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Abstract

2-oxoglutarate-dependent dioxygenases (2-OGDDs) are an enzyme family that contains many
enzymes that modify chromatin in extensive ways. These enzymes include several histone lysine
demethylases (KDMs) and TET enzymes that convert methylated cytosine (5-mC) to 5-
hydroxymethylcytosine (5-hmC) ultimately leading to DNA demethylation. Disturbed DNA and
histone methylation are found in many cancers. However, the role of KDMs and TETs behind
these oncogenic changes has so far not been fully investigated. This study focused on the role of
these chromatin-modifying enzymes in cancers with special emphasis on enzyme kinetic studies.

Cancers with inactivating fumarate hydratase (FH), succinate dehydrogenase (SDH) and
isocitrate dehydrogenase (IDH) mutations accumulate fumarate, succinate and R-2-
hydroxyglutarate, respectively. In this study we showed how these cancer-associated 2-
oxoglutarate (2-OG) analogues can inhibit the TET enzymes and many of the KDMs leading to
lower 5-hmC levels and increased H3K27 and H3K9 methylation on chromatin, respectively. We
also characterized kinetic properties of acute myeloid leukaemia (AML)-associated TET2 mutants
and found that their ability to bind 2-OG or iron was impaired leading to diminished catalytic
activity.

Tumours are often hypoxic due to inadequate vasculature and blood supply. The TET enzymes
and KDMs require oxygen for the reactions they catalyse. We determined the oxygen affinity of
TETs and many KDMs and found that a H3K27 demethylase KDM6A has a remarkably low
affinity for oxygen indicating that it is inactivated in hypoxic tumours and tissues. H3K27
methylation was found to be increased in hypoxic cells and this blocked cell differentiation.

Altogether, these studies shed light on the mechanisms behind the altered DNA and histone
methylation found in several cancers with hypoxic conditions or FH, SDH and IDH mutations.
Altered DNA and histone methylation has previously been associated with progression of cancer,
such as epithelial-to-mesenchymal transition (EMT). We now linked catalytic inhibition of 2-
OGDDs to disturbed DNA and histone methylation that can account for altered cell differentiation,
EMT and increased aggressiveness and invasiveness of cancers.

Keywords: cancer-associated 2-oxoglutarate analogues, cell differentiation, DNA
methylation, epigenetic regulation, histone lysine demethylases, histone methylation,
hypoxia, TET enzymes
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Tiivistelmä

2-oksoglutaraatista riippuvaiset dioksygenaasit ovat entsyymiperhe, johon kuuluu useita entsyy-
mejä, jotka muokkaavat kromatiinin epigeneettisiä merkkejä monin tavoin. Näitä entsyymejä
ovat mm. DNA:n demetylaatioon vaikuttavat TET-entsyymit sekä useat histonidemetylaasit.
Vaikka muutoksia DNA:n ja histonien metylaatiotasoissa on havaittu useissa syövissä, ei näiden
entsyymien roolia muutosten taustalla ole vielä tutkittu. Tämä tutkimus kohdistui näiden epige-
netiikkaan vaikuttavien entsyymien roolin ymmärtämiseen syövissä keskittyen erityisesti kyseis-
ten entsyymien kinetiikkaan.

Useissa syövissä on havaittu fumaraattihydrataasin, sukkinaattidehydrogenaasin ja isositraat-
tidehydrogenaasien aktiivisuuteen vaikuttavia mutaatioita, jotka johtavat fumaraatin, sukkinaa-
tin ja R-2-hydroksiglutaraatin kertymiseen syöpäsoluihin. Tässä tutkimuksessa osoitimme, kuin-
ka nämä karsinogeeniset 2-oksoglutaraattianalogit voivat inhiboida TET-entsyymejä ja histoni-
demetylaaseja, mikä alentaa 5-hydroksimetyylisytosiinitasoja ja lisää histonien metylaatiota.
Näytämme myös, kuinka tietyillä akuutissa myelooisessa leukemiassa esiintyvillä TET2-mutan-
teilla on heikentynyt kyky sitoa 2-oksoglutaraattia tai rautaa, mikä johtaa entsyymien aktiivisuu-
den laskuun.

Kasvainkudoksissa happipitoisuudet ovat usein matalia nopean kasvun ja puutteellisen veri-
suonituksen vuoksi. TET-entsyymit ja histonidemetylaasit vaativat happea katalysoimissaan
reaktioissa. Määritimme TET-entsyymien ja monien histonidemetylaasien riippuvuutta hapesta
ja osoitimme, että H3K27-histonidemetylaasi KDM6A on erittäin riippuvainen hapesta, mikä
osoittaa, ettei se pysty toimimaan kasvaimissa ja kudoksissa, joissa happipitoisuudet ovat mata-
lia. Huomasimme, että vähähappisissa olosuhteissa solujen H3K27 metylaatio on lisääntynyt,
mikä johti erilaistumisen estymiseen soluissa.

Tämä tutkimus paljasti uusia mekanismeja useista syövistä löytyneiden muuntuneiden
DNA:n ja histonien metylaatiotasojen taustalla. Häiriintynyt DNA:n ja histonien metylaatio on
aiemmin yhdistetty syöpien etenemiseen, erityisesti solujen erilaistumisen häiriintymisen kan-
nalta. Tässä tutkimuksessa yhdistimme 2-oksoglutaraatista riippuvaisten entsyymien inhibition
häiriintyneeseen DNA:n ja histonien metylaatioon, joka voi johtaa muuntuneeseen solujen eri-
laistumiseen ja lopulta lisääntyneeseen syöpien aggressiivisuuteen ja invasiivisuuteen.

Asiasanat: DNA:n metylaatio, epigeneettinen säätely, histonidemetylaasit, histonien
metylaatio, hypoksia, karsinogeeniset 2-oksoglutaraattianalogit, solujen erilaistuminen,
TET-entsyymit
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5-hmC 5-hydroxymethylcytosine 

5-fC 5-formylcytosine 

5-caC 5-carboxymethylcytosine 
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H3K27 lysine 27 in N-terminal tail of H3 core histone 

H3K4me3 trimethylated lysine 4 in N-terminal tail of H3 core histone 

H3K9me3 trimethylated lysine 9 in N-terminal tail of H3 core histone 

H3K27me3 trimethylated lysine 27 in N-terminal tail of H3 core histone 

HAT histone acetylase 

HDAC histone deacetylase 
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HIF-P4H hypoxia-inducible factor prolyl 4-hydroxylase 
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HMT histone methyltransferase 
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IDH isocitrate dehydrogenase 

K lysine (an amino acid) 

KDM histone lysine demethylase 

KMT histone lysine methyltransferase 

LSD lysine specific demethylase 

M methionine (an amino acid) 
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Metf metformin 

miRNA micro RNA 
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mRNA messenger RNA 

MS mass spectrometry 

MyHC myosin heavy chain 

NAC N-acetyl-L-cysteine 

PHD prolyl hydroxylase domain-containing protein 

PRC polycomp repressive complex 

pVHL von Hippel-Lindau tumour suppressor protein 
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SDH succinate dehydrogenase 
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1 Introduction 
Since the discovery of DNA and establishment of classic genetics scientist have 

been puzzled by the fact that genotype does not always explain the observed 

phenotype of the organism. For example, monozygotic twins or cloned animals can 

have different phenotypes despite sharing the exactly same DNA sequence (Fraga 

et al., 2005; Humpherys et al., 2001). This led to a hypothesis that there must be 

something “on top” of the DNA sequence that controls the way genes are expressed 

and interpreted. The term “epigenetics” was first introduced in 1939 by C. H. 

Waddington who was trying to explain the complex and dynamic interactions 

taking place between the environment and genome (Waddington, 1939). It was long 

thought that acquired features of the organism cannot be inherited. However, it was 

later defined that epigenetics describes heritable changes in gene expression that 

do not involve alteration of the DNA sequence (Holliday, 1987). Later on, the term 

genomic imprinting was introduced and epigenetics was discovered to include 

covalent modifications on DNA and chromatin, such as DNA methylation, histone 

methylation and other changes to DNA or the ‘histone code’; more recently, the 

discovery of miRNAs has broadened the field (Esteller, 2008). Soon, epigenetics 

was also linked to many disease mechanisms in humans, most notably to cancer 

(Feinberg & Vogelstein, 1983; Greger et al., 1989; Herman et al., 1994; Merlo et 

al., 1995; Sakai et al., 1991). 

Cancer has been described as a disease involving dysfunction of crucial 

regulatory genes that control normal cellular homeostasis, especially cell growth 

and differentiation, leading to uncontrolled proliferation, division and invasion of 

the cancer cells. Mutations in the key regulatory genes, such as transcription factors, 

growth factors and their receptors, apoptosis regulators and signal transducers have 

been identified in many cancers during the past decades (Croce, 2008). Due to the 

ability of epigenetic mechanism to control gene expression, epigenetics has also 

been linked to many oncogenic processes (Esteller, 2008). Using advanced 

techniques such as bisulphite sequencing (Herman et al., 1996) epigenetic changes, 

most notably altered DNA methylation, have been found in almost all human 

cancers (Esteller, 2008). 

In addition to altered DNA methylation, alterations in histone methylation or 

acetylation are well characterized modifications in many cancers (Esteller, 2008). 

Epigenetic modifications such as DNA and histone methylation are not permanent, 

but their state is controlled dynamically by DNA and histone methyltransferases 

(DNMTs and HMTs, respectively) and enzymes that control demethylation of DNA 
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and histones, namely the TET enzymes (TET = ten-eleven translocation) and 

histone demethylases.  

The TET enzymes and the majority of the histone demethylases belong to the 

2-oxoglutarate-dependent dioxygenase (2-OGDD) superfamily of enzymes. These 

enzymes utilize 2-oxoglutarate (2-OG), a Krebs cycle intermediate, oxygen and 

iron as cosubstrates or cofactors in their reactions. The enzyme family also includes 

collagen prolyl 4-hydroxylases (C-P4Hs) and hypoxia-inducible factor prolyl 4-

hydroxylases (HIF-P4Hs, also known as PHDs and EglNs), which are in key 

positions in collagen synthesis and activation of the hypoxia-inducible factor (HIF) 

mediated transcription program, respectively. HIF-P4Hs function as cellular 

oxygen sensors by regulating the stability of HIFα and therefore the expression of 

several hundred HIF target genes, such as vascular endothelial growth factor 

(VEGF) and erythropoietin (EPO). In this way, HIF-P4Hs play a remarkable role 

in the hypoxia response of the cells (Myllyharju & Koivunen, 2013). 

There are three TET isoenzymes, TET1, TET2 and TET3, in humans. TET 

enzymes catalyse the conversion of 5-methylcytosine (5-mC) to 5-

hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC) and 5-carboxycytosine 

(5-caC), ultimately leading to DNA demethylation. 5-mC represses transcription 

whereas 5-hmC is associated with increased transcription. In this way TETs change 

the dynamic state of cytosine methylation and alter gene expression 

(Vasanthakumar & Godley, 2015). The TETs and 5-hmC have been shown to have 

important functions in embryonic development, haematopoiesis, haematological 

malignancies and other cancers (Abdel-Wahab et al., 2009; Ito et al., 2010). Several 

mutations of TET2 are found in haematological malignancies, especially acute 

myeloid leukaemia (AML) (Abdel-Wahab et al., 2009). In addition, reduced global 

5-hmC levels, possibly associated with a hypermethylator phenotype of chromatin 

(increased DNA and histone methylation), are found in several solid human 

tumours (Haffner et al., 2011; Letouze et al., 2013; Lian et al., 2012; Orr et al., 

2012). These recent findings show that TETs may play a crucial role in mediating 

epigenetic changes accounting towards oncogenesis in several human cancers.  

Histone lysine demethylases (KDMs) are enzymes that remove methyl groups 

from specific methylated lysine residues of the H3 core histone. The demethylation 

of histone lysine residues located near promoter areas can upregulate or 

downregulate the expression of the gene. For example, KDM6A (UTX) and 

KDM6B (JMJD3) are members of the 2-OGDD enzyme family that demethylate 

tri- and dimethylated lysine (K) 27 on H3 core histone N-terminal tail (H3K27me3 

and me2). Histone H3K27 methylation located near the promoter area of a gene is 
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associated with transcriptional inactivation. Thus, KDM6A and KDM6B contribute 

to active transcription of genes (Burchfield et al., 2015; Van der Meulen et al., 

2014). Increased H3K27 methylation has been found in many cancers (Martinez-

Garcia & Licht, 2010; McCabe et al., 2012; Moore et al., 2013; Zingg et al., 2015). 

Also, somatic KDM6A mutations are found in various tumours (van Haaften et al., 

2009). Interestingly, it was recently reported that histone demethylase KDM6A 

reduces H3K27 methylation leading to inhibition of epithelial-to-mesenchymal 

transition (EMT) and therefore it acts as a tumour suppressor in breast cancer cells 

(Choi et al., 2015). Furthermore, histone methyltransferase EZH2 (enhancer of 

zeste homologue 2) inhibitors that aim to reduce H3K27 methylation are currently 

in phase I clinical trials for treatment of breast cancer and lymphoma (McCabe et 

al., 2012; Moore et al., 2013). 

Epigenetic changes in cancer cells have gained a lot of attention in the 

international cancer research community within the last years. The aim of this thesis 

is to understand and unveil the role of the TET enzymes and certain 2-OGDD 

KDMs in cancer development. In the first part (I), we characterized the kinetic 

properties of wild-type TET enzymes and certain AML-associated TET2 mutants 

to shed light on how altered metabolism in certain cancers and mutations in TET2 

can affect the activity of these enzymes and therefore account for the altered DNA 

methylation found in many cancers. The second part of this thesis (II) focuses on 

the kinetic properties of selected KDMs and how inhibition of these KDMs by the 

cancer-associated 2-OG analogues accumulating in fumarate hydratase (FH), 

succinate dehydrogenase (SDH) and isocitrate dehydrogenase (IDH) mutant 

cancers can account for the increased histone methylation found in these cancers. 

In the third part of this thesis (III), histone demethylase KDM6A catalytic activity 

is revealed to be sensitive to oxygen.  It is found to be inactivated in hypoxia, such 

as in hypoxic tumours, leading to H3K27 hypermethylation and hypoxia-induced 

differentiation block, possibly accounting for the oncogenic properties of these 

hypoxic tumours. 
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2 Review of the literature 

2.1 Control of genomic information in cells 

Genomic information contains the building instructions for our cells’ central 

biomolecules – the proteins. Except for some highly specialised cells (e.g. 

erythrocytes, thrombocytes and gametes), all of our cells contain an identical 

genome. Therefore, it is essential to carefully control the usage of the genomic 

information in cells to allow e.g. correct expression of specific set of genes during 

embryogenesis, cell differentiation and in response to an outside stimulus. Hence, 

gene expression is controlled on many levels in cells: Chromatin structure, DNA 

methylation, alternative splicing of genes, expression and recruitment of 

transcriptional regulators, such as enhancer and repressor proteins and with non-

coding RNAs. After the mRNA transcript of a gene is generated, its translation to 

a protein and a functionally active polypeptide is likewise carefully controlled by 

the translational machinery, post-translational modifications and protein trafficking. 

The next chapters discuss how cells control chromatin structure to regulate gene 

expression – with special emphasis on the mechanisms that this thesis focuses on. 

2.1.1 Chromatin structure 

DNA in eukaryotic cells is packed into highly condensed chromosomes. Human 

cells have 23 pairs of chromosomes (22 autosomes and one pair of sex 

chromosomes). The DNA in chromosomes is packed with proteins that bind to 

DNA: Histones and non-histone chromosomal proteins. The complex of nuclear 

DNA and chromosomal proteins is called chromatin. 

Histones are the most fundamental proteins for chromatin packing by forming 

nucleosomes. Nucleosomes are formed from a complex of four pairs of different 

histone proteins: H2A, H2B, H3 and H4 and a stretch of DNA that winds around 

the histone to form a histone octamer (Fig. 1). All four histone proteins are 

relatively positively charged which helps them to bind to the negatively charged 

DNA. The control of the electrostatic interactions between histones and DNA is a 

key mechanism by which the epigenetic histone modifications control gene 

expression. Each histone protein in the octamer has an N-terminal amino acid tail 

that extends out of the nucleosome (Fig. 1). This histone tail, most notably the N-
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terminal tail of histone H3, is subjected to various covalent modifications that 

control chromatin structure and gene expression.  

 

Fig. 1. Chromatin structure. Histone core proteins H2A, H2B, H3 and H4 form a histone 
octamer. DNA (blue) wraps around the histone octamer to form a nucleosome. 
Transcriptionally active euchromatin is characterized by a loose chromatin structure 
whereas transcriptionally inactive heterochromatin is in a very condensed state 
inaccessible to transcription machinery. The majority of histone modifications occur at 
the N-terminal tail of histone core proteins. 

Our cells use several ways to control the chromatin structure. Chromatin-

remodelling complexes are proteins that can change the position of DNA wrapped 

around the histones making it either more accessible or less accessible to other 

proteins in the nucleus. Another way of shifting the chromatin structure is by 

reversible covalent modifications to the histone N-terminal tails. These 

modifications include, for example, acetylation and methylation. These epigenetic 

modifications can control the chromatin structure by either affecting the affinity 

between the nucleosomes and the DNA or recruiting different chromatin-modifying 

proteins. 
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Most condensed chromatin is called heterochromatin. This is chromatin where 

DNA is tightly bound around the nucleosomes and inaccessible to transcriptional 

machinery and other regulators that promote gene expression. This type of 

chromatin contains many epigenetic modifications associated with transcriptional 

inactivation. In contrast, chromatin that is in a decondensed state and where DNA 

is available for transcriptional machinery and regulators that promote gene 

expression, is called euchromatin (Fig. 1). The shift between hetero- and 

euchromatin and therefore gene expression in cells is controlled by the 

aforementioned chromatin-modifying complexes and epigenetic modifications. 

2.2 Epigenetic mechanisms 

Epigenetic mechanisms do not affect gene sequence but are able to influence gene 

expression through mechanisms such as DNA methylation, RNA methylation, 

modifications to protein components of chromatin and by non-coding RNAs. 

Epigenetic modifications can also be heritable – a phenomenon known as genomic 

imprinting (Ferguson-Smith, 2011). Probably the most studied and prominent 

epigenetic mechanisms include covalent modifications to DNA and histones, such 

as DNA methylation and histone acetylation and methylation.  

Newly emerged areas of epigenetics include non-coding RNAs, such as 

microRNAs (miRNAs) that can prohibit translation by binding to the 3’ end of 

mRNA. Most recently, methylation of mRNAs (N6-methyladenosine) has also been 

discovered to regulate gene expression and to possibly have an emerging role in 

cancer epigenetics (Peer et al., 2017). Recently, a 2-OGDD family member called 

fat mass and obesity-associated protein (FTO), genetic variants of which were first 

associated with obesity (Loos & Yeo, 2014), was also shown to be a N6-

methyladenosine demethylase targeting pre-mRNAs and regulating alternative 

splicing and 3’-end processing (Bartosovic et al., 2017).  

DNA methylation and histone modifications are the most prominent epigenetic 

modifications. The focus of this thesis is on the DNA 5-methylcytosine 

hydroxylases, the TET enzymes, and KDMs which contribute to DNA and histone 

demethylation that are discussed in further detail in the next chapters. 

2.2.1 DNA methylation 

DNA methylation is probably the most studied of the epigenetic modifications and 

one of the first that was linked to cancer and tumourigenesis. DNA methylation is 
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a covalent chemical modification where a methyl group is added to the cytosine of 

a CpG dinucleotide by converting cytosine to 5-mC. This reaction is carried out by 

DNMTs which transfer a methyl group from S-adenosyl-L-methionine to carbon 5 

of cytosine (Siedlecki & Zielenkiewicz, 2006).  DNA methylation occurs at CpG 

sites which are often concentrated as CpG islands near promoter regions of genes. 

DNA methylation has critical roles in the maintenance of chromatin structure and 

gene expression. Methylation of CpG islands near promoter areas can directly 

inhibit binding of transcription factors and also promote more condensed 

heterochromatin structure associated with inactive gene expression, 5-mC having 

a well-established role as a transcriptional repressor (Vasanthakumar & Godley, 

2015). 

It has been estimated that about 70% of human gene promoters are linked to 

CpG islands and only about 4% of them are methylated in non-cancerous human 

somatic cells (Deaton & Bird, 2011; P. A. Jones & Baylin, 2007; M. Weber et al., 

2007). However, aberrant methylation of the CpG islands, especially near tumour 

suppressor gene promoter regions, has been found in many cancer cells (Toyota & 

Issa, 1999). This phenomenon is further discussed in chapter 2.4.3.  

DNA demethylation, 5-hydroxymethylcytosine and its further oxidized 
forms 

Methylation of DNA was long expected to be permanent, with only minor passive 

demethylation occurring due to 5-mC dilution during DNA replication. However, 

the discovery of the TET enzymes that are able to convert 5-mC to 5-hmC and 

further to 5-fC and 5-caC suggested a new mechanism for DNA demethylation (Ito 

et al., 2011; Kriaucionis & Heintz, 2009; Tahiliani et al., 2009). Later on, it was 

discovered that 5-hmC converted to 5-fC and 5-caC by the TET enzymes can be 

demethylated via excision by thymine DNA glycosylase (TDG) and base excision 

repair (BER) or DNA replication dependent dilution (Fig. 2) (He et al., 2011; Maiti 

& Drohat, 2011; A. R. Weber et al., 2016). Therefore, it has been suggested that 5-

hmC is an intermediate step in the DNA demethylation process. Nevertheless, 5-

hmC and other oxidized forms of 5-mC have also been  shown to have their own 

function independent of DNA demethylation since many endogenous proteins have 

been identified as reader proteins for 5-hmC, 5-fC and 5-caC (Iurlaro et al., 2013; 

Spruijt et al., 2013). 
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Fig. 2. TET-mediated DNA demethylation. Unmodified cytosine is methylated by DNMT 
to 5-mC. TET enzymes can convert 5-mC to 5-hmC, 5-fC and 5-caC. 5-hmC, 5-fC and 5-
caC can be converted to unmodified cytosine by replication-based dilution of modified 
cytosines. 5-fC and 5-caC can be converted to unmodified cytosine by thymine DNA 
glycosylase (TDG) coupled base-excision repair (BER). (Adapted by permission from 
Macmillan Publishers Ltd: Wu & Zhang, 2017.) 

5-hmC, the most abundant form of the oxidized 5-mC in cells, has been shown to 

have a critical role in embryonic development, cell differentiation and 

haematopoiesis (Vasanthakumar & Godley, 2015). High levels of 5-hmC were first 

reported in neural tissues. In mouse cerebellar Purkinje neurons almost 40% of 5-

mC was hydroxylated (Kriaucionis & Heintz, 2009). Other somatic tissues, such as 

heart and kidney have medium amounts of 5-hmC (around 30 to 50% of that of 

neural tissues) whereas tissues like spleen and thymus have low levels of 5-hmC 

(Globisch et al., 2010; Ito et al., 2011). Based on the available data on 5-hmC 

distribution it seems that low 5-hmC levels are associated with active cell 

proliferation and differentiation while tissues with high 5-hmC levels are often 
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inactive in terms of cell proliferation and differentiation. Supporting this, low levels 

of global 5-hmC are found in mouse embryonic stem cells (Ito et al., 2010). 

However, in embryonic stem cells high 5-hmC levels are found at so-called bivalent 

promoters which correspond to genes repressed in stem cells but activated during 

differentiation (Gao et al., 2013), raising an idea that 5-hmC controls the 

pluripotency and cell differentiation in these cells. 

Disturbed patterns of 5-hmC levels have been found in many haematological 

malignancies as well as in other cancers supporting their critical role in cell 

proliferation, differentiation and transformation (Haffner et al., 2011; Letouze et al., 

2013; Lian et al., 2012; Orr et al., 2012; Song et al., 2013; Wu & Zhang, 2017).  

2.2.2 Modifications to histones 

As histones are the core proteins that form the nucleosomes that DNA winds around, 

their post-translational modifications have a well-established role in regulating 

gene expression. Histone modifications can affect gene expression by neutralizing 

the electro-chemical interactions between DNA and nucleosomes, by attracting 

chromatin-modifying complexes that loosen or tighten chromatin structure or by 

recruiting transcription factors that promote or repress gene expression. In addition 

to gene expression, histone modifications also have roles in mitosis and DNA 

replication and repair (Rothbart & Strahl, 2014). Histone modifications occur at the 

N-terminal tail of the histone core protein and the majority of these occur in the H3 

core histone. These modifications include acetylation, methylation, SUMOylation, 

ubiquitination, phosphorylation, ADP-ribosylation, deamination and proline 

isomerization (Bannister & Kouzarides, 2011; Kouzarides, 2007; Rothbart & Strahl, 

2014). Histone acetylation and methylation are certainly the most studied and 

prominent of the histone modifications. 

Histone acetylation 

Histones are acetylated by histone acetyltransferases (HATs) and deacetylated by 

histone deacetylases (HDACs) which both comprise a relatively large group of 

enzymes. Like many other epigenetic modifications, histone acetylation is a 

dynamic process where histones are continuously acetylated and deacetylated 

according to intracellular signals (Yang & Seto, 2007).  

Histone acetylation occurs at the lysine residues of the N-terminal tail of the 

histone, mainly in the H3 core histone. HATs that acetylate lysine residues on 
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histone tails use acetyl-CoA as a cofactor and transfer an acetyl group to a lysine 

residue in the histone tail (Marmorstein & Zhou, 2014). Histone acetylation can 

loosen the chromatin structure by unwrapping the DNA around the histones or 

destabilizing the nucleosomes. As histones have a positive charge and DNA a 

negative one, histone acetylation leads to neutralization of this electro-chemical 

interaction making the DNA more accessible (Bannister & Kouzarides, 2011; 

Hodawadekar & Marmorstein, 2007). Several lysine residues in H3 and H4 core 

histones can be acetylated, these include H3K9, H3K14, H3K18, H3K56, H3K64, 

H3K122, H4K5, H4K8 and H4K12 (Bannister & Kouzarides, 2011; Kouzarides, 

2007; Tessarz & Kouzarides, 2014). This allows histone hyperacetylation to occur 

leading to neutralization of the positive charge of the histone unwinding the 

negatively charged DNA around the nucleosome and making it more accessible to 

transcription machinery. For example, H3K56 is a lysine residue situated at the 

entry-exit point of DNA from the nucleosome. Acetylation of H3K56 has been 

found to unwrap the DNA around the nucleosome in vitro and has also been 

associated with increased transcription in vivo (Tessarz & Kouzarides, 2014). 

Moreover, acetylation of H3K64 and H3K122 has been found to destabilize the 

nucleosome and promote eviction of the gene promoter area from the nucleosome 

endorsing the promoter availability to transcription machinery (Tessarz & 

Kouzarides, 2014). 

HDACs deacetylate the acetylated histone lysine residues restoring the positive 

charge and promoting the binding of the DNA to the nucleosome. Some of the 

HDACs are recruited to the site by histone methylation, deacetylation occurring 

concurrently with histone methylation (Bannister & Kouzarides, 2011; Kouzarides, 

2007). 

Histone methylation 

Histone methylation occurs at lysine or arginine residues in the N-terminal tail of 

H3 and H4 core histones. Most prominently, methylation occurs on lysine residues 

in the H3 histone (Fig. 3). Methylation is carried out by HMTs which transfer 

methyl groups from S-adenosyl-L-methionine to lysine or arginine residues in 

histone tails (Rea et al., 2000). Lysine residues can be consequently methylated to 

mono-, di- or trimethylated forms and arginine residues can be mono- or 

dimethylated (Kouzarides, 2007). All of the histone lysine methyltransferases 

(KMTs) include a so-called SET domain that possesses the enzyme’s catalytic 

activity. Numerous HMTs are found and they can be very specific to different 
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methylation states and lysine residues. Mutations, deletions or overexpression of 

many HMTs, such as the H3K27 methyltransferase EZH2, have been found in 

various cancers. 

As for histone acetylation, histone methylation is also a dynamic process where 

specific histone demethylases remove methyl groups from methylated residues in 

histones. KDMs are enzymes that remove specific methyl groups from tri-, di- or 

monomethylated lysines in H3 core histones. Several KDMs exist (Table 1) and 

their characteristics, function and roles in physiological and pathological conditions 

are further discussed in chapter 2.3.2. 

Histone methylation plays a functional role on gene expression. For example, 

H3K4, H3K36 and H3K79 methylation is associated with increased transcription 

whereas H3K9, H3K27 and H4K20 methylation is associated with repressed 

transcription (Kouzarides, 2007). Unlike histone acetylation, methylation primarily 

mediates its effects, not directly interacting with the DNA, but by recruiting other 

mediator proteins (reader proteins) to the site that further modify the chromatin or 

recruit other transcription factors which promote or repress gene expression. A 

number of proteins that recognize and bind specific histone methylation marks have 

been identified. These reader proteins can be for example chromatin-remodelling 

ATPases that unravel or close chromatin to modify its accessibility to transcription 

machinery, enzymes which affect histone acetylation or proteins that maintain a 

specific state of the chromatin (Bannister & Kouzarides, 2011; Kouzarides, 2007). 

For example, CHD1, an ATP-dependent chromatin-remodelling enzyme, has been 

shown to bind specifically to H3K4me3 to initiate remodelling of nucleosomes to 

activate transcription (Sims et al., 2005). In addition, H3K4me3 is able to recruit a 

protein called scYng1 which stabilizes scNuA3 HAT leading to H3K14 acetylation 

and promotion of gene expression (Taverna et al., 2006). In turn, the HP1 protein 

which binds methylated H3K9 also contains histone deacetylase activity promoting 

histone deacetylation and therefore inactivation of gene transcription (Bannister et 

al., 2001; Lachner et al., 2001). Likewise, methylated H3K27, found abundantly in 

inactive X-chromosome, strongly binds polycomb repressive complexes (PRCs) 

heavily involved in maintaining inactive heterochromatin (Trojer & Reinberg, 

2007). 

Histone methylation has been shown to have a critical role in embryonic stem 

cells, embryonic development and tissue differentiation. Notably, mutations in 

HMTs, histone demethylases and changes in histone methylations are highly 

associated with several malignancies (Burchfield et al., 2015; Martinez-Garcia & 

Licht, 2010; McCabe et al., 2012; Moore et al., 2013; Van der Meulen et al., 2014; 
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Zingg et al., 2015). These disturbed histone methylation patterns in cancers cells 

are further discussed in chapter 2.4.4. 

Other histone modifications 

Other post-translational histone modifications include ubiquitination, 

SUMOylation, phosphorylation, ADP-ribosylation, deimination and proline 

isomerization (Bannister & Kouzarides, 2011; Kouzarides, 2007). These 

modifications are relatively new findings the functions of which are so far not fully 

understood.  

Ubiquitination can be found in lysine residues of H2A and H2B core histones. 

The function of ubiquitination is not fully known but it has been suggested to have 

a role in transcriptional control and elongation as well as in the recruitment of DNA 

repair machinery (Pavri et al., 2006; Wang et al., 2006). SUMOylation is a large 

modification suggested to antagonize ubiquitination when occurring in the same 

lysine residues on H2A and H2B (Nathan et al., 2006). Phosphorylation takes place 

at serine, threonine and tyrosine residues of the N-terminal histone tail (Fig. 3). 

This modification is controlled by kinases and phosphatases. Little is known of the 

function of histone phosphorylation, but it has been suggested to have a role in 

transcription factor recruitment and chromatin stabilization (Bannister & 

Kouzarides, 2011; Oki et al., 2007).  Deimination involves conversion of arginine 

residues to citrulline (Fig. 3). This is suggested to antagonize arginine methylation 

since citrulline residues cannot be methylated (Cuthbert et al., 2004). Proline 

isomerization has been suggested to partly control histone methylation by serving 

as a partial binding site for HMTs and histone demethylases (Nelson et al., 2006). 

 

Fig. 3. Epigenetic modifications in the N-terminal tail of the H3 core histone. Me = 
methylation, Ac = acetylation, P = phosphorylation, Ci = Deimination with citrulline. Not 
all possible modifications are shown due to restrictions of the graphical illustration. 
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2.2.3 Interplay between different epigenetic marks in the control of 
gene expression 

Histone methylation and acetylation marks often work in tandem or in combination 

to regulate gene expression and chromatin structure, meaning that if gene 

expression is activated histone marks promoting active transcription are gained at 

gene promoters and body while histone marks promoting inactivation are 

diminished. Some of this cooperative gain of activating or inactivating histone 

marks is due to the intrinsic enzymatic activity of the reader proteins or ability to 

recruit other histone modifying proteins, as explained before (Bannister & 

Kouzarides, 2011; Kouzarides, 2007). Like different histone marks, DNA 

methylation and demethylation also occur in parallel to histone modifications to 

activate or repress gene expression (Fig. 4). A good example of this is H3K9me3 

demethylase KDM2A which has been shown to bind H3K9me3 only when DNA is 

demethylated (Bartke et al., 2010).  

Interestingly, gene promoters which contain both activating and repressive 

histone and DNA methylation marks have been found. These so-called bivalent 

domains are often found in embryonic stem cells and are associated with expression 

of transcription factors controlling development and cell differentiation. When 

embryonic stem cells start to differentiate, these bivalent domains will preserve 

only activating or repressive marks (Bannister & Kouzarides, 2011; Kouzarides, 

2007). 

Overall, different epigenetic marks cooperate with each other to promote or 

repress transcription. This can be done on a local scale to promote the expression 

of one gene or on a global scale by switching between hetero- and euchromatin 

(Fig. 4) such as in DNA replication and mitosis. Different covalent epigenetic 

modifications, such as DNA and histone methylation, are controlled in a dynamic 

manner by writers such as DNMTs and HMTs and erasers such as TET enzymes 

and histone demethylases. This thesis focuses on the TET enzymes and KDMs that 

belong to the same 2-OGDD family of enzymes and are further discussed in the 

next chapters. 
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Fig. 4. Summary of epigenetic modifications between hetero- and euchromatin. 
Condense heterochromatin associated with repressed transcription is rich in H3K9 and 
H3K27 methylation as well as 5-mC. Decondensed euchromatin associated with active 
transcription is rich in H3K4 methylation, histone acetylation, 5-hmC and demethylated 
cytosines. 

2.3 2-oxoglutarate-dependent dioxygenases 

2-OGDDs comprise a large enzyme family. These enzymes share the same reaction 

mechanism and utilize 2-OG (α-ketoglutarate), a Krebs cycle intermediate, oxygen, 

iron and ascorbate as cosubstrates/cofactors in their reactions. C-P4Hs and HIF-

P4Hs (also known as PHDs and EglNs), which are in key positions in collagen 

synthesis and activation of the HIF-mediated transcription programme, respectively, 

are established members of this enzyme family. HIF-P4Hs regulate the stability of 

HIFα subunits and are highly dependent on oxygen having Km values for O2 that 

exceed the atmospheric oxygen concentration at sea level (Hirsilä et al., 2003). 

Under hypoxia the reduced catalytic activity of these enzymes leads to stabilization 
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of HIFα and induction of the transcription of many hypoxia-inducible genes, such 

as VEGF, EPO and many energy metabolism-regulating genes. In short, HIF-P4Hs 

act as cellular oxygen sensors (Myllyharju & Koivunen, 2013). 

Interestingly, the 2-OGDD enzyme family also includes several enzymes that 

modify chromatin in extensive ways. These chromatin-modifying enzymes include 

the TET enzymes and several Jumonji C (JmjC) domain-containing KDMs. These 

enzymes have not been as comprehensively studied and characterized as the HIF-

P4Hs and C-P4Hs despite the fact that they comprise the majority of the 2-OGDD 

enzyme family (Table 1) and have a well-recognized role in various oncogenic 

processes (McDonough et al., 2010; Vasanthakumar & Godley, 2015). 

Table 1. 2-OGDD enzyme family members. 

DNA/RNA-modifying 

enzymes 

JmjC domain-containing 

enzymes 

Proline/lysine 

hydroxylases 

Other hydroxylases 

TET1 KDM2A KDM7A HIF-P4H-1 ASPH 

TET2 KDM2B KDM8 HIF-P4H-2 ASPHD1 

TET3 KDM3A HR HIF-P4H-3 ASPHD2 

ABH1 KDM3B JARID2 P4HA1 BBOX1 

ABH2 KDM4A JHDM1C P4HA2 FIH1 

ABH3 KDM4B JMJD1C P4HA3 HSPBAP1 

ABH4 KDM4C JMJD4 P4H-TM OGFOD1 

ABH5 KDM4D JMJD6 PLOD1 OGFOD2 

ABH6 KDM5A JMJD7 PLOD2 PAHX-AP1 

FTO KDM5B JMJD8 PLOD3 PHYH 

 KDM5C MINA LEPRE1 PHYHD1 

 KDM5D NO66 LEPREL1  

 KDM6A PHF2 LEPREL2  

 KDM6B PHF8 BBOX2  

  UTY   

All 2-OGDDs share the same basic reaction mechanism: In the reaction 2-OG and 

oxygen are used as cosubstrates, iron(II) and ascorbate being cofactors (Fig. 5). 

During the catalysis, the enzyme-Fe2+ complex first binds 2-OG, then its peptide 

substrate and finally molecular oxygen. Binding of the substrate replaces a water 

molecule bound by Fe2+ and allows Fe2+ to react with molecular oxygen. Splitting 

of molecular oxygen is coupled to the hydroxylation of the substrate (for example 

certain proline residues in the HIFα subunit, 5-mC or methylated lysine in histone 

H3) and oxidative decarboxylation of 2-OG to produce the hydroxylated substrate, 
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succinate and carbon dioxide (Fig. 5). Ascorbate can reduce Fe3+ to Fe2+ and 

therefore act as a cofactor for the reaction (Schofield & Ratcliffe, 2004). 

 

Fig. 5.  2-OGDD reaction. All 2-OGDDs use 2-OG and oxygen as cosubstrates and iron(II) 
and ascorbate as cofactors in the reactions they catalyse. Substrates can vary from 
DNA to RNA, proteins and fatty acids. In addition to the hydroxylated product, 2-OGDDs 
produce succinate, formaldehyde and carbon dioxide during the reaction. 

2.3.1 The TET enzymes 

The first TET enzyme, namely TET1, was discovered in 2002 when TET1 in 10q22 

was cloned as a leukaemia-associated protein with a CXXC domain (LCX) as a 

fusion partner of mixed-lineage leukaemia in 11q23 (Ono et al., 2002). 

Subsequently, an AML patient with this TET1 translocation was characterized and 

based on the sequence homology, two additional isoenzymes were found (Lorsbach 

et al., 2003). TET1 was then suggested to have a role in the pathogenesis of the 

11q23-associated leukaemia but no function was yet associated to these enzymes. 

TET enzymes were thus named as Ten-Eleven Translocation (TET) enzymes based 

on the TET1 translocation found in leukaemia patients (Lorsbach et al., 2003). Later 

on, TET1 enzyme was linked to conversion of 5-mC to 5-hmC, with TET1 

overexpression reducing 5-mC and increasing a novel DNA modification, 5-hmC 

(Tahiliani et al., 2009). 

There are three TET isoenzymes, TET1, TET2 and TET3, characterized in 

human. The TET proteins are relatively large proteins. The human TET1 protein is 

composed of 2136 amino acids, TET2 and TET3 being composed of 2002 and 1660 

amino acids, respectively (Ito et al., 2010).  However, shorter variants also exist. 

The mouse Tets have been studied more extensively and they are about the same 
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size and share the same conserved domains (Fig. 5) (Ito et al., 2010). N-terminal 

parts of TETs 1 and 3 contain a DNA-binding CXXC domain, while TET2 lacks 

this domain but it is coded by the neighbouring gene IDAX (Ko et al., 2013). The 

catalytic domain is situated at the C-terminus and is comprised of a double-stranded 

β-helix (DSBH) domain and a cysteine-rich domain (Fig. 6) (Pastor et al., 2013). 

As well as other 2-OGDD family members, TET enzymes utilize 2-OG, oxygen, 

iron(II) and ascorbate when they catalyse the conversion of 5-mC to 5-hmC, 5-fC 

and 5-caC (Fig. 2).  In TET enzymes the DSBH domain brings 2-OG, iron and 5-

mC together for oxidation and the cysteine-rich domain wraps around the DSBH 

core to enable and stabilize the TET-DNA interaction. This TET-DNA interaction 

does not involve the methyl group in 5-mC allowing TET enzymes to oxidize 

different forms of the modified cytosine, namely 5-hmC and 5-fC (L. Hu et al., 

2013). 

The TET enzymes and 5-hmC are shown to have important functions in 

embryonic development, haematopoiesis, haematological malignancies and other 

cancers. TET1 is highly expressed in embryonic stem cells whereas TETs 2 and 3 

are required for normal haematopoiesis (Abdel-Wahab et al., 2009; Ito et al., 2010). 

As 5-mC represses transcription and 5-hmC is associated with increased 

transcription the TETs change the dynamic state of cytosine methylation and in this 

way alter gene expression. The TET enzymes have been suggested to play a crucial 

role in several pathologies (Vasanthakumar & Godley, 2015). Reported TET 

mutations are discussed in the next chapter and altered TET expression and 5-hmC 

levels in chapter 2.4.3. 

 

Fig. 6. Schematic graph of mouse Tet enzymes showing CXXC domain in Tet1 and Tet3 
and cysteine-rich domains (Cys-rich) and double-stranded β-helix domains (DSBH) in 
Tets 1-3. 
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TET mutations in cancers 

Mutations of the TET enzymes are found in many haematological malignancies. 

TET2 is the most frequently mutated TET enzyme, its mutations being found in 

AML, myelodysplastic syndrome (MDS), myeloproliferative neoplasms (MPN) 

and chronic myelomonocytic leukaemia (CMML) (Abdel-Wahab et al., 2009; 

Delhommeau et al., 2009; Solary et al., 2014). TET2 mutations are also found in T 

cell lymphomas (Couronne et al., 2012). Most of these mutations are somatic 

heterozygous missense mutations that do not cluster at any particular site of the 

TET2 gene. Mutations in DSBH or cysteine-rich domain are shown to impair 

hydroxylation of 5-mC by disturbing DNA binding (Ko et al., 2010) whereas 

mutations targeting the iron or 2-OG binding residues in the N-terminus are thought 

to affect catalytic activity.  

TET1 mutations are found in low frequencies in malignancies such as AML 

and T-cell acute lymphoblastic leukaemia (T-ALL). Moreover, TET1 has been 

frequently found to be upregulated in malignancies containing MLL chromosome 

translocations such as AML, T-cell lymphoma and B-cell acute lymphoblastic 

leukaemia (B-ALL) in which TET1 is a direct target gene of the MLL fusion 

proteins resulting in increased 5-hmC levels (Huang et al., 2013). 

TET3 mutations have not yet been characterized and Tet3 knockout in mouse 

has been shown to be embryonically lethal whereas Tet1-/- and Tet2-/- mice develop 

normally, suggesting that TET3 mutations are not tolerated (Gu et al., 2011). 

2.3.2 Histone demethylases 

As in the case of DNA methylation, until a little over a decade ago histone 

methylation was thought to be a permanent modification that was only erased 

during DNA replication. Nevertheless, this changed when lysine-specific 

demethylase 1 (LSD1) was found to be able to demethylate H3K4me2 and 

H3K4me1 (Y. Shi et al., 2004). Subsequently, a family of histone demethylases was 

found that contains a common catalytic domain called Jumonji C (JmjC) domain 

(Tsukada et al., 2006). Later on, histone demethylases specific for a majority of the 

methylated lysine residues studied have been characterized.  

Histone demethylases can be divided into two families: The LSD family and 

the JmjC domain-containing histone demethylases (JmjC-KDMs). The LSD family 

contains only two members: LSD1 (KDM1A) and LSD2 (KDM1B) (Karytinos et 

al., 2009; Shi et al., 2004). Instead of the JmjC domain these enzymes contain an 
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amine oxide-like (AOL) domain that uses flavin adenine dinucleotide (FAD) as a 

cofactor to catalyse the removal of methyl groups from histone lysines (Forneris et 

al., 2005). The LSD enzymes are only able to demethylate mono- and dimethylated 

but not trimethylated lysine residues (Shi et al., 2004). The JmJC-KDMs comprise 

a much larger family of histone demethylases (Table 2). They belong to the 2-

OGDD superfamily (Table 1) and like other 2-OGDDs utilize 2-OG, oxygen, 

iron(II) and ascorbate in their reactions (Fig. 5). Unlike LSDs, many, but not all, 

JmjC-KDMs are able to demethylate trimethylated lysine residues (Cloos et al., 

2006; Fodor et al., 2006; Klose et al., 2006; Whetstine et al., 2006) (Table 2). Like 

many other 2-OGDDs, such as the TET enzymes, the JmjC-KDMs also contain a 

DSBH domain in their catalytic JmjC domain (Iyer et al., 2010). 

Many KDMs are specific for different methylated lysine residues in the H3 

core histone. KDM6A and KDM6B demethylate tri- and dimethylated H3K27 

(H3K27me3 and me2) but no other methylated lysines (Table 2). As methylation 

of H3K27 near the promoter area of a gene is associated with transcriptional 

inactivation KDM6A and KDM6B contribute to active transcription of genes 

(Burchfield et al., 2015; Van der Meulen et al., 2014). The KDM5 family of histone 

demethylases (KDM5A-D) demethylate H3K4me3, H3K4me2 and H3K4me1 

(Table 2). As H3K4 methylation, contrary to H3K27 methylation, is associated with 

transcriptional activation KDM5B can inhibit transcription of various genes 

(Yamane et al., 2007). On the other hand, KDM4A and KDM4B are histone 

demethylases that are able to target methylated lysine residues on H3K9, H3K36 

and histone H1.4K26 (Berry & Janknecht, 2013) but have lately also shown to be 

able to demethylate H3K27 (Williams et al., 2014). Therefore, KDM4 family 

members remove many of the histone methylation marks associated with 

transcriptional repression. These changes mediated by the KDM4 family of histone 

demethylases lead to promoted gene expression. 

Due to their ability to control gene expression, many histone demethylases 

have critical roles in embryonic stem cells, embryonic development and tissue 

differentiation. Notably, mutations in histone methyltransferases, demethylases and 

changes in histone methylations are highly associated with several malignancies 

(Burchfield et al., 2015; Van der Meulen et al., 2014). 
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2.3.3 HIF-P4Hs and FIH 

There are three HIF-P4Hs (also known as PHDs or EglNs) in human. HIF-P4Hs 1-

3 are enzymes that under normoxic conditions hydroxylate one or two prolyl 

residues of HIFα. This hydroxylation creates a binding site for the von Hippel-

Lindau (pVHL) protein. pVHL then recruits an ubiquitin ligase complex to the site 

and HIFα becomes polyubiquitylated and subjected to proteasomal degradation. 

The Km value of HIF-P4Hs for O2 in vitro is high, around 67-250 μM depending on 

the substrate used (equivalent to ~7-25% environmental oxygen content) 

(Ehrismann et al., 2007; Hirsilä et al., 2003; Koivunen et al., 2006). This means 

that under normoxic conditions HIF-P4Hs hydroxylate HIFα which is then 

subjected to proteasomal degradation. However, under hypoxic conditions where 

oxygen is sparse HIF-P4Hs are unable to hydroxylate HIFα and it is able to bind 

with HIFβ/aryl hydrocarbon receptor nuclear translocator (ARNT) forming a 

heterodimer which acts as a transcription factor regulating over 300 genes involved 

in the hypoxia response (Kaelin & Ratcliffe, 2008). 

Factor inhibiting HIF (FIH) is also a 2-OGDD family member like HIF-P4Hs. 

FIH hydroxylates an asparaginyl residue in HIFα that prevents binding of the 

transcriptional coactivator p300/CBP. However, FIH remains active under lower 

oxygen concentrations than HIF-P4Hs suggesting that it might act as a suppressor 

of the HIFα proteins that escape degradation under moderate hypoxia (Koivunen 

et al., 2004). 

2.4 2-OGDDs as regulators of epigenetic modifications in 
physiologic and pathologic conditions 

2.4.1 Oxygen as a regulator of gene expression 

Oxygen is a key molecule in biological processes and systems of metazoans. 

Without atmospheric oxygen life, as we know it, could not have developed. 

Therefore, it has also been crucial that metazoans and also single cell organisms 

have developed sophisticated systems to respond and adapt to changes in oxygen 

concentrations. 

Our understanding of oxygen sensing took a big leap forward when HIF was 

discovered to regulate EPO expression (Semenza & Wang, 1992). Later on, HIF-
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P4Hs were discovered to act as oxygen sensors by regulating the stability of HIFα 

(Ivan et al., 2001; Jaakkola et al., 2001; Masson et al., 2001; Yu et al., 2001). Since 

the discovery of the HIF-mediated hypoxia response over 300 genes have been 

identified as HIF target genes. These include genes that control not only 

erythropoiesis and angiogenesis but also metabolic pathways, immunoresponse and 

tumour suppressors such as p53 (Cummins & Taylor, 2005; Kaelin & Ratcliffe, 

2008). Interestingly, hypoxia has been shown to promote cell stemness and affect 

cell differentiation and also to be a driver for more aggressive cancer phenotypes 

and metastasis (P. Chaturvedi et al., 2013; Eisinger-Mathason et al., 2013; Erler et 

al., 2006; Gilkes & Semenza, 2013; Mathieu et al., 2014; Mohyeldin et al., 2010). 

The HIF pathway is the most well-known and studied response to hypoxic 

stimuli in our cells acting as a central regulator of the hypoxia response. However, 

oxygen concentrations in our cells can have effects beyond and independent of the 

HIF pathway. Notably, the 2-OGDD enzyme family contains many other enzymes 

that can regulate gene expression other than the HIF-P4Hs. These include the DNA 

demethylating TET enzymes and many histone demethylases. All of the 2-OGDDs 

share the same basic catalytic reaction where oxygen is required. This suggests that 

also other 2-OGDD than HIF-P4Hs, such as the chromatin-modifying TETs and 

histone demethylases, might be sensible to changes in oxygen concentrations in our 

cells and tissues. 

TETs and hypoxia 

Decreased 5-hmC levels and disturbed DNA methylation have been found in many 

human tumours (Benesova et al., 2017; K. Chen et al., 2016; Haffner et al., 2011; 

Hsu et al., 2012; Letouze et al., 2013; Lian et al., 2012; Munari et al., 2016; 

Nettersheim et al., 2013; Orr et al., 2012; X. Shi et al., 2016; Song et al., 2013). 

Many solid oncogenic tumours possess hypoxic or nearly anoxic conditions due to 

inadequate angiogenesis and blood supply (Schito & Semenza, 2016). The HIF-

P4Hs possess a high Km value for oxygen thus acting as cellular oxygen sensors 

(Bruick & McKnight, 2001; Epstein et al., 2001; Ivan et al., 2002). Therefore, the 

HIF pathway is often activated during carcinogenesis and can contribute to 

angiogenesis, tumour growth and inflammation. The chromatin-modifying TET 

enzymes belong to the same 2-OGDD enzyme family and require oxygen for 

catalysis but their activity under hypoxia has not been fully studied. However, a 

connection between TETs and carcinogenesis has been hypothesized.  
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It was recently shown that in SK-N-BE(2) neuroblastoma cells hypoxia 

increases global and gene-specific 5-hmC levels in canonical hypoxia response 

genes. This was due to HIF1-dependent induction of TET1 expression and the full 

induction of the hypoxia response was dependent on TET1 (Mariani et al., 2014). 

However, a recent study reported that in many cancer cells and murine embryonic 

stem cells hypoxia reduces 5-hmC levels in gene promoters and hypoxia had no 

effect on expression of TETs 1-3 (Thienpont et al., 2016). Interestingly, reduction 

in 5-hmC was seen especially in tumour suppressor gene promoters, suggesting that 

hypoxia inhibits TET activity leading decreased tumour suppressor expression. 

Histone demethylases and hypoxia 

Many studies have shown that hypoxia can increase different histone methylation 

marks on chromatin (Adriaens et al., 2016; Hancock et al., 2017; Hancock et al., 

2015; van den Beucken et al., 2014; C. J. Watson et al., 2014; J. A. Watson et al., 

2009). These changes are also observed during development and in many cancers 

where hypoxic conditions are known to occur. However, at the same time several 

of the KDMs, many of which are HIF target genes, are upregulated by hypoxia 

(Beyer et al., 2008; Niu et al., 2012; Pollard et al., 2008; Xia et al., 2009). As KDMs 

require oxygen in the reactions they catalyse, a question has been raised whether 

KDMs could act as oxygen sensors of the chromatin similarly to the TET enzymes. 

Moreover, HIF-mediated upregulation of certain KDMs could act as a negative 

feedback to the system.  

2.4.2 Cancer-associated 2-oxoglutarate analogues and 2-OGDDs 

Mutations in genes encoding succinate dehydrogenase (SDH), fumarate hydratase 

(FH) and isocitrate dehydrogenase (IDH) isoenzymes, are found in several human 

cancers (e.g. paraganglioma, pheochromocytoma, uterine and skin leiomyoma, 

papillary renal carcinoma, glioma and AML) (Astuti et al., 2001; Bayley et al., 

2010; Hao et al., 2009; Tomlinson et al., 2002; Waitkus et al., 2016; Yan et al., 

2009). These mutations result in accumulation of the 2-OG analogues succinate, 

fumarate and R-2-hydroxyglutarate (R-2HG), respectively (Fig. 7) (Dang et al., 

2009; Pollard et al., 2005). Patients with a rare metabolic disorder caused by a 

defect in S-2-hydroglutarate dehydrogenase accumulate an enantiomer of R-2HG, 

namely S-2-hydroxyglutarate (S-2HG) (Aghili et al., 2009). 
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It has previously been shown that fumarate and succinate are able to 

competitively inhibit several 2-OGDDs whereas R-2HG is a potent inhibitor of all 

the other 2-OGDDs studied except for HIF-P4Hs (Isaacs et al., 2005; Koivunen et 

al., 2007; Koivunen et al., 2012; Selak et al., 2005). The inhibitory properties of 

these 2-OG analogues with respect to HIF-P4Hs and some other 2-OGDDs are well 

known but their effect on the properties and dynamics of the chromatin modifying 

2-OGDDs (TETs and KDMs) have remained unknown.  

Interestingly, a hypermethylator phenotype has been observed in SDH mutant 

paragangliomas (Letouze et al., 2013). In addition, IDH mutations associated with 

lower 5-hmC levels and altered histone methylation have been identified in gliomas, 

AML and chondrosarcomas (Dang et al., 2009; Haffner et al., 2011; Mardis et al., 

2009; Orr et al., 2012; Vasanthakumar & Godley, 2015; Ward et al., 2010; Yan et 

al., 2009). Moreover, reduced global 5-hmC and altered histone methylation levels 

have been reported in several other cancers (e.g. melanoma, prostate, colon and 

breast cancers, and in oesophageal squamous cell carcinoma) (Haffner et al., 2011; 

Hoekstra et al., 2015; Letouze et al., 2013; Lian et al., 2012; Martinez-Garcia & 

Licht, 2010; Orr et al., 2012). Interestingly, a recent study showed that 2-OG and 

an increased 2-OG/succinate ratio promoted H3K27 and DNA demethylation to 

maintain pluripotency of embryonic stem cells (Carey et al., 2015). These findings 

suggest that the activity of the TET enzymes and KDMs may be controlled by the 

intracellular Krebs cycle metabolites, such as the cancer-associated 2-OG 

analogues that accumulate in various cancers. However, the underlying 

mechanisms of these epigenetic changes remain to be fully understood. 
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Fig. 7. Cancer-associated 2-oxoglutarate analogues fumarate, succinate and R-2-
hydroxyglutarate (R-2HG) accumulate in cancers with fumarate hydratase (FH), 
succinate dehydrogenase (SDH) and isocitrate dehydrogenase (IDH) mutations. 

2.4.3 Altered DNA methylation and 5-hmC levels in cancers 

Altered DNA methylation is the most extensively documented epigenetic change 

in oncogenesis, but the underlying mechanisms are yet poorly understood. Both 

global hypomethylation and local CpG island hypermethylation are found in human 

tumours (Fig. 8). Hypermethylation of the promoter areas of tumour suppressor 

genes can lead to downregulation of tumour suppressors promoting tumour growth 

(Fig. 8) (Esteller, 2008). Some examples of tumour suppressor genes inactivated 

by CpG island hypermethylation are VHL, P16INK4a, hMLH1 and BRCA1 (Esteller, 

2008). It is still unclear what causes the hypermethylation, but a model involving 

genetic changes as a prerequisite for the hypermethylation has been suggested. For 

example, BRAF mutations have been shown to cause DNA hypermethylation in 

colon cancer accounting for a CpG island methylator phenotype (CIMP) (Toyota 

& Issa, 1999; Weisenberger et al., 2006). However, mutations in somatic genes can 

explain only a fraction of the hypermethylation observed in cancers. 
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The TET enzymes and 5-hmC are shown to have important functions in 

embryonic development, haematopoiesis, haematological malignancies and other 

cancers. Several mutations of TET2 are found in haematological malignancies, 

especially AML (Table 3, Fig. 8) (Abdel-Wahab et al., 2009). Furthermore, reduced 

global 5-hmC levels, possibly associated with altered TET expression or function 

and a hypermethylator phenotype of chromatin, are found in several other human 

cancers, e.g. melanoma, glioblastoma, seminoma, breast, prostate, urothelial, renal 

and gastric cancers (Benesova et al., 2017; Chen et al., 2016; Haffner et al., 2011; 

Hsu et al., 2012; Letouze et al., 2013; Lian et al., 2012; Munari et al., 2016; 

Nettersheim et al., 2013; Orr et al., 2012; X. Shi et al., 2016; Song et al., 2013). 

5-hmC levels have been suggested to be used as a marker for cancer 

progression and their correlation to cancer prognosis has been studied. For example, 

low 5-hmC levels have been shown to be a marker for melanoma progression 

correlating negatively with Breslow scores and mitotic rate, both of which are well-

established markers for melanoma staging (Lee et al., 2015; Lian et al., 2012). The 

lower 5-hmC levels observed in melanoma have been suggested to be due to 

reduced TET activity, possibly caused by IDH2 downregulation leading to 

inadequate 2-OG levels, again linking TETs to lower 5-hmC levels observed in 

cancer. Moreover, overexpression of IDH2 or TET2 rescued the 5-hmC levels and 

suppressed tumour invasion and growth (Lian et al., 2012). It has also been reported 

that TET2 and TET3 downregulation is responsible for EMT in melanoma. TET2 

and TET3 downregulation was found to be due to transforming growth factor ß1 

(TGF-ß1)-mediated increased DNA methylation in TET2 and TET3 promoter areas 

by the DNMT3A methyltransferase. TET2 overexpression and inhibition of DNA 

methylation by 5-aza-2’-deoxycytidine were both able to inhibit EMT and suppress 

tumour growth and metastasis (Gong et al., 2017). 

In addition to affecting methylation of DNA, most notably in tumour 

suppressor genes, TET enzymes have also been shown to regulate methylation of 

tumour suppressor micro-RNA (miRNA) (Song et al., 2013). Recently, a 

connection between TET enzymes and EMT was discovered when TET-mediated 

demethylation of the miRNA family miR-200 was reported to be crucial for cell 

differentiation (Hu et al., 2014). As the miR-200 family has been shown to regulate 

EMT transcription factors, such as Zeb1 and Zeb2, impaired TET-mediated 

demethylation of this miRNA family was responsible for differentiation block and 

EMT (Fig. 8) (Hu et al., 2014). 

Based on recent findings, increased methylation of tumour suppressor 

promoters and decreased global 5-hmC levels have been proposed to be a hallmark 
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of cancer. Therefore, attempts have been made to study the potential of 5-hmC as 

a diagnostic and prognostic marker in cancers. In the case of melanoma, low 5-

hmC levels have been associated with poorer prognosis and studies have shown 

that 5-hmC can be used as a marker to differentiate between benign congenital nevi 

and malignant melanoma (Lee et al., 2015; Pavlova et al., 2016). In addition to 

melanoma, low 5-hmC levels have been associated with a higher TNM score and 

lower overall survival in laryngeal and oesophageal squamous cell carcinoma 

(Murata et al., 2015; X. Shi et al., 2016; Zhang et al., 2016). In adult T-cell 

leukaemia and chronic lymphocytic leukaemia low 5-hmC levels together with low 

TET2 and IDH expression correlated with the aggressiveness and poorer prognosis 

of the disease (Marçais et al., 2016; Van Damme et al., 2016). 5-hmC levels have 

also been shown to correlate negatively with a higher tumour stage, lymph node 

metastasis and primary tumour size in non-small cell lung cancer (Liao et al., 2016). 

Additionally, patients with low 5-hmC levels have been associated with the neural 

progenitor phenotype and a shorter overall survival in malignant glioma (Orr et al., 

2012). 

These findings of the lower 5-hmC levels, tumour suppressor promoter 

hypermethylation and regulation of EMT that are found in many cancers suggest 

that TETs and 5-hmC may mediate an oncogenic shift in many cancers. Therefore, 

factors affecting TET activity and expression are of great interest to decipher the 

oncogenic processes associated with disturbed DNA methylation. 

2.4.4 Disturbed histone methylation in cancers 

Many histone demethylases have critical roles in embryonic stem cells, embryonic 

development and tissue differentiation (Højfeldt et al., 2013). Pluripotent 

embryonic stem cells often contain many genes associated with activating H3K4 

methylation and silencing H3K27 methylation marks (Bernstein & Hake, 2006). 

Such bivalent promoters are associated with genes utilized in cell differentiation. 

These genes are poised to be either silenced or activated as the differentiation takes 

place.  

Recent studies have shown that mutations or overexpression of histone 

methyltransferases and histone demethylases together with aberrant histone 

methylation profiles are found in several cancers (Table 3, Fig. 8) (Burchfield et al., 

2015; McGrath & Trojer, 2015; Van der Meulen et al., 2014).  Inactivating 

mutations of KDM6A are found in a variety of tumours, particularly in multiple 

myeloma but also in lung, liver, oesophageal, renal and bladder cancers, whereas 
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KDM5B expression has been reported to be increased in prostate, breast and 

bladder cancers (Table 3) (Park et al., 2016; van Haaften et al., 2009). For KDM4B 

and KDM6B only activating mutations have been found while for KDM4A both 

activating and inactivating mutations have been reported (Table 3) (Park et al., 

2016). 

Studies have also shown that increased levels of certain histone methylation 

marks are associated with poorer survival and higher cancer reoccurrence rates 

(Højfeldt et al., 2013; McGrath & Trojer, 2015; Park et al., 2016). In addition to 5-

hmC levels, also histone modifications have been suggested to be used as 

diagnostic and prognostic tools in cancers (Fig. 8). Nevertheless, increasing 

evidence suggests that histone methylation may have a causal role in 

tumourigenesis, especially by disturbing the careful control of bivalent promoters 

of cell differentiation associated genes. 

Particularly, increased H3K27 methylation is found in several cancers. For 

example, EZH2 overexpression, leading to increased H3K27 methylation, is 

common in melanoma, lymphoma, and breast, prostate and other cancers 

(Martinez-Garcia & Licht, 2010; Zingg et al., 2015). Overexpression of EZH2 

leads to silencing of growth-suppressive genes associated with pluripotent stem 

cells.  For example, H3K27 methylation-mediated silencing of E-cadherin (CDH1) 

can mediate EMT in cancers (Cao et al., 2008). Thus, EZH2 inhibitors are currently 

investigated as a treatment for some breast cancer types, lymphomas and other 

cancers where H3K27 methylation levels are globally increased (McCabe et al., 

2012; Moore et al., 2013). It was also recently shown in a cell culture model that 

the H3K27 demethylase KDM6A is able to inhibit EMT-induced breast cancer stem 

cell (CSC) properties by epigenetic repression of EMT genes (Choi et al., 2015). 

Reintroduction of KDM6A suppressed cell growth (Morin et al., 2010) suggesting 

that KDM6A acts as a tumour suppressor. This is supported by the fact that only 

inactivating mutations of KDM6A are found in cancers while other KDMs can be 

overexpressed or activated by mutations. 

Since aberrant histone methylation profiles are found in many cancers and, for 

example, increased H3K27 methylation has been associated with EMT and 

oncogenesis, drugs affecting histone methylation (such as KMT and KDM 

inhibitors) are being developed to combat these changes in cancer (McGrath & 

Trojer, 2015). However, the mechanisms that cause these changes in histone 

methylation patterns remain unknown. 
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Fig. 8. Epigenetic changes in cancer. Lower global 5-hmC levels, CpG island and 
tumour suppressor promoter hypermethylation together with altered histone 
methylation profiles are found in many cancers. These changes have been associated 
with epithelial-to-mesenchymal transition (EMT) and malignant progression of cancer 
cells. Hypoxia and 2-OG analogue accumulation are found in many cancers. EZH2 
overexpression, miR-200 methylation and KDM and TET mutations account for 
epigenetic changes and tumourigenesis in many cancers. 

 

  



 

49 

Table 3. Mutations and altered expression of TET enzymes and JmjC-KDMs found in 
cancers. For more comprehensive list of KDM mutations see Højfeldt et al., 2013.  

2-OGDD Mediated chromatin 

Modification1 

Mutation or altered expression in cancers 

TET1 CpG-island hypermethylation, 

altered 5-hmC levels 

Mutated in haematological malignancies (e.g. AML and T-

ALL) and overexpressed in T-cell lymphomas and B-ALL 

TET2 CpG-island hypermethylation, 

altered 5-hmC levels 

Mutated in several haematological malignancies (e.g. AML, 

MDS, MPN and CMML) and T-cell lymphomas 

TET3 CpG-island hypermethylation, 

altered 5-hmC levels 

No mutations found in cancer, knock out embryonically 

lethal in mouse models 

KDM4A Altered H3K9, H3K27, H3K36 

and H1.4K26 methylation 
Downregulated in bladder cancer, overexpressed in breast 

cancer 

KDM4B Altered H3K9, H3K26, H3K36 

and H1.4K26 methylation 
Overexpressed in malignant peripheral nerve sheath 

tumours and gastric cancer 
KDM5B Altered H3K4 methylation Overexpressed in bladder cancer, prostate cancer and 

breast cancer 

KDM6A Altered H3K27 methylation Mutated in lung, liver, oesophageal, renal and bladder 

cancers and multiple myeloma 

KDM6B Altered H3K27 methylation Overexpressed in lung and liver cancers, Hodking’s 

lymphoma and several haematological malignancies 
1Epigenetic changes (CpG-island hypermethylation, altered 5-hmC levels or histone methylation) 

observed in cancers are complex and not only mediated by TET and KDM mutations or altered 

expression but also by other factors affecting the activity of these enzymes together with the DNMTs and 

HMTs. (Abdel-Wahab et al., 2009; Esteller, 2008; Højfeldt et al., 2013; McGrath & Trojer, 2015; Park et 

al., 2016; van Haaften et al., 2009) 
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3 Aims of the present study 
Epigenetic changes in cancer cells have gained a lot of attention within the 

international cancer research community in recent years. The aim of this thesis is 

to understand and unveil the role of the TET enzymes and several JmJC domain-

containing histone demethylases in cancer development. 

The TETs are shown to have important functions in embryonic development, 

haematopoiesis, haematological malignancies and other cancers. TET1 is highly 

expressed in embryonic stem cells whereas TETs 2 and 3 are required for normal 

haematopoiesis (Abdel-Wahab et al., 2009; Ito et al., 2010). Several mutations of 

TET2 are found in haematological malignancies, especially AML (Abdel-Wahab et 

al., 2009). Some of these mutations have been shown to target the iron and 2-OG 

binding sites of TET2 (Ito et al., 2010). 

In many cancers, inactivating mutations in the Krebs cycle enzymes can lead 

to accumulation of 2-OG analogues (Krebs cycle intermediates). For example, 

mutations in genes encoding SDH, FH and IDH are found in several human cancers 

(e.g. paraganglioma, pheochromocytoma, uterine and skin leiomyoma, papillary 

renal carcinoma, glioma and AML) leading to accumulation of the 2-OG analogues 

succinate, fumarate and 2-hydroxyglutarate, respectively (Astuti et al., 2001; 

Bayley et al., 2010; Hao et al., 2009; Tomlinson et al., 2002; Waitkus et al., 2016; 

Yan et al., 2009). It has previously been shown that fumarate and succinate are able 

to competitively inhibit several 2-OGDDs whereas R-2HG is a potent inhibitor of 

all the other 2-OGDDs studied except for the HIF-P4Hs (Isaacs et al., 2005; 

Koivunen et al., 2007; Koivunen et al., 2012; Selak et al., 2005). These kinetic 

properties of HIF-P4Hs and some other 2-OGDDs are well known but the 

properties and dynamics of chromatin-modifying 2-OGDDs, the TETs and KDMs, 

remain unknown. It has been suggested that the chromatin-modifying 2-OGDDs 

are susceptible to inhibition by these 2-oxoglutarate analogues similarly to the other 

previously characterized 2-OGDD family members. The hypothesis is supported 

by a previous report of the hypermethylator phenotype (increased DNA and histone 

methylation) in SDH mutant paragangliomas (Letouze et al., 2013). In addition, 

reduced global 5-hmC and altered histone methylation levels have been reported in 

several other cancers (e.g. melanoma, glioma, prostate, colon, breast cancers, and 

in oesophageal squamous cell carcinoma) (Haffner et al., 2011; Hoekstra et al., 

2015; Letouze et al., 2013; Lian et al., 2012; Martinez-Garcia & Licht, 2010; Orr 

et al., 2012).  
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Many solid oncogenic tumours possess hypoxic or nearly anoxic conditions 

due to inadequate angiogenesis and blood supply (Schito & Semenza, 2016). HIF-

P4Hs possess a high Km value for oxygen, thus acting as cellular oxygen sensors of 

the HIF pathway (Hirsilä et al., 2003; Koivunen et al., 2006). The chromatin-

modifying TET enzymes and KDMs belong to the same 2-OGDD enzyme family 

but their affinity for oxygen has not yet been properly studied.  Low 5-hmC levels 

and hypermethylated histones are found in many tumours with hypoxic conditions 

and hypoxia has been shown to increase histone methylation (Adriaens et al., 2016; 

Haffner et al., 2011; Hancock et al., 2017; Hancock et al., 2015; Martinez-Garcia 

& Licht, 2010; van den Beucken et al., 2014; Watson et al., 2014; Watson et al., 

2009). Additionally, both hypoxia and increased histone methylation, particularly 

H3K27 methylation, and altered 5-hmC levels have been linked to EMT, disturbed 

cell differentiation and stem cell biology (Cao et al., 2008; Choi et al., 2015; 

Conway et al., 2015). Therefore, a connection between hypoxia, inhibition of the 

catalytic activity of TETs and KDMs, altered 5-hmC levels and histone methylation 

and disturbed cell differentiation has been hypothesized.  

The aims of this thesis are: 

1. To characterize the kinetic properties of wild-type TET enzymes to assess 

whether TET enzymes are sensible to changes in oxygen concentrations or 

susceptible to inhibition by cancer-associated 2-OG analogues explaining the 

lower 5-hmC levels found in hypoxic tumours or cancers that accumulate 2-

OG analogues.  

2. To analyse the kinetic properties of AML-associated TET2 mutants that target 

the iron and 2-OG binding sites of TET2. 

3. To decipher the kinetic properties of certain histone demethylases revealing 

their possible oxygen sensitivity and susceptibility to inhibition by cancer-

associated 2-OG analogues explaining the altered histone methylation profiles 

reported in many cancers. 
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4 Materials and methods 
The materials and methods used in this thesis are summarized in the table below. 

Detailed descriptions with references can be found in the original articles I-III. 

Table 4. Materials and methods.  

Level Method Used in 

DNA PCR I, III 

 Mutagenesis I, III 

 Plasmid generation I, II, III 

 Transformation I, II, III 

 DNA extraction I 

RNA RNA isolation I 

 Quantitative real-time PCR I 

Virus Baculovirus generation I, II, III 

 Infection of insect cells I, II, III 

Protein Recombinant protein production I, II, III 

 Anti-FLAG affinity chromatography I, II, III 

 Ni-NTA chromatography II, III 

 SDS-page I, II, III 

 Western blotting I, II, III 

 TET activity assay I 

 KDM activity assay II, III 

Cells Cell culture I, II, III 

 siRNA transfection & knockdown I 

 Histone fraction extraction II, III 

Analyses Statistical analyses I, II, III 
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5 Results 

5.1 Fumarate and succinate regulate gene expression via TET 
enzymes (I) 

5.1.1 Kinetic analyses of wild-type Tets 1 and 2 

To characterize the kinetic properties of TET enzymes the catalytic domains of 

murine Tets 1-3 containing an N-terminal FLAG-tag were expressed in insect cells 

and subjected to anti-FLAG affinity purification. Purified Tet enzymes were 

analysed using SDS-PAGE followed by Coomassie Blue staining (Figure 1a-c in 

I). Tets 1 and 2 gave a higher yield than Tet3 and the purified Tet3 was not 

catalytically active. We therefore concentrated on analysing the kinetic properties 

of Tets 1 and 2. The catalytic activities of Tets 1 and 2 were assessed by a method 

based on the measurement of the hydroxylation-coupled stoichiometric release of 
14CO2 from 2-oxo-[1-14C]glutarate using a synthetic double-stranded DNA 

fragment containing 5-mC as a substrate. 

The Km values for the DNA substrate, cosubstrates oxygen and 2-oxoglutarate 

and cofactor iron were determined (Table 2 in I). The Km values of Tets 1 and 2 for 

the DNA substrate were 75 and 125 nM, respectively, showing that the Tets were 

highly specific for the synthetic DNA substrate used. The Km values for 2-OG were 

55 and 60 µM for Tets 1 and 2, respectively. Both Tets 1 and 2 had a relatively low, 

30 µM, Km value for oxygen (Figure 1d and e in I). For comparison, the Km value 

of HIF-P4H-2 for oxygen is around 250 µM (Table 2 in I). Therefore, Tets 1 and 2 

retain some activity even under hypoxic conditions. 

5.1.2 AML-associated TET2 mutations impair iron and 2-oxoglutarate 
binding 

As TET2 mutations are associated with many myeloid malignancies, especially 

AML, we modelled some of these human TET mutations by introducing 

corresponding point mutations to the murine Tet2 enzyme. Point mutations to three 

critical iron binding sites (His-1302, Asp-1304, His-1802) and to the 2-OG 

coordinating residue (Arg-1817) were generated. Three of these mutations 

(H1802R, R1817S and R1817M) modelled TET2 mutations reported in AML 
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patients (Abdel-Wahab et al., 2009; Delhommeau et al., 2009; Langemeijer et al., 

2009). 

The mutated enzymes were produced and purified as recombinant proteins in 

insect cells (Figure 2a in I). We then studied the Km and Vmax values of mutants 

H1302Y, D1304A and H1802R for iron and those of R1817M and R1817S for 2-

OG. The mutants affecting the iron-binding site showed 30- to 56-fold increased 

Km values for iron and their Vmax values were reduced by 50% compared to the wild-

type Tet2 (Figure 2b, Table 3 in I). Mutants affecting the 2-OG binding residue 

(R1817M and R1817S) showed greatly increased Km values for 2-OG. The 

approximated Km values were so high that the mutants did not reach saturation at 8 

mM 2-oxoglutarate concentration (Figure 2c in I) making it impossible to 

determine the exact Km and Vmax values, although these values must have been at 

least 80-fold higher than that for wild-type Tet2 (Table 3 in I). 

5.1.3 Succinate and fumarate inhibit Tet enzyme activity 

We next studied the ability of the cancer-associated 2-OG analogues fumarate and 

succinate, as well as an important metabolic regulator, citrate, to competitively 

inhibit Tets 1 and 2. Both fumarate and succinate, but not citrate, proved to be 

potent competitive inhibitors for Tets 1 and 2. The IC50 values of Tets 1 and 2 for 

fumarate were about 400 µM and for succinate about 550 µM (Figures 3a and b, 

Table 4 in I). The IC50 values for citrate were >5 mM (Table 4 in I). When compared 

to the previously reported IC50 values for R-2HG and its enantiomer S-2HG, 

fumarate was the most potent inhibitor for Tets, succinate being the second most 

efficient (Table 4 in I).  

5.1.4 Treatment of SK-N-BE(2) neuroblastoma cells with fumarate or 
succinate decreases global 5-hmC levels and alters expression 
of HIF target genes 

To assess the effect of TET inhibition in cellulo, we next studied the ability of cell-

permeable diethyl fumarate (DEF) and dimethyl succinate (DMS) to inhibit TETs 

and affect the global levels of their substrate (5-mC) and product (5-hmC). DEF 

and DMS are esterified forms of fumarate and succinate, respectively. They 

penetrate the cell membrane and become de-esterified in the cytosol. It has been 

previously shown that DEF increases intracellular fumarate concentrations 
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(Koivunen et al., 2007). We also confirmed that intracellular succinate levels were 

increased after DMS treatment measured by mass spectrometry (Table 5 in I). 

To test the ability of fumarate or succinate to affect 5-mC/5-hmC levels we 

incubated SK-N-BE(2) neuroblastoma cells with increasing concentrations of DEF 

or DMS for 48 hours and analysed global 5-mC and 5-hmC levels by HPLC-

MS/MS. These cells were selected due to a previous report on their ability to gain 

5-hmC at HIF binding sites and across HIF target genes in response to hypoxia 

(Mariani et al., 2014). Supporting our enzyme kinetic data, DEF treatment resulted 

in about 40% decrease in 5-hmC levels while DMS treatment decreased global 5-

hmC levels by about 10% (Figure 3c in I). 

As previously reported with other cell lines (Koivunen et al., 2007), DEF 

treatment stabilized HIF-1α in SK-N-BE(2) cells under normoxia analysed by 

immunoblotting (Figure 4a in I). DMS had no effect on HIF-1α (Figure 4a in I). 

However, both DEF and DMS modestly stabilized HIF-2α (Figure 4b in I). Neither 

DEF nor DMS affected the protein levels of IDH1 (Figure 4c in I). Interestingly, 

DEF treatment downregulated the mRNA levels of TET1 and TET2 while TET3 

mRNA levels were upregulated (Figure 4d in I). DMS treatment did not have any 

effects on mRNA levels of TET1/2/3 (Figure 4e in I). Exposing cells to hypoxia (1% 

O2) led to increased expression of TET1 mRNA but downregulated the TETs 2 and 

3 mRNA levels (Figure 4f in I). 

Due to previous reports of 5-hmC gain and TET1-mediated induction of certain 

hypoxia-inducible genes (Mariani et al., 2014), we next set to analyse the 

expression levels of selected HIF target genes in SK-N-BE(2) neuroblastoma cells 

following hypoxia (1% O2) or treatment with DEF or DMS. As expected, all the 

analysed genes were induced by hypoxia (Figure 4g in I). We found that vascular 

endothelial growth factor A (VEGFA) mRNA increased by 130% with DEF 

treatment (Figure 4h in I). To the contrary, DMS decreased VEGFA mRNA levels 

by 30% at the highest concentration tested (Figure 4i in I). The mRNA levels of 

another HIF target gene, BCL2/adenovirus E1B 19 kDa protein-interacting protein 

3 (BNIP3), also increased 200% with DEF treatment but DMS did not have an 

effect on its expression (Figure 4h and i in I). Both DEF and DMS decreased the 

mRNA levels of phosphoglycerate kinase 1 (PGK1) by 40% and 30%, respectively 

(Figure 4h and i in I). DEF treatment also reduced the mRNA levels of hexokinase 

2 (HK2) and enolase 1 (ENO1) by 40% while DMS had only minor effect on HK2 

mRNA levels (Figure 4h and i in I). As with protein levels of IDH1 analysed by 

immunoblotting, neither DEF nor DMS had any effect on mRNA levels of IDH1 

(Figure 4h and i in I). 
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5.1.5 Knockdown of TETs 1 or 3 decreases HIF target gene 
expression 

To gain further understanding on how TET enzymes alter HIF target gene 

expression when inhibited by fumarate and succinate, we silenced TETs 1 or 3 with 

siRNA pools containing four different siRNAs against TET1 or TET3 (Figure 5a 

and b in I). Simultaneously we treated the cells which had TET1 or TET3 silenced 

with DEF or DMS (Figure 5 in I). As we observed earlier with non-transfected cells, 

DEF and DMS treatment lowered global 5-hmC levels in cells treated with control 

siRNA (Figure 5c in I). Silencing of TET1 reduced 5-hmC levels by 15% (Figure 

5c in I). When TET1-silenced cells were treated with DEF or DMS the 5-hmC 

levels were further decreased (Figure 5c in I). Silencing of TET3 alone did not 

significantly alter 5-hmC levels but when DEF or DMS treatment was added on top 

of TET3 silencing reduced 5-hmC levels were seen in both DEF- and DMS-treated 

cells (Figure 5c in I).  

We next studied the expression of selected HIF target genes after silencing of 

TET1 or TET3 and DEF or DMS treatment (Figure 5e-g in I). We observed that 

both TET1 and TET3 silencing resulted in lower mRNA levels of VEGFA and HK2 

although in the case of TET3 silencing HK2 was not statistically significant (p = 

0.08) (Figure 5e and f in I). Also, a clear trend for downregulation of BNIP3, PGK1 

and ENO1 mRNA levels were seen with both TET1 and TET3 silencing but this 

was not statistically significant (Figure 5g in I). As with the non-transfected cells, 

DEF treatment increased the mRNA expression of VEGFA and lowered the mRNA 

expression of HK2 in TET1- or TET3-silenced cells (Figure 5e and f in I). 

Taken together, these data suggest that both siRNA silencing and catalytic 

inhibition of TETs by fumarate or succinate are able to lower global 5-hmC levels 

in cells, resulting in downregulation of HIF target gene expression. However, with 

DEF treatment the robust HIF-1α stabilization probably overrules the epigenetic 

downregulation of 5-hmC and TETs regarding VEGFA and BNIP3 mRNA 

expression (Figure 6 in I). 
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5.2 Cancer-associated 2-oxoglutarate analogues inhibit histone 
lysine demethylases and increase H3K9 and H3K27 
methylation (II) 

5.2.1 Kinetic analyses of KDMs 

To assess the catalytic properties of selected KDMs, human full-length KDM4A, 

KDM4B, KDM5B and KDM6A were expressed as recombinant proteins in insect 

cells using baculoviruses containing FLAG- or His-tags. The soluble fractions from 

insect cells were subjected to affinity purification using anti-FLAG or Ni-NTA 

chromatography. The eluted fractions were run on 8% SDS-PAGE gel followed by 

Coomassie Blue staining (Figure 1a in II). Since we were unable to purify active 

full-length KDM6B, a baculovirus coding for the catalytic JmjC domain of 

KDM6B (aa 1164-1682) was used instead to produce an active enzyme for kinetic 

analyses. 

Similarly to Tets, the catalytic activities of KDMs were analysed based on a 

method measuring stoichiometric release of 14CO2 from 2-oxo-[1-14C]glutarate 

using synthetic peptides of 19-28 residues in length presenting the histone H3 

containing di- or trimethylated lysine as substrate (Table 1 in I). All of the purified 

KDMs were active under these conditions and their activity was dependent on time 

(Figures 1b and c, and S1 in II), indicating that the assay was suitable for 

determining the catalytic properties of KDMs. 

We set to determine the substrate affinity and specificity of KDMs using 

synthetic H3 peptides with different methylation statuses as substrates. KDM4A 

and KDM4B used both H3K9me3 and H3K27me3 as substrates, but not H3K4me3 

(Figures 2a and S2c-f, Table 2 in II). The Km values of KDM4A and KDM4B for 

H3K9me3 and H3K27me3 were 20 to 60 µM (Table 2 in II). KDM5B used 

H3K4me3 and H3K4me2 as substrates with Km values of 0.5 to 0.8 µM but did not 

demethylate H3K9me3 or H3K27me3 (Figures 2b and S2c, Table 2 in II). Of the 

substrates tested, KDM6A and KDM6B only demethylated H3K27me3 but not 

H3K4me3 or H3K9me3 (Figures 2c and S2g-i, Table 2 in II). Out of interest, 

KDM6A had a strikingly higher Km value for the H3(21-44)K27me3 substrate than 

did KDM6B (170 vs 6 µM, Figure S2g and i, Table 2 in II). Therefore, we set to 

determine the Km value of KDM6A for the four residues longer substrate H3(17-

44)K27me3 which included the residues previously suggested to have a role in 

substrate binding of KDM6A (Sengoku & Yokoyama, 2011). We found that the Km 
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value of KDM6A for H3(17-44)K27me3 was slightly lower, 130 µM, than that for 

the shorter substrate (Figure S2h, Table 2 in II). 

To evaluate enzyme activity and substrate specificity, we determined the Kcat 

and Kcat/Km values for all enzymes and the substrates used (Table 2 in II). All 

enzymes showed similar turnover rate with Kcat values of 0.004 to 0.04 s-1 (Table 2 

in II). The Kcat/Km values ranged from 0.00004 to 0.016 s-1µM-1 (Table 2 in II). 

KDM4A showed no difference in Kcat or Kcat/Km values between the H3K9me3 and 

H3K27me3 substrates (Table 2 in II). KDM5B shared the same specificity for 

H3K4me3 and me2 substrates with highly similar Kcat and Kcat/Km values (Table 2 

in II). For KDM4B the Kcat and Kcat/Km values for H3K9me3 were significantly 

higher than those for the H3K27me3 substrate, suggesting that KDM4B has a 

higher specificity for the H3K9me3 substrate (Table 2 in II). As suggested by 

previous structural analyses (Sengoku & Yokoyama, 2011), the Kcat and Kcat/Km 

values of KDM6A for the longer H3(17-44)K27me3 substrate were markedly 

higher than for the four residues shorter H3(21-44)K27me3 substrate, indicating 

that the longer peptide was a more specific substrate for KDM6A (Table 2 in II). 

The Km values of the KDMs studied for 2-OG ranged from 6 to 50 µM, being 

highly similar to those of HIF-P4H-2, FIH and Tet2 (Figures 2d and e, and S3, 

Table 3 in II). The Km values for iron were low (<0.1 µM) with the exception of 

KDM6B which showed a Km value of 6 µM for iron (Figure 2f, Table 3 in II). 

5.2.2 KDMs are susceptible to inhibition by cancer-associated 2-
oxoglutarate analogues 

Similarly to the TET enzymes, we studied the ability of cancer-associated 2-OG 

analogues fumarate, succinate, R-2HG and S-2HG and metabolic regulators citrate 

and oxaloacetate to inhibit KDMs. All of the KDMs studied were susceptible to 

competitive inhibition by succinate, R-2HG, S-2HG, citrate and oxaloacetate 

(Figures 3a-d and S5-9, Table 3 in II). Fumarate proved to be only a weak inhibitor 

for KDM4A and KDM6A with IC50 values of 2300 and 3000 µM, respectively 

(Figure S4a and b) and did not inhibit KDM4B, KDM5B or KDM6B (Table 3 in 

II). Interestingly, R-2HG, a well-known oncometabolite in cancers with IDH 

mutations, proved to be the most potent inhibitor of KDM4A, KDM4B and 

KDM6A with IC50 values < 200 µM (Figures 3a and S5a and d, Table 3 in II). Also, 

the S-enantiomer of 2-hydroxyglutarate, S-2HG, was a very potent inhibitor for 

KDM4A, KDM4B and KDM6A with IC50 values of 180 to 450 µM. Succinate was 

also able to inhibit KDMs with IC50 values ranging from 270 to 2300 µM (Table 3 
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in II). The IC50 values for citrate and oxaloacetate ranged from 130 to 1600 µM for 

the KDMs studied (Table 3 in II). 

5.2.3 Treatment of breast cancer cells with fumarate, succinate or 2-
hydroxyglutarate enantiomers increases global H3K9 and 
H3K27 methylation levels. 

To assess the effects of the studied cancer-associated 2-OG analogues on histone 

methylation in cellulo, we treated three breast cancer cell lines (BT474, SK-BR-3 

and MCF7) with increasing concentrations of the cell-permeable forms of fumarate 

(DEF), succinate (DMS), R-2HG (Trifluoromethyl benzyl-esterified, TFMB-R-

2HG) or S-2HG (TFMB-S-2HG) for 72 hours. We analysed global H3K27me3 and 

H3K9me3 levels by immunoblotting after treatment with the compounds. 

H3K27me3 and H3K9me3 marks were chosen based on the kinetic data showing 

KDM4A, KDM4B, KDM6A and KDM6B as being most susceptible to inhibition 

by these compounds (Table 3 in II). We also assessed HIF-1α stabilization in SK-

BR-3 and MCF7 cells. The cell-permeable forms of fumarate, R-2HG and S-2HG, 

significantly increased both H3K27me3 and H3K9me3 methylation in all three cell 

lines (Figure 4 in II). The cell-permeable form of succinate had a more modest 

effect on H3K27me3 and H3K9me3 in BT474 and SK-BR-3 cells (Figure 4 in II). 

R-2HG and S-2HG showed dose-dependent increases in both H3K27me3 and 

H3K9me3 in all three cell lines. All of the compounds also stabilized HIF-1α in 

SK-BR-3 and MCF7 cells (Figure S10 in II). These data show that these cancer-

associated 2-OG analogues do not only inhibit KDMs in vitro but are also able to 

increase histone methylation in the cells where these compounds accumulate. 

5.3 Histone demethylase KDM6A is highly dependent on oxygen 
and regulates cell differentiation acting as a tumour 
suppressor (III) 

5.3.1 H3K27 demethylase KDM6A has a high Km value and low 
affinity for oxygen 

We used the previously purified recombinant active KDMs (Figure S4a in III) and 

determined their Km values for oxygen using the previously established assay (II). 

Remarkably, we found that KDM6A had a high, 200 µM, Km value for oxygen 
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(Figure S4e in III) which was  in the same range as the oxygen Km value of HIF-

P4Hs (Hirsilä et al., 2003). In contrast, the JmjC domain of its paralogue KDM6B 

(1164end) had a remarkably lower, 20 µM, Km value for oxygen (Figure 1h in 

III). We therefore set to determine the oxygen Km value of the comparable JmjC 

domain for KDM6A (931  end) and found that it was 180 µM (Figure 1g in III), 

being in the same range as that for the full-length enzyme. We later succeed in 

purifying active, although low purity, full-length KDM6B (Figure S4a in III) and 

determined its oxygen Km value to be in the same range as the one of the JmjC 

domain (25 µM, Figure S4f in III). These data showed that the full-length enzyme 

and the JmjC domain of KDM6A have low affinity for oxygen whereas its 

paralogue KDM6B has a higher affinity for oxygen, indicating that KDM6A 

catalytic activity is inhibited in hypoxic conditions (Figures 1g and h, and S4e and 

f in III). 

Interestingly, another H3K27 demethylase, KDM4B, also had a relatively high 

Km value for oxygen, 150 µM (Figure S4c in III). Its paralogue KDM4A had a Km 

value for oxygen of 60 µM (Figure S4b in III). The H3K4 demethylase KDM5B 

had a Km value for oxygen of 40 µM (Figure S4d in III). 

5.3.2 Hypoxia increases global H3K27 methylation 

To address the effects of possible KDM6A inactivation in vivo, we incubated 293T 

embryonic kidney cells, MCF7 breast cancer cells and SK-N-BE(2) neuroblastoma 

cells in hypoxia (1% O2) and confirmed that H3K27me3 methylation is indeed 

robustly increased in cells incubated in hypoxia compared to their normoxic 

controls (Figure S5 in III). In addition to H3K27me3 induction in cellulo, H3K27 

methylation was also found to be increased in mouse tissues known to be hypoxic, 

such as the kidney, splenic germinal centres and thymus, but not in well-oxygenated 

heart tissue (Figure 2a in III). H3K27 methylation was also found to be increased 

in hypoxic mouse tumours (Figure S6 in III). Moreover, a Gene-Set Enrichment 

Analysis of gene expression data from around 2000 human tumours previously 

annotated as normoxic or hypoxic (Thienpont et al., 2016) showed that hypoxic 

tumours had transcriptional signatures that indicated increased H3K27 methylation 

(Figures 2b-e in III). These data show that the substrate of KDM6A, methylated 

H3K27, is accumulated in hypoxic cells and tissues, supporting the enzyme kinetic 

data which indicated that KDM6A is inactivated in hypoxic conditions. 
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5.3.3 Hypoxia induces histone methylation independent of HIF 

To study the effects of hypoxia on histone methylation in a system independent of 

HIF (ruling out indirect effects of HIF on histone methylation), we lentivirally 

transduced an ARNT-defective mouse hepatoma cell line (mHepa-1 c4) to express 

Green Fluorescent Protein (GFP), wild-type ARNT (WT) or functionally inactive 

ARNT mutant (Δ414) that is missing 414 base pairs from the N-terminal part of the 

protein eliminating its basic-Helix-Loop-Helix domain (Figures 1a and b, S1a in 

III). Since the cell line did not tolerate 1% oxygen content, we used more modest 

hypoxia of 2–5% oxygen in the studies. Confirming HIF inactivation, canonical 

HIF-target genes were transcriptionally induced by 5% oxygen in cells expressing 

wild-type ARNT but not in cells expressing GFP or the inactive ARNT mutant 

(Δ414) (Figures 1c and S1b in III).  

Multiplexed mass spectrometry was used to determine changes in histone 

methylations in cells incubated in hypoxia or normoxia. We found that histone 

modifications accumulated in hypoxia independent of the HIF status (Figure 1d in 

III). Increased H3K27me3 and H3K9me3 methylation marks were also confirmed 

by immunoblotting which showed that both H3K27me3 and H3K9me3 marks were 

increased in hypoxic cells independent of the HIF status (Figure 1e in III). Histone 

methylation was also increased in VHL-/- RCC4 cells that contain high levels of HIF 

(Figure S2 in III). 

The fact that hypoxia increases histone methylation in ARNT-deficient cells 

and also in cells that contain high levels of HIF argues that the effects of hypoxia-

induced histone hypermethylation, particularly H3K27 methylation, are 

independent of HIF. 

5.3.4 Histone methylation in hypoxia is induced independent of S-2-
hydroxyglutarate accumulation 

In some cell types, hypoxia has been shown to increase the concentration of S-2HG 

(Intlekofer et al., 2015; Intlekofer et al., 2017; Oldham et al., 2015; Tyrakis et al., 

2016). As shown in II, S-2HG can inhibit several of the KDMs including H3K27 

demethylases KDM6A and KDM6B. We were therefore concerned that some of 

the effects on histone methylation seen in hypoxia might not be mediated directly 

by the oxygen sensitivity of KDM6A but indirectly via S-2HG-mediated inhibition 

of KDMs. We analysed the 2-HG levels in hypoxia and found out that exposure to 

5% oxygen did not significantly induce S-2HG levels when measured absolutely 
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and relative to succinate in any of the mHepa-1 c4 cell lines but actually induced 

2-OG and raised the 2-OG/succinate ratio which should increase KDM activity 

(Figure S3a and b in III). In more profound hypoxia (0.5–2%) 2-HG was modestly 

induced (Figure S3c and d in III). However, it was still well below the obtained 

IC50 values of KDMs for S-2HG and around 100-fold lower than in cells with 

mutant IDH1 (Figure S8 in III). Therefore, these data suggest that modest hypoxia 

does not induce 2-HG in the ARNT-deficient cell model and more profound 

hypoxia only modestly induces 2-HG to levels not sufficient to inhibit the KDMs. 

5.3.5 H3K27 hypermethylation blocks cell differentiation in hypoxia 
via KDM6A inactivation 

As hypoxia has previously been shown to affect cell differentiation in C2C12 

myoblast cells (Majmundar et al., 2012; Yun et al., 2005) and histone methylation 

has also been shown to affect cell differentiation and EMT (Cao et al., 2008; Choi 

et al., 2015; Conway et al., 2015), we were curious to find out whether this could 

be mediated by the oxygen sensitive KDM6A and H3K27 methylation. We saw that 

hypoxia blocked C2C12 differentiation scored by the appearance of Myosin Heavy 

Chain (MyHC) (Figure 3a and b in III). To study whether HIF stabilization could 

block differentiation in hypoxia, we used CRISPR/Cas9 to eliminate ARNT in the 

C2C12 cells. We saw that in addition to hypoxia, differentiation was also blocked 

by elimination of ARNT (Figure S7a-c in III). Importantly, expressing stabilized 

versions of HIF-1α or HIF-2α did not block differentiation, suggesting that HIF 

stabilization does not cause the differentiation block observed in hypoxia (Figure 

S7d-e in III). Furthermore, 2-HG levels were not increased in C2C12 cells 

incubated in modest hypoxia (Figure S8 in III). Taken together, the differentiation 

block in C2C12 cells caused by hypoxia was not mediated by HIF or 2-HG but 

perhaps by hypoxic inactivation of KDM6A and increased H3K27 methylation. 

To assess the role of KDMs in myoblast differentiation, we treated C2C12 cells 

with GSK-J4, which is a pharmacological inhibitor of KDM6A and KDM6B. GSK-

J4 treatment resulted in increased H3K27 methylation levels (Figure S9 in III) and 

also blocked differentiation similarly to hypoxia (Figure 3c and d in III). To confirm 

the role of KDM6A in H3K27 hypermethylation and induced differentiation block 

we knocked down KDM6A and KDM6B with shRNAs against mouse Kdm6a and 

Kdm6b. Supporting the role of KDM6A, the knockdown of KDM6A, but not 

KDM6B, resulted in differentiation block as seen with hypoxia (Figure 3e and S10 

in III). Additionally, when KDM6A was eliminated in C2C12 cells using 
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CRISPR/Cas9 their ability to differentiate was blocked (Figure 3f and g in III). This 

differentiation block was rescued by transfection of sgRNA-resistant KDM6A 

cDNA (Figure 3h in III). Moreover, when KDM6A was eliminated in C2C12 cells, 

hypoxia-induced H3K27 hypermethylation was diminished (Figure 3i in III). These 

data show that in addition to hypoxia also pharmacologic inhibition and genetic 

knock-down of KDM6A results in differentiation block in C2C12 cells. 

To address how increased H3K27 methylation affects myoblast differentiation, 

transcriptional signatures from C2C12 cells cultured in standard media (GM: 

Growth medium) and differentiation-promoting media (DM: Differentiation 

medium) were compared. RNA-seq analysis showed that muscle-specific genes 

were poorly expressed in hypoxia compared to normoxia when cells were cultured 

in DM (Figures 4a-c in III). Chromatin immunoprecipitation-sequencing (ChIP-seq) 

analysis showed that these changes also inversely correlated with the H3K27me3 

status. Switching from GM to DM in C2C12 cells cultured in normoxia resulted in 

erasure of H3K27me3 at muscle-specific genes, such as Myog and Myl1. However, 

when cells were cultured in hypoxia the erasure of H3K27me3 in DM was 

prevented, consistent with KDM6A inactivation (Figures 4d and e in III). 

If H3K27 methylation controls cell differentiation, hypoxia-induced 

differentiation block should be rescued by preventing H3K27 hypermethylation by 

inhibiting a H3K27 methyltransferase, EZH2. We therefore inhibited EZH2 with 

either two sgRNAs or with a pharmacological inhibitor, GSK126. Both the sgRNA 

and GSK126, but not a H3K9 methyltransferase G9a inhibitor, UNC638, partially 

rescued the differentiation in hypoxia in C2C12 cells (Figures 5b and c, S11 in III). 

Since many 2-OGDDs are sensitive not only to oxygen availability but also to 

reactive oxygen species (ROS) and hypoxia can in some cases induce ROS 

production, we wanted to test whether ROS could affect the differentiation in 

hypoxia in the C2C12 myoblast model used. We saw that ROS levels were slightly 

increased in C2C12 cells in hypoxia (Figures S12 in III). When cells were treated 

with ROS scavengers, n-acetyl cysteine (NAC) or butylated hydroxyanisole (BHA), 

or metformin, the differentiation block was partly rescued in hypoxia (Figure 5e 

and S14 in III). 

Because the KDM6 paralogues KDM6A and KDM6B proved to have very 

different oxygen Km values despite their apparently similar structures, we were 

interested in comparing the available structures of the catalytic JmjC domains (S. 

E. Jones et al., 2018; Sengoku & Yokoyama, 2011) searching for differences that 

might affect the oxygen affinity and binding. We found that two non-conserved 

residues, M1190 (KDM6A)  T1434 (KDM6B) and E1335 (KDM6A)  D1570 
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(KDM6B), near the oxygen binding site are likely to affect the oxygen binding and 

affinity between these enzymes (Figure 5f in III). We therefore generated a 

KDM6A mutant harbouring these residues from KDM6B (MT and ED) and 

produced it as a recombinant enzyme (Figure S16a in III). As hypothesized, the 

KDM6A MT/ED double mutant showed increased affinity for oxygen with a 

significantly lower Km value for oxygen (100 vs 200 µM) (Figure S16b-d in III). 

To test the ability of the double mutant to rescue differentiation in hypoxia in cellulo, 

we introduced either the KDM6A double mutant or wild-type KDM6A into 

KDM6A-deficient C2C12 cells (Figure S16e in III). We found that both KDM6A 

double mutant and wild-type KDM6A were able to rescue differentiation in 

KDM6A-deficient cell under normoxia while under hypoxia the double mutant was 

clearly superior due to its higher oxygen affinity under hypoxic conditions (Figure 

5g-i in III). This demonstrated that KDM6A, but not KDM6B, acts as a chromatin 

oxygen sensor controlling the level of H3K27 methylation in hypoxia. The lower 

oxygen affinity of KDM6A is at least partly due to M1190 and E1335 residues near 

the oxygen binding site that differ from KDM6B (Figure 5f in III). 
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6 Discussion 

6.1 AML-associated TET2 mutants alter iron and 2-oxoglutarate 
binding (I) 

Our data showed that some of the TET2 mutants found in AML patients impair the 

iron or 2-OG binding with robustly increased (50- to 80-fold) Km values for these 

cofactors. The Vmax values of these mutants were also significantly reduced, 

indicating, together with the high Km values, a loss of function under physiological 

iron and 2-OG concentrations. However, since TET2 mutants do not show complete 

loss of function, increasing local concentrations of iron or 2-OG in the bone marrow 

of patients with these AML mutations might restore their catalytic activity, 

reversing some of the oncogenic changes associated with the mutations.  

Currently, intravenous iron is used as a treatment for chronic kidney disease 

associated anaemia (Del Vecchio & Locatelli, 2014). Such treatment might also be 

of benefit for restoring TET2 function in AML patients with the impaired iron 

binding ability TET2 mutations. However, further studies are needed to determine 

whether intravenous iron would raise the iron concentration in bone marrow 

sufficiently to restore the mutant TET2 function while not being toxic to the healthy 

cells.  Injecting iron directly to bone marrow or pharmacological manipulation of 

the iron metabolism of plasma cells which store iron in the bone marrow might also 

hypothetically be of benefit. However, excess ferrous iron has been shown to 

increase ROS production and be harmful to bone marrow; further studies would 

thus be needed to explore these hypothetical treatments (Chai et al., 2015). 

Nevertheless, supporting the possible beneficial effects of restoring TET2 function 

in AML, previous studies have shown that treatment of AML and MDS patients 

with TET2 mutations with hypomethylating agents shows high response rates 

(Bejar et al., 2014; Itzykson et al., 2011). 

6.2 Cancer-associated 2-oxoglutarate analogues regulate DNA and 
histone methylation via TET and KDM inhibition (I and II) 

As discussed in 2.4.2, mutations in Krebs cycle enzymes are found in many cancers. 

Mutations of SDH and FH are found in cases of paraganglioma, uterine and skin 

leiomyoma, pheochromocytoma and papillary renal cell carcinoma (Astuti et al., 

2001; Bayley et al., 2010; Hao et al., 2009; Tomlinson et al., 2002). Somatic 
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mutations in IDH1 and IDH2 are found in gliomas, AML, chondrosarcomas, 

cholangiosarcomas, bladder cancers and enchondroma causing Ollier and Maffucci 

syndromes (Dang et al., 2009; Kumar et al., 2015; Ngai et al., 2015; Parsons et al., 

2008; Ward et al., 2010; Yan et al., 2009). These mutations can cause accumulation 

of succinate, fumarate and R-2HG up to millimolar levels in cancer cells (Dang et 

al., 2009; Isaacs et al., 2005; Pollard et al., 2005; Selak et al., 2005). In addition, 

hypoxia has been shown to induce S-2HG up to 300 µM in mammalian cells 

(Intlekofer et al., 2015) and 750 µM levels of S-2HG have been reported in the cells 

of S-2HG dehydrogenase mutant patients (Kranendijk et al., 2012).  

With the enzyme kinetic studies, we showed in I and II that the TET enzymes 

and many KDMs can be competitively inhibited by these cancer-associated 2-OG 

analogues. Fumarate and succinate were both potent inhibitors for Tets 1 and 2 and 

treatment of cells with cell-permeable forms of these compounds lowered global 5-

hmC levels in cellulo, presumably due to TET inhibition. Tets 1 and 2 have 

previously been shown to have higher IC50 values for R-2HG and S-2HG 

(Koivunen et al., 2012). However, since the concentration of at least R-2HG can 

rise to 5–35 mM levels in cancers with IDH mutations (Andronesi et al., 2012), 

TET inhibition is likely to contribute to the lower 5-hmC levels observed in such 

cancers. 

In addition to the TET enzymes, many KDMs were proven to be susceptible to 

inhibition by many cancer-associated 2-OG analogues. Succinate, R-2HG and S-

2HG were inhibitors for all of the KDMs studied, especially for the H3K9 and 

H3K27 demethylases KDM4A and KDM4B and the H3K27 demethylases 

KDM6A and KDM6B. Fumarate was a less potent inhibitor for the KDMs tested.  

Our in cellulo studies showed that in addition to inhibition in vitro, these 

compounds were able to inhibit TETs and KDMs in cellulo and affect global 5-

hmC levels and histone methylation. Reduced global 5-hmC levels and altered 

histone methylation, such as increased H3K27me3 levels, are found in many 

cancers (Benesova et al., 2017; Burchfield et al., 2015; Z. Chen et al., 2017; Haffner 

et al., 2011; Hsu et al., 2012; Letouze et al., 2013; Lian et al., 2012; Martinez-

Garcia & Licht, 2010; McGrath & Trojer, 2015; Munari et al., 2016; Nettersheim 

et al., 2013; Orr et al., 2012; X. Shi et al., 2016; Song et al., 2013; Van der Meulen 

et al., 2014; Zingg et al., 2015). However, the underlying mechanisms have not 

been fully understood so far. Our data suggest that inhibition of the catalytic activity 

of the TET enzymes and several KDMs by the cancer-associated 2-OG analogues 

likely contributes to the disease mechanisms in cancers with FH, SDH and IDH 

mutations. 
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Interestingly, FH, SDH and IDH mutations, and the cancer-associated 2-OG 

analogues they accumulate, have recently also been   linked to the control of cell 

differentiation. Elevated 2-OG/succinate ratio was shown to regulate H3K27me3 

and Tet-dependent DNA demethylation in mouse embryonic stem cells to control 

pluripotency (Carey et al., 2015). Fumarate has also been linked to cell 

differentiation and EMT in a recent article that described how fumarate inhibits 

Tet-mediated demethylation of antimetastatic miRNA cluster mir-200ba429 

leading to EMT and invasive properties of cancer cells (Sciacovelli et al., 2016). A 

study that used mouse ovarian cancer cells and targeted knockdown of Sdhb 

reported that cells with Sdhb knockdown showed histone hypermethylation and 

promoted EMT (Aspuria et al., 2014). Likewise, IDH mutations have been shown 

to impair histone demethylation, block cell differentiation and induce EMT, 

disrupting normal epithelial morphology (Grassian et al., 2012; Lu et al., 2012). 

Our data, together with the recent findings, shed light on the disease 

mechanisms in cancers with FH, SDH and IDH mutations. The cancer-associated 

2-OG analogues accumulating in these cancers are potent inhibitors of TETs and 

many of the KDMs leading to disturbed DNA and histone methylation. These 

epigenetic changes are in turn likely to account for many oncogenic changes 

observed in cancers by inhibiting tumour suppressor expression, enhancing EMT 

and therefore promoting the cancer stem cell-like features of the cancer cells 

leading to increased aggressiveness and invasiveness of the cancer cells (Fig. 9).  

Of note, dimethyl fumarate is used to treat relapsing-remitting multiple 

sclerosis, an autoimmune disease affecting the central nervous system. Its exact 

mechanism of action is unknown, but it has been reported to impair lymphocyte 

function, especially T-cell population, leading to diminished autoimmune response 

(Mills et al., 2018). Taking into account the ability of fumarate (and DEF) to inhibit 

TETs and KDMs leading to disturbed DNA and histone methylation, further studies 

are warranted to assess the effect of dimethyl fumarate on DNA and histone 

methylation when used to treat multiple sclerosis. 

In addition to cancer-associated 2-OG analogues, important metabolic 

regulators citrate and oxaloacetate were also shown to be potent inhibitors for the 

KDMs tested. Citrate is a central regulator of lipid and glucose metabolism whereas 

oxaloacetate regulates the synthesis of several amino acids. Interestingly, elevated 

plasma citrate levels have been associated with metabolic diseases such as non-

alcohol fatty liver disease (van de Wier et al., 2013). The inhibition of KDMs by 

citrate and oxaloacetate may provide understanding of the disease mechanisms in 
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many metabolic diseases and provide a connection between diet and epigenetic 

regulation. 

 

Fig. 9. Cancer-associated 2-oxoglutarate analogues inhibit TETs and KDMs, leading to 
lower global 5-hmC levels and increased H3K27 and H3K9 methylation possibly 
accounting for tumour suppressor downregulation and epithelial-to-mesenchymal 
transition (EMT). 

6.3 Hypoxia directly controls the activity of certain histone 
demethylases to block cell differentiation (III) 

In our kinetic studies, Tets 1 and 2 showed relatively low oxygen Km values of ~30 

µM, being in the same range as the one for C-P4H (Myllyharju & Kivirikko, 1997). 

This would indicate that the TET enzymes do not act as oxygen sensors, unlike the 

HIF-P4Hs which have Km values for oxygen of around 250 µM (Hirsilä et al., 2003). 

However, it was recently suggested that tumour hypoxia would increase DNA 

methylation by reducing TET enzyme activity (Thienpont et al., 2016). In that study, 

a very low 0.5% O2 concentration was used, and the reported Km values for Tets 
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were even lower than the ones we observed (3–5 µM). Modest (2-5%) hypoxia did 

not inactivate Tets, which is in line with our obtained Km values for Tet1 and Tet2. 

Nevertheless, this study shows that under extreme hypoxia, such as found near 

necrotic centres of tumours, TET activity can be compromised, leading to altered 

DNA methylation (Thienpont et al., 2016). 

In our studies, we showed that the H3K27 demethylase KDM6A has a 

remarkably high Km value for oxygen, being in the same range as the oxygen Km 

values of cellular oxygen sensors, the HIF-P4Hs (Hirsilä et al., 2003). Similarly, 

the H3K9 demethylase KDM4B, which is also able to demethylate H3K27, showed 

a high Km value for oxygen. We confirmed that hypoxia induced H3K27 

methylation in several cell lines. This was in line with the H3K27 hypermethylation 

reported in various hypoxic tumours (Adriaens et al., 2016; Hancock et al., 2017; 

Hancock et al., 2015; van den Beucken et al., 2014; Watson et al., 2014; Watson et 

al., 2009). Since H3K27 methylation has also been linked to cell differentiation and 

EMT (Chaturvedi et al., 2013; Erler et al., 2006; Mathieu et al., 2014), we showed 

that hypoxia is able to induce differentiation block in C2C12 mouse myoblast cells 

by reducing the activity of the oxygen sensitive KDM6A. 

KDM6A was recently identified as a tumour suppressor protein with the ability 

to inhibit EMT-induced breast cancer stem cell properties by epigenetic repression 

of EMT transcription factors (Choi et al., 2015). It had been previously reported 

that hypoxia can lead to increased histone methylation (Adriaens et al., 2016; 

Hancock et al., 2017; Hancock et al., 2015; van den Beucken et al., 2014; Watson 

et al., 2014; Watson et al., 2009). Our data showed that the tumour suppressor 

KDM6A, acting as a chromatin oxygen sensor, is inactivated under hypoxic 

conditions leading to a differentiation block in hypoxia. These data link together 

the increased H3K27 methylation, EMT and promoted aggressiveness and 

invasiveness found in many cancers, suggesting a new oncogenic disease 

mechanism in hypoxic tumours (Fig. 10).  

Furthermore, we showed that the hypoxia-induced H3K27 hypermethylation 

and differentiation block can be rescued with either EZH2 inhibitors, KDM6A 

overexpression or with a less oxygen sensitive KDM6A mutant. In addition, ROS 

scavengers and metformin had beneficial effects on hypoxia-induced H3K27 

hypermethylation and differentiation block (Fig. 10). EZH2 inhibitors are currently 

in phase I studies for treatment of EZH2-overexpressing cancers with H3K27 

hypermethylation, such as lymphoma and breast cancer (McCabe et al., 2012; 

Moore et al., 2013). Our data suggest that EZH2 inhibitors, and possibly ROS 

scavengers and metformin, could also be used for the treatment of other cancers 
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with increased H3K27 methylation caused either by hypoxic inactivation of 

KDM6A, inactivating somatic mutations of KDM6A or inhibition of several KDMs 

by cancer-associated 2-OG analogues. 

 

Fig. 10. Tumour hypoxia inhibits KDM6A which results in increased H3K27 methylation 
(H3K27me3) leading to cell differentiation block and potentially promotion of epithelial-
to-mesenchymal transition (EMT), tumour aggressiveness and invasiveness. Reactive 
oxygen species (ROS) can also inhibit KDMs and their effect is rescued with ROS 
scavengers, n-acetyl cysteine (NAC) and butylated hydroxyanisole (BHA), or metformin 
(Metf). H3K27 hypermethylation and hypoxia-induced differentiation block can be 
rescued with H3K27 methyltransferase EZH2 inhibitors. 
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7 Conclusions and future prospects 
Epigenetic modifications found in cancers have gained increasing attention from 

the scientific research community during the past decade. Development of even 

more advanced techniques such as bisulphite sequencing and chromatin 

immunoprecipitation (ChIP) has opened the field for more advanced studies giving 

us new information on how the epigenome is regulated during oncogenic processes 

(Esteller, 2007). 

This study showed that cancer-associated 2-OG analogues accumulating in 

cancers with FH, SDH and IDH mutations can inhibit the TET enzymes and KDMs 

leading to disturbed DNA and histone methylation on chromatin. These epigenetic 

changes can have diverse effects on gene expression, such as the expression of 

tumour suppressor genes. Hypoxia was shown to severely reduce the activity of the 

oxygen-dependent H3K27 demethylase KDM6A. This leads to H3K27 

hypermethylation in hypoxic cells, such as in many solid human tumours. Hypoxia 

was also shown to block cell differentiation via increased H3K27 methylation on 

differentiation-associated genes. 

Changes in DNA and histone methylation have previously been associated with 

disturbed cell differentiation, such as EMT, and investigated as possible targets for 

pharmacologic intervention to treat cancers (Cao et al., 2008; Martinez-Garcia & 

Licht, 2010; McCabe et al., 2012; Moore et al., 2013; Zingg et al., 2015). Different 

epigenetic marks have also been shown to affect the aggressiveness of cancers and 

could be used to predict the prognosis of the disease (Lee et al., 2015; Lian et al., 

2012). This study shed new light on the mechanisms on how epigenetic changes 

are mediated in cancers, also opening up new possibilities to counteract these 

changes.  

In our studies, we noted that the IC50 values of TETs and KDMs for the 

different 2-OG analogues and citrate and oxaloacetate varied from one other. This 

implies that it would be possible to develop pharmacological inhibitors specific for 

these enzymes to be used as treatment for cancers where TET enzymes or KDMs 

are overexpressed or hyperactivated by mutations, such as the MLL-fusion protein 

driven AML (Huang et al., 2013).  Furthermore, EZH2 inhibition, KDM6A MT/ED 

mutant expression, ROS scavengers and metformin were shown to rescue the 

differentiation block in hypoxic cells, suggesting that such treatments could be used 

to combat the epigenetic changes and disturbed cell differentiation in cancers with 

H3K27 overexpression, such as EZH2-overexpressing breast cancers and 

lymphomas, many hypoxic tumours, cancers with FH, SDH and IDH mutations, 
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and cancers with inactivating KDM6A mutations. Pharmacologic inhibitors 

specific for mutant IDH1 and/or 2 are currently being developed to combat IDH 

mutant cancers (A. Chaturvedi et al., 2017; Popovici-Muller et al., 2018; Sidaway, 

2018). These inhibitors could be used to reverse altered DNA and histone 

methylation in the IDH mutant cancers (Kopinja et al., 2017). In addition, using 

hypomethylating agents in cancers with disturbed DNA methylation and increased 

5-hmC levels due to FH, SDH and IDH mutations could be of benefit. 
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