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Highlights:

e Human genome encoded several non-heme dioxygenases that require
molecular oxygen for their activity.

e There is ample evidence to suggest that activity of human DNA repair
proteins ALKBH2 and ALKBH3, which also belong to non-heme
dioxygenase family, is inhibited during hypoxia.

e Inhibition of ALKBH2 and ALKBHS3 activity could be among multiple
factors that contribute towards manifestation of hypoxia-associated

genomic instability.

Abstract: Tumor tissues are known to harbor hypoxic areas. The hypoxic
microenvironment promotes angiogenesis. Hypoxic tumor cells also manifest
genome instability. DNA damage repair pathways, such as double-strand break
repair, mismatch repair and base excision repair are known to be altered during
hypoxia. This review is focused on the non-heme Fe(ll) and 2-oxoglutarate-
dependent dioxygenases which are involved in repair of DNA alkylation adducts.
Activities of these DNA repair enzymes are completely oxygen-dependent and
little information is available about inhibition of these enzymes during hypoxia.
While impairment of function of non-heme dioxygenase during tumor hypoxia
has been implicated in different studies, the possible outcomes with respect to

mutagenesis and genomic instability are explored here.
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Introduction: Mammalian cells undergo apoptotic cell death in complete lack of
oxygen (anoxia). However, poor oxygenation (hypoxia) of various degrees (0.2 to
5% 0z2) does not induce cell death as the cells can adapt by activating pro-
angiogenic genes to regain oxygen supply. This hypoxia-adaptation process is
regulated largely by the hypoxia-inducible factor (HIF) family of transcription
factors. Three HIFa isoforms (HIF-1a, HIF-2a, HIF-3a) and two HIFB isoforms
(HIF-18 and HIF-2B) have been described. HIF-1a. mRNA is constitutively
expressed in majority of cells while the expression of HIF-2a and HIF-3a is
tissue-specific. HIF-1a become stabilized under conditions of hypoxia and
subsequently induces numerous genes whose products are involved in
angiogenesis, metabolic adaptation to anaerobic glycolysis, cell migration and
invasion [1].

Over the past three decades, it has been established that the majority of
solid tumors contain regions that are hypoxic. Tumor hypoxia has been linked to
poor prognosis in the treatment of several cancer types [2, 3]. Several clinical
studies revealed that multiple episodes of hypoxia (0.2-5% Oz2) is inherent to
aggressive tumor phenotype and metastases [4]. One important factor that
fundamentally alter the tumor physiology during hypoxia is manifestation of

genomic instability or a mutator phenotype [5]. At molecular level, hypoxia-



induced genomic instability arise perhaps due to increased DNA damage and
inhibition of some of the DNA repair pathways. The current review focuses on
non-heme Fe(ll) and 2-oxoglutarate (20G)-dependent dioxygenases and
discusses their possible roles in hypoxia-induced mutator phenotype and

genomic instability.

Defective expression of DNA repair genes promotes genomic instability in
hypoxia: One of the earlier evidence of downregulation of DNA repair genes
was obtained from a large-scale microarray-based screen aimed at identifying
alteration of gene expression in response to chronic hypoxia. It was revealed
that under prolonged exposure to hypoxia (24h at 0.5% O2) more than 50 DNA
repair genes were transcriptionally downregulated [6]. Among them were the
genes involved in homologous recombination (HR), and mismatch repair (MMR)
pathways. Perhaps the only exception was nucleotide excision repair (NER)
genes whose level of expression increased during hypoxia [6-9]. This could be
due to the presence of a core DNA motif (G/ACGTG), known as HIF-1a
response element (HRE), in several NER genes (XPC, XPD, XPB, XPG, CSA
and CSB) that mediates sequence-specific DNA binding to HIF-1a and increased
level of expression during hypoxia [10]. Base excision repair (BER) pathway was
shown to be functionally inactive during chronic hypoxia [11]. In prostate cancer
cells, Meng et al. reported the downregulation of HR repair genes (e.g. RAD51,
RAD52, RAD54, BRCA1, BRCA2) and NHEJ-repair genes (e.g. XRCCS,
PRKDC, LiG4, XRCC4) following chronic hypoxia treatment of normal and

malignant cells [12]. Curiously, it is not clear whether abrogation of double-strand



break repair would always promote cancer cell survival or cell death. For
instance, loss of tumor suppressor genes such as CDKNZ2A, TP53 occurs as
cancer evolves and often lead to suppression of G1/S checkpoint activation [13].
Cancer cells lacking the G1/S checkpoint depend more on the G2/M checkpoint
for cell survival as the G2/M checkpoint prevents mitotic entry of cells with DNA
breaks, thereby protecting against mitotic catastrophe and cell death. If double-
strand DNA repair pathways were completely inactive during hypoxia, cells enter
mitosis with higher level of damaged DNA and are likely to die from mitotic
catastrophe [14]. Therefore, perhaps low-level of double-strand break repair
must be operational during hypoxia. Thus, there is further scope to investigate
contribution (or the lack of it) of other DNA repair pathways in promoting genomic
instability during hypoxia.

Non-heme dioxygenases: Non-heme Fe(ll)/20G-dependent dioxygenases
constitute a large family of enzymes that catalyze broad range of oxidation
reactions [15]. Structurally these proteins are characterized by eight antiparallel
B-strands forming two [(-sheets that commonly known as a jelly-roll motif.
Sandwiched between the two [B-sheets, an Fe(ll) atom is bound via three
conserved residues, a histidine, an aspartate/glutamate, and a histidine
(HXDIE...H). These enzymes require Fe?+, 20G, Oz and ascorbate. In addition
to the primary substrate, 20G is also a substrate for oxidation in the reaction; the
20G is decarboxylated during the hydroxylation reaction to form CO2 and
succinate. One atom of the O2 becomes integrated into the succinate and the

other into the hydroxyl group generated on the substrate.



Functional inactivation of non-heme dioxygenases occurs during hypoxia:
The enzymes belonging to non-heme Fe(ll) and 20G-dependent dioxygenases
family, such as prolylhydroxylases (PHDs), are well known example of hypoxia
regulated enzymes [16, 17]. Prolylhydroxylation is a post-translational
modification that has been known for many years to occur in collagen proteins
[18]. For collagen PHD, Km (oxygen) was determined to be 40uM [19].
Ehrismann et al. measured Km (oxygen) of variety of non-heme Fe(Il)/??720G-
dependent dioxygenases and reported that, other than collagen PHDs, most
enzymes belonging to non-heme dioxygenase family have Km (oxygen) in the
range of 70-90uM [20]. Oxygen concentration in air-saturated aqueous buffer at
37°C is approximately 200 uM (Figure 1A). However, it has been estimated that
human tissue oxygen concentration is much lower and is in the range of 30-
60uM. This corresponds to 7.5-15uM under moderate hypoxic condition.
Therefore, all non-heme dioxygenase class of enzymes are most likely inactive
during hypoxia (Figure 1A). PHDs also play a very important role in cellular
adaptation to hypoxia. As mentioned before, cellular response to hypoxia is
regulated by HIF-1a transcription factor. HIF-1a binds to HREs and upregulates
broad range of transcriptional targets involved in cellular responses to hypoxia,
such as angiogenesis and erythropoiesis [1] (Figure 1B). HIF-1a protein is
constantly hydroxylated at a specific proline residue by the HIF-1a-specific PHD
isoform-2 (PHD2) [21]. This modification increases the affinity of HIF-1a to the
von Hippel-Lindau (VHL) E3 ubiquitin ligase, leading to its ubiquitination and

proteasomal degradation [22]. Ku (oxygen) of HIF-1a-specific PHD2 was



determined to be in the range of 200-250uM [19, 20], which is well above the
physiological concentration of oxygen (Figure 1A). This rather high Km (oxygen)
value suggests that, under physiological condition, activity of this enzyme is rate-
limited by oxygen and perfectly designed for their role as oxygen sensors.

DNA demethylation, especially 5-methylcytosine (5mC) within CpG
dinucleotides at gene promoters, is a dynamic epigenetic modification in
mammalian DNA and is critical for transcriptional silencing of genes. DNA
methyltransferases (DNMTs) catalyze DNA methylation, while Tet1-3 (Ten-
eleven translocation) proteins catalyze conversion of 5mC to 5-hydroxymethyl-
cytosine (5hmC) and further to 5-formyl-cytosine (5fC) and 5-carboxyl-cytosine
(5caC) [23-27]. Once formed, 5fC and 5caC in DNA can be excised by a DNA
glycosylase and subsequently repaired via BER. It has been shown that thymine-
DNA glycosylase (TDG) possesses an excision activity towards 5fC- and 5caC-
containing DNA [23, 28]. The Tet enzymes belong to non-heme Fe(ll)/20G-
dependent dioxygenases family which need molecular oxygen for catalysis. If Ku
(oxygen) for Tet enzymes is similar to other non-heme dioxygenase family
members, then it is expected that they will be inactive under hypoxic condition.
Indeed, it has been recently reported that Tet proteins become inactive under
hypoxic condition (oxygen concentration 0.5%) and hypoxic tumors accumulate
significant level of 5mC at gene promoters [29].

Like 5mC DNA methylation, dynamic methylation of mRNA at N6-
methyladenosine (m6A) is frequently observed in mammalian cells. This m6A

RNA modification is catalyzed by a methyltransferase enzyme complex



consisting of methyltransferase-like (METTL) proteins (METTL3 and METTL14)
and Wilms tumor associated protein (WTAP) [30]. The m6A modification is
reversed by m6A-specific non-heme Fe(ll)/20G-dependent dioxygenase family
demethylases, AlkB homolog 5 (ALKBH5) and FTO, also known as AlkB
homolog 9 (ALKBH9) [31-34]. It has been shown that hypoxia inactivates
ALKBH5 enzyme and regulate the level of m6A modified mRNA [35]. This is yet
another example of non-heme Fe(ll)/20G-dependent dioxygenases being
inactive under hypoxic condition.

Besides prolylhydroxylation of collagen and HIF-1a, demethylation of
5mC at gene promoters and demethylation of m6A in mRNA, non-heme
Fe(Il)/20G-dependent dioxygenases are also involved in direct DNA repair.
Escherichia coli alkylation repair protein-B (AlkB), which is a Fe(ll)/20G-
dependent dioxygenases family member, protects the bacterial genome against
alkylation damage [36]. Exposure to alkylating agents from endogenous and
exogenous sources results in carcinogenic mutations. Alkylated DNA adducts,
induced by Sn2 alkylating agents, include 3-methylcytosine (3-meC) and 1-
methyladenine (1-meA). AIKB catalyzes oxidative dealkylation in a reaction
requiring oxygen, non-heme iron (Fe-Il) (as cofactor), 20G which serves as a co-
substrate resulting in the formation of succinate and COz2. When AlkB repairs 1-
meA or 3-meC, the methyl group is first converted enzymatically to hydroxy-
methyl group and being unstable in nature, this is rapidly removed as
formaldehyde [37]; Most eukaryotes have AIkB homologs, including

Saccharomyces cerevisiae [38]. Mammalian genome encodes three functional



AlkB homologs involved in DNA repair [39]. Among these, ALKBH1 displays
mitochondrial localization and exhibit low-level of 3meC repair activity in vitro
[40]. It was also shown that ALKBH1 has AP lyase activity [41] and is able to
demethylate methylated histone H2A [42]. However, it is unclear whether
ALKBH1 is a bona fide nuclear DNA repair enzyme. Only two AlkB homologs,
namely ALKBH2 and ALKBHS, are the confirmed nuclear DNA repair enzymes
[43-47]. Biochemical experiments indicate that ALKBH2 preferentially repairs
double-stranded DNA (dsDNA) substrates, while ALKBH3 prefers single-
stranded DNA (ssDNA) substrates [47] and RNA [43]. During S phase of cell
cycle ALKBH2 interacts with the proliferating cell nuclear antigen (PCNA) via
ALKBH2-PCNA-interacting motif (APIM) [48]. As PCNA slides along with
replication fork, it is possible that interaction with PCNA may promote ALKBH2-
mediated repair of dsDNA. ALKBH3 was found to be associated with the large
subunit of activating signal cointegrator complex (ASCC3) [49]. It is likely that
DNA helicase function of ASCC3 may generate ssDNA for ALKBH3 mediated
repair.

Because ALKBH2 and ALKBHS are structurally and functionally similar to
PHDs, it is possible that under hypoxic condition these enzymes will also be
completely or partially inactive like other non-heme Fe(ll)/20G-dependent
dioxygenases. Moreover, these genes are not under HIF-1a control and remains
unchanged during hypoxia [50]. The impact of inactivation of non-heme
Fe(Il)/20G-dependent dioxygenases in promoting somatic mutagenesis and

altering the physiology of the tumor during hypoxia remains an under-



investigated question.

Elevated level of expression of ALKBH3 is reported in variety of cancers
[51-54] and expression of ALKBH3 is essential for survival of many cancer cells.
Knockdown of ALKBH3 resulted apoptosis in prostate cancer cell line DU145
[51] and non-small-cell lung cancer (NSCLC) cell line A549, which originated
from a human lung adenocarcinoma. This cell line has wild type TP53 and
capable of p53-mediated apoptosis. Knockdown of ALKBH3 in urothelial
carcinoma cell line UM-UCS3 resulted in cell cycle arrest and apoptosis [52].
Knock down of ALKBH3 in a human renal cell carcinoma cell line, CAKI-1
inhibited cell proliferation [55]. Expression of ALKBH3 was found to be essential
for survival of colorectal cancer cell line DLD1 expressing mutant oncogenic K-
RAS, but not for isogenic DLD1 cell line containing wild type K-RAS [56]. From
these studies it can be proposed that some cancer cells are addicted to AlkBH3
function and this can be categorized as ‘non-oncogene addiction’. AIkBH3
activity may not be essential for the viability of normal cells but is required to
support the oncogenic phenotype of some cancer cells. Whether these cancer
cells are addicted to ALKBH3 and particularly vulnerable to cell death due to
functional inactivation of ALKBH3 activity during hypoxia remains to be
examined.

Deficiency of DNA repair dioxygenases results in distinct mutation
frequency: 3-meC and 1-meA lesions are predominantly generated in single-
stranded DNA during replication, repair and transcription, and are efficiently

repaired via direct oxidative reversal by non-heme Fe(ll)/20G-dependent
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dioxygenases. One of the ubiquitous endogenous N-alkylating agents is S-
adenosylmethionine (SAM) and it can nonenzymatically methylate DNA [57].
Interestingly, all three catalytically active DNMTs, DNMT1, DNMT3A, and
DNMT3B, use SAM as methyl donor. Presence of functional DNMTs during DNA
replication implicates the presence of SAM in the vicinity; therefore, SAM could
nonenzymatically methylate DNA during replication. In addition, in vivo lipid
peroxidation reactions and nitrosation of amines could give rise to reactive
methylating species. Not surprisingly, spontaneously arising 1TmeA lesions were
shown to accumulate in the genome of the Alkbh2 knockout mice [58]. Formation
of 1-meA and 3-meC at DNA base-pairing positions prevents Watson-Crick base
pairing, thereby stalls DNA replication and results in recruitment of TLS DNA
polymerases [59]. Knockout mice with deletion of Alkbh2 and Alkbh3 results in
spontaneous accumulation of higher level of C—A transversion and C—T
transition mutations [46]. In vitro studies by Furrer et al. have revealed the role
of Y-family trans-lesion synthesis (TLS) polymerases in development of
mutagenesis and shown that DNA pol preferentially misincorporates dTTP and
Poln dATP opposite to 3-meC [59], explaining the accumulation of C—A and
C—T mutation in Alkbh2” and Alkbh3’ mice. This mutational pattern coexists
with other mutations in many cancer types and could be partially contributed by
the hypoxic inhibition of ALKBH2 and ALKBH3. Because we do not know the Ku
(oxygen) of ALKBH2 or ALKBHS3, the extent of inhibition cannot be known
accurately. However, given the structural similarity of ALKBH2 and ALKBHS with

PHDs, we may assume that hypoxia would result in significant functional
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impairment of ALKBH2 and ALKBH3 activity (Figure 1B). It is not clearly known
whether other human AIkB homologues are also inactivated under hypoxic
condition. In vitro experiments have shown that human AlkB homolog ALKBH5
becomes inactive under hypoxic condition (1% oxygen concentration) [35].
However, hypoxia is also known to stimulate ALKBHS expression which lead to
the demethylation of m6A modification of Nanog mRNA [34].

Large-scale genome-wide sequence analyses in last few years have
revealed 30 mutational signatures across the spectrum of human cancer types.
One such mutation pattern is now referred to as “signature 10” in the COSMIC
(catalogue of somatic mutation in cancer) database. This distinct signature
mutations, found in six different types of cancer but common in colorectal and
endometrial cancers, is characterized mainly by a prevalence of C—A
transversion and C—T transition mutations [60]. Cancer genome sequencing
studies as part of the TCGA (The Cancer Genome Atlas) have revealed that
C—A and C—T mutations in colorectal and endometrial cancers are associated
with the mutations in the proofreading domain of DNA polymerase-epsilon (pole)
[61-66]. Mutation in pole is associated with high mutagenic potential resulting
significant level of genomic instability [67, 68]. Because the mutation pattern in
Alkbh2 and Alkbh3 knockout mice is similar to the mutation pattern found in pole
mutant endometrial and colorectal cancers, one would wonder what happens
when these causes are present simultaneously. It may be speculated that rather
strong mutator phenotype will emerge if pole mutation was combined with

ALKBH2 and ALKBHS inhibition during hypoxia. Curiously, hypoxia is frequently
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observed during development of endometrial and colorectal cancer [69, 70]. It
remains to be experimentally proven whether inactivation of ALKBHZ2 and
ALKBHS during hypoxic phase renders pole mutant endometrial and colorectal
cancer cells accumulating extraordinarily high number of cancer-driving
mutations.

Conclusion: Activity of human DNA repair proteins ALKBH2 and ALKBHS3,
which belongs to non-heme dioxygenase family, depends on molecular oxygen.
During hypoxia, loss of ALKBH2 and ALKBH3 activity may result alkylation
adducts on DNA. This may result in error-prone bypass replication and
accumulation of mutations. Thus, the loss of ALKBH2 and ALKBH3 activity
during hypoxia may create a mutator phenotype and cause large number of
somatic mutations found in hypoxic cells. It may also be one of the factors
responsible for manifestation of hypoxia-associated malignant phenotype and

aggressive tumor behaviour.

Funding:

The research in author’s lab is funded by Department of Biotechnology (DBT),
Govt. of India.

Conflict of interest:

None.

13



Reference:

[1] C.W. Pugh, P.J. Ratcliffe, Regulation of angiogenesis by hypoxia: role of the
HIF system, Nat Med, 9 (2003) 677-684.

[2] P. Vaupel, D.K. Kelleher, M. Hockel, Oxygen status of malignant tumors:
pathogenesis of hypoxia and significance for tumor therapy, Semin Oncol, 28
(2001) 29-35.

[3] P. Vaupel, A. Mayer, Hypoxia in tumors: pathogenesis-related classification,
characterization of hypoxia subtypes, and associated biological and clinical
implications, Adv Exp Med Biol, 812 (2014) 19-24.

[4] E.B. Rankin, A.J. Giaccia, Hypoxic control of metastasis, Science, 352 (2016)
175-180.

[5] M. Koi, C.R. Boland, Tumor hypoxia and genetic alterations in sporadic
cancers, J Obstet Gynaecol Res, 37 (2011) 85-98.

[6] R.S. Bindra, M.E. Crosby, P.M. Glazer, Regulation of DNA repair in hypoxic
cancer cells, Cancer Metastasis Rev, 26 (2007) 249-260.

[7] R.S. Bindra, P.J. Schaffer, A. Meng, J. Woo, K. Maseide, M.E. Roth, P.
Lizardi, D.W. Hedley, R.G. Bristow, P.M. Glazer, Down-regulation of Rad51 and
decreased homologous recombination in hypoxic cancer cells, Mol Cell Biol, 24
(2004) 8504-8518.

[8] V.T. Mihaylova, R.S. Bindra, J. Yuan, D. Campisi, L. Narayanan, R. Jensen,
F. Giordano, R.S. Johnson, S. Rockwell, P.M. Glazer, Decreased expression of
the DNA mismatch repair gene MIh1 under hypoxic stress in mammalian cells,

Mol Cell Biol, 23 (2003) 3265-3273.

14



[9] J. Yuan, L. Narayanan, S. Rockwell, P.M. Glazer, Diminished DNA repair and
elevated mutagenesis in mammalian cells exposed to hypoxia and low pH,
Cancer Res, 60 (2000) 4372-4376.

[10] H.R. Rezvani, W. Mahfouf, N. Ali, C. Chemin, C. Ged, A.L. Kim, H. de
Verneuil, A. Taieb, D.R. Bickers, F. Mazurier, Hypoxia-inducible factor-1alpha
regulates the expression of nucleotide excision repair proteins in keratinocytes,
Nucleic Acids Res, 38 (2010) 797-809.

[11] N. Chan, M. Ali, G.P. McCallum, R. Kumareswaran, M. Koritzinsky, B.G.
Wouters, P.G. Wells, S. Gallinger, R.G. Bristow, Hypoxia provokes base excision
repair changes and a repair-deficient, mutator phenotype in colorectal cancer
cells, Mol Cancer Res, 12 (2014) 1407-1415.

[12] A.X. Meng, F. Jalali, A. Cuddihy, N. Chan, R.S. Bindra, P.M. Glazer, R.G.
Bristow, Hypoxia down-regulates DNA double strand break repair gene
expression in prostate cancer cells, Radiother Oncol, 76 (2005) 168-176.

[13] A. Abulaiti, A.J. Fikaris, O.M. Tsygankova, J.L. Meinkoth, Ras induces
chromosome instability and abrogation of the DNA damage response, Cancer
Res, 66 (2006) 10505-10512.

[14] D. Deckbar, J. Birraux, A. Krempler, L. Tchouandong, A. Beucher, S.
Walker, T. Stiff, P. Jeggo, M. Lobrich, Chromosome breakage after G2
checkpoint release, J Cell Biol, 176 (2007) 749-755.

[15] B.l. Fedeles, V. Singh, J.C. Delaney, D. Li, J.M. Essigmann, The AIkB
Family of Fe(ll)/alpha-Ketoglutarate-dependent Dioxygenases: Repairing Nucleic

Acid Alkylation Damage and Beyond, J Biol Chem, 290 (2015) 20734-20742.

15



[16] C. Loenarz, C.J. Schofield, Physiological and biochemical aspects of
hydroxylations and demethylations catalyzed by human 2-oxoglutarate
oxygenases, Trends Biochem Sci, 36 (2011) 7-18.

[17] J. Myllyharju, Prolyl 4-hydroxylases, master regulators of the hypoxia
response, Acta Physiol (Oxf), 208 (2013) 148-165.

[18] S. Ricard-Blum, The collagen family, Cold Spring Harb Perspect Biol, 3
(2011) a004978.

[19] M. Hirsila, P. Koivunen, V. Gunzler, K.I. Kivirikko, J. Myllyharju,
Characterization of the human prolyl 4-hydroxylases that modify the hypoxia-
inducible factor, J Biol Chem, 278 (2003) 30772-30780.

[20] D. Ehrismann, E. Flashman, D.N. Genn, N. Mathioudakis, K.S. Hewitson,
P.J. Ratcliffe, C.J. Schofield, Studies on the activity of the hypoxia-inducible-
factor hydroxylases using an oxygen consumption assay, Biochem J, 401 (2007)
227-234.

[21] E. Berra, E. Benizri, A. Ginouves, V. Volmat, D. Roux, J. Pouyssegur, HIF
prolyl-hydroxylase 2 is the key oxygen sensor setting low steady-state levels of
HIF-1alpha in normoxia, EMBO J, 22 (2003) 4082-4090.

[22] C.W. Pugh, P.J. Raicliffe, The von Hippel-Lindau tumor suppressor,
hypoxia-inducible factor-1 (HIF-1) degradation, and cancer pathogenesis, Semin
Cancer Biol, 13 (2003) 83-89.

[23] Y.F. He, B.Z. Li, Z. Li, P. Liu, Y. Wang, Q. Tang, J. Ding, Y. Jia, Z. Chen, L.

Li, Y. Sun, X. Li, Q. Dai, C.X. Song, K. Zhang, C. He, G.L. Xu, Tet-mediated

16



formation of 5-carboxylcytosine and its excision by TDG in mammalian DNA,
Science, 333 (2011) 1303-1307.

[24] S. Ito, A.C. D'Alessio, O.V. Taranova, K. Hong, L.C. Sowers, Y. Zhang, Role
of Tet proteins in 5mC to 5ShmC conversion, ES-cell self-renewal and inner cell
mass specification, Nature, 466 (2010) 1129-1133.

[25] S. Ito, L. Shen, Q. Dai, S.C. Wu, L.B. Collins, J.A. Swenberg, C. He, Y.
Zhang, Tet proteins can convert 5-methylcytosine to 5-formylcytosine and 5-
carboxylcytosine, Science, 333 (2011) 1300-1303.

[26] T. Pfaffeneder, B. Hackner, M. Truss, M. Munzel, M. Muller, C.A. Deiml, C.
Hagemeier, T. Carell, The discovery of 5-formylcytosine in embryonic stem cell
DNA, Angew Chem Int Ed Engl, 50 (2011) 7008-7012.

[27] M. Tahiliani, K.P. Koh, Y. Shen, W.A. Pastor, H. Bandukwala, Y. Brudno, S.
Agarwal, L.M. lyer, D.R. Liu, L. Aravind, A. Rao, Conversion of 5-methylcytosine
to 5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1, Science,
324 (2009) 930-935.

[28] L. Zhang, X. Lu, J. Lu, H. Liang, Q. Dai, G.L. Xu, C. Luo, H. Jiang, C. He,
Thymine DNA glycosylase specifically recognizes 5-carboxylcytosine-modified
DNA, Nat Chem Biol, 8 (2012) 328-330.

[29] B. Thienpont, J. Steinbacher, H. Zhao, F. D'Anna, A. Kuchnio, A. Ploumakis,
B. Ghesquiere, L. Van Dyck, B. Boeckx, L. Schoonjans, E. Hermans, F. Amant,
V.N. Kristensen, K.P. Koh, M. Mazzone, M.L. Coleman, T. Carell, P. Carmeliet,
D. Lambrechts, Tumour hypoxia causes DNA hypermethylation by reducing TET

activity, Nature, 537 (2016) 63-68.

17



[30] K.D. Meyer, S.R. Jaffrey, The dynamic epitranscriptome: N6-
methyladenosine and gene expression control, Nat Rev Mol Cell Biol, 15 (2014)
313-326.

[31] G. Jia, C.G. Yang, S. Yang, X. Jian, C. Yi, Z. Zhou, C. He, Oxidative
demethylation of 3-methylthymine and 3-methyluracil in single-stranded DNA
and RNA by mouse and human FTO, FEBS Lett, 582 (2008) 3313-3319.

[32] G. Zheng, J.A. Dahl, Y. Niu, P. Fedorcsak, C.M. Huang, C.J. Li, C.B. Vagbo,
Y. Shi, W.L. Wang, S.H. Song, Z. Lu, R.P. Bosmans, Q. Dai, Y.J. Hao, X. Yang,
W.M. Zhao, W.M. Tong, X.J. Wang, F. Bogdan, K. Furu, Y. Fu, G. Jia, X. Zhao,
J. Liu, H.E. Krokan, A. Klungland, Y.G. Yang, C. He, ALKBH5 is a mammalian
RNA demethylase that impacts RNA metabolism and mouse fertility, Mol Cell, 49
(2013) 18-29.

[33] D. Lando, J. Balmer, E.D. Laue, T. Kouzarides, The S. pombe histone H2A
dioxygenase Ofd2 regulates gene expression during hypoxia, PLoS One, 7
(2012) e29765.

[34] C. Zhang, D. Samanta, H. Lu, JW. Bullen, H. Zhang, |. Chen, X. He, G.L.
Semenza, Hypoxia induces the breast cancer stem cell phenotype by HIF-
dependent and ALKBH5-mediated m6A-demethylation of NANOG mRNA, Proc
Natl Acad Sci U S A, 113 (2016) E2047-2056.

[35] A. Thalhammer, Z. Bencokova, R. Poole, C. Loenarz, J. Adam, L.
O'Flaherty, J. Schodel, D. Mole, K. Giaslakiotis, C.J. Schofield, E.M. Hammond,

P.J. Ratcliffe, P.J. Pollard, Human AlkB homologue 5 is a nuclear 2-oxoglutarate

18



dependent oxygenase and a direct target of hypoxia-inducible factor 1alpha
(HIF-1alpha), PLoS One, 6 (2011) e16210.

[36] T.J. Begley, L.D. Samson, AIkB mystery solved: oxidative demethylation of
N1-methyladenine and N3-methylcytosine adducts by a direct reversal
mechanism, Trends in biochemical sciences, 28 (2003) 2-5.

[37] T.J. Begley, L.D. Samson, AIkB mystery solved: oxidative demethylation of
N1-methyladenine and N3-methylcytosine adducts by a direct reversal
mechanism, Trends Biochem Sci, 28 (2003) 2-5.

[38] G. Shivange, N. Kodipelli, M. Monisha, R. Anindya, A role for
Saccharomyces cerevisiae Tpal protein in direct alkylation repair, J Biol Chem,
289 (2014) 35939-35952.

[39] B. Sedgwick, P.A. Bates, J. Paik, S.C. Jacobs, T. Lindahl, Repair of
alkylated DNA: recent advances, DNA repair, 6 (2007) 429-442.

[40] M.P. Westbye, E. Feyzi, P.A. Aas, C.B. Vagbo, V.A. Talstad, B. Kavli, L.
Hagen, O. Sundheim, M. Akbari, N.B. Liabakk, G. Slupphaug, M. Otterlei, H.E.
Krokan, Human AlkB homolog 1 is a mitochondrial protein that demethylates 3-
methylcytosine in DNA and RNA, The Journal of biological chemistry, 283 (2008)
25046-25056.

[41] T.A. Muller, K. Meek, R.P. Hausinger, Human AIkB homologue 1 (ABH1)
exhibits DNA lyase activity at abasic sites, DNA Repair (Amst), 9 (2010) 58-65.
[42] R. Ougland, D. Lando, I. Jonson, J.A. Dahl, M.N. Moen, L.M. Nordstrand, T.

Rognes, J.T. Lee, A. Klungland, T. Kouzarides, E. Larsen, ALKBH1 is a histone

19



H2A dioxygenase involved in neural differentiation, Stem Cells, 30 (2012) 2672-
2682.

[43] P.A. Aas, M. Citterlei, P.O. Falnes, C.B. Vagbo, F. Skorpen, M. Akbari, O.
Sundheim, M. Bjoras, G. Slupphaug, E. Seeberg, H.E. Krokan, Human and
bacterial oxidative demethylases repair alkylation damage in both RNA and
DNA, Nature, 421 (2003) 859-863.

[44] D. Fu, L.D. Samson, Direct repair of 3,N(4)-ethenocytosine by the human
ALKBH2 dioxygenase is blocked by the AAG/MPG glycosylase, DNA repair, 11
(2012) 46-52.

[45] D.H. Lee, S.G. Jin, S. Cai, Y. Chen, G.P. Pfeifer, T.R. O'Connor, Repair of
methylation damage in DNA and RNA by mammalian AlkB homologues, The
Journal of biological chemistry, 280 (2005) 39448-39459.

[46] S.L. Nay, D.H. Lee, S.E. Bates, T.R. O'Connor, Alkbh2 protects against
lethality and mutation in primary mouse embryonic fibroblasts, DNA Repair
(Amst), 11 (2012) 502-510.

[47] O. Sundheim, C.B. Vagbo, M. Bjoras, M.M. Sousa, V. Talstad, P.A. Aas, F.
Drablos, H.E. Krokan, J.A. Tainer, G. Slupphaug, Human ABHS3 structure and
key residues for oxidative demethylation to reverse DNA/RNA damage, The
EMBO journal, 25 (2006) 3389-3397.

[48] K.M. Gilljiam, E. Feyzi, P.A. Aas, M.M. Sousa, R. Muller, C.B. Vagbo, T.C.
Catterall, N.B. Liabakk, G. Slupphaug, F. Drablos, H.E. Krokan, M. Otterlei,
Identification of a novel, widespread, and functionally important PCNA-binding

motif, J Cell Biol, 186 (2009) 645-654.

20



[49] S. Dango, N. Mosammaparast, M.E. Sowa, L.J. Xiong, F. Wu, K. Park, M.
Rubin, S. Gygi, J.W. Harper, Y. Shi, DNA unwinding by ASCC3 helicase is
coupled to ALKBH3-dependent DNA alkylation repair and cancer cell
proliferation, Mol Cell, 44 (2011) 373-384.

[50] J. Schodel, S. Oikonomopoulos, J. Ragoussis, C.W. Pugh, P.J. Rafcliffe,
D.R. Mole, High-resolution genome-wide mapping of HIF-binding sites by ChlP-
seq, Blood, 117 (2011) e207-217.

[51] K. Koike, Y. Ueda, H. Hase, K. Kitae, Y. Fusamae, S. Masai, T. Inagaki, Y.
Saigo, S. Hirasawa, K. Nakajima, I. Ohshio, Y. Makino, N. Konishi, H.
Yamamoto, K. Tsujikawa, anti-tumor effect of AIkB homolog 3 knockdown in
hormone- independent prostate cancer cells, Curr Cancer Drug Targets, 12
(2012) 847-856.

[52] K. Shimada, T. Fujii, K. Tsujikawa, S. Anai, K. Fujimoto, N. Konishi, ALKBH3
contributes to survival and angiogenesis of human urothelial carcinoma cells
through NADPH oxidase and tweak/Fn14/VEGF signals, Clin Cancer Res, 18
(2012) 5247-5255.

[53] M. Tasaki, K. Shimada, H. Kimura, K. Tsujikawa, N. Konishi, ALKBH3, a
human AIkB homologue, contributes to cell survival in human non-small-cell lung
cancer, Br J Cancer, 104 (2011) 700-706.

[54] I. Yamato, M. Sho, K. Shimada, K. Hotta, Y. Ueda, S. Yasuda, N. Shigi, N.
Konishi, K. Tsujikawa, Y. Nakajima, PCA-1/ALKBH3 contributes to pancreatic
cancer by supporting apoptotic resistance and angiogenesis, Cancer Res, 72

(2012) 4829-4839.

21



[55] K. Hotta, M. Sho, K. Fujimoto, K. Shimada, I. Yamato, S. Anai, H. Harada, K.
Tsujikawa, N. Konishi, N. Shinohara, Y. Nakajima, Clinical significance and
therapeutic potential of prostate cancer antigen-1/ALKBH3 in human renal cell
carcinoma, Oncol Rep, 34 (2015) 648-654.

[56] J. Luo, M.J. Emanuele, D. Li, C.J. Creighton, M.R. Schlabach, T.F.
Westbrook, K.K. Wong, S.J. Elledge, A genome-wide RNAIi screen identifies
multiple synthetic lethal interactions with the Ras oncogene, Cell, 137 (2009)
835-848.

[57] B. Rydberg, T. Lindahl, Nonenzymatic methylation of DNA by the
intracellular methyl group donor S-adenosyl-L-methionine is a potentially
mutagenic reaction, EMBO J, 1 (1982) 211-216.

[58] J. Ringvoll, L.M. Nordstrand, C.B. Vagbo, V. Talstad, K. Reite, P.A. Aas,
K.H. Lauritzen, N.B. Liabakk, A. Bjork, R.W. Doughty, P.O. Falnes, H.E. Krokan,
A. Klungland, Repair deficient mice reveal mABH2 as the primary oxidative
demethylase for repairing 1TmeA and 3meC lesions in DNA, The EMBO journal,
25 (2006) 2189-2198.

[59] A. Furrer, B. van Loon, Handling the 3-methylcytosine lesion by six human
DNA polymerases members of the B-, X- and Y-families, Nucleic Acids Res, 42
(2014) 553-566.

[60] S.A. Forbes, D. Beare, P. Gunasekaran, K. Leung, N. Bindal, H.
Boutselakis, M. Ding, S. Bamford, C. Cole, S. Ward, C.Y. Kok, M. Jia, T. De,

J.W. Teague, M.R. Stratton, U. McDermott, P.J. Campbell, COSMIC: exploring

22



the world's knowledge of somatic mutations in human cancer, Nucleic Acids Res,
43 (2015) D805-811.

[61] D.N. Church, S.E. Briggs, C. Palles, E. Domingo, S.J. Kearsey, J.M. Grimes,
M. Gorman, L. Martin, K.M. Howarth, S.V. Hodgson, N. Collaborators, K. Kaur, J.
Taylor, I.P. Tomlinson, DNA polymerase epsilon and delta exonuclease domain
mutations in endometrial cancer, Hum Mol Genet, 22 (2013) 2820-2828.

[62] C. Palles, J.B. Cazier, K.M. Howarth, E. Domingo, A.M. Jones, P. Broderick,
Z. Kemp, S.L. Spain, E. Guarino, I. Salguero, A. Sherborne, D. Chubb, L.G.
Carvajal-Carmona, Y. Ma, K. Kaur, S. Dobbins, E. Barclay, M. Gorman, L.
Martin, M.B. Kovac, S. Humphray, C. Consortium, W.G.S. Consortium, A.
Lucassen, C.C. Holmes, D. Bentley, P. Donnelly, J. Taylor, C. Petridis, R.
Roylance, E.J. Sawyer, D.J. Kerr, S. Clark, J. Grimes, S.E. Kearsey, H.J.
Thomas, G. McVean, R.S. Houlston, I. Tomlinson, Germline mutations affecting
the proofreading domains of POLE and POLD1 predispose to colorectal
adenomas and carcinomas, Nat Genet, 45 (2013) 136-144.

[63] L.B. Alexandrov, S. Nik-Zainal, D.C. Wedge, S.A. Aparicio, S. Behjati, A.V.
Biankin, G.R. Bignell, N. Bolli, A. Borg, A.L. Borresen-Dale, S. Boyault, B.
Burkhardt, A.P. Butler, C. Caldas, H.R. Davies, C. Desmedt, R. Eils, J.E. Eyfjord,
J.A. Foekens, M. Greaves, F. Hosoda, B. Hutter, T. llicic, S. Imbeaud, M.
Imielinski, N. Jager, D.T. Jones, D. Jones, S. Knappskog, M. Kool, S.R. Lakhani,
C. Lopez-Otin, S. Martin, N.C. Munshi, H. Nakamura, P.A. Northcott, M. Pajic, E.
Papaemmanuil, A. Paradiso, J.V. Pearson, X.S. Puente, K. Raine, M.

Ramakrishna, A.L. Richardson, J. Richter, P. Rosenstiel, M. Schlesner, T.N.

23



Schumacher, P.N. Span, J.W. Teague, Y. Totoki, A.N. Tutt, R. Valdes-Mas, M.M.
van Buuren, L. van 't Veer, A. Vincent-Salomon, N. Waddell, L.R. Yates, I.
Australian Pancreatic Cancer Genome, .B.C. Consortium, I.M.-S. Consortium, 1.
PedBrain, J. Zucman-Rossi, P.A. Futreal, U. McDermott, P. Lichter, M.
Meyerson, S.M. Grimmond, R. Siebert, E. Campo, T. Shibata, S.M. Pfister, P.J.
Campbell, M.R. Stratton, Signatures of mutational processes in human cancer,
Nature, 500 (2013) 415-421.

[64] L.B. Alexandrov, S. Nik-Zainal, D.C. Wedge, P.J. Campbell, M.R. Stratton,
Deciphering signatures of mutational processes operative in human cancer, Cell
Rep, 3 (2013) 246-259.

[65] N. Cancer Genome Atlas, Comprehensive molecular characterization of
human colon and rectal cancer, Nature, 487 (2012) 330-337.

[66] C.C. Billingsley, D.E. Cohn, D.G. Mutch, J.A. Stephens, A.A. Suarez, P.J.
Goodfellow, Polymerase varepsilon (POLE) mutations in endometrial cancer:
clinical outcomes and implications for Lynch syndrome testing, Cancer, 121
(2015) 386-394.

[67] D.P. Kane, P.V. Shcherbakova, A common cancer-associated DNA
polymerase epsilon mutation causes an exceptionally strong mutator phenotype,
indicating fidelity defects distinct from loss of proofreading, Cancer Res, 74
(2014) 1895-1901.

[68] E.E. Henninger, Z.F. Pursell, DNA polymerase epsilon and its roles in

genome stability, IUBMB Life, 66 (2014) 339-351.

24



[69] K. Hongo, N.H. Tsuno, K. Kawai, K. Sasaki, M. Kaneko, M. Hiyoshi, K.
Murono, N. Tada, T. Nirei, E. Sunami, K. Takahashi, H. Nagawa, J. Kitayama, T.
Watanabe, Hypoxia enhances colon cancer migration and invasion through
promotion of epithelial-mesenchymal transition, J Surg Res, 182 (2013) 75-84.

[70] N. Horree, P.J. van Diest, P. van der Groep, D.M. Sie-Go, A.P. Heintz,
Hypoxia and angiogenesis in endometrioid endometrial carcinogenesis, Cell

Oncol, 29 (2007) 219-227.

25



Figure legends

Figure 1. Regulation of oxygen-dependent non-heme dioxygenases.

(A) Outline of the cellular oxygen concentration and Ku (oxygen) of different
classes of Fe(ll)/20G-dependent dioxygenases. Km (oxygen) values were
obtained from reference [15] and [16]. (B) Schematic representation of causes
and consequences of inhibition of Fe(Il)/20G-dependent dioxygenases, such as

ALKBHZ2 and ALKBH3.
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