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Humans are obligate aerobic organisms that need air for life. The utmost importance of air for life 

has already been recognized thousands of years ago and is still evident in aspects of the ancient 

Greek medicine where blood was the humor associated with air. However, only a fraction, namely 

the ~20% of oxygen, constitutes the vital part from the air that we breeze. In the cell, oxygen is 

required for several enzymatic reactions and necessary to drive vital processes such as cellular 

respiration in which cells metabolize nutrients like sugars, proteins, or fat to obtain cellular energy 

in form of adenosine triphosphate (ATP). Hence, hypoxic situations, i.e. when the supply of 

oxygen is insufficient and cannot meet the demands of a cell, this can greatly impair life either of 

the cell itself or of the entire organism and even lead to rapid death. Further, due to various 

processes such as cellular growth and differentiation, heartbeat or muscular work, cells are a 

constantly experiencing changes in oxygen availability. Thus, to survive cells need a system which 

maintains oxygen homeostasis over a time course of minutes to days. 

This year’s Nobel Prize is awarded to 3 physician scientists, William G. Kaelin Jr. from the Dana-

Farber Cancer Institute in Boston, Massachusetts; Sir Peter J. Ratcliffe from the University of 

Oxford, UK, and the Francis Crick Institute in London; and Gregg L. Semenza from Johns 

Hopkins University in Baltimore, Maryland who found the molecular switches that empower cells 

to adapt to decreasing oxygen levels.

First evidence that such a system exists came from observations of the late 19th and early 20th 

century when researchers noted that the number of red blood cells increased with the decrease of 

the oxygen partial pressure at high altitude. It took then until the seventies of the last century when 

it was discovered that erythropoietin (EPO), a glycoprotein hormone produced by interstitial 

fibroblasts of the renal cortex in response to low oxygen levels in the blood was responsible for 

the increase in red blood cells. Soon after discovery of EPO in 1977 and cloning of the gene in 

1985 researchers also noticed that EPO gene expression is induced with decreasing oxygen partial 

pressure. This allowed scientists to use the EPO gene as a tool to analyze the role of oxygen in the 

control of gene expression and the early work of two of this year’s Nobel laureates, Gregg L. 

Semenza and Sir Peter J. Ratcliffe is connected with EPO gene regulation. 

By working with mice transgenic for the human EPO gene Semenza could first identify a 256 bp 

hypoxia-responsive region located 3’ of the EPO coding sequence that could bind multiple nuclear 

complexes including a hypoxia-inducible one. In 1992, Semenza together with his first post-doc 

Guang Wang, could then further narrow this region down and they defined a hypoxia response 

element (HRE) that bound a nuclear factor which they called hypoxia-inducible factor-1 (HIF-1). A
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In addition, they found that HIF-1 binding to the HRE was induced by hypoxia in a variety of 

mammalian cell lines. 1, 2

In a parallel approach with the mouse Epo gene Ratcliffe, together with his colleagues Chris Pugh 

and Patrick Maxwell could identify a homologous enhancer element in the 3’ region of the mouse 

Epo gene. Importantly, when reporter genes regulated by this murine Epo-HRE region were 

transfected in non-EPO producing cell lines as well as into Drosophila cells, they demonstrated 

that oxygen sensing was not limited to the EPO gene and EPO producing cells. 

Overall, these findings suggested that a common oxygen-sensing mechanism involving HIF-1 

binding to HREs works in various cell types and is not restricted to mammalian cells. 3, 4

By further purifying, cloning and characterizing HIF-1 Semenza and Wang then demonstrated that 

HIF-1 consisted of two proteins, the oxygen-sensitive basic helix-loop-helix PAS protein HIF-1α 

and the stable HIF-1β protein which was already known as aryl hydrocarbon receptor nuclear 

translocator (ARNT). 5 These experiments were crucial and set basis for the work of a number of 

groups which led to the identification of two more HIF α-subunits, namely HIF-2α and HIF-3α. 

After identification of the HRE and HIF-1α the Semenza and Ratcliffe groups identified different 

regulatory domains within HIF-1α including a specific region termed the oxygen-dependent 

degradation domain (ODD). 6, 7 They and a number of other groups including that of Franklin H. 

Bunn, Jaime Caro, and Lorenz Poellinger then showed that HIF-1α although permanently 

produced even under normoxic conditions was constantly destroyed by proteasomal degradation. 8-

10

Moreover, they found that almost all genes encoding glycolytic enzymes could be regulated by 

HIF-1 and that mice lacking the Hif1a gene died in utero due to impaired vessel formation which 

established HIF-1 as being crucial for a switch from aerobic to anaerobic metabolism and for 

angiogenesis. 11 These findings set the basis for a link to cancer and both groups were able to 

demonstrate that various human cancers displayed high levels of HIF-1α and also HIF-2α. 12, 13 

At about the same time William G. Kaelin showed that mutations in a gene called von Hippel-

Lindau (VHL) caused a genetic syndrome in which tumors called hemangioblastomas made of 

newly formed blood vessels are characteristic. His group in collaboration with others showed that 

cells lacking VHL had an increased expression of hypoxia-inducible genes. 14

With detailed structural analyses and dedicated biochemical experiments Kaelin and his 

collaborators have then shown that VHL forms a complex with elongins B, C and cullin 2 and also 

associates with ring-box 1 (RBX1), a known ubiquitin-conjugating enzyme suggesting that the A
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VHL complex has E3 ubiquitin ligase activity. 15-17 Indeed, Ratcliffe’s group then demonstrated 

that VHL-deficient cells cannot target HIF-1α for oxygen-dependent degradation 18 and Kaelin’s 

group showed that the VHL-elongin B/C-CUL2 complex binds directly to the HIF-1 ODD domain 

and polyubiquitinates HIF-1α. 19

Although these findings indicated that VHL has a key role for HIFα destruction under high oxygen 

conditions, it was still unknown how oxygen regulated this switch. Ratcliffe and Kaelin then 

simultaneously showed the way by identifying proline hydroxylation as the crucial oxygen-

dependent posttranslational step that allows VHL to recognize HIF-1α and to target it for 

degradation. 20, 21

The knowledge that the association between HIFα subunits and VHL requires not only oxygen but 

also iron and 2-oxoglutarate (2-OG, or α-ketoglutarate) led to the identification of three 

mammalian HIF prolyl hydroxylases (PHD1, -2, and -3; also known as EglN2, EglN1, and EglN3, 

respectively) that mediate hydroxylation of human HIFα by Ratcliffe and his collaborator Chris 

Schofield. 22 

Kaelin’s group who biochemically purified and characterized PHD2 in collaboration with Joan 

and Ron Conaway, 23 as well as Ratcliffe in collaboration with Christopher Schofield then tested 

small molecules including selected iron chelators and 2-OG analogues to inhibit the activity of the 

PHDs. 24, 25 The studies showed that these substances could stabilize HIF-1α and induce EPO 

expression in anemic mice, a result, that established PHDs as bona fide drug targets. A number of 

such inhibitors are nowadays in clinical trials as well as approved in some countries for treatment 

of anemia in chronic kidney disease. 26

By screening for HIF interacting proteins the Semenza group identified and characterized a protein 

that negatively regulated the function of the HIF C-terminal transactivation domain and 

accordingly they called it factor inhibiting HIF-1α (FIH-1). 27 Shortly thereafter, two groups, the 

collaborating Ratcliffe and Schofield as well as the Whitelaw group found that FIH is an iron- and 

2-OG–dependent dioxygenase that hydroxylates HIF-1α on an asparagine residue in the HIF C-

terminal transactivation domain, thereby inhibiting recruitment of the coactivator CBP/p300. 28, 29 

These findings together with a number of findings from other groups studying the features of HIF 

prolyl and asparaginyl hydroxylases revealed that these enzymes are crucial for the regulation of A
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both, HIF activity and stability in dependence of the oxygen partial pressure. While HIFα proteins 

are stable and active under hypoxia, they become very quickly hydroxylated by FIH as oxygen 

levels raise because it has a lower Km than the major prolyl hydroxylase PHD2/EGLN1. As a 

result of the asparagine hydroxylation HIFα transcriptional activity would be decreased since this 

prevents recruitment of CBP/p300. As HIF-3α does not possess a C-terminal transactivation 

domain, the FIH action is selective for the other two HIF variants. Upon a further raise in oxygen 

levels predominantely PHD2 becomes active and hydroxylates two prolines in the ODD of the 

HIFα proteins. As a consequence, the VHL ubiquitin ligase complex is recruited which results in 

ubiquitination and subsequent proteasomal HIFα protein degradation. Altogether, these HIF 

hydroxylation events allow to tune HIF accumulation and transcriptional activity to control 

processes that enhance oxygen delivery such as erythropoiesis, angiogenesis, vascular tone, and 

that consume oxygen such as metabolism, proliferation, and apoptosis. Importantly, these adaptive 

responses are often seen to be dysregulated in a number of diseases including anemia in chronic 

kidney diseases, myocardial infarction, stroke, and cancer (Fig.1). 

Thus, the identification of the pathways that sense and respond to oxygen levels has not only 

furthered our understanding of multiple developmental and physiological processes but has also 

opened up new avenues for the development of therapies to treat diseases such as anemia, 

cardiovascular disease, pulmonary hypertension, stroke, and cancer.

Applications of these findings are already beginning to make their way to the clinic where 

potential drugs such as HIF inhibitors are used to treat some forms of cancer or where the HIF 

prolyl hydroxylase inhibitors that increase HIFs and which are either in clinical trials or already 

approved in some countries30 are used to treat anemia in chronic kidney diseases. 

Overall, this year’s three laureates have greatly expanded our knowledge of how the physiological 

response to changing oxygen levels makes life possible and how we can consider these new ways 

to practice medicine in the future. 

Conflict of interest

There is no conflict of interest.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Key references

1. Semenza GL, Wang GL: A nuclear factor induced by hypoxia via de novo protein synthesis 

binds to the human erythropoietin gene enhancer at a site required for transcriptional activation. 

Mol Cell Biol, 12 (12): 5447-5454, 1992.

2. Wang GL, Semenza GL: General involvement of hypoxia-inducible factor 1 in transcriptional 

response to hypoxia. Proc Natl Acad Sci U S A, 90 (9): 4304-4308, 1993.

3. Pugh CW, Tan CC, Jones RW, Ratcliffe PJ: Functional analysis of an oxygen-regulated 

transcriptional enhancer lying 3' to the mouse erythropoietin gene. Proc Natl Acad Sci U S A, 88 

(23): 10553-10557, 1991.

4. Maxwell PH, Pugh CW, Ratcliffe PJ: Inducible operation of the erythropoietin 3' enhancer in 

multiple cell lines: evidence for a widespread oxygen-sensing mechanism. Proc Natl Acad Sci U S 

A, 90 (6): 2423-2427, 1993.

5. Wang GL, Jiang B-, Rue EA, Semenza GL: Hypoxia-inducible factor 1 is a basic-helix-loop-

helix-PAS heterodimer regulated by cellular O2 tension. Proc Natl Acad Sci U S A, 92 (12): 5510-

5514, 1995.

6. Pugh CW, O'Rourke JF, Nagao M, Gleadle JM, Ratcliffe PJ: Activation of hypoxia-inducible 

factor-1; definition of regulatory domains within the alpha subunit. J Biol Chem, 272 (17): 11205-

11214, 1997.

7. Jiang BH, Rue E, Wang GL, Roe R, Semenza GL: Dimerization, DNA binding, and 

transactivation properties of hypoxia-inducible factor 1. J Biol Chem, 271 (30): 17771-17778, 

1996.

8. Huang LE, Gu J, Schau M, Bunn HF: Regulation of hypoxia-inducible factor 1alpha is 

mediated by an O2-dependent degradation domain via the ubiquitin-proteasome pathway. Proc 

Natl Acad Sci U S A, 95 (14): 7987-7992, 1998.

9. Srinivas V, Zhang LP, Zhu XH, Caro J: Characterization of an oxygen/redox-dependent 

degradation domain of hypoxia-inducible factor alpha (HIF-alpha) proteins. Biochem Biophys Res 

Commun, 260 (2): 557-561, 1999.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

10. Kallio PJ, Wilson WJ, O'Brien S, Makino Y, Poellinger L: Regulation of the hypoxia-

inducible transcription factor 1alpha by the ubiquitin-proteasome pathway. J Biol Chem, 274 (10): 

6519-6525, 1999.

11. Iyer NV, Kotch LE, Agani F, Leung SW, Laughner E, Wenger RH, Gassmann M, Gearhart 

JD, Lawler AM, Yu AY, Semenza GL: Cellular and developmental control of O2 homeostasis by 

hypoxia-inducible factor 1 alpha. Genes Dev, 12 (2): 149-162, 1998.

12. Zhong H, Agani F, Baccala AA, Laughner E, Rioseco-Camacho N, Isaacs WB, Simons JW, 

Semenza GL: Increased expression of hypoxia inducible factor-1alpha in rat and human prostate 

cancer. Cancer Res, 58 (23): 5280-5284, 1998.

13. Talks KL, Turley H, Gatter KC, Maxwell PH, Pugh CW, Ratcliffe PJ, Harris AL: The 

expression and distribution of the hypoxia-inducible factors HIF-1alpha and HIF-2alpha in normal 

human tissues, cancers, and tumor-associated macrophages. Am J Pathol, 157 (2): 411-421, 2000.

14. Iliopoulos O, Levy AP, Jiang C, Kaelin WG,Jr, Goldberg MA: Negative regulation of 

hypoxia-inducible genes by the von Hippel-Lindau protein. Proc Natl Acad Sci U S A, 93 (20): 

10595-10599, 1996.

15. Lonergan KM, Iliopoulos O, Ohh M, Kamura T, Conaway RC, Conaway JW, Kaelin WG,Jr: 

Regulation of hypoxia-inducible mRNAs by the von Hippel-Lindau tumor suppressor protein 

requires binding to complexes containing elongins B/C and Cul2. Mol Cell Biol, 18 (2): 732-741, 

1998.

16. Kamura T, Koepp DM, Conrad MN, Skowyra D, Moreland RJ, Iliopoulos O, Lane WS, Kaelin 

WG,Jr, Elledge SJ, Conaway RC, Harper JW, Conaway JW: Rbx1, a component of the VHL 

tumor suppressor complex and SCF ubiquitin ligase. Science, 284 (5414): 657-661, 1999.

17. Stebbins CE, Kaelin WG,Jr, Pavletich NP: Structure of the VHL-ElonginC-ElonginB 

complex: implications for VHL tumor suppressor function. Science, 284 (5413): 455-461, 1999.

18. Maxwell PH, Wlesener MS, Chang G-, Clifford SC, Vaux EC, Cockman ME, Wykoff CC, 

Pugh CW, Maher ER, Ratcliffe PJ: The tumour suppressor protein VHL targets hypoxia-inducible 

factors for oxygen-dependent proteolysis. Nature, 399 (6733): 271-275, 1999.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

19. Ohh M, Park CW, Ivan M, Hoffman MA, Kim TY, Huang LE, Pavletich N, Chau V, Kaelin 

WG: Ubiquitination of hypoxia-inducible factor requires direct binding to the beta-domain of the 

von Hippel-Lindau protein. Nat Cell Biol, 2 (7): 423-427, 2000.

20. Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, Gaskell SJ, von Kriegsheim A, 

Hebestreit HF, Mukherji M, Schofield CJ, Maxwell PH, Pugh CW, Ratcliffe PJ: Targeting of HIF-

alpha to the von Hippel-Lindau ubiquitylation complex by O2-regulated prolyl hydroxylation. 

Science, 292 (5516): 468-472, 2001.

21. Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, Salic A, Asara JM, Lane WS, Kaelin 

WG,Jr: HIFalpha targeted for VHL-mediated destruction by proline hydroxylation: implications 

for O2 sensing. Science, 292 (5516): 464-468, 2001.

22. Epstein AC, Gleadle JM, McNeill LA, Hewitson KS, O'Rourke J, Mole DR, Mukherji M, 

Metzen E, Wilson MI, Dhanda A, Tian YM, Masson N, Hamilton DL, Jaakkola P, Barstead R, 

Hodgkin J, Maxwell PH, Pugh CW, Schofield CJ, Ratcliffe PJ: C. elegans EGL-9 and mammalian 

homologs define a family of dioxygenases that regulate HIF by prolyl hydroxylation. Cell, 107 

(1): 43-54, 2001.

23. Ivan M, Haberberger T, Gervasi DC, Michelson KS, Gunzler V, Kondo K, Yang H, Sorokina 

I, Conaway RC, Conaway JW, Kaelin WG,Jr: Biochemical purification and pharmacological 

inhibition of a mammalian prolyl hydroxylase acting on hypoxia-inducible factor. Proc Natl Acad 

Sci U S A, 99 (21): 13459-13464, 2002.

24. Safran M, Kim WY, O'Connell F, Flippin L, Gunzler V, Horner JW, Depinho RA, Kaelin 

WG,Jr: Mouse model for noninvasive imaging of HIF prolyl hydroxylase activity: assessment of 

an oral agent that stimulates erythropoietin production. Proc Natl Acad Sci U S A, 103 (1): 105-

110, 2006.

25. Mole DR, Schlemminger I, McNeill LA, Hewitson KS, Pugh CW, Ratcliffe PJ, Schofield CJ: 

2-oxoglutarate analogue inhibitors of HIF prolyl hydroxylase. Bioorg Med Chem Lett, 13 (16): 

2677-2680, 2003.

26. Koivunen P, Kietzmann T: Hypoxia-Inducible Factor Prolyl 4-Hydroxylases and Metabolism. 

Trends Mol Med, 24 (12): 1021-1035, 2018.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

27. Mahon PC, Hirota K, Semenza GL: FIH-1: a novel protein that interacts with HIF-1alpha and 

VHL to mediate repression of HIF-1 transcriptional activity. Genes Dev, 15 (20): 2675-2686, 

2001.

28. Hewitson KS, McNeill LA, Riordan MV, Tian YM, Bullock AN, Welford RW, Elkins JM, 

Oldham NJ, Bhattacharya S, Gleadle JM, Ratcliffe PJ, Pugh CW, Schofield CJ: Hypoxia-inducible 

factor (HIF) asparagine hydroxylase is identical to factor inhibiting HIF (FIH) and is related to the 

cupin structural family. J Biol Chem, 277 (29): 26351-26355, 2002.

29. Lando D, Peet DJ, Gorman JJ, Whelan DA, Whitelaw ML, Bruick RK: FIH-1 is an 

asparaginyl hydroxylase enzyme that regulates the transcriptional activity of hypoxia-inducible 

factor . Genes Dev, 16 (12): 1466-1471, 2002.

30. Dhillon S: Roxadustat: First Global Approval. Drugs, 79 (5): 563-572, 2019.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Figure legend

Fig. 1: Oxygen sensing in health and disease. 

Physiological and pathological conditions which are associated with varying oxygen tensions use 

the same cellular machinery to adapt gene expression to conditions of hypoxia. 

In the presence of oxygen, the asparagine hydroxylase FIH and the HIF prolyl hydroxylases 

(PHDs) hydroxylate HIFα proteins in an iron, 2-oxoglutarate (2-OG) and ascorbate-dependent 

reaction. While asparagine hydroxylation prevents recruitment of coactivators, the proline 

hydroxylated HIFα proteins are then recognized by the VHL ubiquitin ligase complex. As a result, 

HIFα proteins become ubiquitylated and undergo subsequent proteasomal degradation. When 

oxygen levels decrease, i.e. under hypoxia, the hydroxylation reactions are limited, and HIFα 

proteins escape the proteasomal degradation. The stable HIFα proteins are then transported into 

the nucleus where they dimerize with HIF-1 (ARNT) and bind to hypoxia-responsive elements 

(HREs) to control gene expression.

The knowledge about these details allows development of drugs that can interfere at different steps 

in order to activate or to block the oxygen-sensing machinery depending on the conditions or the 

disease. 
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