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Javid Moslehi, W. Kimryn Rathmell

J Clin Invest. 2019. https://doi.org/10.1172/JC1134813.

The 2019 Nobel Prize for Physiology or Medicine was awarded to Professors Sir Peter J. Ratcliffe (University of Oxford),
Gregg L. Semenza (Johns Hopkins University), and William G. Kaelin Jr. (Dana-Farber Cancer Institute) for their
discoveries of a fundamental aspect of cellular physiology, the cellular sensing of oxygen levels and regulation of
physiologic hypoxia. Each of these physician-scientists was intrigued by a different clinically relevant observation and
utilized very basic biochemical tools to address their questions. These separate lines of investigation converged,
delineating a central cellular pathway with far-ranging implications for human physiology, disease states, and medicine.
The story of how they uncovered hypoxia response begins with a deep interest in basic human biology. Uncovering a
hypoxia-inducible pathway Semenza, a pediatric geneticist, was studying the triggers for the production of erythropoietin,
a hematopoietic growth factor produced by the liver and kidney that promotes the generation of red blood cells. His group
identified a sequence-specific binding site (termed hypoxia-response element [HRE]) for a transcription factor in the 3'
flanking region of the human erythropoietin gene (EPO). He biochemically purified the factor, which he called hypoxia-
inducible factor 1 (HIF-1) (1). HIF-1 is a heterodimer composed of HIF-1, a protein expressed in an oxygen-regulated
manner, and a constitutively expressed factor, HIF-1B. This dimer formed a potent transcription factor complex, and
Semenza showed that [...]
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The 2019 Nobel Prize for Physiology or
Medicine was awarded to Professors Sir
Peter J. Ratcliffe (University of Oxford),
Gregg L. Semenza (Johns Hopkins Uni-
versity), and William G. Kaelin Jr. (Dana-
Farber Cancer Institute) for their discov-
eries of a fundamental aspect of cellular
physiology, the cellular sensing of oxygen
levels and regulation of physiologic hypox-
ia. Each of these physician-scientists was
intrigued by a different clinically relevant
observation and utilized very basic bio-
chemical tools to address their questions.
These separate lines of investigation
converged, delineating a central cellular
pathway with far-ranging implications
for human physiology, disease states, and
medicine. The story of how they uncov-
ered hypoxia response begins with a deep
interest in basic human biology.

Uncovering a hypoxia-inducible
pathway

Semenza, a pediatric geneticist, was study-
ing the triggers for the production of eryth-
ropoietin, a hematopoietic growth factor
produced by the liver and kidney that pro-
motes the generation of red blood cells. His
group identified a sequence-specific bind-
ing site (termed hypoxia-response element
[HRE]) for a transcription factor in the 3’
flanking region of the human erythropoi-
etin gene (EPO). He biochemically puri-
fied the factor, which he called hypoxia-
inducible factor 1 (HIF-1) (1). HIF-1is a het-
erodimer composed of HIF-1la, a protein
expressed in an oxygen-regulated manner,
and a constitutively expressed factor, HIF-
1B. This dimer formed a potent transcrip-
tion factor complex, and Semenza showed

that in addition to erythropoietin, HIF-1
induces a number of other genes that are
critical for cellular and systemic response
to hypoxia, and maintenance of cellular
homeostasis. Among these was vascular
endothelial growth factor (VEGF), which
plays important roles in angiogenesis (2).

A cancer connection
Simultaneously, Kaelin was studying von
Hippel-Lindau (VHL) disease, a rare
genetic syndrome in which mutations in
the affected gene (VHL) lead to specific
cancer types, such as renal cell carcinoma
(RCC) and cerebellar hemangioblastomas.
Trained as an internist (he was chief res-
ident of the Johns Hopkins Osler service)
and oncologist, he was intrigued by VHL
syndrome because the associated tumors
were always highly vascular in nature, with
affected patients occasionally having sec-
ondary polycythemia. Pivotal biochemical
studies showed that the protein product of
VHL (pVHL) forms a complex that plays an
important role in the ubiquitination and
subsequent degradation of specific pro-
teins. Importantly, the proper assembly of
the VHL complex was critical for regula-
tion of hypoxia-inducible genes (3). X-ray
crystallography of the VHL complex sug-
gested that pVHL serves as an E3 ubiquitin
ligase, conferring specificity to the ubig-
uitination and subsequent degradation of
one or more proteins (4). The quest to find
the protein was on.

Putting the pieces together

A crucial observation connecting these
lines of research came from the Rat-
cliffe group. Ratcliffe, a nephrologist,
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was intrigued by how kidneys serve as
oxygen-sensing organs and thus regu-
late the production of erythropoietin
systemically. In early experiments, his
group showed that multiple cell types
are capable of sensing hypoxia and driv-
ing EPO transcription via the HRE that
Semenza had identified (5). This suggest-
ed that HIF possibly serves as a universal
response mechanism to hypoxia. Impor-
tantly, in 1999, the Ratcliffe team showed
that pVHL regulates HIF-la and most
likely acts as its E3 ubiquitin ligase (6).

Regulating the VHL-HIF
interaction

The mechanisms underpinning HIF-lo
stabilization and activation of a mas-
sive transcriptional program of hypox-
ia response were elegantly delineated
by the Kaelin, Semenza, and Ratcliffe
groups, revealing a beautifully simple
model. During normoxia, when oxygen
is ample, specific proline residues on
HIF-1o undergo hydroxylation. This cova-
lently modified form of HIF-la is recog-
nized in a contact-dependent manner by
pVHL, marking HIF-1a for ubiquitination
and proteasome-mediated destruction.
During hypoxia, HIF-1a is not hydroxyl-
ated and escapes tagging for degradation
(7, 8). This suggested that regulation of
HIF is posttranscriptional: HIF-1a is tran-
scribed, translated, and quickly degraded,
unless oxygen becomes limiting. Nota-
bly, a second homologous protein, HIF-
20, was identified, featuring identical
hydroxylation-dependent regulation via
VHL. HIF-1/2a, when stabilized, rapidly
heterodimerizes with HIF-1pB, transcrib-
ing hundreds of genes that are critical
for the cellular response to hypoxia. The
genes involved in this tightly controlled
response pathway include notable heavy-
weights such as VEGF, erythropoietin,
mediators of glycolysis and other meta-
bolic pathways, and genes involved in cell
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Figure 1. The discovery of the VHL/EgIN/HIF pathway as a central mediator of hypoxia signaling
has paved the way for introduction of drugs that modulate the pathway for the treatment of
human disease. Because the pathway is so central to so many pathological conditions, pharmaco-
logics are being used for the treatment of cancer, as well as being tested for other conditions, such
as anemia and cardiovascular and pulmonary diseases. Therapeutics targeting this pathway include
VEGF pathway inhibitors (bevacizumab, sorafenib, sunitinib, pazopanib, axitinib, cabozantinib, and
lenvatinib), mTOR inhibitors (temsirolimus and everolimus), EgIN inhibitors in phase Il trials (dapro-
dustat, molidustat, roxadustat, and vadadustat), and investigational HIF-20 inhibitors (PT2385,

PT2977, and RNAi [phase 1]).

survival and homeostasis — and new tar-
get genes continue to be uncovered.
Knowing the importance of hydrox-
ylation in the recognition of HIF-la by
pVHL, the hunt to identify the responsi-
ble enzymes began. Prolyl hydroxylation
had been well defined in the setting of
stabilization of procollagen chains. There
were striking similarities; both reactions
required oxygen, iron, and ascorbate, and
were inhibited by cobalt and by 2-oxo-
glutarate analogs, suggesting that the
HIF prolyl hydroxylase was a member of
the 2-oxoglutrate-dependent dioxygen-
ase enzyme family. A group of enzymes
were identified as the key oxygen sensors
based on the discovery of the egl9 protein
in Caenorhabditis elegans: the EgIN (Egl
nine homolog), or PHD (prolyl hydroxy-
lase domain), proteins. These three ortho-
logs catalyze hydroxylation of human
HIF-1/2a (9-11). EgIN1 (also called prolyl
hydroxylase domain-containing protein-2
[PHD2]) was shown to be the critical
hydroxylase for HIF-a in vivo (12). The
requirement for 2-oxoglutate for the reac-
tion provided an additional link between
hypoxia and metabolism. EgINs’ unusual
low oxygen affinity suggested that these
molecules were indeed oxygen sensors,
an observation that was confirmed genet-
ically. In murine models in which EgIN1
is temporally genetically deleted, mice

:

display hypervascular features and polycy-
themia (12). The phenotype of these mice
mimicked responses to high altitude. Fur-
ther, inactivating mutations in EgIN1 or
activating mutations in HIF-2a have been
shown to cause familial erythrocytosis (13,
14). Even more intriguing, single nucleo-
tide polymorphisms (SNPs) or missense
mutations in EgIN1 allow for high-altitude
adaptation in populations living in high
altitudes (e.g., Tibet) (15).

Hypoxia in the patient setting
Let’s put the discoveries of hypoxia
response in context with a clinical case:
A middle-aged woman was admitted to
the hospital with pathologic fracture of
the femur as a result of metastatic clear
cell RCC. Past medical history was signif-
icant for coronary artery disease, and she
had mild cardiomyopathy. A smoker, she
had chronic kidney disease and anemia.
Hypoxia signaling played a central role in
nearly every feature of her disease pro-
cess, providing for an outstanding teach-
ing opportunity with the house staff team.
This patient’s cancer is likely driven
by inactivation of the VHL gene. She had
been treated for 11 months with a VEGFR
inhibitor, with good disease control.
The model proposed by which VHL loss
resulted in stabilization of HIF factors
and transcriptional activation of hypoxia-
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associated genes immediately explained
why VHL syndrome-associated cancers
were hypervascular. Somatic mutations
in VHL are tightly linked to sporadic clear
cell RCC. Not surprisingly, clear cell RCC
is one of the select groups of cancers for
which VEGF pathway-directed therapy
(Figure 1) has been proven to induce sub-
stantial responses in tumor volume and an
increase in overall survival (16). This dis-
covery can be directly linked to the emer-
gence of a class of drugs targeting VEGF
signaling that have become a staple of the
cancer targeted therapy armamentarium.

Critical for our patient, the physiologic
and chronic response to hypoxia resulting
from coronary artery disease,damaged lung
epithelium, and recurrently injured kidneys
plays important roles in tissue remodel-
ing and disease states. VEGFR inhibition
may have potentially contributed directly
to microvascular dysfunction, myocardial
hypoxia, and (ironically) stabilization of
HIF in myocytes and subsequent myocardi-
al dysfunction (17). Hypoxia signaling alters
the metabolic properties of these tissues,
shifts the balance of reactive oxygen spe-
cies, and accumulates free radical-induced
damage. Hypoxia-mediated effects can
impact any tissue in which delivery of oxy-
gen and nutrients is critical, wherein hypox-
ia signaling underlies serious nonmalignant
and malignant conditions.

The bone marrow and kidneys are
worthy of special consideration in this
case. Hypoxic signaling acts as a rheo-
stat that maintains the necessary growth
signals for stem cells. The bone marrow
niche is where blood stem cells reside,
and perturbations — such as infiltration
with cancer cells, fractures and disrupted
blood flow, and radiation exposure —have
the potential to damage this critical space.
Similarly, cells with exquisite sensory
capacity, predominately localized in the
kidney, utilize HIF signaling to maintain
erythropoietin production that stimu-
lates erythroid precursor differentiation
in that marrow niche. End organ damage
at either site can significantly impact a
patient’s ability to keep up with demand
for red cell production.

Conclusions

The discoveries by Semenza, Kaelin, and
Ratcliff began with a keen focus on fun-
damental aspects of human physiology:
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signaling that alters red blood cell pro-
duction and ultimately oxygen carrying
capacity, and the vasculature that delivers
that essential cargo. In the realm of cancer,
while VHL-associated tumors and RCC
display a remarkable pseudohypoxic state
and vascular dependence due to constitu-
tive stabilization of HIF-20, in many other
tumor types one or both HIF factors are
stabilized or upregulated, which can fre-
quently be a potent biomarker of aggres-
sive tumors. Importantly, small molecules
that target HIF proteins are emerging as
cancer therapeutics (18).

As a result of these seminal discov-
eries, therapies that dampen hypoxic
response have also been applied or tested
in other settings, including retinal diseas-
es, pulmonary hypertension, cardiovas-
cular disease, renovascular disease, and
immune regulation. Conversely, therapies
are being developed that apply a preci-
sion approach to selectively stabilize HIF,
inhibiting the EgIN/HIF axis as a treat-
ment for patients with chronic anemia and
chronic kidney disease (19), bringing the
original observations full circle.

The three physician-scientists hon-
ored with the 2019 Nobel Prize in Physi-
ology or Medicine highlight the tight cou-
pling between clinical observations and
fundamental aspects of human biology,
inspire future physicians to apply that level
of attention to clinical medicine, and pave
the way for innovative therapeutic advanc-
es through their unwavering pursuit of
basic research into the mechanisms by
which cells sense and respond to oxygen.
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