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Chapter 2

Introduction 2: Hypoxia Inducible Factors

Hypoxia in general

Oxygen is essential for the existence of complex, multicellular organisms. It is required as a
substrate in order to utilize the highly efficient method of generating high-energy ATP
molecules, necessary to drive many cellular processes. At the same time, utilizing oxygen
presents a danger as reactive oxygen species are formed as a byproduct. These highly reactive
molecules have the potential to damage proteins and nucleic acids. Damage done to the DNA
could give rise to mutations and lead to apoptosis or uncontrolled proliferation of the cell.
Therefore, the oxygen level in tissues and cells needs to be very carefully regulated and
balanced. Insufficient oxygen leads to a shift in the cellular energy production to less
efficient, anaerobic processes and eventually cell death, while an excess of oxygen might lead
to the formation of dangerous reactive oxygen species (1).

The concentration of oxygen in ambient air, about 21%, is too high for most
mammalian tissues. Instead, most tissues are kept at oxygen levels of about 2-9%. In this
physiologically normoxic state, enough oxygen is available for cells to maintain normal
metabolism. Hypoxia, on the other hand, is a state where the oxygen level is insufficient to
allow for a normal metabolism. During hypoxia cells switch to the more inefficient process of
glycolysis for ATP production. What constitutes as hypoxia can differ greatly between
tissues. Physiological normoxia for poorly vascularized tissues such as bone constitutes a far
lower oxygen concentration than physiological normoxia for highly vascularized tissue such
as brain tissue (2).

Hypoxia is an important factor in embryonic development as the driving force behind
the development of the cardiovascular system. As the embryo increases in size and
complexity, it needs a way to deliver oxygen and nutrients to all developing tissues. Pro-
angiogenic factors, such as Vascular Endothelial Growth Factor (VEGF), produced by
oxygen-deprived tissues are thought to guide the sprouting of blood vessels throughout the
growing embryo towards these sites of localized hypoxia. In addition, changes in oxygen
concentration over time or distance (in the form of a gradient) also provide cues for cells to
change their proliferation rate or to start differentiating (3-5). Human Embryonic Stem (ES)

cells, for example, have been shown to proliferate at comparable rates when cultured at
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‘typical’ in vitro levels of oxygen (21%) compared to levels closer to those encountered
during normal embryonic development (1-3%). However, the appearance of patches of
differentiated cells was much more profound in the ES cells cultured at the high oxygen
concentration. A low oxygen environment, therefore, seems crucial for maintaining the full
differentiation potential of ES cells (3).

In higher organisms, hypoxia occurs in pathologies such as tissue ischemia and
inflammation and is also important during the development of solid tumors. These tumors can
quickly outgrow the capacity of the local vasculature to supply sufficient nutrients and
oxygen. Through the production of angiogenic stimulators, such as VEGF and Erythropoietin
(EPO), solid tumors can stimulate not only the formation of additional blood vessels but also
increase the resistance of the existing tumor vasculature to radiation therapy (6). Solid tumor
hypoxia has been associated with poor prognosis, has been shown to render various anti-
cancer treatments less effective and to create an environment that induces and selects for a
more genetically unstable and aggressive tumor cell phenotype (promoting genetic instability
(7), selection for p53 mutants (8) and up regulation of the multidrug resistance gene MDR1
(9,10)).

2.1 Hypoxia-Inducible Factors

Hypoxia-Inducible Factor-1 (HIF-1) was discovered during a study of a hypoxia-dependent
transcriptional enhancer sequence in the flanking region of the Erythropoietin gene (11).
Semenza and Wang identified a protein complex that specifically recognized and bound to a
small sequence within the enhancer in an oxygen-dependent manner. This complex required
de novo protein synthesis after oxygen depletion to be able to bind to DNA and was thus
termed hypoxia-inducible factor.

Using DNA affinity chromatography they were able to purify HIF-1 from cells and
found it to be a heterodimeric complex, consisting of a 120 kDa HIF-1a and a 91 kDa HIF-
1B subunit. Further analysis of both subunits revealed that they contained basic helix-loop-
helix (bHLH) and Per-ARNT-SIM (PAS) domains, required for the interaction with DNA
and for dimerization with other PAS domain-containing proteins. Both subunits are
constitutively expressed. However, while the [ subunit is intrinsically stable, the o subunit is
under tight control of oxygen-sensitive degradation machinery. The stability and
transcriptional activity of HIF-a is greatly reduced during normal oxygen conditions but is

strongly and rapidly increased in response to hypoxia (12-15).
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HIF-1 is a transcriptional activator and functions as a master regulator of oxygen
homeostasis in cells and tissues. In oxygen-deprived cells, it controls the expression of genes
such as VEGF and EPO that contain a hypoxia-responsive enhancer element in their
promoter sequences. Genes that are up regulated by HIF-1 during hypoxia include pro-
angiogenic factors, such as VEGF and EPO, survival and growth factors and proteins
involved in glucose metabolism (12,16-18).

Besides HIF-1o, two additional HIF-ov factors have been described: HIF-2o, also
known as Endothelial PAS domain protein 1 (EPAS1), and HIF-3o.. HIF-1o and -2 are 48%
identical (19) and share many of the mechanisms regulating their stability and activity.
Knock-out studies in mice have shown that HIF-1a and -2 both play essential and similar
roles in fetal development and tumor angiogenesis, but they are not redundant. The majority
of solid tumors show a high level of expression of HIF-1o and/or HIF-2a (20,21).

Disruption of HIF-1ow expression in mouse embryos led to multiple defects in the
cardiovascular development. While the initial formation of blood vessels did not seem to be
impaired in the HIF-1a -/- embryos, the organization of the vessels was severely disrupted
and embryos died early during development (E11.5) (17,22). Several different groups have
generated HIF-2a -/- mice and observed somewhat different phenotypes. These differences
could arise from differences in genetic background of the mice strains used to create them.
Phenotypes observed include defective vascular remodeling with local hemorrhage (23),
defective fetal catecholamine production (19) or altered lung maturation secondary to
impaired surfactant secretion by alveolar type 2 cells (24). Little is known about the role of
HIF-3a, although it is thought to be a hypoxia-dependent repressor.

Targeted deletion of HIF-1aw specifically in the myeloid cell lineage has also
uncovered an essential role for HIF-1a in the innate immune response (25-27). Sites of
bacterial infection are characterized by localized ischemia and cells of the innate immune
system can quickly adapt to this hypoxic environment by switching to glycolysis for their
energy production (28,29). HIF-1a is a key regulator of glycolytic metabolism (17,30) and
deletion of this transcription factor in myeloid cells greatly impaired their anti-bacterial
function (25-27). Besides hypoxia, Nitric Oxide (NO) also stabilizes and activates HIF-1a,
both directly by S-nitrosylation of cysteine residues found in HIF-1a (26,31) and indirectly
by inhibiting the prolyl hydroxylases required for HIF-1o degradation (32). NO is utilized by
myeloid cells for its vasodilatory and anti-bacterial properties, produced by the enzyme

inducible Nitric Oxide Synthase (iNOS) which is itself a HIF-1a target gene (33,34), thus
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creating an amplification loop. More recently, Li ef al demonstrated that NO released by
tumor-associated macrophages was able to stabilize HIF-1a in surrounding cells and thereby

contributed to tumor radioresistance (26).

2.2 HIFs as drug targets

HIF has a central role in many of the pathways required for tumor development and growth
and is highly expressed in the majority of them (20,21). That makes HIF an attractive factor
to target in anti-cancer therapies. Studies using human cancer cell lines and tumors
subcutaneously implanted in immunodeficient mice have shown that impairing HIF activity
can indeed lead to a reduction in tumor growth (35,36). Therefore, a lot of effort is being put
into finding ways of modulating HIF activity using a pharmacological approach, gene therapy
or a combination of both. Screening studies have come up with several small molecules that
inhibited HIF-1ow when tested on cancer cell lines and in tumor xenograft studies in mice. A
number of HIF-la-modulating agents is already used in the clinic or undergoing clinical
trials (35-37).

Different phenotypes were observed in different studies using HIF-1a inhibition as a
potential for cancer therapy, presumably because of differences in tumor cell origin (36).
Inhibition in tumor vascularization was not always the primary cause for the observed
reduction in tumor growth, indicating that HIF-1a expression confers additional benefits to
tumors besides promoting angiogenesis (6,38,39).

Tumor cells rely heavily on glycolysis for their energy metabolism, even under
normoxic circumstances. This is known as the Warburg effect. As HIF-1a plays a key role in
the regulation of glycolytic enzymes as well as angiogenic factors, inhibition of HIF in
tumors impairs their metabolic adaptation (38). Xu et al have used a shRNA-mediated
approach to downregulate HIF-1o expression in tumors implanted in immunodeficient mice.
They observed decreased tumor growth, metastasis and invasion after localized treatment
with a HIF-1a0 shRNA-encoding plasmid through intratumoral injection. Furthermore, treated
tumors showed an increase in apoptosis which was dependent on the caspase cascade reaction
(39). Another effect of inactivating HIF-1oo may be an increase in the effectiveness of
radiation therapy. Inhibition of HIF-1a. was shown to increase the radiosensitivity of the
vasculature surrounding the tumor, caused by the inhibition of protective cytokine expression
(6). Loss of this vasculature would contribute greatly to killing tumor cells by radiation

therapy.
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Figure 3: HIF-1a regulation by post-translational modifications during normoxia and hypoxia

When sufficient oxygen is available to cells, continuously expressed HIF-1a is quickly inactivated and degraded
after synthesis. HIF-1a is inhibited in its transcriptional activity by hydroxylation of a C-terminal asparagine
residue. Hydroxylation by PHDs of two proline residues present in the ODD domain of HIF-1o allows
recognition by VHL, followed by poly-ubiquitination and proteasomal degradation. During hypoxia, the PHD
proteins and FIH are unable to function. HIF-1ow is then free to interact with HIF-1B, DNA and other
transcriptional coactivators. An oxygen-independent pathway for HIF-lo. degradation is provided through
sumoylation. Sumoylation of HIF-la by as of yet unknown E3 factors allows for recognition by VHL
independent of HIF-1a’s hydroxylation status. This in turn leads to poly-ubiquitination and proteasomal

degradation of HIF-10..

2.3  Regulation of HIFs during normoxia by post-translational modifications

The stability and activity of the HIF proteins is tightly regulated by a wide range of post-
translational modifications (Figure 3). The modifications that regulate HIF-a stability all
occur on residues that reside in the Oxygen-Dependent Degradation (ODD) domain. This
domain contains two conserved proline residues that are hydroxylated by specific Prolyl
Hydroxylases (PHDs). The PHD enzymes require oxygen and Fe®* for their enzymatic

activity and are therefore regarded as the oxygen sensors of the cell (40,41). Insufficient
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oxygen in the cell will inhibit the activity of the PDH enzymes, leading to a stabilization of
HIF-o.

Hydroxylation of HIF-a by the PDH enzymes allows subsequent recognition by the
Von Hippel Lindau (VHL) protein (42-44), part of an E3 ubiquitin ligase complex (45). The
E3 complex binds to the ODD domain and mediates poly-ubiquitination on the Lys-532
residue of HIF-1o, marking the protein for proteasomal degradation. Impaired VHL activity
characterizes the Von Hippel Lindau disease, a hereditary syndrome where patients suffer
from highly vascularized tumors as a result of constitutive HIF-1 activity (46).

Once ubiquitinated, HIF-1o can be rescued from proteasomal degradation by the
VHL-interacting De-Ubiquitinating (VDU2) enzyme. VDU?2 is itself a target for VHL-
mediated ubiquitination and degradation, leading to the possibility that HIF-a protein levels
are finely regulated by a balance between VHL and VDU?2 levels (47,48).

Besides regulating the activity of HIF-ot during normoxia through degradation, its
activity is also directly modulated by other post-translational modifications in a stability-
independent manner. Factor Inhibiting HIF (FIH) hydroxylates an asparagine residue located
in the C-terminal Transactivation Domain (C-TAD) which prevents HIF-o from binding the
transcriptional cofactors P300/CBP (49).

An oxygen-independent way of regulating HIF-1o stability is provided by Heat-
Shock Protein 90 (HSP90) and Receptor of Activated Protein C kinase (RACK1). They
compete for HIF-1a binding. HSP90 binds HIF-1a in the cytoplasm and protects it from
proteasomal degradation. Upon HSP90 dissociation, HIF-1a can be bound by RACK1, which

then functions similar to VHL in recruiting an E3 ubiquitin ligase complex (50).

2.4  Regulation of HIFs during hypoxia by post-translational modifications

The oxygen-dependent enzymes mediating HIF-a degradation and inhibition cannot function
under hypoxic conditions, resulting in HIF-o stabilization and rapid accumulation. Nuclear
translocation of HIF-1a, required for transcriptional activity, is facilitated by phosphorylation
of two serine residues, Ser-641 and Ser-643, by p42 Mitogen-Activated Protein Kinase
(MAPK). Rather than stimulating nuclear import, phosphorylation of these residues facilitates
nuclear accumulation by inhibiting nuclear export by CRMI/Exportinl (51). Another
phosphorylation event takes place on a threonine residue (Thr-796 in HIF-1a) located in the
C-TAD and is mediated by Casein Kinase 2 (CK2). In vitro studies have demonstrated that
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phosphorylation on this residue inhibits hydroxylation of HIF-o. by FIH, thereby allowing
interaction with P300/CBP (49,52,53).

S-nitrosylation takes place on two cysteine residues in HIF-1a, Cys-520 in the ODD
domain and Cys-800 in the C-TAD. Not surprisingly given their location, modification of
these residues modulates HIF-1q stability and activity, respectively. Modification of Cys-520
was shown to stabilize HIF-1ow by inhibiting the interaction with VHL (26), whereas
modification of Cys-800 increased transcriptional activity by stimulating the recruitment of
P300 (31).

HIFs are also controlled by sumoylation as discussed in the next section.

2.5  Regulation of HIF-1a by SUMOs

Sumoylation adds another layer of HIF-1a regulation by post-translational modifications to
an already very highly-regulated protein. Mutational analysis has shown that sumoylation
takes place on two lysine residues of HIF-1a, Lys-391 and Lys-477 (54). The functional
consequences of HIF-1a sumoylation are still somewhat unclear, as conflicting observations
have been reported.

Carbia-Nagashima et al proposed a stabilizing and activating role for HIF-1a
sumoylation. They characterized a small RWD domain-containing Sumoylation Enhancer
(RSUME) that is induced by various cellular stresses, including hypoxia. RSUME interacts
directly with Ubc9, the E2 enzyme required for sumoylation, and functions as a general
enhancer of sumoylation. RSUME also promoted HIF-1o sumoylation, leading to an increase
in stability and transcriptional activity (55).

In contrast, Cheng et al reported that HIF-1ot sumoylation during hypoxia promotes
proteasomal degradation. Their SENP1 deficient mice died early during embryonic
development due to defective erythropoiesis, caused by a lack of EPO production in these
embryos. This in turn, was caused by excessive HIF-1a degradation. Further study indicated
that SUMO conjugation of HIF-1ow during hypoxia could provide a hydroxyproline-
independent way for VHL to recognize HIF-1o and mark it for degradation. Desumoylation
by SENP1 was required for HIF-1a stabilization during hypoxia (56).

Finally, Berta et al also published data supporting a role for sumoylation in inhibiting
HIF-1a transcriptional activity. They showed that HIF-1o pointmutants deficient for SUMO

conjugation exhibited greater transcriptional activity than wild-type HIF-1o.. This increase
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could not be attributed to a difference in protein stability as wild-type and mutant forms of
HIF-1a showed a similar expression level and half-life (57).

Taken together, these data on the role of HIF-low sumoylation are difficult to
reconcile. However, it is important to note that both SENP1 and RSUME have much broader
roles in regulating sumoylation in cells (55,58). Depletion of RSUME and SENPI1 from cells
would have a great effect on many other proteins besides HIF-1. We have set out to further
investigate the role that sumoylation plays in the regulation of HIFs. We have focused on
HIF-1a and HIF-2o0 mutants that lack SUMO acceptor lysines and compared these mutants to
wild-type HIF-1a. and HIF-2o.. Our results also indicate that HIF-1oo and HIF-2o are

inhibited by sumoylation, in agreement with Cheng et al and Berta et al.
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