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Abstract

The cellular response to oxygen deprivation is governed largely by a family of transcription
factors known as Hypoxia Inducible Factors (HIFs). This review focuses on the molecular
mechanisms by which HIFs regulate the transcriptional apparatus to enable the cellular and
organismal response to hypoxia. We discuss here how the various HIF polypeptides, their post-
translational modifications, binding partners and transcriptional cofactors affect RNA polymerase
Il activity to drive context-dependent transcriptional programs during hypoxia.
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The cellular adaptation to hypoxia sustains the growth of rapidly proliferating tissues such as
developing embryos and solid tumors. Many of the cellular responses to a hypoxic
environment are orchestrated by a group of DNA binding proteins known as Hypoxia
Inducible Factors (HIFs). These transcription factors induce the expression of genes that
mediate a metabolic rewiring of the hypoxic cell, induce formation of new blood vessels
around the hypoxic tissue, and can promote cell survival in this scenario. Consequently,
HIFs are essential for embryonic development, but also exploited by cancer cells during the
progression of many solid tumors (lyer et al., 1998a, Ryan et al., 1998, Tian et al., 1998,
Compernolle et al., 2002, Scortegagna et al., 2003, Tang et al., 2004, Koh et al., 2008b,
Wong et al., 2011, Huang et al., 2013). More recently, activation of HIFs in fat adipose
tissue was implicated in the development of dietary obesity, a key risk factor for type Il
diabetes (Krishnan et al., 2012). HIFs have also been linked to other pathologies, such as
atherosclerosis, pulmonary hypertension and abdominal aortic aneurysm formation
(Erdozain et al., 2011, Semenza, 2012a). Thus, a detailed understanding of the molecular
mechanism of action of HIFs will advance multiple areas of biomedical research. This
review focuses on the available knowledge about the molecular mechanisms by which HIFs
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regulate gene expression at the transcriptional level, with the goal of identifying key venues
of future research.

1. The HIF family of transcription factors

HIFs are basic helix-loop-helix DNA binding proteins of the PER-ARNT-SIM family
(bHLH-PAS). These transcription factors function as heterodimers composed of an oxygen-
regulated alpha subunit and a stably expressed beta subunit (Semenza and Wang, 1992,
Wang et al., 1995, Tian et al., 1997, Gu et al., 1998). In mammals, the alpha subunits are
encoded by three genes: HIF1A, EPASL (also known as and referred to hereafter as HIF2A),
and HIF3A (Ema et al., 1997, Gu et al., 1998, lyer et al., 1998b). Under conditions of
normal oxygen tension, the alpha subunits are hydroxylated at key proline and asparagine
residues, which inhibits their transactivation function and targets them for proteasomal
degradation (Huang et al., 1998, O'Rourke et al., 1999, Ivan et al., 2001, Jaakkola et al.,
2001, Mahon et al., 2001, Lando et al., 2002a, Lando et al., 2002b). The HIF1 beta subunits
(HIF1B), also known as aryl hydrocarbon receptor nuclear translocators (ARNT), are
encoded by two genes ARNT1 and ARNT2. HIF1B is stably expressed and is also an obligate
partner for the aryl hydrocarbon receptor (AHR) (Hoffman et al., 1991, Wang et al., 1995,
Mclntosh et al., 2010).

Upon hypoxia, the HIF alpha subunits are stabilized and accumulate in the nucleus, where
they dimerize with HIF1B, allowing them to bind to DNA and stimulate the transcription of
their target genes. This allows the coordinate activation of genes essential in the adaptive
response to hypoxia including pathways that decrease the cellular demand for O, and
increase O, delivery and tissue re-oxygenation (Majmundar et al., 2010, Greer et al., 2012).
For example, the first HIF target gene identified was erythropoietin (EPO), a glycoprotein
hormone that stimulates the generation of new red blood cells, thereby increasing O,
delivery. Investigation of the induction of EPO in response to hypoxia led to the
identification of HIF1 as a factor binding to an enhancer in the 3’ region of this gene
(Semenza and Wang, 1992). In a waterfall of subsequent publications, Semenza and
colleagues further characterized HIF1A as a bHLH-PAS transcription factor, determined its
dimerization partner, HIF1B, and demonstrated that the DNA binding activity of HIF1A
under hypoxia was a general cellular response to decreased oxygen tension (Wang and
Semenza, 1993b, Wang and Semenza, 1993a, Wang et al., 1995, Wang and Semenza, 1995).
The discovery of a second oxygen-sensitive nuclear factor by multiple independent groups
followed soon thereafter. HIF2A shares high sequence homology with HIF1A and functions
in a similar manner. HIF2A also dimerizes with HIF1B upon hypoxic induction and
stimulates the expression of a distinct set of target genes (Ema et al., 1997, Flamme et al.,
1997, Tian et al., 1997). Although identified via homology searches for additional bHLH-
PAS and HIF-related proteins, the third known alpha subunit, HIF3A displays less similarity
as well as distinct functional characteristics compared to HIF1A and HIF2A (Gu et al., 1998,
Makino et al., 2001). Interestingly, there are at least six HIF3A splicing variants and these
display variable oxygen-sensitivity, ability to dimerize with HIF1B, and differing
transcription regulatory functions (Makino et al., 2002, Maynard et al., 2003, Pasanen et al.,
2010, Heikkild et al., 2011). The splice variant HIF3A4 is highly similar in sequence and
function to the murine Inhibitory PAS domain protein 1 (IPAS). Notably, this variant is
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neither oxygen-sensitive nor possesses transactivation capacity but rather acts as a dominant
negative regulator of hypoxia-induced HIF gene expression by sequestering HIF1A to
prevent HIF1B dimerization and DNA binding (Makino et al., 2002, Maynard et al., 2005).

Domain organization of the HIF polypeptides

Overall, the HIF family possesses a conserved protein domain structure (Figure 1). The three
alpha isoforms as well as HIF1B carry an amino-terminal bHLH that is necessary for DNA
binding as well as PAS-A and PAS-B domains that are required for heterodimerization.
Both the bHLH and PAS domains exhibit strong sequence and functional conservation
among the HIFs. In fact, while the PAS domains between HIF1A and HIF2A exhibit
approximately 70% identity, their bHLH domains share 85% identity with the basic region
consisting of almost identical sequences. Consequently, HIF1A and HIF2A are able to bind
indistinguishable DNA sequences (Tian et al., 1997). Comparatively, the bHLH and PAS
domains of HIF3A (common to most isoforms) share only 74% and 52-58% identity with
HIF1A and HIF2A, respectively, which reveals the more divergent nature of this paralog
(Hara et al., 2001).

HIF1A and HIF2A also carry N- and C-terminal transactivation domains (N-TAD and C-
TAD) that are required for activation of HIF target genes. Oxygen-dependent degradation
domains (ODD) within the alpha subunits confer oxygen-regulated turnover and overlap the
N-TADs (Jiang et al., 1996, Jiang et al., 1997, Huang et al., 1998, O'Rourke et al., 1999,
Lendahl et al., 2009). The ODD is a highly conserved domain that controls the activity and
stability of the alpha subunits, as it contains the key asparagine (N) and proline (P) residues
targeted for hydroxylation in normoxic conditions. As explained below, these hydroxylation
events effectively shut down the HIF transcriptional program.

Many of the various HIF3A splicing isoforms carry an N-TAD but lack a C-TAD with
several harboring a C-terminal leucine zipper motif of unknown function (Maynard et al.,
2003, Pasanen et al., 2010). Although the HIF3A splicing variants have been shown to
physically associate with HIF1A, HIF2A, and HIF1B (Heikkila et al., 2011) and many
variants were found to reduce activity of HRE reporters, HIF3A1 has been shown to weakly
transactivate target genes (Yamashita et al., 2008, Huang et al., 2013). Interestingly, the
negative regulation was only apparent under HIF1B-limiting conditions suggesting that their
negative function requires competition with HIF1A or HIF2A. The best-characterized
isoform, HIF3A4 lacks the known transactivation domains and acts as a negative regulator
of HIF1A (Makino et al., 2001, Maynard et al., 2005). HIF3A4 is thought to be expressed in
specific tissues, such as corneal lens epithelium, that require stringent inhibition of
neovascularization upon hypoxia (Makino et al., 2001).

The presence of two distinct TADs confers the alpha subunits with both common and unique
regulatory properties. Although the C-TAD exhibits the highest degree of sequence
divergence, it acts to regulate the transactivation of target genes common to both HIF1A and
HIF2A through coactivator recruitment (Ema et al., 1999, Dayan et al., 2006, Hu et al.,
2007). On the other hand, the N-TADs of HIF1A and HIF2A confer target gene selectivity
between these two family members and this could be explained by the action of distinct
transcriptional cofactors recognizing the N-TAD of HIF1A versus HIF2A (see the following
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section HIF Transcriptional Cofactors for further discussion)(Aprelikova et al., 2006, Hu et
al., 2007).

Post-translational modifications of HIFs

Under normoxic conditions, HIF alpha subunits are continually transcribed and translated.
Sufficient oxygen tension however leads to their proteasomal degradation. In normoxia, a
family of prolyl-4-hydroxylases (PHD1-4), most prominently PHD2 (also known as
EGLNZ1), hydroxylate the oxygen-sensitive alpha subunits (Berra et al., 2003, Appelhoff,
2004, Landazuri et al., 2006, Koivunen et al., 2007). The PHDs require iron, a-
ketoglutarate, ascorbate and molecular oxygen in order to modify conserved proline residues
(Pro-402 and Pro-564 in HIF1A; Pro-405 and Pro-531 in HIF2A,; Pro-492 in HIF3A; Figure
1) (Ivan et al., 2001, Jaakkola et al., 2001). These prolines all exist within LXXLAP motifs
found in the ODDs of HIF1A, HIF2A, and HIF3A (Masson et al., 2001, Maynard et al.,
2003). Notably, some HIF3A isoforms contain only a single prolyl hydroxylation site, while
others are missing this region entirely and are therefore not subject to regulation in response
to oxygen. Proline hydroxylation allows binding of the von Hippel Lindau (VHL) E3
ubiquitin ligase complex, which poly-ubiquitinates the alpha subunits triggering their
degradation by the proteasome (Huang et al., 1998, Ohh et al., 2000, Tanimoto et al., 2000,
Foxler et al., 2012). It is worth mentioning that PHD2 and PHD3 (EGLN3) are HIF target
genes, which sets up possibly negative feedback loops within the network.

HIF1A and HIF2A are subject to an additional regulatory hydroxylation. An enzyme known
as Factor Inhibiting HIF (FIH) hydroxylates an asparagine (Asn-803 for HIF1A, Asn-847
for HIF2A) within the C-TADs of HIF1A and HIF2A, thereby disrupting the transactivation
potential of these factors (Figure 1) (Mahon et al., 2001, Lando et al., 2002a, Lando et al.,
2002b). The mechanism by which this hydroxylation inhibits HIF transactivation appears to
be by interfering with the binding of cofactors to the C-TAD. For example, it has been
shown that the interaction between the C-TAD and CBP/p300 involves conformational
changes that bury this asparagine deep within the binding interface explaining how
hydroxylation is able to block the CBP/p300 interaction (Dames et al., 2002, Freedman et
al., 2003). Importantly, FIH has a lower K, for oxygen than the PHDs, meaning that it is
able to maintain activity at lower oxygen tensions and suggesting that even upon
stabilization, HIFs are subject to oxygen-dependent regulation of their activities. Notably,
FIH appears to more efficiently hydroxylate HIF1A than HIF2A (Koivunen et al., 2004,
Bracken et al., 2006).

Multiple oxygen-independent mechanisms can also lead to HIF stabilization. Importantly,
growth factor signaling results in stabilized HIF due to the activation of mammalian target
of rapamycin (mTOR) and a subsequent increase in the rate of HIF translation (Laughner et
al., 2001). As a result, the abundance of HIF alpha proteins rises disproportionately to
PHDs, thus leading to stabilized HIF proteins. Additionally, various metabolites such as
fumarate and succinate inhibit PHDs often by deregulating their enzymatic activity or
outcompeting them for necessary cofactors, including iron and ascorbate (Salnikow et al.,
2004). Nutrient conditions have also been found to regulate HIF stability independent of
oxygen tension. For example, accumulation of lactate and pyruvate has been found to result
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in oxygen-independent HIF stabilization (Lu et al., 2002). Additionally, it has been shown
that low glucose conditions led to increased expression of HIFA target genes in HIF1A +/+
but not HIF1A —/- embryonic stem (ES) cells (Carmeliet et al., 1998). Notably, the effect of
nutrient conditions on HIFA stability may be dependent on genetic background. In non-
tumor cell lines, low glucose conditions were found to increase HIF1A stabilization (Dehne,
2010), whereas in cancer cells high glucose levels resulted in stabilized HIF1A (Lu et al.,
2005).

Several additional proteins associated with E3 ubiquitin ligase activity, including receptor of
activated protein kinase C (RACK1), carboxyl terminus of Hsp70-interacting protein (CHIP)
and hypoxia-associated factor (HAF), also regulate the stability of alpha subunits via
ubiquitination and proteasomal degradation; however, they do so independently of oxygen
tension (Liu et al., 2007, Koh et al., 2008a, Luo et al., 2010). For example, Bento and
colleagues discovered that in the presence of high glucose concentrations, the accumulation
of methylglyoxal results in the O,/PHD/VHL-independent degradation of HIF1A by Hsp70-
associated recruitment of CHIP (Bento et al., 2010). In proliferating cells, HAF ubiquitinates
HIF1A, but not HIF2A, targeting it for destruction regardless of oxygen tension (Koh et al.,
2008a). It remains to be defined if these proteins simply regulate HIF stability or directly
modulate transactivation function.

Phosphorylation of HIFLA and HIF2A subunits has been demonstrated to enhance
transactivation of target genes by either disrupting interaction with VHL and thereby
stabilizing HIF, or by increasing the affinity of HIF for transcriptional coactivators (Richard
et al., 1999). Hypoxia-induced phosphorylation by casein kinase Il (CKII) has been
demonstrated in the C-TAD at conserved threonine residues (Thr796 for HIF1A, Thr844 for
HIF2A) and mutation of these residues decreased reporter activity, possibly by increasing
HIF1A affinity for FIH (Conrad et al., 1999, Gradin et al., 2002, Lancaster et al., 2004, Cho
et al., 2007). HIF1A phosphorylation also seems to be regulated in a cell type- and stimulus-
specific fashion. In endothelial cells, distinct kinases phosphorylate HIF1A dependent on the
duration of hypoxia. In response to acute hypoxia (1% O5), ERK1 directly phosphorylates
the C-terminal domain of HIF1A (Ser-641 and Ser-643). These modifications mask a
nuclear export signal leading to increased nuclear accumulation and transcriptional activity
(Mylonis et al., 2006). Interestingly, in response to intermittent hypoxia (1 hr 1% O,
followed by 30 min re-oxygenation), PKA (protein kinase A) phosphorylates HIF1A even
though both ERK isoforms (p42/p44) are activated and capable of phosphorylation in this
setting (Minet et al., 2000, Toffoli et al., 2007).

Other phosphorylation events however lead to decreased HIF stability or activity. For
example, casein kinase 1 (CKIl), a constitutively active monomeric enzyme that regulates
proteins involved in cellular proliferation, differentiation and circadian rhythm,
phosphorylates HIF1A within the PAS-B domain (Ser-247) inhibiting its ability to associate
with ARNT, thus decreasing HIF1A induced gene expression (Knippschild et al., 2005,
Kalousi et al., 2010). Negative regulation of HIF1A also occurs by glycogen synthase kinase
3P (GSK3p) downstream of AKT/PI3K signaling under longer periods of hypoxia (Mottet et
al., 2003). GSK3p phosphorylates HIF1A at several serine residues within the ODD (Figure
1; Ser551, 555, and 589) leading to decreased HIF1A stability and degradation by the
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proteasome in a VHL-independent manner (Flligel et al., 2007). Similarly, polo-like kinase 3
(PLK3), an important regulator of cell cycle progression, destabilizes HIF1A by
phosphorylation at Ser576 and 659 (Xu et al., 2010).

S-Nitrosylation is the redox-related addition of nitric oxide (NO) moiety to sulfhydryl
groups and is implicated in many pathologic and physiologic responses (Foster et al., 2003).
S-nitrosylation of HIF1A at Cys-800 appears to increase the transcriptional activity of the
protein (Yasinska and Sumbayev, 2003), however the addition of a polar NO group to this
buried residue may disrupt the interaction between HIF1A and the coactivators CBP/p300
(Cho et al., 2007). It is possible that this modification increases the transcriptional output
independently of CBP/p300 such as by interaction with other coactivators. Similarly, the
effect of HIF1A sumoylation is a matter of debate (NUfiez-O'Mara and Berra, 2013).
Analyses by different groups report sumoylation at the same residues, Lys-391 and Lys-477,
by RanBP2; however, they disagree on whether these modifications enhance or disrupt the
transactivation potential of HIF1A (Bae et al., 2004, Berta et al., 2007).

Acetylation status appears to regulate HIF1A and HIF2A both positively and negatively.
Several investigations of HIFA protein acetylation demonstrate that acetylation can have
different downstream effects depending on the location of the modified residue. Geng et al.
(2011) have linked acetylation of amino-terminal HIF1A lysines (K9, K10, K11, K19 and
K21) to decreased protein stability and impaired activation of a subset of HIF1A target
genes. Correspondingly, de-acetylation of these residues by HDAC4 appears to increase
HIFL1A protein levels and increase activation of target genes (Geng et al, 2011).

Conversely, acetylation of lysines located in the carboxy-terminal region of HIF1A (K674
and K709) boosts HIF1A protein levels and enhances target gene activation by distinct
mechanisms (Lim et al, 2010, Geng et al, 2012). The p300/CBP-associated factor (PCAF)
can acetylate K674 of HIF1A leading to increased HIF1A protein levels and binding of the
transcriptional co-activator p300, and to enhanced transactivation of certain HIF1A target
genes (Lim et al, 2010). Acetylation of K709 was shown to require the acetyl-transferase
activity of p300 (Geng et al, 2012). As this residue is also subject to poly-ubiquitination, the
positive effect of acetylation could be explained by blocking degradation of HIF1A.

Lysine acetylation of HIF1A at K532 has been demonstrated (Xenaki et al., 2008, Jeong et
al., 2002) but remains controversial. Jeong et al. (2002) found that the protein acetyl-
transferase ARDL1 directly interacted with HIFLA ODD to modify K532 in an oxygen-
dependent manner. In an in vitro pull-down assay, acetylation of the HIFLA ODD produced
an enhanced association with VHL, and resulted in decreased HIF1A protein stability. The
authors posit acetylation at K532 as necessary for maximal degradation of HIF1A under
normoxia (Jeong et al, 2002). However several other groups have failed to detect acetylation
of K532, even in the same cell lines (Arnesen et al., 2005, Murray-Rust et al., 2006, Zhong
etal., 2010).

HIF2A can be acetylated at K385, K685, and K741 but there is contradictory evidence
concerning the role of these modifications. It has been reported that in Hep3B cells, CBP
modifies these residues under hypoxic conditions resulting in increased EPO gene
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expression (Chen et al., 2012). In contrast, deacetylation of these residues by the redox-
sensitive Sirtuinl (SIRT1) was also found to augment the transcriptional activity of HIF2A
target genes (Dioum et al., 2009). Furthermore, deacetylation by SIRT1 at K674 was shown
to have a repressive effect on HIF1A transcriptional regulation (Lim et al., 2010). Clearly,
much work remains in order to clearly define the role that many of these acetylation events
play in the regulation of both HIF protein stability and transcriptional activity.

2. The HIF transcriptional program

The hypoxia response element

Upon translocation to the nucleus, HIF-A/B heterodimers bind the core consensus sequence
5’-(A/G)CGTG-3’ within the hypoxia-response element (HRE). Although the HRE
consensus sequence is highly abundant across the genome, less than 1% of potential sites are
bound by HIFs in response to hypoxia, as demonstrated by a number of recent genome-wide
analyses of HIF chromatin occupancy (Schodel et al. , 2011, Mole et al. , 2009, Xia and
Kung, 2009, Schddel et al., 2013). These analyses revealed that bound HREs showed a
general preference for A over G at position one and T at the position immediately upstream
of the core HRE (Wenger et al., 2005, Mole et al., 2009, Xia and Kung, 2009, Schédel et al.,
2011). However, no other features of the sequences surrounding the core HRE were
identified at the HIF-bound sites, suggesting that there are determinants other than DNA
sequence contributing to HIF binding.

In addition to the core HRE, the promoters of several well-established and newly identified
HIF1A target genes possess an inverted, imperfect repeat of the HRE (5’-CAGGT-3’)
known as the HIF ancillary sequence (HAS). Using site-directed mutagenesis and luciferase-
based reporter assays, Kimura and colleagues demonstrated that alteration or deletion of this
sequence severely compromised VEGF and EPO reporter induction in response to hypoxia
or nitric oxide (Kimura et al., 1999, Kimura et al., 2001). Interestingly, a spacing
requirement of 8-9 nucleotides downstream of the HRE is necessary for the HAS to manifest
a functional effect. Other than this, the function of the HAS remains unknown (Zagorska,
2004, Wenger et al., 2005).

Functional HREs tend to localize at the proximal promoters of target genes, though they
may also act over long-range distances. Importantly, HIFs appear to preferentially bind
HRESs within regions of permissive chromatin that display DNAse | hypersensitivity,
RNAPII enrichment, histone modifications and basal transcriptional activity under normoxic
conditions (Mole et al., 2009, Xia and Kung, 2009, Schodel et al., 2011, Galbraith et al.,
2013). This may enable the HIF proteins to mount a rapid transcriptional response upon their
stabilization by hypoxia and may also explain cell type-specific activation of HIF target
genes. This phenomenon appears to be widespread, and has been demonstrated for other
stimulus-responsive transcription programs (Gilchrist et al., 2008, Espinosa, 2010, Rahl et
al., 2010). Additional regulatory mechanisms must be at work however as only a small
percentage of consensus sequences at so-called “permissive loci” are bound by HIF during
hypoxia (Xia and Kung, 2009, Schodel et al., 2013).
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Functional interplay between HIFs and other transcription factors

Sequence analysis of regions surrounding functional HREs revealed motifs characteristic of
other transcription factors, including FOS, CREB, CEBPB, NFY, MIF and E2F among
others, suggesting that a functional interplay among DNA-binding proteins may qualify the
HIF transcriptional response (Mole et al., 2009, Villar et al., 2012). Indeed, functional
analysis testing this notion in a cervical carcinoma cell line (HeLa) revealed that
cooperativity of transcription factors with HIF1A fine-tunes the expression of HIF target
genes. Utilizing luciferase reporter assays, the authors compared the induction of well-
characterized HIF1A target genes in response to hypoxia when either the HRE or
neighboring transcription factor binding sites were mutated. While altering the HRE
completely abrogated the transcriptional response, modification of cooperative transcription
factor binding sites tested significantly reduced the transcriptional output (Villar et al.,
2012). This indicates that HIFLA may stimulate transcription either by means of cooperative
DNA binding or cooperative recruitment of coactivators. Along these lines, a recent
investigation by Pawlus and colleagues demonstrated that STAT3 functions cooperatively
with HIF1A to recruit RNAPII to HIF1A target genes, including VEGF, CA9, and PGK1
(Pawlus et al., 2013). Several reports indicate that HIF2A also functions through partnership
with other DNA binding proteins, such as USF, SP1, and ELK acting at the same enhancer
(Hu et al., 2007, Salnikow et al., 2008, Wang et al., 2010b, Koizume et al., 2012, Pawlus et
al., 2012). Several studies have revealed cell type-specific HIF-dependent gene expression
profiles (Chi et al., 2006, Warnecke et al., 2008, Xia and Kung, 2009, Ortiz-Barahona et al.,
2010), thus highlighting the importance of contributions by other transcription factors acting
with HIFs. Consequently, their availability and/or activation may in part explain the variable
nature of the HIF transcriptional program (Pawlus and Hu, 2013).

Interestingly, HIF1A has been shown to contribute to transcriptional control independently
of its DNA binding activity, working instead in partnership with other DNA binding
proteins to affect other cellular pathways. Both HIF and Notch signaling are known to
inhibit differentiation of certain cell types (Fortini, 2009, Guruharsha et al., 2012) and
several lines of evidence suggest that they are able to work together. The Notch intracellular
domain (ICD) is stabilized during hypoxia and HIF1A appears to act as a coactivator at the
Notch target genes HEY and HESin mouse cells (Gustafsson et al., 2005). The Notch ICD
interacts with the N-terminal region of HIF1A, but the C-TAD is required for coactivation.
HIF1A recruitment to the HES promoter was observed only upon both Notch activation and
hypoxia. Furthermore, HIFLA DNA binding is probably not required as a synthetic Notch-
responsive promoter without HRES was strongly activated in the presence of HIF1A.

Several additional observations demonstrate further crosstalk of hypoxia and Notch
signaling. The APH-1A component of y-secretase, the protease that releases the Notch ICD,
is itself a HIF1A target gene (Wang et al., 2006). Furthermore, FIH interacts with and
hydroxylates the Notch ICD (Gustafsson et al., 2005, Zheng et al., 2008), which inhibits
Notch signaling resulting in accelerated cell differentiation. Finally, FIH appears to have a
higher affinity for Notch ICD than for HIF1A, suggesting that the ability of Notch signaling
to enhance HIF1A binding and transactivation during differentiation and in tumors may be
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partly due to sequestration of FIH (Bhattacharya et al., 1999, Sahlgren et al., 2008, Zheng et
al., 2008).

Dang et al. have recently reported that HIF1A can also act as a coactivator for RORyt, an
important regulator of pro-inflammatory Ty17 cells, and is important for increased
expression of key genes under hypoxic conditions (Dang et al., 2011). A HIF1A mutant
unable to bind DNA retained the ability to induce an IL-17 promoter reporter. HIF1A and
RORyt were shown to physically interact with each other and HIF1A was recruited along
with RORqyt to the IL-17 and CNS2 promoters, suggesting that HIF1A is recruited by RORyt
rather than by direct DNA binding. The authors also observed concurrent recruitment of
p300 and increased histone H3 and H4 acetylation. A HIFLA C-TAD deletion was unable to
coactivate the IL-17 promoter reporter, and although this was taken to indicate that HIF1A
functions by recruiting p300, it is important to point out that this region also exhibits a
strong interaction with CDK8-Mediator (Galbraith et al., 2013).

The HIF target genes

The HIFs regulate target genes in diverse biological pathways. Many of the most prominent
and well-characterized targets are involved in the regulation of oxygen supply and
utilization via angiogenesis and metabolic reprogramming. In order to coordinate the most
efficient use of oxygen by the cell, HIFs activate genes central to a metabolic rewiring that
shifts energy dependence away from high oxygen demand and towards glycolysis. The
genes encoding essentially all glycolytic enzymes are directly upregulated by HIFs (Figure
2) (Benita et al., 2009, Semenza, 2012b). HIFs also regulate targets that increase the
distribution of the available oxygen supply such as EPO, VEGF and its receptors FLT1 and
FLK1, as well as END1 and ANGPT1 (Takeda et al., 2004).

In addition to pathways important for maintaining oxygen homeostasis however are HIF
targets involved in autophagy, apoptosis, redox homeostasis, inflammation and immunity,
stemness and self-renewal, and metastasis and invasion (Figure 2; (Wenger et al., 2005, Chi
et al., 2006, Mole et al., 2009, Semenza, 2012b). HIFs regulate several genes that confer
stemness properties including the well-known OCT4 (POU5F1), as well as many genes that
are involved in epithelial to mesenchymal transition (EMT) during development and utilized
by cancer cells in metastasis and invasion such as LOX, MMP1 and TWIST (Petrella et al.,
2005, Covello et al., 2006, Erler et al., 2006, Yang et al., 2008, Semenza, 2012,). For a more
in-depth perspective, we refer readers to several other reviews of the HIF transcriptional
program (Wenger et al., 2005, Keith and Simon, 2007, Tsai and Wu, 2012).

HIF1A versus HIF2A target gene selectivity

Though HIF1A and HIF2A are able to bind the same consensus sequence, their target genes
can differ in a context-dependent manner. The selectivity of HIF1A versus HIF2A target
genes may be driven by several mechanisms and, furthermore, may change with chronic
exposure to hypoxia and/or the abundance of stabilized HIF-alpha proteins. Although
several studies have attempted to define the isoform-specific transcriptional programs, few
common themes have emerged from these investigations, thus highlighting the complex
nature of this cellular response. Variables such as cell type, severity, duration and variety of
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stimulation, the presence of functional VHL, and even culture conditions reportedly
influence the transcriptional output mediated by HIF1A versus HIF2A. Furthermore, many
of these studies have only examined either HIF1A or HIF2A, and untangling HIF-dependent
from HIF-independent hypoxia-induced responses has proved challenging.

In addition to HIF2A having more restricted expression across tissues, there is evidence
supporting a temporal organization of the HIF1A- and HIF2A-dependent responses. Under
conditions of acute hypoxia (i.e. < 24 hours stimulation), transactivation of target genes
occurs primarily by virtue of HIF1A, whereas following longer periods HIF2A begins to
exert more of an influence (Koh et al., 2011, Koh and Powis, 2012). Per its role in mediating
acute responses, HIF1A regulates the activation of glycolytic genes, thereby allowing cells
to survive under conditions of decreased oxygen by switching the metabolic scheme from
one of oxidative phosphorylation to anaerobic glycolysis. Several studies demonstrate that
HIF2A plays no role in glycolytic gene regulation, but rather induces the expression of
genes involved in pluripotent stem cell maintenance and angiogenesis (Hu et al., 2003,
Takeda et al., 2004, Koh et al., 2011). Though solid tumors exist in a state of chronic
hypoxia, very few studies follow the HIF-transcriptional response beyond 24 hours hypoxia.

Interestingly, the bHLH DNA-binding domains do not determine target gene selectivity
between HIF1A and HIF2A. In fact, HIF1A and HIF2A recognize the same core HRE
consensus sequence. Instead, the N-TADs appear to contribute to target gene selectivity (Hu
etal., 2007, Lau et al., 2007). In an attempt to elucidate the mechanism of target gene
selectivity between HIF1A and HIF2A, independent groups performed domain exchange
experiments demonstrating that the C-terminal portions of these proteins, rather than the
DNA-binding domains, can confer target gene selectivity. Utilizing fusion proteins
composed of reciprocal sections of HIF1A and HIF2A, Lau and colleagues demonstrated
that for induction of the HIF1A-specific target gene carbonic anhydrase IX (CA9), regions
between amino acids 96-390 and 411-574 are necessary, whereas for induction of the
HIF2A predominant target locus PHD3 (EGLNS3), a single region between amino acids
543-870 is necessary and sufficient for the appropriate response (Lau et al., 2007).

Following in close succession, Hu and colleagues corroborated the efforts by Lau et al by
showing that at distinct HIF1A-specific, HIF2A-specific, or HIFLA/HIF2A common targets
the DNA binding domain is irrelevant for target gene selectivity (2007). Furthermore, using
a series of domain-deletion and domain-exchange mutants, they elegantly honed target gene
selectivity predominantly to the N-TAD (Hu et al., 2007).

Many of the studies attempting to elucidate HIF-isoform specific transcriptional activities
point to the functional importance of specific co-activators, particularly other transcription
factors that may bind cis-regulatory regions in the vicinity of active HREs as well as protein-
protein interactions that mediate specific activity of a given isoform.

Cell type-specific regulation by HIFs

In addition to target gene selectivity exhibited by HIF1A and HIF2A there is evidence also
for cell type-specific regulation. For example, recent examination of the hypoxic response in
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neuroblastoma cell lines identified RG$A as a direct HIFLA/HIF2A common transcriptional
target that is unique to this tissue type (Olechnowicz et al., 2012).

Though at least 70 direct HIF targets have been identified, a meta-analysis examining 19
publically available HIF-regulated gene expression data sets found that only 17 genes were
commonly upregulated across all of the studies (Wenger et al., 2005, Ortiz-Barahona et al.,
2010). This specificity may be conferred by differences in HIF protein expression and
sensitivity to HIF induction, pre-conditioning to hypoxia, and chromatin status and the
availability of cooperative transcription factors.

A comparative study analyzing the HIF transcriptional response in several cell types found
the degree of induction of HIF targets was higher in epithelial cells than mesenchymal cells
and additionally the number of genes induced in these cell types was significantly higher
(Chi et al., 2006). Interestingly, the same study found a set of genes induced specifically in a
single cell type, renal proximal tube epithelial cells (RPTEC). Many of the unique targets,
involved in immune regulation, solute transport, and genomic integrity, are associated with
recovery to ischemic injury due to loss of perfusion as well as tumor formation and
progression. The authors speculate that the differences seen in these cells may be due to
enhanced hypoxic response, as HIFLA mRNA was induced up to five times more in
RPTECs than the other cell types examined (Chi et al., 2006).

Increased HIF protein abundance however is likely not the primary cause for cell type-
specific differences. Increasingly, cell type-specific differences and HIF1A versus HIF2A
target gene selectivity can be attributed to chromatin status, RNAPII activity, and the
availability of partner transcription factors or coactivators (Xia and Kung, 2009, Villar et al.,
2012, Galbraith et al., 2013, Pawlus et al., 2013).

3. HIF transcriptional cofactors

Upon binding to their cognate response elements on the DNA, transcription factors can
modulate the transcriptional output of their target genes by a myriad of mechanisms
including: 1) Effects on the recruitment of the general transcription factors (GTFs) that
mediate pre-initiation complex (PIC) assembly and RNAPII recruitment, 2) Chromatin-
based mechanisms such as nucleosome remodeling, post-translational modification of
histones and three-dimensional rearrangements of the chromatin fiber, and 3) Modulation of
RNAPII activity at post-recruitment steps, such as promoter escape and elongation. This
regulatory diversity is driven by the availability and recruitment of transcriptional
coactivators and corepressors acting in a combinatorial fashion at various stages of the
transcription cycle. It is unclear at this point to what extent HIFs employ these various
mechanisms. Importantly, a better understanding of HIF transcriptional cofactors may reveal
novel strategies to manipulate HIF function for therapeutic purposes. We review here the
salient findings about HIF transcriptional cofactors.

CBP and p300

Until recently, the HIF transactivation mechanism has been almost entirely understood as
ultimately leading to recruitment of the coactivators CBP and p300 to the HREs of HIF
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target genes. These coactivators are mainly assumed to be required due to their ability to
modify the local chromatin environment via their lysine acetyl-transferase activity and also
their ability to interact with the core transcription machinery (Bedford et al., 2010). The
interaction between HIF1A and p300 was initially identified during a search for p300
binding proteins as part of an effort to better understand the mechanism of p300 action
(Arany et al., 1996). Many subsequent HIF studies confirmed the interaction between
HIF1A/2A and CBP/p300, and established that the interaction occurs through the HIF C-
TADs and is regulated by hydroxylation (Huang et al., 1996, Ema et al., 1997, Ebert and
Bunn, 1998, Carrero et al., 2000, Lando et al., 2002b, Ruas et al., 2002, Ziel et al., 2004).
Many of these studies utilized transient transfection of reporter constructs to examine the
ability of CBP and p300 to increase transcriptional activity of HIFs towards a limited
number of target genes (chiefly EPO, VEGF and LDHA). Although enhanced CBP/p300
binding was often observed to be concurrent with activation of HIF target genes, neither the
CBP/p300 binding events nor the reporter constructs are in an endogenous chromatin
context. It is also worth pointing out that in most cases these types of analyses do not
provide clear evidence that CBP/p300 are sufficient by themselves to drive transcription of
HIF target genes, as many other transcriptional cofactors are present in these assays.

CBP and p300 are among the most interconnected proteins in the cell nucleus, with at least
400 interaction partners, and due to their requirement for cell viability it remains difficult to
determine in vivo which of their established functions is required at specific genes (Bedford
etal., 2010). The C-TADs of HIF1A/2A bind to the CH1 domains of CBP and p300
(Bhattacharya et al., 1999, Ruas et al., 2002). In order to test the requirement for CBP and
p300 for HIF-activated transcription in vivo, Kasper et al. (2005) generated MEFs in which
the CH1 domains of both CBP and p300 alleles were deleted. The CH1 deletions almost
completely abrogated the transcriptional activity of a C-TAD-GAL4 chimera in a reporter
assay. However, microarray analyses revealed that the CH1 domains of CBP and p300 are
essential for only a few HIF target genes, partially required for many and completely
dispensable for others. Importantly, although the N-TAD of HIF1A has been reported to
interact with the CH3 domains of CBP and p300 (Ruas et al., 2010), deletion of the CH1
domain abolishes recruitment of CBP and p300 to HREs (Kasper et al., 2005), indicating
that the CH3-mediated interaction is not sufficient for coactivator recruitment.

Several other coactivators with lysine acetyl-transferase activity have also been implicated
as coactivators of HIF target genes. Three members of the p160 family of coactivators,
NCOA1 (SRC-1/KAT13A), NCOA2 (SRC-2/KAT13C/TIF2/GRIP1) and NCOA3 (SRC-3/
KAT13C/ACTR/TRAM-1) have been shown to interact with and enhance HIF1A
transcriptional activity at specific target genes or reporters (Carrero et al., 2000, Ruas et al.,
2005, Wang et al., 2010a). The ability of NCOA1 and NCOAZ2 to act as coactivators of
HIF1A was shown be hypoxia-dependent and synergistic with CBP/p300, the latter likely
due to their ability to bind to both HIFLA TADs and to CBP/p300 (Carrero et al., 2000).
Later work suggested that the interaction of NCOAL with HIF1A is dependent on CBP
(Ruas et al., 2005, Wang et al., 2010a). However, it remains unclear if the lysine acetyl-
transferase activity of the p160 coactivators is required in this context.
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A recent study has demonstrated a surprising role for a metabolic enzyme as a HIF
coactivator. Pyruvate kinase (PK) catalyzes the final step in glycolysis and has been
previously implicated in the Warburg effect (Christofk et al., 2008). Luo et al. (2011) found
that the M2 isoform (PKM2) is itself a HIF target gene and that it is able to interact with
both HIF1A and HIF2A, via the M2-specific exon 10 region. In cotransfection assays with
HIF1A and HIF2A, PKM2 was able to increase activity of an ENO1 HRE reporter
independently of its catalytic activity. Interestingly, PKM2 possesses a LXXLAP motif that
is hydroxylated by PHD3 (EGLN3). Mutation of these residues or PHD3 knockdown
reduced interaction with and coactivation of HIF. Knockdown of PKM2 reduced HIF1A
binding and p300 recruitment to the HREs of select target genes. Interestingly, PKM2 and
PHD3 were also recruited to the LDHA and PDK1 loci during hypoxia. An interaction
between PKM2 and p300 was detected, and the knockdown of PKM2 reduced occupancy of
p300 and histone H3 acetylation at the LDHA HRE in both normoxia and hypoxia. Taken
together these data suggest that PHD3 hydroxylation of PKM2 stimulates its interaction with
HIF transcriptional complexes containing p300 where it can act as a coactivator.

The fact that PKM2 acts as a coactivator for HIF target genes whose products contribute to
the shift away from oxidative towards glycolytic metabolism (SLC2AL/GLUT1, LDHA,
PDK1) may partly explain its role in the Warburg effect. Of note, PKM2 enzymatic activity
was not required for its coactivator function, and others have shown that phosphorylation of
Y105, which inhibits its enzymatic activity, is important for Warburg type effects (Hitosugi
et al., 2009). This phosphorylation event could potentially act as a switch between the
metabolic and coactivator roles of PKM2. It will be important to determine the exact
mechanism by which PKM2 coactivates HIF and to what extent PKM2 affects HIF action at
a global scale. Interestingly, PKM2 has also been implicated as a coactivator in -catenin-
dependent transcriptional program (Yang et al., 2011).

CDK8-Mediator

We recently reported that the Mediator-associated kinase CDKS, but not its paralog CDK19,
is an important coactivator of HIF1A target genes (Galbraith et al., 2013). We found that
CDKS8 is a major regulator of the transcriptional program induced by hypoxia and is
enriched at the regulatory regions of ~65% of hypoxia-inducible genes in hypoxia. A
detailed analysis of two CDK8-dependent HIF1A target genes (ANKRD37 and STC2)
confirmed that CDK8 was indeed recruited to their promoter-proximal regions in response
to hypoxia, while HIF1A binding was unaffected by knockdown of CDK8. Strikingly, the
hypoxia-induced increases in histones H3 and H4 acetylation at these regions were also
unaffected by depletion of CDKS8, indicating that histone acetylation alone is not sufficient
for induction of these genes by HIF1A. These results revealed a CDK8-dependent
coactivation event acting in addition to recruitment of histone acetyl-transferases.
Mechanistically, CDKS8 is required for steps subsequent to PIC formation, RNAPII binding
and transcription initiation. Instead, CDK8 is essential for the hypoxia-induced recruitment
of the Super Elongation Complex (SEC). Knockdown of CDKS8 led to reduced recruitment
of the SEC components CDK?9 and AFF4, along with a reduction in RNAPII transit through
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the gene body of both ANKRD37 and STC2. This indicates that CDKS is essential for the
transition from paused RNAPII into productive elongation.

Analysis of HIF1LA-/- cells indicated that HIF1A itself is largely dispensable for RNAPII
recruitment, but essential for binding of CDK8 and the SEC, as well as histone acetylation.
This suggested that HIF1A target genes as a group might be regulated at the pause-release
stage, rather than by chromatin remodeling or transcription initiation. Importantly, genome-
wide analysis of both total and transcriptionally-active RNAPII revealed that hypoxia-
inducible genes are predominantly bound by active but paused RNAPII prior to their
induction by hypoxia. This is consistent with the previous report by Xia et al., (2009)
demonstrating that HIF1A preferentially binds to permissive loci and activates genes with
basal transcriptional activity. Furthermore, we found that a region of HIF1A comprised of
both TADs exhibits strong interactions with CDK8-Mediator subunits in addition to p300.
Several of these interactions were preserved using the C-TAD alone but were undetectable
with the N-TAD. Together, our findings indicate that HIFLA employs CDK8-Mediator to
stimulate transcriptional elongation at its target genes and demonstrate a physical and
mechanistic link between these two oncogenes.

Based on these results, we propose a revised model for HIFLA-dependent transcription
activation (Figure 3). In normoxia, HIF target loci carry transcriptionally engaged but
paused RNAPII within an open chromatin environment. Upon hypoxia, HIF1A is stabilized
and binds to chromatin along with HIF1B. This leads to at least two coactivation events: 1)
Recruitment of histone acetyl-transferases (CBP/p300 or others) followed by histone
acetylation and binding of the Bromodomain protein BRD4; and 2) Recruitment of CDK8-
Mediator along with the SEC, which leads to release of paused RNAPII and productive
elongation.

A number of important questions regarding the exact mechanism of HIF-dependent
transactivation remain unanswered and we hope that this will stimulate further
investigations. What is the nature of the interaction between HIF1A and CDK8-Mediator? Is
the kinase activity of CDKS8 required for its role as a coactivator of HIFLA? How is the
recruitment of CDK8-Mediator affected by post-translational modification of HIFIA? To
what extent is the action of p300/CBP or other acetyl-transferases necessary at genes that
require CDK8-Mediator? Is CDK8-Mediator also required for HIF2A transactivation?

The ATPase/helicase chromatin-remodeling factor Pontin (RUVBL1) was recently found to
potentiate activation of a subset of HIF1A target genes (Lee et al., 2011). The lysine methyl-
transferases G9a and GLP were found to methylate Pontin during hypoxia at six lysine
residues. Pontin was also found to interact with HIF1A during hypoxia. Knockdown of
Pontin led to reduced activity of a HRE reporter while expression of wild type but not a
lysine-to-alanine mutant (KA) increased activity, suggesting that these lysine residues are
indeed important for HIF1A transactivation potential. Microarray analysis in MCF7 cells in
normoxia/hypoxia revealed that Pontin knockdown affected ~24% of differentially
expressed genes and that out of 36 hypoxia-induced Pontin-dependent genes, 6 were known
HIF targets with others containing putative HREs. Although the effect of Pontin on
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chromatin remodeling was not examined, the ATPase activity of Pontin was found not to be
required for coactivation in this context. Pontin was found to be recruited to the HIF1A
target gene ETS1 after hypoxia, and Pontin knockdown affected p300 but not HIF1A
recruitment. Wild type but not KA Pontin was able to rescue p300 recruitment which lead
the authors to conclude that Pontin methylation is crucial for p300 association at HIF1A
target loci. Work by the same group has demonstrated that the related remodeling factor,
Reptin (RUVBL2), is also methylated under hypoxic conditions. Interestingly, in this case it
appears to be mainly acting as a repressor of hypoxia-inducible genes (Lee et al., 2010).

The SWI/SNF nucleosome remodeling complex has also been implicated in coactivation of
HIF1A target genes. The alternative ATPase subunits within SWI/SNF, BRM and BRG1,
were shown to increase expression of a HRE reporter in an ATPase-dependent manner. It
was shown that both ATPases associate with the EPO 3’ enhancer and the VEGF promoter
invivo in a complex with HIF1A (Wang et al., 2004a). Knockdown of BRM and BRG1
reduced expression of endogenous EPO mRNA but not VEGF mRNA, indicating gene-
specific requirements for this cofactor. A later report demonstrated that HIF1A itself is a
direct target of SWI/SNF, suggesting that any role of SWI/SNF in the wider HIF
transcriptional program may be mostly explained by regulation of HIF1A levels (Kenneth et
al., 2009).

Interestingly, a genome-wide RNAI screen in Drosophila, using a mouse LDHA enhancer
HRE reporter, identified several subunits of chromatin remodeling complexes as regulators
of HIF-dependent transcription in hypoxia (Dekanty et al., 2010). Among the hits of this
screen were the Drosophila homologs of both Pontin and Reptin, as well as five subunits of
the SWI/SNF complex. Of note, Pontin and Reptin are shared subunits of multiple
chromatin remodeling/modifying complexes including SRCAP, which is involved in
exchange of the histone variant H2A.Z, the INO80 complex, and the acetyl-transferase
TIP60 complex (Huen et al., 2010). It would be interesting to define which if any of these
complexes participate in HIF-dependent transcriptional control.

ARNT as a transcriptional coactivator

Although insufficient to drive transcription in the absence of its HIFA dimerization partners,
several recent studies suggest that HIFLIB/ARNT is not simply a partner for
heterodimerization and DNA binding but can directly contribute to transactivation by HIF.
The HIF1IB/ARNT PAS-B domain (which is also required for heterodimerization) has been
shown to recruit several coiled-coil coactivator proteins. TRIP230 is a HIF1B interactor that
can coactivate both AHR- and HIF-dependent reporters, and is recruited to the VEGF and
EPO loci upon hypoxia along with HIF1A and SRC1 (Beischlag et al., 2004). CoCoA
interacts with multiple bHLH domain proteins and is able to enhance the transcriptional
activity of HIF1B (Kim and Stallcup, 2004). TACC3 (AINT) was originally identified as a
HIF1B interactor able to stimulate an EPO HRE reporter, and later found to share a HIF1B
interaction interface with TRIP230, CoCoA and HIFA (Sadek et al., 2000, Partch and
Gardner, 2011). Interestingly, point mutations in the PAS-B domain of HIF1B altered the
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specificity of coactivator recruitment and target gene induction, suggesting a gene-specific
requirement for these coactivators (Partch and Gardner, 2011).

Finally, interaction between AHR and the Mediator subunits MED1 (TRAP220) and
MED23 (Med130) has been demonstrated along with recruitment of the Mediator subunits
MED1 and CDK8 to the AHR/HIF1B-regulated mouse CYP1ALl enhancer but not its
promoter (Wang et al., 2004b). However, an interaction between Mediator subunits and
HIF1B alone was not detected, suggesting that its AHR and HIFA binding partners are
responsible for this aspect of transactivation.

Negative regulation of HIF transactivation by CITED2, SIRT6 and Reptin

In addition to negative regulation by FIH, a number of other factors have been reported to
repress HIF transactivation potential. We make a distinction between factors that regulate
HIFs at the protein stability level and limit our discussion here to those that play a direct role
in the transactivation function of HIF.

CITED?2 is a member of the CBP/p300-interacting transactivator with Glu/Asp (ED)-rich
(CITED) family. These proteins function as coactivators for a number of transcription
factors such as AP-2 and PPARa/y by virtue of their ability to interact with CBP/p300
(Braganca et al., 2003, Tien et al., 2004). In contrast, CITED2 acts to inhibit HIF1A
transactivation by competing with HIF1A for interaction with CBP/p300 (Bhattacharya et
al., 1999, Freedman et al., 2003, Yoon et al., 2011). CITED2 is able to interact with the CH1
and CH3 domains of CBP/p300 to block interaction with both the N-TAD and C-TAD of
HIF and is able to displace the HIF C-TAD from p300 in vitro (Freedman et al., 2003, Yoon
etal., 2011). CITED?2 is itself a HIF target gene and may therefore function in part to
provide negative feedback to suppress HIF-mediated transcription upon return to normal
oxygen. In addition, CITED4 has also been identified as a negative regulator of HIF1A (Fox
et al., 2004).

A number of Sirtuins have been found to have roles in regulating the HIF proteins but, to
date, only SIRT6 has a demonstrated direct role as a corepressor of HIFLA. SIRTG6 is able to
interact with HIF1A and associates with the promoters of several glycolytic HIF target genes
under normal glucose and oxygen conditions, where it appears to function as a repressor via
its histone H3K9 deacetylase activity (Zhong et al., 2010). Although the SIRT6 / HIF1A
interaction was not confirmed to be direct, knockdown of HIF1A reduced recruitment of
SIRT6 to these promoters. Interestingly SIRT6 also appears to regulate HIF1A at both the
protein synthesis and stability levels, with SIRT6 knock out leading to detectable levels of
HIF1A in normoxic conditions. Together these data suggest that SIRT6 is able to prevent an
inappropriate shift towards glycolytic metabolism by suppressing HIFLA-mediated
transcription under normal oxygen and nutrient conditions.

Final remarks

Given the undisputed biological importance of HIFs, a deeper understanding of the
molecular mechanisms by which they regulate the transcriptional apparatus will advance
multiple fields of research. In particular, a better understanding of the impact of HIF post-
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translational modifications, the functional differences arising from specialization of HIF
alpha subunits, the combinatorial use of DNA binding partners, and the contribution of
diverse cofactors to the global hypoxia-induced transcriptional program will undoubtedly
advance the field.

With regards to post-translational modifications, it would be of great utility to define the
global extent to which specific phosphorylation and acetylation events affect the HIF
transcriptional program. ldeally, these investigations will involve the creation of knock-in
mouse models to create HIF alleles lacking specific modification sites. It is imperative that
results in this area that were obtained from in vitro cell cultures be tested at the organismal
level, during both normal homeostasis and cancer development. These studies could be
complemented with knock-in human cell lines to test the impact of these modifications in
tumor biology. With the advent of more effective genome editing techniques utilizing zinc-
finger directed nucleases and TALENS, a significant number of alleles could be generated
for these studies.

A deeper understanding of the molecular mechanisms differentiating HIFLA versus HIF2A
may reveal strategies to specifically manipulate the activity of each factor. Since their
specialization seems to be partly determined by their N-TADs, it will be critical to define
what cofactors interact with these domains, what target genes are affected by said cofactors
and whether these differential cofactors could be subjected to pharmacological
manipulation.

Finally, the precise characterization of other transcription factors and coactivators working
in cooperation with HIFs may reveal strategies to tame this highly pleiotropic transcriptional
program for therapeutic purposes. Given that a normal HIF response has beneficial effects
(e.g. enhanced EPO production to maintain a healthy red blood cell count), but at the same
time can be exploited during cancer development (e.g. enhanced glycolytic activity), it could
be very useful to identify DNA binding partners or coactivators that exert pathway-specific
effects. This knowledge could then be employed to skew the HIF transcriptional program
toward a specific cellular response during therapeutic intervention.
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Figure 1.
HIF protein domains and post-translational modifications. The HIF proteins are comprised

of several conserved domains that are involved in DNA binding (basic Helix-Loop-Helix,
bHLH), protein-protein interactions and dimerization (PER-ARNT-SIM, PAS-A, PAS-B,
and PAS-associated C-terminal domain), oxygen-dependent degradation (ODD) and
transcriptional activation (N-TAD, C-TAD). Numerous HIF3A isoforms exist, with several
longer forms possessing transactivation and leucine zipper (LZIP) domains (HIF3A-1) while
others lack any known transactivation domains and act as negative regulators (HIF3A-4).
Multiple post-translational modifications are known to modulate HIF protein stability and
transcriptional activity. Selected modifications are shown here along with the enzyme
responsible and the overall positive (+) or negative (=) effects on HIF transcriptional
function.
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Figure2.
HIFs regulate target genes in diverse biological pathways. (A) There are over 70 known

direct HIF target genes that function in numerous aspects of both normal physiology and
disease processes, including angiogenesis and oxygen supply, stemness/self-renewal,
proliferation, epithelial to mesenchymal transition (EMT), metastasis and invasion, redox
homeostasis and apoptosis. (B) One of the largest functional categories of HIF target genes
include those responsible for the metabolic rewiring that shifts cellular energy metabolism
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from oxidative phosphorylation and towards glycolysis. The list of HIF target genes
included here is intended to be illustrative rather than complete.
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Figure 3.
A model of HIF1A-dependent transactivation. During normoxia, almost all HIF1A target

genes display an open chromatin environment and harbor transcriptionally active but paused
RNA polymerase 11 (RNAPII). Upon stabilization by hypoxia, HIF1A dimerizes with
HIF1B and binds to the permissive HREs of these target genes. HIF1A then recruits various
coactivators including acetyl-transferases and chromatin remodelers as well as CDK8-
Mediator along with the Super Elongation Complex (SEC) containing AFF4 and P-TEFb.
These events result in increased histone acetylation and BRD4 binding and the P-TEFb-
triggered release of paused RNAPII into productive elongation. Importantly, without CDKS,
HIF1A is still able to bind to the HRE and induce histone acetylation but fails to recruit
Mediator and the SEC or to stimulate RNAPII elongation.
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