Oxygen Cellular Sensing and Nobel2019:

Zareena, Mookayi and Mari

The three came rushing into the house excitedly: “Amma, you should have come! The talk was fantastic and you would have liked it”. Usha sniffled, coughed and looked up to see her daughter Mari and her two friends Zareena and Mookayi. She was feeling a bit sick, dull and breathless but these three proved like a supply of fresh oxygen to her. She smiled and said “Alright. So what is all this about?”

The three said at the same time, “You were sleeping so we three went to the talk by Dr. Priya, a scientist working on Cancer research. She talked about the Nobel Prize in Medicine or Physiology for 2019”. Usha asked them to sit down and speak one at a time. 

Zar and Mooks sit and start telling what happened. “I will go to the kitchen and get something to eat and drink for all of us. Make sure you tell things correctly,” said Mari. 

Zar and Mooks looked at each other and sat down to tell Usha about what they learnt at the talk arranged by Tamil Nadu Science Forum as part of their popular science lecture series.

Zar: “Amma, you know the 2019 Nobel Prize in Medicine was awarded jointly to … what are their names, I don’t remember now.”

Mari shouted from the kitchen: “William G. Kaelin, Jr., Sir Peter J. Ratcliffe and Gregg L. Semenza.” 

Zar pouted and mumbled, “I was just going to say that, Miss Know It All.”

“Now don’t start fighting. Each of you tell me what you followed and remember,” said Usha firmly.

Mooks immediately said: “They got the award for their discoveries of how cells sense and adapt to oxygen availability.”

Zar went on: “They identified molecular machinery that regulates the activity of genes in response to varying levels of oxygen.”

Mooks carried on: “Animals need oxygen for the conversion of food into useful energy. The fundamental importance of oxygen was understood for centuries. However, how cells adapt to changes in levels of oxygen came to be known because of the work of these three.”

Mari came in carrying a tray with snacks and hot cups of tea. She added, “In 1931, Otto Warburg got the Nobel Prize in the same category for his work on sea urchins and other organisms at an early stage of development – he showed that the process of how cells utilise oxygen involves chemical reactions using enzymes.”

Zar quickly added, “During evolution, mechanisms developed to ensure a sufficient supply of oxygen to tissues and cells.”

Mari smugly put in, “The 1938 Nobel Prize was given to Corneille Heymans for discoveries showing how blood oxygen is sensed by something called the carotid body. This controls our respiratory rate by communicating directly with the brain.” 

Mooks said, “Yes. Dr. Priya mentioned that the carotid body is adjacent to large blood vessels on both sides of the neck. It contains specialized cells that sense the blood's oxygen levels and provide signals that increase or decrease our breathing rate.”

Mari added, “She said that the controlled rapid adaptation to low oxygen levels is called hypoxia. But there are other fundamental physiological adaptations. (Physiological means relating to the way the bodily parts function). One key response to hypoxia is the rise in levels of the hormone erythropoietin, which leads to increased production of red blood cells.” 

Zar loudly said, “Yes, after all, it is the red blood cells that carry oxyygen in the blood. Also, Dr. Priya called the hormone erythropoietin as EPO and the production of red blood cells as erythropoiesis. She also said the importance of hormonal control of erythropoiesis was already known at the beginning of the 20th century, but how this process was itself controlled by oxygen remained a mystery till the work done since the 1990s by Semenza, Ratcliffe and Kaelin”.

After an amused glance from Usha, Zar continued in a normal voice, “Gregg Semenza studied the EPO gene which instructs the cells to make EPO. He discovered how it is regulated when the oxygen levels vary. He used gene-modified mice, and looked at specific DNA segments located next to the EPO gene which he showed were responsible for the response to hypoxia.”

BOX What is the EPO gene?

A gene is a unit of DNA that is usually located on a chromosome in the nucleus of cells. It controls the development of one or more traits or behaviour of the individual. It is the basic unit by which genetic information is passed from parent to offspring. In particular, the EPO gene produces the active EPO protein or hormone. This protein is mainly synthesized in the kidney, and is then secreted into the blood plasma. It binds to the erythropoietin receptor to promote red blood cell production, or erythropoiesis, in the bone marrow.

END OF BOX

Mooks went on, “Peter Ratcliffe also studied oxygen-dependent regulation of the EPO gene, and both research groups found that the oxygen sensing mechanism was present in almost all tissues, not only in the kidney cells where EPO is normally produced.”

Mari smoothly said, “These findings showed that the mechanism was general and functional in many different cell types. So more researchers got interested in identifying the molecules involved in this process.”

Zar continued, “The segment of DNA next to the EPO gene that Semenza discovered is now known as the hypoxia response element or HRE. He used cultured liver cells to discover a protein complex that binds to the HRE. He called this protein complex as the hypoxia-inducible factor (HIF) since it is involved in the response to hypoxia. It took a lot of effort to purify this protein complex, as well as discover the genes that code for HIF. They found there are two proteins, one whose level changed depending on oxygen levels which they called HIF-1and another which was present all the time which they called HIF-1”.

Mari put in, “Yes, but it turned out that HIF-1 had been previously cloned and described by another group. Also since its level was not oxygen-sensitive, it became clear that HIF-1 was the regulator of oxygen responsiveness in the HIF complex.”

Mooks was meanwhile fiddling with her mobile and showed to Usha a picture of a figure in a slide from the talk saying, “When oxygen levels are high, cells contain very little HIF-1. They are degraded quickly but then people did not know how it happened. However, when oxygen levels are low, the amount of HIF-1 increases so that it can bind to and thus regulate the EPO gene as well as other genes with HRE DNA segments. Amma, see the bottom part of the figure.” 

Mooks piped in, “The key role of HIF-1 had been shown by several research groups. While it is normally rapidly degraded, it is protected from degradation during hypoxia or low oxygen levels. At normal oxygen levels (called normoxia), a molecular machine in the cell called the proteasome, degrades HIF-1 .

Mari added, “The way in which proteins are degraded is also very unique. Proteins that are to be degraded are modified by attaching to them a small peptide called ubiquitin. It's like a name tag: any protein with this label is destined for degradation in the proteasome.”

Zar proudly added, “In 2004, the Nobel Prize in Chemistry was given to Aaron Ciechanover, Avram Hershko and Irwin Rose, for identifying the mechanism of how proteasome degrades proteins.”

BOX: How does VHL help to label proteins?

This has a complicated answer. If you are curious, and know some biology just beyond school level, read more details of Ratcliffe and Kaelin’s work given in this box.

VHL refers to the protein coded by the tumour suppressing gene in von Hippel-Lindau or VHL disease. It is a genetic disease which leads to dramatically increased risk of certain cancers in families with inherited VHL mutations. Kaelin showed that the VHL gene encodes a protein that prevents the onset of cancer. Kaelin also showed that cancer cells lacking a functional VHL gene express abnormally high levels of hypoxia-regulated genes. However, when the VHL gene was re-introduced into cancer cells, normal levels were restored! This was an important clue showing that VHL was somehow involved in controlling responses to hypoxia.

Additional clues came from several research groups showing that VHL is part of a complex that labels proteins with ubiquitin, marking them for degradation in the proteasome.

Ratcliffe and his research group demonstrated that VHL can physically interact with HIF-1 and is required for its degradation at normal oxygen levels. This conclusively linked VHL to HIF-1.

In 2001, Kaelin and Ratcliffe simultaneously published articles showing that under normal oxygen levels, oxygen sensitive enzymes add hydroxyl groups at two specific sites in the HIF-1. This protein modification, called prolyl hydroxylation, allows VHL to recognize and bind to HIF-1 and explained how normal oxygen levels control rapid HIF-1 degradation with the help of oxygen-sensitive enzymes.

There is another control that acts like a brake on those HIF-1 proteins that escape the degradation when oxygen levels are normal. The protein HIF-1 is a transcription factor meaning it binds to regions that control the expression of hypoxia inducible genes such erythropoietin. See the figure. Semenza and his group identified a protein called Factor Inhibiting HIF or FIH that helps to add hydroxyl to a region of HIF-1. This prevents the binding of proteins to HIF-1. Now the HIF-1 protein though not degraded cannot still perform its transcription action and enhance gene expression of its targets.

END OF BOX

Mari piped in, “So HIF-1 activity has not one, but two independent mechanisms for oxygen dependent activity inhibition. This just shows that keeping HIF-1 levels properly and exactly regulated by cellular oxygen levels is necessarily a very finely tuned process.”

Usha suppressed a smile and said, “All interesting. But why should they give the Nobel Prize now under Medicine or Physiology almost two decades after the discoveries?”

Zar exclaimed, “Of course, oxygen level control is so important at the cellular level for many diseases and physiological states. For example, kidney diseases can disrupt the process of red blood cell generation leading to anaemia. A number of potential drugs that increase HIF function by inhibiting the PHD enzymes are already far along in clinical trials, with a recent series of publications from a Chinese group demonstrating their clinical efficacy in treatment of anaemia. Future applications to inhibit the HIF pathway are also on the horizon. These are likely a way to slow the progression of some cancers that are induced by VHL mutations.”

Mari had to have the last word and said, “Increasing HIF function using drugs may help in the treatment of a wide range of diseases, as HIF has been shown to be essential for phenomena as diverse as immune function, cartilage formation, and wound healing.  Inhibition of HIF function could also have many applications: increased levels of HIF are seen in many cancers as well as in some cardiovascular diseases, including stroke, heart attack, and pulmonary hypertension. It is likely that we are only at the beginning of applications of these Nobel Prize-winning discoveries, since the response to oxygen in cells, tissues and organisms is one of the most central and important physiological adaptations of animals.”

But Usha with a twinkle in her eye posed the question, “So what happens in plants and bacteria – do they not need mechanisms to respond to oxygen levels?”

Mari, Mookayi and Zareena looked stumped and looked at each other thinking “No one asked this question in the talk. Why?”
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