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The Hypoxia Inducible Factor (HIF) family of heterodimeric transcription factors that consists of 3 HIFa members
(namely HIF-1a, HIF-2a, and HIF-3a) and one HIFB member (HIF-1[3, best known as ARNT) is responsible for the

transcriptional response of cells to oxygen deprivation.

hypoxia HIF HIF-1a HIF inhibition peptide inhibitors

| 1. The Hypoxia Inducible Factor (HIF) Family

The Hypoxia Inducible Factor (HIF) family of heterodimeric transcription factors consists of 3 HIFa members
(namely HIF-1a, HIF-2a, and HIF-3a) and one HIFB member (HIF-1pB, best known as ARNT) . HIF-1a is the most
well studied member of the family and the first to be discovered by Semenza and coworkers 2ZEI4 py its ability to
bind to a hypoxia response element (HRE) in the 3" enhancer of the human EPO gene. Unlike HIF-1a that can be
expressed in all types of cells, HIF-2a, encoded by the EPAS1 gene, is expressed in a few tissues such as
placenta, lungs, liver, and heart, and holds a central role in angiogenesis and erythropoiesis 28, HIF-3q, the less
studied isoform, has many spliced variants with distinct expression pattern 2 and diverging functionalities ranging

from HIF-1 inhibition to transcriptional activation of HIF targets [8I2,

Detailed studies have shown that HIF-1a, as well as the other HIFa forms, are stabilized under hypoxia by an
oxygen dependent mechanism (Figure 1) 29 ARNT, which is constitutively expressed in cells regardless of oxygen
concentration, associates with the HIFa subunits within the nucleus to form a functional heterodimer (HIF) that can
bind to the HREs (Hypoxia Response Elements) of hypoxia target genes and initiate the transcriptional hypoxic
response 1. Heterodimerization and DNA binding are mediated by the Per-Arnt-Sim (PAS) homology and basic
helix-loop-helix (bHLH) domains, respectively, which are present at the N-terminal parts of all HIF subunits (111,
Structural data indicate that both HIF isoforms bind HRE sequences in an identical fashion. The a-helices of their
bHLH domains associate with the major groove of the recognition motif and their PAS-A domains cooperate with
the bHLH domains of the heterodimer to establish binding to DNA 2. Furthermore, the PAS domains of both HIFa

isoforms possess cavities, which can accommodate small ligands, but their size and distribution differs between
isoforms [12I[13],
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Figure 1. Regulation of HIFa subunits and Hypoxia Inducible Factors (HIF) transcriptional activity. When oxygen is
abundant, PHDs and FIH hydroxylate two proline and one asparagine residue inside the ODDD and C-TAD regions
of HIFa, respectively. Prolyl-hydroxylation leads to pVHL-mediated ubiquitination of HIFa subunits and their
destruction in the proteasome while asparaginyl hydroxylation also inhibits HIFa interaction with CBP/P300. When
oxygen levels drop, hydroxylases become inactive and HIFa subunits are stabilized and transported into the
nucleus with the help of multiple importins (Imp a, B, 4, and 7). ERK-mediated phosphorylation of HIFa subunits
ensures their nuclear accumulation by abrogating the association of HIFa with exportin CRM1. Nuclear HIFa
subunits form a functional complex with ARNT, which binds to HREs on DNA and coactivators, such as CBP/p300

to induce transcription of hypoxia-regulated genes.

The C-terminal parts of both HIF-1a and HIF-2a are also critical for their function as they contain their oxygen
dependent degradation domain (ODDD) as well as two distinct transactivation domains, N-TAD (overlapping with
ODDD) and C-TAD (at the very C-terminus), which is responsible for the interaction between HIFa and the
transcriptional coactivator proteins CBP/p300 (Figure 1) 14 HIF-1 and HIF-2 activate a great number of genes
(more than 1000) which can either be specific for each factor or common for both of them L3 Domain-swapping
experiments have suggested that HIF target gene specificity may be conferred by the N-TAD through its interaction

with additional transcriptional co-regulators 18],

| 2. HIFs and Cellular Oxygen Sensing

The cellular oxygen sensing mechanism has been characterized in the previous decade mainly by the work of G.
Semenza, Sir P. Ratcliffe and W. Kaelin (2019 Nobel prize in Physiology or Medicine). Their breakthrough
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experiments revealed that the HIFa subunits are subjected to hydroxylation in two specific prolyl residues when
cells are grown under atmospheric oxygen concentrations (normoxia) 24!, This post-translational modification is
essential for interaction with the Von Hippel-Lindau (pVHL) tumor suppressor protein that is part of a ubiquitin E3
ligase complex. As a result of this interaction, HIFa subunits are polyubiquitinated and targeted to the proteasome
for destruction 178 The enzymes catalyzing this hydroxylation are prolyl-hydroxylases PHD1, 2, and 3 in
humans, also known as EGLN2,1 and 3. PHDs belong to the 2-oxoglutarate-dependent dioxygenase family and
are thought to act as oxygen sensors since they use molecular oxygen as substrate. PHD2 is the most abundant
and best studied isoform in cells [2A[2122123] A second oxygen dependent hydroxylation occurs at an asparagine
residue in the C-TAD of HIFa and is catalyzed by a different oxygenase, called FIH (Factor Inhibiting HIF) [24125],
FIH downregulates HIF transcriptional activity by impairing HIF binding to CBP/p300. According to all the above,
HIFa subunits are constitutively produced but in the presence of normal oxygen concentrations both their
expression and activity remain minimal. Under hypoxia, low O, levels as well as the production of ROS by oxygen-
starving mitochondria inhibit hydroxylation and HIFas escape degradation, accumulate, and translocate inside the

nucleus where they assemble with ARNT into transcriptionally active heterodimers (Eigure 1) (28],

| 3. Oxygen-Independent Regulation of HIFs

Over the past few years, it has become clear that HIFs can also be regulated by mechanisms not directly affected
by oxygen concentration. This regulation can occur at multiple levels including transcription, translation, post-
translational modification, stabilization, nuclear translocation and activation of HIFas (27268128129 post-translational
modifications of HIFas probably hold the most important role in their regulation B9, HIFas are subjected to
acetylation, s-nitrosylation and sumoylation, but the significance of these modifications for HIF activity is still a
matter of debate. On the other hand, HIFa phosphorylation is much better characterized with clearly demonstrated
importance in various cellular models. Both HIF-1a and HIF-2a can be directly phosphorylated by several kinases
including GSK3, PLK3, ATM, PKA, CDK1, and the extent of their modification depends on cell type and
extracellular signals BB, pPrevious work from our lab has also shown that HIF-1a is a direct target of kinases
ERK1/2 and CK13, modification by which has distinct outcomes on HIF-1 activity [B2I33134135] More specifically,
while import of HIF-1a inside the nucleus is constitutive, mediated by the importin o/p as well as importins 4/7 138
B7 nuclear export of HIF-1a is regulated in an ERK1/2- and CRM1-dependent manner (Figure 1) (345l
Phosphorylation of HIF-1a by ERK1/2 at Ser641/643, which lay inside a small domain termed ETD (ERK Targeted
Domain; amino acids 616-658), masks a nearby CRM1-dependent nuclear export signal (NES), thus inhibiting
HIF-1a nuclear export and increasing HIF-1a nuclear concentration and HIF-1 transcriptional activity 24185 | ack of
this phosphorylation allows CRM1 binding to HIF-1a and its subsequent translocation to the cytoplasm, where,
interestingly, HIF-1a interacts with mortalin and takes part in the assembly of anti-apoptotic complex on the surface
of the mitochondria [B228], This mode of HIF-1a regulation by ERK1/2 has been exploited for the development of
peptide HIF-1 inhibitors modelled after the ETD amino acid sequence. On the other hand, phosphorylation of HIF-
la by Ck1d at Ser247 inside the PAS domain has a negative effect by inhibiting the ability of HIF-1a to associate
with ARNT [33I341[35]39][40][41] ' Regulation of the HIF-1 heterodimer assembly by phosphorylation as well as by
MgcRacGAP 4243 highlights the HIF-1a/ARNT interaction as a target for peptide inhibitors modelled after the PAS
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domain, an approach that has indeed been successfully tried (see also below). ERK1/2 and CK1d also modify HIF-
20 at distinct sites, and in this case, they both appear to regulate HIF-2 activity by affecting the distribution of HIF-
2a between nucleus and cytoplasm [2Q41],

In addition to direct phosphorylation, signaling pathways involving PI3K, ERK1/2 or p38 MAPK when activated by
non-hypoxic stimuli such as growth factors (e.g., PDGF, TGF-B, IGF-1, and EGF), cytokines or hormones can also

affect HIF activation by indirectly modulating its expression or stability BA[EL[44]145][46][47][48][49]50] As an example,

heregulin (a member of the EGF family of growth factors) induces HIF-1 by activating the PISK/Akt/mTOR pathway
and increasing the rate of HIF-1a translation 1. Other exemplary modes of HIF regulation include the involvement
of ROS signaling (reviewed in 52), transcription factors such as NF-kb B3l and STAT3 B4l that upregulate
transcription of the gene encoding HIF-1a and many interacting proteins such as HSP90 and RACK1, which
stabilize or destabilize HIF-1a, respectively B3IBSIE7 HiFq stability is also affected by CO, concentration as both in
vivo and in vitro hypercapnia decrease HIFa protein levels independently of the PHD/pVHL-mediated degradation

pathway and, most likely, via lysosomal proteolysis &I,

| 4. The Involvement of HIFs in Cancer

HIFs and especially HIF-1 influence several hallmarks of cancer such as genomic instability, tumor cell invasion,
metastasis, and angiogenesis as well as suppression of the anti-tumor immune response 5269 Most importantly,
HIF-1 holds a prominent role as mediator of the metabolic reprogramming that characterizes many types of cancer
cells WEL HIF-1 upregulates expression of most enzymes of glycolysis as well as expression of pyruvate
dehydrogenase kinase 1 (PDK1). PDK1 phosphorylates and inactivates pyruvate dehydrogenase (PDH), which
catalyzes conversion of pyruvate into acetyl-CoA. Thus, HIF-1 drives pyruvate, the product of glycolysis away from
the TCA cycle and towards production of lactate, even in the presence of oxygen, a phenomenon known as
Warburg effect B, |ipid metabolism is also influenced by a HIF-1 and several HIF-1 gene targets are involved in
lipogenesis, which is generally favored in cancer via an increase in fatty acid uptake or synthesis and storage and
simultaneous downregulation of fatty acid oxidation (reviewed in [62)). This often leads to accumulation of lipid
droplets [33I63I64165] and protects cancer cells from lipotoxicity 3163164 H|F-dependent gene expression is also
important for the adaptation and metabolism of cells surrounding a tumor (e.g., stromal cells), which are known to
play an important role for cancer development [611(6€],

There are numerous studies in which HIF-a proteins are found overexpressed in malignant tumors 59, In principle,
overexpression of HIFa isoforms is associated with poor clinical outcomes in patients with solid tumors 22151,
Interestingly, HIF-1a was also found elevated and correlated with bad prognosis in hematological malignancies
(reviewed in 7). However, there are few reports indicating that HIF-1a overexpression may be connected to a

positive outcome in certain cancer types including head and neck €8 non-small cell lung £ and neuroblastoma
[z0]

Another feature that gives HIFs a special role in cancer progression is their ability to promote epithelial to

mesenchymal transition (EMT) as well as resistance to chemo- or radio-therapy. HIFs facilitate EMT mainly by
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enhancing the expression of genes such as TCF3, ZFHX1A/B, and TWIST, which repress E-cadherin and epithelial
type promoting factors, while, at the same time, the expression of mesenchymal type genes is increased [Z172],
Furthermore, HIF-mediated gene expression drives extracellular matrix remodeling, resistance to anoikis-related
cell death and establishment of new cancer colonies, all of which facilitate the metastatic phenotype of hypoxic
tumors 22!, Moreover, HIF-1 mediates chemoresistance by inducing expression of proteins that enhance drug efflux
such as multidrug resistance 1 (MDR1) 4175 agnd MRP2 78 or anti-apoptotic proteins that promote drug resistance
such as survivin A8 HIF-1 is also implicated in resistance to radiation therapy since it counteracts the cytotoxic

effects of radiation such as DNA damage and production of reactive oxygen species (ROS) 289,

Despite the unequivocal involvement of HIFs in the adaptation of cancer cells in the hypoxic tumor
microenvironment, which promotes tumor progression, metastasis and resistance to therapy, it is still questionable
whether HIFs by themselves are pro-oncogenic in a normal genetic background [l HIFs are active under
physiological conditions such as embryonic development, immune system development, high-altitude adaptation
and exercise and play an essential role in the maintenance of normal tissue homeostasis. HIF activation under
these conditions does not trigger oncogenesis. Even when HIFa is constitutively activated due to pVHL function
loss in renal cells, development of renal carcinoma requires additional mutations 2. These issues have become
especially important due the recent licensing and wide clinical administration of PHD inhibitors as HIF activators,
and subsequent erythropoiesis inducers, for the treatment of patients suffering from renal anemia 3l Long-term
administration of these PHD inhibitors has not demonstrated tumor-initiating or tumor-promoting effects in either
animal models or phase lll clinical trials, possibly because competitive inhibition of PHD catalytic activity cannot
cause permanent and irreversible HIF activation or pharmacological HIF induction is graded and cannot exceed a
physiologically acceptable threshold. Nevertheless, the proof-of-principle for HIF inhibition as a valid anticancer

strategy has been demonstrated in several cases and in both animal and human studies.
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