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The importance of oxygen to life has been recognized for hundreds of years, but how cells

and tissues sense reduced oxygen levels remained elusive until the late twentieth century.

The 2019 Nobel Prize in Physiology or Medicine was awarded to William G. Kaelin Jr., Sir

Peter J. Ratcliffe, and Gregg L. Semenza for their discovery of hypoxia-inducible factor, a

key transcription factor that regulates gene expression in response to decreases in cellular

oxygenation. The three scientists provided the first information about the cellular oxygen-

sensing mechanism and downstream signal transduction under hypoxic conditions. Their

discoveries have also paved the way for promising novel treatments for cancer, renal

anemia, and inflammatory disease.
The three pioneers

Oxygen is one of the most important molecules that enable

life on Earth. Mammals have evolved sophisticated regulatory

mechanisms to ensure that every organ receives sufficient

oxygen to sustain normal physiological functions. One well-

known example is hypoxia-induced tachypnea, a natural re-

flex critical for maintaining homeostasis during changes in

arterial blood oxygen saturation [1]. However, acclimatization

of the human body to decreased oxygen availability relies not

only on the rise in ventilation and redistribution of blood flow

to vital organs, but also on stimulation of hemoglobin
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production. The latter physiological response, i.e. upregula-

tion of erythropoietin (EPO) expression to increase red blood

cell synthesis, has been known since the early 1970s [2].

However, the precise underlying mechanisms remained

poorly understood until the late twentieth century when

Gregg Semenza, Peter Ratcliffe, and William Kaelin made a

series of breakthroughs that opened the door to new avenues

of hypoxia research.

In 1991, Gregg Semenza identified a DNA sequence in the

30-flanking region of the human EPO gene that functioned as a

hypoxia-inducible enhancer [3]. This same finding was

confirmed immediately by Peter Ratcliffe's team using mouse
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Fig. 1 Cellular regulation of hypoxia-inducible factor (HIF) activity. Intracellular oxygen level determines the accessibility of HIF-

1a being hydroxylized by PHDs. In normoxia, prolyl hydroxylation of HIF-1a increases the affinity of HIF-1a for pVHL which

recruits elongin B and C, CULs, and RBX1 to constitute a functional E3 ubiquitin ligase, thereby leading HIF-1a into proteasomal

degradation. When oxygen becomes limited, HIF-1a is no longer hydroxylated and becomes stabilized. HIF-1a then binds to

HIF-1b and the HIF-1 heterodimer binds to HRE that ultimately results in the transcriptional responses to hypoxia.

Abbreviations used: HIF: hypoxia-inducible factor; PHD: prolyl hydroxylase domain; pVHL: Von HippeleLindau protein; CUL2:

Culin 2; B: Elongin B; C: Elongin C; RBX1: RING-box protein 1; HRE: hypoxia-response element.
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EPO gene [4]. Using electrophoretic mobility shift assays,

Semenza discovered a nuclear protein complex, designated

hypoxia-inducible factor (HIF), that was detected in hypoxic,

but not in normoxic cells [5]. However, these findings were

unlikely to attract considerable attention if HIF induction was

simply a response to EPO upregulation during hypoxia. A year

later, Semenza and Ratcliffe published the same finding

separately almost at the same time that HIF signaling also

operated in non-EPO producing hypoxic cells, implying the

existence of a ubiquitous oxygen-sensing mechanism in

mammalian cells [6,7]. This finding also suggested that HIF

could target genes other than EPO. In 1995, Semenza's team

identified the genes encoding HIF and purified the protein,

which was composed of HIF-1a and HIF-1b subunits [8,9]. This

work was then used to generate antibodies that allowed re-

searchers to characterize cellular expression of HIF-1a as a

function of oxygen level.

Research into the nature of the oxygen sensor that regu-

lates HIF activity continued into the late 1990s. Several groups

showed that under hypoxic conditions, HIF-1a protein levels

soared without corresponding increase in mRNA levels, sug-

gesting regulation at the level of protein synthesis or degra-

dation [10,11]. It became clear that in oxygenated cells, HIF-1a

protein degradation is mediated by a distinct oxygen-

dependent degradation domain (ODD) via the proteasome

pathway [12,13]. Meanwhile, William Kaelin was studying von

Hippel-Lindau (VHL) disease, which is caused by germline

mutations in VHL tumor suppressor gene [14]. VHL-associated

neoplasms, such as renal cell carcinoma and hemangio-

blastoma, are remarkable for high levels of vascular endo-

thelial growth factor (VEGF) and tumor vascularity. Kaelin

suggested that VHL could be involved in how cancer cells

stabilize hypoxia-inducible mRNA, such as VEGF mRNA

[15,16], but how the interaction between VHL and HIF-1a was

regulated by oxygen remained unclear. The actual break-

throughwasmade by the Ratcliffe labwhen they showed that,
in the presence of oxygen and iron, HIF-1a is targeted for

proteasomal destruction by an E3 ubiquitin ligase complex

containing the VHL protein (pVHL) [17]. This observation was

confirmed by the Kaelin lab [18] and other groups [19]. In 2001,

teams led by Kaelin and Ratcliffe separately provided the final

piece to the puzzle when they discovered that oxygen-

regulated prolyl hydroxylation of HIF-1a mediates binding of

pVHL to the ODD of HIF-1a [20,21]. Ratcliffe reported on three

different prolyl hydroxylase domains (PHD) and demonstrated

that their ability to modify HIF-1a requires molecular oxygen

as a co-substrate. This finding provided long-sought insight

into how cellular oxygen regulates HIF-1a expression [22].
Oxygen-dependent regulation of HIF

Thanks to the pioneering works of Gregg Semenza, Peter

Ratcliffe, and William Kaelin, we now know that when intra-

cellular oxygen levels reach a critical threshold, HIF-1a is

modified by PHD, which targets it for degradation (Fig. 1).

Hydroxylation of specific proline residues in the ODD region of

HIF-1a increases the affinity of HIF-1a for pVHL by at least

three orders of magnitude [23]. Conversely, when cells are

exposed to hypoxia, prolyl hydroxylation is suppressed and

HIF-1a translocates to the nucleus where it forms a functional

complex with HIF-1b and other co-activators, such as cofactor

p300. The complex binds to hypoxia response elements in the

promoter/enhancer region of genes, which are associated

with a broad range of transcriptional targets. Subsequent

studies showed that these target genes are not only involved

in both systemic responses to hypoxia, angiogenesis and

erythropoiesis, but also in cellular responses, such as alter-

ation of glucose metabolism. HIF-mediated hypoxia response

is increasingly recognized as an important determinant of

disease outcomes including cancer and inflammatory disease

[24e27].
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Perspectives

Hypoxia is a known inducer of angiogenesis through HIF-

dependent induction of VEGF expression [28]. Furthermore,

metabolic adaptations of cancer cells by HIF-1 in response to

hypoxia, e.g., the switch from oxidative phosphorylation to

glycolysis, using glutamine rather than glucose for lipid syn-

thesis, and drop in extracellular pH, are known to be involved

in driving tumor progression andmetastasis [24,29]. Increased

HIF-1a levels are associated with increased mortality in many

human cancers [24]. Targeting HIF and relevant metabolic

enzymes may impair the metabolic flexibility of cancer cells

and sensitize them to anticancer drugs [29,30]. Indeed, clinical

studies of HIF inhibitors in patients with advanced cancers

report encouraging results, and several phase II trials are

ongoing [31].

HIF-1 also plays a critical role in the immune response

[32e34]. Its induction is essential for infiltration and activation

of myeloid cells and HIF-1a knockout myeloid cells show

decreased bactericidal capacity [32]. Additionally, HIF-1a reg-

ulates the balance between regulatory T cells (Tregs) and

Th17 cells. Mice with T cell-specific HIF-1a knockout are

resistant to induction of autoimmune encephalitis due to

impairment of Th17 responses [33]. Interestingly, similar to

cancer cells adapting their metabolism to low oxygen levels,

HIF-1a-dependent metabolic switch to glycolysis promotes

production of inflammatory Th17 cells while suppressing Treg

generation [34], suggesting that HIF-1a inhibitors could

ameliorate Th17-mediated inflammation in autoimmune en-

cephalitis. These concepts opened a new field of study called

immunometabolism and accumulating data support the view

that understanding how metabolism regulates immune cell

function could provide new therapeutic opportunities for the

many diseases associated with immune system dysregula-

tion. Inflammation can induce hypoxia as a result of increased

metabolism and diminished oxygen delivery to inflamed

areas. HIF-induced transcriptional changes profoundly

impact outcomes of various inflammatory and ischemic

conditions, such as inflammatory bowel disease, acute kidney

injury, and ischemic-reperfusion injury, and pharmacological

modulation of HIF activity may represent a feasible new

strategy to their treatment [35]. One of the most exciting

possibilities is the use of PHD inhibitors to manage renal

anemia. Roxadustat was recently shown tomarkedly increase

endogenous EPO production and upregulate hemoglobin

levels in a randomized trial of patients with chronic kidney

disease [36]. All of these pivotal achievements, which greatly

benefit our patients, build on the earlier works of the three

pioneers. The 2019 Nobel Prize in Physiology or Medicine was

awarded to honor their discovery of molecular mechanisms

that mediate cellular oxygen sensing.
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