methylated regions in 17 human tissues 



10 

were described, and many of the methylated regions were found to contribute to 
tissue-specific functions. In the third study, a comprehensive genome-wide 
analysis was performed to investigate genomic and epigenomic variations and 
their associations with gene expression in fetal and adult human liver tissues. 
These results demonstrate that both genetic and epigenetic factors have a 
significant influence on transcription, and this influence affects tissue-specific 
gene expression as well.  
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REVIEW OF THE LITERATURE 

1.1 DNA methylation and demethylation 
One of the earliest studied epigenetic marks in eukaryotic DNA was DNA 
methylation (Lujambio et al., 2008). It has important roles in embryogenesis, 
differentiation, imprinting, X-inactivation, and genomic stability (Yanagawa et 
al., 2003). In mammals, methylation almost exclusively affects cytosines in 
CpG dinucleotides, of which approximately 70–80% are methylated throughout 
the genome (Busche et al., 2015). The remaining unmethylated CpG dinucleo-
tides are mostly grouped in dense clusters called CpG islands (CGIs), and these 
are often found near gene promoters and other regulatory regions. House-
keeping genes have CGIs proximal to their promoters, and these CGIs are 
typically unmethylated even when the housekeeping gene is transcriptionally 
inactive (Weber et al., 2007; Yan et al.).  

In general, DNA methylation often acts as a repression mark that causes 
gene expression inhibition, either by directly preventing the binding of tran-
scription factors (Comb and Goodman, 1990) or by recruiting methyl-binding 
proteins which alter the structure of chromatin (Harikrishnan et al., 2005). DNA 
methylation profiles have been shown to vary with age (Madrigano et al., 2012), 
and in response to environmental factors (Bind et al., 2012), nutritional factors, 
and pathogenic factors (Leonard et al., 2012; Liu et al., 2003). Disease-specific 
methylation patterns have also been observed (Montano et al., 2016; Sun et al., 
2016), especially for cancer (Jones and Baylin, 2007). To date, almost all types 
of cancer have exhibited both aberrant hypermethylation of tumor suppressor 
genes and global hypomethylation of their genomic DNA (Esteller, 2007).  

Based on the CpG content and length of CGI-associated promoters, they have 
been classified into three categories. Promoters with a high density of CpG sites, 
referred to as HCPs, are rarely methylated, even when the genes are not tran-
scriptionally active (Weber et al., 2007; Ziller et al., 2013) In the cases where 
HCPs are methylated, the genes are often efficiently silenced (Meissner et al., 
2008; Weber et al., 2007). Promoters with an intermediate density of CpG sites, 
referred to as ICPs, also repress gene expression in response to methylation 
(Weber et al., 2007). ICPs are common in differentiation-dependent hyper-
methylation events where DNA methylation is needed to ensure stable silencing 
during differentiation (Borgel et al., 2010; Weber et al., 2007). In contrast, low 
CpG density promoters (LCPs) undergo varying levels of methylation, and in 
general, they remain hypermethylated (Ziller et al., 2013). However, the tran-
scriptional status of LCP genes lack a clear correlation with their methylation 
state, thereby suggesting that a low concentration of methylated CpG sites in a 
promoter region may not be sufficient to influence gene activity (Weber et al., 
2007). 

DNA methylation has traditionally been considered a relatively stable epigenetic 
mark. However, numerous studies have demonstrated that DNA methylation 
exhibits dynamic characteristics. For example, DNA can be de novo methylated 
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as described in Chapter 1.2 (Figure 1), yet DNA demethylation can also occur 
via passive and active mechanisms (Figure 1). Passive DNA demethylation in-
volves the loss of a methyl group over rounds of DNA replication. It is hypo-
thesized that this mechanism occurs during early embryonic development in 
mammals, and it involves the gradual demethylation of maternal DNA in a pre-
implanted blastocyst over several cell divisions in a replication-dependent 
manner (Howlett and Reik, 1991). In contrast, active DNA demethylation involves 
an enzymatic process by which the methyl group is removed from 5mC via 
 

 
Figure 1. Passive and active DNA demethylation. During development, DNA 
methylation patterns are established by DNMTs. Passive demethylation occurs during 
rounds of replication when DNMT1 is not present. In contrast, active DNA de-
methylation is an enzymatic process and it is hypothesized that members of the TET 
family mediate the oxidation of 5mC to 5hmC. Figure adapted from Wu and Zhang 
(2010) and reprinted with permission of the Nature publishing group.  
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breakage of the carbon-carbon bond. Several mechanisms are proposed to explain 
active DNA demethylation, and accumulating evidence indicates that oxidation 
of 5mC to 5-hydroxymethylcytosine (5hmC) is mediated by members of the 
Ten-eleven translocation (TET) family (Tahiliani et al., 2009). 
 
 

1.2 DNMTs 
DNMTs are responsible for catalyzing cytosine methylation. The mammalian 
family of DNMTs includes three members which have active catalytic domains – 
DNMT1, DNMT3A, DNMT3B and in addition DNMTL, which can interact 
with DNMT3A/DNMT3B (Figure 2).  
 

 
Figure 2. Schematic structure of the DNMTs, DNMT1, DNMT3A, DNMT3B, and 
DNMT3L. The regulatory domains contain motifs for mediating interactions with 
proteins or DNA. The catalytic domains contain conserved methyltransferase motifs. 
SAM: S-adenosyl methionine; NLS: nuclear localization signal; (KG)n: lysine-glycine 
repeats; ATRX: chromatin remodeler gene; PHD: plant homology domain. 
 
 



14 

It has been observed most often that DNMT1 is responsible for maintaining 
DNA methylation patterns. It has exhibited up to a 40-fold preference for 
hemimethylated DNA over unmethylated DNA and it localizes to replication 
forks during DNA replication where it methylates newly biosynthesized DNA 
(Fatemi et al., 2001; Goyal et al., 2006). Furthermore, mouse models with 
reduced levels of DNMT1 at an embryonic age have been shown to be 
nonviable (Li et al., 1992).  

In contrast, DNMT3a and DNMT3b are not able to differentiate between 
hemimethylated and unmethylated DNA and are considered to be responsible 
for establishing de novo methylation patterns during early embryonic develop-
ment and in germ cells (Gowher and Jeltsch, 2001; Okano et al., 1999; Okano et 
al., 1998). DNMT3a and DNMT3b are both highly expressed in embryonic 
tissues. DNMT3a is primarily responsible for establishing imprinting patterns in 
maturing gametes, and thus, is expressed in the later embryonic stages (Kaneda 
et al., 2004; Watanabe et al., 2002). DNMT3a is also involved in methylating 
postnatal stem cells (Challen et al., 2012; Wu et al., 2010). Conversely, 
DNMT3b is more predominant in the early embryonic stages, and has been 
being detected in preimplantation embryos and epiblasts (Borgel et al., 2010; 
Watanabe et al., 2002). DNMT3b is also essential for maintaining methylation 
events in pericentromeric repeats which are necessary for proper cell division 
(Gopalakrishnan et al., 2009). While DNMT3L has no detectable methyltrans-
ferase activity, it has been found to interact with DNMT3A/DNMT3B (Suetake 
et al., 2004). DNMT3L is also essential for establishing maternal genomic 
imprinting in oocytes and for spermatogenesis (Hata et al., 2002).  

 
 

1.3 DNA methylation in healthy tissues 
1.3.1 DNA methylation during development 

DNA methylation undergoes major reprogramming during embryonic develop-
ment in mammals. First, methylation levels globally decrease, then new methy-
lation patterns are established upon implantation. The latter step is important for 
establishing pluripotency.  

Demethylation occurs asymmetrically in paternal and maternal pronuclei in 
formed zygotes (Guo et al., 2014b). Paternal DNA rapidly loses almost all of its 
methylation primarily via the oxidation of 5mC to 5hmC by TET proteins (Guo 
et al., 2014a; Mayer et al., 2000). At the same time, it is hypothesized that 
maternal DNA loses its methylation over several replication events during cell 
divisions (Mayer et al., 2000). The only exceptions are imprinted loci, certain 
transposable elements, and centromeric heterochromatin which maintain their 
methylation patterns during this demethylation wave (Guo et al., 2014b; Lane et 
al., 2003; Nakamura et al., 2007).  

After a global erasing of DNA methylation has occurred, new patterns are 
established at the time of embryo implantation (Figure 3). DNMT3A and 
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DNMT3B, together with DNMT1 are responsible for de novo methylation 
(Okano et al., 1999). During this process, some CGIs remain unmethylated while 
other CGIs are newly methylated (Brandeis et al., 1994). Sequence-specific 
methylation events take place after implantation, genes responsible for pluri-
potency (e.g., Oct3/4, Nanog) undergo methylation and are silenced (Feldman 
et al., 2006). De novo methylation also occurs on the X-chromosome, where 
promoters containing CGIs become methylated as a last event (Gendrel et al., 
2012). It has been demonstrated that DNA methylation itself is not necessary 
for initiating silencing, although it is important for maintaining gene repression 
over several cell cycles throughout an organism’s lifespan (Epsztejn-Litman et 
al., 2008). In addition, it has been observed that many tissue-specific genes 
become methylated during development, and then are demethylated in the later 
stages of development when their expression becomes tissue-specific (Song et 
al., 2009).  

Another major DNA methylation reprogramming takes place in primordial 
germ cells. Demethylation is carried out almost entirely genome-wide and it is 
completed by approximately E12.5 (Figure 3). The last demethylation events 
involve parent-of-origin dependent imprinting loci, CGIs of inactive X-chromo-
some genes, and promoters of germ cell-specific genes (Seisenberger et al., 
2012). Only a subset of repetitive sequences are protected from demethylation, 
and it is hypothesized that these sequences are essential for overall chromosome 
stability (Hajkova et al., 2002). In PGCs, the loss of 5mC is likely to involve 
both active and passive mechanisms (Hackett et al., 2013). Global 
demethylation is followed by 5mC remethylation to establish a unique 
epigenome in PGCs to form mature gametes (Davis et al., 2000). Sperm- and 
oocyte-specific patterns are then created at different times and in different 
cellular environments (Sasaki and Matsui, 2008), with male germ cells prog-
ressively establishing imprints up to the newborn stage (Kato et al., 2007) and 
female PGCs undergoing remethylation after birth during oocyte growth (Hiura 
et al., 2006).  

DNA demethylation occurs during embryonic development, but it has also 
been observed in hematopoietic cells. In the latter DNA demethylation has a 
role in regulating the activation of hematopoietic-specific genes (Calvanese et 
al., 2012). Similarly, DNA demethylation events have been associated with 
myogenic genes during muscle differentiation (Tsumagari et al., 2013). Studies 
are also ongoing of DNA demethylation events that have been detected in 
neurons (Guo et al., 2011) and in liver (Waterland et al., 2009).  

 
 



16 

 
Figure 3. Global DNA methylation dynamics during mammalian embryonic 
development. Demethylation occurs in the formed zygote differentially in paternal and 
maternal pronuclei. At approximately embryonic day 3.5, remethylation begins at the 
time of implantation. Both DNMT3A and DNMT3B, in combination with DNMT1, are 
responsible for de novo methylation events. At E6.5, cells commit to a development 
program to become somatic cells or primordial germ cells (PGCs). PGCs undergo 
another major DNA methylation reprogramming event that is completed by 
approximately E12.5. Global demethylation is then followed by 5mC remethylation to 
establish a unique epigenome in PGCs that lead to the formation of mature gametes. 
Figure adapted from Hackett and Surani (2013). 
 
 

1.3.2 Tissue-specific DNA methylation 

To obtain more detailed information regarding the spatial distribution of DNA 
methylation and its functional effects, numerous studies have investigated the 
methylation profiles of several diverse tissue types and have confirmed that 
tissue-specific methylation patterns exist (Lowe et al., 2015; Varley et al., 2013; 
Yang et al., 2015). While tissue-specific differentially methylated regions have 
been well characterized in promoter regions of the genome (Nagae et al., 2011), 
recent studies have elucidated that these methylated regions are more often 
represented in gene bodies (Deaton et al., 2011), outside of CGIs, and in non-
coding regions (Yang et al., 2015). Moreover, in contrast with tissue-specific 
hypermethylation, genes that exhibit tissue-specific hypomethylation have a 
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closer relation to tissue functions according to gene ontology analyses (Nagae et 
al., 2011; Yang et al., 2015; Zilbauer et al., 2013). 

The classic model of the relationship between DNA methylation and gene 
expression has included methylation of gene promoters as a mechanism by 
which transcription is suppressed, while the methylation of gene bodies mediates 
active expression (Rakyan et al., 2008; Song et al., 2005). However, recent 
studies have revealed that the relationship between DNA methylation and gene 
expression is far more complicated than previously thought. For example, it has 
been shown that CGIs in gene bodies can have a bimodal distribution of corre-
lation between methylation and gene expression (Varley et al., 2013), thereby 
suggesting that alternative promoters may be methylated in a promoter-like 
manner (Deaton et al., 2011; Varley et al., 2013). Conversely, Varley et al. 
demonstrated that binding sites for the transcription coactivator, EP300, in gene 
body CGIs may account for the inverse correlation between DNA methylation 
and gene expression that has been observed in certain cases (Varley et al., 
2013).  

Recently, whole-genome bisulfite sequencing was used to establish a novel 
and experimentally defined CGI (eCGI) catalog (Mendizabal and Yi, 2016). 
The authors claim that this approach enabled the identification of many CGIs 
that were otherwise undetectable by traditional computational methods, such as 
CGIs in repetitive elements (e.g., SINE, LINE, STR). Many of the novel eCGIs 
were predicted to be tissue-specific, and almost all of the identified eCGIs 
(98.1%) had at least one transcription start site (TSS), while many (81%) over-
lapped with transcription factor binding sites. A number of eCGIs were also 
located in gene body regions. 

 
 

1.3.3 Epigenetic regulation of hepatic gene expression 

The liver metabolizes drugs, chemicals, and other xenobiotics, while also regu-
lating the balance of hormones and vitamins in the body. Genes that are 
engaged in the absorption, distribution, metabolism, and excretion (ADME) of 
drugs display very high interindividual heterogeneity in their gene expression 
profiles, which is responsible for the differences in drug response and adverse 
drug reactions that are observed in patients (Pirmohamed, 2014). These 
differences in gene expression can be attributed, in part, to variations in genetic 
factors so that a significant amount may be due to epigenetic factors (Ivanov et 
al., 2016; Sim et al., 2013). Several studies have investigated the possible role 
of epigenetic regulation in the transcription for ADME genes (Kacevska et al., 
2012a).  

Much of the available data regarding the relationship between DNA 
methylation and gene expression regulation have derived from cancer tissues 
(Muggerud et al., 2010; Silviera et al., 2012) or other medical conditions 
(Anttila et al., 2003; Kaut et al., 2012; Tobi et al., 2009). However, there are a 
few studies which have investigated methylation levels of genes in liver or 
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various cell lines. In liver tissue, a significant negative correlation was observed 
between DNA methylation in the CGI located in the promoter region of 
CYP1A2 and total CYP1A2 mRNA expression (Ghotbi et al., 2009). Similarly, 
CYP3A4 displays highly variable CpG methylation in the proximal promoter, 
corresponding to the binding sites for several transcription factors (Kacevska et 
al., 2012b). Some single CpGs in the region were found inversely correlate with 
gene expression, thereby suggesting that they may have a role in transcription 
regulation. It has also been demonstrated that the liver has abundant levels of 
5hmC, and bisulfite treatment is unable to distinguish between 5hmC and 5mC. 
Therefore, the authors clearly demonstrated the importance of studying 5hmC 
and 5mC separately in liver tissue.  

When Dannenberg treated the HepG2 cell line with DNMT inhibitor, 5-aza-
2’deoxycytidine, the expression of several liver-specific genes involved in 
xenobiotic metabolism, steroid biosynthesis, and CCAAT element binding were 
restored suggesting that the expression of these genes might be regulated by 
DNA methylation (Dannenberg and Edenberg, 2006). Namely, the cytochrome 
P450 family of proteins, including the CYP3A gene involved in xenobiotic 
metabolism, and CYP19A1 and CYP17A1 with roles in steroid biosynthesis, are 
possibly regulated by DNA methylation.  

In a recent study, differences in DNA methylation and gene expression 
between human fetal and adult liver tissues were investigated (Huse et al., 
2015). Most of the genes that were found to be differentially methylated were 
previously shown to have roles in the metabolism of drugs and xenobiotics. In 
addition, the genes that were overexpressed in the adult tissues exhibited an 
inverse correlation with the DNA methylation events detected, especially those 
located in the CpGs at the TSS and in the first exon. These changes potentially 
indicate that over the course of the differentiation of fetal tissue into adult 
tissue, DNA methylation plays a major role in transcription induction. However, 
a high proportion of the DNA methylation changes showed no significant change 
in the respective gene expression patterns, thereby suggesting that the relation-
ship between DNA methylation and gene expression remains unpredictable.  

When separate analyses of 5mC and 5hmC in relation to ADME gene expres-
sion in liver tissue were conducted, 5hmC was found to be more abundant and it 
exhibited greater variability than 5mC (Ivanov et al., 2016). In contrast, data 
from a conventional bisulfite-based methylation analysis did not correlate with 
the gene expression data. Therefore, based on the observation that a negative 
correlation was associated with 5mC and a positive correlation was associated 
with 5hmC, the importance of analyzing these DNA modifications separately in 
5hmC-rich tissues was demonstrated.  
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1.4 DNA methylation and tumorigenesis 
1.4.1 Driver mutations and epimutations in cancer 

Most cancers arise sporadically, with many alleles only weakly contributing to 
cancer risk. In familial types of cancer, alleles can have a larger effect on 
tumorigenesis, whereas monogenic cancers have highly pathogenic risk alleles. 
There are many genes that contain mutations which contribute to hereditary 
cancer syndromes, including MLH1 and MSH2 for Lynch syndrome (Liu et al., 
1996) and BRCA1 (Miki et al., 1994) and BRCA2 (Wooster et al., 1995) for 
hereditary breast and ovarian cancer syndrome. Cancer genomes are characterized 
by very high mutation rates and genomic instability, and recent sequencing 
studies have shown that these genomes can contain thousands to tens of 
thousands of somatic base substitutions (Nik-Zainal et al., 2016; Pleasance et 
al., 2010). However, only a small subset of these mutations represent “driver 
mutations” which are considered to be mutations that initiate and maintain cell 
malignancy by providing a proliferation advantage and by being positively 
selected for in the cancer evolution (Maley et al., 2004; Stratton et al., 2009). 
Mathematical modeling has estimated that of all the mutations found in cancers, 
the average number of driver mutations is less than ten per genome, while the 
others are passenger mutations (Kandoth et al., 2013).  

Cancer genomes also show changes in their epigenetic patterns compared to 
normal cells, with both hypermethylated CGIs and global hypomethylation 
promoting chromosomal instability (Jones and Baylin, 2002) (Figure 4). In the 
context of epigenetics, “driver methylation” events represent a promoting factor 
of tumorigenesis (Carter et al., 2009). This includes events where hypermethy-
lation inactivates tumor suppressor genes, as well as events involving the acti-
vation of oncogenes by global hypomethylation. For hereditary and sporadic 
forms of cancer, Knudson’s “two hit” theory has postulated that both alleles of a 
gene need to be affected to promote tumorigenesis (Knudson, 1971). In the case 
of hereditary cancer, the first hit can be an inherited mutation in a tumor 
suppressor gene, and the second mutation can occur in a somatic cancer pro-
genitor cell in a target tissue. In sporadic cancers, both hits take place in a target 
tissue prior to tumor progression, and it has been suggested that one hit or both 
can either be genetic or epigenetic (Peltomäki, 2012).  
Epimutations are described as changes that do not affect DNA sequences, yet 
they affect gene expression and can be heritable to daughter cells, sometimes 
even in a transgenerational manner (Gazzoli et al., 2002; Holliday, 1987; 
Peltomäki, 2012). Epimutations can be primary or secondary, and several have 
been described to date: MLH1, MSH2, CDH1, PTPRJ, and KLLN, explaining a 
different proportion of “missing heritability” (Peltomäki, 2012). Heritability 
differs between primary and secondary epimutations. For example, a primary 
epimutation of MLH1 exhibits non-Mendelian heritability whereby methylation 
can be erased during epigenomic reprogramming in embryogenesis (Hitchins et 
al., 2007). In contrast, a secondary epimutation of MSH2, which follows the 



20 

primary genetic mutation, exhibits a classical Mendelian inheritance 
(Ligtenberg et al., 2009). Another theory suggests that secondary epimutations 
are not inherited, but rather they are reinstated in progeny as a result of cis- or 
trans-acting genetic factors that increase susceptibility to epimutations 
(Hitchins et al., 2011). 

 

 
 Figure 4. DNA methylation of a typical tumor suppressor gene in normal and 
cancer cells. In a transcriptionally active normal cell, CGIs in the promoter regions are 
kept unmethylated and accessible to transcription factors, while CpG sites in intragenic 
regions undergo methylation by DNMTs. The unmethylated state of the promoter 
enables active gene expression. In contrast, CGIs in the promoter regions in cancer cells 
are hypermethylated and this represses gene transcription. TF: transcription factor. 
 
  

1.4.2 Cancer stem cells (CSCs) 

Historically, cancer heterogeneity has been explained by a clonal evolution 
model. This model postulates that cancer cells arise due to an accumulation of 
genetic and epigenetic mutations that provide a growth advantage at the cellular 
level and that result in the generation of new tumors (Nowell, 1976). In the late 
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20th century, the concept of CSCs emerged and this model is thought to exist 
together with the clonal model (Iliopoulos et al., 2011; Notta et al., 2011). The 
CSC model proposes that a subset of cancer cells have stem cell-like properties, 
and these cells are able to renew and differentiate as part of the initiation, prog-
ression, and metastasis of cancer (Bonnet and Dick, 1997; Hamburger and 
Salmon, 1977). In addition to the ability of CSCs to initiate cancer, they also 
play a major role in resistance to chemo- and radiotherapy. Moreover, the elimi-
nation of rapidly proliferating cancer cells by chemotherapy provides a greater 
volume for the expansion of CSCs, and this may cause a cancer to become more 
malignant as its self-renewal capacity increases (Hermann et al., 2007; Li et al., 
2008).  

There are several factors that have been proposed to mediate treatment re-
sistance. These include increased expression of drug transporters, intracellular 
detoxification enzymes, up-regulation of anti-apoptotic proteins, and tumor 
microenvironmental factors (Alison et al., 2012). Activation of various sig-
naling pathways (e.g., Notch, Hedgehog, Jak/Stat) has also been associated with 
the resistance of CSCs to therapy (Marotta et al., 2011; McAuliffe et al., 2012; 
Zhao et al., 2009). Correspondingly, when chemotherapy has been administered 
in combination with drugs that inactivate different components of these sig-
naling pathways, the resistance of CSCs to conventional chemotherapy has been 
reduced (Liu et al., 2013d; Ulasov et al., 2011). However, these targeted 
signaling pathways are also vital for the homeostasis and survival of normal 
stem cells, and thus, it is necessary to compromise these targets only in CSCs.  

The precise origin of CSCs is a topic of ongoing research. CSCs were first 
discovered in leukemia (Bonnet and Dick, 1997), and have subsequently been 
found in breast, brain, lung, colon, melanoma, prostate, and pancreatic cancers 
(Al-Hajj et al., 2003; Collins et al., 2005; Eramo et al., 2008; Fang et al., 2005; 
Li et al., 2007; O'Brien et al., 2007; Singh et al., 2003). There is some evidence 
to indicate that CSCs may originate from normal stem cells via an accumulation 
of malignant genetic and epigenetic mutations (Smalley and Ashworth, 2003). 
Another theory suggests that CSCs are mature cancer cells that were dedif-
ferentiated via the epithelial-mesenchymal transition (Mani et al., 2008; Shuang 
et al., 2014).  

The actual frequency of CSCs has also been found to vary, with the incidence 
of CSCs reported to range from 0.1–3% (Collins et al., 2005; Singh et al., 2003; 
Todaro et al., 2007). However, some groups have shown that CSCs can be 
found in fairly large numbers (Boiko et al., 2010; Kelly et al., 2007). Their 
hypothetical range is vast and debatable, probably varying according to the type 
and stage of cancer. Also, different experimental conditions may cause biased 
CSCs estimates (Islam et al., 2015b).  

CSCs express a variety of cell surface markers, and this enables CSCs to be 
isolated from tumor tissues (Ginestier et al., 2007). Some of the more com-
monly used markers include ALDH, CD24, CD44, CD29, CD133, and EpCAM 
(Islam et al., 2015a). These markers exhibit tissue-specific expression profiles, 
and in some cases, are cancer subtype- or cancer stage-specific. However, the 
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development of CSC-targeted therapies based on cell surface markers is 
potentially more complicated if cell surface markers for every tumor type need 
to be individually specified (Visvader and Lindeman, 2012).  

The currently accepted “gold standard” for studying CSCs involves the 
inoculation of cancer cells into immunodeficient mice to establish a xenotrans-
plantation model. It continues to be discussed whether the ability of human cells 
to grow in a mouse model reflects the ability of CSCs to proliferate in a tumor – 
mainly because the cells often undergo various in vitro manipulations prior to 
transplantation. In addition, the microenvironment is not the same as in the 
original location (De Palma et al., 2005; Magee et al., 2012; Puglisi et al., 2013).  

From a clinical point of view, the discovery of CSCs offers new possibilities 
for improving cancer patient prognosis either by prolonging the time to 
progression or improving overall survival. The combination of existing chemo-
therapy drugs with drugs targeting CSCs may be the best treatment approach. 
However, due to the similarities between CSCs and normal stem cells, this 
approach affects both populations and would be improved if the therapeutic 
specificity would preferentially target CSCs (O'Connor et al., 2014). Alter-
natively, nucleic acid aptamers and chemical antibodies have exhibited high 
affinity and specificity for CSCs and they represent promising agents for the 
selective delivery of drugs to CSCs (Shigdar et al., 2013). Already, synthesized 
RNA aptamers have been shown to target the CSC markers, EpCAM and CD133 
(Shigdar et al., 2011; Shigdar et al., 2013).   

 
 

1.4.3 Epigenetics of lung cancer 

Currently, lung cancer is the most common cancer worldwide. In 2012, it 
represented 13% of the total number of cancer cases diagnosed (Torre et al., 
2015). In Estonia, lung cancer is the second most common carcinoma among 
men (14.8% of total) and the fourth most common among women (5.8% of 
total) (Estonian National Institute for Health Development, http://www.tai.ee/). 
Similarly, lung cancer is the leading cause of death among males worldwide 
(Torre et al., 2015). Lung cancer recurrence is also a major problem despite 
surgical resection being performed for early-stage patients. For example, 
approximately 30–55% of patients experience a relapse that is fatal (Goldstraw 
et al., 2007). 

Lung cancer can be classified as small cell lung cancer or NSCLC according 
to histology and clinical course. NSCLC comprises approximately 85% of all 
lung cancer cases and can be divided into major subgroups that include: adeno-
carcinoma, squamous cell carcinoma, and large cell carcinoma (Balgkouranidou 
et al., 2013). Genomic aberrations in adenocarcinomas have been well charac-
terized and include somatic copy number aberrations, indels, and point mutations. 
In addition, common driver mutations in EGFR, KRAS and ALK genes are well 
characterized for adenocarcinomas (Devarakonda et al., 2015). In contrast, 
squamous cell carcinoma of the lung is more related to smoking habits, and its 
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genomic landscape is much more variable (Khuder and Mutgi, 2001; Pao and 
Girard, 2011).  

In addition to global genomic rearrangements and mutations, cancer genomes 
undergo dramatic changes in their DNA methylation patterns. These changes can 
subsequently lead to changes in gene expression and compromised genome sta-
bility. Namely, repetitive sequences and oncogenes are commonly hypomethy-
lated, while CGIs of tumor suppressor genes are highly methylated (Rauch et 
al., 2008; Rodriguez et al., 2006).  

DNA methylation has been described as an early event in cancer prog-
ression, thereby making it an attractive biomarker target (Belinsky et al., 1998; 
Diaz-Lagares et al., 2016). Moreover, since epigenetic modifications are 
relatively stable and can be also detected in different biological fluids (e.g., 
sputum, bronchoalveolar lavage, saliva, and blood), they also hold great 
promise for application in non-invasive cancer detection. For example, methy-
lation changes in p16 and MGMT genes were found to be detectable in sputum 
up to three years before cancer was diagnosed (Palmisano et al., 2000). 
Recently, a diagnostic signature of DNA methylation biomarkers was presented 
and independently validated (Diaz-Lagares et al., 2016). In particular, four 
genes were selected as an early lung cancer methylation signature (CDO1, 
BCAT1, TRIM58, ZNF177) due to their high specificity and sensitivity, even in 
respiratory samples such as bronchial aspirates, bronchoalveolar lavages, and 
sputum. Another group reported a panel of genes (CDO1, HOXA9, TAC1) that 
were found to be highly specific and sensitive in NSCLC testing (Wrangle et 
al., 2014). These advances that facilitate the early detection of lung cancer have 
the potential to increase patient survival.  

In addition to early cancer detection, aberrant DNA methylation can also be 
used to obtain a prognosis regarding cancer outcome or to support conventional 
therapy methods. In early-stage NSCLC patients, aberrant methylation of the 
promoter regions of four genes, p16, CDH13, APC, and RASSF1A, was found to 
be associated with tumor recurrence (Brock et al., 2008). The authors hypo-
thesized that the recurrence was due to microscopically undetectable metastases 
(Brock et al., 2008). More recently, a panel of five genes (HIST1H4F, 
PCDHGB6, NPBWR1, ALX1, and HOXA9) were found to be significantly 
associated with the recurrence of stage I NSCLC. Furthermore, hypermethy-
lation of two or more of these genes has been correlated with a shorter relapse-
free survival period (Sandoval et al., 2013).  

Compared to genetic mutations, epigenetic changes are reversible, thereby 
making them a promising target for cancer treatment. Several studies have 
evaluated the capacity for epigenetic drugs to reverse aberrant methylation 
patterns in lung cancer patients, particularly the DNMTs inhibitors, 5-aza-2´-
deoxycytidine (decitabine) and 5-azacytidine (azacitidine) (Chu et al., 2013; 
Wrangle et al., 2013). While these agents were shown to be effective in 
demethylating cancer-specific genes in a few lung cancer patients for a limited 
time (Juergens et al., 2011), they also reduced genome-wide methylation and 
caused many toxic side effects, or did not exhibit antitumor activity at all (Nervi 
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et al., 2015). Many ongoing clinical trials involve the application of hypomethy-
lating agents and histone deacetylase inhibitors for the treatment of lung cancer 
(Ansari et al., 2016), yet no remarkable improvements have been observed.  

Most lung cancer patients have a history of smoking, although not all smokers 
develop tumors. Thus, smoking is considered one of the main reasons for the 
high prevalence of lung cancer. DNA methylation of certain genes (p16, APC, 
MGMT) has been found to be associated with smoking status and longer 
exposures to cigarette smoke (Liu et al., 2006; Toyooka et al., 2003). The carcino-
gens in tobacco smoke have also been found to increase the expression of 
DNMT1 and to correlate with poor prognosis (Lin et al., 2010).  

 
 

1.5 DNA hydroxymethylation 
Oxidation of 5mC to form 5hmC occurs in several tissues and cell types. The 
highest levels of 5hmC have been detected in neuronal cells (Kriaucionis and 
Heintz, 2009; Li and Liu, 2011), embryonic stem cells (Ficz et al., 2011; Ito et 
al., 2010), and liver (Ivanov et al., 2013). In contrast, levels of 5hmC are 
remarkably reduced in cancer cells (Li and Liu, 2011).  

It has been hypothesized that the conversion of 5mC to 5hmC represents the 
first step in a DNA demethylation pathway. In mammals, enzymes of the TET 
family of proteins (TET1, TET2, TET3) oxidize 5mC to 5hmC (Wu and Zhang, 
2011), and then mediate the conversion of 5hmC further to 5-formylcytosine 
(5fC) and then to 5-carboxylcytosine (5caC) (Ito et al., 2011). It has been pro-
posed that 5caC is subsequently recognized and excised by a thymine-DNA 
glycosylase-initiated base excision repair mechanism (He et al., 2011). A 
passive demethylation pathway also exists, and in this pathway, DNMT1 does 
not recognize 5hmC, so hydroxymethylated cytosine cannot be copied during 
replication and this results in loss of methylation at the site (Valinluck and 
Sowers, 2007).  

To date, the functional role of 5hmC remains unclear. It has been shown that 
fertilization of an oocyte by a sperm leads to a global reduction in DNA methy-
lation in the paternal pronucleus and 5mC is oxidized to form 5hmC (Guo et al., 
2014a). At the same time, the maternal genome retains its methylation status 
and is protected from Tet-catalyzed oxidation (Iqbal et al., 2011; Nakamura et 
al., 2012).  

It has been observed that 5hmC is most abundant in brain tissue, thereby 
suggesting that it is necessary for brain development and function. In addition to 
being an intermediate in the process of demethylation, 5hmC is also stably 
maintained during neurodevelopment and throughout the life span of the brain 
(Chen et al., 2014). Further studies have found that 5hmC is highly associated 
with euchromatin and histone codes, H3K4me2, H3K4me1, and H3K27ac, while 
it also co-localizes with PolII during neuronal differentiation and is enriched in 
actively transcribed genes (Chen et al., 2014; Stroud et al., 2011).  
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Human malignant tumors have remarkably lower 5hmC levels than corres-
ponding normal tissues, which suggests that cell proliferation in cancers may 
lead to loss of 5hmC (Jin et al., 2011). Several mechanisms have been proposed 
to explain the altered 5hmC levels that are observed in malignancies. In par-
ticular, mutations in TET2, IDH1, and IDH2 have been found to play important 
roles (Ko et al., 2010; Kroeze et al., 2014). However, other studies did not find 
that mutations in these genes led to reduced levels of 5hmC (Jin et al., 2011; 
Lian et al., 2012). Furthermore, in some solid cancers (e.g., various brain 
tumors, hepatocellular carcinoma, breast cancer), 5hmC levels were found to 
correlate with the stages of disease and patient survival (Kraus et al., 2012; Liu 
et al., 2013a; Tsai et al., 2015). 
 
 

1.6 Current methods of epigenome analysis 
Genome-wide DNA methylation analysis methods that are commonly used can 
be divided into three main categories – chemical bisulfite modification, affinity-
based enrichment, and differential enzymatic digestion (Table 1). These 
approaches can also be combined with sequencing or microarray methods to 
cover a greater number of CpG sites. 

Bisulfite treatment converts unmethylated cytosines into thymines, while 
methylated cytosines are resistant. In combination with direct sequencing 
(Frommer et al., 1992), bisulfite treatment can be a sensitive method for quan-
titating methylated cytosines across an entire genome (Busche et al., 2015; 
Mendizabal and Yi, 2016). Despite the uniqueness of this method, however, 
there are some drawbacks. First, bisulfite conversion is not capable of 
distinguishing between 5mC and 5hmC, or between unmethylated cytosine and 
5caC (He et al., 2011; Huang et al., 2010). Second, bisulfite conversion reduces 
a genome’s complexity mostly to three nucleotides, and this makes the 
alignment of DNA sequences quite challenging. Third, bisulfite treatment leads 
to the fragmentation of DNA into relatively short pieces, and this can lead to 
bias in further methylation analyses (Kurdyukov and Bullock, 2016; Sun et al., 
2015). Fourth, genome-wide bisulfite sequencing is quite costly. An alternative 
approach can be RRBS, which analyses only the part of the epigenome that is 
enriched in CGIs, promoters, and genic regions (Meissner et al., 2005; Wang et 
al., 2012). Equally important are assays that focus on specific regions of the 
genome, such as the Illumina Infinium assays. In these assays, thousands of 
CpGs are analyzed, thereby providing a cost-effective high-throughput techno-
logy (Cicek et al., 2013; Kozlenkov et al., 2014; Moran et al., 2016). 
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Table 1. Comparison of current methods of epigenome analysis 

Feature Bisulfite-based 
methods 

Affinity-based 
methods 

Enzymatic digestion-
based methods 

Description  Uses bisulfite 
treatment, where 
5mC→ C and C→T 

Antibodies or 
proteins are used to 
enrich for 
methylated DNA 

DNA is digested with 
methylation sensitive 
restriction enzymes 

Resolution Single CpG up to 
whole genome 

No information on 
single CpGs 

Limited to available 
restriction enzyme sites 

Advantages  High resolution, 
cost-effective in 
combination with 
microarrays 

Distinguishes 5hmC, 
high genome 
coverage 

High throughput, 
high accuracy, 
cost-effective 
 

Disadvantages Cannot distinguish  
5hmC, expensive for 
whole genome 
sequencing  

Not quantitative, 
CpG-dense regions 
are not covered in 
the same way 

Cannot distinguish 
5hmC, low resolution, 
limited to restriction 
sites 

Examples WGSGS 
RRBS 
Infinium 
MethyLight 

MeDIP-seq 
MBD-seq 
MIRA 
 

CHARM 
HELP 
RLGS 

WGSGS: whole genome shotgun bisulfite sequencing; RRBS: reduced representation bisulfite 
sequencing; MeDIP-seq: methylated DNA immunoprecipitation sequencing; MBD-seq: methyl-
binding domain sequencing; MIRA: methylated CpG island recovery assay; CHARM: 
comprehensive high-throughput arrays for relative methylation; HELP: HpaII tiny fragment 
enrichment by ligation-mediated PCR; RLGS: restriction landmark genomic scanning. 
 
 
Affinity-based methods use antibodies or proteins to enrich for methylated 
DNA fragments, and then these specific regions are further characterized with 
microarray or direct sequencing methods. The data obtained are then mapped 
back to the genome. Genome-wide methylated DNA immunoprecipitation 
(meDIP-seq) can distinguish between 5mC and 5hmC, and this distinction is 
becoming more important in epigenetic studies (Ivanov et al., 2016; Mellén et 
al., 2012). Another enrichment-based method is MBD-seq, and this method 
utilizes the methyl binding proteins, MBD2 and MBD3L1, to capture methy-
lated DNA (Rauch and Pfeifer, 2010; Serre et al., 2010). Affinity-based 
approaches survey CpG-dense regions in different ways: meDIP-seq prefe-
rentially enriches areas with lower CpG densities and MBD-seq enriches 
regions with medium and high CpG densities. For both methods, DNA methy-
lation is not presented in a quantitative manner nor is single CpG resolution 
achieved (Harris et al., 2010). 
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Methods that employ enzymatic digestion steps are limited to regions of the 
genome that have matching restriction sites, and this compromises the resolution 
of the data obtained. However, there are several approaches that do use enzy-
matic digestion and are able to cover the entire genome, or that are suitable for 
determining the methylation levels of individual genes. The CHARM method 
offers rather high precision and accuracy that facilitate a genome-wide methy-
lation analysis (Irizarry et al., 2008). The HELP method also uses methylation-
sensitive restriction enzymes to cut genomic DNA and can be combined with 
different microarrays or direct sequencing. when the methylation-insensitive 
isoschizomer, MspI, is added as a control, a certain level of methylation quanti-
fication can be achieved (Khulan et al., 2006; Oda et al., 2009; Suzuki and 
Greally, 2010).  

Unfortunately, there is no single method currently available that combines 
good coverage and resolution with cost-effective high-throughput sample pro-
cessing. Several studies have compared different methylation profiling methods, 
and they have demonstrated that while all of the methods examined had high 
concordance, a subset had method-specific drawbacks (Clark et al., 2012; Stevens 
et al., 2013; Walker et al., 2015). In a detailed and comprehensive analysis of 
four sequencing-based methods and the Infinium HumanMethylation450 
BeadChip (Illumina, Inc., CA, USA), a high correlation and high concordance 
between the different approaches were observed (Walker et al., 2015). 
Sequencing-based methods do have the advantage that they cover the majority 
of CpG loci across a genome, while the Illumina 450K chip is restricted 
according to the design of the array. Coverage of the RefSeq genes and CGIs by 
the Illumina 450K chip is well comparable with other methods. Comparison of 
single CpG methylation levels has revealed that the concordance between 
sequencing methods and the 450K array was approximately 80%. Therefore, the 
choice of method for methylation profiling depends largely on the regions of 
interest and the number of samples, as well as the cost of analysis.  
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AIMS OF THE STUDY 

The overall aim of the current thesis was to describe the methylation patterns in 
different types of tissues, both healthy and diseased, and their effect on gene 
expression. The specific aims were as follows: 
1 To describe differentially methylated CpG sites in early-stage NSCLC 

samples and to identify potential diagnostic or prognostic biomarkers for 
NSCLC (Ref I). 

2 To describe the general patterns of globally conserved and tissue-specific 
DNA methylation patterns in various human tissues and to identify their 
functional consequences in gene expression regulation (Ref II). 

3 To compare epigenomes and transcriptomes of human fetal and adult liver 
tissues in order to investigate the relationship between DNA methylation and 
gene expression regulation, and to describe genetic and epigenetic effects on 
inter-individual variability in gene expression in adult liver tissues (Ref III).  
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RESULTS AND DISCUSSION 

3.1 Methylation markers of early-stage NSCLC (Ref I) 
3.1.1 Cohort description 

To find biomarkers that describe the methylation changes in early lung cancer, 
we performed a genome-wide DNA methylation study of stage I NSCLC using 
the HumanMethylation27 BeadChips (Illumina, Inc). We analyzed 48 cancer 
samples and 18 macroscopically cancer-free “normal” lung control samples. All 
the specimens were isolated during lung surgery at Tartu University Hospital, 
Estonia. Patients did not receive any preoperative chemo- or radiotherapy. The 
patients with adenocarcinoma (n=6, 12.5%) and its subtype bronchioalveolar 
carcinoma (n=10, 20.8%) were analyzed as one group (n=16, 33.3%). The 
remaining 32 (66.7%) of the analyzed patients had squamous cell carcinoma. A 
detailed overview of the patients involved in our study is summarized in Table 
2.  
 
Table 2. Clinical description of the patient cohort. 

Characteristics Number of patients % 

Patients involved 48  

Age range (y) 41–80  

Male 40 83.3% 

Range (y) 44–80  

Median (y) 67.5  

Female 8 16.7% 

Range (y) 41–79  

Median (y) 67  

Histology   

Adenocarcinoma 6 12.5% 

Bronchioalveolar carcinoma 10 20,8% 

Squamous cell carcinoma 32 66.7% 

History of smoking    

Yes 46 95.8% 

No 2 4.2% 

NSCLC stage   

Ia 13 27.1% 

Ib 35 72.9% 
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3.1.2 Description of DNA methylation in NSCLC 

A methylation analysis was performed by using Infinium® HumanMethylation27 
RevB BeadChips (Illumina). At the time of the study, this chip was the most 
comprehensive and cost-effective microarray-based method for analyzing 
genome-wide DNA methylation. Details regarding the preparation of samples 
and data preprocessing are described in Reference I (Ref I).  

A total of 496 hypermethylated CpGs associated with 379 genes, and 373 
hypomethylated CpGs associated with 336 genes, were detected in samples 
from early-stage NSCLC tissue samples. A complete list of these sites is 
provided in Ref I Supplementary Table 1. The methylation profile of CpG sites 
between the normal and cancer tissue samples did not markedly differ, with 
only 17% (149 CpG sites) of the statistically significant sites showing a 
difference in their mean methylation levels that was greater than 0.2. The 
maximum value was 0.39. Hypermethylated sites were more often located in the 
CGIs near TSSs, while hypomethylated sites were found 5’ upstream of the 
TSSs and in the CGI shores (the 2 kb regions upstream and downstream of a 
CGI) (p < 0.0001, Welch Two Sample t-test). Six cancer samples were clustered 
with tumor-free lung tissue samples, and these exhibited a methylation pattern 
that differed from the other tumor samples. Pathological examinations of these 
samples further revealed either low tumor content (10–30%) or a very hetero-
geneous tumor cell composition. Therefore, these samples were excluded from 
further analysis.  

Among the aberrantly methylated genes, several well-known methylation 
markers for NSCLC were detected: CDKN2A, MGMT, HOXA9, TRIM58, and 
CDO1 (Diaz-Lagares et al., 2016; Lin et al., 2014; Sandoval et al., 2013). Some 
of these markers were previously associated with early recurrence of stage I 
lung cancer, they displayed high specificity in initial diagnostics, and were 
recently shown to be detectable in various biological samples (Diaz-Lagares et 
al., 2016; Sandoval et al., 2013).  

 
 

3.1.3 Correlation between DNA methylation and  
gene expression 

The second specific aim of our study was to correlate changes in methylation 
levels with gene expression data. Pearson’s analysis confirmed an inverse 
correlation between methylation levels and gene expression values for 378/869 
of the CpG sites (43.5%). The highest inverse correlation values were observed 
between the hypermethylated CpGs and the expression values detected for 
AGER (–0.78), EPOR (–0.65), and AQP1 (–0.63). Among the hypomethylated 
genes, the highest inverse correlation was observed for MB (–0.63), ADA  
(–0.60), and MAGEA6 (–0.60). After multiple testing using permutation analysis, 
AGER (–0.81, p = 0.0143) and MB (–0.78, p = 0.039) showed statistically signi-
ficant negative correlations between DNA methylation and gene expression 
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values. These results suggest that DNA methylation in the promoter region of 
these genes may have a functional role in regulating gene expression. In 
NSCLC cases, aquaporin 1 (AQP1) has been found to be hypermethylated and 
downregulated (Ehrich et al., 2006). Similarly, the cell surface receptor for 
advanced glycation end products (AGER) has been found to be downregulated 
in NSCLC cases, although the treatment with 5-aza-2´-deoxycytidine did not 
reinduce the expression of AGER mRNA (Bartling et al., 2005). Despite the 
observation that the inverse correlation was found between DNA methylation 
and gene expression for approximately half of the CpGs examined, it is impor-
tant to note that the HumanMethylation27 chip analyzes the methylation status 
of only a few CpGs per gene, and this might not reflect the overall methylation 
level of any given promoter. Thus, there is potential for bias to be present in the 
analyses of the chip data.  
 
 

3.1.4 Ingenuity pathway analysis 

In silico functional and interaction analyses of the differentially methylated 
genes identified were performed using Ingenuity Pathway Analysis (IPA) soft-
ware (Ingenuity Systems, CA, USA). This analysis revealed that the dominant 
functions of the differentially methylated genes involved cell-to-cell signaling 
and interactions, DNA replication and repair, cellular growth and proliferation, 
cell death, cancer, and the inflammatory response. These functions are con-
sistent with the large body of data that indicate that genes that mediate cell 
growth, proliferation, and cell death are directly involved in cancer progression 
(Ansari et al., 2016). Tumor suppressor genes are also responsible for many of 
the gene functions mentioned above, aberrant methylation of CGIs located in 
tumor suppressor gene promoters being well characterized (Jones and Baylin, 
2002). Many of the genes involved in DNA repair, apoptosis, cellular move-
ment, and invasion have also been found to be dysregulated by aberrant DNA 
methylation in different tumors (Ansari et al., 2016). 
 
 

3.1.5 Survival and smoking analysis 

Two types of survival analysis were performed to identify potential prognostic 
methylation markers. First, a Kaplan-Meier survival test was performed for 
each of the CpG sites. The corresponding methylation values were categorized 
as low (0–0.25), medium (0.25–0.75), and high (0.75–1). Among these, the 
methylation levels associated with 10 CpGs in 10 genes were associated with 
differences in patient survival (Figure 5).  
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Figure 5. Survival curves of ten differentially methylated CpG sites. Survival test 
was performed for each of the indicated CpG sites. The methylation values obtained 
were categorized as low (0–0.25), medium (0.25–0.75), or high (0.75–1). The 
methylation levels for the ten CpG sites shown differed according to patient survival. 
The x-axes represent the years of survival and the y-axes show the cumulative 
probability of survival.  
 
 
Patients with medium levels of methylation at the CpG sites in GPR171, 
UGT1A7, P2RY12, FLJ35784, and C20orf185 exhibited better survival than the 
patients with high levels of methylation at the corresponding sites. Similarly, 
patients with medium methylation levels at the CpG sites in CLEC11A and 
GRIK3 exhibited better survival than the patients with low levels of methylation 
at the same sites. In contrast, patients with medium levels of methylation at the 
CpG sites in CYP1A1 and INGX had worse survival that those with low 
methylation level. Patients with high levels of methylation at the CpG sites in 
PIK3R5 were associated with better survival than the patients with medium 
levels of methylation at the same sites. A recent study shows that 
overexpression of GPR171 is responsible for inducing NSCLC proliferation, 
invasion, and migration of lung cancer cells (Dho et al., 2016). In contrast, the 
patients in our study that had higher DNA methylation levels exhibited worse 
survival. Nevertheless, an online survival analysis software (Győrffy et al., 
2013) showed similarities to our study using gene expression data. For example, 
the patients with low levels of GPR171 expression had a worse survival (p = 1.2 
x 10–9). UGT1A7 is an enzyme involved in the metabolism of (pre)carcinogens 
present in tobacco smoke. Precarcinogens and their metabolites are considered 
to play an important role in the carcinogenesis of tobacco smoke-related cancers 
(Strassburg et al., 1999). Correspondingly, polymorphisms in the UGT1A7 gene 
have been associated with lung cancer, and it is hypothesized that these 
polymorphisms reduce the enzymatic activity of UGT1A7 (Araki et al., 2005). 
A high methylation level could also potentially affect UGT1A7 activity and lead 
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to a poor prognosis for NSCLC patients. CYP1A1, which belongs to the 
cytochrome P450 superfamily, catalyzes many of the reactions that are involved 
in drug metabolism, the conversion of polycyclic aromatic hydrocarbons into 
reactive metabolites, and the detoxification of environmental carcinogens. 
Previously, CYP1A1 was found to be hypermethylated in lung cancer samples, 
and this corresponded with reduced mRNA levels of CYP1A1 in the same 
samples (Tekpli et al., 2012). In our study, higher methylation levels in the lung 
cancer samples were associated with poor survival, and these results support the 
hypothesis that CYP1A1 has a protective role in cancer progression.  

A second type of survival analysis was performed and it combined a Cox 
proportional hazard analysis and the Wilcoxon rank-sum test to analyze 
differential methylation. Twelve patients with a post-surgery survival period of 
less than 24 months, and 15 patients who survived 60 months or more after 
surgery, were analyzed. A total of 15 differentially methylated genes in relation 
to patient survival were identified, and these included: SOCS2, ACTA1, 
ALDH1A3, RTEL1, MTM1, DXS9879E, SCUBE3, SYT2, GRIK3, CRB1, ZNF660, 
MDFI, SRD5A2, KCNC4, and KCNC3 (Ref I, Figure S6). Among these, RTEL1 
is a regulator of telomere elongation helicase 1 and is required for the 
suppression of inappropriate homologous recombination events. Accordingly, 
with central roles in DNA repair and the maintenance of genomic stability, 
RTEL1 mediates tumor suppressive functions (Uringa et al., 2011). In the 
patients of our cohort that exhibited poor survival, RTEL1 was found to be 
hypermethylated (p = 0.01). MTM1, the gene encoding myotubularin 1, is 
required for muscle cell differentiation. In our cohort, MTM1 was hyper-
methylated in the patients with poor survival (p = 0.007). The online survival 
analysis software we used also showed that lower levels of MTM1 expression 
were associated with poor survival, while higher levels were associated with 
better survival (p = 1.8 x 10–6) (Győrffy et al., 2013). In several types of cancer, 
potassium channels have been found to be overexpressed, and this enhances 
tumorigenic processes such as proliferation and metastasis (Huang and Jan, 
2014). In our dataset, hypomethylation of KCNC3 (p = 0.0006) and KCNC4 
(p = 0.004) were associated with a shorter survival period. In patients with 
NSCLC, overexpression of SCUBE3 has correlated with significantly shorter 
survival times compared to patients with low levels of SCUBE3 (Zhao et al., 
2013). In our dataset, hypomethylation of SCUBE3 was associated with a short 
survival period after surgical resection (p = 0.03). However, in a previous study 
of renal cell carcinoma, hypermethylation of SCUBE3 was associated with a 
significantly worse survival (Morris et al., 2011). Taken together, these results 
suggest that aberrant methylation of SCUBE3 may be a possible prognostic 
factor for NSCLC.  

To investigate whether smoking affects the DNA methylation patterns in a 
tumor, linear regression was applied based on pack-years data. Our analysis of 
tumor samples did not detect any differentially methylated genes that were 
related to the extent of tobacco smoking. However, when we compared data 
from the limited number of non-smokers in our cohort (n = 3, 6.4%) with the 
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data from the smokers (n = 44, 93.6%), four differentially methylated CpG sites 
were identified in three genes (p < 0.05, False discovery rate (FDR) adjusted): 
CXorf38, MTHFD2, and TLL2. Furthermore, all three genes were hypo-
methylated in the smokers group.  
 
 

3.2 DNA methylome profiling of human tissues  
to identify global and tissue-specific  

methylation patterns (Ref II) 
3.2.1 Samples analyzed 

To study tissue-specific DNA methylation patterns, 17 postmortem human 
somatic tissues were collected from four individuals at the time of autopsy. The 
somatic tissues included: abdominal and subcutaneous adipose tissue, bone, 
joint cartilage, yellow and red bone marrow, coronary and splenic artery, 
abdominal and thoracic aorta, gastric mucosa, lymph node, tonsils, bladder, gall 
bladder, medulla oblongata, and ischiatic nerve. The causes of death for the 
individuals included: intracerebral hemorrhage (BM419/4; female, 60 years 
old), heart attack with acute cardiac insufficiency (KA522; male, 53 years old), 
heart attack (KT538; male, 40 years old), and intracerebral hemorrhage (SJ600-
5; male, 54 years old). 
 
 

3.2.2 Genome-wide DNA methylation patterns 

The expanded Illumina Infinium HumanMethylation450 BeadChip was used to 
survey 486,428 CpG sites in the human genome. This advanced platform offers 
unbiased coverage of gene and CpG island regions reaching up to 99% and 
96%, respectively. In addition, the CGI shores (2 kb regions upstream and 
downstream of the CpG islands) and CGI shelves (2 kb regions upstream and 
downstream of the CGI shores) to reveal a genome-wide methylation profile 
(Bibikova et al., 2011). Detailed information regarding the preparation and 
processing of DNA for this chip analysis are provided in Reference II (Ref II).  

The methylation profiles obtained were well conserved between the 17 
tissues studied, with the pairwise correlation ranging from 0.93 to 0.99. Thus, 
only subtle dissimilarities existed between this diverse set of tissues (Ref II, 
Figure 1). The highest correlations were found among functionally similar 
tissues, such as the different arteries and aortas, red and yellow bone marrow, 
and bone and joint cartilage (Pearson correlation coefficient (PCC): ≥ 0.99). 
Although the number of analyzed individuals was limited, hierarchical 
clustering of the methylation profiles showed that most of the similar tissues 
(e.g., the aortas and arteries) were co-clustered (Figure 6). Based on the strong 
correlations that were observed between similar tissues, it appears that tissue-
specific methylation profiles were obtained.  
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Figure 6. Hierarchical clustering of the 17 tissues studied. A hierarchical clustering 
analysis was performed using the hclust command in R. All of the samples were merged 
according to their corresponding tissues. As a result, a matrix of the mean beta values 
for all of the CpG sites detected in the 17 total tissues was generated. A clustering tree 
was generated using the complete method and a strong correlation between similar 
tissue types was observed. 
 
 
Global distribution of the methylated CpGs that were detected in the somatic 
tissues analyzed indicates that a significant portion of the detected CpGs were 
either unmethylated (0%) or fully methylated (100%) (Ref II, Additional 
File 2). The collected data for all 17 tissues reveal that only 2.2% of all of the 
CpGs were hypermethylated in all of the samples (10,707 CpGs representing 
4,416 genes; beta values > 0.9). These invariably methylated CpGs were mostly 
located in gene bodies, in the 3’-untranslated regions (UTRs) (66.8%, 7,150 
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CpGs; Ref II, Figure 3), or in the non-CGI regions (77.4%, 8,287 CpGs; Ref II, 
Figure 4A) (Fisher’s exact test, p < 2.2 × 10–16). Thus, DNA methylation appears 
to be more prominent in the areas where CpG density is low and transcription is 
not often initiated. 

On the other hand, 14.9% of CpGs (72,444 CpGs representing 12,604 genes) 
were hypomethylated in the samples examined (beta values < 0.1). These 
invariably hypomethylated CpGs were mostly located in gene promoter areas 
(73.2%, 53,057 CpGs), including the sequence region –200 to –1500 nt up-
stream of the TSS (TSS1500), the region –200 nts upstream of the TSS (TSS200), 
and the region extending from the 5’-UTR through the first exon (Ref II, Figure 
3). In addition, hypomethylated CpGs were mostly found in CGI regions (73%, 
52,862 CpGs; Ref II, Figure 4A) (Fisher’s exact test, p < 2.2 × 10–16). These 
findings are consistent with the general consensus that gene promoter areas and 
CGI regions of actively transcribed genes are largely unmethylated to maintain 
their accessibility to transcription factors.  

A gene ontology (GO) analysis was performed by using the Database for 
Annotation, Visualization and Integrated Discovery (DAVID) (Dennis et al., 
2003). This analysis revealed that many of the genes with hypermethylated 
CGI-promoters had functions related to the reproductive system. In contrast, 
many of the genes with hypomethylated CGI-promoters had functions associated 
with housekeeping processes, including RNA processing and the cell cycle. A 
number of housekeeping genes were identified by expression profiling by 
Chang et al. (Chang et al., 2011), we found 93% overlap with our housekeeping 
genes that had hypomethylation at CGI-promoters.  

 
 

3.2.3 Comparison of DNA methylation in CGI and  
non-CGI regions 

It is well recognized that DNA methylation patterns can differ significantly 
across the different regions of CpG islands, with methylation levels increasing 
at the boundaries. Similarly, we found that the highest methylation levels were 
observed in the CGI shores and shelves that were examined (Ref II, Figure 4A). 
These results are in agreement with those of previous studies (Davies et al., 
2012; Eckhardt et al., 2006), where the majority of CGIs were found to be 
unmethylated. CGI methylation patterns were also similar when the intergenic 
and intragenic regions were analyzed separately (Ref II, Figure 4, B and C). It is 
possible that maintenance of an unmethylated state in CGIs may provide 
protection from mutations that can occur via spontaneous deamination of methy-
lated cytosines in functionally important regions (Duncan and Miller, 1980; 
Pfeifer, 2000). 

Overall, CGI methylation has been found to vary across different gene 
regions, and this observation was also made in our analysis. We found that the 
promoter regions (TSS1500, TSS200, and 5’-UTR) and the first exon regions 
were almost exclusively unmethylated, while variable CGI methylation levels 
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were detected in the gene bodies and 3’UTRs (Ref II, Figure 5A). Moreover, 
this pattern has been observed in other studies as well (Eckhardt et al., 2006; 
Rakyan et al., 2008). In contrast, the CpGs that were located in non-CGIs were 
mostly methylated, and they showed little variation between the different 
genomic locations (Ref II, Figure 5B).  
 
 

3.2.4 Tissue-specific differentially methylated regions 

Next, regions with distinct methylation patterns in certain tissues were analyzed 
in detail. An algorithm was applied to identify statistically significant dif-
ferential methylation events that existed between two sets of samples in three or 
more consecutive CpG probes (Kolde et al., 2016). This new method is based 
on fitting analysis of variance (ANOVA) models in moving windows of 
different lengths, encompassing up to 50 probes. The optimal region boundaries 
were selected according to the minimum description length (MDL) principle. 
As a result, every region consists of probes with similar methylation patterns. 
Since the HumanMethylation450 BeadChip is focused more on genes and 
promoter areas, this robust approach finds more likely areas with higher CpG 
probe densities.  

When this method was used to compare tDMRs present in one tissue of 
interest with all of the other tissues that were examined, we found that the data 
from certain tissues could be combined due to high level of methylation simi-
larities that existed between them. Specifically, the abdominal and subcutaneous 
adipose tissues were processed together, as were the thoracic and abdominal 
aorta, coronary and splenic artery, joint cartilage and bone, and red and yellow 
bone marrow tissues.  

The numbers of different tDMR CpG blocks were found to greatly differ 
between the studied tissues (Table 3). The highest number of hypermethylated 
tDMRs were found in tonsil tissues, followed by medulla oblongata and the 
aorta tissues (abdominal and thoracic). The lowest number of hypermethylated 
tDMRs were observed in the lymph nodes. It is possible that the large number 
of hypermethylated blocks found in the medulla oblongata is biased by the 
5hmC content of that tissue (Chen et al., 2014), with bisulfite treatment analysis 
unable to distinguish between 5mC and 5hmC. The largest number of hypo-
methylated tDMRs were found in both red and yellow bone marrow, as well as 
in both aorta tissues (abdominal and thoracic) and the ischiatic nerve. In 
contrast, lower numbers of hypomethylated tDMRs were found in the lymph 
nodes.  
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Table 3. Summary of tDMR data. 

 
Tissue 

No. of hyper-
methylated blocks  

with gene annotation 

No. of hypo-
methylated blocks  

with gene annotation 

Adipose (subcutaneous, abdominal) 65 301 

Artery (coronary, splenic) 280 219 

Bone, joint cartilage 73 104 

Bone marrow (red, yellow) 150 1,028 

Gastric mucosa 54 22 

Lymph node 42 3 

Tonsils 3,893 924 

Bladder 274 566 

Gall bladder 47 66 

Aorta (thoracic, abdominal) 453 888 

Medulla oblongata 495 278 

Ischiatic nerve 156 861 
 
 

Of the 14,441 tDMRs that were identified (Ref II, Additional File 3), 11,242 
(77.8%) mapped to genes. Among the latter, 41.7% were in gene promoter 
areas, with 36.5% of these present in CGIs (Fisher’s exact test, p < 2.2 × 10–16); 
while 58.3% were in gene body regions, with 44.1% of these present in CGIs 
(Fisher’s exact test, p < 2.2 × 10–16). Based on the observation that > 50% of the 
tDMRs were located in gene bodies and not within promoter areas might 
indicate the presence of alternative promoters (Maunakea et al., 2010). However, 
it was previously obsesrved that tDMRs in gene bodies, or even in intergenic 
regions, more frequently exhibit tissue-specific methylation patterns (Deaton et 
al., 2011; Yang et al., 2015). In our study, 45.8% of the intergenic tDMRs co-
localized with CGIs (Fisher’s exact test, p = 0.0003). We hypothesize that these 
intergenic regions may act as repressors or enhancers of gene expression to 
maintain tissue-specific gene expression.  

To study the most variable regions between tissues, the proportion of 
variance explained by the tissues between different gene regions and CGIs, 
shores, and shelves were compared (Ref II, Additional File 4). Our results show 
that large differences can be found in gene body, 3’UTR, intergenic, and non-
island regions, as well as in CGI shores and shelves.  

To characterize the functions of the genes related to the detected tDMRs, a 
GO analysis with the DAVID database was performed. A custom background in 
the GO enrichment analysis was used which contained all of the genes 
identified as tDMRs. Thus, the distribution of CpG probes in the microarrays 
would be accounted for. As shown in Table 4, the hypomethylated genes in 
certain tissues were frequently associated with tissue-specific functions.  
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Table 4. GO analysis of hypomethylated tDMRs 

Tissue GO term No. of 
genes 

P-value 

Adipose tissue Lipid homeostasis 5 0.0096 

(abdominal,  White fat cell differentiation 3 0.0172 

subcutaneous) Fat cell differentiation 4 0.0532 

Artery Blood vessel morphogenesis 12 3.24E-04 

(coronary, splenic) Angiogenesis 10 4.25E-04 

 Blood vessel development 13 4.60E-04 

Aorta Cardiac muscle tissue development 11 5.91E-04 

(thoracic, abdominal) Muscle organ development 24 8.21E-04 

 Striated muscle tissue development 16 9.72E-04 

Bone, joint cartilage Chondrocyte differentiation 3 0.0067 

 Cartilage development 4 0.0253 

 Skeletal system development 7 0.0553 

Bone marrow Cell activation 41 5.07E-07 

(red, yellow) Leukocyte activation 33 7.98E-06 

 Immune response 62 1.97E-05 

Lymph node –   

Tonsils Immune response 59 7.00E-06 

 Regulation of T cell activation 17 4.38E-05 

 Defense response 50 7.22E-05 

Gastric mucosa Regulation of pH 2 0.0530 

 Monovalent inorganic cation homeostasis 2 0.0677 

Bladder Muscle contraction 14 0.0034 

 Excretion 7 0.0266 

 Secretion 17 0.0379 

Gall bladder Negative regulation of granulocyte 
differentiation 

2 0.0417 

 Negative regulation of immune system 
process 

3 0.0496 

 Regulation of granulocyte differentiation 2 0.0519 

Medulla oblongata Homophilic cell adhesion 15 8.78E-06 

 Cell-cell adhesion 18 5.00E-04 

 Cell adhesion 25 0.0151 

Ischiatic nerve Filopodium assembly 5 0.0023 

 Regulation of action potential in neuron 10 0.0036 

 Negative regulation of neurogenesis 7 0.0074 
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For example, the hypomethylated genes detected in arteries (including COL18A1, 
EPAS1, ENPEP, ANGPT2, and APOLD1) have been characterized as mediators 
of blood vessel development and morphogenesis, while those detected in tonsils 
(including LAX1, TNFSF14, LCK, and RHOH) have been shown to have roles 
in the immune response and leukocyte activation. In contrast, and in agreement 
with previous results, none of the hypermethylated genes were associated with 
tissue-specific functions (Ref II, Additional File 5) (Nagae et al., 2011; Yang et 
al., 2015; Zilbauer et al., 2013). Taken together, these results strongly support 
the hypothesis that hypomethylation, rather than hypermethylation, in some 
regions of the genome is more likely to be associated with tissue-specific 
functions. 
 
 

3.2.5 Inter-individual methylation variations 

We analyzed the rate of inter-individual variation to understand whether 
differences between individuals or tissues could account for the observed 
variability between samples. For this, the proportion of variance of the beta 
values explained by the individuals and the proportion of variance explained by 
the tissues were compared. While differences between individuals only accounted 
for 6.4% of the variance observed, tissue-based differences accounted for 51.2% 
of the variance observed (Ref II, Figure 6). Thus, variance between individuals 
for the data examined was insignificant.  

Hierarchical clustering of all the samples studied also showed that the simi-
larity between tissues was higher than between individuals, as the tissue data 
mostly clustered together (Ref II, Additional File 6).  
 
 

3.2.6 Relationship between gene expression and  
global DNA methylation 

To further investigate the role of DNA methylation in regulating gene expression, 
the detected methylation patterns were compared with publicly available gene 
expression data maintained in the Gene Expression Omnibus and ArrayExpress 
databases. Only tissues with gene expression data obtained using a single 
platform (Human Genome U133A arrays; Affymetrix, CA, USA) were selected 
to reduce the impact of potential confounding factors. As a result, correlations 
between gene expression levels were performed for 8/17 of the tissues used in 
the original analysis: aorta, bladder, bone, bone marrow, coronary artery, lymph 
node, medulla oblongata, and tonsil.  

The method by which the global methylation data were correlated with the 
gene expression data relied on averaging beta values across the comprehensive 
gene panel. PCCs were calculated for 10,120 genes across the eight tissues (Ref 
II, Table 3) and showed a slight bias towards negatively correlated genes’ expres-
sion (5,710 vs. 4,410 positively-correlated genes). Also, nearly twice as many 
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genes exhibited a strong inverse correlation (1,713 genes, PCCs: < –0.5) 
compared with the genes that exhibited a strong positive correlation (1,090 
genes, PCCs: > 0.5) (Fisher’s exact test, p < 2.2 × 10–16).  

When analyzing the global methylation data within different gene regions, 
the number of negatively correlated genes in the CGI-promoter regions (56.7%) 
was found to be almost the same as that in the gene bodies (52.7%). A similar 
observation was made for the strong inverse correlation, with both the CGI-
promoter and body region showed a bit more negatively correlated genes than 
positively correlated genes (11.5% and 10.6% in promoter-CGI regions and 
16.1% and 12.1% in the gene body regions, respectively in each case) (Fisher’s 
exact test, p  = 0.005).  

The methylation and gene expression data were plotted onto a single figure 
to further assess the integrity of the correlation between the CGI-promoter and 
gene body regions (Ref II, Figure 7). A large proportion of the CpG sites in the 
CGI-promoter regions appeared to be unmethylated, an L-shaped correlation 
can be seen, where high levels of methylation were found to be associated with 
lower levels of gene expression and low levels of methylation associated with 
various levels of gene expression. However, no relationship was observed for 
the data related to gene bodies (Ref II, Figure 7B).  

Our analysis of highly methylated promoters suggested a possible link 
between promoter methylation and suppressed gene expression. These results 
are consistent with those of previous studies where genes with unmethylated 
promoters were found to exhibit variable levels of transcription activity 
(Eckhardt et al., 2006; Mendizabal and Yi, 2016; Rakyan et al., 2008). In 
contrast, methylation analysis within the gene body regions did not reveal any 
clear relationship with mRNA expression levels, despite previous studies 
reporting a positive correlation (Rakyan et al., 2008; Yang et al., 2015) or a 
bell-shaped correlation pattern for their data (Jjingo et al., 2012). Many genes 
harbor several alternative TSSs, and these are located throughout the gene body 
and yield different splice isoforms. Methylation of these yet unrecognized sites 
could confound a correlation analysis of gene body methylation and gene 
expression, and further studies are needed to confirm this possibility. 

 
 

3.2.7 Gene expression and methylation in tDMRs  

We also performed a correlation analysis of gene expression and DNA methy-
lation levels separately on tDMRs. Collectively, there were more negative than 
positive correlation coefficients (63.2%, 2,288 vs. 36.8%, 1,322; Figure 7; Ref II, 
Table 4), as expected. In addition, strongly negative PCCs prevailed over the 
strongly positive PCCs (20.7%, 749 vs. 10.3%, 372, respectively) (Fisher’s 
exact test, p < 2.2 x 10–16). 

Surprisingly, however, there were relatively more negative correlations also 
in the gene body regions (60.9%, 1,148), and in general, gene body methylation 
was not related to low gene expression levels. The finding that a high number of 
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inversely correlated CpG sites in the CGI-promoter regions (78.5%, 489) and 
the genes with highly methylated promoter regions were both associated with 
suppressed gene expression suggest that methylation in promoter regions 
correspond to changes in gene expression. However, it remains unclear how 
gene body tDMRs may function as regulators of gene expression. Based on the 
observation that DNA methylation is enriched in alternatively spliced exons, it 
has been proposed that methylation in intragenic regions could modulate 
alternative splicing (Maunakea et al., 2013).  
 

Figure 7. Correlation between gene expression and methylation in tDMRs. The 
percentages of negative (shown in blue) and positive (shown in red) PCCs are shown 
for the various genomic regions within the analyzed tDMRs. The total number of 
tDMRs in each category is indicated in parentheses at the far left.  
 
 

3.3 Genetic and epigenetic regulation of gene 
expression in fetal and adult human livers (Ref III) 

3.3.1 Samples analyzed 

A total of 96 adult livers and 14 fetal livers obtained from 8- to 21-week-old 
human fetuses (Karolinska Liver Bank) were used to investigate gene 
expression regulation and DNA methylation levels. Data from the adult livers 
were combined with data from 85 adult liver samples obtained from a Dutch 
population (Fu et al., 2012; Wolfs et al., 2010) to investigate the regulation of 
gene expression by genetic and epigenetic factors. In addition, tissue specificity 
was explored by using single nucleotide polymorphism (SNP), methylation, and 
gene expression data from muscle, subcutaneous- (SAT), and visceral adipose 
tissue (VAT) that were collected from the same individuals in the Dutch cohort. 
A detailed description of the samples used in this study is provided in Ref III 
Additional File 1. 
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Previous studies on the regulation of gene expression in human liver have 
mainly concentrated on the effect of genetic variations in adult samples (Fu et 
al., 2012; Greenawalt et al., 2011; Innocenti et al., 2011; Schadt et al., 2008; 
Schröder et al., 2013). In this study, we investigated the developmental regu-
lation of gene expression in human livers by comparing the expression levels 
and methylation levels of genes in adult and fetal livers. In addition, both 
genetic variants and differences in DNA methylation were examined to explain 
the observed variability in transcript levels in adult livers.  
 

DNA methylation in fetal and adult liver tissues were analyzed with Infinium 
HumanMethylation450 BeadChips (Illumina). A total of 28,917 CpG sites in 
12,619 unique genes showed significant differences (delta beta > 0.2, 
FDR < 0.05) in fetal liver tissue versus adult liver tissue. Moreover, the number 
of hypomethylated CpG sites in fetal liver (53.4%) was similar to the number of 
hypermethylated sites (46.6%).  

To explore the functions of these differentially methylated genes, the 
GREAT pathway tool (McLean et al., 2010) was used. The CpG sites that were 
found to be hypomethylated in the adult liver were largely associated with 
metabolic pathways (Ref III, Table 1A). On the other hand, the genes that were 
hypomethylated in the fetal tissues were strongly enriched for the pathways of 
insulin receptor signaling, regulation of glycogen synthase activity, dif-
ferentiation processes, and developmental functions (Ref III, Table 1B). Similar 
results were previously described for the transcriptome of mouse fetal livers at 
different stages of development (Jochheim-Richter et al., 2006; Lee et al., 2012; 
Li et al., 2009).  
 

Comparison of gene expression levels between fetal and adult liver samples 
yielded 3,284 differentially expressed probes (absolute log2-fold change > 1.0, 
FDR < 0.05; Ref III, Additional File 4). A GO analysis using Gene Network 
(Cvejic et al., 2013) further revealed that genes with higher levels of expression 
in adult liver were strongly enriched for metabolic processes involving mono-
carboxylic acid, steroids, and bile acid (Ref II, Table 2A). In contrast, the genes 
that were highly expressed in the fetal liver tissues were associated with 
regulation of organelle organization, chromosome organization, and tetrapyrrole 
(e.g., hemoglobin) biosynthetic processes (Ref II, Table 2B). These observations 
are consistent with the process of fetal development which is characterized by 
tissue differentiation and growth. Furthermore, the liver is predominantly a 
hematopoietic organ during this period (Moscovitz and Aleksunes, 2013).  
 

3.3.2 Developmental regulation of hepatic gene expression 

3.3.2.1 The epigenome of the developing human liver 

3.3.2.2 Transcriptome of the developing liver 
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There were 1,655 genes that exhibited both differential expression and 
differential methylation in adult versus fetal livers (Ref III, Additional File 5). 
The location of the differentially methylated CpG sites differed significantly in 
relation to the CGIs, depending on the expression and methylation differences 
between the fetal and adult tissues (Chi-squared test, p < 2.2 × 10–16; Ref III, 
Figure 1C). For example, the CpG sites that were hypomethylated in the fetal 
liver tissues were more often located in the CGIs, and were associated with both 
increased and decreased gene expression. In contrast, the hypermethylated CpG 
sites in the same tissues were more distant from the CGI regions, yet were still 
associated with both increased and decreased gene expression.  

The twenty genes that exhibited the largest differences in expression and 
methylation are listed in Ref III Table 3. These results clearly illustrate that 
genes involved in differentiation and hematopoiesis (e.g., DLK1, HBZ, HBM, 
AHSP, EPB42, and NFE2) exhibited fetal liver-specific expression profiles, 
while the adult liver-specific expression profiles involved drug metabolism, 
catabolism, and other biosynthesis processes. Two cytochrome P450 genes 
exhibited the most significant differences in expression levels between the fetal 
and adult liver tissues, with the expression levels of CYP2E1 and CYP2C8 
being approximately 7-fold higher in the adult liver. 
 
 

We next assessed whether DNA methylation correlated with gene expression 
levels in the adult liver samples. Fetal samples were excluded from this analysis 
due to the significant developmental differences reported above. Furthermore, 
we estimated that the fetal samples would not add any considerable statistical 
power for the analyses. Data from the Karolinska Liver Bank and Dutch liver 
samples were combined to provide 158 samples with available expression and 
methylation data. Expression probes with CpG sites that mapped within 250 kb 
of these probes were then compared. A total of 3,238 significant methylation-
expression associations (eQTM; Ref III, Additional File 7) were identified, and 
these comprised 1,988 unique expression probes (in 1,798 genes) and 2,980 CpG 
sites (reflecting 2,057 unique genes), with a permutation p-value < 0.05. As 
expected, a greater number of eQTMs showed a negative correlation between 
gene expression and CpG methylation levels (58.4%), irrespective of the location 
of the CpG site in relation to the CGIs. Both negative and positive correlations 
have been described by other groups (Bell and Spector, 2012; Gutierrez-Arcelus 
et al., 2013; Huse et al., 2015), with a modest, yet significant, excess of negative 
correlations between DNA methylation and variation in gene expression levels 

3.3.2.3 Orchestration of epigenetics and transcriptomics  
in regulating liver development 

3.3.3 Genetic and epigenetic effects on inter-individual 
variability in gene expression 

3.3.3.1 Correlation in DNA methylation and gene expression 
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observed across individuals. Furthermore, for CpG sites with a strong 
correlation between expression and methylation levels, and/or a location within 
50 kb of the expression probes, we observed an overrepresentation of negative 
correlations (Chi-squared test, p < 2.2 × 10–16; Figure 8).  

It was previously reported that the role of DNA methylation appears to 
depend on genomic context (Jones, 2012). For example, CpG sites located near 
genes and/or CpG sites exhibiting a stronger correlation between methylation 
and expression are considered more likely to display a negative correlation. 
Interestingly, CpG sites downstream of the expression probes in the present 
study displayed fewer negative correlations than those that were upstream of the 
probes, thereby indicating an association between methylation in gene bodies 
and active gene expression. This phenomenon was also noted in the early days 
of DNA methylation research (Jones, 1999; Wolf et al., 1984). Both of these 
sets of observations are explained by the fact that, in mammals, DNA 
methylation silences transcription initiation, but not transcription elongation 
(Jones, 2012).  

 

 
 
Figure 8. Distribution of the direction of expression and methylation correlation 
coefficients. The proportion of eQTM effects (y-axis) are grouped according to: (A) the 
absolute Spearman correlation coefficient values and (B) the distance between the 
expression probe and the CpG site in kilobases (kb). The grey and black shaded bars 
represent the negative and positive correlations between the expression probes and 
methylation CpG sites, respectively. 

 

We next explored the effects of genetic variations on gene expression levels. To 
conduct a meta-analysis of the Karolinska Liver Bank and Dutch liver samples, 
eQTL mapping of the adult liver samples was performed. As a result, 171 
samples with expression and genotype data available were identified. A total of 
47,168 significant SNP-probe pair correlations (FDR < 0.05) were identified, 
and these represented 751 unique genes (Ref III, Additional File 8). The eQTL 
probes were significantly enriched for liver-specific genes (p < 4 × 10–57, as 
reported by Gene Network) and for genes encoding drug-metabolizing enzymes 
(p < 2.0 × 10–19). In addition to the 667 eQTL genes that were previously reported 

3.3.3.2 Regulation of gene expression by genetic polymorphisms 
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(Greenawalt et al., 2011; Innocenti et al., 2011; Schadt et al., 2008; Schröder et 
al., 2013; Yang et al., 2010), 84 new associations were identified in the present 
analysis (Ref III, Additional File 8). These new associations are potentially due 
to the inclusion of a larger number of samples and imputation of SNPs that were 
not previously used in genotyping arrays and that derived from the 1000 
Genomes project (Auton et al., 2015). 
 

After the eQTL and eQTMs were identified, it was investigated to what extent 
both SNPs and DNA methylation events explain variations in liver gene 
expression levels. For this, 293 expression probes (reflecting 274 unique genes) 
that had both a significant cis-eQTL and a significant eQTM effect were 
selected. Four different linear models (Ref III, Additional File 1) were then 
tested to assess the proportion of variations in gene expression that could be 
explained. For 83% of these 293 expression probes, most of the variations were 
explained by a SNP (Ref III, Additional File 11), whereas the expression 
variance for the remaining 17% was most strongly explained by a specific CpG 
site. As expected, when we combined the SNP genotype and CpG methylation 
effects, we could explain more of the expression variations than by using the 
SNP or methylation levels alone. Furthermore, the SNP sites and CpG sites with 
particularly high correlations with the expression levels were found to be closer 
to the TSS of the corresponding genes (Ref III, Additional File 13).  

Inter-individual variability in ADME gene expression has been shown to 
affect drug efficacy, toxicity, and susceptibility to environmental toxins 
(Ingelman-Sundberg et al., 2007). In the present study, 16 unique ADME genes 
had both a significant eQTL and eQTMs. These genes included members of the 
glutathione S-transferase (GST) family of phase II ADME isozymes (GST4A, 
GSTM1, GSTM3, GSTO2, and GSTT1), solute carrier transporters (SLC19A1 
and SLC22A18) responsible for the transmembrane transfer of multiple drugs 
and endogenous compounds, as well as FMO4, GPX7, PON1, and UGT1A1 (Ref 
III, Additional File 15, Table 4). GSTM1 functions in the detoxification of 
exogenous/endogenous toxins, while GSTT1 is involved in the conjugation of a 
variety of compounds (Marinković et al., 2013; Ramos et al., 2011; Tulsyan et 
al., 2013; Zhong et al., 2006). The effects of epigenetic modifications on the 
expression of these genes have been reported in both blood and brain tissues 
(Liu et al., 2013c; Sintupisut et al., 2013). In our analysis, DNA methylation 
explained a larger proportion of the variation in the gene expression levels of 
GSTM1, GSTO2, GSTT1, PON1, and UGT1A1.  

Overall, we found that both SNPs and DNA methylation contribute to the 
variable expression profiles observed for ADME genes. For example, SNP 
rs2739330, which is located downstream of the GSTT1 gene and upstream of 
the DDT gene, has been reported to be associated with gamma-glutamyl 
transferase levels in plasma (Chambers et al., 2011). This SNP, together with 

3.3.3.3 Contribution of genetic variants and  
DNA methylation to variation in hepatic gene expression 
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methylation levels of a nearby CpG cite, cg05380919, explain 78% of the 
observed variability in the expression of GSTT1. It is also possible that 
methylation levels of the CpG site may provide a stronger contribution. 
Similarly, for GSTM1, the strongest SNP only explains 11% of the variation in 
its expression, while methylation levels of the CpG site, cg18938907, have a 
much stronger association with expression of this gene and may be responsible 
for up to 55% of the observed variation. The latter CpG site also falls within a 
CGI that spans the promoter and a portion of the gene’s first intron.  

A substantial portion of the overall phenotypic variance in the activity of the 
hepatic enzyme, PON1, between individuals currently remains unexplained. In 
addition to contributions made by a variety of non-genetic factors, numerous 
transcription factors (Fuhrman, 2012), and miRNA regulation (Liu et al., 
2013b), various functional PON1 polymorphisms have been shown to influence 
PON1 activity and its serum levels (Deakin et al., 2003; Fuhrman, 2012). For 
example, the SNP, rs705379, has been shown to be associated with approxi-
mately a 50% mean reduction in serum PON1 protein levels, as well as a 
reduction in PON1 transcript levels (Brophy et al., 2001; Deakin et al., 2003). 
In our study, it was interesting to observe that this SNP was associated with 
increased methylation of nine proximal CpG sites and lower expression of 
PON1.  

 
 

Since methylation and expression data for the present cohort were available for 
three tissues (muscle, SAT, and VAT) that were also examined in the 
individuals from the Dutch sample cohort, we could assess the tissue-specificity 
of both the detected eQTL and eQTM effects. For liver eQTL, approximately 
40–50% of the effects found in one tissue could also be significantly detected in 
another tissue (Ref III, Figure 4, Additional File 16A). Similar results have been 
reported in previous studies (Fu et al., 2012; Innocenti et al., 2011; Schadt et al., 
2008). However, the eQTL effects (n = 32,863) that were only present in liver 
tissue were found to be related to genes strongly specific to liver function 
(p = 5 × 10–53), as well as metabolic and catabolic processes (p < 5 × 10–20).  

As expected, we observed very strong tissue-specificity for the identified 
eQTMs. For example, only up to 4% of the eQTMs found in one tissue were 
also detectable with the same effect in another tissue (Ref III, Figure 4C, 
Additional File 16E). These results are in accordance with the fact that DNA 
methylation plays an important role in regulating tissue-specific gene expres-
sion. Thus, conclusions drawn from eQTL or eQTM data in one tissue cannot 
be extrapolated to other tissues, although the effects of SNPs on gene 
expression are more likely to be detectable in an alternative tissue. Ideally, 
detection of these effects in blood would represent a readily accessible source 
for testing.  
 

3.3.4 Tissue-specificity of eQTLs and eQTMs 
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CONCLUSIONS 

The aim of the experimental work presented in this thesis was to describe 
methylation patterns and their effect on gene expression in different tissue 
types, both healthy and cancerous. To investigate DNA methylation patterns in 
early-stage lung cancer patients, a genome-wide DNA methylation study was 
performed with stage I NSCLC samples. Most of the identified genes represent 
novel markers for NSCLC. Furthermore, a gene expression and DNA methy-
lation correlation analysis showed that approximately half of the CpG sites 
examined exhibited an expected negative correlation, which can be altered by 
the reduced resolution provided by the HumanMethylation27 microarray. GO 
was examined with IPA software and this revealed that differentially methy-
lated genes were closely related to cancer progression. Furthermore, a survival 
analysis identified a number of CpG sites whose methylation levels differed 
according to patient survival. Accordingly, the latter sites represent CpGs that 
could potentially serve as prognostic markers.     

Genome-wide DNA methylation patterns were also described for 17 human 
somatic tissues, and these patterns were largely in agreement with patterns 
previously observed in similar studies. In addition, our analysis confirmed a 
clear correlation between DNA methylation in promoter regions and gene 
expression. The DNA methylation patterns also clearly reflected tissue-specific 
functions as demonstrated with hierarchical clustering and GO analyses of 
hypomethylated tDMRs. Furthermore, the tDMR analysis revealed that a large 
number of methylated regions were within gene body regions, yet we were not 
able to show how these tDMRs mechanistically contribute to tissue-specific 
functions.  

When genome-wide analyses of genomic and epigenetic variations and their 
association with gene expression were examined for fetal and adult liver tissues, 
a strong negative correlation between DNA methylation and gene expression 
was found in the promoter regions, while methylation in the gene bodies were 
associated with active gene expression. eQTL mapping was also performed and 
a large number of liver-specific genes were discovered, many of which had not 
previously been reported. The effect of eQTL and eQTMs on tissue-specificity 
were also assessed on another set of human somatic tissues. The results from 
our two published studies confirm that DNA methylation has a strong tissue-
specific effect on gene expression. Meanwhile, SNPs had a much weaker 
influence on tissue-specific gene expression, and approximately half of the SNP 
effects found in one tissue could also be found in another tissue.  

Based on the observation that inter-individual variability in ADME gene 
expression affects drug efficacy, toxicity, and susceptibility to environmental 
toxins, we determined to what extent SNPs and DNA methylation can jointly 
explain variations in ADME gene expression in liver. As expected, the combination 
of SNP genotype and CpG site methylation levels data explained more of the 
observed expression variations than the use of SNP or methylation levels alone.  
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SUMMARY IN ESTONIAN 

Inimese tervete kudede ja mitteväikerakulise kopsuvähi 
võrdlevad ülegenoomsed DNA metülatsiooni uuringud 

Metüleeritud tsütosiini peetakse „DNA viiendaks aluspaariks“ ning sellel on 
märkimisväärselt suur roll imetajate organismi arengus. Inimese genoomis on 
umbes 29 miljonit CpG dinukleotiidi, mis võivad olla kas metüleeritud või 
metüleerimata olekus. CpG dinukleotiidide metülatsioonitase on genoomi lõikes 
väga erinev. Kordusjärjestused on enamasti tugevalt metüleeritud, samas kui 
CpG rikkad promootorjärjestused hoitakse peamiselt mittemetüleerituna kõikides 
inimese kudedes. Kuna DNA metülatsioon on eluliselt vajalik organismi funkt-
sioneerimiseks, tekitavad muutused epigenoomis erinevaid haiguslikke seisun-
deid, näiteks vähki. Samuti põhjustab erinev metüleerimise tase inimestevahe-
list varieeruvust ravimite metaboliseerimises, mis toob omakorda kaasa eba-
soovitavaid ravimite kõrvaltoimeid. DNA metülatsioonimustreid on uuritud 
erinevate meetoditega juba aastakümneid, samas ei ole suudetud täielikult 
seletada kuidas epigenoom ning transkriptoom omavahel suhtlevad. Mitmed 
uuringud seovad promootorpiirkonnas asuvate CpG saarekeste metülatsiooni 
geeniekspressiooni vaigistamisega. Kuid samal ajal leitakse koespetsiifilisi 
erinevalt metüleeritud regioone aina enam just geenisisestelt aladelt ning isegi 
geenide vahelistest piirkondadest. Nende piirkondade ja geeniekspressiooni 
regulatsiooni vahel ei ole veel suudetud leida lõplikke seoseid.  

Vähk, eriti kopsuvähk on tänapäeva maailmas suureks probleemiks. Paljude 
aastate jooksul on erinevad tööd toonud välja sadu biomarkereid, nii geneetilisi 
kui epigeneetilisi, mis võiksid aidata diagnoosida vähki varajases staadiumis või 
prognoosida patsiendi ravi tulemuslikkust ning üleüldist elulemust. Hoolimata 
rohketest uuringutest, on ainult väike hulk neist biomarkeritest edukalt vali-
deeritud ning kasutusel igapäevases praktikas.  

Käesolevas doktoritöös antakse kirjanduse põhjal ülevaade erinevatest DNA 
metülatsiooni tahkudest. Kirjeldatakse kuidas DNA metülatsiooni tase on 
dünaamilises muutumises organismi arengu jooksul, millised ensüümid vastu-
tavad DNA metüleerimise eest ning kuidas geeniekspressioon ning DNA metü-
latsioon on omavahel seotud mitmesugustes inimkudedes. Antakse ülevaade 
muutunud geneetilistest ja epigeneetilistest teguritest erinevates vähivormides 
ning eraldi ka kopsuvähis. Välja on toodud ka mitmed tänapäevased meetodid 
DNA metülatsiooni uurimiseks.  

Töö eksperimentaalse osa eesmärgiks oli kirjeldada DNA metülatsiooni-
mustreid ning nende mõju geeniekspressioonile erinevates inimkudedes, nii 
tervetes kui ka tuumoris. Ülegenoomse DNA metülatsiooni mustreid kirjeldati 
17-nes inimese somaatilises koes. Uuringute põhjal järeldasime, et promootor-
piirkonna metülatsiooni ning geeniekspressiooni vahel on selge funktsionaalne 
seos. Samas ei suutnud me leida seoseid geenisisese metülatsiooni ning mRNA 
ekspressiooni tasemete vahel. DNA metülatsiooni mustrid peegeldasid efek-
tiivselt kudede funktsioone, nii geeni ontoloogia analüüsi kui ka hierarhilise 
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klasterdamise põhjal. Koe-spetsiifiliste erinevalt metüleeritud regioonide 
(tDMRs) analüüs leidis suurel hulgal piirkondi, mis paiknesid geenisiseselt, 
kuid me ei suutnud leida seoseid, kuidas need tDMR-d põhjustavad koe-spetsii-
filist transkriptsiooni.  

Praktilise poole teises osas kirjeldatakse inimese loote ning täiskasvanu 
maksakoe ülegenoomseid geneetilisi ning epigeneetilisi muutusi ning nende 
seost geeniekspressiooniga. DNA metülatsiooni ning geeniekspressiooni vahe-
lise korrelatsiooni analüüsi tulemusel leiti, et tugevaim negatiivne seos oli geeni 
promootorpiirkonnas, samal ajal seostati geenisisest metülatsiooni aktiivse 
transkriptsiooniga. Geenide ekspressiooni mõjutavate geneetiliste variantide 
(eQTL) kaardistamise tulemusel leidsime suurel hulgal maksa-spetsiifilisi 
geene, millest mitmeid pole varasemalt kirjeldatud. Geenide, mis on seotud 
absorptsiooni, jaotuse, metabolismi ning väljutusega (ADME) ekspressioonis on 
leitud suur indiviidide vaheline varieeruvus, mis omakorda mõjutab ravim-
vastust, toksilisust ning vastuvõtlikkust keskkonna toksiinidele. Oma uuringus 
püüdsime määrata, kui suurel hulgal SNP-d ning DNA metülatsioon on võime-
lised üheskoos kirjeldama ADME geenide ekspressiooni varieeruvust täiskasva-
nute maksakoes. Ootuspäraselt leidsime, et SNP genotüübi ning CpG metülat-
sioonitaseme kombineerimine võimaldab kirjeldada ekspressiooni variatsiooni 
paremini, kui kasutades ainult SNP-d või CpG metülatsiooni taset eraldiseisvalt. 
Me hindasime ka eQTL-ide ning eQTM-ide (geenide ekspressiooni mõjutavad 
metülatsiooni tasemed) mõju koespetsiifilisusele, kasutades lisaks maksale veel 
kolme koetüüpi (lihas, nahaalune- ja vistseraalne rasvkude). Need tulemused 
kinnitasid samuti metülatsiooni tugevat koespetsiifilist mõju geeniekspres-
sioonile. Samas SNP-del oli palju väiksem mõju koespetsiifilisele geeni-
ekspressioonile, umbes pooled efektid olid leitavad ka kõikides teistes kudedes.  

Töö kolmas osa keskendus DNA metülatsiooni kirjeldamisele varajase staa-
diumi mitteväikerakulise kopsuvähi (NSCLC) patsientidel. Uuringu tulemusel 
leidsime suurel hulgal erinevalt metüleeritud CpG saite. Mitmed neist on tuntud 
vähiseoselised biomarkerid, kuid enamik kirjeldatud geenidest on uued 
kopsuvähi markerid. Geeniekspressiooni ja DNA metülatsiooni korrelatsiooni-
analüüsi tulemusel leidsime oodatud negatiivseid seoseid pooltel CpG saitidel. 
Geenide ontoloogiaanalüüs, erinevalt metüleeritud geenidega näitas, et nende 
geenide funktsioonid olid tugevalt seotud vähi progresseerumisega. Elulemus-
analüüsi tulemusel leidsime hulga CpG saite, mille metülatsiooni tasemed 
erinesid erinevates elulemusgruppides. Mõned neist geenidest võivad olla head 
prognostiliste markerite kandidaadid.  
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