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The importance of adequate oxygenation has been known

for a long time. Oxygen has been early recognized as a

critical substrate for cell metabolism: mitochondrial

oxidative phosphorylation, which consumes oxygen, is up

to 15 times more efficient in ATP production than anaer-

obic glycolysis. However, how animals sense and adapt to

changes in oxygen availability have remained a big enigma

until when the research of Drs. William Kaelin, Peter

Ratcliffe and Gregg Semenza has allowed the discovery of

the molecular mechanisms underlying cellular adaptive

response to low levels of oxygen, condition known as

hypoxia (see the timeline below). For this great contribu-

tion to medical science, they have been awarded the 2016

Albert Lasker Basic Medical Research Award.

One of the first strong evidence for a mechanism of

oxygen sensing in animals was provided by the discovery

of erythropoietin (EPO), a glycoprotein hormone produced

by the fetal liver and then the adult kidney which stimu-

lates erythrocyte production in response to low blood

oxygen levels. Despite human EPO purification in 1977

[1], and the human EPO gene cloning some years later, in

1985 [2], the molecular mechanism by which oxygen levels

regulate EPO expression remained unknown.

Semenza made the first essential finding that paved the

way for a fast series of discoveries which allowed to

uncover the oxygen-sensing mechanism. Using transgenic

mice carrying human EPO, he identified a region located in

its 30 enhancer, now known as hypoxia response element

(HRE), which was bound by nuclear factors and able to

confer hypoxia-inducible expression to diverse gene con-

structs [3].

During the same time period, the kidney specialist

Ratcliffe and colleagues were studying EPO regulation and

found that HRE DNA binding activity was present also in

cell types not involved in EPO production, suggesting that

this oxygen-sensing mechanism could affect the expression

of other genes [4]. Indeed, shortly after they were able to

find the HRE in the enhancers of glycolytic enzyme genes

[5], pointing out that hypoxia could induce adaptations also

at a cellular level regulating the rate of glycolysis for

oxygen-independent ATP production. Further support for

this idea of a wider oxygen-sensing network came from the

Semenza group, which discovered that hypoxia induces

also the expression of the angiogenic factor VEGF (vas-

cular endothelial growth factor) [6].

The next goal was then to identify the oxygen-regulated

nuclear factors binding EPO. In 1995, Semenza and col-

leagues purified this transcription factor, which they named

HIF-1 for hypoxia inducible factor-1 [7]. Its essential role

in the generation of the vascular system, as well as in the

erythrocyte production, was confirmed by the embryonic

lethality of HIF-1 deficient mice, due to a severe impair-

ment of cardiac and vascular development and decreased

erythropoiesis [8]. HIF is composed of two subunits, HIF-

1a and HIF-1b (also called ARNT for aryl hydrocarbon

receptor nuclear translocator). The mRNAs of both sub-

units were found to be constitutively expressed in nor-

moxic and hypoxic conditions; however, while HIF-1b was

stably expressed, HIF-1a protein was only induced under

hypoxia. This suggested that HIF-1a levels were modu-

lated by some posttranslational modification.

A great contribution to deciphering this regulatory

mechanism came from the work of Dr. William Kaelin.

From his clinical experience as an oncologist, he was
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aware that some kidney tumors display increased blood

vessel density and Von Hippen–Lindau (VHL) tumor

suppressor loss. When he and his group found that VHL

forms a complex with Elongin B and C and CUL2,

homologs of the yeast ubiquitin ligase proteins [9], the

hypothesis arose that VHL deletion could lead to VEGF

stabilization and subsequent increased vasculature. Indeed,

he soon discovered that VHL deficiency leads to upregu-

lation of VEGF as well as other HIF targets even in nor-

moxia [10]. It did not take long for both Ratcliffe and

Kaelin to ascertain the link between VHL and HIF sug-

gested by these discoveries. Indeed, in back-to-back papers

in 2001, they demonstrated that HIF-1a is proline

hydroxylated under normoxia, leading to its recognition by

VHL that targets HIF-1a to proteasomal degradation

[11, 12]. This finding brought another question, namely

what was responsible of HIF-1 oxygen-dependent

hydroxylation. Ratcliffe, Kaelin and Steve McKnight came

to the same answer: HIF-1 hydroxylation is performed by a

family of prolyl-4-hydroxylases (PHD) [13–15].

Ratcliffe, Semenza, and others had shown that HIF-1

C-terminal transactivation domains were also subjected to

oxygen regulation, which altered transcriptional activity

without affecting protein stability [16, 17]. Semenza and

colleagues identified and characterized a protein that

interacted with HIF thus impairing its transcriptional

activity, which was accordingly named FIH for factor

inhibiting HIF-1 [18]. Shortly after, it was shown that HIF-

1 is also hydroxylated on asparagine residues, which

inhibits its ability to bind to transcriptional coactivators

[19].

The discovery of HIF prolyl and asparagine hydroxy-

lation brought the pieces to complete the elegant oxygen-

modulated regulation of HIF activity (Fig. 1). Both HIFa
and HIFb are constitutively expressed, but HIFa is only

stable and active under hypoxia. As oxygen levels increase,

FIH-1, which is active at lower oxygen concentration than

PHDs [20], hydroxylates an asparagine residue in the

C-terminal transactivationdomain of HIFa, thus inhibiting
HIFa transcriptional activity by preventing its interaction

with transcriptional coactivators. As oxygen levels keep

increasing, PHDs become active and hydroxylate HIFa on

proline residues, therefore promoting the interaction of

HIFa with the pVHL E3 ubiquitin ligase complex, which

leads to HIFa ubiquitination and subsequent proteasomal

degradation (Fig. 2).

In less than 10 years, Kaelin, Ratcliffe, and Semenza

achieved to compose the central part of this challenging

puzzle, namely the oxygen-sensing system. Working

independently, they added the pieces from different angles:

Kaelin starting from his observations in the oncology field,

Ratcliffe from his experience as a kidney specialist, and

Semenza from medical genetics, giving a beautiful exam-

ple of the importance of a multidisciplinary approach to
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unravel complicated questions. Yet, the puzzle is far from

being completed. On the contrary, it remains to investigate

all the implications brought by this discovery. From a

fundamental point of view, the elucidation of the oxygen-

sensing machinery points out that oxygen plays an essential

role in cell biology not only as a critical substrate for

cellular metabolism and bioenergetics, but also as a sig-

naling molecule. Many enzymes other than prolyl-4-hy-

droxylases are likely regulated by oxygen, as well as

proteins other than HIF can be modified in an oxygen-

dependent fashion. Great effort should thus be made in

order to extend our knowledge of oxygen-regulated path-

ways. At the same time, more translational research should

be conducted to improve the pathological conditions that

present a dysregulation of the adaptive response to oxygen.

Indeed, the work of Kaelin, Ratcliffe and Semenza have

made way for the development of therapeutic strategies to

treat diseases such as anemia, coronary artery disease, and

cancer.
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