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Abstract  Hypoxia, or decreases in oxygen availability,
results in the activation of a number of different responses
at both the whole organism and the cellular level. These
responses include drastic changes in gene expression, which
allow the organism (or cell) to cope efficiently with the
stresses associated with the hypoxic insult. A major break-
through in the understanding of the cellular response to
hypoxia was the discovery of a hypoxia sensitive family of
transcription factors known as the hypoxia inducible factors
(HIFs). The hypoxia response mounted by the HIFs pro-
motes cell survival and energy conservation. As such, this
response has to deal with important cellular process such as
cell division. In this review, the integration of oxygen sensing
with the cell cycle will be discussed. HIFs, as well as other
components of the hypoxia pathway, can influence cell cycle
progression. The role of HIF and the cell molecular oxygen
sensors in the control of the cell cycle will be reviewed.
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The HIF system

Hypoxia, or decreases in oxygen concentration, results in
the activation of a number of different responses both at
the cellular and whole organism level [1]. These responses
include changes in gene expression, which allow the organ-
ism to manage efficiently the hypoxic stress. A major
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advance in the molecular understanding of the hypoxic
response was the discovery of the hypoxia inducible tran-
scription factor (HIF). HIF is a heterodimeric transcription
factor, which consists of a constitutively expressed HIF18
(gene name ARNT for Aryl hydrocarbon receptor nuclear
translocator) and an oxygen sensitive HIFa subunit [2].

Currently, there are three known isoforms of the HIFa
subunit (HIF1, 2 and 3). All of the a subunits contain simi-
lar domains (Fig. 1), most notably the presence of a basic
helic-loop-helix (bHLH)-Per-Arnt-Sim (PAS) domain
which is essential for its interaction with HIF1p [3]. In
addition, all three isoforms contain an oxygen-dependent
degradation domain (ODD), which sensitizes these proteins
to destruction in the presence of oxygen [4]. HIFla and
HIF2a both contain C-terminal transactivation domains,
whereas HIF3a does not. Currently, studies investigating
HIF3a, suggest that it acts as a dominant negative inhibitor
of both HIFla and HIF2a [5]. Newly published data from
2014 from a study in zebrafish have shown that HIF3a does
in fact have transcriptional activity [6]. Due to the high
sequence similarity between HIF1a and HIF2a, they have
been shown to share several target genes; however, they
also have their own set of specific targets allowing HIFa
isoforms to have differential functions [7].

The expression of HIFa subunits is regulated primar-
ily at the posttranscriptional level through hydroxylation-
dependent proteasomal degradation (Fig. 2). More recent
studies have suggested that HIF1a is also subject to lyso-
somal-mediated degradation [8]. Lysosomal-mediated deg-
radation is thought to be independent of hydroxylation. In
addition, HIF1a is also regulated at the level of transcrip-
tion and translation by NF-kB and the mammalian target of
rapamycin (mTOR), respectively [9-12]. Furthermore, the
stability of HIF1la mRNA has been shown to be dependent
on P-body function [13].
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Fig. 1 Structure of HIFla. Diagram highlighting the structural
domains of HIFla. Postranslational modifications including hydroxy-
lation and phosphorylation including the proteins which mediate this
function are shown in red. The sites which are shown to be phospho-

Fig. 2 Regulation of HIF in NORMOXIA
normoxia and hypoxia. Diagram
showing the key components in
the regulation of HIFa during
normoxia and hypoxia. During
normoxia, PHD enzymes and
FIH use molecular oxygen as
well as cofactors to hydroxy-
late HIFo on proline and an

asparagine residue, respectively.

Hydroxylation of proline resi-

dues within the ODD domain l
of HIFa mediates the binding

of the VHL E3 ligase which
polyubiquinates HIFa and
hence targets it for proteasomal
degradation. In hypoxia, when
oxygen levels are decreased
PHDs and FIH are inhibited
leading to HIFa stabilization

RN o OH
and dimerization with its tran- HIFo.
scriptional partner HIF1p. HIF l
can then activate transcription

of target genes and recruit of OH  HIFa ©OH
co-activators p300/CBP b
Proteasomal ub
degradation l @
B B
B

In normoxia, when cells are well oxygenated, HIFa is
subject to hydroxylation within its ODD domain by a family
of dioxygenase enzymes called prolyl hydroxylases (PHDs)
[14]. HIF 1« is hydroxylated at proline 402 and 564, whereas
HIF2a is hydroxylated at proline 405 and 531 [15, 16].
PHDI, 2 and 3 have been shown to regulate the HIFa [16].
Biochemical analysis of the PHDs has shown that PHD2 has
the highest affinity for HIF and is currently thought to be the
master regulator of the hypoxia response [17]. PHDI and
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rylated are most relevant with cell cycle regulation [91, 161-163].
Also shown on the structure is a putative D-domain which serves as a
docking site for ERK2 [164]
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3, on the other hand, have been found to have a preference
for HIF2a [16]. PHD activity also requires a-ketoglutarate
(a-KG) and Fe*" as molecular cofactors and molecular oxy-
gen as a co-substrate [18, 19]. The sensitivity to oxygen
makes PHDs the perfect sensors for cellular oxygen lev-
els. In normoxia, hydroxylation of HIFa by PHDs creates a
binding site for the von Hippel-Lindau (VHL) tumour sup-
pressor E3 ligase complex [20]. Interaction with VHL leads
to Lys48-linked polyubiquitination and degradation via the
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proteasome [21]. In addition to VHL, it has also been shown
that receptor for activated protein kinase C (RACK1), a pro-
tein which plays a role in diverse molecular processes such
as signal transduction [22] could directly compete with heat
shock protein 90 (HSP90) for binding of HIF1a. Binding of
RACKI to HIF1a leads to Elongin C dependent degradation
of HIF1a [23].

In hypoxia, when cells are exposed to reduced levels of
oxygen, PHD activity is reduced leading to HIFa stabiliza-
tion and dimerization with its transcriptional partner HIF1p.
Dimerization leads to translocation to the nucleus and bind-
ing to consensus hypoxia responsive elements (HRE) within
the promoters or enhancers of HIF target genes [24, 25].

In addition to regulation of HIFa turnover by the PHDs,
fine-tuning of HIF-dependent transcription is achieved
through an asparagine hydroxylation within the C-termi-
nal transactivation domain (CTAD) of HIF1a and HIF2q,
mediated by a ubiquitously expressed Factor Inhibit-
ing HIF (FIH) protein [26]. FIH hydroxylates HIFla at
asparagine 803 and HIF2a at asparagine 847. Asparagine
hydroxylation within the CTAD prevents HIF interaction
with its transcriptional co-activators p300 and/CREB-
cAMP-response element binding protein (CBP) and as a
consequence prevents full target gene activation [27]. In a
similar manner to the PHDs, FIH requires o-KG and Fe**
as cofactors, and molecular oxygen as a substrate to carry
out this hydroxylation. However, in contrast to the PHDs,
FIH is much less sensitive to oxygen levels and some stud-
ies have suggested that FIH acts as more of a redox sensor
within the cell, as it is strongly inhibited by peroxide [28].

HIF regulates the transcription of a myriad of target
genes that are involved in metabolism, autophagy, apopto-
sis, angiogenesis, and cell proliferation [29, 30]. Ultimately,
the transcriptional program initiated during hypoxia aims
to promote cell survival, and to turn off highly energy con-
suming processes such as translation and cell proliferation
[31, 32]. In many types of cancer as well as in other dis-
ease states such as heart failure and kidney disease, there is
aberrant HIF activity [33, 34]. Solid tumours are extremely
hypoxic and cells in these regions have been found to be
resistant to chemo and radiotherapy [35].

The cell cycle

One of the most important and energy consuming processes
within the cell is the cell cycle, which ultimately results in
cell division and the inheritance of genetic information into
the daughter cell. The cell cycle is divided into four differ-
ent phases and begins with Gap 1 (Gl) phase. G1 phase
together with synthesis (S) and Gap 2 (G2) phase, also
known as interphase, involves cell growth, biosynthesis of
mRNA, protein and, organelles that are all needed for DNA

replication [36]. Once a cell enters S phase, it is committed
to cell division. Following interphase, cells enter mitosis or
M phase, which is the process by which chromosomes are
separated into two daughter cells, a process that is depend-
ent on the formation of a mitotic spindle [37].

The cell cycle is a critical process to the cell, and must
be strictly regulated to avoid hyperproliferation and genetic
instability that can lead to disease states such as cancer
[38]. The vast majorities of cells in an adult organism exist
in a quiescent state and therefore do not express many cell
cycle-associated genes. In quiescent cells, transcription
and translation of factors needed to initiate the cell cycle
are repressed in a cell-specific manner by the retinoblas-
toma protein (pRB) [39]. For cells to progress through
the cell cycle, pRB must be inactivated. Loss of function
of RB leads to deregulated cell proliferation and promotes
tumour progression [40]. Inactivation of pRB is achieved
through the activation of cyclin-dependent kinases (CDKs,
see below). In its hypophosphorylated state, RB is found
tightly bound to E2F family of transcription factors, thus
preventing their transcriptional activity [41]. For an in-
depth review of E2F and RB, please see [42].

CDKSs are a family of small molecular weight serine thre-
onine kinases [43]. Activation of CDKs is highly dependent
on their association with a regulatory cyclin, which in turn
is produced in response to a mitogenic signal [44]. In addi-
tion to cyclin binding, CDKs are regulated by phosphoryla-
tion. To achieve full activation of the kinase activity, CDKs
must be phosphorylated on a threonine residue close to the
active site by a cyclin-dependent kinase activating kinase
(CAK) [45]. CDK activity is also regulated by inhibitory
phosphorylation by Weel and by phosphatase activity of the
Cdc25 family of phosphatases [46, 47].

Regulation of CDK activity, and hence cell cycle pro-
gression, is not only achieved through post-translational
modification. Proteins such as p21 (cyclin-dependent
kinase inhibitor 1A) and p27 (cyclin-dependent kinase
inhibitor 2A) can also inhibit CDK function [48, 49]. These
proteins work by directly binding to CDKs and inhibit-
ing the interaction of its activating cyclin. Binding of p21
to CDK results in growth arrest and, in addition, plays a
role in cellular senescence [50]. The expression of p21 is
tightly controlled at the transcriptional level through p53
and also by Myc-dependent repression [51]. Activation of
p53 through a variety of different stimuli such as ionizing
radiation results in p53-mediated G1 cell cycle arrest. In
addition, p21 is also tightly regulated, at the protein level,
by ubiquitin-dependent and independent degradation path-
ways [52].

When cells are stimulated by growth factors that act as
mitogenic signals, this induces cell cycle entry and CDK
activation. It is thought that cyclin D/CDK4 complexes are
responsible for entry into G1 [53]. In response to a growth
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signal, and activation of pathways such as Wnt and Sonic
hedgehog (Shh), this results in the induction of the Myc
transcription factor [54]. Activation of Myc is known to
drive proliferation, and Myc levels and activity have been
found to be abnormal in many types of cancer [55]. Myc
plays a role in a wide variety of cellular processes such
as cell growth, apoptosis and differentiation, but one of
the first recognized functions of Myc is in the regulation
of cell proliferation [56]. Myc can transcriptionally down-
regulate cell cycle inhibitors such as p21, and also increase
the expression of positive regulators namely the cyclin D,
by mechanisms including transcription and translation [57,
58]. Increased expression of cyclins leads to an increase
CDK activity, phosphorylation of RB, and release of E2F
transcription factors that promote cell cycle entry [59].

HIF-dependent control of the cell cycle

For cells to proliferate, they must enter the cell cycle, a
process known to be highly energy demanding and very
tightly regulated. Oxygen is a fundamental ‘nutrient’ in the
process of oxidative phosphorylation. Oxidative phospho-
rylation is the cell’s greatest net energy producing process,
when compared with glycolysis. As such, for a cell to com-
mit to cell division, it must overcome energy checkpoints
[60]. Therefore, it would make sense that components of
the oxygen-sensing system could directly influence cell
cycle progression.

Many different cell types respond to hypoxia by induc-
ing cell cycle arrest [61-63]. Increased cell proliferation
during hypoxia would increase the O, consumption within
the population, leading to an even more hypoxic environ-
ment. Early studies on the effect of hypoxia on the cell
cycle revealed the induction of a reversible cell cycle arrest
when cells were exposed to prolonged hypoxia [41]. Flow
cytometry analysis showed that there was a decrease in the
percentage of cells in S phase and an increase in the per-
centage of cells in G1 phase. Entry in S phase is depend-
ent on CDK activity towards pRB and it was observed that
hypoxia caused a decrease in CDK activity and conse-
quently, an accumulation of pRB in its hypophosphorylated
growth suppressive forms [41].

Although pRB is controlled by phosphorylation by
the CDKs, it has also been shown that its activity is spe-
cifically regulated by the phosphatase activity of PP1 [64].
Earlier studies demonstrated that during late M phase, pRB
is converted to its growth suppressive hypophosphorylated
form through the action of PP1. PP1 activity is increased in
hypoxia, working thus as an additional block to cell cycle
entry [41].

The decrease in CDK activity in hypoxia is accompanied
by an increase in the levels of the CDK inhibitor p27 [65].
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The regulation of p27 during hypoxia is still an area of
debate within the hypoxia field. Several groups have shown
that the induction of the cell cycle inhibitors p21 and p27
is dependent on HIFla [62, 66]. Work using mouse embry-
onic fibroblasts and splenic B lymphocytes demonstrated
that cell cycle arrest during hypoxia was HIFla dependent
but p53 independent. In addition, loss of HIFla leads to
progression of cells into S phase and a loss of the induc-
tion of p21 and p27 [65]. In this way, it is proposed that
the expression of p27 is dependent on HIF1a. Conversely,
additional studies have shown that p27 is regulated inde-
pendent of HIF1a, through transcriptional regulation of its
proximal promoter [67]. Although the regulation of p27
during hypoxia is still an area of debate, it is clear that p27
plays a critical role in the cell cycle arrest observed during
hypoxia. It may be that regulation of p27 expression occurs
in a cell type-specific manner, where in some cell types,
it is regulated directly by HIFla, and in others, it is inde-
pendent of this transcription factor.

Hypoxia can also result in the induction of p21 in many
cell types leading to a G1 arrest [66, 68]. The transcrip-
tional regulation of p21 by hypoxia involves a complex
interplay between HIFs and also c-Myc (Fig. 3). In normal
cells, c-Myc is induced in response to a growth signal and
acts as a transcriptional activator or repressor depending
on the context. It has been shown to promote transcrip-
tion of cyclin D2 through its interaction with Max and E
box domains [56, 69]. On the other hand, c-Myc has been
shown to repress transcription of other cell cycle-related
genes such as p21 and p27 [57, 70]. HIFla induction dur-
ing hypoxia can lead to a disruption between c-Myc and
Max. As a consequence of this, there is less promoter bind-
ing of c-Myec, resulting in a decrease of c-Myc dependent
genes such as cyclin D2. Loss of c-Myc binding to DNA
also has the effect of relieving repression of genes such
as p21 and p27, allowing them to inhibit cell cycle pro-
gression [62]. As well as regulating the cell cycle during
hypoxia, it has also been shown that HIFla can regulate
cell cycle progression during normoxia. Work from our lab
has shown that in the absence of HIFla, Spl, a transcrip-
tion factor that plays a role in the regulation of differentia-
tion, cell growth and apoptosis can compensate for the loss
of HIF1a and induce p21 mRNA expression [68].

HIF2a has been shown to have an opposing effect to
HIFla on c-Myc activity (Fig. 3). Induction of HIF2a
results in increased stabilization of c-Myc-Max com-
plexes, and hence an increase in DNA binding. As a con-
sequence of this, c-Myc dependent transcription of targets
such as cyclin D2 and E2F1 increase, and p21 and p27 are
repressed. It is thought that this is one of the mechanisms
by which HIF2a promotes hypoxic cell proliferation and
tumourigenesis [71]. In addition to enhancing c-Myc tran-
scription, HIF2a has also been shown to regulate Oct4 [72],
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Fig. 3 Transcriptional-dependent role of HIFa in the cell cycle.
When HIFla is induced, HIFla can disrupt complex formation
between c-Myc and Max and hence affect c-Myc transcription. Dis-
ruption of c-Myc complexes leads to a decrease in c-Myc transcrip-
tion and repression leading to the induction of p21 expression which

a gene that can promote stem cell phenotypes and induce
cyclin D1, hence promoting cell growth. More recently,
HIF2a was shown to engage mTORCI activity, and pro-
mote cell proliferation via the regulation of the amino acid
transporter, SLC7AS5 [73]. These findings suggest that
HIF2a may play a critical role in promoting cell prolifera-
tion in hypoxia.

As well as regulating the transcription of a multitude of
different protein targets, the HIFs have also been shown
to regulate the transcription of several microRNAs (miR-
NAs) [74, 75]. MicroRNAs are short noncoding RNAs,
normally around 22 nucleotides in length, which have the
ability to regulate multiple mRNAs and are often found
to be misregulated in cancer [76]. Of particular interest to
the control of the cell cycle is miR210. miR210 is upregu-
lated in a transcriptional-dependent manner by HIFla, in
vitro and also in vivo. mir210 is often used as a marker of
tumour hypoxia and patient prognosis, particularly in head
and neck cancers [77, 78]. In addition to miR210’s roles
in the response to hypoxia, miR210 also been shown to
regulate cell cycle progression. In a study by Zhang et al.,
it was shown that miR210 regulates E2F3, a transcription
factor critical for cycle progression [79]. When miR210
is induced, E2F3 is strongly downregulated at the protein
level. As a consequence, cell cycle progression is inhibited
[79].

On the other hand, miR210 can also promote cell cycle
progression. The mechanism through which miR210 can
promote cell cycle progression is mediated via downregu-
lation of a Myc antagonist protein called Mnt [80]. Mnt

Cell Proliferation

in turn causes cell cycle arrest. HIF2a on the other hand enhances the
interaction between c-Myc and Max and as a consequence increase
the transcriptional activity of c-Myc. As a result of this, there is an
increase in cyclin D2 expression and a decrease in p21 leading to
increased cell proliferation

mRNA was found to contain multiple binding sites for
miR210 in its 3’'UTR. Downregulation of Mnt increased
Myc transcriptional activity and hence cell cycle progres-
sion. Overall, these studies showed that, as well as modu-
lating proteins that control cell cycle, HIFs can also change
the miRNA signature of the cells, which in turn can influ-
ence cell cycle progression.

In addition to the transcriptional roles that HIF plays
in regulating the cell cycle, recent studies have begun to
unravel transcriptional-independent roles of HIFla in reg-
ulating cell cycle progression (Fig. 4). Hypoxia has been
shown to block DNA replication [81]. DNA replication
must be tightly controlled to avoid errors that could be cata-
strophic for cell viability, but can also lead to disease states
such as cancer. Early studies on the effects of hypoxia using
murine tumour cells demonstrated that low oxygen can
result in DNA over-replication and the cells became more
metastatic [81]. Further to this, additional studies showed
that hypoxia caused the activation of ATR and its down-
stream target checkpoint kinase 1 (Chk1) [82]. Although the
mechanism of ATR activation in hypoxia is not fully under-
stood, a recent study showed that ATR-interacting protein
(ATRIP), a protein crucial for the activation of ATR, was a
direct target of HIFla. Loss of ATRIP by RNA interference
of HIFla or ATRIP abolished the activation of ATR and
Chkl1 in hypoxia indicating this could be the mechanism
of hypoxia-induced ATR activation [83]. Activation of ATR
results in G1-S cell cycle arrest [84]. In addition, other DNA
damage response proteins are also activated in hypoxia,
including Rad17, histone variant 2A, and H2AX [85].
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Fig. 4 Transcriptional-independent role of HIFla in cell cycle regu-
lation. When HIF is induced during hypoxia HIFla can interact with
Cdc6 a key component of the DNA replication machinery. Interaction
of HIFla with Cdc6 prevents activation of the MCM helicase and

hence inhibits DNA replication. The role of HIF2a in this process has
never been investigated

HIF1a

In a recent series of studies, Semenza and colleagues
have shown that the minichromosome maintenance
(MCM) proteins are negative regulators of HIFla [86].
MCM proteins are key components of the DNA helicase,
which mediate DNA replication, an essential process prior
to cell division. The process of DNA replication is tightly
controlled and involves several steps of origin recognition,
licensing and finally activation [87]. This process begins
in G1, with the formation of a pre replication complex,
which determines all the areas of potential origin firing.
The pre replication complex consists of six subunits (ori-
gin of recognition complex, Orcl-6). Binding of the pre
replication complex results in the recruitment of Cdc6,
which subsequently attracts the MCM helicase, consisting
of MCM2-7. The MCM helicase unravels the DNA, how-
ever, replication is not initiated until S phase, when Cdc6
is phosphorylated by CDK6 [87]. MCM proteins are pre-
sent in great excess at origins of replication and therefore
it was postulated that they could have functions independ-
ent of their role in DNA replication [88]. MCM proteins
were shown to directly bind to HIFla and inhibit HIF1a
and HIF2a transcriptional activity and enhance their pro-
teasomal degradation. In hypoxia, MCM proteins were
shown to decrease [86].
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HIFla has been hypothesized to directly inhibit DNA
replication independent of its transcriptional activity and its
transcriptional partner HIF1B [89]. During hypoxia, HIF1a
was shown to bind to Cdc6, which is a critical component
necessary for loading the MCM DNA helicase complex onto
the DNA. Immunoprecipitation experiments demonstrated
that there was an increase in the interaction between Cdc6
and the MCM complex, but that there was a decrease in
phosphorylation of the MCM complex by Cdc7. As a con-
sequence of this reduced phosphorylation, replication origin
firing and DNA replication were inhibited. The endpoint cel-
lular effect of inhibition of DNA replication, was cell cycle
arrest [89]. Although this mechanism was demonstrated for
HIF1a, the role of HIF2a in this process was not investi-
gated. It would be interesting to determine if HIF2a could
have functionally opposing effects and thus promote DNA
replication, in a similar trend to HIFa actions over c-Myc.

Cell cycle-dependent control HIF

As well as influencing cell cycle progression through its
activity as a transcription factor and directly, the levels of
HIF1a can also to be influenced by cell cycle regulators.
HIF1a has been shown to be subject to a number of post-
translational modifications such as phosphorylation, acety-
lation and sumoylation [90]. A very recent study revealed
that HIF1a is phosphorylated by CDK1 on serine 668 [91].
Phosphorylation of HIFla by CDKI1 leads to stabilization
of HIF1a levels, even during normoxia. The increased sta-
bilization was associated with an increase in transcription
of HIF-dependent target genes, which functionally resulted
in enhanced levels of angiogenesis, cell proliferation and
invasion. Levels of HIFla are often associated with poor
patient prognosis [92], and taking into account the mecha-
nism described in the study by Warfel and colleagues, this
could provide one explanation for the elevation of HIF
activity in tumour cells. It would be worthwhile to ana-
lyse if a similar modification could be detected on HIF2a.
In addition, although HIFla phosphorylation by CDKI1
lead to increase in HIF transcriptional activity, it would be
interesting to investigate this modification in the context
of the cell cycle-related functions of HIFla. For example,
does phosphorylated HIFla still induce the expression of
p21? Alternatively, can phosphorylated HIF1a still directly
inhibit DNA replication? Additional studies should provide
answers to these questions.

The role of PHD:s in the cell cycle

The PHD enzymes have long been characterized for their
role in regulating HIFa [93]. More recently, new functions
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Fig. 5 The role of the PHDs in the cell cycle. Schematic diagram
showing the roles played by PHD1, 2 and 3 in the cell cycle. PHD1
has been shown to regulate centrosome function and hence mitotic
spindle formation through the regulation of the levels of Cepl92.
Hydroxylation of Cepl92 mediates the polyubiquitination by the
Skp2 E3 ligase and proteasomal degradation. PHD3 is known to
play a key role in the DNA damage response through its ability to

for the PHDs have been discovered, which are independ-
ent of their ability to directly control HIF. Pyruvate kinase
M2 (PKM2), an enzyme crucial in the metabolism of glu-
cose, was found to be hydroxylated by PHD3, on proline
403 and 408. Unlike HIFs, where hydroxylation leads to
their ubiquitination and proteasomal degradation, hydrox-
ylation of PKM2 did not result in degradation but did
lead to increased interaction between HIFlo and PKM2.
Increased interaction between PKM2 and HIF1a, resulted
in enhanced HIFla’s transcriptional activity directed to
reprogram cell metabolism [94]. PHDs have been shown
to regulate other transcription factors, Activating transcrip-
tion factor 4 (ATF4) [95, 96]. ATF4 responds to a number
of cellular stresses including amino acid depletion, starva-
tion and hypoxia [97]. In addition, it has been shown to be
required for tumour cell proliferation under conditions of
nutrient depletion [98]. In parallel to the exciting discovery
of new substrates for PHDs, there is now some evidence to
suggest that PHDs play pivotal roles in the regulation of the
cell cycle.

PHD3 was shown to regulate, in a hydroxylation-
dependent manner, the human clock protein-2 (HCLK?2)
[99]. HCLK2 is an important protein in the regulation
of the mammalian S phase checkpoint. In the absence of

hydroxylate HCLK2. Hydroxylation of HCLK?2 leads to activation of
ATR Chk1 pathway which causes cell cycle arrest. The role of PHD2
in the cell cycle is less clear. Several studies have shown that PHD2
leads to increased proliferation while others have shown a decrease
in cell proliferation. Currently, there are no other validated cell cycle
targets of PHD?2 other than HIFa

HCLK?2, cells acquire spontaneous DNA damage during S
phase, and impaired recruitment of the DNA damage repair
proteins FANCD2 and Rad51 [100]. PHD3 was shown to
hydroxylate HCLK?2 and this was necessary for HCLK?2’s
interaction with ATR, which, in turn lead to the activa-
tion of ATR/Chkl and p53. Inhibition of PHD3 activity
using the dimethyloxaloylglycine (DMOG), or by hypoxia
resulted in a loss of ATR/Chk1 activation. This was com-
pounded by an overall decrease in apoptosis. Through this
mechanism, the activity of PHD3 directly controls the
DNA damage response and hence cell cycle progression
(Fig. 5) [99].

One of the other PHD isoforms, PHD1 has also been
strongly linked with the regulation of cell cycle progres-
sion. A study by the Kaelin group in 2009 demonstrated a
critical role for this protein in the regulation of the levels
of cyclin D1 in breast cancer cell lines. Studies in breast
cancer cell lines had already shown that PHD1 is oestro-
gen inducible [101] and in Drosophila, it was shown that
there is a genetic interaction between cyclin D1 and PHD1.
When PHDI is depleted using RNA interference, there is
a decrease in the total levels of cyclin D1 and, as a conse-
quence, this leads to a decrease in mammary gland prolif-
eration in an in vivo murine model. The effect of PHD1 on
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cyclin D1 was found to be independent of HIF1a but was
dependent on the hydroxylase activity [102]. Importantly,
regulation of cyclin D1 was a specific function of PHDI.
This study demonstrated a role for PHD1 outside its canon-
ical role as a regulator of HIFs.

More recently, a new substrate for PHD1 was identified
in the centrosomal protein Cepl192 (Fig. 5) [103]. This
study demonstrated that PHD1 was essential for mitotic
progression. Loss of PHD1 by RNA interference leads to
a mitotic arrest and a mitotic spindle defect, character-
ized by complete disorganization of the mitotic spindle.
Correct mitotic spindle formation has been shown to be
dependent on centrosomal duplication and maturation
[104]. Cep192 is a large centrosomal protein, which is
thought to act as a scaffold protein for the recruitment of
other components of the centrosome. Both Cepl192 and
Cep152 are needed for the recruitment of Polo like kinase
4 (Plk4), a kinase essential for centrosomal duplication
[105]. The process of hierarchal recruitment of centroso-
mal proteins is critical to maintain centriolar number, and
is essential to maintain genomic stability. A study by Lee
et al. also showed that Cep152 and Cep192 were needed
for the recruitment of Plk4, and that loss of either of these
proteins resulted in impaired centriole duplication and
cell proliferation [106].

PHDI1-mediated hydroxylation of Cepl92 at proline
1717 results in decreased protein stability. The hydroxyla-
tion of Cepl192 was shown to be required for the binding
of the Skp2 E3 ligase. Binding of Skp2 leads to ubiqui-
tination and degradation of Cepl192 by the proteasome
[103]. Through this mechanism it is hypothesized that
PHDI1 regulates the levels of Cep192 on the centrosome,
and should the cell encounter a stress such as hypoxia,
the resulting inhibition of PHD1 function, would lead to
cell cycle arrest. This mechanism was shown to be HIF
independent.

PHDs have also been shown to be important sensors of
amino acids and play a role in mTOR signaling [107]. It
is thus possible that changes in amino acids, or additional
metabolites derived from the Krebs cycle, could result
in similar changes to Cepl192 as hypoxia. However, this
requires additional research. It would also be of interest to
determine if hydroxylation by PHDs plays a wider role in
cell cycle regulation, and also if the PHDs themselves are
subject to cell cycle regulation.

Thus far, there are no new PHD2 substrates, apart
from HIFa, that have any connection with the cell cycle.
However, several studies have shown that PHD2 lev-
els can change the proliferative potential in a cell type-
specific manner (Fig. 5). As such, reduction of PHD2
levels in cancer cells leads to increase tumour growth
due to increased proliferation of endothelial cells [108].
Similarly, mutations in PHD2 have been associated with
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paragangliomas [109]. However, deletion of PHD2 in
myeloid cells has been shown to result in tumour sup-
pression [110]. Also, reduction of PHD2 levels by RNA
interference has been shown to reduce breast cancer cell
proliferation [111]. All of these studies, despite hav-
ing opposing outcomes, highlighted the importance of
PHD2. Whether PHD2 has additional substrates, with
closer links to the cell cycle machinery would require
additional studies.

The role of VHL and mitosis

In addition to the studies described above, linking both
the HIFs and PHDs to the modulation of cell cycle con-
trol, one other key player in the cellular response to
hypoxia has also been studied for its role in mitosis, von
Hippel-Lindau (VHL) protein. VHL is part of the E3
ligase which targets HIF to the proteasome following
PHD-mediated hydroxylation [27]. Mutations in VHL
are often associated with a predisposition to kidney can-
cer [112]. A potential cause for the cancer predisposition
in VHL patients is due to misregulation of the HIFs, as
both HIF1a and HIF2a have been found to correlate with
poor patient prognosis [92, 113]. However, more recently,
VHL has also been shown to regulate mitotic spindle. In
a study by Krek and colleagues, it was shown that VHL
localizes to mitotic spindle in human cells [114]. Loss of
function of VHL was shown to lead to spindle and spindle
checkpoint defects that ultimately control chromosome
instability. The defects in mitotic spindle were attributed
to unstable microtubules [114]. Astral microtubules have
been shown to be required for mitotic progression, as they
are critical for the correct positioning and orientation of
the mitotic spindle [115].

Defects in the spindle checkpoint were due to reduced
levels of mitotic arrest deficient 2 (Mad2), a protein criti-
cal for normal spindle checkpoint function [116]. This sug-
gests that, as well as regulating astral microtubules, VHL
also plays an essential role in regulating the spindle check-
point. The role of VHL in regulating mitotic spindle and
checkpoint function was further supported by more recent
work, where it was demonstrated that VHL is a novel sub-
strate for Aurora A phosphorylation [117]. Aurora A is a
cell cycle regulated kinase, whose expression is regulated
through proteasomal degradation. Aurora A is involved
in duplication of centrosomes, correct spindle formation
and stability [118]. VHL is phosphorylated at serine 72
by Aurora A, in vivo [117]. Future work should determine
what the functional significance of VHL phosphorylation at
this site. For example, how does it affect spindle formation
and the checkpoint response, and also its connection with
VHL action over the HIFa isoforms.
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Additional cellular oxygen sensors and the cell cycle

In addition to the PHDs and the HIFs, the cell possesses
other proteins that are also oxygen sensors, these include
FIH and the structural related Jumoji C containing (JMJC)
family of demethylases [119].

FIH

Unlike the PHD, FIH has been shown to have many addi-
tional substrates to HIF [120]. Although the physiological
relevance of the FIH-dependent hydroxylation for many
of these is still unknown, FIH has several important tar-
gets such as Notch, ASPP2, and NF-kB subunits. FIH has
good affinity for Ankyrin repeat containing proteins [121].
Despite these important substrates, functional effects of
FIH on the cell cycle are not wide reported. One study has
reported that FIH can impact of p53 function, with FIH
depletion inducing p53 and its target gene p21, resulting
in cell cycle arrest [122]. In addition, reduction of FIH via
depletion of the chromatin remodeler ISWI also resulted in
cell cycle arrest and reduced proliferation [123]. Despite
these two studies, FIH links to the cell cycle remain
tenuous.

JmjC

The JmjC proteins catalyse histone, protein and DNA dem-
ethylation through a hydroxylation reaction. The catalytic
activity of these enzymes depends on Fe** and a-KG for
demethylating mono-, di- and tri-methylated residues
[124]. Interestingly, the Jumonji (JmJC) domain is found
in the asparagine hydroxylase FIH, a known regulator of
HIF activity (Fig. 6). The ImJC demethylases are there-
fore dioxygenases that use molecular oxygen and a-KG as
cofactors [125].

Chromatin is a highly complex structure composed of
protein and DNA. The basic unit of chromatin is the nucle-
osome, composed of 147 bp of DNA wrapped around an
octamer of histones [126]. Different levels of compaction
and organization occur in different regions in the nucleus,
as well as, with the stage of the cell cycle [127]. Histone
tail modification can lead to changes in chromatin struc-
ture, which have functional consequences for the several
processes occurring in the nucleus [124, 128]. For example,
methylation on arginine or lysine residues can have repres-
sive or activating consequences on gene expression depend-
ing not only, on which particular residue which is modi-
fied but also, on how many methyl groups are added [129,
130]. Lysine methylation on histones is thus an important
post-translational modification that can result in changes in
chromatin structure. Deregulation of this modification has
been associated with several human cancers [131]. Histone
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Fig. 6 JmJC enzymes with roles in the cell cycle. Schematic dia-
gram showing the domain structure of several of the JmJC enzymes.
Depicted are JmJC enzymes with roles in controlling cell cycle pro-
gression. Domains present in these enzymes are: JmJC Jumoni C,
CXXC-ZF CXXC zinc finger, PHD plant homeodomain, F-box; LRR
leucine rich repeat; Tudor; ARID AT-rich interacting domain, C5SHC2-
ZF C5HC?2 zinc finger

KDM5A

methyltransferases and demethylases thus play role in bal-
ancing methylation dynamics.

Tumours often develop hypoxic regions, which con-
trol survival and proliferation of cells. The majority of
the JmJC demethylases is hypoxia inducible [132, 133].
Moreover some of these enzymes are direct targets of HIF
and have been shown to contribute to the cellular response
to hypoxia. Deregulation of histone demethylation can
result in perturbation of the cell cycle. For example fuma-
rate hydratase (FH) and succinate dehydrogenase (SDH)
are two Krebs cycle enzymes found mutated in a variety
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of human cancers. Accumulation of their products, fuma-
rate and succinate, inhibits the a-KG-dioxygenases includ-
ing JmJC histone demethylases and PHDs with an associ-
ated increases in histone and DNA methylation and HIF1a
accumulation [134], which is thought to contribute to the
cancer phenotype.

While some histone demethylases have defined sub-
strate specificity, others share a variety of substrates, and
therefore display redundancy in regulating chromatin and
gene expression. Several studies have described that JmJC
demethylase activity, with the expression or repression of
genes, is involved in the regulation of the cell cycle. Some
of these are reviewed below.

The JmJC domain containing histone demethylase
1 (KDM2A) gene encodes a member of the F-box pro-
tein family (Fig. 6) and demethylase with activity towards
lysine 36 of histone 3 (H3K36) [135]. It demethylases
H3K36 via a hydroxylation-based mechanism [125].
KDM2A gene is induced under hypoxia conditions [132,
133] but the mechanism and functional significance toward
the hypoxia response is currently not known. KDM2A is
frequently overexpressed in non-small cell lung cancer
(NSCLC) tumours and cell lines [136]. Demethylation of
H3K36(2me) at the dual specificity phosphatase 3 (DUSP3)
promoter by KDM2A inhibits DUSP3 gene transcription
[136]. The consequence of this repression are an increase in
ERK1/2 phosphorylation levels in NSCLC cells, thus con-
tributing to cell proliferation and invasiveness [136]. Meth-
ylated H3K36 is often present in regions associated with
active transcription [137]. This mark has also been linked
to transcriptional elongation [138]. Furthermore, it has
been reported that the histone mark, H3K36me3, is mostly
present in the coding regions of active genes [139].

Recently, it has been shown that the histone mark
H3K36me3 is required in G1 and early S phases to ensure
DNA mismatch repair before DNA replication [140].
Moreover, KDM2A, and its demethylase activity, has also
been shown to sustain centromeric integrity and genomic
stability during mitosis [141]. In addition, depletion of
KDM?2A inhibits mesenchymal stem cell proliferation and
arrests the cell cycle progression at G1/S phase. This cell
cycle arrest occurs via the derepression of cyclin-dependent
kinase inhibitors, p15 and p27 [142]. However, overexpres-
sion of specific KDM2A spliced variant improves the pro-
liferation of human embryonic stem cells derived keratino-
cytes [143]. KDM2B (Fig. 6) has also been implicated in
the control of the cell cycle via its role in the regulation of
pl5 [144].

Another example, histone demethylation in cell cycle
regulation involves KDM3A (Fig. 6) that has an important
role in human carcinogenesis. In cancer cells, KDM3A
knockdown promotes cell cycle arrest, whereas elevated
KDM3A levels promote G1/S transition. KDM3A activates
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the HOXAI gene expression through demethylation of
H3K9me2 [145]. Increased HOXA1 activates Cyclin DI
gene transcription, which actively promotes the transition
from G1 to S, hence resulting in cancer cells prolifera-
tion. Similarly, regulation of KDM3A by HIFla enhances
hypoxic gene expression and tumour growth [146].

KDM4/JMJD2 (Fig. 6) is a family of demethylases with
a tumorigenic role and is overexpressed in several can-
cers such as, breast, colorectal, lung, and prostate [147].
KDMA4A regulates cell cycle progression and DNA repli-
cation and these roles depend on its enzymatic activity.
Demethylation of H3K9me3 by KDM4A (or its nematode
ortholog JMJD-2) regulates DNA replication by antagoniz-
ing HP1y and controlling chromatin accessibility [148].
Furthermore, KDM4A protein levels are regulated by the
26S proteasome in a cell cycle-dependent manner, with
highest expression in G1/S and decreasing in G2/M [148,
149].

Another member of KDM4 family is KDM4B
(JMJID2B). KDM4B demethylase activity is upregulated
in bladder and lung cancer cells, and it has been shown to
regulate the G1-S phase transition of the cell cycle. Knock-
down of KDM4B inhibits cell proliferation, leading to a
decrease of cells in S phase, and an increase of cells popu-
lation in G1. KDM4B induces CDK6 expression through
demethylation of H3K9me3 at the CDK6 promoter [150].
In addition, KDM4B mediates gastric cancer cells prolifer-
ation under hypoxia by stimulating cyclin Al gene expres-
sion. Hypoxia upregulates KDM4B expression, which
demethylates H3K9 at Cyclin Al promoter, stimulating
gastric cancer cell proliferation. Moreover, radiation-medi-
ated reduction in KDM4B decreases CCNA1 expression,
which resulted in a decrease of cancer gastric cells growth
[151]. More recently, it has been shown that the knockdown
of KDM4B in colorectal cancer cells mediates STAT3 sup-
pression, which in turn activates the DNA damage response
and cell cycle arrest [152].

The KDM4C (JMJD2C) promotes breast cancer cell
transformation and proliferation [153]. Furthermore,
KDM4C has been described as a HIFla co-activator.
KDM4C was shown to demethylate H3K9me3 at HREs of
HIFla target genes, therefore increasing HIFlo binding.
Hence, KDM4C simulates HIF1a-mediated transactivation
of genes that are involved in breast cancer progression [154].

KDM6B (JMJD3) (Fig. 6) is another demethylase
with links to cell cycle [155]. KDM6B demethylates
H3K27me3, a very important repressive mark on chroma-
tin [156]. Specifically linked to cell cycle, KDM6B has
been shown to be required for the demethylation of the
INK4/AREF locus in response to oncogene activation [155,
156]. The INK4/ARF locus expresses two very important
cell cycle regulators: pl4ARF and pl16IKN4, which are
crucial for cell cycle arrest induction [157].



Oxygen and cell cycle

3579

JMJD5 (KDMS) (Fig. 6) has also been shown to regu-
late cell proliferation [158, 159]. JMJDS5 demethylases
H3K36me?2 [158]. It has been shown to control both cyclin
Al expression [158] and p21 [159]. It has also been sug-
gested to act as a tumour suppressor [160].

As more of the JMJC-containing enzymes are inves-
tigated, more detailed information linking them to cell
cycle is possible. In addition, their dependency to oxy-
gen levels and additional control mechanisms are yet to
be fully understood. The next years will therefore be very
informative.

Conclusions

Sensing and responding to hypoxia (low oxygen) are
important for many physiological processes, of which
cell cycle is a very important one. As such, cells respond
to changes in oxygen availability by altering the activ-
ity of a variety of oxygen sensors in the cell and activat-
ing a specific transcriptional program. Of these, HIFs,
PHD and more recently JmjC have important roles to play.
While the role of HIF in the control of the cell cycle has
been described by many studies, more recent studies have
uncovered roles for individual PHDs and JmjC proteins in
direct or indirect control of the cell cycle machinery. As
such, the cell has equipped itself with many possible con-
trol mechanisms to prevent catastrophe from happening at
any stage of the cell cycle, when oxygen levels drop below
the acceptable. With the recent finding reviewed here, more
exciting and fascinating insights into the cell safeguard
mechanism when dealing with low oxygen will most defi-
nitely be discovered in the near future.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
and the source are credited.

References

1. Kenneth NS, Rocha S (2008) Regulation of gene expression by
hypoxia. Biochem J 414(1):19-29

2. Wang GL et al (1995) Hypoxia-inducible factor 1 is a basic-
helix-loop-helix-PAS heterodimer regulated by cellular O, ten-
sion. Proc Natl Acad Sci 92(12):5510-5514

3. Hu C-J et al (2003) Differential roles of hypoxia-inducible fac-
tor lo (HIF-1a) and HIF-2a in hypoxic gene regulation. Mol
Cell Biol 23(24):9361-9374

4. Huang LE et al (1998) Regulation of hypoxia-inducible fac-
tor la is mediated by an O,-dependent degradation domain
via the ubiquitin-proteasome pathway. Proc Natl Acad Sci
95(14):7987-7992

5. Makino Y et al (2001) Inhibitory PAS domain protein is a nega-
tive regulator of hypoxia-inducible gene expression. Nature
414(6863):550-554

10.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Zhang P et al (2014) Hypoxia-inducible factor 3 is an oxygen-
dependent transcription activator and regulates a distinct tran-
scriptional response to hypoxia. Cell Rep 5(14):00111-00119
Hu C-J et al (2006) Differential regulation of the transcriptional
activities of hypoxia-inducible factor 1 alpha (HIF-la) and
HIF-2a in stem cells. Mol Cell Biol 26(9):3514-3526

Hubbi ME et al (2013) Chaperone-mediated autophagy targets
hypoxia-inducible factor-la (HIF-1a) for lysosomal degrada-
tion. J Biol Chem 288(15):10703-10714

van Uden P et al (2011) Evolutionary conserved regulation of
HIF-1p by NF-«kB. PLoS Genet 7(1):¢1001285

Rius J et al (2008) NF-[kgr]B links innate immunity to the
hypoxic response through transcriptional regulation of HIF-
1[agr]. Nature 453(7196):807-811

. Hudson CC et al (2002) Regulation of hypoxia-inducible factor

la expression and function by the mammalian target of rapamy-
cin. Mol Cell Biol 22(20):7004-7014

Toschi A et al (2008) Differential dependence of hypoxia-
inducible factors la and 2a on mTORC1 and mTORC?2. J Biol
Chem 283(50):34495-34499

Bett JS et al (2013) The P-body component USP52/PAN2
is a novel regulator of HIFIA mRNA stability. Biochem J
451(2):185-194

Kaelin WG Jr, Ratcliffe PJ (2008) Oxygen sensing by metazo-
ans: the central role of the HIF hydroxylase pathway. Mol Cell
30(4):393-402

Haase VH (2012) Renal cancer: oxygen meets metabolism. Exp
Cell Res 318(9):1057-1067

Appelhoff RJ et al (2004) Differential function of the prolyl
hydroxylases PHD1, PHD2, and PHD3 in the regulation of
hypoxia-inducible factor. J Biol Chem 279(37):38458-38465
Berra E et al (2003) HIF prolyl-hydroxylase 2 is the key oxygen
sensor setting low steady-state levels of HIF-la in normoxia.
EMBO J 22(16):4082-4090

. Epstein ACR et al (2001) C. elegans EGL-9 and mammalian

homologs define a family of dioxygenases that regulate HIF by
prolyl hydroxylation. Cell 107(1):43-54

Fandrey J, Gorr TA, Gassmann M (2006) Regulating cel-
lular oxygen sensing by hydroxylation. Cardiovasc Res
71(4):642-651

Semenza GL (2003) Targeting HIF-1 for cancer therapy. Nat
Rev Cancer 3(10):721-732

Jaakkola P et al (2001) Targeting of HIF-a to the von Hippel—
Lindau ubiquitylation complex by O,-regulated prolyl hydroxy-
lation. Science 292(5516):468—472

McCahill A et al (2002) The RACKI1 scaffold protein: a
dynamic cog in cell response mechanisms. Mol Pharmacol
62(6):1261-1273

Liu YV et al (2007) RACK1 competes with HSP90 for binding
to HIF-1a and is required for O,-independent and HSP90 inhib-
itor-induced degradation of HIF-1a. Mol Cell 25(2):207-217
Semenza GL et al (1996) Hypoxia response elements in the
aldolase A, enolase 1, and lactate dehydrogenase A gene pro-
moters contain essential binding sites for hypoxia-inducible fac-
tor 1. J Biol Chem 271(51):32529-32537

Schodel J et al (2011) High-resolution genome-wide mapping
of HIF-binding sites by ChIP-seq. Blood 117(23):e207—-e217
Lando D et al (2002) FIH-1 is an asparaginyl hydroxylase
enzyme that regulates the transcriptional activity of hypoxia-
inducible factor. Genes Dev 16(12):1466—-1471

Rocha S (2007) Gene regulation under low oxygen: hold-
ing your breath for transcription. Trends Biochem Sci
32(8):389-397

Masson N et al (2012) The FIH hydroxylase is a cellular perox-
ide sensor that modulates HIF transcriptional activity. EMBO
Rep 13(3):251-257

@ Springer



3580

B. Ortmann et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

Tracy K et al (2007) BNIP3 is an RB/E2F target gene
required for hypoxia-induced autophagy. Mol Cell Biol
27(17):6229-6242

Kim J-W et al (2006) HIF-1-mediated expression of pyruvate
dehydrogenase kinase: a metabolic switch required for cellular
adaptation to hypoxia. Cell Metab 3(3):177-185

Bi M et al (2005) ER stress-regulated translation increases tol-
erance to extreme hypoxia and promotes tumor growth. EMBO
J 24(19):3470-3481

Liu L et al (2006) Hypoxia-induced energy stress regulates
mRNA translation and cell growth. Mol Cell 21(4):521-531
Semenza GL (2001) Hypoxia-inducible factor 1: oxygen
homeostasis and disease pathophysiology. Trends Mol Med
7(8):345-350

Haase VH (2006) The VHL//HIF oxygen-sensing pathway and
its relevance to kidney disease. Kidney Int 69(8):1302—-1307
Liu L et al (2008) Hypoxia-inducible factor-la contributes to
hypoxia-induced chemoresistance in gastric cancer. Cancer Sci
99(1):121-128

Bertoli C, Skotheim JM, de Bruin RAM (2013) Control of cell
cycle transcription during G1 and S phases. Nat Rev Mol Cell
Biol 14(8):518-528

Swann MM (1957) The control of cell division: a review: 1.
General mechanisms. Cancer Res 17(8):727-757

Sengupta T et al (2011) Hypoxia-inducible factor 1 is activated
by dysregulated cyclin E during mammary epithelial morpho-
genesis. Mol Cell Biol 31(18):3885-3895

Grafia X, Garriga J, Mayol X (1998) Role of the retinoblastoma
protein family, pRB, p107 and p130 in the negative control of
cell growth. Oncogene 17(25):3365-3383

Classon M, Harlow E (2002) The retinoblastoma tumour suppres-
sor in development and cancer. Nat Rev Cancer 2(12):910-917
Krtolica A, Krucher NA, Ludlow JW (1998) Hypoxia-induced
PRB hypophosphorylation results from downregulation of CDK
and upregulation of PP1 activities. Oncogene 17(18):2295-2304
Weinberg RA (1995) The retinoblastoma protein and cell cycle
control. Cell 81(3):323-330

Simanis V, Nurse P (1986) The cell cycle control gene cdc2+ of
fission yeast encodes a protein kinase potentially regulated by
phosphorylation. Cell 45(2):261-268

Pavletich NP (1999) Mechanisms of cyclin-dependent kinase
regulation: structures of cdks, their cyclin activators, and cip
and INK4 inhibitors. J Mol Biol 287(5):821-828

Lolli G, Johnson LN (2005) CAK—cyclin-dependent activating
kinase: a key kinase in cell cycle control and a target for drugs?
Cell Cycle 4(4):565-570

Russell P, Nurse P (1987) Negative regulation of mitosis by weel+,
a gene encoding a protein kinase homolog. Cell 49(4):559-567
Donzelli M, Draetta GF (2003) Regulating mammalian check-
points through Cdc25 inactivation. EMBO Rep 4(7):671-677
Toyoshima H, Hunter T (1994) p27, a novel inhibitor of G1
cyclin-Cdk protein kinase activity, is related to p2l1. Cell
78(1):67-74

Aprelikova O, Xiong Y, Liu ET (1995) Both p16 and p21 fami-
lies of cyclin-dependent kinase (CDK) inhibitors block the
phosphorylation of cyclin-dependent kinases by the CDK-acti-
vating kinase. J Biol Chem 270(31):18195-18197

Afshari CA et al (1996) A role for a p21-E2F interaction dur-
ing senescence arrest of normal human fibroblasts. Cell Growth
Differ: Mol Biol J Am Assoc Cancer Res 7(8):979-988

Li Y et al (1994) Cell cycle expression and p53 regula-
tion of the cyclin-dependent kinase inhibitor p21. Oncogene
9(8):2261-2268

Yamada K et al (2013) Identification and functional charac-
terization of FMN2, a regulator of the cyclin-dependent kinase
inhibitor p21. Mol Cell 49(5):922-933

@ Springer

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Malumbres M, Barbacid M (2001) Milestones in cell division:
to cycle or not to cycle: a critical decision in cancer. Nat Rev
Cancer 1(3):222-231

Mill P et al (2005) Shh controls epithelial proliferation via
independent pathways that converge on N-Myc. Dev Cell
9(2):293-303

Dang CV et al (2008) The interplay between MYC and HIF in
cancer. Nat Rev Cancer 8(1):51-56

Adhikary S, Eilers M (2005) Transcriptional regulation and
transformation by Myc proteins. Nat Rev Mol Cell Biol
6(8):635-645

Gartel AL et al (2001) Myc represses the p21(WAF1/CIP1)
promoter and interacts with Spl/Sp3. Proc Natl Acad Sci
98(8):4510-4515

Mateyak MK, Obaya AJ, Sedivy JM (1999) c-Myc regu-
lates cyclin D-Cdk4 and -Cdké6 activity but affects cell cycle
progression at multiple independent points. Mol Cell Biol
19(7):4672-4683

Wu L et al (2001) The E2F1-3 transcription factors are essential
for cellular proliferation. Nature 414(6862):457—462

Moniz S, Biddlestone J, Rocha S (2014) Grow,: the HIF sys-
tem, energy homeostasis and the cell cycle. Histol Histopathol
29:589-600

Iida T et al (2002) Hypoxia-inducible factor-la induces cell
cycle arrest of endothelial cells. Genes Cells 7(2):143—-149
Koshiji M et al (2004) HIF-1a induces cell cycle arrest by func-
tionally counteracting Myc. EMBO J 23(9):1949-1956
Hackenbeck T et al (2009) HIF-1 or HIF-2 induction is suffi-
cient to achieve cell cycle arrest in NIH3T3 mouse fibroblasts
independent from hypoxia. Cell Cycle 8(9):1386-1395

Vietri M et al (2006) Direct interaction between the catalytic
subunit of protein phosphatase 1 and pRb. Cancer Cell Int
6(3):3

Goda N et al (2003) Hypoxia-inducible factor 1a is essential for
cell cycle arrest during hypoxia. Mol Cell Biol 23(1):359-369
Lim J-H et al (2006) Bafilomycin induces the p21-mediated
growth inhibition of cancer cells under hypoxic conditions
by expressing hypoxia-inducible factor-lo. Mol Pharmacol
70(6):1856-1865

Gardner LB et al (2001) Hypoxia inhibits G1/S transi-
tion through regulation of p27 expression. J Biol Chem
276(11):7919-7926

Culver C et al (2011) HIF-1a depletion results in SP1-mediated
cell cycle disruption and alters the cellular response to chemo-
therapeutic drugs. Cell Cycle 10(8):1249-1260

Bouchard C et al (1999) Direct induction of cyclin D2 by Myc
contributes to cell cycle progression and sequestration of p27.
EMBO J 18(19):5321-5333

Yang W et al (2001) Repression of transcription of the p27 Kipl
cyclin-dependent kinase inhibitor gene by c-Myc. Oncogene
20(14):1688-1702

Gordan JD et al (2007) HIF-2a promotes hypoxic cell prolif-
eration by enhancing c-myc transcriptional activity. Cancer Cell
11(4):335-347

Covello KL et al (2006) HIF-2a regulates Oct-4: effects of
hypoxia on stem cell function, embryonic development, and
tumor growth. Genes Dev 20(5):557-570

Elorza A et al (2012) HIF2a acts as an mTORCI1 activator
through the amino acid carrier SLC7AS. Mol Cell 48(5):681-691
Kulshreshtha R et al (2007) A MicroRNA signature of hypoxia.
Mol Cell Biol 27(5):1859-1867

Chan SY et al (2009) MicroRNA-210 controls mitochondrial
metabolism during hypoxia by repressing the iron—sulfur cluster
assembly proteins ISCU1/2. Cell Metab 10(4):273-284

Medina PP, Slack FJ (2008) microRNAs and cancer. Cell Cycle
7(16):2485-2492



Oxygen and cell cycle

3581

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Huang X et al (2009) Hypoxia-inducible mir-210 regulates nor-
moxic gene expression involved in tumor initiation. Mol Cell
35(6):856-867

Gee HE et al (2010) hsa-miR-210 is a marker of tumor hypoxia
and a prognostic factor in head and neck cancer. Cancer
116(9):2148-2158

Giannakakis A et al (2008) miR-210 links hypoxia with cell
cycle regulation and is deleted in human epithelial ovarian can-
cer. Cancer Biol Ther 7(2):255

Zhang Z et al (2009) MicroRNA miR-210 modulates cellular
response to hypoxia through the MYC antagonist MNT. Cell
Cycle 8(17):2756-2768

Young SD, Marshall RS, Hill RP (1988) Hypoxia induces DNA
overreplication and enhances metastatic potential of murine
tumor cells. Proc Natl Acad Sci 85(24):9533-9537

Hammond EM, Dorie MJ, Giaccia AJ (2003) ATR/ATM targets
are phosphorylated by ATR in response to hypoxia and ATM in
response to reoxygenation. J Biol Chem 278(14):12207-12213
Ding G et al (2013) HIF1-regulated ATRIP expression is required
for hypoxia induced ATR activation. FEBS Lett 587(7):930-935
Kastan MB, Bartek J (2004) Cell-cycle checkpoints and cancer.
Nature 432(7015):316-323

Hammond EM, Green SL, Giaccia AJ (2003) Comparison of
hypoxia-induced replication arrest with hydroxyurea and aphid-
icolin-induced arrest. Mut Res/Fundam Mol Mech Mutagen
532(1-2):205-213

Hubbi ME et al (2011) MCM proteins are negative regulators of
hypoxia-inducible factor 1. Mol Cell 42(5):700-712

Sclafani RA, Holzen TM (2007) Cell cycle regulation of DNA
replication. Annu Rev Genet 41(1):237-280

Blow JJ, Hodgson B (2002) Replication licensing—origin licens-
ing: defining the proliferative state? Trends Cell Biol 12(2):72-78
Hubbi ME et al (2013) A nontranscriptional role for HIF-
I{alpha} as a direct inhibitor of DNA replication. Sci Signal
6(262):ral0

Cheng J et al (2007) SUMO-specific protease 1 is essential for
stabilization of HIFla during hypoxia. Cell 131(3):584-595
Warfel NA et al (2013) CDKI1 stabilizes HIF-1alpha via direct
phosphorylation of Ser668 to promote tumor growth. Cell
Cycle 12(23):3689-3701

Birner P et al (2000) Overexpression of hypoxia-inducible fac-
tor la is a marker for an unfavorable prognosis in early-stage
invasive cervical cancer. Cancer Res 60(17):4693-4696
Schofield CJ, Ratcliffe PJ (2004) Oxygen sensing by HIF
hydroxylases. Nat Rev Mol Cell Biol 5(5):343-354

Luo W et al (2011) Pyruvate kinase M2 is a PHD3-stimulated
coactivator for hypoxia-inducible factor 1. Cell 145(5):732-744
Koditz J et al (2007) Oxygen-dependent ATF-4 stability is medi-
ated by the PHD3 oxygen sensor. Blood 110(10):3610-3617
Hiwatashi Y et al (2011) PHD1 interacts with ATF4 and neg-
atively regulates its transcriptional activity without prolyl
hydroxylation. Exp Cell Res 317(20):2789-2799

Rutkowski DT, Kaufman RJ (2003) All roads lead to ATF4. Dev
Cell 4(4):442-444

Ye J et al (2010) The GCN2-ATF4 pathway is critical for
tumour cell survival and proliferation in response to nutrient
deprivation. EMBO J 29(12):2082-2096

Xie L et al (2012) PHD3-dependent hydroxylation of
HCLK2 promotes the DNA damage response. J Clin Invest
122(8):2827-2836

Collis SJ et al (2007) HCLK2 is essential for the mammalian
S-phase checkpoint and impacts on Chkl stability. Nat Cell
Biol 9(4):391-401

Seth P et al (2002) Novel estrogen and tamoxifen induced genes
identified by SAGE (serial analysis of gene expression). Onco-
gene 21(5):836-843

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Zhang Q et al (2009) Control of cyclin D1 and breast tumo-
rigenesis by the EgIN2 prolyl hydroxylase. Cancer Cell
16(5):413-424

Moser SC et al (2013) PHD1 links cell-cycle progression to
oxygen sensing through hydroxylation of the centrosomal pro-
tein Cep192. Dev Cell 26(4):381-392

Joukov V et al (2010) Centrosomal protein of 192 kDa
(Cepl192) promotes centrosome-driven spindle assembly by
engaging in organelle-specific Aurora A activation. Proc Natl
Acad Sci USA 107(49):21022-21027

Sonnen KF et al (2013) Human Cep192 and Cep152 cooperate
in Plk4 recruitment and centriole duplication. J Cell Sci 126(Pt
14):3223-3233

Kim TS et al (2013) Hierarchical recruitment of Plk4 and regu-
lation of centriole biogenesis by two centrosomal scaffolds,
Cep192 and Cep152. Proc Natl Acad Sci USA 110(50):25
Duran RV et al (2013) HIF-independent role of prolyl hydrox-
ylases in the cellular response to amino acids. Oncogene
32(38):4549-4556

Chan DA et al (2009) Tumor vasculature is regulated by PHD2-
mediated angiogenesis and bone marrow-derived cell recruit-
ment. Cancer Cell 15(6):527-538

Ladroue C et al (2008) PHD2 mutation and congenital erythro-
cytosis with paraganglioma. N Engl J Med 359(25):2685-2692
Mamlouk S et al (2014) Loss of prolyl hydroxylase-2 in mye-
loid cells and T-lymphocytes impairs tumor development. Int J
Cancer 134(4):849-858

Wottawa M et al (2013) Knockdown of prolyl-4-hydroxylase
domain 2 inhibits tumor growth of human breast cancer MDA-
MB-231 cells by affecting TGF-f1 processing. Int J Cancer
132(12):2787-2798

Gnarra [ et al (1994) Mutations of the VHL tumour suppressor
gene in renal. Nat Genet 7:85-90

Giatromanolaki A et al (2003) Hypoxia-inducible factors lo
and 2a are related to vascular endothelial growth factor expres-
sion and a poorer prognosis in nodular malignant melanomas of
the skin. Melanoma Res 13(5):493-501

Thoma CR et al (2009) VHL loss causes spindle misorientation
and chromosome instability. Nat Cell Biol 11(8):994-1001
Wittmann T, Hyman A, Desai A (2001) The spindle: a
dynamic assembly of microtubules and motors. Nat Cell Biol
3(1):E28-E34

Schuyler SC, Wu YF, Kuan VJ (2012) The Mad1-Mad?2 balanc-
ing act—a damaged spindle checkpoint in chromosome insta-
bility and cancer. J Cell Sci 125(Pt 18):4197-4206

Martin B et al (2013) Identification of pVHL as a novel sub-
strate for Aurora-A in clear cell renal cell carcinoma (ccRCC).
PLoS One 8(6):e67071

Nikonova AS et al (2013) Aurora A kinase (AURKA) in normal
and pathological cell division. Cell Mol Life Sci 70(4):661-687
Chen Z et al (2006) Structural insights into histone demethyla-
tion by JMJD2 family members. Cell 125(4):691-702
Cockman ME et al (2009) Proteomics-based identification
of novel factor inhibiting hypoxia-inducible factor (FIH) sub-
strates indicates widespread asparaginyl hydroxylation of
ankyrin repeat domain-containing proteins. Mol Cell Proteom-
ics 8(3):535-546

Cockman ME, Webb JD, Ratcliffe PJ (2009) FIH-dependent
asparaginyl hydroxylation of ankyrin repeat domain-containing
proteins. Ann NY Acad Sci 1177(1):9-18

Pelletier J et al (2011) The asparaginyl hydroxylase factor-
inhibiting HIF is essential for tumor growth through suppres-
sion of the p53—p21 axis. Oncogene 31(24):2989-3001

Melvin A, Mudie S, Rocha S (2011) The chromatin remodeler
ISWI regulates the cellular response to hypoxia: role of FIH.
Mol Biol Cell 22(21):4171-4181

@ Springer



3582

B. Ortmann et al.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Kooistra SM, Helin K (2012) Molecular mechanisms and
potential functions of histone demethylases. Nat Rev Mol Cell
Biol 13(5):297-311

Tsukada Y-I (2012) Hydroxylation mediates chromatin demeth-
ylation. J Biochem 151(3):229-246

Hayes JJ, Hansen JC (2001) Nucleosomes and the chromatin
fiber. Curr Opin Genet Dev 11(2):124-129

Lleres D et al (2009) Quantitative analysis of chromatin
compaction in living cells using FLIM-FRET. J Cell Biol
187(4):481-496

Cedar H, Bergman Y (2009) Linking DNA methylation and
histone modification: patterns and paradigms. Nat Rev Genet
10(5):295-304

Martin C, Zhang Y (2005) The diverse functions of histone
lysine methylation. Nat Rev Mol Cell Biol 6(11):838-849
Santos-Rosa H et al (2002) Active genes are tri-methylated at
K4 of histone H3. Nature 419(6905):407-411

Varier RA, Timmers H (2011) Histone lysine methylation and
demethylation pathways in cancer. Biochim Biophys Acta
(BBA)—Rev Cancer 1815(1):75-89

Xia X et al (2009) Integrative analysis of HIF binding and
transactivation reveals its role in maintaining histone methyla-
tion homeostasis. Proc Natl Acad Sci 106(11):4260-4265
Melvin A, Rocha S (2012) Chromatin as an oxygen sensor and
active player in the hypoxia response. Cell Signal 24(1):35-43
Xiao M et al (2012) Inhibition of a-KG-dependent histone and
DNA demethylases by fumarate and succinate that are accumu-
lated in mutations of FH and SDH tumor suppressors. Genes
Dev 26(12):1326-1338

Tsukada Y-I et al (2006) Histone demethylation by a family of
JmjC domain-containing proteins. Nature 439(7078):811-816
Wagner KW et al (2013) KDM2A promotes lung tumorigenesis
by epigenetically enhancing ERK1/2 signaling. J Clin Investig
123(12):5231

Pokholok DK et al (2005) Genome-wide map of nucleosome
acetylation and methylation in yeast. Cell 122(4):517-527

Xiao T et al (2003) Phosphorylation of RNA polymerase Il CTD
regulates H3 methylation in yeast. Genes Dev 17(5):654-663
Mikkelsen TS et al (2007) Genome-wide maps of chroma-
tin state in pluripotent and lineage-committed cells. Nature
448(7153):553-560

Li F et al (2013) The histone Mark H3K36me3 regulates human
DNA mismatch repair through its interaction with MutSa. Cell
153(3):590-600

Frescas D et al (2008) KDM2A represses transcription of cen-
tromeric satellite repeats and maintains the heterochromatic
state. Cell Cycle 7(22):3539-3547

Gao R et al (2013) Depletion of histone demethylase KDM2A
inhibited cell proliferation of stem cells from apical papilla by
de-repression of p15SINK4B and p27Kipl. Mol Cell Biochem
379(1-2):115-122

Tuchi S, Green H (2012) Lysine-specific demethylase 2A
(KDM2A) normalizes human embryonic stem cell derived
keratinocytes. Proc Natl Acad Sci 109(24):9442-9447

He J et al (2008) The H3K36 demethylase Jhdm1b/Kdm2b reg-
ulates cell proliferation and senescence through p15Ink4b. Nat
Struct Mol Biol 15(11):1169-1175

Cho HS et al (2012) The JmjC domain-containing histone dem-
ethylase KDM3A is a positive regulator of the G1/S transition
in cancer cells via transcriptional regulation of the HOXA1
gene. Int J Cancer 131(3):E179-E189

@ Springer

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Krieg AJ et al (2010) Regulation of the histone demethylase
JMIJD1A by hypoxia-inducible factor 1o enhances hypoxic gene
expression and tumor growth. Mol Cell Biol 30(1):344-353
Berry WL, Janknecht R (2013) KDM4/JMJD2 histone dem-
ethylases: epigenetic regulators in cancer cells. Cancer Res
73(10):2936-2942

Black JC et al (2010) Conserved antagonism between
JMID2A/KDM4A and HP1y during cell cycle progression. Mol
Cell 40(5):736-748

Van Rechem C et al (2011) The SKP1-Cull-F-box and leucine-
rich repeat protein 4 (SCF-FbxL4) ubiquitin ligase regulates
lysine demethylase 4A (KDM4A)/Jumonji domain-containing
2A (JMID2A) protein. J Biol Chem 286(35):30462-30470
Toyokawa G et al (2011) The histone demethylase JMJD2B
plays an essential role in human carcinogenesis through posi-
tive regulation of cyclin-dependent kinase 6. Cancer Prev Res
4(12):2051-2061

Kim J-G et al (2012) Histone demethylase JMJD2B-mediated
cell proliferation regulated by hypoxia and radiation in gastric
cancer cell. Biochim Biophys Acta (BBA)—Gene Regul Mech
1819(11):1200-1207

Chen L et al (2014) Jumonji domain-containing protein 2B
silencing induces DNA damage response via STAT3 pathway in
colorectal cancer. Br J Cancer 110:1014-1026

Liu G et al (2009) Genomic amplification and oncogenic prop-
erties of the GASCI histone demethylase gene in breast cancer.
Oncogene 28(50):4491-4500

Luo W et al (2012) Histone demethylase JMJD2C is a coacti-
vator for hypoxia-inducible factor 1 that is required for breast
cancer progression. Proc Natl Acad Sci 109(49):E3367-E3376
Barradas M et al (2009) Histone demethylase JMJD3 contrib-
utes to epigenetic control of INK4a/ARF by oncogenic RAS.
Genes Dev 23(10):1177-1182

Agger K et al (2007) UTX and JMJD3 are histone H3K27 dem-
ethylases involved in HOX gene regulation and development.
Nature 449(7163):731-734

Agger K et al (2009) The H3K27me3 demethylase JMJD3 con-
tributes to the activation of the INK4A—ARF locus in response
to oncogene-and stress-induced senescence. Genes Dev
23(10):1171-1176

Hsia DA et al (2010) KDMS, a H3K36me?2 histone demethylase
that acts in the cyclin Al coding region to regulate cancer cell
proliferation. Proc Natl Acad Sci 107(21):9671-9676

Ishimura A et al (2012) Jmjd5, an H3K36me?2 histone demethy-
lase, modulates embryonic cell proliferation through the regula-
tion of Cdknla expression. Development 139(4):749-759
Suzuki T et al (2006) Tumor suppressor gene identification
using retroviral insertional mutagenesis in Blm-deficient mice.
EMBO J 25(14):3422-3431

Xu D et al (2010) PIk3 functions as an essential component of
the hypoxia regulatory pathway by direct phosphorylation of
HIF-1alpha. J Biol Chem 285(50):38944-38950

Mylonis I et al (2006) Identification of MAPK phosphorylation
sites and their role in the localization and activity of hypoxia-
inducible factor-1alpha. J Biol Chem 281(44):33095-33106
Cam H et al (2010) mTORCI signaling under hypoxic condi-
tions is controlled by ATM-dependent phosphorylation of HIF-
lalpha. Mol Cell 40(4):509-520

Karapetsas A et al (2011) Biochemical and molecular analysis of
the interaction between ERK2 MAP kinase and hypoxia induc-
ible factor-1alpha. Int J Biochem Cell Biol 43(11):1582-1590



	Cell cycle progression in response to oxygen levels
	Abstract 
	The HIF system
	The cell cycle
	HIF-dependent control of the cell cycle
	Cell cycle-dependent control HIF
	The role of PHDs in the cell cycle
	The role of VHL and mitosis
	Additional cellular oxygen sensors and the cell cycle
	FIH
	JmjC

	Conclusions
	References


