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INTRODUCTION 

The genome can be described as the entirety of an organism’s hereditary 
information that lies in the DNA sequence. The human nuclear genome con-
sists of more than 3 billion bases constituting the DNA molecules present in 
each cell of the body. The four different bases, adenine (A), thymidine (T), 
cytosine (C) and guanine (G) are assembled in a way that the DNA molecule 
forms a double-stranded antiparallel helix (1). The protein coding DNA se-
quences transcribed as mRNA are estimated to comprise 1-2% of the ge-
nome, recent findings though have shown that a much larger part of the ge-
nome is transcribed and many of these RNA molecules probably have regu-
latory functions (2). The DNA is well packed into chromosomes in each cell 
nuclei due to coiling of the DNA helix together with specialized proteins at 
several levels resulting in the chromatin (Figure 1). The chromatin is dynam-
ically structured and can be re-organized in different contexts, apparently 
independent of the underlying DNA sequence. These changes of the chroma-
tin can have great impact on heritable genome functions, such as gene activi-
ty. The term ‘epigenome’ was thus coined, where one genome can generate 
many 'epigenomes', manifested for instance during development and in dif-
ferent cell types as well as in pathogenic conditions, including cancer.  
 
The accomplishment of sequencing the entire human genome in the begin-
ning of the present century was a milestone in genetic research (3, 4). This 
effort, along with continuous methodological and technical advances which 
further enable the global study of also epigenomes, have paved the way for 
the plethora of important and exiting investigations addressing and revealing 
genetic and epigenetic impact in health and disease. The main interest of this 
thesis concern aspects of global genomic and epigenomic profiling in the 
context of normal and cancer cells. 
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Figure 1. Chromosomes and DNA. The nuclear genome is split into a set of linear 
DNA molecules, each contained in a chromosome. Chromosomes are much shorter 
than the DNA molecules that they contain: the average human chromosome has just 
under 5 cm of DNA. A highly organized packaging system is therefore needed to fit 
a DNA molecule into its chromosome. This is mainly dependent on the DNA asso-
ciated histone proteins. When the nucleus divides, metaphase chromosomes form at 
a stage in the cell cycle after DNA replication has taken place so each nucleus con-
tains two copies of its chromosomal DNA molecule (chromatide). The two copies 
are held together at the centromere. Telomeres are the terminal regions of the chro-
mosomes. The human genome consists of 23 pair of chromosomes (T A Brown, 
Chapter 2.2, Genomes 2nd edition, Oxford: Wiley-Liss; 2002. Source of Figure: The 
Cancer Genome Atlas, http://cancergenome.nih.gov/media/chromosome.pdf). 
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Human Genetic Variation 
 
The amount of knowledge regarding human genetic variation has expanded 
rapidly since the completion of the draft of the human genome sequence in 
2001 (3, 4). Our modern understanding of human genetics embraces both the 
great diversity and complexity of the different forms of genetic variation that 
exist in the human genome, as well as the growing awareness that a signifi-
cant portion of the genome is subjected to this diversity. Technical advances 
in the last few years have contributed greatly to the cataloguing and elucida-
tion of the significance of DNA sequence variability in the human genome, 
and this area of research is continuously producing results. However, many 
questions remain to be answered, including the matter of the more precise 
location and frequencies of the variants as well as their implication on phe-
notypes in health and disease. The variation in the DNA sequence can in-
volve from a single base pair (bp) up to several mega base pairs (Mb) and 
usually the variants are divided into two groups based on the nucleotide 
composition; single nucleotide variants (SNVs) and structural variants. In 
terms of frequency, the more common variants at a certain locus which are 
present in >1% of the alleles in the population, are called polymorphisms. 
Considerable effort has been focused on the discovery and understanding of 
the patterns of single nucleotide polymorphisms (SNPs) in the human ge-
nome. The estimated 17 million SNPs identified so far are deposited in the 
SNP database (dbSNP) (5). Novel SNVs are reported with each additional 
genome being sequenced, made possible due to the new high throughput 
technique of massive parallel sequencing (6-10). It is well known that nu-
merous rare point mutations can cause sporadic disease and a fraction of 
SNPs have been shown to be linked to common human diseases in  genome 
wide association studies (GWAS) (http://genome.gov/gwastudies).  
 
Our knowledge about structural variants is however more recent and rudi-
mentary compared to that of SNVs, due to later development of the metho-
dological abilities in the detection of large rearrangements. Structural va-
riants include insertions, deletions, block substitutions, duplications, inver-
sions, and translocations of DNA sequences (11). An additional form of 
genetic variation is tandem repeats, often divided into short tandem repeats 
(STRs) and variable number tandem repeats (VNTRs) based on the sequence 
length. STRs and VNTRs are also known as micro and mini satellites, re-
spectively. Although the DNA sequence in tandem repeats is simple com-
pared to other types of more complex genetic variation, these sequences can 
be repeated from tens to hundreds of times, thereby creating genomic diver-
sity (12, 13). 
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Copy number variations 
 
In the preceding years, many genome wide studies have reported the pres-
ence of structural variation in the human genome (14-22).  These studies 
have revealed that these events are widespread and common; even in healthy 
individuals and that they frequently involve gene rich regions. The majority 
of these findings concern copy number differences of DNA segments, 
known as copy number variations (CNVs) resulting from the extensive ap-
plication of array comparative genomic hybridization (array-CHG). Array-
CGH is a powerful method enabling  the screeing of entire genomes for copy 
number imbalances at high resolution. The common definition of DNA copy 
number variation is as follows:  a segment of DNA larger than 1kb display-
ing copy number imbalance between two genomes of the same species (23). 
 
Two initial landmark studies reporting CNVs between normal human indi-
viduals were published in 2004 (14, 15). Since then many additional reports, 
using higher resolution genome analysis platforms, have advanced our 
knowledge of CNVs and a comprehensive genome wide map is beginning to 
emerge. A first generation human CNV map was constructed by the The 
Copy Number Variation Project which analysed 269 samples included in the 
HapMap project. This study revealed considerable variation between normal 
healthy individuals and more than 1447 CNV regions spanning 12% of the 
reference sequence were identified (17). A more recent report on the Hap-
Map samples employing a hybrid genotyping array collecting both SNP and 
CNP data estimated however large scale CNVs to involve less than 5% of 
the human genome. This high resolution study (average limit of detection 
was 2kb) implied that previously reported CNVs regions seemed to be over-
estimated in size (20).  
 
Structural variants of 100 bp or larger are catalogued in the Database of Ge-
nomic Variants (Figure 2). By March 2009, more than 38000 CNVs, and 
many more additional structural variants such as balanced rearrangements 
had been deposited in that database. The percentage of the reference genome 
covered by these CNVs is approximately 30%, which clearly outnumbers the 
fraction believed to be covered by SNPs, which is <1%  (24). The limitations 
of the database however include the great variety of platforms used in the 
various studies. Thus, 30% may be an overestimation due to the inclusion of 
some low resolution studies but on the other hand, this figure may also 
represent an underestimation due to both the inability to detect small CNVs 
and the limitations of the current reference genome.  
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Figure 2. Current genome wide view of CNVs. Blue bars indicate reported CNVs; 
Red bars indicate reported inversion breakpoints; Green bars to the left indicate 
segmental duplications. Figure adopted from Database of Genomic Variants (DGV, 
http://projects.tcag.ca/variation), in may 2010. Original reference Iafrate AJ et al., 
Detection of large-scale variation in the human genome. Nature Genetics 2004 
Sep;36(9):949-51). 

In late 2009, a study was published utilizing an extremly high resolution 
array platform with  the aim of generating a comprehensive map of relatively 
common CNVs. Nearly 12,000 CNV loci were identified in the screening of 
40 individuals, and 8,599 of those were validated. Also, roughly 5,000 of the 
detected CNVs were genotyped in additional DNA samples derived from 
450 Europeans, Africans or East Asians. The validated CNVs covered 3.7% 
of the genome and it was estimated that in average 0.78% of an individual’s 
genome consisted of CNV regions. Taking all samples in consideration, al-
most 40% of the CNVs overlapped with 13% of RefSeq genes. Gene ontolo-
gy analysis showed enrichment of genes involved in extracellular biological 
processes such as cell adhesion, recognition, and communication while 
intracellular processes such as metabolic and biosynthetic pathways were 
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underrepresented in regions of CNV (21). It is now recognized that the dif-
ference in the genome sequence between any two individuals is significantly 
more extensive than earlier believed and also that CNVs contribute more to 
this variation than SNPs. SNPs are however the most abundant type of ge-
netic variation in the human genome in terms of their number and they occur 
at an interval of about one SNP per every kilobase of DNA sequence 
throughout the genome. This is roughly equivalent to 3 million SNPs in each 
individual genome, representing 0.1% of the genome, and therefore the DNA 
sequence similarities of two individuals was previously estimated to be 
99.9%. The more recent reports describing the thousands of CNVs that span 
hundreds of megabases, as well as emerging numerous indels and balanced 
rearrangements, have made it feasible to reject the earlier proposed high 
fraction of sequence similarity. Thus, the DNA sequences of individuals 
within and between populations are genetically more diverse and varied than 
previously thought (5). Furthermore, CNVs are also probably as important as 
SNPs in determining the differences between individuals (25). More recent 
results from the analysis of four fully sequenced human genomes, combined 
with targeted sequencing of structural variants greater than 8kb in length in 
eight human genomes have also provided insight about this topic. Based on 
this data it was estimated that it is expected that structural variants constitute 
between 9 and 25 Mb of the genome in an individual, corresponding to ~0.5 
to 1%, underscoring the importance of these variants in genome evolution, 
health and disease (11). 

The major fraction of CNVs is inherited, but variation may also arise de 
novo both in germline and in somatic cells (26). The mutation rate of point 
mutations is estimated to be approximately 2x10-8 per base per generation 
(27, 28). The mutation rate for CNV is more elusive, but several studies 
about de novo CNVs have estimated the range from 1.7x10-6 to 1.0x10-4 per 
locus per generation (29, 30) meaning a 100 to 10 000 times higher rate than 
the nucleotide substitution rate. Interestingly, while SNPs can mutate with 
roughly equal probability across the genome, the mutation rate for CNVs can 
vary widely depending on the genomic location. This is probably related to 
the underlying mechanisms causing the formation of CNVs, as well as to the 
regional chromatin architecture inciting genomic instability (24). 

Mechanisms of CNV formation 
There are three primary mechanisms responsible for the generation of ge-
nomic rearrangements that are believed to account for the formation of the 
majority of CNVs in the human genome: Nonallelic homologous recombina-
tion (NAHR), nonhomologous end joining (NHEJ), and a third more recent-
ly proposed mechanism called fork stalling and template switching 
(FoSTeS).  
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 NAHR 
Most recurrent genomic rearrangements are caused by NAHR between two 
low copy repeats (LCR), also known as segmental duplications (SD). LCR 
are region-specific DNA segments of approximate 10-300 kb in size and 
having > 95-97% similarity. Due to the high sequence identity, non-allelic 
copies of LCR can sometimes be aligned in meiosis and mitosis. This misa-
lignment and the subsequent crossover between them results in genomic 
rearrangements in the progeny cells. When the two LCRs are located on the 
same chromosome and in direct orientation, NAHR between them causes 
duplication and/or deletion. In contrast, when LCRs lie on the same chromo-
some but in opposite orientation NAHR results in inversion of the fragment 
flanked by them. NAHR between repeats on different chromosomes can lead 
to translocation (31). 

NHEJ 
In eukaryotic cells, NHEJ is a major mechanism of repair for double-strand 
breaks (DSBs). This process is also considered to be responsible for most of 
the rejoining of translocated chromosomes in cancer. NHEJ proceeds in four 
steps; detection of DSB, bridging of both broken DNA ends, modification of 
the ends to enable ligation, and finally ligation. Consequently, no sequence 
similarity is required for this mechanism to occur. Additionally, inclusion or 
exclusion of nucleotides can be observed at the rejoining site. It is proposed 
that NHEJ is stimulated and regulated by the genomic architecture to some 
extent, and breakpoints have often been observed in regions of repetitive 
elements (31). 

FoSTeS 
FoSTes is a more recent DNA replication error mechanism model that poten-
tially explains additional complex genomic rearrangements not formed by 
NAHR and NHEJ. FoSTeS occur when the DNA replication fork stalls at 
one position during replication and the lagging strand disengages from the 
original template, transfers and then anneals by virtue of micro homology at 
the 3´end, to another replication fork in physical proximity. The lagging 
strand then “primes” and restarts the DNA synthesis on the new fork. De-
pending on the direction of the fork progression and whether the lagging or 
leading strand in the new fork was used as template and copied, the erro-
neously incorporated fragment from the new fork could be in direct or in-
verted orientation to its original location. Moreover, depending on whether 
the new fork is located downstream or upstream, the template switching 
results in either a deletion or a duplication. This whole procedure can occur 
multiple times in a series thus explaining regions of complex rearrangements 
with normal diploid DNA copy number between deleted/duplicated genomic 
segments. FoSTeS is probably also influenced by local genomic architecture 
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(micro homology) but unlike NAHR and NHEJ, this mechanism is based on 
the translocation of the end of a single nascent strand, so the genomic archi-
tecture facilitating FoSTeS may function without DSB (24, 31). It has also 
been proposed that FoSTeS can generate both large CNVs of several mega-
bases (32, 33) as well as rearrange single exons (34). It is moreover believed 
to be a major mechanism behind the formation of non-recurrent CNVs and 
even LCRs, thereby providing for NAHR and creating a predisposition to 
additional genomic rearrangements in future generations (35). 

Phenotypic consequences of CNVs 
The majority of common CNVs are most likely functionally neutral and do 
not result in a disease phenotype. There are however several ways by which 
CNVs can have a functional effect. For instance by affecting gene dosage, 
interrupting or fusing of genes, through position effects, and by unmasking 
recessive alleles or functional polymorphisms (24). CNVs involving dosage 
sensitive genes can alter gene expression levels and might thereby cause a 
clinical consequence (36). Affecting the gene dosage is believed to be one of 
the most common mechanisms for the functional consequences of CNV. 
However, a breakpoint for a specific CNV located within a functional gene 
may interrupt it and cause its inactivation and loss of function. Gene fusion 
can generate a gain of function mutation, a mechanisms prominent in certain 
cancers by somatic translocation events. Position effect means that a CNV 
can have an effect on the expression or regulation on a nearby gene by re-
moving or altering a regulatory sequence (37). A deletion of one allele might 
unmask another recessive allele or functional polymorphism (38).  
 
Copy number alterations involving large chromosomal regions have long 
been associated with human diseases. One of the best known is Down’s syn-
drome caused by trisomy of chromosome 21 (39). Subsequently, submicros-
copic DNA copy number changes were also found to be associated to differ-
ent pathological conditions and the reports of clinical findings relating to 
chromosomal imbalances are constantly accumulating.  These so called ge-
nomic disorders are archived in the DECIPHER (Database of Chromosomal 
Imbalance and Phenotype in Human using Ensemble Resources) and in May 
2009 over 2,200 cases of almost 50 diseases have been included in the data-
base (24). Examples of genomic disorders linked to small DNA copy num-
ber changes are Charcot-Marie-Tooth disease type 1a (CMT1A) and heredi-
tary neuropathy with liability to pressure palsies (HNPP), which both are due 
to recurrent alterations on a relatively limited region of genome. Copy num-
ber change of the dosage sensitive gene PMP22 on chromosome 17p12 are 
responsible for most of these cases, where duplication or reciprocal deletion 
causes CMT1A or HNPP respectively. However, the genomic rearrange-
ments responsible for genomic disorders are generally not so small and often 
contain several genes. For instance a recurrent microduplication at chromo-
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some band 22q11.2 which is associated with DiGeorge and velocardifacial 
syndromes (24).  
 
Specific CNVs have also been directly linked to many common complex 
traits, including autism, schizophrenia, epilepsy, Parkinson disease and Alz-
heimer’s disease (reviewed in 24). Relatively recently several genome-wide 
studies have described multiple disease-causing CNVs, including de novo 
events, in autism, schizophrenia, and also in mental retardation patients (23, 
40). Most of the variants detected in these studies are rare however and only 
affects a fraction of the patients. A well known CNV-dependent susceptibili-
ty locus linked to a complex disease includes the gene CCL3L1 which varies 
in copy number between individuals and populations. In this case, the sus-
ceptibility concerns the risk of HIV infection and a low copy number of this 
gene encoding a chemokine receptor ligand is associated with higher infec-
tion vulnerability. Interestingly, copy number as high as ten have been ob-
served in African populations (41, 42).  
 
As mentioned above, so far SNPs have been the most studied form of genet-
ic variation and GWAS have reported associations between numerous SNPs 
and common complex diseases as well as to various cancers. However, most 
of the variants identified confer relatively small increments in risk and ex-
plain only a small portion of the heritability seen in families with disease. 
This has raised the question of “missing heritability”. It is believed that 
CNVs and other genomic rearrangements may account for some of this un-
explained heritability. Until now, CNVs with disease association seem to 
follow the same pattern as that of SNPs, in that  rare variants tend to show a 
strong association effects whereas the common variants show a more modest 
effect, yet are carried by a large portion of the population (43). Additional 
large population studies including detection of also rare variants will proba-
bly provide more knowledge about the importance of CNVs in many com-
plex traits. It is expected that the amount of data regarding CNVs will con-
tinue to grow with the application of higher resolution and wide-ranging 
assays, including the so called massive parallel sequencing techniques. This 
will certainly contribute to further understanding of genetic variation and its 
significance in health and disease.  
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Somatic mosaicism 
 
It is generally assumed that the DNA sequences in the majority of the 
healthy cells of an organism are identical. An adult human is though com-
posed of ~1014 cells so during the development and life span of an individual 
there are copius rounds of DNA replication and cell division, in which some 
errors could be introduced leading to somatic genetic change. Mosaicism is 
defined as the presence of somatic cells within a single organism that have 
different genetic composition, despite being derived from the same zygote. 
Mosaicism should not be confused with chimerism, which is also defined as 
the co-existence of genetically distinct cell lines in the same organism. How-
ever in the case of chimerism, the origins of the distinct cell lines are from 
different individuals. Examples of chimerism are when cells persist in a re-
cipient after a transplant and the persistence of fetal cells in the mother after 
the child is born (44). Most somatic changes that occur during development 
and life have no consequence for the phenotype. The outcome is however 
dependent on the specific DNA sequence being altered as well as the cell 
type and the developmental window during which the change/mutation oc-
cur. Cancer is obviously a prominent example of somatic alterations with 
deleterious effects for the affected individual (this will be addressed in more 
detail in separate chapters further below). Somatic mutations found in the 
context of mosaicism, including cancer, can range from point mutations and 
indels to large structural rearrangements encompassing thousands or millions 
of base pairs and even whole chromosomes (44).  
 
The extent of somatic genetic variation and its functional consequences in 
disease but also in normal cells are not as well studied as the inter-individual 
genetic differences. An example of a well known physiological somatic mo-
saicism is however the somatic rearrangement of immunoglobulin and T-cell 
receptor (TCR) genes that takes place in B and T lymphocytes. These genes 
are inactive in most cells but undergo controlled genetic reorganization to 
become activated. This leads to production of monospecific antibodies or 
TCRs in B or T-lymphocytes, respectively, a diversity important for the im-
mune response system (45). 

DNA copy number changes in the context of somatic mosaicism 
Due to current microrarray based technical advances, as well increased va-
riety and number of samples and tissues examined, our awareness of mosaic 
CNVs within an individual is improving. In comparison to karyotyping the 
resolution of array-CGH is much higher and consequently smaller alterations 
can be more easily detected. As mosaicism per definition affects a fraction of 
cells and array-CGH analysis routinely includes combined DNA from many 
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cells there is a limit of CNV identification concerning also possibly somati-
cally developed events. Nevertheless, sensitivity is improving and somatic 
mosaicism has been detected as present in 5-20% of cells examined (46, 47).   
 
Somatic mosaicism coupled to genes causing Mendelian disorders is re-
ported more and more frequently. As a part of its nature mosaicism can re-
sult in a milder phenotype or unmask expression of a mutation thatotherwise 
would have been lethal for the embryo. It is therefore likely that many cases 
of somatic mosaicism are not discovered clinically, since the patients may 
show reduced pathogenic phenotype due to low numbers of cell carrying the 
mutation. The fraction of mutated cells will depend on the time point of the 
de novo change in the developing embryo, the later it happens the fewer 
number of cells become affected in the adult individual. Also, supporting the 
probable bias regarding the low detection of cases with mosaicism, could be 
that it mostly occurs in sporadic cases, with no family history of disease, and 
subsequently these individuals and/or their mutations are not identified to the 
same extent as in patients within families carrying known heritable syn-
dromes. Some examples of diseases that can be caused by mosaic CNVs are 
Duchenne Muscular Dystrophy (DMD), which is a neuromuscular disorder 
due to mutations in the DMD gene on chromosome X, and Neurofibromato-
sis Type 1 (NF1). DMD and NF1 cases also present with mutations in ger-
mline. NF1 is an autosomal dominant disorder which will be discussed brief-
ly later, since a small fraction of these patients develops malignancies such 
as pheochromocytoma. The more common characteristics of NF1 include 
neurofibromas, café au lait spots, cognitive defects and lish nodules. The 
mutated NF1 gene is located on chromosome 17 and deletions occurring in 
this region are believed to be the product of NAHR (44, 48). 
 
Meiosis seems to be very error prone and two thirds to three fourths of all 
conceptions are lost, of which half are due to chromosomal aneuploidy (48). 
It is well known that very few chromosomal aneuploidy events are tolerable 
during meiosis, no autosomal monosomies are compatible with life and only 
trisomy 13, 18 and 21 results in live birth. Sex chromosome aneuploidy is on 
the other hand more viable. Thus, it has been long known that several large 
chromosomal alterations and aneuploidies exist as somatic mosaicism in 
different syndromes, such as trisomy 8, trisomy 9, tetrasomy 12, monosomy 
14 and trisomy 20 as well as the three aneuploidies mentioned above (48). 
There are also reports of aneuploidy and other large scale chromosomal alte-
rations in the context of somatic mosaicism that does not give rise to patho-
genic conditions in certain cases. This includes, trisomy 13, tetrasomy 5, 
trisomy and tetrasomy 9 as well as jumping Robertsonian Translocation re-
sulting in mosaicism for rob(13;13) and rob(13;15) (49-52). All of which 
have been found in normal subjects. The application of BAC clone based 
array-CGH in clinic genetics laboratories has allowed for the detection of 
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also sub-chromosomal alterations and it has been estimated that 0.4% of all 
screened patients have a pathogenic somatic mosaicism utilizing this method 
(53, 54). More high resolution arrays have also recently been used and one 
study reported a frequency of 1% for aneuploidy mosaicism in patients re-
ferred to clinical diagnostic testing (47). 
 
Finally, monozygotic (MZ) twins are an excellent resource to study somatic 
mosaicism, including genetic changes such as CNVs. Numerous compara-
tive studies of monozygotic twins have been conducted in the attempts to 
elucidate the contribution of environmental versus genetic factors in a wide 
range of diseases and behavioral aspects. MZ twins are derived from a single 
fertilization and post-zygotily splits and develop into two embryos. MZ 
twins therefore share the same DNA and are supposed to be genetically iden-
tical. The phenotypical difference observed between a pair of MZ twins 
should then primarily be due to the environmental factors and differences in 
their epigenomes. However, a rather recent study concerning detection of 
CNVs has shown the existence of somatic mosaicism in MZ twins. In this 
study, 19 pairs of MZ twins were analyzed, which were then further divided 
into 2 groups where nine pairs were discordant for Parkinson´s disease or 
related disorder and ten pairs were concordant. CNV loci that differed be-
tween pair of twins were found in both groups. The results from this report 
suggest that genetic differences between MZ twins may be more common 
than earlier believed. This study also supported the idea to use discordant 
MZ twins in the search for novel disease associated de novo gene mutations 
(46). Importantly, as mentioned above, epigenetic changes such as DNA 
methylation may also explain phenotypic differences between MZ twins (55, 
56).  
 
Mosaicism clearly contributes more to human variation and disease than 
previously estimated. Additional studies in many more individuals, including 
MZ twins, and several tissues of different lineages and ages including cell 
sorting, as well as technical advances regarding resolution and sensitivity of 
detection will be required to shed more light on the frequency and impor-
tance of somatic genetic mosaicism.  

 
 
 
 
 
 



 25

Epigenetics 
 
Multicellular organisms generally have nearly identical genomic sequence in 
all of the different cell types and tissues compromising the adult individual, 
even if intra-individual genetic differences exists as discussed above. Yet the 
gene expression pattern for each distinct cell type is unique (57, 58), a cell-
specificity that cannot be explained by limited genomic regions of somatic 
mosaicism. The maintenance of this cellular identity is obviously important 
during development and must be retained during mitotic cell divisions. The 
explanation for these specific transcription programs lies within the term 
“epigenetics”. The name epigenetic is derived from the Greek “epi” meaning 
“upon” (59) and the term epigenetics was first used in 1939 by Conrad Wad-
dington to describe “the causal interactions between genes and their prod-
ucts, which bring the phenotype into being” (60). Later, Arthur Riggs and 
colleagues defined epigenetics as “the study of mitotically and/or meiotically 
heritable changes in gene function that cannot be explained by changes in 
DNA sequence” (61). Today the term has broadened to include both gene 
transcription changes that are heritable and transient in nature (62, 63). In 
other words, the epigenetic mechanisms are those which affect the structure 
and/or function of the chromatin in order to regulate gene expression, with-
out alterations of the DNA sequence itself. This regulation is believed to 
occur by the ability of epigenetic signals to influence the accessibility of 
transcription factors to DNA, thereby resulting in activation or repression of 
gene transcription. Moreover, epigenetic modifications can also directly 
serve as docking sites for other protein complexes that in turn affect the 
chromatin structure and lead to functional consequences. Epigenetic me-
chanisms include DNA methylation, posttranslational histone modifications, 
histone variants, and small interfering RNAs. 

DNA Methylation 
DNA methylation is the most well-studied and understood epigenetic mod-
ification and importantly, it is most often associated with gene silencing.  
Today strong evidence exist  for DNA methylation as a epigenetic stable 
inheritance between cell divisions (64). DNA methylation has been shown to 
play a critical role in the control of various cellular processes such as em-
bryonic development, transcription, X chromosome inactivation and genom-
ic imprinting (65). DNA methylation patterns are established during em-
bryonic development by the de novo DNA methyltransferases DNMT3A/3B 
and are maintained in the subsuquent cell divisions by the maintenance me-
thyltransferase DNMT1 (66). A broad range of developmental abnormalities 
and diseases have been linked to the disruption of methylation patterns (65, 
67). DNA methylation is also of great interest in cancer research and, as 
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discussed briefly below, seems to be of great significance in tumourgenesis. 
DNA methylation occurs at the C5 position of cytosines that precede gua-
nines, so-called CpG dinucleotides (68-70). In total, 70-80% of the CpGs in 
the somatic human genome are methylated which constitutes approximately 
1% of all bases (71). In normal cells DNA methylation is mainly found in 
repetitive regions, such as satellite repeats, long and short interspersed trans-
posable elements (LINES and SINES respectively) and endogenous retrovi-
ruses  (72). CpGs are not randomly distributed, rather they are clustered to-
gether within the genome in certain CpG rich regions known as CpG islands. 
These islands span the 5´-end of the regulatory regions of approximately 
60% of all genes (73). The majority of CpG islands remain unmethylated in 
normal cells, although particular promoter CpGs for tissue- and germline-
specific genes are often methylated (74). More data from genome wide stu-
dies of the methylation status in human cells, termed epigenomic profiling, 
are emerging and this will provide many new insights as to the full signific-
ance of epigentics. For instance it was recently reported in a global survey 
that the most tissue-specific DNA methylation in brain, liver and spleen was 
not at the CpG islands but at regions of lower CpG density, located up to 2kb 
from the CpG island named island shores (75).  

Chromatin and genomic regulation 
In epigenetics, DNA in the context of chromatin is the main consideration. 
In humans and other eukaryotes the nucleosome is the basal unit of the 
chromatin which in turn constitute two copies of each of the four core his-
tones (H3, H4, H2A, and H2A). Approximately 146 bp of DNA is wrapped 
around these octamers of histone proteins (76, 77). Chromatin is however 
not only a packaging tool, it is dynamic and adjusts in response to regulatory 
signals needed to program appropriate cellular pathways. Histones are par-
ticularly important for such functions and these evolutionarily conserved 
proteins contain an accessible amino-terminal tail which can be subjected to 
posttranslational modifications (78). Chromatin is further characterized by 
histone variants and the spacing between nucleosomes (known as the nuc-
leosome occupancy).  In fact, alternative histones comprise another regulato-
ry mechanism shown to be involved in gene regulation and often also in 
DNA damage (79). Histone variants are structurally distinct non-typical ver-
sions of histone proteins encoded by independent genes and are often sub-
jected to regulation that differs from that of the typical histones (80). There 
is also a growing understanding of the roles of RNA in gene regulation on a 
post transcriptional level, which represent an additional epigenetic mechan-
ism. For example, small non-coding micro RNAs (miRNA) have been found 
to be involved in the regulation of a variety of  biological functions such as 
developmental and metabolic processes but  are also clearly linked to tumou-
rigenesis (81). miRNA degrades mRNA or inhibits translation by sequence 
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specific base-pairing in the 3´untranslated regions of the target mRNAs (82). 
Moreover, other types of non-coding RNA (ncRNA) molecules have recent-
ly been shown to regulate chromatin modifying protein complexes (83, 84)  
and as the density of transcribed RNAs in cells seems to be much higher 
than previously appreciated (2) it is proposed that ncRNA –based mechan-
ism s could account for greater regulatory control in health and disease than 
currently known today.  

Histone modifications 
Histone modification, which have been shown to be heritable during cell 
divisions (85), is acknowledged as a key process in epigenetic regulation. 
The dynamic alterations of chromatin rely heavily on histone modifications 
and it is recognized that the core histones can be subjected to more than 100 
different modifications including acetylation, methylation, phosphorylation 
and ubiqutination (86, 87) . There are primarily specific positions at the ami-
no-terminal end of the histone tail that are modified and today most is known 
about lysine acetylation and methylation.  Acetylation of lysine is associated 
with chromatin accessibility (euchromatin) and transcriptional activity, whe-
reas lysine methylation can have different effects depending on which resi-
due is modified; methylation of histone 3 lysine 4 (H3K4) and H3 lysine 36 
(H3K36) is associated with transcribed chromatin. In contrast, methylation 
of H3 lysine 9 (H3K9) and H3 lysine 27 (H3K27) seem to lead to repression 
and a more compact chromatin structure (heterochromatin) (86) (Figure 3). 
Histones, in addition to having a significant role in the regulation of gene 
expression are also important in DNA damage repair, DNA replication and 
recombination (88). Due to the numerous potential modifications, a histone 
code hypothesis has been proposed and is defined as follows: distinct mod-
ifications, on one or more histone tails, act sequentially or in combination to 
form a ”histone code” that is read by other proteins to bring about distinct 
downstream events (89). Moreover, apart from the different possible cova-
lent chemical modifications, the methylation of lysine can be either in a 
mono, di or tri state (me1, me2, me3). Taken together this implies that the 
potential number of combinations is enormous.  
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Figure 3. Cytosine and histone methylation. A. The repressive cytosine methylation 
(orange) and histone modification H3K27me3 (orange) as well as the active histone 
modification H3K4me3 (green) are illustrated. B. Diverse additional histone  mod-
ifications (Figure adopted from Bernstein BE, Meissner A, Lander ES. The mamma-
lian epigenome. Cell 2007;128(4):669-81.). 

Epigenomic profiling 
The major methodological approach in the study of histone modifications is 
chromatin immunoprecipitation (ChIP). This technique utilizes a chromatin 
extract of the cells or tissue of interest and an antibody against the histone 
modification under investigation is used for immunoprecipitation of cross-
linked DNA. By also carrying about several ChIPs from the same extracts 
using different antibodies conclusions can then be drawn regarding the com-
binations of histone modifications at the chromatin at that specific time 
point. In order to systematically investigate genome-wide histone modifica-
tion patterns ChIP has been applied together with microarrays (ChIP-chip) or 
more recently with massive parallel sequencing (ChIP-seq). Such epigenom-
ic studies have provided understanding of the global patterns of a number of 
histone modifications in various cell types (90-93) and also contributed to 
the understanding of their impact in disease including cancer (see below). 
With regards to the histone code of normal cells a comprehensive study in 
human T cells utilized ChIP-seq to map as many as 39 different modifica-
tions (93).  In total they identified 13 main patterns present in at least 62 
genes supporting studies in yeast and Drosophila that only a fraction of the 
possible myriad of combinations of histone modifications actually exists in 
vivo (94, 95). Notably, in the aforementioned T-cell study a backbone of 17 
modifications was detected in roughly 30% of more than 12000 investigated 
promotors and importantly, most of these genes were shown to be highly 
expressed. Studies addressing the histone modification patterns in cell diffe-
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rentiation and development have revealed that high levels of histone acetyla-
tion is important in the maintenance of an undifferentiated state in the stem 
cell (96, 97). Moreover, so called “bivalent” enrichment of the transcription-
al repressive mark H3K27me3 and the activating mark H3K4me3 on many 
developmental regulatory genes have commonly been observed in mouse 
and human embryonic pluripotent stem cells (92, 98-100). During cell diffe-
rentiation the bivalent mark is lost from the majority of genes and either one 
of the two marks often remains. The bivalent genes in general have low ex-
pression meaning that H3K27me3 is the dominant mark; H3K4me3 seems to 
keep genes poised for activation and does not necessarily mean transcription 
activity (101, 102). Trimethylation of H3K4 is one of the most studied lysine 
modification and it is found at the nucleosome that flanks the nucleosome-
free region which coincides with the transcription start site (TSS) of actively 
transcribed genes in all eukaryotes examined to date (91, 102). These sites of 
H3K4me3 enrichment are also clearly linked to the location of the methyl-
transferase enzymes responsible for the modification (103, 104). The view is 
that H3K4me3 does not directly affect transcription but rather specifies re-
cruitment of downstream effectors. Supporting this notion, factors associated 
with transcription have been reported to interact with H3K4me3 (105, 106). 
Several studies have recently shown that novel promotors can be identified 
on the basis of the H3K4me3 chromatin signature including TSSs for 
ncRNAs (91, 107). 

Methylation of the histone modifications H3K4me3 and H3K27me3 
Transcriptional cofactors containing a so called SET domain predominantly 
perform histone methylation. Two different groups of protein complexes 
conveying this enzymatic activity have been identified which also show an 
association with either transcription maintenance or repression. These two 
complexes are termed Trithorax and Polycomb group proteins. Several tri-
thorax proteins are H3K4 methyltransferases, for instance MLL and 
SMYD3. Polycomb group proteins (PcG) such as EZH2 have H3K27 me-
thyltransferase activity. Moreover, the PcG proteins form complexes called 
Polycomb repressive complexes (PRCs) and the vital role of these in devel-
opment and somatic cell differentiation due to their effect on chromatin are 
more and more recognized (108). The PRC1 complex inhibits gene activity 
by interfering with the movement of the nucleosome and by blocking re-
cruitment of transcriptional activation factors (109). EZH2 is a member of 
the PRC2 complex and the trimethylation of H3K27 is a prerequisite for the 
action of PRC1 (109). Given the critical role of H3K27me3 in the balance of 
gene activity is it not surprising to find alterations of this system in diseases 
such as cancer and will be discussed in more detail below. 
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Cancer   
 
Cancer is a global health problem responsible for one in eight deaths world-
wide (110). Of all reported deaths in Sweden, neoplasms are the second most 
common cause; just after diseases of the circulatory system (Socialstyrel-
sen). Cancer is characterized by the relatively uncontrolled proliferation of 
cells which also can progress and invade neighbouring tissues and metastas-
ize to distant organs. Most deaths are due to metastatic spread, so prevention 
of metastatic tumours is of high clinical value and attention (111).  Despite 
its common properties cancer is a complex collection of diseases that can 
arise from most of the cell types and organs of the body. There are more than 
100 distinct cancer types with diverse risk factors and epidemiology (112). 
Genetic, and/or epigenetic alterations are believed to be the cause of cancer. 
Such alterations can be inherited in the germline or acquired somatically. A 
variety of DNA damage mechanisms exist which cause the cancer genotype, 
as discussed below, nevertheless, tumour causing alterations may also be the 
consequence of the effects of carcinogens, such as tobacco smoke, radiation, 
chemicals, or infectious agents. The majority of all human cancers are 
known to occur as sporadic cases with no family history of disease. Cancer 
is thought to develop through a multistep process of an accumulation of the 
plethora of possible mutations, consistent with Darwinian evolution prin-
ciples. In this way random mutations and epigenetic changes reactivate or 
modify signaling pathways, a process which is followed by the clonal selec-
tion of cells that can survive and proliferate under circumstances that nor-
mally would be lethal (113, 114).  

Hallmarks of cancer 
The classical phenotypical characteristics that have been described as the 
hallmarks of cancer include i) unlimited proliferation potential, ii) self-
sufficiency in growth signals, iii) resistance to antiproliferative and iv) apop-
totic cues, v) attraction of new blood vessels to bring oxygen and nutrients, 
vi) evasion of immune detection and ultimately vii) metastasize to distant 
organs (115, 116). These acquired properties are mainly due to the irreversi-
ble alterations present in the cancer genome, namely consisting of single 
bases (point mutation), insertion and deletions of small DNA segments, rear-
rangements including translocations of DNA sequences and copy number 
imbalances of large genomic regions. The cancer genome is also subjected to 
potentially reversible epigenetic changes involving DNA methylation and 
histone modification status, as well as regulatory RNAs (Figure 4). In addi-
tion, exogenous sources of new DNA sequences from viruses such as papil-
loma virus which can integrate into the genome of cancer cells can also lead 
to tumour development (117). 
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Recently several additional hallmarks of cancer has been proposed, based 
more on the common phenotypes observed than on the initiating tumouri-
genic events. These are collectively called the stress phenotypes of cancer 
and include: viii) DNA damage/replication stress, ix) proteotoxic stress, x) 
mitotic stress, xi) metabolic stress and xii) oxidative stress (113). A brief 
description of these important tumour characteristics follows here, starting 
with viii) DNA damage. Most solid tumours are subjected to genomic insta-
bility resulting in the generation of point mutations, deletions, complex 
chromosomal rearrangements and extensive aneuploidy (118). The DNA 
damage seen in early stage tumours are believed to be caused by several 
mechanisms, for instance the shortening of telomeres due to replication in 
the absence of sufficient telomerase activity leading to double-strand breaks 
(DSBs) at the telomeric ends. The subsequent fusion of these unprotected 
ends leads to breakage-fusion-bridge cycles that result in translocations and 
gene amplifications (119). Mutations in genes involved in DNA repair pro-
grams such as excision, crosslink and mismatch repair, and/or the DNA 
damage stress response (DDR) pathways (120) such as ATM and p53, can 
also lead to increased DNA damage and  inappropriate cell-cycle progres-
sion and genomic instability (121). Cancer cells, as opposed to normal cells, 
overcome the antiproliferative effects of DNA damage and obviously con-
tinue to replicate. ix) Proteotoxic stress is described as an increased amount 
of toxic unfolded proteins which aggregate in the cell and thereby putting 
stress on the folding and degradation machinery of the cell (122). 
 
 x) A mitotic stress phenomenon is chromosomal instability (CIN) which is 
manifested as an increased rate of gains and losses of whole chromosomes 
due to mitotic mis-segration (123). The CIN phenotype can result from de-
fects in a variety of pathways involved in mitosis, recently it has been shown 
that the presence of an extra centrosome in cancer cells likely contributes to 
chromosome mis-segregation during cell division (124). In hereditary can-
cer, the presence of genomic instability has been linked to mutations of DNA 
repair genes, however, this association is not as clear in many sporadic cases 
(125).  xi) Metabolic stress refers to the observation that cancer cells, again 
in opposition to normal cells, produce the majority of their energy through 
glycolysis, a phenomen known as the Warburg effect (126). Normally, cells 
generate the energy resource molecule ATP via the mitochondrial oxidative 
phosphorylation mechanism. This alteration is advantageous for tumour cells 
which can then adapt to low oxygen environments more easily as well as the 
side effect of producing lactic acid, which promotes tumour invasion and 
suppresses immune surveillance (113). xii) Finally, oxidative stress which 
relates to the increased presence of reactive oxygen species (ROS) possibly 
in part due to down-regulation of mitochondrial function (127). ROS are yet 
another likely to contributor to DNA damage in cancer cells (113). 



 32 

Cancer genetics 
The first findings pointing to the central role of the genome in cancer devel-
opment were made in the late nineteenth and the early twentieth centuries by 
David von Hanseman and Theodir Bovier (128, 129). By investigating divid-
ing cancer cells under the microscope they observed bizarre chromosomal 
alterations which led to the theory that cancer originates from and is charac-
terized by abnormal clones of cells carrying severe aberrations in the heredi-
tary material. Subsequent crucial findings in the field of cancer genetics fol-
lowed; the discovery of the DNA molecule as the inheritance material (130), 
its structure (1) and the observation that DNA-damaging agents causing 
DNA mutation generated cancer (131). Additional more sophisticated chro-
mosomal analyses showed that specific and recurrent genomic alterations 
were associated with certain types of cancer, such as the translocation be-
tween chromosome 9 and 22 in chronic myeloid leukemia (“Philadelphia 
chromosome”) (132). In 1982, the first isolated single DNA sequence 
change able or sufficient to cause cancer was reported. The mutation is a G > 
T substitution in the HRAS gene that lead to an amino acid switch from gly-
cine to valine and result in an activated Ras protein (133). The search for 
genetic background to cancer development and progression has been mas-
sive and continues today, with the expectation of even more exciting results 
especially with the application of new technological and methodological 
advances. 
 
Somatic mutations accumulate over time and can be categorized according 
to their role in cancer development as driver or passenger mutations. Driver 
mutations promote a growth advantage for the cell and are positively se-
lected during cancer evolution. Passenger mutations, on the other hand, do 
not contribute directly to cancer development, but are carried along during 
clonal expansion. Approximately 420 driver genes have been identified to-
day (http://www.sanger.ac.uk/genetics/CGP/Census/). These cancer genes 
have been reported to show recurrent somatic mutations in tumours with 
evidence of contribution to the disorder. Mutations in about 10% of these 
genes are also found in germline, predisposing to an increased risk of devel-
oping cancer. Moreover, approximately 90% of the cancer genes acts domi-
nantly, i.e. the mutation in one allele is sufficient to contribute to cancer 
development. In the case of dominant acting cancer genes (also known as 
oncogenes), the somatic mutation is constrained. Missense mutations, in-
frame insertions and deletions, and gene amplification are common events. 
The most frequent event is however a result of genomic rearrangements, 
such as the joining of sequence from two different genes to create a fusion 
gene or that the cancer gene is positioned behind an active promoter. Both 
scenarios give rise to aberrant upregulation of gene expression. The remain-
ing 10% of cancer genes acts in a recessive manner; these genes are often 
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called tumour suppressor genes. The patterns of mutations differ between the 
dominant and recessive cancer genes. Tumour suppressor genes can be inac-
tivated by a wide range of mutations, such as single nucleotide substitution 
to whole gene deletion as well as epigenetic silencing, which may result in 
complete loss of protein function (112). According to the two-hit mutational 
model by Knudson, two genetic events (acting on each allele) are required 
for a tumour suppressor gene to lose its function (134). However, haploin-
sufficiency may also contribute to tumourigenesis, in a dominant acting ef-
fect manner. 

Genomic profiling of cancer 
During the past decade the understanding of the cancer genome landscape 
has greatly improved due to the advancement of genomic profiling tech-
niques, from karyotyping via array-CGH to the currently increasingly used 
massive parallel sequencing. The improved resolution has been described as 
more than a million fold (135). Several hundreds of array-CGH studies with 
variable resolution have so far been performed on various cancer samples 
and numerous tumour-specific chromosomal aberrations have been identi-
fied, including important findings of candidate genes within those genomic 
regions. DNA copy number profiling has also aided in classifying subgroups 
of tumours that correlates to clinical outcome (135, 136). 
 
The genomic instability of cancer cells, manifested and profiled as somatic 
DNA copy number changes in array-CGH analysis (Figure 4), is one major 
responsible cause of the observed altered gene expression known to contri-
bute to tumour development (135, 137-140). Amplification of genomic seg-
ments may lead to increased mRNA and protein expression and several on-
cogenes are known to reside in those regions of multiple DNA copies (140, 
141). Likewise, deletion of DNA segments may lead to haploinsufficiency or 
the complete loss of expression of tumour suppressor genes, with fatal con-
sequences. The implementation of also array-based gene expression analysis 
has revealed novel transcriptional signatures correlating with clinical out-
come (142, 143). Moreover, integration of genome wide expression profiling 
with copy number analysis have significantly increased the power to identify 
candidate cancer genes (144, 145). Emphasizing the importance of detecting 
recurrent somatic copy number changes in cancer and in an approach to cata-
logue those that are associated with the development of many major types of 
cancer a comprehensive array-based study was recently published analyzing 
more 3000 tumour samples of 26 different tissues. Due to the large size of 
the common aberrations involving whole chromosome arms they focused on 
short (focal) alterations (median length of 1.8Mb) and indentified 158 fre-
quent (1.5%-14%) and independent regions across all samples. The most 
frequent of these focal amplified and deleted regions contained the MYC and 
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CDKN1A/B gene, respectively. Interestingly, 122 of the 158 copy number 
changed segments did not contain a known cancer gene. Moreover, nearly 
200 focal regions were identified in individual cancer types enabling for 
detection of candidate genes. Conclusively, different tumours may harbor 
similar genomic alterations that are of importance, but clearly great diversity 
exists and more studies are needed to elucidate the functional relevant events 
(146). 

Epigenetics in cancer 

Cancer and DNA methylation 
The importance of epigenomic changes in tumour biology is gradually be-
coming obvious. Loss of DNA methylation at CpGs was the first epigenetic 
change to be found in cancer cells (69, 70). At present, this epigenetic me-
chanism is the most studied in cancer, and probably also plays a major part 
in tumourgenesis. The pattern of DNA methylation in cancer cells is greatly 
altered and is largely manifested as wide spread hypomethylation. This oc-
curs mainly in regions of repetitive DNA and gene-poor areas but also in 
coding and intronic regions. DNA methylation is believed to be an early 
event and subsequently during tumourigenesis the degree of global hypome-
thylation increases (147). Different explanations have been proposed to de-
scribe the contribution of hypomethylation to cancer progression such as 
increase in genomic instability, reactivation of transposable elements, and 
activation of proliferation prone genes and loss of imprinting (82). Loss of 
DNA methylation can lead to mitotic recombination, resulting in deletions, 
translocations and chromosomal instability. Genomic imprinting, the silenc-
ing of one of the two parental alleles, is partly maintained by differential 
methylation of regions near or within imprinted genes, a process normally 
programmed in the germline. Disruption of imprinting results in an unba-
lanced abundance of the imprinted gene product. For instance, the loss of 
imprinting of the IGF2 gene increases IGF2 protein levels which are asso-
ciated with an elevated risk of developing a wide number of cancers such as 
liver, lung and colon (65, 148, 149). Moreover, genomes of cancer cells are 
also characteristically found to contain de novo hypermethylation at specific 
regions, preferentially in CpG islands of tumour suppressor genes and mi-
croRNA genes. Inactivation of tumour suppressor genes due to DNA methy-
lation is a major cause of cancer. For instance, the aberrant de novo hyper-
methylation of CpG islands in promotors of known tumour suppressor genes 
such as CDKN2A/p16INK4a, MLH1, VHL and E-Cadherin has been shown to 
correlate with decreased expression in several human cancers (150).  
 
Further high resolution studies on the global changes in DNA methylation of 
individual samples will be presented in the coming years revealing addition-
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al tumour type-specific methylomes. Certain CpG island hypermethylation 
profiles have already been shown to differ between cancer forms (151, 152). 
The increased recognition of such epigenomic patterns occurring both in 
sporadic and inherited cancers could certainly have implications for therapy 
strategies. DNA hypermethylation markers are also being developed for 
complementary diagnostic and prognostic tools as well as predictors of re-
sponse to treatment (82).  

Histone methylation in cancer 
It is continuously emerging that besides DNA methylation the epigenetic 
regulation of histone modifications plays a major role in the control of tran-
scription, cell differentation as well as in the development of cancer (87, 
153). Histone methylation was described over 40 years ago but the actual 
enzymes responsible for the methylation were reported much later, starting 
in the mid 1990s. Many of these enzymes have also subsequently been fre-
quently observed to be differentially expressed in tumours and/or involved in 
oncogenic translocation events. For instance the proteins MLL1, SMYD3, 
EZH2 and DOT1L involved in methylating histone residues such as H3K4, 
H3K27 and H3K79 have all been associated with cancer development (154). 
This also applies to certain proteins which are responsible for the demethy-
lating activity of H3K4me3, H3K27me3 and H3K9me3 namely LSD1, 
UTX, PLU-1 and JMJD2C (155-158). Chromosomal translocations of the 
MLL1 gene are for example found in over 70% of infant leukemia cases and 
these aberrations correlate with poor outcome (159). Another H3K4 methyl-
transferase, SMYD3, has been observed to be upregulated in prostate cancer 
cells (160) and in colorectal, hepatic and breast cancer (161) indicative of 
H3K4 hypermethylation association and cancer progression.   
 
Moreover, the H3K27 trimethylase EZH2 has been reported as over-
expressed in numerous tumour tissues such as breast, bladder, colon and 
gastric cancers, which is believed to lead to the functional consequence of 
silencing of genes that promote differentiation and inhibits proliferation (tu-
mour suppressor genes) (162). Studies have also shown that H3K27me3 can 
target loci for de novo DNA methylation in cancer cells and the connection 
between these two different actions of gene silencing is an active area of 
research (163, 164) . DNMTs as well as histone deacetylases (HDACs), have 
been reported to be recruited to CpG regions by the PRC2 complex and con-
tribute to the silencing of the nearby gene (163). Also, H3K27me3 was 
shown to be a premark in colon cancer for de novo CpG methylation (165). 
However, DNA methylation independent changes of histone modification 
pattern have also been directly linked to cancer development and specifical-
ly, inactivation of genes marked by H3K27me3 in the absence of DNA me-
thylation has been reported (166). Notably, several histone acetyltransferase 
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(HAT) genes are altered in cancer resulting in loss of the active H3 acetyla-
tion mark at tumour suppressor genes (167). 

Genome wide investigations of histone modifications in cancer genomes 
The advent of the array technology has in recent years led to a number of 
genome wide ChIP-chip studies investigating the histone modification status 
also in tumour cells. Given the importance of these chromatin marks it is 
believed that specific modifications can distinguish different cancers and 
possibly be used in prognosis as well as in the identification of targets for 
drug development. Global patterns of acetylation and methylation of his-
tones H3 and H4 are associated with multiple cancer types and, in prostate 
cancer for instance, modification patterns distinguish disease subtypes and 
can predict patient outcome (162, 168-170). In one of these studies it was 
shown that prostate cancer patients displaying decreased levels of H3K4me2 
together with H3K18Ac had poorer prognosis than those patients with higher 
levels of these histone modifications (169). Moreover, a general reduction of 
H4K16ac and H4K20me3 is seen during tumour development in a wide 
range of cancers (168) and alterations in H3K9 methylation patterns have 
also been associated with aberrant gene silencing in cancer (171). Interes-
tingly, H3K27me3 also shows the potential to be used as a prognostic mark-
er. Genes marked with H3K27me3 in metastatic prostate cancer cells corres-
ponded to a high degree with PcG silenced genes in stem cells, a result that 
was used to develop a PcG repression signature which predicted clinical 
outcome. The signature also proved valid for breast cancer (170).  Additional 
recent high resolution whole genome studies in prostate cancer cells have 
also shown the distribution of H3K4me3 and H3K27me3 and their correla-
tion to gene expression as well as to upregulation of the methylating en-
zymes responsible for these modifications (160). 
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Figure 4. The main types of genomic and epigenomic aberrations are illustrated 
together with examples of how they can be detected. a, Changes in DNA sequence, 
such as point mutations, can be assessed by DNA-sequencing techniques. b, 
Changes in genomic organization can be assessed by using fluorescence in situ hy-
bridization. In the example shown, DNA segments are exchanged between the two 
(blue and green) DNA molecules. c, Changes in DNA copy number, such as those 
that result from amplification, can be assessed by using comparative genomic hybri-
dization. d, Changes in DNA methylation and the resultant changes in chromatin 
structure can be assessed by using chromatin immunoprecipitation plus microarray 
analysis of immunoprecipitated DNA. Each of these types of change can alter the 
expression levels of genes or microRNAs (referred to here as genetic elements of 
interest, GEOIs), alter the splicing patterns of transcripts, or change gene function 
through mutation or through creating chimaeric genes. Many of these events can be 
as assessed by microarray analysis. These changes may ultimately translate into 
altered functions, leading to a diseased state, such as cancer (Figure adopted from 
Chin L, Gray JW. Translating insights from the cancer genome into clinical practice. 
Nature 2008;452(7187):553-63.). 
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Remarks on large scale cancer genetic/epigenetic research 
Many important findings regarding cancer genetics have been reported with 
the use of methods such as microarrays which enable the identification of 
amplified and deleted genes, along with the re-sequencing of selected re-
gions of cancer genomes post PCR-amplification. New high through put 
technical advances with massive parallel sequencing will however contribute 
enormously to the knowledge regarding mutations in cancer cells. Recently, 
data from such studies have become available revealing the complexity of 
the cancer genome. Even though several well known oncogenes and tumour 
suppressor genes such as PI3K, Ras, p53, PTEN, Rb, and CDKN2A/p16INK4a 
are frequently found mutated in cancer, it is becoming clear that apparently 
there are a high number of low frequency changes which are important in a 
subset of tumours. The tumour genomes and exomes sequenced so far have 
shown an extraordinary diversity of mutations (172-177) and each tumour 
sample harbours a complex combination of rare mutations thought to drive 
the cancer phenotype.  But interestingly, despite the tumour heterogeneity 
and the fact that cancer genomes contain many infrequently and a few fre-
quently mutated genes, signaling pathway analysis have been shown to sig-
nificantly reduce the complexity (178). A limited number of affected shared 
pathways were discerned in a major fraction of tumours in a study of exonic 
mutations in pancreas cancer for instance (173). The large scale surveys of 
various tumour genomes have identified new possible cancer genes that may 
constitute potential therapeutic targets (157, 179-185). Functional studies are 
needed to discern driver genes from passenger genes (186). 
 
The continuous decoding of individual cancer genomes will hopefully lead 
to more accurate diagnosis and prognosis and also guide personalized treat-
ment. The insight into frequent cancer mutations has led to development of 
new drugs, such as the antibody trastuzumab for HER2 positive breast can-
cer and imitanib targeting the BCR-ABL tyrosine kinase in chronic myeloid 
leukemia (187, 188). More targeted therapies are to come, even if the recent 
advances in dicerning the diversity and complexity of mutations in individu-
al tumours may suggest it to be also prudent to consider the development of 
therapeutics that target functional pathways or processes rather than individ-
ual genes and/or proteins that have been shown to be relatively commonly 
mutated.  
 
The recent and ongoing advances in the field of epigentics and cancer have 
led to the realization that the epigenome may be as important as the genome 
itself when it comes to regulation of essential cellular processes and also in 
the cause and progression of cancer. A deeper understanding of the different 
global chromatin regulators and their distribution holds promises for an im-
proved understanding of cancer cells, and will provide discovery of diagnos-
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tic markers and development in specific therapeutic strategies that may aid in 
the treatment of cancer patients. 
 
In the past few years, several initiatives have begun to search for somatic 
alterations that underlie human cancer more systematically and comprehen-
sively. In 2008, a massive effort was launched by the then formed Interna-
tional Cancer Genome Consortium (ICGC). The aim is to coordinate large-
scale cancer genomic studies in tumours from 50 different types including 
the ones with highest incidence and mortality worldwide. More than 25 000 
samples will be investigated at the genomic, epigenomic and transcriptome 
level with high resolution and coverage sequencing methods. The combina-
tion of these sophisticated and comprehensive analyses with correlation to 
clinical data hold promise for revealing the repertoire of disease causing 
mutations, the defining tumour subtypes for prognosis and diagnosis, as well 
as enabling the development of new cancer therapies (185). 
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Pheochromocytoma 
 
Pheochromocytomas are rare neuroendocrine tumours of the sympathetic 
nervous tissue. The term pheochromocytoma relates to the color the tumour 
cells acquire when stained with chromium salts. In Greek phios means 
dusky, chroma means color and cytoma means tumour. Pheochromocytoma 
was first described in 1886 and the first surgical resection of a pheochromo-
cytoma was performed in Lausanne, Switzerland in 1926 by Roux, later the 
same year Charles Mayo made the first surgical removal in USA (189). 
Pheochromocytomas are most often (80-90%) found in the adrenal medulla 
where they arise from catecholamine producing chromaffin cells, derived 
from the embryonic neural crest (Figure 5) (190). The adrenal glands sit on 
top of the kidneys and each gland consists of two distinct layers, the adrenal 
cortex and the medulla, which both produce hormones. The adrenal cortex is 
devoted to the synthesis of corticosteroid hormones from cholesterol and this 
tissue layer surrounds the catecholamine secreting medulla situated as the 
core of the gland.  
 
Approximately 10-20% of the pheochromocytomas are located outside the 
adrenals, often referred to as extra-adrenal pheochromocytoma, or sympa-
thetic paraganglioma (190). Paraganglioma however refers to all neoplasias 
of the paraganglion nervous system, consisting of both sympathetic and pa-
rasympathetic paraganglia located along the large vessels from the base of 
the skull to the pelvis. Paraganglioma of the parasympathetic nervous system 
are mostly situated in the head and neck region, and rarely secrete significant 
amounts of catecholamines (191). The sympathetic paraganglioma, are most 
common in the upper abdomen, but may occur in Zuckerkandl´s paraganglia 
at the aortic bifurcation, in the middle mediastinum and involve the heart, 
and in the wall of the urinary bladder (190). 
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Figure 5. A, Anatomical distributions of chromaffin tissue (Figure adopted from 
Lack E. Tumours of the adrenal gland and extra-adrenal paraganglia. In Atlas of 
Tumors Pathologhy. Armed Forces Institute of Pathology: Washington, DC, 1997, 
261-267). B,A surgically removed pheochromocytoma. Photo provided by Professor 
Göran Åkerström, Uppsala University Hospital. 

The clinical manifestation of pheochromocytoma results from excessive 
catecholamine secretion. The continuously or intermittently overproduced 
catecholamines released to the blood stream are epinephrine, norepinephrine 
and more rarely dopamine. Sympathetic paragangliomas however rarely 
secret any ephinephrine at all (191). The three hormones mentioned are de-
rived from the amino acid tyrosine, with dopamine as the precursor for nore-
pinephrine while epinephrine is synthesized due to additional modifications 
of norepinephrine.  Epinephrine and norepinephrine are well known to sti-
mulate alpha and beta adrenergic receptors causing a sympathetic “fight-or-
flight” response. The biological effects include elevated blood pressure, in-
creased heart rate and blood glucose levels. The most common symptoms of 
patients with pheochromocytoma are subsequently episodic headache, 
sweating and palpitation due the excessive stimuli of this system. Persistent 
hypertension is also frequently considered part of the clinical presentation 

A B
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(192). The overall estimated prevalence of pheochromocytomas and para-
gangliomas is 1 or fewer cases per 100 000 individuals (193-195).  About 
15% of patients are asymptomatic and the diagnosis is often made in the 
context of diagnostic procedures for other purposes, such tumours are named 
incidentalomas (196). 

Diagnosis and management of pheochromocytoma 
Pheochromocytomas are diagnosed by sensitive biochemical tests and then 
confirmed by specific imaging studies. The initial assessment of this cate-
cholamine producing tumour is most often to measure in plasma or urine for 
metanephrines, which is a metabolite of epinephrine. Computed tomography 
(CT) and magnetic resonance imaging (MRI) are commonly used methods to 
localize tumours following positive biochemical testing. Pheochromocytoma 
cells express specific catecholamine plasma membrane and vesicular trans-
port system enabling for functional imaging in patients either with a pheoch-
romcytoma confirmed biochemically but when CT and MRI fail to show a 
tumour or when there is a suspicion of malignancy and metastatic spread. 
Iodine-131-labled metaiodobenzylguanoidine ([131I]MIBG) is a radiolabeled 
molecule similar to norepinephrine often used for this purpose since it loca-
lizes to chromaffin cells. Another more recent important imaging technique 
is positron emission tomography (PET). Several different agents are being 
used and studies have shown benefits, especially for localization of small 
tumours throughout the body (192). After precise localization the tumour is 
removed by surgery most often with a laparoscopic approach. After the re-
moval of the tumours the prospect, in the majority of cases with benign 
pheochromocytomas, is that all symptoms will be relieved and that the pa-
tient will be cured. Appropriate hypertensive drugs are used to manage 
hypertension, prevent cardio vascular complications and diminish the magni-
tude of postoperative hypotension. This is because during the operation, 
massive catecholamine release may occur which effects have to be blocked 
(191, 192). 

Malignant pheochromocytomas 
The majority of pheochromocytomas and abdominal paragangliomas are 
benign. Malignant pheochromocytomas account for approximately 10% of 
all cases although are more common among abdominal paragangliomas, 
where they constitute between 15-35% of all tumours (197, 198). Or if re-
lated to mutation in certain susceptibility SDH-gene, even higher frequencies 
are observed, as discussed below (199, 200). The World Health Organization 
definition of malignant pheochromocytoma from 2004 is the presence of 
metastases (201) but this distinction between benign and malignant pheoch-
romocytomas does not account for recurrent or locally invasive tumours 
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which are also acknowledged as malignant criteria’s. As a matter of fact, 
currently these manifestations especially the evidence of metastasis which is 
most widely accepted, are the only means of diagnosing malignancy. Distant 
metastasis mainly spread to the liver, lymph nodes, lung and/or bones and 
can appear as long as 20 years after the initial presentation of the primary 
tumour (202). The current lack of appropriate clinical, biochemical, histopa-
thological or genetic markers/predictors of malignancy make life-long fol-
low up of patients with chromaffin cell tumours mandatory (197). However, 
some suggestions such as the combined use of the proliferative marker Ki-67 
and the increased gene expression of human telomerase transcriptase 
(hTERT), may have diagnostic value of malignancy. Moreover, large tumour 
size and weight, low expression of the neuropeptide Y (NPY) and increased 
expression of the vascular endothelial growth factor (VEGF), heat shock 
protein -90 (HSP-90)  as well as the endotehlin receptor type A and B have 
also been linked to malignant pheochromocytomas (reviewed in 197). Mar-
kedly raised levels of plasma chromogranin A (CgA), a protein stored and 
released along with catecholamines, has also been claimed to indicate malig-
nancy (197).  However, these histopathological features, mainly detected by 
immunohistochemical methods, along with the observed increased mRNA 
and protein expression levels, are not widely accepted and none is specific 
for the disease. A histological scaling system exists, named pheochromocy-
toma of the adrenal gland scaled score (PASS) which uses a range of criteria 
to group adrenal pheochromocytomas with potentially aggressive behavior 
and those likely to behave in a benign way. However, this sceme cannot 
properly assign all the malignant tumours in the potential aggressive groups 
and significant interobserver and intraobserver variation occurs in the as-
signment of PASS, thus further validation and refinement is needed, if poss-
ible (192, 203). The need for prognostic biomarkers of malignancy remains 
as a crucially important issue for pheochromocytoma. 
 
In recent years a number of expression microarray studies have been per-
formed addressing the issue of the specific transcriptome profiles in malig-
nant pheochromocytomas. Several candidate genes with differential expres-
sion between malignant and benign cases have been proposed as a result. 
The concordance between the different studies is however not easily seen. 
The results therefore need to be validated in larger cohorts of clinical sam-
ples, although it still demonstrates the potential of the approach of genetic 
profiling in the discrimination of malignant pheochromocytomas (204-208).  
Also recently, additional candidate genes have been associated to malignant 
pheochromocytoma using methods allowing investigations of a limited 
number of genes. One interesting candidate is the known oncogene ERBB-2 
located on chromosome 17, which displayed both increased protein expres-
sion and DNA copy number in malignant compared to benign cases (209).  
Other studies investigating genes involved in cell motility and invasive be-
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havior showed an overrepresentation of high expression of the genes Snail 
and Twist in malignant pheochromocytomas (210, 211). Moreover, down 
regulation of 6 tumour suppressor genes (nm23-H1, TIMP-4, BRMS-1, 
TXNIP, CRSP-3, E-Cad) has been reported more often in malignant cases 
compared to benign cases (212). The well-known tumour suppressor gene, 
PTEN, located on chromosome 10, has also been investigated. Even if the 
mutation analysis in malignant and benign pheochromocytomas showed 
negative results in all included tumours in one report, LOH analysis con-
ducted in the same study demonstrated loss of the PTEN loci in a higher 
fraction in the malignant cases compared to the benign ones (213).  A condi-
tional Pten knock-out mouse that develops chromaffin tissue derived lung 
metastasis has further shown its use as a model for metastatic pheochromo-
cytoma since the genomic aberrations detected with array-CGH correlate to 
findings in human pheochromcytomas (214). 
 
In humans, certain chromosomal aberrations have been more frequently ob-
served in malignant cases compared to benign pheochromocytomas. These 
are important observations that may guide the discovery of genes that are 
located in these regions and their significance in tumour progression. How-
ever, the rather few CGH reports on this topic point to somewhat different 
chromosomal regions with malignant association. The major finding in one 
CGH survey of pheochromocytoma and abdominal paraganglioma suggested 
that alterations on chromosome 11 is of importance for distinguishing be-
tween benign and malignant cases (215) and also that gain of the region 
11cen-q13 was more common in abdominal paragangliomas. This was con-
firmed in another report with a set of both pheochromocytomas and head and 
neck paragangliomas were it was shown that this region were overrepre-
sented in malignant cases of both tumour groups (216). Loss of chromosome 
arm 6q has also been associated to malignant Pheochromocytoma (Figure 6) 
(217). Gain of chromosome arms 17q, 12q  and 20q as well as loss if chro-
mosome arm 9p were observed in a higher frequency in metastazing pheoch-
romocytomas compared to non-metastazing cases in an additional study,  
gain at 17q was however the most significant finding (218).  
 
The overall survival rate for a patient with metastatic disease is 50% at 5 
years. Morbidity and mortality are often related to tumour burden because of 
high circulation of catecholamines and the mass effect of metastases (192). 
The results of treatment of malignant disease are generally poor, since the 
tumours often are resistant to chemotherapy and radiotherapy. The manage-
ment of malignant pheochromocytoma includes pharmacological control of 
symptoms and tumour mass reduction followed by radionuclide treatment 
and/or chemotherapy. Reduction of tumour mass is achieved by surgical 
resection of the primary tumour and local or distant metastases (197).  For 
target radiotherapy the 131I-MIBG is used ant its labeling with radioactive 
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isotopes makes it useful both for diagnostic and therapeutic purposes (195). 
However, the chemotherapy and radiotherapy treatments now used for dec-
ades, even if modified over the years, do not target specific pathways in-
volved in tumour development but instead exhibit general cell toxicity with 
limited therapeutic benefit. With the increasing data on altered pathways and 
genes in pheochromocytoma will possibly allow more targeted therapies 
with hopefully improved benefits for the patients. 

Familial pheochromocytomas 
The majority of pheochromocytomas and paragangliomas occur sporadically 
and prior to the year 2000 it was generally accepted that 10% of cases were 
associated with familial syndromes. However, it is now recognized that the 
fraction of germline mutations in the genes causing the hereditary disorders 
is 12-16% in apparent sporadic cases (219-221) implying that roughly 25% 
of all cases may be related to the hereditary syndromes (199).  Germline 
mutations in six genes have been associated with familial pheochromocyto-
mas; the von Hippel-Lindau gene (VHL) causing the von Hippel-Lindau 
(VHL) syndrome, the REarrenged during Transfection gene (RET),  leading 
to multiple endocrine neoplasia type 2 (MEN2), the neurofibromatosis type 1 
gene (NF1), associated with Neurofibromatosis type 1 (NF1) disease, and 
the genes encoding subunits B, D and C of mitochondrial succinate dehy-
drogenase (SDHB, SDHD and SDHC), which are associated with familial 
paraganglioma/pheochromocytoma syndromes (222-228). Recently it has 
also been shown that familial paraganglioma cases exists with germline mu-
tations in the genes SDH5 (SDHAF2) and SDHA (229-231). Truly sporadic 
pheochromocytomas however rarely present with somatic mutations in any 
of the genes responsible for the hereditary syndromes (232-235).   

VHL 
The VHL syndrome is an autosomal dominant disease characterized by the 
development of highly vascularized tumours of mesenchymal and neural 
crest derived organs. The incidence of VHL is one in 36 000 live births and 
the disease generally becomes evident between the ages of 20 and 40 (236). 
The VHL gene is localized on chromosome 3p25-26 and is a tumour sup-
pressor. The encoded protein (pVHL) is involved in blood vessel formation 
by regulating the activity of the transcription factor hypoxia inducible factor 
1α (HIF-1α). pVHL inhibits the accumulation of hypoxia induced proteins 
through the ubiquitin-mediated degradation of HIF-1α, under normoxemic 
conditions. Mutations of VHL lead to that the regulation of genes such as the 
VEGF and other genes involved in cellular growth seems to be lost as a con-
sequence of the reduced HIF degradation, predisposing the VHL carrier to 
both benign and malignant tumours in multiple organs. VHL disease is di-
vided into four subtypes (1, 2A, B and C) based on its clinical expression, 
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and genotype-phenotype correlations exist. Patients with VHL type 1 have 
loss of pVHL function due to gene deletions or specific missense mutations 
and do not develop pheochromocytoma but instead retinal or central nervous 
system hemangioblastoma and/or renal carcinoma. Patients with type 2 dis-
ease have mainly specific missense mutations and develop pheochromocy-
tomas (roughly 20% of patients), hemangioblastoma and are either at low 
(type 2A) or high (type 2B) risk for devolpment of renal cell carcinoma. A 
small percentage of patients with VHL has only pheochromocytoma (type 
2C) (191). VHL type 1  is believed to be due to loss of pVHL function whe-
reas  type 2C is thought to be caused by gain of pVHL function and the co-
occurrence of loss and gain of protein function is thought to result in type 2A 
and 2B (237). Approximately 3-11% of patients with apparently sporadic 
pheochromocytomas will have a VHL germline mutation (192). Malignancy 
in VHL patients is reported in less than 5% of patients (190). 

MEN2 
MEN2 is a rare autosomal dominant tumour syndrome with an estimated 
prevalence of 2-5 per 100 000 in the general population. There are two forms 
of MEN2; MEN2A and 2B, where the former is characterized by medullary 
thyroid carcinoma (MTC) in all patients, pheochromocytoma in 50% and 
primary hyperparathyroidism in 20-30%. MEN2B patients also suffer from 
MTC and pheochromocytomas as well as mucosal neuromas on the lips and 
tongue, ganglioneuromatosis in the gastrointestinal tracts and skeletal ab-
normalities (190). MEN2 often manifests relatively early in life, between 5 
and 20 years of age.  Activating germline mutations of the oncogene RET on 
chromosome 10q11 are responsible for the inheritance of MEN2 (223, 238). 
The RET gene encodes a transmembrane receptor tyrosine kinase involved in 
the regulation of cell proliferation and apoptosis.  Its´ expression is restricted 
to neural crest derived tissues (191). Different mutations in the RET gene 
with a clear genotype-phenotype correlation exist. Mutations in codon 634 
are highly frequent and 85% of patients with MEN2A present with these 
mutations. Roughly 95% of the MEN2B patients present with point muta-
tions in codon 918 (190). Mutations in those codons are also highly asso-
ciated with pheochromocytoma development. Somatic mutations of RET 
have also been detected in 15% and 3% of benign and malignant sporadic 
pheochromocytoma, respectively.  However, interestingly it has been re-
ported an overexpression of the RET gene in the majority of (50-70%) of 
sporadic pheochromocytomas that do not harbor any mutations, amplifica-
tions or rearrangements of RET.  This indicates that RET could play a signif-
icant role in sporadic pheochromocytoma development, but does not seem to 
promote malignant behavior (239). 
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NF1 
Pheochromocytoma constitutes a minor, but established feature of NF1, an 
autosomal dominant disorder with an incidence of 1 in 3000 individuals 
(190). The estimated frequency of pheochromocytoma is 0.1-5.7% but rises 
to 20-50%  among hypertensive patients with NF1. The diagnosis of NF1 is 
usually made by the following criteria: greater than six café au lait spots, 
more than two neurofibromas and axially freckling. The disease is caused by 
inactivating mutations of neurofibromin 1, a tumour suppressor gene, which 
encodes a GTPase-activating protein involved in the inhibition of Ras activi-
ty, which controls cellular growth and differentiation (191). The NF1 gene is 
located on chromosome 17q11.2 and it is one of the largest known genes. 
NF1 consists of 60 exons spanning more than 350kb of DNA sequence, 
hampering screening for mutations (190). 

Paraganglioma/Pheochromocytoma syndromes 
Germline mutations in the genes SDHB, SDHC and SDHD encoding succi-
nate dehydrogenases subunits result in familial paraganglioma syndromes 
(PGL). SDHB mutations appear to be most common, with an overall fre-
quency of 1.7-6.7% in patients presenting with pheochromocytoma (240). 
PGL-SDHB is an autosomal dominant syndrome characterized by sympa-
thetic paragangliomas, parasymaptetic paragangliomas and pheochromocy-
tomas. The syndrome is caused by inactivation mutations of the tumour sup-
pressor gene SDHB on chromosome band 1p35-36. Mutations of this gene 
cause mitochrondrial complex II destabilization and may activate the hypox-
ic/angiogenic pathway. Importantly, malignant pheochromocytomas are 
reported in such a high frequency as 35% (241) in these patients and for 
sympathetic paragangliomas up to 50% of tumours are malignant (200, 242). 
Mutation in the SDHC gene located at 1q21 represents an additional PGL 
syndrome characterized of benign head and neck paragangliomas. No muta-
tions have been found in pheochromocytoma patients (190).The PGL-SDHD 
syndrome is due to mutations in SDHD gene located on chromosome 11q21-
23. Patients usually develop head and neck parasympathetic paragangliomas 
and occasionally pheochromocytomas (243). The hereditary nature of the 
disease may be masked by maternal imprinting of SDHD, resulting in that 
tumours only develops if mutation in the gene is inherited from the paternal 
side (244).  

Genetic testing in pheochromocytoma patients 
The recent studies showing higher prevalence of germline mutions particu-
larly in the RET, VHL, SDHB and SDHB genes than earlier believed also in 
non-syndromic patients, have raised the question of the need of genetic test-
ing in an increased number of patients suffering from pheochromocytoma, 
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with or without a positive family history. Because most inherited pheochro-
mocytoma present before the age of 50, it has been suggested that all pa-
tients younger than 50 years old should be referred for genetic counseling. 
Also, patients with extra-adrenal, bilateral or multiple pheochromocytomas 
should always be referred for genetic assessment regardless of age. Such 
manifestations are frequent in the context of the heritable syndromes. Specif-
ic testing algorithms have been developed taking into account clinical cha-
racteristics and prevalence of mutations in the different syndrome associated 
genes, supposed to help limit the cost of testing and direct to which 
gene/genes to be tested first (190). 

Signaling pathways and genes involved in pheochromocytoma 
development 
The genes responsible for the development of pheochromocytoma in the 
above mentioned familial syndromes may seem to affect different pathways 
and have unique functions according to their known physiological role. Yet 
histopathologically and clinically indistinguishable tumours arise in individ-
uals carrying these various mutations, as well as sporadic tumours with no 
mutations in the known familial genes. A report on a large set of different 
syndromic and sporadic pheochromocytomas/paragangliomas addressing 
this genetic uniformity has contributed to the unraveling this apparent hete-
rogeneity. In this study Dahia et al described two groups of different tumours 
with similarities in their transcription profiles (245). It was shown that VHL-, 
SDHB-, and SDHD mutant tumours as well as a subgroup of sporadic tu-
mours comprised one group, while tumours with  RET  or NF1 mutations as 
well as another subgroup of sporadic cases gave rise to a second separate 
group, or cluster, with distinct expression pattern. This finding of two dis-
tinct clusters have shed light on what different major signaling pathways are 
disrupted during tumourgenesis and in addition provided evidence of interac-
tion between pathways affected by different known mutations in the same 
cluster. 

 
The cluster associated with VHL, SDHB, or SDHD mutations showed a tran-
scription signature characterized by genes related to hypoxia, extracellular 
matrix component and angiogenesis. This is also consistent with the role of 
pVHL in the regulation of hypoxia response. Increased levels of HIF-1 alter 
the regulation of various cell functions including glycolysis, apoptosis, cell 
survival, cell differentiation and angiogenesis (246). Besides its connection 
with pVHL, HIF-1 is also associated with the enzyme SDH. SDH proteins 
are necessary for mitochondrial oxiditave phosphorylation and are involved 
in the oxidation of succinate to fumarate in Krebs cycle. SDHB and SDHD 
mutations lead to accumulation of the substrate succinate, which can inhibit 
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HIF-1 prolyl hydroxylases, enzymes that targets HIF-1 for degradation. The 
subsequently increased HIF-1 activity and of hypoxic signals in these tu-
mours lead to overexpression of angiogeneic and cell growth factors (195). 
In hypoxic conditions, or pseudohypoxic conditions, as in the tumours har-
boring these mutations, the pVHL can not bind to HIF-1alpha and subse-
quently the ubiqutin mediated degradation fails. HIF-1 related pathways 
seem to play a significant role not only in the development of pheochromo-
cytoma, but also in the progression to malignancy since SDHB mutant tu-
mours are prone to behave in that way. The role of HIF-1 as a classical on-
cogene is however disputed since overexpression in some contexts seems to 
suppress instead of promote tumour growth (247). In contrast, the RET and 
NF1 tumour cluster was characterized by an increased expression of genes 
involved in RNA synthesis and metabolism. Mutations of the oncogene RET 
causes ligand independent activation of this tyrosine kinase which results in 
activation of multiple downstream transduction pathways involved in cell 
growth, survival and differentiation. The NF1 protein shows a region of si-
milarity with the family of GTPase activation proteins which inhibit Ras 
activity. NF1 loss/mutations lead to structural abnormalities in this region 
resulting in reduced GTPase activity, which will in turn increase GTP-
mediated activation of the RAS/RAF/MAPK pathway (247). In conclusion, 
both mutated RET and NF1 share the ability to activate these oncogenic sig-
naling pathways. Interestingly, recent biochemical evidence suggests that 
RET, NF1, SDHD, SDHB, SDHC and VHL mutations converge into a com-
mon signaling pathway that disrupts the prolyl hydroxylases Egln3/PHD3-
mediated apoptotic response of sympathetic neurons to limiting amounts of 
nerve growth factor (NGF) during development (248). This model suggests 
that cells that escape this physiologically induced death during the particular 
developmental window, later will give rise to pheochromocytomas or para-
gangliomas.  
 
Recently two additional candidate genes have been proposed as predisposing 
for pheochromocytoma, namely KIF1Bβ and TMEM127 (249, 250).  
KIF1Bβ encodes kinesin that functions in axonal transport and was identified 
in a screen for downstream mediators of proapoptotic effect of the prolyl 
hydroxylase EGln3 in neuronal precursor cells. Mutant KIF1Bβ led to re-
duced Egln3 mediated apoptosis, consistent with a tumour suppressor func-
tion. KIF1Bβ maps to 1p36, a region often deleted in pheochromocytoma, 
however most tumours did not show any mutations on the remaining allele 
as would have been expected in a classical two-hit mode of tumour suppres-
sor inactivation. A haploinsufficiency mechanism may however explain the 
tumourgeneic effect of KIF1Bβ. Transcriptional analysis of two tumours 
with mutated KIF1Bβ suggests similarities with mutant RET and NF1 ex-
pression profiles (247). Germline mutations in the TMEM127 gene have 
been found in a few familial and sporadic pheochromocytomas (250). Clus-
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ter analysis of global gene expression confirmed that these tumours were 
associated to the NF1 and RET mutant signature. TMEM127, located on 
chromosome 2q11, is suggested to act as a tumour suppressor gene by limit-
ing the mTOR signaling pathway.   

Somatic genetic and epigenetic alterations in 
pheochromocytomas 
 Several LOH and metaphase CGH studies have been conducted including 
also apparently sporadic pheochromocytomas and paragangliomas with the 
aim to identify chromosomal regions of importance for tumour development. 
More recently also the application of high resolution array-CGH has been 
used to survey individual chromosomes or the entire genome of these tu-
mours for candidate genes with altered DNA copy number. From all these 
studies it has become evident that the most frequent DNA copy number im-
balances in pheochromocytomas are loss of chromosome arms 1p, 3p/q, 
11p/q, 17p and 22q. Gain of chromosomal material has been less frequent, 
and the most commonly affected chromosomal regions include 1q, 12q, 17q, 
19p/q and 20q (Figure 6) (215-218, 236, 251-253). Particularly, deletions of 
chromosome arm 1p are highly frequent in pheochromocytomas and para-
gangliomas, indicative of an early event in tumourgenesis as well as for the 
location of candidate tumours suppressor gene/s on this autosome. A whole 
genome array-CGH study of sporadic pheochromocytomas published only 
last year observed a pattern of two subgroups of genomic alterations, with 
similarities to the changes seen with metaphase-CGH in MEN2 and VHL 
related tumours respectively (253). Van Neederveen et al. were able to dis-
tinguish between tumours with a high frequency of 1p loss with or without 
3q loss which resembles the alterations seen in the majority of MEN2 cases 
and a different subgroup with 3p loss with or without 11p loss which is more 
often seen in VHL-related cases (239, 253). Even though several candidate 
regions have been proposed in these studies above, probably due to low reso-
lution and/or the limited number of samples few narrow regions were pre-
sented encompassing obvious candidate genes that have been further con-
firmed to be of significance in pheochromocytoma development and pro-
gression. Notably, loss of chromosome arm 17p is a frequent event, but mu-
tations of the well known tumour suppressor gene p53 at 17p13.1 are rarely 
seen (254). A recent mouse model however points to the importance of p53 
in pheochromocytoma development, but only when this occurs in a back-
ground of predisposing mutations of the gene Rb1 (255).  Rb1 has previously 
been reported as being down regulated in pheochromocytomas (239). 



 51

 

 
Figure 6. DNA copy number changes in 29 apparently sporadic pheochromcytomas 
revealed by metaphase-CGH by Dannenberg et al 2000. The vertical green lines on 
the right side of the chromosome ideograms indicate gains, the red on the left losses 
of the corresponding chromosome region (figure adopted from Dannenberg H, Speel 
EJ, Zhao J, Saremaslani P, van Der Harst E, Roth J, Heitz PU, Bonjer HJ, Dinjens 
WN, Mooi WJ, Komminoth P, de Krijger RR. Losses of chromosomes 1p and 3q are 
early genetic events in the development of sporadic pheochromocytomas. Am J 
Pathol 2000;157(2):353-9.). 

Regarding global gene expression studies in pheochromocytoma, the major-
ity of them has addressed and revealed the transcriptome differences be-
tween benign and malignant tumours as well as between the different famil-
ial and sporadic forms (204, 206, 207, 245, 256). Reports of up and down 
regulated genes in pheochromocytoma compared to normal adrenal medulla 
are mostly restricted to investigations of individual genes. For instance AKT, 
IGF2 and IL-13Rα2 have all been observed as overexpressed in the tumours 
(257-259).  Occasionally gene expression has been studied also in combina-
tion with the DNA methylation status of the promotor region, as for the tu-
mour suppressor gene CDKN2A/p16INK4a that has been shown to be methy-
lated and down regulated both in pheochromocytomas and paragangliomas 
(260, 261). The RIZ1 gene has also been seen down regulated, as well as 
deleted at the frequently deleted 1p 36.21 region. However no DNA methy-
lation was observed in the promoter region, indicative of other mechanisms 
of transcriptional regulation (262). Additional examples of hypermethylated 
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genes in pheochromocytoma include HIC1, CASP8, TNFRSF10A, RASSF1A, 
MSH2 and HSP47 (263-267). The majority of investigated genes has been 
observed with a higher frequency of promoter methylation in the familial 
tumours compared to the studied sporadic cases.  

This together with the lack of genome wide high resolutions studies of epi-
genetic alterations in benign and malignant pheochromocytomas indicate 
that more epigenomic changes perhaps specific to the sporadic cases, and 
maybe also to progression to malignancy, are to be found. This also applies 
to the field of pheochromcytoma genomics, where future investigations 
hopefully will reveal novel mutations involved in the development for these 
catecholamine producing tumours.  
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PRESENT INVESTIGATIONS 

I will here present the aims, the main methods and the summaries of the four 
publications on which the thesis is based. This will be followed by a brief 
discussion on the obtained results and the ongoing research as well as re-
marks in general regarding future research addressing genetic variation and 
cancer genetics/epigenetics.  

Aims 

 
Establish, validate, and apply a high resolution genomic microarray in the 
profiling of a large set of phenotypically normal individuals to further survey 
the extent of CNVs in the human genome (Paper I). 
 
Explore the presence of somatic mosaicism of CNVs in healthy differen-
tiated human tissues (Paper II). 
 
Investigate chromosomal alterations in benign and malignant pheochromo-
cytomas and paragangliomas to detect common regions of loss and gain that 
may be of importance for tumour development and malignancy (Paper III). 
 
Apply a combinatorial methodological and analytic approach including ge-
nome-wide profiling of the histone modifications H3K4me3 and 
H3K27me3, DNA copy number and gene expression in a malignant pheoch-
romocytoma sample for the identification of candidate genes (Paper IV).  
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METHODS 

Array- CGH 
 
Array-CGH is a well acknowledged method for the detection of DNA copy 
number imbalances. Extensive applications of array-CGH includes CNV 
identification in healthy and disease related genomes, as well in profiling 
tumour genomes often characterized by gross chromosomal alterations 
and/or high DNA copy number gains and losses. 
 
DNA copy number alterations assessed by conventional cytogenetic banding 
techniques such as fluorescence in situ hybridization (FISH) allows under 
ideal conditions detection and visualization of chromosomal rearrangements 
of at least 2-10Mb in size. The sensitivity of FISH is limited both by the size 
of the probes used and by the fact that only the regions assessed by the 
probes can be investigated for DNA alterations. The development of com-
parative genomic hybridization (CGH) technique overcomes some of these 
limitations since it allows for whole genome detection of DNA copy number 
changes. CGH was first described for the analysis of solid tumours (268). 
The principle of the method is that copy number differences are judged by 
hybridizing together the differently labeled DNAs from a test (ex a tumour) 
and a reference (ex a healthy individual) to metaphase chromosome spreads 
(so called methapase-CGH). The ratios of the test versus reference signals 
are used to determine the relative copy number of the DNA sequence in the 
test genome in comparison to the reference genome. Metaphase CGH is ro-
bust for large-scale alterations but the resolution of detection is poor, events 
less than 20Mb in size are difficult to detect. More recent is the array-based 
CGH technique (269, 270). In this method DNA probes representing artifi-
cial chromosomes segments are arrayed on a chip and CGH is used to test 
for increased or decreased dosage of the chromosomal regions of interest 
(Figure 7). In one single hybridization array-CGH can detect DNA copy 
number alterations in the whole genome if the DNA probes arrayed allow 
this coverage. It is today commonly used in analysis of chromosomal bal-
ances in tumours, mental retardation and other constitutional abnormalities, 
as well in studies of genetic variation in healthy individuals. The detection 
limits of array-CGH in terms of DNA copy number imbalances identified are 
dependent on the probe density and the resolution of the platform used. The 
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DNA probes ranges from genomic clones, most often BAC clone (150-
200kb in size), to oligonucleotides (25-85bp in size) (271) . There have been 
many developments in the array technology in the last years with the aim to 
increase the detection resolution of the platforms. This is obtained by both 
shorten and increase the number of hybridization targets spotted on the chip.  
 
In the studies included in this thesis we used a genomic microarray consist-
ing of 32 396 tiling BACs (32K BAC array) covering 99% of the human 
genome (272). This 32K BAC array was established, validated and applied 
by our research group and average resolution is less than 100Kb (Paper I). 
Normalization and analysis of the signals obtained from each BAC after 
hybridization and scanning were executed in the web based Data Warehouse 
maintained by the Linnaeus centre of bioinformatics (LCB) (LCB-DWH, 
http://dw.lcb.uu.se). The analysis of the experiments also included use of 
visualization and statistical tools. All these post-hybridization processing and 
analyzing applications were developed in collaboration with LCB, including 
an algorithm for copy number calling (273). 

 
Figure 7.  Array-CGH. The method is based on a two-color, competitive fluorescent 
in situ hybridization of differently labeled test and reference DNA on an array of 
genomic clones. If the clones represent the entire human genome, this will allow for 
genome-wide detection of deletions and gains/amplifications in a single hybridiza-
tion.   
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ChIP-chip 
 
The interaction between DNA and proteins is fundamental to biological 
processes and plays a major role in regulating gene expression and control-
ling the availability of DNA for transcription, replication, and other func-
tions. These interactions can be studied in a focused manner using the chro-
matin immunoprecipitation (ChIP) technique (274). ChIP is a powerful tool 
for the identification of proteins, including transcriptions factors and his-
tones, which are associated to certain regions in chromatin, by using specific 
antibodies recognizing the protein of interest. It is well established that the 
recruitment of transcription factors correlates with observed differential gene 
expression, and more recently it has been shown that covalent modifications 
of histones in the promoter regions also contribute significantly to gene tran-
scription regulation (275) . While these recruitment processes are dynamic 
events, ChIP assays provide a way to freeze the process chemically and ex-
amine the current state in the cells. 
 
Generally, ChIP-chip assays can be done on cultured cells or tissue samples. 
The initial step in the basic protocol is to covalently crosslink DNA to the 
associated proteins by treating the cells with formaldehyde. The second step 
is to lyse the cells and isolate the chromatin and thirdly, fragment the DNA 
to desired size by sonication. In the fourth step the DNA fragments are im-
munoprecipitated using the specific antibody. The immunoprecipitated 
DNA-protein complex are in the fifth step de-cross-linked with low pH buf-
fer and high temperature. And lastly the ChIP-DNA, as well as the input 
DNA used as genome reference DNA is purified by protease digestion. After 
PCR amplification, the DNA is labeled and hybridized to microarrays (there-
fore named ChIP-chip) for global investigation of histone enrichment re-
gions (275, 276). 
 
In the present investigation, Affymetrix high-density oligonucleotide tiling 
arrays with a 35 bp resolution of the whole repeat-free genome have been 
used. After scanning the arrays for probe signals, the analysis of ChIP-chip 
data includes identification of positive probes and ChIP-enriched binding 
regions and the mapping of those enrichments to the genes and/or genomic 
regions. 
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SUMMARY OF INCLUDED PAPERS 

Paper I 
 
Profiling of Copy Number Variations (CNVs) in Healthy 
Individuals from Three Ethnic Groups Using a Human Genome 
32 K BAC-Clone-Based Array  
The most studied genetic variation so far has been single nucleotide poly-
morphisms, but more recently much attention has been focused on structural 
variations as technology development has allowed for the detection of these 
common types of genomic variants. CNV constitutes one major class of 
structural variation and increased knowledge regarding the occurrence of 
CNVs is expected to result in better understanding of different phenotypes 
including disease susceptibility and also contribute to insight about the ge-
netic diversity and evolution. The main method enabling the identification of 
these unbalanced chromosomal changes is array-CGH.  
 
In the present study we established a high resolution genomic microarray 
comprised of 32 396 BAC clones. This platform was carefully validated and 
subsequently used to profile a large cohort of healthy individuals, of three 
different ethnicities, for common and novel CNVs. All samples were hybri-
dized against blood-derived DNA from the same healthy reference female of 
European ancestry. The establishment of the microarray included PCR am-
plification of the 32K BAC library and in-house printing. The validation 
experiments consisted of self-self hybridization of the female reference DNA 
with no aberrant BACs as well as characterization of CNVs in her genome 
by hybridization experiments against pools of other subjects. Additional 
validation experiments included analysis of previous genetically well charac-
terized cell lines and tumour samples.  
 
A total of 71 cases (44 men and 27 women) of three different ethnicities (33 
Europeans, 24 Africans and 14 Asians respectively) were analyzed for CNVs 
using the array. The results from the genomic profiling revealed 1078 auto-
somal CNVs that involved at least two neighbouring BACs. The average 
number of CNVs in each individual was 15.1 and the average size was 358 
Kbp. The sizes of deletions and gains were similar but a substantially larger 
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number of gains (835 vs 243) were detected. Clustering of individual over-
lapping CNVs to CNV regions (CNVRs) resulted in 315 autosomal CNVRs 
encompassing 118,1MB, which corresponds to ~3.5% of the genome. Alto-
gether 62.5% of the identified CNVRs mapped to regions already annotated 
in the Database of Genomic Variants, indicative of the reliability of our find-
ings. Consequently 37.5% represented new variants. As much as 87% of the 
315 CNVRs harbored known genes. Moreover, 91 CNVRs contained at least 
30% of segmental duplications (SD), reinforcing the notion of SDs as hot 
spots for chromosomal rearrangements. Unsupervised hierarchical clustering 
did not reveal any ethnic-specific clustering of the samples. We also detected 
that multiple regions at chromosome X in males displayed copy number ratio 
that would be indicative of gain but probably these are due to specific ho-
mology blocks to chromosome Y and thus not true CNVs. This is supported 
by the observation that none of these regions were found to vary in hybridi-
zations involving two females. Many of these regions have however been 
reported by others as CNVs. 
 
In conclusion, this report presents a reliable analysis platform for genome-
wide high resolution CNV detection and contributes to the growing know-
ledge of human genetic variation.  

 

Paper II 
 
Somatic Mosaicism for Copy Number Variation in 
Differentiated Human Tissue 
Somatic mosaicism is defined by the presence of genetically distinct popula-
tions of somatic cells in a single organism. In pathogenic conditions somatic 
changes affecting known disease genes or large chromosomal regions are 
common. It has moreover generally been assumed that all the normal cells in 
an individual are genetically identical; however, research addressing the 
issue of somatic mosaicism in apparently healthy individuals is as yet not 
widely explored.  
 
In this study we tested the hypothesis that stochastic subchromosomal CNVs 
are present in DNA from fully differentiated nomal tissues. Three male sub-
jects were included, from which we extracted DNA from 11 to 12 tissues 
each. The 32K BAC array was used as the primary platform in determining 
CNVs of size 50kb or larger. Since the highest amount of DNA was obtained 
from the cortex of cerebellum this was used as the reference tissue against 
the other tissues of the same individual.  
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Our results showed that at least six loci presented with intra-individual im-
balances involving one or more tissues in the three subjects. Five of these 
loci were composed of two or more overlapping BACs. The six CNV re-
gions detected were distributed on five chromosomes and ranged in size 
from 81.7kb to 176kb. Three of these regions contained annotated genes and 
it is therefore probable that these CNVs could have phenotypical effects due 
to changes in gene expression. The CNV regions displaying somatic varia-
tion in this study are known to vary between unrelated individuals according 
to data submitted to Database of Genomic Variants. This suggests that some 
CNVs reported as germline may instead represent somatic events, since 
CNV studies generally only examine one tissue and perform no analysis of 
parental DNA which could verify if CNVs are inherited.  Moreover, five of 
the six discovered somatic CNVs flanked gaps in the present genomic se-
quence. This indicates that the variability in these loci with regards to seg-
mental duplications and repeat units, might also be a possible reason for the 
failure in deciphering the sequence in these parts of the genome. 
 
In summary, the results from this genomic profiling, on a limited number of 
subjects, indeed showed that somatic mosiacim is relatively common in 
normal human cells. This finding calls for more extensive investigations of 
somatic genetic structural variation in a larger set of samples, possibly in-
cluding  microdissected tissues as well as sample collection at different time 
points throughout the life of the same individual in order to also examine the 
de novo CNV rate. 

 

Paper III 

Recurrent Genomic Alterations in Benign and Malignant 
Pheochromocytomas and Paragangliomas Revealed by Whole-
Genome Array-CGH Analysis 
In this study we applied high resolution array-CGH for genomic profiling of 
a relatively large series of benign and malignant pheochromocytomas and 
paragangliomas (n= 53). Matched constitutional DNAs were also included 
enabling the identification of tumour-specific aberrations. Previously CGH 
and LOH reports have shown frequent deletions on chromosome arms 1p, 
3q, 11p and 22q in pheochromocytoma. Here we intended to extend the find-
ings in these rare catecholamine producing tumours which most often occur 
as benign and sporadic (see above). We also aimed to identify regions asso-
ciated with malignancy.  
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The global DNA copy number analysis revealed losses and gains of whole 
chromosomes as well as more restricted regions on most autosomes in the 
studied set of tumours. Some chromosomal regions were more frequently 
affected and the overall most common events were losses on chromosome 
arm 1p. Interestingly, tumours that did not show 1p loss frequently demon-
strated aberrations on chromosome 11 instead. In general, loss of genomic 
segments occurred more often than gains. However, gains were significantly 
more frequent in the group of malignant tumours. This group also presented 
a higher number of large alterations per sample (a mean of 7.2 versus 4.9 in 
benign tumours). We further observed an overrepresentation of gain on 19q, 
trisomy 12 and loss on 11q in malignant compared to benign pheochromocy-
tomas, whereas gain on 1q was more commonly observed in the malignant 
paragangliomas in comparison to malignant pheochromocytomas.  
 
Minimal overlapping regions (MORs) of aberrations were identified on 16 
chromosomes in all pheochromocytomas (n=44). This included four frequent 
(61-75%) and narrow (3.29- 15.05Mb) MORs of deletion on chromosome 
arm 1p. Each of these encompassed candidate tumour suppressor genes such 
as STL7, TGFβR3, TNFRSF25 and CHD5.  Deletions on 22q and 3q oc-
curred in approximately 50% of pheochromocytoma samples and three re-
spectively two MORs were described on these autosomes. Additional com-
mon deletions (≥=32%) occurred on chromosome arms 11p, 11q and 17p 
while 1q, 7p, 12q, and 19p harboured the most common MORs of gain 
(≥=14%). Our results confirmed previous reports which predominantly used 
lower resolution methods, and importantly, revealed several recurrent and 
narrow, as well as novel, chromosomal regions likely to be associated to the 
development of pheochromocytoma and paraganglioma. The finding of more 
gains in the malignant pheochromocytomas compared to the benign cases is 
noteworthy and suggestive of the contributions of overexpression of onco-
genes in the progression to malignancy.  

 
 In conclusion, the identification of candidate regions in both benign and 
malignant tumours facilitates the discovery of tumour suppressor genes and 
oncogenes with implications for the pathogenesis of adrenal and extra-
adrenal catecholamine producing tumours.  
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Paper IV 

Integrative Epigenomic and Genomic Analysis of Malignant 
Pheochromocytoma 
Histone modifications are epigenomic regulators known to affect gene ex-
pression and H3K4me3 and H3K27me3 are two relatively well-studied his-
tone marks associated with active and silent genes, respectively. Epigenomic 
mechanisms have not however been investigated extensively in pheochro-
mocytomas so far. Genomic aberrations, such as DNA copy number changes 
are common in tumours and also affect gene transcription levels.  
 
Our epigenomic survey of the H3K4me3 and H3K27me3 in a malignant 
pheochromocytoma led to the detection of 16,096 and 27,694 enriched re-
gions respectively. We also identified 2,806 sites of overlapping H3K4me3 
and H3K27me3 enrichment, i.e. bivalent regions within the sample.  In con-
cordance with previous studies, H3K4me3 was found as a frequent mark in 
the promoter regions of both known and presumably novel transcripts while 
H3K27me3 seemed mainly to be located at intergenic and/or intragenic loca-
tions further down in the gene body. Gene Ontology analysis revealed that 
H3K4me3-associated genes were significantly over-represented in house-
keeping and metabolic processes. H3K27me3- and bivalently-associated 
genes were, on the other hand, significantly over-represented with develop-
mental process terms. When integrating the determined gene expression and 
DNA copy number data (Paper III), we first observed an expected significant 
relationship between H3K4me3-associated genes and relatively high expres-
sion as well as a relation of H3K27me3-associated genes and low-expressed 
genes. Secondly, the corresponding significant trend was found for the 
groups of high- and low-expressed genes and their mapping to genomic re-
gions of gains and losses. A comparison of the expression levels in the tu-
mour sample with those in normal adrenal medulla revealed approximately 
2,500 differentially expressed genes. For genes with increased expression an 
over-representation of genes located in gained regions as well as an under-
representation of genes in deleted regions were found. The opposite relations 
were found for genes with decreased expression. However, for the histone 
modification data, only genes with decreased expression showed significant 
over- and under-representation of H3K27me and H3K4me3 enrichment, 
respectively. This implied a transition of an active histone mark to a silent 
one for a number of genes in the present sample. Genes with bivalent marks 
showed in general decreased expression in the tumour. Thus, the analyses 
indicated that either histone modifications or chromosomal alterations, or 
both, may be the underlying responsible cause of the altered expression for a 
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substantial fraction of genes in the investigated malignant pheochromocyto-
ma.  
 
Candidate tumour suppressor genes with decreased expression, a H3K27me3 
mark and/or located in regions of deletion were for instance TGIF1, DSC3, 
TNFRSF10B, RASSF2, HOXA9, PTPRE and CDH11. More genes were 
found with increased expression, a H3K4me3 mark and/or in regions of gain. 
Potential oncogenes detected among those were GNAS, INSM1, DOK5, 
ETV1, RET, NTRK1 and IGF2. Of great interest was the finding that the 
polycomb associated trimethylase gene EZH2 showed increased expression. 
EZH2 was also situated in a region with increase in DNA copy number and 
was semi-bivalently marked (non-overlapping H3K4me3 and H3k27me 
enrichment). The up-regulation of EZH2 mRNA production has been ob-
served in several other cancers suggestive of an important role for 
H3K27me3 in tumourigenesis and as a potential biomarker. This result may 
also relate to the high number of enriched regions of H3K27me3 found in 
the investigated sample and the over-representation of H3K27me3 marks at 
the down-regulated genes. However, no histone modification map for normal 
adrenal medulla is available. 
 
Gene interaction network analysis was performed to investigate the biologi-
cal relationships among genes with aberrant expression. This revealed that 
the most enriched network for genes with increased expression in the tumour 
was related to cell morphology and cell transport. Also, when adding both 
histone modifications and DNA copy number data for the interacting genes it 
was apparent that these changes might contribute to the increased expres-
sion. This network included the genes RET, DOK5 and INSM1 among oth-
ers. Interestingly, a gene network related to apoptosis was identified for the 
genes displaying decreased expression in the pheochromocytoma. This gene 
network indicated interactions between TNFRSF10B, FAD, CASP4, CASP8 
and several other genes involved in apoptosis. 
 
To conclude, the integrated analysis of the epigenomic and genomic statuses 
in this malignant pheochromocytoma has shown the association of histone 
modifications and DNA copy number changes to differentially expressed 
genes and revealed their apparent impact on global gene transcription. 
Moreover, the approach enabled the identification of interesting individual 
candidate tumour genes.  
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CONCLUDING REMARKS  

Ongoing research and future perspectives 
 
In this thesis, I have described the results of extensive studies both at the 
genomic and epigenomic level of normal and tumour cells. The initial and 
main focus of the present investigations has been on DNA copy number 
changes, both in the context of apparently healthy cells, as well as the identi-
fication of chromosomal aberrations linked to the development of tumours in 
endocrine organs.  
 
CNVs have in recent years been recognized as a predominant source of hu-
man genetic variation. However, further investigations revealing the distri-
bution and frequency of this type of structural variant are needed both in 
health and disease to increase our knowledge about the pathogenic asso-
ciated CNVs. In paper I we established and applied a 32K array which was 
also utilized in subsequent studies. The work in this initial paper created a 
valuable resource of CNV information in healthy individuals. Future re-
search aiming to discover CNVs along with the elucidation of their impact 
on phenotype and evolution, among other questions that remain to be ans-
wered, will probably be done by applying the massive parallel sequence 
technology and large sample sets, which enables extreme high resolution 
studies as well as detection of rare variants. However within the clinic the 
less expensive microarray platforms may be increasingly used in the years to 
come, aiding in the diagnosis of many different human traits which are due 
to DNA copy number changes. Further research will reveal the full impact of 
CNVs on gene expression and the identification of variants with strong asso-
ciations to disease and possibly also point to genes suitable for targeted ther-
apy. 
 
CNV in the context of somatic mosaicism in healthy differentied tissues, 
addressed in paper II, is an understudied topic and future research will hope-
fully reveal more about its´ extent, rate of formation and the importance of 
genetically distinct populations of cells in the same organisms.  The use of 
more sensitive methodological approaches will also assist the detection of a 
small fraction of cells carrying different genomic profiles. The importance of 
somatic mosiacism may be greater than presently acknowledged since when 
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studying the development of sporadic disorders, the comparison to the cor-
rect matching control tissue will be very relevant.  
 
Paper III and IV concerns the genomics and epigenomics of pheochromocy-
tomas, where the DNA copy number profiling of 53 tumours in paper III 
represents to date the most comprehensive high resolution study of benign 
and malignant pheochromocytomas and paragangliomas. This genome wide 
survey identified several interesting chromosomal regions of losses and 
gains where several of them probable are significant both for the develop-
ment and the progression of these catecholamine producing tumours. We are 
currently following up a few candidate genes located in some of these re-
gions.  
Among these, we selected HIC1 (Hypermethylated in Cancer 1) which is a 
candidate tumour suppressor gene located at 17p13.3. Approximately 35% 
of the studied tumours in paper III presented with deletion of the telomeric 
part of chromosome arm 17p, implying impact on the tumourgenesis. The 
HIC1 locus is often subjected to chromosomal loss also in several other hu-
man tumour forms. Moreover, as the name suggests, this genes is frequently 
found hypermethylated in cancers (277). HIC1 encodes a sequence-specific 
transcriptional repressor and is positively regulated by p53 and other p53 
members (278). The gene seems to contain three promoters that give rise to 
alternatively spliced transcripts. In our present research we have investigated 
the CpG methylation status at the promotor for one of the common tran-
scripts which has been found to be densely methylated in many cancer cells. 
This methylation pattern has also been shown to correlate with lack of ex-
pression of the HIC1 gene (278). An earlier publication using methylation-
specific PCR reported methylation of this gene in a few sporadic pheochro-
mocytomas (263).  We have extended the analysis by investigating the HIC1 
methylation status in, so far 22 benign and malignant pheochromocytomas 
with the quantitative method of pyrosequencing. Preliminary results from the 
average values of 6 consecutive CpGs show variable level of methylation, 
ranging from 9-58% in the tumours. We will furthermore consider the DNA 
copy number data, as well as measure the HIC1 expression. Altogether this 
will allow us to substantiate a possible tumour suppressor role of HIC1 in 
pheochromocytoma.  

 
Loss at 1p36 was a highly frequent event in the studied series of tumours in 
paper III and furthermore, deletions at this chromosomal band on this auto-
some have been reported earlier in pheochromocytomas as well as in various 
other cancers, such as neuroblastoma (279) . These findings suggest that 
inactivation of a tumour suppressor gene(s) mapping to this region may be 
an initial event. Many candidate genes locate at 1p36 and one of the more 
interesting ones is the CHD5 gene. CHD5 is also included in one of the four 
MORs of deletions identified in paper III. Of the 53 investigated pheochro-
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mocytomas and paragangliomas, 33 (62%) presented with loss at the CHD5 
locus. Chromodomain helicase DNA-binding protein 5 (CHD5) has been 
proposed to function as a chromatin remodeling protein. Functional studies 
including knock down experiments have recently also shown the tumour 
suppressive effects of CHD5 (279). Hypermethylation of the CHD5 promo-
tor region has been reported in several human primary tumours and cancer 
cell lines, for instance neuroblastoma, which also correlated with low or 
absent expression (280). We have therefore performed a preliminary screen-
ing of the methylation status in a few pheochomcytomas by bisulphite se-
quencing a region containing 35 CpGs close to the promoter of the CHD5 
gene (the same regions as reported in 281). Our results however showed a 
very low amount of DNA methylation. Further studies to elucidate the im-
portance of the CHD5 candidate tumour suppressor gene should include 
measurement of expression levels and mutation analysis. 
 
Several additional interesting genes are located in the defined MORs of fre-
quent deletions on chromosome arm 1p and one approach could be to se-
quence the exons of the genes encompassed within those. The MOR with 
smallest size at 1p36, a 3.29Mb region that is lost in 63% of tumours, is an 
attractive candidate. This region also harbors the CHD5 gene among 25 oth-
ers. Even more frequently deleted, in 76% of analysed pheochromocytomas, 
is the 4.73Mb sized MOR at 1p13 with a total of 60 genes, of which many 
present with potential tumour suppressor functions. The exonic regions 
representing the genes in these MORs in several pheochromocytoma sam-
ples could be subjected for selected enrichment/capturing with available 
array-based methods or in-solution alternatives followed by sequencing us-
ing next-generation techniques (massive parallel), for detection of possible 
disease causing mutations.  
 
Recent technical developments have also made it feasible to enrich for all 
the protein-coding regions in the human genome in one experiment. These 
regions constitute ~1% of the genome or ~30Mb split across ~180 000 ex-
ons. The fact that approximately 85% of disease causing mutations are typi-
cally found in the coding region or splice sites (282) makes this a promising 
approach to reduce costs and discover mutations of importance in the studied 
samples until whole genome sequencing becomes more routinely performed. 
We will continue to explore the genetics of apparently sporadic pheochrom-
cytomas and utilize an array-based capture assay (Nimblegene) for this pur-
pose on initially a limited numbers of tumours, followed by massive parallel 
sequencing (Illumina) to search the entire exome for somatic mutations. 
Constitutional DNA from the same patients will also be sequenced to distin-
guish predisposing mutations from somatic mutations.   
 



 66 

The integrative epigenomic study of the malignant pheochromocytoma sam-
ple in paper IV uncovered the global map of the histone modifications 
H3K4me3 and H3K27me3 as well as their association to gene expression. 
With the addition of DNA copy number data, both general and gene-specific 
mechanistic relations were found for high- and low-expressed genes as well 
as for differentially expressed genes to either or both the histone marks and 
the copy number statuses. Several tumour biologically interesting gene can-
didates were found up- or down-regulated with an associated histone modifi-
cation and/or copy number change. For instance the PRC2 component EZH2 
which functions as a H3K27 methyltransferase was found up regulated in the 
present sample. This potential oncogene has been reported to be over ex-
pressed in many cancers. The gene silencing effect of H3K27 trimethylation, 
mediated by EZH2 and the association of this histone mark to known tumour 
suppressor genes imply its importance in cancer (166) and also suggest for 
future novel findings of genes aberrantly silenced in tumours via this me-
chanism. We have initiated studies to determine the overall relative expres-
sion status of EZH2 in benign and malignant pheochromocytoma. Future 
experiments also include treatment of primary pheochromocytoma cells with 
3-Deazeneplanocin (DZNep), a histone methylation inhibitor that is known 
to efficiently deplete EZH2 in other cell types. Treatment of pheochromocy-
toma cells with DZNep may result in reactivation of H3K27me3-repressed 
target genes, reduced cell viability, and induction of apoptosis as have been 
reported to occur for other tumour cells (283).  

General and future genomic and epigenomic views on 
pheochromocytoma and cancer                                                          
There are particular aspects that are highly relevant in the context of epige-
netic mechanisms and gene regulation in cancer research. A better under-
standing is obviously desirable but also the fact that these epigenetic marks 
are in principle reversible, as opposed to genetic changes. It should be possi-
ble, at least theoretically to counteract the tumour-specific epigenetic altera-
tions, leading the cancer cell to death or differentation. Epigenetic mechan-
isms include specific enzymes whose activity could be antagonized by small 
molecule inhibitors and are therefore represent candidate drug targets. Two 
well known pharmacological agents for the reversal of DNA methylation are 
also approved for therapeutic use in leukemia, 5-aza-cytidine and 5-aza-2’-
deoxycytidine. Most compounds affecting the epigenetic status of cells, in-
cluding histone acetylation and methylation, are still in experimental phase, 
such as DZNep which has shown cancer cell-specific induced apoptosis 
(284, 285). With increased specificity and positive evaluations of developed 
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agents, these therapeutic strategies against the epigenome of cancer cells will 
hopefully reach the clinic in the near future.  
 
Progress is however dependent on more extensive epigenomic profiling and 
analysis to reveal the tumour specific aberrations. Such research is thus in-
creasingly produced with the help of technical advances to globally investi-
gate for epigenetic changes as well as more locally in larger samples set, 
which gives promises for the identification of both prognostic patterns  and 
suitable drug candidates. Explorations of this kind will be of value to per-
form on pheochromocytomas, since the epigenome remains to be estab-
lished.  
 
Improved knowledge at the genetic and genomic level is also greatly needed 
for these neuroendocrine tumours and the combination of higher  resolution 
surveys of DNA copy number changes , global gene expression profiling as 
well as whole genome/exome sequencing with epigenomic analysis will 
produce exciting results. Such large scale integrative studies addressing both 
individual genes and affected signaling pathways,  may very likely aid in the 
identification of additional genes important in the development of the spo-
radic cases with today unknown cause. Moreover, genetic and epigenetic 
examinations of large collections of malignant pheochromocytomas in com-
parison to benign cases are also attractive to perform due to the present lack 
of reliable markers for prediction of malignancy. Notably, regulatory miR-
NAs may be of importance for progression as was suggested in a recent 
study (286). Additionally increased knowledge of the pathways linked to 
pheochromocytoma such as the HIF-1 related signaling transduction path-
way, which regulates genes involved in angiogenesis, cell survival and me-
tastasis would be valuable. In recent years many therapies have been devel-
oped to target angiogenesis in cancer and since many malignant pheochro-
mocytomas and paragangliomas are associated with excessive angiogenesis 
patients may benefit from drugs that target VEGF and/or PDGF-beta recep-
tors. These proteins promote angiogenesis and are under the control of HIF-1 
and are subsequently often upregulated in these tumours. There are also a 
few case reports on patients treated with the potent tyrosine kinase inhibitor 
Suntinib, which targets VEGFR and PDGFR among other tyrosine kinase 
receptors, with promising results of tumour shrinkage (195). Other ap-
proaches discussed in the literature include molecules that inhibit HIF-1 
activity directly or indirectly, however, more is needed to be learned about 
the complexity of the HIF-1 pathways and the consequences of modulating 
that. ERBB-2, another tyrosine kinase receptor also mentioned earlier as 
upregulated in malignant pheochromocytomas is a also potential target for 
therapy. ERBB-2 signaling also often increases HIF-1 and subsequently 
VEGF expression, making the study of the clinical effect of the existing 
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ERBB-2 inhibitors desirable to perform (195).  Further research and careful 
evaluation of promising candidates for future targeted therapies are required.  
 
Finally, applicable to tumours in general, even though cancer genomes seem 
to be very heterogeneous, yet in the same subtypes of tumours the affected 
signaling pathways might be the same across the majority of samples as dis-
cussed above, and drugs are therefore being developed to target those path-
ways (287). Optimistic is also the advances of new and less costly DNA 
sequencing techniques enabling for individual screening of cancer patients 
for the best possible diagnosis. Even more cost efficient could be the use of 
validated tumour-specific diagnostic and/or prognostic arrays based on 
known and imminent genetic data. With the rapid increase of knowledge in 
the field of cancer research and availability of varous specific drugs against 
driver genes, personalized treatment will hopefully soon be a reality for the 
majority of cancer patients. 
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