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Abstract

The 2019 Nobel Prize for Medicine or Physiology was assigned to three prestigious physician-scientists, Gregg L. Semenza,
William G. Kaelin, and Peter J. Ratcliffe, who clarified the molecular mechanisms of hypoxia adaptation. This viewpoint
traces their fundamental findings, which have paved the way for the development of innovative drugs for a wide range of

common diseases, including cancer and anemia.
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In 2019, the Nobel Prize in Medicine or Physiology was
jointly awarded to three physician-scientists, Gregg L.
Semenza (Johns Hopkins University, Baltimore, MD, USA;
pediatric geneticist), William G. Kaelin Jr. (Harvard Uni-
versity, Cambridge, MA, USA; internist and oncologist)
and Peter J. Ratcliffe (University of Oxford, Oxford, United
Kingdom; nephrologist) for their elegant studies that inde-
pendently contributed to understand “how cells sense and
adapt to oxygen availability”. Of note, in 2016, they had
already received the Albert Lasker Medical Research Award,
sometimes referred to as the “America’s Nobel”.

Oxygen (O,) serves as a key substrate in many essential
cellular functions, particularly ATP generation in mitochon-
dria. Humans have developed multiple hypoxia-response
strategies [1], including increased red blood cell (RBCs)
production, angiogenesis (both improving O, delivery), and
metabolic reprogramming of cells (optimizing O, consump-
tion and utilization). The ability to maintain O, homeostasis
has allowed humans to survive in strongly inhospitable habi-
tat, such as high altitudes (e.g., Tibetan populations), where
O, levels are extremely low. In 1938, the Nobel Assembly at
Karolinska Institutet had already awarded another researcher
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interested in adaptation to O, changes, Corneille Heymans,
who first described the “carotid bodies” as the sensory
organs able to rapidly modulate breathing and blood pres-
sure according to arterial O, levels.

Semenza, Kaelin, and Ratcliffe have elucidated the
molecular mechanisms underlying cell adaptation to
hypoxia, a phenomenon that had remained elusive for a long
time. It is involved in several physiological conditions, such
as embryonic development, response to exercise, ventilatory
acclimatization to high altitude, and even immune defenses.
On the other hand, its dysregulation may be associated with
common diseases, such as anemia, cancer, ischemic disor-
ders, retinal neovascularization, sleep apnea, pulmonary
hypertension, and transplant rejection [1].

Pioneer studies by Semenza’s group in the 1980s pointed
out the mechanisms regulating the O,-dependent kidney pro-
duction of erythropoietin (EPO), which in turn modulates
erythroid precursor survival, proliferation, and differentia-
tion. They highlighted that EPO expression was regulated
at transcriptional level through a hypoxia-responsive ele-
ment (HRE) in the 3'- flanking region of the EPO gene.
In 1992, the same group biochemically purified the protein
complex of transcriptional factors binding HRE, defined as
hypoxia-inducible factors (HIFs) [2], whose coding genes
were subsequently cloned in 1995 [3]. HIFs are heterodimers
consisting of an O,-regulated HIF-a subunit, and a consti-
tutively expressed HIF-f subunit [1], also known as the aryl
hydrocarbon nuclear translocator (ARNT) protein. Three
different isoforms of HIFs-alpha have been identified in
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mammals: (i) HIF1-a, ubiquitously expressed; (ii) HIF2-a,
restricted to specific cell types such as vascular endothe-
lial cells, renal interstitial cells, enterocytes, hepatocytes,
cardiomyocytes, and astrocytes; and (iii) HIF3-a, less char-
acterized and whose role remains to be explored. Besides
EPO, several hundred genes in all cell types are known to
be activated by HIFs binding to HRE sequences, including
those controlling angiogenesis (e.g., vascular endothelial
growth factor, VEGF), iron absorption (e.g., divalent metal
transporter-1, DMT-1), inflammation, mitochondria bioen-
ergetics, cell proliferation, and macromolecules metabolism.
Under hypoxic conditions, the HIF1-a subunits are protected
from degradation and accumulate in the nucleus, where they
dimerize with the HIF1-p subunits. The complex binds the
HRE sequences, modulating transcription of hypoxia-regu-
lated genes [1] (Fig. 1).

An unexpected breakthrough in the comprehension of the
hypoxia adaptation mechanisms came from the oncologist
William G. Kaelin. He was studying Von-Hippel Lindau
(VHL) syndrome, a rare inherited disorder characterized by
an increased susceptibility to angiogenic tumors (especially
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Fig.1 Hypoxia coordinately increases erythropoiesis and iron
absorption. Under normoxic conditions, PHD2 hydroxylates the HIF-
alpha subunit, which is bound by VHL protein and degraded by the
proteasome. In the presence of low O,-availability, anemia, or iron
deficiency (ID) HIF pathway is activated and leads to transcription of
hypoxia-responsive genes. This results in EPO-mediated expansion of
erythropoiesis and coordinately increases intestinal iron absorption
through stimulation of DMT-1, DyctB, and ferroportin (FPN) gene
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renal cell carcinoma, and hemangioblastomas), occasionally
detected in subjects with secondary polycythemia. The VHL
disease is caused by inactivating mutations of the tumor sup-
pressor gene VHL, in addition to a second mutation in the
tumor tissue. Kaelin’s group discovered that mutated VHL
cells accumulated HIF1-o and exhibited abnormal overex-
pression of hypoxia-regulated genes, such as VEGF [4].

In the early 2000s, Kaelin and Ratcliffe independently
provided the missing connecting piece, demonstrating that
degradation of the HIF1-a subunits derives from the inter-
action with the VHL protein. Under normoxic conditions,
HIF1-a is hydroxylated at one or two prolyl residues (pro-
line 402 and proline 564) by O,-dependent prolyl hydroxy-
lase domain enzymes (PHD). A key role in this sense is
played by PHD2, while the role of other analogues (PHD1
and PHD3) is less established. PDH2 hydroxylation facili-
tates the VHL protein binding, which in turn recruits an E3
ubiquitin-protein ligase complex labeling HIF-o subunits for
proteasomal degradation [4-6] (Fig. 1). However, nowadays,
it is clear that the regulation of HIFs is much more compli-
cated than initially believed since their activity and stability
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expression. FPN activity is also increased by liver hepcidin suppres-
sion mediated by erythroferrone, which is produced by the expanding
erythroblasts after EPO-stimulation. Finally, HIF pathway stimulates
transferrin (Tf) and transferrin receptor (TfR) synthesis, which fur-
ther improves iron transport and utilization by cells. Altogether, this
circle (red arrows) explain how PHD inhibitors (in blue) act as effec-
tive anti-anemic drugs, at least in CKD anemia
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are influenced by many other different proteins, in either
0O,-dependent or O,-independent manner.

The relevance of HIF pathway
for erythropoiesis and iron metabolism

As mentioned above, increased RBC production is one of
the major hypoxia adaptation mechanisms, which in turn
improves the O,-carrying capacity to tissues. EPO release
occurs through an O,-sensing system located in the renal
inner cortex and outer medulla, where specialized cells
respond to low O,-availability [7].

A physiological increase in erythropoiesis is observed in
subjects exposed to low environmental O, levels (e.g., those
living at high altitudes), while a pathological increase may
occur in subjects affected by chronic respiratory diseases
causing hypoxia (e.g., obstructive sleep apnea syndrome)
or with congenital mutations disrupting O,-sensing systems,
such as Chuvash polycythemia.

Erythropoiesis needs large amounts of iron (~20-25 mg
daily), mostly derived from recycling spleen macrophages
which eliminate senescent RBCs. Iron-restricted erythro-
poiesis, either due to absolute or functional iron deficiency
(ID), leads to progressive RBC alterations (microcytosis
and hypochromia) eventually causing anemia [8]. Systemic
iron homeostasis is regulated by hepcidin, a 25-amino acid
peptide mainly produced by the liver in response to mul-
tiple stimuli, particularly increased body iron stores and
inflammation [9]. Hepcidin interacts with its receptor, i.e.
ferroportin, the only known cellular iron exporter in mam-
mals, inducing its internalization and lysosomal degrada-
tion. As a result, iron duodenal absorption and recycling
by macrophages are tuned down lowering circulating iron
levels. Hepcidin deficiency or suppression due to inherited
or acquired conditions (i.e. hemochromatosis or expanded/
ineffective erythropoiesis) may lead to iron accumulation
of variable degree. By contrast, hepcidin excess (e.g., dur-
ing acute or chronic inflammatory disorders) causes iron
sequestration within cells, a condition also known as func-
tional ID [8].

Of note, HIF2 pathway is critical in both erythropoiesis
and iron homeostasis [10], as illustrated in Fig. 1.

In the enterocytes, HIF2 transcriptionally activates the
iron transporter DMT-1, the ferric reductase DcytB (both
localized at the apical cell membrane) and the iron exporter
ferroportin (at the basal membrane) [7], coordinately
leading to the up-regulation of intestinal iron absorption.
This process represents an essential adaptive response to
ID. At molecular level, ID decreases the activity of PHDs
that are oxygen- and iron-dependent enzymes. Thus, the
HIF2-a subunit is no longer hydroxylated, but stabilized,
and induces the transcription of the iron absorption genes

[11]. On the bone marrow-liver side, HIF2-induced EPO
leads to increased production of erythroferrone (ERFE) by
erythroid precursor, which in turn represses liver hepci-
din [12]. Although the mechanism involved in the ERFE-
mediated hepcidin suppression has not yet fully clarified,
a recent study suggested a direct interaction of ERFE with
the bone morphogenetic proteins (BMPs, especially BMP6)
that inhibit the hepatic BMP/SMAD signaling, critical for
hepcidin control [13].

Finally, HIF1 increases the expression of transferrin and
transferrin receptor (TfR1) genes, thus enhancing iron deliv-
ery to tissues and utilization by cells [7].

HIFs pathway manipulation in patients
with anemia and/or altered iron homeostasis

Considering the implications of HIFs in both erythropoiesis
and iron metabolism, stimulation of HIF pathway may rep-
resent a promising and effective approach for the treatment
of anemia, especially in patients affected by chronic kidney
disease (CKD) with impaired EPO production [14]. Another
group of patients who may benefit from HIF stimulation
could be elderly with “unexplained” anemia, for which mul-
tiple mechanisms responsible for both EPO deficiency and
blunted response have been postulated [15].

Currently, CKD-related anemia can be effectively cor-
rected by recombinant human EPO (thEPO), but its admin-
istration at doses that normalize hemoglobin levels implies
an increased risk of cardiovascular events and mortality [16].

The PHD inhibitors are a novel class of small molecules
able to stabilize the HIF-a subunit, thus preventing its deg-
radation. Their main advantages over traditional rhEPO
include oral administration, lower costs, and lower immu-
nogenicity. PHD inhibitors not only increase hemoglobin in
a dose-related way, but also improve iron uptake and utili-
zation by erythroid progenitors, as suggested by decreased
levels of hepcidin, ferritin, and transferrin saturation [17].
These drugs induce persistent production of endogenous
EPO at a concentration near the physiological range, at
variance with peaks determined by thEPO administration.
Such an effect has been hypothesized to explain the lower
rate of cardiovascular adverse events as compared to thEPO.
Interestingly, preclinical evidence also suggested that PHD
inhibitors may protect organs from ischemic injury through
direct pleiotropic effects [18].

To date, several PHD inhibitors have been registered,
with four compounds being more advanced in the clinical
programs: roxadustat, vadadustat, daprodustat, and moli-
dustat. Roxadustat has been recently approved in China
and is under regulatory review in other countries for the
treatment of anemia in CKD dialysis patients. Phase III
clinical trials showed that, in these patients, roxadustat was
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noninferior to standard therapy (epoetin alfa) [19]. Moreo-
ver, in non-dialysis CKD patients, roxadustat was superior
to placebo in increasing hemoglobin levels [20]. A critical
issue that remains to clarify is whether PHD inhibitors will
influence hard endpoints, including mortality.

In spite of their undoubtful benefit in short-term correc-
tion of anemia, concerns have been raised on the long-term
use of PHD inhibitors, as HIFs are ubiquitously expressed
(e.g. in the nervous system) and regulate a broad spec-
trum of cell functions beyond erythropoiesis. A recent
study described an increase of fibroblast growth factor 23
(FGF23) levels in a mouse model treated with PHD inhibi-
tors. High FGF23 levels have been associated with heart
dysfunction and reduced bone mineral density in humans
[10]. Theoretically, the long-term use of PHD inhibitors
may foster latent cancers since HIF activation in tumor
hypoxic environment could promote cell proliferation and
angiogenesis, a condition that calls for caution, especially
in older people. Nevertheless, no data thus far suggest that
PHD inhibitors may have favored tumor progression. On
the contrary, chronic hypoxia caused by PHD inhibition
may inactivate cancer-associated fibroblasts, leading to
decreased tumor metastatic spread. Ideally, future com-
pounds able to selectively stimulate HIF2 could reduce
undesirable off-target effects.

Negative modulation of HIF2-a may also be of thera-
peutic potential, as recent works [10] highlighted the role
of HIF2-a in stimulating iron hyperabsorption in both
hemochromatosis and secondary siderosis. Whether or not
selective inhibitors of HIF2-a could hamper iron absorp-
tion has yet to be defined. However, such drugs may repre-
sent in the future an interesting approach to modulate the
hepcidin/ferroportin axis dysfunction underlying most of
the iron overload disorders [10].

In conclusion, the fascinating discoveries by Semenza,
Kaelin, and Ratcliffe have robustly expanded our knowl-
edge about cell adaptation to hypoxia, which is at the
crossroad between erythropoiesis and iron metabolism.
Such discoveries are paving the way for new pharmaco-
logical solutions able to promote or inhibit HIF signaling,
potentially leading to significant improvements of several
common disorders including anemias and iron overload
disorders.
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