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Hypoxia is intrinsic to tumours and contributes to malignancy and metastasis while hindering the efficiency of
existing treatments. Epigenetic mechanisms play a crucial role in the regulation of hypoxic cancer cell programs,
both in the initial phases of sensing the decrease in oxygen levels and during adaptation to chronic lack of ox-
ygen. During the latter, the epigenetic regulation of tumour biology intersects with hypoxia-sensitive tran-

scription factors in a complex network of gene regulation that also involves metabolic reprogramming. Here, we
review the current literature on the epigenetic control of gene programs in hypoxic cancer cells. We highlight
common themes and features of such epigenetic remodelling and discuss their relevance for the development of

therapeutic strategies.

1. Introduction

Hypoxia occurs when the demand for oxygen exceeds the supply and
arises in several homeostatic and pathological contexts such as embry-
onic development [1], ischemia-induced cardiovascular disease [2],
and, of importance for the present review, under tumorigenesis. Indeed,
because of their rapid growth and their dysfunctional vascular supply,
solid tumours contain large hypoxic areas [3,4]. Tumour hypoxia is
associated with a poor prognosis for cancer patients due to increased
malignancy, metastasis, and treatment resistance [4]. Mechanistically,
the reduction of oxygen levels directly triggers a cascade of epigenetic
events, and this epigenetic remodelling sustains the chronic hypoxic
phenotypes. As described below, epigenetic mechanisms are thus pivotal
in the initial response to hypoxia as well as in the adaptation of cancer
cells to chronic low levels of oxygen.

Epigenetic mechanisms correspond to reversible and heritable
changes to the chromatin fibre with consequences on gene expression,
without altering the primary nucleotide sequence [5,6]. The repeating

functional unit of the chromatin fibre is the nucleosome: a segment of
DNA wrapped around an octamer of histone proteins (Fig. 1) [7,8].
Chemical modifications of the DNA and histone tails, as well as changes
in the degree of nucleosome compaction, distinguish states of chromatin
organization that dictate DNA-templated processes such as transcrip-
tion. Specifically, heterochromatin is a densely compacted form of
chromatin that displays little transcriptional activity [9], whereas
euchromatin corresponds to looser chromatin, accessible to the tran-
scriptional machinery. Epigenetic processes can additionally be directed
by non-coding RNA (ncRNA)-mediated modifications of the chromatin
structure and can alter the three-dimensional organization of chromatin
domains in the nucleus (Fig. 1). Here, we extensively review the
epigenetic mechanisms resulting from the early sensing of oxygen
reduction in cancer cells. We further discuss the contribution of epige-
netic mechanisms in the establishment and maintenance of transcrip-
tional programs under chronic hypoxia in oncogenesis.

Cancer cells have adapted in a remarkable manner to survive and
proliferate in chronically low levels of oxygen. This cellular response to
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hypoxia is largely guided by hypoxia-sensitive transcription factors
(TFs), such as hypoxia-inducible factor 1o (HIF-1a) and its paralogues
HIF-2a and HIF-3a [10,11]. Upon hypoxia, HIF-1« is rapidly stabilized
and dimerizes with HIF-1p, after which it translocates to the nucleus and
binds specific DNA motifs (HREs, hypoxia-response elements). This
promotes the transcription of genes that counter and accommodate
hypoxia, being involved in angiogenesis, proliferation, and metabolic
adaptation [11]. However, if the role of HIF-1a in hypoxic programs is
interlinked with epigenetic mechanisms, and if HIF-1la stability and
binding to its cognate HREs is dependent upon epigenetic marks, the
hypoxic epigenome of cancer cells encompasses global remodelling
beyond HIFs [11,12]. In the present review, we further explore the
different mechanisms of epigenetic reprogramming occurring under
hypoxia and discuss their contribution to tumorigenesis and metastasis.

2. DNA methylation dynamics under hypoxia

DNA methylation is an epigenetic mark that consists of the covalent
addition of a methyl group onto the fifth carbon position of cytosine
pyrimidine rings (5mC), in mammals, mainly in the context of CpG di-
nucleotides [13]. Dense clusters of CpGs can be found in specific loci
termed CpG islands (CGIs) that are often associated with core promoters
of housekeeping genes [14,15]. DNA methylation of promoter CGIs
leads to transcriptional repression [16] and is involved in a variety of
biological processes, including oncogenesis [17-20]. Genome-wide
mapping has shown that dynamic DNA methylation also occurs in
other topographic regions than CGIs, such as CGI shores, defined as the
2 kb sequences flanking a CGI [21,22], CGI shelves [23], and open sea
sites [24], although the biological significance of these DNA methylation
marks for transcriptional control remains largely elusive.

DNA methylation patterns are controlled by two classes of epigenetic
enzymes. Three DNA methyltransferases (DNMTs) — DNMT1, DNMT3a
and DNMT3Db - catalyse the transfer of methyl groups from S-adenosyl-
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methionine (SAM) deriving from the one-carbon metabolism to cyto-
sines [25,26]. Canonically, DNMT1 is considered a maintenance epige-
netic enzyme, responsible for copying DNA methylation patterns during
replication and repair [27,28], whereas DNMT3a and DNMT3b are
responsible for de novo DNA methylation during development [29]. Note
however that this functional segregation between DNMTs appears
oversimplified, as several studies now show that all three DNMTs
cooperatively contribute to DNA methylation profiles in somatic cells
[25,30]. Erasure of DNA methylation marks, or DNA demethylation, can
occur passively through the loss of maintenance of methylation patterns
during DNA replication [31]. An active mechanism of DNA demethy-
lation also occurs through the activity of the ten-eleven translocation
(TET) family of epigenetic enzymes [32-35]. The three TET enzymes,
TET1, TET2 and TET3, are alpha-ketoglutarate (a-KG)-dependent
dioxygenases that iteratively catalyse the hydroxylation of 5mC in
5-hydroxymethylcytosine (5ShmC), then in 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC), that can be efficiently removed by
base-excision DNA repair machinery [35,36].

Several layers of regulation are involved in the dynamic control of
DNA methylation. First, 5mC, 5hmC, and derivative forms of cytosines
can be bound by specific classes of TFs that serve as epigenetic in-
tegrators and recruitment scaffolds for TETs and/or DNMTs, particularly
on regulatory regions [16,37]. For instance, HIF-la binding to its
cognate HREs is inhibited by DNA methylation [38] and in hypoxic
neuroblastoma, HIF-1a was demonstrated to recruit TETs to maintain its
HREs in an unmethylated, accessible state [39]. Second, the enzymatic
activity of TETs and DNMTs can be modulated in response to varying
environmental cues. For example, since TETs are dioxygenases, their
enzymatic function is directly impaired by limiting Oy concentration
[36]. As a consequence, pathophysiological levels of hypoxia were
shown to directly provoke a decrease in global levels of 5ShmC in cancer
cells, which caused focal increases in DNA methylation [40]. Finally,
and as we will discuss further below, cellular metabolism also impacts

Fig. 1. The chromatin fibre is a substrate for epigenetic modifications. The nucleosome is the fundamental repeating unit of chromatin, in which 146 base pairs of
DNA are wrapped around an octamer composed of two copies of each histone protein H2A, H2B, H3 and H4. Each nucleosome core is linked to the next by a segment
of linker DNA that varies in length, from 10 to 80 bp. The nucleosomal array further arranges in higher-order condensed structures stabilized by the linker his-

tone H1.
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the bioavailability of key metabolites involved in epigenetic modifica-
tions, with consequences on gene expression [41,42].

The redistribution of DNA methylation marks is a hallmark of cancer
with some loci displaying hypermethylation in a globally hypomethy-
lated genome [17-19,43]. Hypermethylation of promoter CGIs of
tumour-suppressor genes (TSGs) leads to their inactivation and con-
tributes to oncogenesis through changes in transcriptional programs
associated with cell cycle control, DNA repair and angiogenesis [17-20].
Hypermethylation of non-promoter CpGs that control gene expression
(for instance on enhancers) has also been linked to neoplastic progres-
sion in multiple cancer types [18]. In general, hypoxia reduces global
DNA methylation levels through the concomitant control of DNMTs and
TETs expression levels and enzymatic activity (Fig. 2).

During the initial phase of oxygen reduction in cancer cells (1-24 h),
DNMTs expression was shown to transiently increase [44,45] before
steadily decreasing upon chronic hypoxic conditions over several weeks
[44,46]. In particular, the lack of DNMT1 maintenance of DNA
methylation profiles, combined with the proliferation of hypoxic cancer
cells, would reinforce global hypomethylation [46,47]. Of note, similar
decreased expression of DNMTs has been reported in non-cancerous
hypoxic contexts such as endometriosis [48], pointing towards a
conserved control of DNMT expression under chronic hypoxia. Indeed,
the promoter regions of DNMT1 and DNMT3a present HREs [49], sug-
gesting that HIFs control DNMT expression. In addition to a control of
DNMT expression, their enzymatic activity might also be perturbed
under hypoxia. In liver cancer cells cultured under 1% of O, the level of
SAM was increased [50], while another study showed a decreased level
of SAM in xenograft liver tumours under the same conditions [45].
Discrepancies between these studies might result from different cellular
contexts, the timing of oxygen reduction and variations in the tech-
niques used to quantify SAM accurately. Nevertheless, changes in local
SAM concentrations might impact the methylation potential of hypoxic
cancer cells, although more studies are needed to clarify this
metabolic-mediated layer of epigenetic regulation. Taken together,
studies show that DNMT expression and activity are diminished under
chronic hypoxia in cancer cells. This reinforces the genome-wide
hypomethylation that is a hallmark of cancer. Although the biological
significance of such decreased DNA methylation under hypoxia remains
obscure, global hypomethylation is a feature of stem-cell programs [51].
In this sense, hypoxia-induced global DNA hypomethylation would
participate in tumour pathobiology through cancer stemness [52,53]. In
cancer cells, global DNA hypomethylation can also drive ectopic tran-
scription initiation, by licensing otherwise silent enhancers and cryptic
promoters [54]. Methylation-sensitive transcription factors including
HIFs are particularly responsive to this reduced methylation and can
drive overexpression of novel, unconserved transcripts that can activate
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Fig. 2. DNA methylation profiles are remodelled under hypoxia. Hypoxia is
associated with a general decrease in DNA methylation profiles due to
decreased DNMT expression and activity. TET activity is directly impaired by
the lack of oxygen but their expression increases, which may suggest
compensatory mechanisms. This results in some loci being hypermethylated.
Normoxic DNA methylation profiles (%5mC) are represented in orange,
whereas hypoxic profiles are in blue.
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immune response programs through viral mimicry [38,54-56].

In parallel to alterations in DNMT expression and stability, the bal-
ance of DNA methylation in hypoxic cancer cells is also controlled
through tight regulation of TET expression and activity. Loss of TET
expression is a hallmark of solid tumours and leads to growth, inva-
siveness, and metastasis [57]. Paradoxically, under hypoxic conditions,
TET expression levels are upregulated in multiple cancer types through
HIF1-a binding of their promoter HREs [58,59]. This may suggest that
non-catalytic functions of TETs are of importance in cancer hypoxia, or
that TET overexpression is required to maintain DNA methylation
turnover under catalytic activity-limiting conditions [57]. Indeed, as
discussed above, pathophysiological hypoxic conditions maintain an
environment that is unfavourable for TET methylcytosine dioxygenase
activity, leading to decreased 5hmC levels [40]. In these
non-physiological conditions, hypoxia rather than HIF-la appears to
control the dynamics of DNA demethylation in cancer cells, as treat-
ments that stabilize HIF-1a do not rescue TET activity in cells with only a
modest TET upregulation [40]. In addition to the restriction of oxygen
levels, hypoxic conditions also maintain a metabolic environment that
limits TET activity, through multiple mechanisms of regulation of a-KG
levels [11]. Interestingly, if hypoxic conditions are maintained over
time, the hypoxia-induced decrease in 5hmC is accompanied by a spe-
cific increase in local 5mC on the promoters of genes repressing cell
cycle arrest, DNA repair and apoptosis, consistent with these tran-
scriptional programs being altered in tumour hypoxia [40]. Chronic and
severe hypoxia thus leads to a redistribution of DNA methylation marks
in cancer cells: while hypomethylation is reinforced, hypermethylation
of TSGs and repetitive elements is also observed (Fig. 2)[40].

3. Nucleosome and histone remodelling under hypoxia

In addition to DNA modifications, epigenetic mechanisms include
nucleosome positioning, remodelling and post-translation modifications
(PTMs) of histone tails. Here, we briefly review the evidence for the role
of these epigenetic modifications in tumour hypoxia.

3.1. Nucleosome positioning

Nucleosomes play a crucial role in gene expression by directly
affecting the assembly or the progression of the transcriptional ma-
chinery, in addition to serving as structural components of the chro-
matin [60,61]. Multiple factors dictate nucleosome positioning,
including the DNA sequence itself, DNA-binding proteins, and chro-
matin remodellers [62]. Chromatin remodellers rely on the energy
provided by ATP hydrolysis to weaken DNA:histones interactions,
thereby resulting in sliding, spacing, transfer or eviction of nucleosomes
from specific loci [62]. While much less studied than DNA methylation,
several works have revealed that the genes encoding ATP-dependent
chromatin remodellers are often mutated in human cancers [63,64],
pointing towards their role in driving oncogenic programs. In
non-cancerous hypoxic contexts, a recent chromatin accessibility study
has indicated the important role of HIF-1a in the control of nucleosome
deposition under chronic deprivation of oxygen [65]. More generally,
the few works that have investigated the role of chromatin remodellers
in tumour hypoxia indicate an interplay with HIF-1a, either through
regulation of its expression [66,67] or by co-regulation of its target
genes [68-70]. However, some evidence also suggests that chromatin
remodellers may modulate gene expression under hypoxia indepen-
dently of HIFs since their nuclear localization is directly subjected to
oxygen regulation [71]. Whether chromatin remodellers participate in
the initial response to oxygen deprivation in cancer cells still needs to be
determined. Another open question is the functional role of chromatin
remodelling in the oncogenic programs of tumour hypoxia, which has
further implications for the development of anti-cancer therapies [64].
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3.2. Histone acetylation

Several PTMs of histone amino-terminal tails have been associated
with variations in chromatin structure and gene expression regulation
[72,73]. Acetylation of histone lysine residues by acetyltransferases
(HATs) neutralizes their electric charge and weakens their interaction
with the negatively charged DNA, resulting in a loosened chromatin
structure, and heightened transcriptional capacity [72,74]. In this case,
acetyl-coA serves as the acetyl group donor, thereby further linking
epigenetic reactions and metabolism [75]. Acetylated lysines can be
bound by specific classes of bromodomain-containing proteins that
serve as a scaffold for the binding of effector proteins in transcriptional
regulation [76]. Furthermore, HATs, more generally referred as to lysine
acetyltransferases (KATs), are also responsible for the acetylation of
non-histone proteins, such as general transcription factors [77], which
leads to an additional layer of gene expression regulation. Histone
acetylation is thus a dynamical and versatile epigenetic mark in the
regulation of gene expression.

As for the other epigenetic marks discussed in the present review,
acetylation of histones can be linked to tumour hypoxia independently
of, or in conjunction with, HIFs (Table 1). In particular, the interaction
of HIF-1a with p300/CREB-binding protein (CBP) was one of the first
indications of hypoxia-induced epigenetic reprogramming [78]. Since
then, multiple studies have shown that several HATs serve as epigenetic
co-activators together with HIF-1la in promoting oncogenic programs
[79,80] and that HIF-la expression and stability themselves are
dependent on acetyltransferases [81-84]. However, genome-wide
interrogation of histone acetylation in hypoxic cancer cells is still lack-
ing. In non-cancerous hypoxic contexts, severe hypoxia has been shown
to decrease the global levels of H3 acetylation [85] and H4 acetylation
[86], which may act together with decreased DNA methylation in the
transcriptional control of cellular proliferative programs [86]. Still, the
mechanisms involved in hypoxia-induced regulation of histone acety-
lation need to be determined. In particular, whether HIFs control the
expression of HATs or whether HATs can sense variations in oxygen
levels remain open questions. This is particularly important since it
appears that histone acetylation is regulated at the global level through

Table 1

Histone modifiers involved in the epigenetic reprogramming of cancer cells
under hypoxia. Histone modifiers, classified by family, involved in the epige-
netic reprogramming of cancer cells either in a HIF-dependent manner or
independently of HIF are in bold.

Histone acetyltransferases

Family Members References
GNAT KAT2A/GCNS, KAT2B/PCAF [84]
MYST KATS5/TIP60, KAT6A/MOZ/MYST3, KAT6B/ [80,83]
MORF/MYST4, KAT7/HBO1/MYST2, KAT8/MOF/
MYST1
p300/CBP KAT3B/p300, KAT3A/CBP [78,81,
82]
Histone deacetylases
Family Members References
Class I HDAC1, HDAC2, HDAC3, HDAC8 [82,88,
94]
Class Ila HDAC4, HDAC5, HDAC7, HDAC9 [90-92]
Class IIb HDAC6, HDAC10 [93]
Class I SIRT1-7 [89]
(Sirtuins)
Class IV HDAC11 n/a
Histone demethylases
Family Members References
KDM LSD1/KDM1A, LSD2/KDM1B [166]
JMJD KDM2-8 classes that contain over 30 members [110-112]
Histone methyltransferases
Family Members References
HKMTs ASH1L, DOT1L, EHMT1-2, EZH1, EZH2, MLL1-4, [121-124]
NSD1-3, SETD1A, SETD1B, SETD2, SETD7,
SMYD2-3, SUV39H1-2, SUV420H1-2,
PRMTs CARM1/PRMT4, PRMT1, PRMT5-7 [125]
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common mechanisms in different hypoxic contexts. Furthermore, his-
tone acetylation and DNA methylation appear to crosstalk in regulating
gene expression under hypoxia.

Histone deacetylases (HDACs) are a group of enzymes responsible for
erasing acetylation from lysines[87]. In opposition to HAT activity,
HDAGs strengthen the electric interaction between DNA and histones
and are thus generally involved in gene repression [87]. Again, HDACs
also regulate gene expression through the deacetylation of other sub-
strates than histones [87]. In this context, HIF-1a stability, binding and
epigenetic control of gene expression are finely tuned by several HDACs
[88-93], which expression is also increased under hypoxia (Table 1)
[94]. This has led to the proposition of using different HDAC inhibitors
(HDACIi) to counteract HIF-la-induced transformation as anti-cancer
therapeutic approaches [95,96]. Although with off-target effects and a
poor understanding of the fundamental epigenetic mechanisms at play,
current clinical strategies are now exploring the combination of HDACi
with immunotherapies [97].

3.3. Histone methylation

Histone methylation corresponds to the addition of one, two or three
methyl groups, either on lysine residues of histone tails (H3K4, H3K9,
H3K27, H3K36, H3K79 and H4K20) by histone lysine methyl-
transferases (HKMTS) or one or two methyl groups on arginine residues
of histone tails (H3R2, H3R8, H3R17, H326 and H4R3) by protein
arginine methyltransferases (PRMTs) [17,98]. The function of histone
methylation as an epigenetic mechanism in the regulation of gene
expression depends on the number of methyl groups added and their
position within the genome on specific regulatory sequences [99]. For
instance, trimethylation of H3 histone lysine 4 (H3K4me3) on promoter
regions is a signature of active transcription [100] whereas trimethy-
lation of H3 histone lysine 9 (H3K9me3) on the same regions is generally
a repressive mark [101]. In particular, the different functions of histone
methylation in gene regulation are dependent on the recruitment of
specific epigenetic effectors (possessing chromo- or plant homeo- do-
mains) and crosstalk with other epigenetic mechanisms [99]. The
reverse mechanism, histone demethylation, is catalysed by two classes
of epigenetic enzymes: the lysine-specific demethylases (LSDs) and the
a-KG-dependent Jumonji C (JmjC) domain-containing histone deme-
thylases (JHDMs) [102-104]. Together, histone methylation thus
emerges as a dynamic epigenetic mechanism that participates in the
regulation of gene expression through several modes: depending on its
position in regulatory sequences and its recruitment of effector proteins,
as well as through the control of the methylation of other proteins than
histones [17,99].

The different modes of gene expression regulation by histone
methylation are well-represented during tumour hypoxia (Table 1). For
instance, HIF-1a is known to induce the expression of multiple JHDMs
[105-109]. Some of these JHDMs also serve as epigenetic co-regulators
of hypoxia target genes in cancer cells [110-112], including HIF-1a it-
self [113,114]. Paradoxically to this increased expression, as a-KG-de-
pendent dioxygenases, JHDM enzymatic activity is directly hindered in
the early sensing of the lack of oxygen [104] and, to a lesser extent, by
the metabolic rewiring that limits a-KG levels [11]. In this regard, it has
been proposed that the increased expression of JHDMs might compen-
sate for their decreased enzymatic activity to maintain histone methyl-
ation homeostasis under chronic hypoxia [105,107,115]. This
phenomenon is reminiscent of TETs, which expression increases when
the limiting oxygen concentration restricts their catalytic activity [57]
and places both JHDMs and TETs as epigenetic sensors for oxygen. As a
consequence of the inhibition of JHDMs’ enzymatic activity, hypoxia
directly and rapidly promotes the retention of di- and trimethylation on
several H3 histone lysine residues (H3K4, H3K9 and H3K27) at specific
loci involved in oncogenic transcriptional programs [110,115-118].
Specificity in the control of histone methylation under hypoxia might
arise from JHDMs’ different sensitivity to oxygen [105,115,118] or
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crosstalk with other epigenetic mechanisms [110,119,120]. Of note, the
duration of hypoxia (i.e. intermittent vs. chronic) appears to play a
differential role in the regulation of JHDMs’ expression and activity,
indicating how histone methylation turnover is finely tuned in response
to oxygen sensing [114]. Finally, more recent works have shown that
histone methyltransferases also act as regulators of, and epigenetic
co-activators to, HIF-1a [121-125]. These latter results illustrate that
histone methylation homeostasis under early and chronic hypoxia still
needs to be further addressed in cancer cells. In particular, the mecha-
nisms by which HIFs control the dynamics of histone methylation on
their target genes by recruiting different subsets of epigenetic complexes
are poorly understood. Whether dynamical histone methylation
remodelling occurs over time and across the genome in response to
hypoxic signals is also largely unknown.

3.4. Histone PTMs and metabolism

Cellular metabolism has emerged as an important actor in the
epigenetic control of cancer programs [41,42,126]. The lack of oxygen
directly triggers a metabolic response in cancer cells, through the inhi-
bition of oxidative phosphorylation for instance, and this metabolic
remodelling is further rewired by HIF-1a under chronic hypoxia [11].
We have discussed above how metabolites can impact the dynamics of
DNA methylation and histone PTMs. In addition, recent works have
described novel histone PTMs that are directly linked to cellular meta-
bolism, including different forms of lysine acylation, such as propiony-
lation, crotonylation, malonylation, succinylation, glutarylation [76,
127], and lysine lactylation [128]. In particular, under hypoxia, lactate
accumulates from the fermentation of pyruvate [11]. Rather than a
waste product, emerging evidence suggests that accumulating lactate
has biological significance, specifically in epigenetic mechanisms,
although how histone lactylation contributes to tumour hypoxia re-
sponses still needs to be studied [129].

Finally, histone citrullination is a lesser-known histone PTM wherein
arginine residues are hydrolysed to citrulline [130]. Recently, hypoxia
was shown to increase the expression of the enzymes involved in histone
citrullination, resulting in a HIF-dependent increase in histone citrulli-
nation and the transcriptional control of glycolysis [131,132].

Collectively, recent works have shown the extent of the interplay
between epigenetics and metabolism in tumour hypoxia. With a
constantly expanding repertoire of histone PTMs, future studies will
need to assess their interplay in the coordinated control of oncogenic
programs under hypoxia.

4. Non-coding RNA-mediated epigenetic regulation under
hypoxia

Advances in high-throughput sequencing have shown that most of
the human genome does not encode proteins but rather non-coding
RNAs (ncRNAs) [133]. Classification of ncRNAs is mainly done by
size, with transcripts longer than 200 nucleotides being called long
ncRNAs (IncRNAs) and smaller transcripts categorized as microRNAs,
piwi-interacting RNAs and other classes [133,134]. The molecular
functions of ncRNAs in gene expression are widespread and
ever-evolving, nevertheless, some ncRNAs have been shown to partici-
pate in the epigenetic control of gene expression [134]. It is well
appreciated that ncRNAs play a role in the regulation of oncogenesis
[135,136]. Several works also show an epigenetic function for IncRNAs
in tumour hypoxia, mainly in a HIF-dependent fashion [137,138].

Multiple cellular IncRNAs are upregulated through HIF-1a binding of
their HREs and contribute to the general transcriptional programs
associated with cancer progression [139,140]. In addition, some of these
hypoxia-induced IncRNAs serve as co-regulators to HIF-1a, although the
mechanisms at play are often lacking [137,138]. LncRNAs are known to
participate in the concerted epigenetic control of gene expression
through crosstalk with other epigenetic mechanisms, mainly by serving
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as a scaffold in the recruitment of epigenetic enzymes [134]. In this
context, one study showed that HITT (HIF-1la inhibitor at translation
levels), a IncRNA whose expression decreases under hypoxia, directly
recruits repressive histone methyltransferases on the HIF-1a promoter
[141]. Thus, HITT was shown to suppress hypoxic adaptative survival by
inhibiting HIF-la expression, which explains why this IncRNA is
frequently downregulated in human cancers [141]. Another recent
study showed that HIFAL (HIF Antisense IncRNA) accumulates in the
nuclei of breast cancer cells upon hypoxia where it promotes HIF-1a
transactivation activity on its target genes through the recruitment of
multiple co-activators, including p300/CBP [142]. Importantly, in vivo
targeting of both HIFAL and HIF-la showed synergistic effects in
repressing breast cancer growth in xenograft tumours [142]. Indeed,
beyond fundamental mechanisms, IncRNAs can serve as biomarkers for
disease progression and as therapeutic targets [143], which warrants
further investigation into their general role in tumour hypoxia.

Collectively, several lines of evidence demonstrate the remodelling
of the non-coding transcriptome under hypoxia in cancer cells. While the
vast majority of studies have focused on IncRNAs, other classes of
ncRNAs, such as piwi-interacting RNAs, have emerged in recent years as
epigenetic mediators in the control of gene expression [144]. Further
studies will thus need to establish how expression profiles of ncRNAs are
altered in response to oxygen reduction in cancer cells and how they
contribute to oncogenesis. Another interrelated layer of regulation
might also arise from the post-transcriptional chemical alterations of
ncRNAs, or epitranscriptomics [145]. Although, again, additional in-
vestigations are needed to confirm their functional significance to
tumour hypoxia.

5. Chromatin spatial regulation under hypoxia

It has long been established that individual loci spread along the
genome can interact. For instance, promoter and enhancer “looping”
allows the physical proximity of the transcription machinery and the
control of gene expression [146]. With the advent of genome-wide
techniques, this three-dimensional organization of chromatin in the
control of transcription has emerged as a widespread and complex
epigenetic mechanism [147,148]. Indeed, chromatin transits between
higher-order spatial territories possessing different transcriptional
competence [147,148]. Furthermore, aberrant chromatin conformation
and remodelling of chromatin spatial distribution increasingly appear as
hallmarks of cancer [149]. For instance, alterations in
enhancer-promoter interactions can directly lead to the transcriptional
silencing of TSGs [149]. However, how hypoxia could directly or indi-
rectly affect the chromatin spatial distribution in cancer cells and how
this contributes to oncogenesis has scarcely been studied so far. One
recent work showed that the induction of hypoxia-responsive gene
programs was accompanied by a global spatial remodelling of the
genome [150]. In particular, a subset of HIF-1a target genes was relo-
cated within the nucleus upon hypoxia [150]. However, this spatial
relocation did not correlate with the transcriptional activity of the
HIF-1a target genes [150], which suggests that other regulatory mech-
anisms might be at play. For instance, HIF-1a target genes relocation
might not directly alter their expression but have a more indirect effect
in tumorigenesis through modulation of the transcriptome or crosstalk
with other epigenetic mechanisms. Furthermore, it is unclear whether
specific HIF members might contribute differently to chromatin
remodelling in the three-dimensional space. In this regard, another work
in thyroid cancers showed that the boundaries of topologically associ-
ating domains (TADs), regions of chromatin that frequently interact
with one another, were delineated by binding sites for HIF-2a [151].
Thus, it appears that hypoxia modulates the spatial distribution of
chromatin. However, the specific molecular mechanisms controlling this
remodelling still need to be elucidated.

Beyond the spatial definition of higher-order chromatin domains,
recent works have also illustrated that chromatin is organized within
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nuclear membraneless compartments, based on its liquid-like properties
and the existence of phase separation phenomena [152-154]. The bio-
logical significance of such chromatin condensates is only emerging, yet
pioneer studies reveal their implication in the epigenetic control of gene
expression in cancer [155,156]. So far, no study has addressed the role
of chromatin condensates in tumour hypoxia. However, one report
recently showed that HIF-1a stability is regulated in nuclear condensates
segregated around the mono-ADP-ribosylase TiPARP, which indicates
that nuclear membraneless compartments participate in the hypoxic
response in cancer cells [157]. With the observation that known
epigenetic actors in tumour hypoxia are located within chromatin con-
densates [155], future studies are expected to demonstrate the role of
liquid phase separation in the epigenetic control of hypoxia.

6. Epigenetic-based therapeutic strategies in tumour hypoxia

Tumour hypoxia considerably reduces the efficiency of conventional
radiotherapy and chemotherapy while contributing to stemness, inva-
siveness and metastasis [4]. Because epigenetic mechanisms play a
crucial role in the adaptation of cancer cells to low oxygen conditions,
epigenetic drugs have been proposed as novel agents, alone or in com-
bination with other selective drugs, in the clinical management of cancer
[158]. The proposed strategy is to use drugs that target epigenetic
modifiers to reconfigure the chromatin profile of cancer cells to a
baseline non-resistant state, a process referred to as episensitization
[159].

Since aberrant DNA methylation patterns are a hallmark of cancer,
inhibitors of DNA methylation such as the deoxycytidine analogue 5-
aza-2’-deoxycytidine (5-AzadC, decitabine) have attracted much clinical
interest [160]. In particular, 5-AzadC, branded as Dacogen, has been
approved by the US Food and Drug Administration (FDA) for close to
twenty years in the treatment of haematological malignancies [160].
However, the clinical efficiency of 5-AzadC in targeting specifically the
hypoxic fractions of solid tumours has not been much assessed. One
study showed that in renal cell carcinoma, the transporters for 5-AzadC
were downregulated upon hypoxia, which therefore prevented the entry
of this epidrug in the target cells [161]. Zebularine, another cytidine
analogue that acts as a DNA methylation inhibitor [162], was found to
potentiate chemotherapy in colorectal cancer cells [163]. However, the
authors found that this sensitization was not mediated by DNA
methylation, but rather, through a specific effect on HIF-la protein
stability, leading to the inhibition of angiogenesis [163]. Considering
the specific redistribution of DNA methylation marks in hypoxic cancer
cells and the downregulation of DNMTs in chronic hypoxia [44,46], the
broad inhibition of DNMT activity might not be a relevant approach for
episensitization. Rather, the understanding of the molecular mecha-
nisms responsible for the maintenance of hypoxic-specific hyper-
methylated loci might help devise new epigenetic therapies.
Additionally, it should be noted that poor vascularization of tumours not
only limits the availability of oxygen but also the delivery of therapeutic
agents [164], suggesting that a two-tiered approach is needed, involving
both inhibition of epigenetic dysregulation and normalization of the
blood supply.

Another avenue in the use of epigenetic drugs in the episensitization
of hypoxic tumours has been the targeting of histone modifiers [158].
Akin to 5-AzadC, some HDACi have been approved by the FDA and
successfully used in the clinical management of haematological malig-
nancies [158]. However, treatment of solid tumours with HDACi has
been less successful and, as explained above, associated with extensive
off-target effects [95,96]. One proposed approach to achieve more
specificity has been the use of combination therapies of different classes
of epidrugs, for instance, regimens of 5-AzadC and HDACi [158].
Indeed, the existence of epigenetic crosstalk in the adaptation of cancer
cells to hypoxia represents a barrier to the development of efficient
therapies. However, our fundamental understanding of the extent of this
epigenetic crosstalk is still insufficient in the perspective of developing
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novel epitherapies.

7. Concluding remarks

Epigenetic processes are crucial for integrating environmental
changes into gene expression programs. In cancer, alterations in the
tumour microenvironment, such as changes in oxygen levels, directly
impact the epigenome, particularly in terms of chromatin methylation.
Further adaptation to chronic hypoxia is encoded through a HIF-
dependent cellular response that is exquisitely co-regulated at the
epigenetic and metabolic levels. Collectively, the epigenetic remodelling
under hypoxia in cancer cells is markedly characterized by its complex
interplay, its dynamics in oxygen sensing and its adaptation to extra-
cellular changes. Yet, much of the fundamental understanding of the
epigenetic mechanisms of tumour hypoxia is still in its infancy. So far,
few studies have addressed how multiple epigenetic mechanisms
concertedly regulate cancer gene programs. With the development of
multi-omics techniques, researchers will be able to investigate combined
epigenetic and metabolic effects [165]. In particular, the emergence of
multi-omics at the single-cell level will enable the inclusion of epigenetic
heterogeneity in each patient and each cancer type [165]. Finally, future
studies will need to address how tumour microenvironment and oxygen
levels affect not only the epigenome of cancer cells but also of immune
cells, in the optics of developing novel therapeutic strategies.

Declaration of Competing Interest

BT holds a patent om markers for determining tumor hypoxia
(W02016142295A1). RV declares no competing interests.

Data availability

No data was used for the research described in the article.

Acknowledgements

The authors would like to thank members of the Thienpont lab for
stimulating discussions, and Dr K. Leroy for proofreading. B.T. is sup-
ported by FWO (GOC7519N and S003422N), the Foundation against
Cancer (F/2020/1544) and KU Leuven (METH/21/06).

References

[1] S.L. Dunwoodie, The role of hypoxia in development of the mammalian embryo,
Dev. Cell 17 (2009) 755-773, https://doi.org/10.1016/j.devcel.2009.11.008.

[2] G.L. Semenza, Hypoxia-inducible factor 1 and cardiovascular disease, Annu. Rev.
Physiol. 76 (2014) 39-56, https://doi.org/10.1146/annurev-physiol-021113-
170322.

[3] V. Bhandari, C. Hoey, L.Y. Liu, E. Lalonde, J. Ray, J. Livingstone, R. Lesurf, Y.
J. Shiah, T. Vujcic, X. Huang, S.M.G. Espiritu, L.E. Heisler, F. Yousif, V. Huang, T.
N. Yamaguchi, C.Q. Yao, V.Y. Sabelnykova, M. Fraser, M.L.K. Chua, T. van der
Kwast, S.K. Liu, P.C. Boutros, R.G. Bristow, Molecular landmarks of tumor
hypoxia across cancer types, Nat. Genet. 51 (2019) 308-318, https://doi.org/
10.1038/541588-018-0318-2.

[4] X. Jing, F. Yang, C. Shao, K. Wei, M. Xie, H. Shen, Y. Shu, Role of hypoxia in
cancer therapy by regulating the tumor microenvironment, Mol. Cancer 18
(2019), https://doi.org/10.1186/s12943-019-1089-9.

[5] A. Bird, Perceptions of epigenetics, Nature 447 (2007) 396-398, https://doi.org/

10.1038/nature05913.

R. Murr, Interplay between different epigenetic modifications and mechanisms,

Adv. Genet. 70 (2010) 101-141, https://doi.org/10.1016/B978-0-12-380866-

0.60005-8.

K. Luger, A.W. Mader, R.K. Richmond, D.F. Sargent, T.J. Richmond, Crystal

structure of the nucleosome core particle at 2.8 A resolution, Nature 389 (1997)

251-260, https://doi.org/10.1038/38444.

P. Zhu, G. Li, Structural insights of nucleosome and the 30-nm chromatin fiber,

Curr. Opin. Struct. Biol. 36 (2016) 106-115, doi:10.1016/j.sbi.2016.01.013

0959-440/#.

[9] A. Janssen, S.U. Colmenares, G.H. Karpen, Heterochromatin: guardian of the
genome, Annu. Rev. Cell Dev. Biol. 34 (2018) 265-288.
[10] G.L. Semenza, Targeting HIF-1 for cancer therapy, Nat. Rev. Cancer 3 (2003)
721-732, https://doi.org/10.1038/nrc1187.

[6

[7

[8


https://doi.org/10.1016/j.devcel.2009.11.008
https://doi.org/10.1146/annurev-physiol-021113-170322
https://doi.org/10.1146/annurev-physiol-021113-170322
https://doi.org/10.1038/s41588-018-0318-2
https://doi.org/10.1038/s41588-018-0318-2
https://doi.org/10.1186/s12943-019-1089-9
https://doi.org/10.1038/nature05913
https://doi.org/10.1038/nature05913
https://doi.org/10.1016/B978-0-12-380866-0.60005-8
https://doi.org/10.1016/B978-0-12-380866-0.60005-8
https://doi.org/10.1038/38444
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref8
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref8
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref8
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref9
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref9
https://doi.org/10.1038/nrc1187

R. Verdikt and B. Thienpont

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

P. Lee, N.S. Chandel, M.C. Simon, Cellular adaptation to hypoxia through hypoxia
inducible factors and beyond, Nat. Rev. Mol. Cell Biol. 21 (2020) 268-283,
https://doi.org/10.1038/s41580-020-0227-y.

A. Pezzuto, E. Carico, Role of HIF-1 in cancer progression: novel insights. A
review, Curr. Mol. Med. 18 (2018) 343-351, https://doi.org/10.2174/
1566524018666181109121849.

M.G. Goll, T.H. Bestor, Eukaryotic cytosine methyltransferases, Annu. Rev.
Biochem. 74 (2005) 481-514, https://doi.org/10.1146/annurev.
biochem.74.010904.153721.

V. Haberle, A. Stark, Eukaryotic core promoters and the functional basis of
transcription initiation, Nat. Rev. Mol. Cell Biol. 19 (2018) 621-637, https://doi.
org/10.1038/541580-018-0028-8.

A.M. Deaton, A. Bird, CpG islands and the regulation of transcription, Genes Dev.
25 (2011) 1010-1022, https://doi.org/10.1101/gad.2037511.

H. Zhu, G. Wang, J. Qian, Transcription factors as readers and effectors of DNA
methylation, Nat. Rev. Genet. 17 (2016) 551-565, https://doi.org/10.1038/
nrg.2016.83.

E.M. Michalak, M.L. Burr, A.J. Bannister, M.A. Dawson, The roles of DNA, RNA
and histone methylation in ageing and cancer, Nat. Rev. Mol. Cell Biol. 20 (2019)
573-589, https://doi.org/10.1038/s41580-019-0143-1.

A. Koch, S.C. Joosten, Z. Feng, T.C. De Ruijter, M.X. Draht, V. Melotte, K.

M. Smits, J. Veeck, J.G. Herman, L. Van Neste, W. Van Criekinge, T. De Meyer,
M. Van Engeland, Analysis of DNA methylation in cancer: Location revisited, Nat.
Rev. Clin. Oncol. 15 (2018) 459-466, https://doi.org/10.1038/541571-018-
0004-4.

A. Nishiyama, M. Nakanishi, Navigating the DNA methylation landscape of
cancer, Trends Genet. 37 (2021) 1012-1027, https://doi.org/10.1016/j.
tig.2021.05.002.

M. Esteller, Epigenetics in cancer, N. Engl. J. Med. 358 (2008) 1148-1159,
https://doi.org/10.1093/carcin/bgp220.

R.A. Irizarry, C. Ladd-Acosta, B. Wen, Z. Wu, C. Montano, P. Onyango, H. Cui,
K. Gabo, M. Rongione, M. Webster, H. Ji, J.B. Potash, S. Sabunciyan, A.

P. Feinberg, The human colon cancer methylome shows similar hypo- and
hypermethylation at conserved tissue-specific CpG island shores, Nat. Genet. 41
(2009) 178-186, https://doi.org/10.1038/ng.298.

K.D. Hansen, W. Timp, H.C. Bravo, S. Sabunciyan, B. Langmead, O.G. McDonald,
B. Wen, H. Wu, Y. Liu, D. Diep, E. Briem, K. Zhang, R.A. Irizarry, A.P. Feinberg,
Increased methylation variation in epigenetic domains across cancer types, Nat.
Genet. 43 (2011) 768-775, https://doi.org/10.1038/ng.865.

M. Bibikova, B. Barnes, C. Tsan, V. Ho, B. Klotzle, J.M. Le, D. Delano, L. Zhang, G.
P. Schroth, K.L. Gunderson, J.-B. Fan, R. Shen, High density DNA methylation
array with single CpG site resolution, Genomics 98 (2011) 288-295, https://doi.
org/10.1016/j.ygeno.2011.07.007.

M. Jeong, D. Sun, M. Luo, Y. Huang, G. Challen, B. Rodriguez, X. Zhang,

L. Chavez, H. Wang, R. Hannah, S.-B. Kim, L. Yang, M. Ko, R. Chen, B. Gottgens,
J.-S. Lee, P. Gunaratne, L. Godley, G. Darlington, A. Rao, W. Li, M. Goodell, Large
conserved domains of low DNA methylation maintained by Dnmt3a, Nat. Genet.
46 (2014) 17-23, https://doi.org/10.1038/ng.2836.

F. Lyko, The DNA methyltransferase family: a versatile toolkit for epigenetic
regulation, Nat. Rev. Genet. 19 (2018) 81-92, https://doi.org/10.1038/
nrg.2017.80.

C.E. Clare, A.H. Brassington, W.Y. Kwong, K.D. Sinclair, One-carbon metabolism:
linking nutritional biochemistry to epigenetic programming of long-term
development, Annu. Rev. Anim. Biosci. 7 (2019) 263-287, https://doi.org/
10.1146/annurev-animal-020518-115206.

A. Bird, DNA methylation patterns and epigenetic memory, Genes Dev. 16 (2002)
6-21, https://doi.org/10.1101/gad.947102.

J. Sharif, M. Muto, S. Takebayashi, I. Suetake, A. Iwamatsu, T. a Endo, J. Shinga,
Y. Mizutani-Koseki, T. Toyoda, K. Okamura, S. Tajima, K. Mitsuya, M. Okano,
H. Koseki, The SRA protein Np95 mediates epigenetic inheritance by recruiting
Dnmt1 to methylated DNA, Nature 450 (2007) 908-912, https://doi.org/
10.1038/nature06397.

M. Okano, D.W. Bell, D.A. Haber, E. Li, DNA methyltransferases Dnmt3a and
Dnmt3b are essential for de novo methylation and mammalian development, Cell
99 (1999) 247-257.

C. Haggerty, H. Kretzmer, C. Riemenschneider, A.S. Kumar, A.L. Mattei, N. Bailly,
J. Gottfreund, P. Giesselmann, R. Weigert, B. Brandl, P. Giehr, R. Buschow,

C. Galonska, F. von Meyenn, M.B. Pappalardi, M.T. McCabe, L. Wittler,

C. Giesecke-Thiel, T. Mielke, D. Meierhofer, B. Timmermann, F.J. Miiller,

J. Walter, A. Meissner, Dnmt1 has de novo activity targeted to transposable
elements, Nat. Struct. Mol. Biol. 28 (2021) 594-603, https://doi.org/10.1038/
541594-021-00603-8.

N. Bhutani, D.M. Burns, H.M. Blau, DNA demethylation dynamics, Cell 146
(2011) 866-872, https://doi.org/10.1016/j.cell.2011.08.042.

X. Wu, Y. Zhang, TET-mediated active DNA demethylation: mechanism, function
and beyond, Nat. Rev. Genet. 18 (2017) 517-534, https://doi.org/10.1038/
nrg.2017.33.

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
formation of 5-carboxylcytosine and its excision by TDG in mammalian DNA,
Science 333 (1979) (2011) 1303-1307, https://doi.org/10.1126/
science.1210944.

K. Williams, J. Christensen, M.T. Pedersen, J.V. Johansen, P.A.C. Cloos,

J. Rappsilber, K. Helin, TET1 and hydroxymethylcytosine in transcription and
DNA methylation fidelity, Nature 473 (2011) 343-348, https://doi.org/10.1038/
naturel0066.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Seminars in Cancer Biology 98 (2024) 1-10

R.M. Kohli, Y. Zhang, TET enzymes, TDG and the dynamics of DNA
demethylation, Nature 502 (2013) 472-479, https://doi.org/10.1038/
nature12750.

J.A. Losman, P. Koivunen, W.G. Kaelin, 2-Oxoglutarate-dependent dioxygenases
in cancer, Nat. Rev. Cancer 20 (2020) 710-726, https://doi.org/10.1038/s41568-
020-00303-3.

Y. Yin, E. Morgunova, A. Jolma, E. Kaasinen, B. Sahu, S. Khund-Sayeed, P.K. Das,
T. Kivioja, K. Dave, F. Zhong, K.R. Nitta, M. Taipale, A. Popov, P.A. Ginno,

S. Domcke, J. Yan, D. Schiibeler, C. Vinson, J. Taipale, Impact of cytosine
methylation on DNA binding specificities of human transcription factors, Science
356 (2017) 1-15, https://doi.org/10.1126/science.aaj2239.

F. D’Anna, L. Van Dyck, J. Xiong, H. Zhao, R.V. Berrens, J. Qian, P. Bieniasz-
Krzywiec, V. Chandra, L. Schoonjans, J. Matthews, J. De Smedt, L. Minnoye,

R. Amorim, S. Khorasanizadeh, Q. Yu, L. Zhao, M. De Borre, S.N. Savvides, M.
C. Simon, P. Carmeliet, W. Reik, F. Rastinejad, M. Mazzone, B. Thienpont,

D. Lambrechts, DNA methylation repels binding of hypoxia-inducible
transcription factors to maintain tumor immunotolerance, Genome Biol. 21 (1)
(2020) 36, https://doi.org/10.1186,/513059-020-02087-z.

C.J. Mariani, A. Vasanthakumar, J. Madzo, A. Yesilkanal, T. Bhagat, Y. Yu,

S. Bhattacharyya, R.H. Wenger, S.L. Cohn, J. Nanduri, A. Verma, N.R. Prabhakar,
Report TET1-mediated hydroxymethylation facilitates hypoxic gene induction in
neuroblastoma, Cell Rep. 7 (2014) 1343-1352, https://doi.org/10.1016/j.
celrep.2014.04.040.

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,

Di Lambrechts, Tumour hypoxia causes DNA hypermethylation by reducing TET
activity, Nature 537 (2016) 63-68, https://doi.org/10.1038/nature19081.

X. Yu, R. Ma, Y. Wu, Y. Zhai, S. Li, Reciprocal regulation of metabolic
reprogramming and epigenetic modifications in cancer, Front. Genet. 9 (2018)
1-14, https://doi.org/10.3389/fgene.2018.00394.

A. Kinnaird, S. Zhao, K.E. Wellen, E.D. Michelakis, Metabolic control of
epigenetics in cancer, Nat. Rev. Cancer 16 (2016) 694-707, https://doi.org/
10.1038/nrc.2016.82.

M. Ehrlich, DNA hypomethylation in cancer, Epigenomics 1 (2009) 239-259,
https://doi.org/10.1201,/9781420045802.pt1.

A. Pal, T. Srivastava, M.K. Sharma, M. Mehndiratta, P. Das, S. Sinha,

P. Chattopadhyay, Aberrant methylation and associated transcriptional
mobilization of Alu elements contributes to genomic instability in hypoxia, J. Cell
Mol. Med. 14 (2010) 26462654, https://doi.org/10.1111/j.1582-
4934.2009.00792.x.

Q. Liu, L. Liu, Y. Zhao, J. Zhang, D. Wang, J. Chen, Y. He, J. Wu, Z. Zhang, Z. Liu,
Hypoxia induces genomic DNA demethylation through the activation of HIF-1a
and transcriptional upregulation of MAT2A in hepatoma cells, Mol. Cancer Ther.
10 (2011) 1113-1123, https://doi.org/10.1158/1535-7163.MCT-10-1010.

K. Skowronski, S. Dubey, D. Rodenhiser, B.L. Coomber, Ischemia dysregulates
DNA methyltransferases and p16INK4a methylation in human colorectal cancer
cells, Epigenetics 5 (2010) 547-556, https://doi.org/10.4161/epi.5.6.12400.

S. Shahrzad, K. Bertrand, K. Minhas, B.L. Coomber, Induction of DNA
hypomethylation by tumor hypoxia, Epigenetics 2 (2007) 119-125, https://doi.
org/10.4161/epi.2.2.4613.

K.Y. Hsiao, M.H. Wu, N. Chang, S.H. Yang, C.W. Wu, H.S. Sun, S.J. Tsai,
Coordination of AUF1 and miR-148a destabilizes DNA methyltransferase 1 mRNA
under hypoxia in endometriosis, Mol. Hum. Reprod. 21 (2015) 894-904, https://
doi.org/10.1093/molehr/gav054.

C.J. Watson, P. Collier, I. Tea, R. Neary, J.A. Watson, C. Robinson, D. Phelan, M.
T. Ledwidge, K.M. Mcdonald, A. Mccann, O. Sharaf, J.A. Baugh, Hypoxia-induced
epigenetic modifications are associated with cardiac tissue fibrosis and the
development of a myofibroblast-like phenotype, Hum. Mol. Genet. 23 (2014)
2176-2188, https://doi.org/10.1093/hmg/ddt614.

M. Hermes, H. Osswald, J. Mattar, D. Kloor, Influence of an altered methylation
potential on mRNA methylation and gene expression in HepG2 cells, Exp. Cell
Res. 294 (2004) 325-334, https://doi.org/10.1016/j.yexcr.2003.12.001.

S. Schlesinger, E. Meshorer, Open chromatin, epigenetic plasticity, and nuclear
organization in pluripotency, Dev. Cell 48 (2019) 135-150, https://doi.org/
10.1016/j.devcel.2019.01.003.

P. Prasad, S.A. Mittal, J. Chongtham, S. Mohanty, T. Srivastava, Hypoxia-
mediated epigenetic regulation of stemness in brain tumor cells, Stem Cells 35
(2017) 1468-1478, https://doi.org/10.1002/stem.2621.

N. Kang, S.Y. Choi, B.N. Kim, C.D. Yeo, C.K. Park, Y.K. Kim, T.J. Kim, S.B. Lee, S.
H. Lee, J.Y. Park, M.S. Park, H.W. Yim, S.J. Kim, Hypoxia-induced cancer
stemness acquisition is associated with CXCR4 activation by its aberrant promoter
demethylation, BMC Cancer 19 (2019), https://doi.org/10.1186/5s12885-019-
5360-7.

D. Roulois, H. Loo Yau, R. Singhania, Y. Wang, A. Danesh, S.Y. Shen, H. Han,
G. Liang, P.A. Jones, T.J. Pugh, C. O’Brien, D.D. De Carvalho, DNA-demethylating
agents target colorectal cancer cells by inducing viral mimicry by endogenous
transcripts, Cell 162 (2015) 961-973, https://doi.org/10.1016/].
cell.2015.07.056.

K.B. Chiappinelli, P.L. Strissel, A. Desrichard, H. Li, C. Henke, B. Akman, A. Hein,
N.S. Rote, L.M. Cope, A. Snyder, V. Makarov, S. Buhu, D.J. Slamon, J.D. Wolchok,
D.M. Pardoll, M.W. Beckmann, C.A. Zahnow, T. Mergoub, T.A. Chan, S.B. Baylin,
R. Strick, Inhibiting DNA methylation causes an interferon response in cancer via
dsRNA including endogenous retroviruses, Cell 162 (2015) 974-986, https://doi.
org/10.1016/j.cell.2015.07.011.


https://doi.org/10.1038/s41580-020-0227-y
https://doi.org/10.2174/1566524018666181109121849
https://doi.org/10.2174/1566524018666181109121849
https://doi.org/10.1146/annurev.biochem.74.010904.153721
https://doi.org/10.1146/annurev.biochem.74.010904.153721
https://doi.org/10.1038/s41580-018-0028-8
https://doi.org/10.1038/s41580-018-0028-8
https://doi.org/10.1101/gad.2037511
https://doi.org/10.1038/nrg.2016.83
https://doi.org/10.1038/nrg.2016.83
https://doi.org/10.1038/s41580-019-0143-1
https://doi.org/10.1038/s41571-018-0004-4
https://doi.org/10.1038/s41571-018-0004-4
https://doi.org/10.1016/j.tig.2021.05.002
https://doi.org/10.1016/j.tig.2021.05.002
https://doi.org/10.1093/carcin/bgp220
https://doi.org/10.1038/ng.298
https://doi.org/10.1038/ng.865
https://doi.org/10.1016/j.ygeno.2011.07.007
https://doi.org/10.1016/j.ygeno.2011.07.007
https://doi.org/10.1038/ng.2836
https://doi.org/10.1038/nrg.2017.80
https://doi.org/10.1038/nrg.2017.80
https://doi.org/10.1146/annurev-animal-020518-115206
https://doi.org/10.1146/annurev-animal-020518-115206
https://doi.org/10.1101/gad.947102
https://doi.org/10.1038/nature06397
https://doi.org/10.1038/nature06397
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref29
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref29
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref29
https://doi.org/10.1038/s41594-021-00603-8
https://doi.org/10.1038/s41594-021-00603-8
https://doi.org/10.1016/j.cell.2011.08.042
https://doi.org/10.1038/nrg.2017.33
https://doi.org/10.1038/nrg.2017.33
https://doi.org/10.1126/science.1210944
https://doi.org/10.1126/science.1210944
https://doi.org/10.1038/nature10066
https://doi.org/10.1038/nature10066
https://doi.org/10.1038/nature12750
https://doi.org/10.1038/nature12750
https://doi.org/10.1038/s41568-020-00303-3
https://doi.org/10.1038/s41568-020-00303-3
https://doi.org/10.1126/science.aaj2239
https://doi.org/10.1186/s13059-020-02087-z
https://doi.org/10.1016/j.celrep.2014.04.040
https://doi.org/10.1016/j.celrep.2014.04.040
https://doi.org/10.1038/nature19081
https://doi.org/10.3389/fgene.2018.00394
https://doi.org/10.1038/nrc.2016.82
https://doi.org/10.1038/nrc.2016.82
https://doi.org/10.1201/9781420045802.pt1
https://doi.org/10.1111/j.1582-4934.2009.00792.x
https://doi.org/10.1111/j.1582-4934.2009.00792.x
https://doi.org/10.1158/1535-7163.MCT-10-1010
https://doi.org/10.4161/epi.5.6.12400
https://doi.org/10.4161/epi.2.2.4613
https://doi.org/10.4161/epi.2.2.4613
https://doi.org/10.1093/molehr/gav054
https://doi.org/10.1093/molehr/gav054
https://doi.org/10.1093/hmg/ddt614
https://doi.org/10.1016/j.yexcr.2003.12.001
https://doi.org/10.1016/j.devcel.2019.01.003
https://doi.org/10.1016/j.devcel.2019.01.003
https://doi.org/10.1002/stem.2621
https://doi.org/10.1186/s12885-019-5360-7
https://doi.org/10.1186/s12885-019-5360-7
https://doi.org/10.1016/j.cell.2015.07.056
https://doi.org/10.1016/j.cell.2015.07.056
https://doi.org/10.1016/j.cell.2015.07.011
https://doi.org/10.1016/j.cell.2015.07.011

R. Verdikt and B. Thienpont

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]
[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

D. Brocks, C.R. Schmidt, M. Daskalakis, H.S. Jang, N.M. Shah, D. Li, J. Li,

B. Zhang, Y. Hou, S. Laudato, D.B. Lipka, J. Schott, H. Bierhoff, Y. Assenov,

M. Helf, A. Ressnerova, M.S. Islam, A.M. Lindroth, S. Haas, M. Essers, C.

D. Imbusch, B. Brors, I. Oehme, O. Witt, M. Liibbert, J.P. Mallm, K. Rippe, R. Will,
D. Weichenhan, G. Stoecklin, C. Gerhéuser, C.C. Oakes, T. Wang, C. Plass, DNMT
and HDAC inhibitors induce cryptic transcription start sites encoded in long
terminal repeats, Nat. Genet. 49 (2017) 1052-1060, https://doi.org/10.1038/
ng.3889.

J.K. Bray, M.M. Dawlaty, A. Verma, A. Maitra, Roles and regulations of TET
enzymes in solid tumors, Trends Cancer 7 (2021) 635-646, https://doi.org/
10.1016/j.trecan.2020.12.011.

M.Z. Wu, S.F. Chen, S. Nieh, C. Benner, L.P. Ger, C.I. Jan, L. Ma, C.H. Chen,

T. Hishida, H.T. Chang, Y.S. Lin, N. Montserrat, P. Gascon, I. Sancho-Martinez, J.
C.I. Belmonte, Hypoxia drives breast tumor malignancy through a TET-TNFa-p38-
MAPK signaling axis, Cancer Res. 75 (2015) 3912-3924, https://doi.org/
10.1158/0008-5472.CAN-14-3208.

G. Lin, W. Sun, Z. Yang, J. Guo, H. Liu, J. Liang, Hypoxia induces the expression
of TET enzymes in HepG2 cells, Oncol. Lett. 14 (2017) 6457-6462, https://doi.
0rg/10.3892/01.2017.7063.

K. Struhl, E. Segal, Determinants of nucleosome positioning, Nat. Struct. Mol.
Biol. 20 (2013) 267-273, https://doi.org/10.1038/nsmb.2506.

A. Saha, J. Wittmeyer, B.R. Cairns, Chromatin remodelling: the industrial
revolution of DNA around histones, Nat. Rev. Mol. Cell Biol. 7 (2006) 437-447,
https://doi.org/10.1038/nrm1945.

R.V. Chereji, D.J. Clark, Major determinants of nucleosome positioning, Biophys.
J. 114 (2018) 1-11, https://doi.org/10.1016/j.bpj.2018.03.015.

C. Kadoch, G.R. Crabtree, Mammalian SWI/SNF chromatin remodeling complexes
and cancer: Mechanistic insights gained from human genomics, Sci. Adv. 1 (2015)
1-17, https://doi.org/10.1126/sciadv.1500447.

M. Wanior, A. Krdmer, S. Knapp, A.C. Joerger, Exploiting vulnerabilities of SWI/
SNF chromatin remodelling complexes for cancer therapy, Oncogene 40 (2021)
3637-3654, https://doi.org/10.1038/s41388-021-01781-x.

M. Batie, J. Frost, D. Shakir, S. Rocha, Regulation of chromatin accessibility by
hypoxia and HIF, Biochem. J. 479 (2022) 767-786, https://doi.org/10.1042/
BCJ20220008.

N.S. Kenneth, S. Mudie, P. van Uden, S. Rocha, SWI/SNF regulates the cellular
response to hypoxia, J. Biol. Chem. 284 (2009) 4123-4131, https://doi.org/
10.1074/jbc.M808491200.

A. Melvin, S. Mudie, S. Rocha, The chromatin remodeler ISWI regulates the
cellular response to hypoxia: role of FIH, Mol. Biol. Cell 22 (2011) 4171-4181,
https://doi.org/10.1091/mbc.E11-02-0163.

F. Wang, R. Zhang, T.V. Beischlag, C. Muchardt, M. Yaniv, O. Hanikinson, Roles
of Brahma and Brahma/SWI2-related gene 1 in hypoxic induction of the
erythropoietin gene, J. Biol. Chem. 279 (2004) 46733-46741, https://doi.org/
10.1074/jbc.M409002200.

J.A. Sena, L. Wang, C.-J. Hu, BRG1 and BRM chromatin-remodeling complexes
regulate the hypoxia response by acting as coactivators for a subset of hypoxia-
inducible transcription factor target genes, Mol. Cell Biol. 33 (2013) 3849-3863,
https://doi.org/10.1128/mcb.00731-13.

J. Shen, C. Yang, M.S. Zhang, D.W.C. Chin, F.F. Chan, C.T. Law, G. Wang, C.L.
H. Cheng, M. Chen, R.T.C. Wan, M. Wu, Z. Kuang, R. Sharma, T.K.W. Lee, L.O.
L. Ng, C.C.L. Wong, C.M. Wong, Histone chaperone FACT complex coordinates
with HIF to mediate an expeditious transcription program to adapt to poorly
oxygenated cancers, Cell Rep. 38 (2022), https://doi.org/10.1016/j.
celrep.2022.110304.

R.G. Dastidar, J. Hooda, A. Shah, T.M. Cao, R.M. Henke, L. Zhang, The nuclear
localization of SWI/SNF proteins is subjected to oxygen regulation, Cell Biosci. 2
(2012), https://doi.org/10.1186/2045-3701-2-30.

A.J. Bannister, T. Kouzarides, Regulation of chromatin by histone modifications,
Cell Res. 21 (2011) 381-395, https://doi.org/10.1038/cr.2011.22.

B.D. Strahl, D.C. Allis, The language of covalent histone modifications, Nature
403 (2000) 41-45, https://doi.org/10.1038/47412.

H. Wapenaar, F.J. Dekker, Histone acetyltransferases: challenges in targeting bi-
substrate enzymes, Clin. Epigenetics 8 (1) (2016) 11, https://doi.org/10.1186/
$13148-016-0225-2.

D.A. Guertin, K.E. Wellen, Acetyl-CoA metabolism in cancer, Nat. Rev. Cancer 23
(2023) 156-172, https://doi.org/10.1038/5s41568-022-00543-5.

M. Tan, H. Luo, S. Lee, F. Jin, J.S. Yang, E. Montellier, T. Buchou, Z. Cheng,

S. Rousseaux, N. Rajagopal, Z. Lu, Z. Ye, Q. Zhu, J. Wysocka, Y. Ye, S. Khochbin,
B. Ren, Y. Zhao, Identification of 67 histone marks and histone lysine
crotonylation as a new type of histone modification, Cell 146 (2011) 1016-1028,
https://doi.org/10.1016/j.cell.2011.08.008.

A. Imhof, X.-J. Yang, V.V. Ogryzko, Y. Nakatani, A.P. Wolffe, H. Ge, Acetylation
of general transcription factors by histone acetyltransferases, Curr. Biol. 7 (1997)
689-692.

Z. Arany, L.E. Huang, R. Eckner, S. Bhattacharya, C. Jiang, M.A. Goldberg,

H. Franklin Bunn, D.M. Livingston, An essential role for p300CBP in the cellular
response to hypoxia, Proc. Natl. Acad. Sci. USA (1996).

J. Kim, H. Lee, S.J. Yi, K. Kim, Gene regulation by histone-modifying enzymes
under hypoxic conditions: a focus on histone methylation and acetylation, Exp.
Mol. Med. 54 (2022) 878-889, https://doi.org/10.1038/512276-022-00812-1.
J.I. Perez-Perri, V.L. Dengler, K.A. Audetat, A. Pandey, E.A. Bonner, M. Urh,

J. Mendez, D.L. Daniels, P. Wappner, M.D. Galbraith, J.M. Espinosa, The TIP60
complex is a conserved coactivator of HIF1A, Cell Rep. 16 (2016) 37-47, https://
doi.org/10.1016/j.celrep.2016.05.082.

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

Seminars in Cancer Biology 98 (2024) 1-10

J.L. Ruas, U. Berchner-Pfannschmidt, S. Malik, K. Gradin, J. Fandrey, R.

G. Roeder, T. Pereira, L. Poellinger, Complex regulation of the transactivation
function of hypoxia-inducible factor-laby direct interaction with two distinct
domains of the creb-binding protein/p300, J. Biol. Chem. 285 (2010) 2601-2609,
https://doi.org/10.1074/jbc.M109.021824.

H. Geng, Q. Liu, C. Xue, L.L. David, T.M. Beer, G.V. Thomas, M.S. Dai, D.Z. Qian,
HIFla protein stability is increased by acetylation at lysine 709, J. Biol. Chem.
287 (2012) 35496-35505, https://doi.org/10.1074/jbc.M112.400697.

M. Wang, H. Liu, X. Zhang, W. Zhao, X. Lin, F. Zhang, D. Li, C. Xu, F. Xie, Z. Wu,
Q. Yang, X. Li, Lack of MOF decreases susceptibility to hypoxia and promotes
multidrug resistance in hepatocellular carcinoma via HIF-1a, Front. Cell Dev.
Biol. 9 (2021) https://doi.org/10.3389/fcell.2021.718707.

G. Xenaki, T. Ontikatze, R. Rajendran, 1.J. Stratford, C. Dive, M. Krstic-
Demonacos, C. Demonacos, PCAF is an HIF-1a cofactor that regulates p53
transcriptional activity in hypoxia, Oncogene 27 (2008) 5785-5796, https://doi.
org/10.1038/0nc.2008.192.

M. Samoilov, A. Churilova, T. Gluschenko, O. Vetrovoy, N. Dyuzhikova,

E. Rybnikova, Acetylation of histones in neocortex and hippocampus of rats
exposed to different modes of hypobaric hypoxia: Implications for brain hypoxic
injury and tolerance, Acta Histochem. 118 (2016) 80-89, https://doi.org/
10.1016/j.acthis.2015.11.008.

Q. Yang, Z. Lu, R. Ramchandran, L.D. Longo, J.Usha Raj, Pulmonary artery
smooth muscle cell proliferation and migration in fetal lambs acclimatized to
high-altitude long-term hypoxia: role of histone acetylation, Am. J. Physiol. Lung
Cell Mol. Physiol. 303 (2012), https://doi.org/10.1152/ajplung.00092.2012.
I.V. Gregoretti, Y.M. Lee, H.V. Goodson, Molecular evolution of the histone
deacetylase family: Functional implications of phylogenetic analysis, J. Mol. Biol.
338 (2004) 17-31, https://doi.org/10.1016/j.jmb.2004.02.006.

C.C. Chang, B.R. Lin, S.T. Chen, T.H. Hsieh, Y.J. Li, M.Y.P. Kuo, HDAC2 promotes
cell migration/invasion abilities through HIF-1a stabilization in human oral
squamous cell carcinoma, J. Oral Pathol. Med. 40 (2011) 567-575, https://doi.
org/10.1111/j.1600-0714.2011.01009.x.

K.S. Seo, J.H. Park, J.Y. Heo, K. Jing, J. Han, K.N. Min, C. Kim, G.Y. Koh, K. Lim,
G.Y. Kang, J. Uee Lee, Y.H. Yim, M. Shong, T.H. Kwak, G.R. Kweon, SIRT2
regulates tumour hypoxia response by promoting HIF-1a hydroxylation,
Oncogene 34 (2015) 1354-1362, https://doi.org/10.1038/0nc.2014.76.

H. Kato, S. Tamamizu-Kato, F. Shibasaki, Histone deacetylase 7 associates with
hypoxia-inducible factor 1o and increases transcriptional activity, J. Biol. Chem.
279 (2004) 41966-41974, https://doi.org/10.1074/jbc.M406320200.

H. Geng, C.T. Harvey, J. Pittsenbarger, Q. Liu, T.M. Beer, C. Xue, D.Z. Qian,
HDAC4 protein regulates HIF1a protein lysine acetylation and cancer cell
response to hypoxia, J. Biol. Chem. 286 (2011) 38095-38102, https://doi.org/
10.1074/jbc.M111.257055.

S. Chen, C. Yin, T. Lao, D. Liang, D. He, C. Wang, N. Sang, AMPK-HDAC5 pathway
facilitates nuclear accumulation of HIF-1a and functional activation of HIF-1 by
deacetylating Hsp70 in the cytosol, Cell Cycle 14 (2015) 2520-2536, https://doi.
0org/10.1080/15384101.2015.1055426.

X. Kong, Z. Lin, D. Liang, D. Fath, N. Sang, J. Caro, Histone deacetylase inhibitors
induce VHL and ubiquitin-independent proteasomal degradation of hypoxia-
inducible factor 1o, Mol. Cell Biol. 26 (2006) 2019-2028, https://doi.org/
10.1128/mcb.26.6.2019-2028.2006.

M.S. Kim, H.J. Kwon, Y.M. Lee, J.H. Baek, J.-E. Jang, S.-W. Lee, E.-J. Moon, H.-
S. Kim, S.-K. Lee, H.Y. Chung, C.W. Kim, K.-W. Kim, Histone deacetylases induce
angiogenesis by negative regulation of tumor suppressor genes, Nat. Med. 7
(2001) 437-443.

A.D. Bondarev, M.M. Attwood, J. Jonsson, V.N. Chubarev, V.V. Tarasov, H.

B. Schioth, Recent developments of HDAC inhibitors: emerging indications and
novel molecules, Br. J. Clin. Pharmacol. 87 (2021) 4577-4597, https://doi.org/
10.1111/bcp.14889.

L. Ellis, H. Hammers, R. Pili, Targeting tumor angiogenesis with histone
deacetylase inhibitors, Cancer Lett. 280 (2009) 145-153, https://doi.org/
10.1016/j.canlet.2008.11.012.

N.K. Sedky, A.A. Hamdan, S. Emad, A.L. Allam, M. Ali, M.F. Tolba, Insights into
the therapeutic potential of histone deacetylase inhibitor/immunotherapy
combination regimens in solid tumors, Clin. Transl. Oncol. 24 (2022) 1262-1273,
https://doi.org/10.1007/s12094-022-02779-x.

E.L. Greer, Y. Shi, Histone methylation: a dynamic mark in health, disease and
inheritance, Nat. Rev. Genet. 13 (2012) 343-357, https://doi.org/10.1038/
nrg3173.

T. Zhang, S. Cooper, N. Brockdorff, The interplay of histone modifications —
writers that read, EMBO Rep. 16 (2015) 1467-1481, https://doi.org/10.15252/
embr.201540945.

N. Heintzman, R. Stuart, G. Hon, Y. Fu, C. Ching, R.D. Hawkins, L. Barrera, S. Van
Calcar, C. Qu, K. Ching, W. Wang, Z. Weng, R. Green, G. Crawford, B. Ren,
Distinct and predictive chromatin signatures of transcriptional promoters and
enhancers in the human genome, Nat. Genet. 39 (2007) 311-318, https://doi.
org/10.1038/ng1966.

G.C. Hon, R.D. Hawkins, B. Ren, Predictive chromatin signatures in the
mammalian genome, Hum. Mol. Genet. 18 (2009) 12-14, https://doi.org/
10.1093/hmg/ddp409.

S.M. Kooistra, K. Helin, Molecular mechanisms and potential functions of histone
demethylases, Nat. Rev. Mol. Cell Biol. 13 (2012) 297-311, https://doi.org/
10.1038/nrm3327.

S.L. Accari, P.R. Fisher, Emerging roles of JmjC domain-containing proteins, Int.
Rev. Cell Mol. Biol. (2015) 165-220, https://doi.org/10.1016/bs.
ircmb.2015.07.003.


https://doi.org/10.1038/ng.3889
https://doi.org/10.1038/ng.3889
https://doi.org/10.1016/j.trecan.2020.12.011
https://doi.org/10.1016/j.trecan.2020.12.011
https://doi.org/10.1158/0008-5472.CAN-14-3208
https://doi.org/10.1158/0008-5472.CAN-14-3208
https://doi.org/10.3892/ol.2017.7063
https://doi.org/10.3892/ol.2017.7063
https://doi.org/10.1038/nsmb.2506
https://doi.org/10.1038/nrm1945
https://doi.org/10.1016/j.bpj.2018.03.015
https://doi.org/10.1126/sciadv.1500447
https://doi.org/10.1038/s41388-021-01781-x
https://doi.org/10.1042/BCJ20220008
https://doi.org/10.1042/BCJ20220008
https://doi.org/10.1074/jbc.M808491200
https://doi.org/10.1074/jbc.M808491200
https://doi.org/10.1091/mbc.E11-02-0163
https://doi.org/10.1074/jbc.M409002200
https://doi.org/10.1074/jbc.M409002200
https://doi.org/10.1128/mcb.00731-13
https://doi.org/10.1016/j.celrep.2022.110304
https://doi.org/10.1016/j.celrep.2022.110304
https://doi.org/10.1186/2045-3701-2-30
https://doi.org/10.1038/cr.2011.22
https://doi.org/10.1038/47412
https://doi.org/10.1186/s13148-016-0225-2
https://doi.org/10.1186/s13148-016-0225-2
https://doi.org/10.1038/s41568-022-00543-5
https://doi.org/10.1016/j.cell.2011.08.008
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref77
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref77
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref77
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref78
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref78
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref78
https://doi.org/10.1038/s12276-022-00812-1
https://doi.org/10.1016/j.celrep.2016.05.082
https://doi.org/10.1016/j.celrep.2016.05.082
https://doi.org/10.1074/jbc.M109.021824
https://doi.org/10.1074/jbc.M112.400697
https://doi.org/10.3389/fcell.2021.718707
https://doi.org/10.1038/onc.2008.192
https://doi.org/10.1038/onc.2008.192
https://doi.org/10.1016/j.acthis.2015.11.008
https://doi.org/10.1016/j.acthis.2015.11.008
https://doi.org/10.1152/ajplung.00092.2012
https://doi.org/10.1016/j.jmb.2004.02.006
https://doi.org/10.1111/j.1600-0714.2011.01009.x
https://doi.org/10.1111/j.1600-0714.2011.01009.x
https://doi.org/10.1038/onc.2014.76
https://doi.org/10.1074/jbc.M406320200
https://doi.org/10.1074/jbc.M111.257055
https://doi.org/10.1074/jbc.M111.257055
https://doi.org/10.1080/15384101.2015.1055426
https://doi.org/10.1080/15384101.2015.1055426
https://doi.org/10.1128/mcb.26.6.2019-2028.2006
https://doi.org/10.1128/mcb.26.6.2019-2028.2006
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref94
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref94
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref94
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref94
https://doi.org/10.1111/bcp.14889
https://doi.org/10.1111/bcp.14889
https://doi.org/10.1016/j.canlet.2008.11.012
https://doi.org/10.1016/j.canlet.2008.11.012
https://doi.org/10.1007/s12094-022-02779-x
https://doi.org/10.1038/nrg3173
https://doi.org/10.1038/nrg3173
https://doi.org/10.15252/embr.201540945
https://doi.org/10.15252/embr.201540945
https://doi.org/10.1038/ng1966
https://doi.org/10.1038/ng1966
https://doi.org/10.1093/hmg/ddp409
https://doi.org/10.1093/hmg/ddp409
https://doi.org/10.1038/nrm3327
https://doi.org/10.1038/nrm3327
https://doi.org/10.1016/bs.ircmb.2015.07.003
https://doi.org/10.1016/bs.ircmb.2015.07.003

R. Verdikt and B. Thienpont

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

S. Islam, T.M. Leissing, R. Chowdhury, R.J. Hopkinson, C.J. Schofield, 2-
Oxoglutarate-dependent oxygenases, Annu. Rev. Biochem. 87 (1) (2018) 36.

S. Beyer, M.M. Kristensen, K.S. Jensen, J.V. Johansen, P. Staller, The histone
demethylases JMJD1A and JMJD2B are transcriptional targets of hypoxia-
inducible factor HIF, J. Biol. Chem. 283 (2008) 36542-36552, https://doi.org/
10.1074/jbc.M804578200.

S. Wellmann, M. Bettkober, A. Zelmer, K. Seeger, M. Faigle, H.K. Eltzschig,

C. Biihrer, Hypoxia upregulates the histone demethylase JMJD1A via HIF-1,
Biochem. Biophys. Res. Commun. 372 (2008) 892-897, https://doi.org/10.1016/

j.bbre.2008.05.150.

X. Xia, M.E. Lemieux, W. Li, J.S. Carroll, M. Brown, X.S. Liu, A.L. Kung,
Integrative analysis of HIF binding and transactivation reveals its role in
maintaining histone methylation homeostasis, PNAS 17 (2009) 4260-4265.

X. Niu, T. Zhang, L. Liao, L. Zhou, D.J. Lindner, M. Zhou, B. Rini, Q. Yan, H. Yang,
The von Hippel-Lindau tumor suppressor protein regulates gene expression and
tumor growth through histone demethylase JARID1C, Oncogene 31 (2012)
776-786, https://doi.org/10.1038/0nc.2011.266.

M. Batie, J. Druker, L. D’Ignazio, S. Rocha, KDM2 family members are regulated
by HIF-1 in hypoxia, Cells 6 (2017), https://doi.org/10.3390/cells6010008.
A.B. Johnson, N. Denko, M.C. Barton, Hypoxia induces a novel signature of
chromatin modifications and global repression of transcription, Mutat. Res.
Fundam. Mol. Mech. Mutagen. 640 (2008) 174-179, https://doi.org/10.1016/j.
mrfmmm.2008.01.001.

A.J. Krieg, E.B. Rankin, D. Chan, O. Razorenova, S. Fernandez, A.J. Giaccia,
Regulation of the histone demethylase JMJD1A by hypoxia-inducible factor 1o
enhances hypoxic gene expression and tumor growth, Mol. Cell Biol. 30 (2010)
344-353, https://doi.org/10.1128/mcb.00444-09.

W. Luo, R. Chang, J. Zhong, A. Pandey, G.L. Semenza, Histone demethylase
JMJD2C is a coactivator for hypoxia-inducible factor 1 that is required for breast
cancer progression, Proc. Natl. Acad. Sci. USA 109 (2012), https://doi.org/
10.1073/pnas.12173941009.

G. Dobrynin, T.E. McAllister, K.B. Leszczynska, S. Ramachandran, A.J. Krieg,

A. Kawamura, E.M. Hammond, KDM4A regulates HIF-1 levels through H3K9me3,
Sci. Rep. 7 (2017), https://doi.org/10.1038/541598-017-11658-3.

C.A. Martinez, Y. Jiramongkol, N. Bal, I. Alwis, P.E. Nedoboy, M.M.J. Farnham,
M.D. White, P.A. Cistulli, K.M. Cook, Intermittent hypoxia enhances the
expression of hypoxia inducible factor HIF1A through histone demethylation,

J. Biol. Chem. 298 (2022), https://doi.org/10.1016/j.jbc.2022.102536.

A.A. Chakraborty, T. Laukka, M. Myllykoski, A.E. Ringel, M.A. Booker, M.

Y. Tolstorukov, Y.J. Meng, S.R. Meier, R.B. Jennings, A.L. Creech, Z.T. Herbert, S.
K. Mcbrayer, B.A. Olenchock, J.D. Jaffe, M.C. Haigis, R. Beroukhim, S. Signoretti,
P. Koivunen, W.G. Kaelin, Histone demethylase KDM6A directly senses oxygen to
control chromatin and cell fate, Science 363 (2019) 1217-1222 (https://www.
science.org).

M.E. Adriaens, P. Prickaerts, M. Chan-Seng-Yue, T. Van Den Beucken, V.E.

H. Dahlmans, L.M. Eijssen, T. Beck, B.G. Wouters, J.W. Voncken, C.T.A. Evelo,
Quantitative analysis of ChIP-seq data uncovers dynamic and sustained H3K4me3
and H3K27me3 modulation in cancer cells under hypoxia, Epigenetics Chromatin
9 (2016) 1-11, https://doi.org/10.1186/513072-016-0090-4.

P. Prickaerts, M.E. Adriaens, T. van den Beucken, E. Koch, L. Dubois, V.E.

H. Dahlmans, C. Gits, C.T.A. Evelo, M. Chan-Seng-Yue, B.G. Wouters, J.

W. Voncken, Hypoxia increases genome-wide bivalent epigenetic marking by
specific gain of H3K27me3, Epigenetics Chromatin 9 (2016) 1-19, https://doi.
org/10.1186/513072-016-0086-0.

M. Batie, J. Frost, M. Frost, J.W. Wilson, P. Schofield, S. Rocha, Hypoxia induces
rapid changes to histone methylation and reprograms chromatin, Science 363
(2019) 1222-1226 (https://www.science.org).

H. Li, C. Peng, C. Zhu, S. Nie, X. Qian, Z. Shi, M. Shi, Y. Liang, X. Ding, S. Zhang,
B. Zhang, X. Li, G. Xu, Y. Lv, L. Wang, H. Friess, B. Kong, X. Zou, S. Shen, Hypoxia
promotes the metastasis of pancreatic cancer through regulating NOX4/KDM5A-
mediated histone methylation modification changes in a HIF1A-independent
manner, Clin. Epigenetics 13 (2021), https://doi.org/10.1186/513148-021-
01016-6.

X. Liu, J. Wang, J.A. Boyer, W. Gong, S. Zhao, L. Xie, Q. Wu, C. Zhang, K. Jain,
Y. Guo, J. Rodriguez, M. Li, H. Uryu, C. Liao, L. Hu, J. Zhou, X. Shi, Y.H. Tsai,
Q. Yan, W. Luo, X. Chen, B.D. Strahl, A. von Kriegsheim, Q. Zhang, G.G. Wang, A.
S. Baldwin, Q. Zhang, Histone H3 proline 16 hydroxylation regulates mammalian
gene expression, Nat. Genet. 54 (2022) 1721-1735, https://doi.org/10.1038/
s41588-022-01212-x.

A. Chopra, W.C. Cho, W.G. Willmore, K.K. Biggar, Hypoxia-inducible lysine
methyltransferases: G9a and GLP hypoxic regulation, non-histone substrate
modification, and pathological relevance, Front. Genet. 11 (2020), https://doi.
org/10.3389/fgene.2020.579636.

B.M. Ortmann, N. Burrows, I.T. Lobb, E. Arnaiz, N. Wit, P.S.J. Bailey, L.H. Jordon,
O. Lombardi, A. Penalver, J. McCaffrey, R. Seear, D.R. Mole, P.J. Ratcliffe, P.
H. Maxwell, J.A. Nathan, The HIF complex recruits the histone methyltransferase
SET1B to activate specific hypoxia-inducible genes, Nat. Genet. 53 (2021)
1022-1035, https://doi.org/10.1038/s41588-021-00887-y.

H. Matsui, T. Iriyama, S. Sayama, N. Inaoka, K. Suzuki, M. Yoshikawa,

M. Ichinose, K. Sone, K. Kumasawa, T. Nagamatsu, T. Fujisawa, I. Naguro,

H. Ichijo, T. Fujii, Y. Osuga, Elevated placental histone H3K4 methylation via
upregulated histone methyltransferases SETD1A and SMYD3 in preeclampsia and
its possible involvement in hypoxia-induced pathophysiological process, Placenta
115 (2021) 60-69, https://doi.org/10.1016/j.placenta.2021.09.009.

S. Mahara, P.L. Lee, M. Feng, V. Tergaonkar, W.J. Chng, Q. Yu, HIF1-x activation
underlies a functional switch in the paradoxical role of Ezh2/PRC2 in breast

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

Seminars in Cancer Biology 98 (2024) 1-10

cancer, Proc. Natl. Acad. Sci. USA 113 (2016) E3735-E3744, https://doi.org/
10.1073/pnas.1602079113.

J.H. Lim, Y.J. Choi, C.H. Cho, J.W. Park, Protein arginine methyltransferase 5 is
an essential component of the hypoxia-inducible factor 1 signaling pathway,
Biochem. Biophys. Res. Commun. 418 (2012) 254-259, https://doi.org/10.1016/
j-bbre.2012.01.006.

A. Carrer, K.E. Wellen, Metabolism and epigenetics: a link cancer cells exploit,
Curr. Opin. Biotechnol. 34 (2015) 23-29, https://doi.org/10.1016/j.
copbio.2014.11.012.

B.R. Sabari, D. Zhang, C.D. Allis, Y. Zhao, Metabolic regulation of gene expression
through histone acylations, Nat. Rev. Mol. Cell Biol. 18 (2017) 90-101, https://
doi.org/10.1038/nrm.2016.140.

D. Zhang, Z. Tang, H. Huang, G. Zhou, C. Cui, Y. Weng, W. Liu, S. Kim, S. Lee,
M. Perez-Neut, J. Ding, D. Czyz, R. Hu, Z. Ye, M. He, Y.G. Zheng, H.A. Shuman,
L. Dai, B. Ren, R.G. Roeder, L. Becker, Y. Zhao, Metabolic regulation of gene
expression by histone lactylation, Nature 574 (2019) 575-580, https://doi.org/
10.1038/s41586-019-1678-1.

Y. Xie, H. Hu, M. Liu, T. Zhou, X. Cheng, W. Huang, L. Cao, The role and
mechanism of histone lactylation in health and diseases, Front. Genet. 13 (2022),
https://doi.org/10.3389/fgene.2022.949252.

M.A. Christophorou, The virtues and vices of protein citrullination, R. Soc. Open
Sci. 9 (2022), https://doi.org/10.1098/rs0s.220125.

S. Coassolo, G. Davidson, L. Negroni, G. Gambi, S. Daujat, C. Romier, I. Davidson,
Citrullination of pyruvate kinase M2 by PADI1 and PADI3 regulates glycolysis and
cancer cell proliferation, Nat. Commun. 12 (2021), https://doi.org/10.1038/
$41467-021-21960-4.

Y. Wang, Y. Lyu, K. Tu, Q. Xu, Y. Yang, S. Salman, N. Le, H. Lu, C. Chen, Y. Zhu,
R. Wang, Q. Liu, G.L. Semenza, Histone citrullination by PADI4 is required for
HIF-dependent transcriptional responses to hypoxia and tumor vascularization,
Sci. Adv. 7 (2021) 3771-3798 (https://www.science.org).

D. Holoch, D. Moazed, RNA-mediated epigenetic regulation of gene expression,
Nat. Rev. Genet. 16 (2015) 71-84, https://doi.org/10.1038/nrg3863.

M.U. Kaikkonen, M.T.Y. Lam, C.K. Glass, Non-coding RNAs as regulators of gene
expression and epigenetics, Cardiovasc. Res. 90 (2011) 430-440, https://doi.org/
10.1093/cvr/cvr097.

A.M. Schmitt, H.Y. Chang, Long noncoding RNAs in cancer pathways, Cancer Cell
29 (2016) 452-463, https://doi.org/10.1016/j.ccell.2016.03.010.

K. Grillone, C. Riillo, C. Riillo, F. Scionti, R. Rocca, R. Rocca, G. Tradigo, P.

H. Guzzi, S. Alcaro, M.T. Di Martino, P. Tagliaferri, P. Tagliaferri, P. Tassone,
Non-coding RNAs in cancer: platforms and strategies for investigating the
genomic “dark matter, J. Exp. Clin. Cancer Res. 39 (2020), https://doi.org/
10.1186/513046-020-01622-x.

H. Choudhry, A.L. Harris, A. McIntyre, The tumour hypoxia induced non-coding
transcriptome, Mol. Asp. Med. 47-48 (2016) 35-53, https://doi.org/10.1016/j.
mam.2016.01.003.

T.C. Kuo, H.J. Kung, J.W. Shih, Signaling in and out: long-noncoding RNAs in
tumor hypoxia, J. Biomed. Sci. 27 (2020), https://doi.org/10.1186/512929-020-
00654-x.

J. Dong, J. Xu, X. Wang, B. Jin, Influence of the interaction between long
noncoding RNAs and hypoxia on tumorigenesis, Tumor Biol. 37 (2016)
1379-1385, https://doi.org/10.1007/513277-015-4457-0.

Y.N. Chang, K. Zhang, Z.M. Hu, H.X. Qi, Z.M. Shi, X.H. Han, Y.W. Han, W. Hong,
Hypoxia-regulated IncRNAs in cancer, Gene 575 (2016) 1-8, https://doi.org/
10.1016/j.gene.2015.08.049.

X. Wang, Y. Wang, L. Li, X. Xue, H. Xie, H. Shi, Y. Hu, A IncRNA coordinates with
Ezh2 to inhibit HIF-1a transcription and suppress cancer cell adaption to hypoxia,
Oncogene 39 (2020) 1860-1874, https://doi.org/10.1038/s41388-019-1123-9.
F. Zheng, J. Chen, X. Zhang, Z. Wang, J. Chen, X. Lin, H. Huang, W. Fu, J. Liang,
W. Wu, B. Li, H. Yao, H. Hu, E. Song, The HIF-1a antisense long non-coding RNA
drives a positive feedback loop of HIF-1a mediated transactivation and glycolysis,
Nat. Commun. 12 (2021), https://doi.org/10.1038/s41467-021-21535-3.

M.-C. Jiang, J.-J. Ni, W.-Y. Cui, B.-Y. Wang, W. Zhuo, Emerging roles of IncRNA in
cancer and therapeutic opportunities, Am. J. Cancer Res. 9 (2019) 1354-1366,
www.ajecr.us/ISSN:2156-6976/ajcr0097340.

M. Moyano, G. Stefani, piRNA involvement in genome stability and human
cancer, J. Hematol. Oncol. 8 (2015) 1-10, https://doi.org/10.1186/s13045-015-
0133-5.

V.Y. Cusenza, A. Tameni, A. Neri, R. Frazzi, The IncRNA epigenetics: the
significance of m6A and m5C IncRNA modifications in cancer, Front. Oncol. 13
(2023), https://doi.org/10.3389/fonc.2023.1063636.

K. Hamamoto, T. Fukaya, Molecular architecture of enhancer—promoter
interaction, Curr. Opin. Cell Biol. 74 (2022) 62-70, https://doi.org/10.1016/j.
ceb.2022.01.003.

A. Pombo, N. Dillon, Three-dimensional genome architecture: players and
mechanisms, Nat. Rev. Mol. Cell Biol. 16 (2015) 245-257, https://doi.org/
10.1038/nrm3965.

M.J. Rowley, V.G. Corces, Organizational principles of 3D genome architecture,
Nat. Rev. Genet. 19 (2018) 789-800, https://doi.org/10.1038/541576-018-0060-
8.

S. Deng, Y. Feng, S. Pauklin, 3D chromatin architecture and transcription
regulation in cancer, J. Hematol. Oncol. 15 (2022), https://doi.org/10.1186/
s13045-022-01271-x.

K. Nakayama, S. Shachar, E.H. Finn, H. Sato, A. Hirakawa, T. Misteli, Large-scale
mapping of positional changes of hypoxia-responsive genes upon activation, Mol.
Biol. Cell 33 (2022), https://doi.org/10.1091/mbc.E21-11-0593.


http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref104
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref104
https://doi.org/10.1074/jbc.M804578200
https://doi.org/10.1074/jbc.M804578200
https://doi.org/10.1016/j.bbrc.2008.05.150
https://doi.org/10.1016/j.bbrc.2008.05.150
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref107
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref107
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref107
https://doi.org/10.1038/onc.2011.266
https://doi.org/10.3390/cells6010008
https://doi.org/10.1016/j.mrfmmm.2008.01.001
https://doi.org/10.1016/j.mrfmmm.2008.01.001
https://doi.org/10.1128/mcb.00444-09
https://doi.org/10.1073/pnas.1217394109
https://doi.org/10.1073/pnas.1217394109
https://doi.org/10.1038/s41598-017-11658-3
https://doi.org/10.1016/j.jbc.2022.102536
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref115
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref115
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref115
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref115
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref115
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref115
https://doi.org/10.1186/s13072-016-0090-4
https://doi.org/10.1186/s13072-016-0086-0
https://doi.org/10.1186/s13072-016-0086-0
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref118
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref118
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref118
https://doi.org/10.1186/s13148-021-01016-6
https://doi.org/10.1186/s13148-021-01016-6
https://doi.org/10.1038/s41588-022-01212-x
https://doi.org/10.1038/s41588-022-01212-x
https://doi.org/10.3389/fgene.2020.579636
https://doi.org/10.3389/fgene.2020.579636
https://doi.org/10.1038/s41588-021-00887-y
https://doi.org/10.1016/j.placenta.2021.09.009
https://doi.org/10.1073/pnas.1602079113
https://doi.org/10.1073/pnas.1602079113
https://doi.org/10.1016/j.bbrc.2012.01.006
https://doi.org/10.1016/j.bbrc.2012.01.006
https://doi.org/10.1016/j.copbio.2014.11.012
https://doi.org/10.1016/j.copbio.2014.11.012
https://doi.org/10.1038/nrm.2016.140
https://doi.org/10.1038/nrm.2016.140
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.3389/fgene.2022.949252
https://doi.org/10.1098/rsos.220125
https://doi.org/10.1038/s41467-021-21960-4
https://doi.org/10.1038/s41467-021-21960-4
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref132
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref132
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref132
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref132
https://doi.org/10.1038/nrg3863
https://doi.org/10.1093/cvr/cvr097
https://doi.org/10.1093/cvr/cvr097
https://doi.org/10.1016/j.ccell.2016.03.010
https://doi.org/10.1186/s13046-020-01622-x
https://doi.org/10.1186/s13046-020-01622-x
https://doi.org/10.1016/j.mam.2016.01.003
https://doi.org/10.1016/j.mam.2016.01.003
https://doi.org/10.1186/s12929-020-00654-x
https://doi.org/10.1186/s12929-020-00654-x
https://doi.org/10.1007/s13277-015-4457-0
https://doi.org/10.1016/j.gene.2015.08.049
https://doi.org/10.1016/j.gene.2015.08.049
https://doi.org/10.1038/s41388-019-1123-9
https://doi.org/10.1038/s41467-021-21535-3
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref143
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref143
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref143
https://doi.org/10.1186/s13045-015-0133-5
https://doi.org/10.1186/s13045-015-0133-5
https://doi.org/10.3389/fonc.2023.1063636
https://doi.org/10.1016/j.ceb.2022.01.003
https://doi.org/10.1016/j.ceb.2022.01.003
https://doi.org/10.1038/nrm3965
https://doi.org/10.1038/nrm3965
https://doi.org/10.1038/s41576-018-0060-8
https://doi.org/10.1038/s41576-018-0060-8
https://doi.org/10.1186/s13045-022-01271-x
https://doi.org/10.1186/s13045-022-01271-x
https://doi.org/10.1091/mbc.E21-11-0593

R. Verdikt and B. Thienpont

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

L. Zhang, M. Xu, W. Zhang, C. Zhu, Z. Cui, H. Fu, Y. Ma, S. Huang, J. Cui, S. Liang,
L. Huang, H. Wang, Three-dimensional genome landscape comprehensively
reveals patterns of spatial gene regulation in papillary and anaplastic thyroid
cancers: a study using representative cell lines for each cancer type, Cell Mol. Biol.
Lett. 28 (2023), https://doi.org/10.1186/s11658-022-00409-6.

S.F. Banani, H.O. Lee, A.A. Hyman, M.K. Rosen, Biomolecular condensates:
organizers of cellular biochemistry, Nat. Rev. Mol. Cell Biol. 18 (2017) 285-298,
https://doi.org/10.1038/nrm.2017.7.

A.R. Strom, C.P. Brangwynne, The liquid nucleome - phase transitions in the
nucleus at a glance, J. Cell Sci. 132 (2019) 1-7, https://doi.org/10.1242/
jes.235093.

J. Li, Y. Zhang, X. Chen, L. Ma, P. Li, H. Yu, Protein phase separation and its role
in chromatin organization and diseases, Biomed. Pharmacother. 138 (2021),
https://doi.org/10.1016/j.biopha.2021.111520.

B. Shi, W. Li, Y. Song, Z. Wang, R. Ju, A. Ulman, J. Hu, F. Palomba, Y. Zhao, J.
P. Le, W. Jarrard, D. Dimoff, M.A. Digman, E. Gratton, C. Zang, H. Jiang, UTX
condensation underlies its tumour-suppressive activity, Nature 597 (2021)
726-731, https://doi.org/10.1038/s41586-021-03903-7.

C. Xiao, G. Wu, P. Chen, L. Gao, G. Chen, H. Zhang, Phase separation in
epigenetics and cancer stem cells, Front. Oncol. 12 (2022), https://doi.org/
10.3389/fonc.2022.922604.

L. Zhang, J. Cao, L. Dong, H. Lin, TiPARP forms nuclear condensates to degrade
HIF-1a and suppress tumorigenesis, PNAS 24 (2020) 13447-13456, https://doi.
org/10.1073/pnas.1921815117/-/DCSupplemental.

V. Davalos, M. Esteller, Cancer epigenetics in clinical practice, CA Cancer J. Clin.
73 (2023) 376-424, https://doi.org/10.3322/caac.21765.

B. Oronsky, N. Oronsky, S. Knox, G. Fanger, J. Scicinski, Episensitization:
therapeutic tumor resensitization by epigenetic agents: a review and
reassessment, Anticancer Agents Med. Chem. 14 (2014) 1121-1127.

10

[160]

[161]

[162]

[163]

[164]

[165]

[166]

Seminars in Cancer Biology 98 (2024) 1-10

F. Lyko, R. Brown, DNA methyltransferase inhibitors and the development of
epigenetic cancer therapies, J. Natl. Cancer Inst. 97 (2005) 1498-1506, https://
doi.org/10.1093/jnci/dji311.

L. Chen, Z. Wang, Q. Xu, Y. Liu, L. Chen, S. Guo, H. Wang, K. Zeng, J. Liu, S. Zeng,
L. Yu, The failure of DAC to induce OCT2 expression and its remission by
hemoglobin-based nanocarriers under hypoxia in renal cell carcinoma,
Theranostics 10 (2020) 3562-3578, https://doi.org/10.7150/thno.39944.

C. Champion, D. Guianvarc’h, C. Sénamaud-Beaufort, R.Z. Jurkowska, A. Jeltsch,
L. Ponger, P.B. Arimondo, A.-L. Guieysse-Peugeot, Mechanistic insights on the
inhibition of ¢5 DNA methyltransferases by zebularine, PLoS One 5 (2010),
€12388, https://doi.org/10.1371/journal.pone.0012388.

T.T. Wei, Y.T. Lin, S.P. Tang, C.K. Luo, C.T. Tsai, C.T. Shun, C.C. Chen, Metabolic
targeting of HIF-1a potentiates the therapeutic efficacy of oxaliplatin in colorectal
cancer, Oncogene 39 (2020) 414-427, https://doi.org/10.1038/541388-019-
0999-8.

R. Leite de Oliveira, S. Deschoemaeker, A.T. Henze, K. Debackere, V. Finisguerra,
Y. Takeda, C. Roncal, D. Dettori, E. Tack, Y. Jonsson, L. Veschini, A. Peeters,

A. Anisimov, M. Hofmann, K. Alitalo, M. Baes, J. D’hooge, P. Carmeliet,

M. Mazzone, Gene-targeting of Phd2 improves tumor response to chemotherapy
and prevents side-toxicity, Cancer Cell 22 (2012) 263-277, https://doi.org/
10.1016/j.ccr.2012.06.028.

K. Vandereyken, A. Sifrim, B. Thienpont, T. Voet, Methods and applications for
single-cell and spatial multi-omics, Nat. Rev. Genet. 2 (2023) 1-22, https://doi.
org/10.1038/541576-023-00580-2.

Y. Kim, H.J. Nam, J. Lee, D.Y. Park, C. Kim, Y.S. Yu, D. Kim, S.W. Park, J. Bhin,
D. Hwang, H. Lee, G.Y. Koh, S.H. Baek, Methylation-dependent regulation of HIF-
la stability restricts retinal and tumour angiogenesis, Nat. Commun. 7 (2016),
https://doi.org/10.1038/ncomms10347.


https://doi.org/10.1186/s11658-022-00409-6
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1242/jcs.235093
https://doi.org/10.1242/jcs.235093
https://doi.org/10.1016/j.biopha.2021.111520
https://doi.org/10.1038/s41586-021-03903-7
https://doi.org/10.3389/fonc.2022.922604
https://doi.org/10.3389/fonc.2022.922604
https://doi.org/10.1073/pnas.1921815117/-/DCSupplemental
https://doi.org/10.1073/pnas.1921815117/-/DCSupplemental
https://doi.org/10.3322/caac.21765
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref159
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref159
http://refhub.elsevier.com/S1044-579X(23)00146-3/sbref159
https://doi.org/10.1093/jnci/dji311
https://doi.org/10.1093/jnci/dji311
https://doi.org/10.7150/thno.39944
https://doi.org/10.1371/journal.pone.0012388
https://doi.org/10.1038/s41388-019-0999-8
https://doi.org/10.1038/s41388-019-0999-8
https://doi.org/10.1016/j.ccr.2012.06.028
https://doi.org/10.1016/j.ccr.2012.06.028
https://doi.org/10.1038/s41576-023-00580-2
https://doi.org/10.1038/s41576-023-00580-2
https://doi.org/10.1038/ncomms10347

	Epigenetic remodelling under hypoxia
	1 Introduction
	2 DNA methylation dynamics under hypoxia
	3 Nucleosome and histone remodelling under hypoxia
	3.1 Nucleosome positioning
	3.2 Histone acetylation
	3.3 Histone methylation
	3.4 Histone PTMs and metabolism

	4 Non-coding RNA-mediated epigenetic regulation under hypoxia
	5 Chromatin spatial regulation under hypoxia
	6 Epigenetic-based therapeutic strategies in tumour hypoxia
	7 Concluding remarks
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


