
[image: cover]


[image: ]

[image: ]





	Review article
	JOJ Immuno Virology 




	Volume 1 Issue 4 - February 2017
 DOI: 10.19080/JQJIV.2017.01.555568

	Copyright © All rights are reserved by James A Morris  









Solutions to Peto's Paradoxes and to Wright's Enigma have Implications for Cancer Prevention.



Naseema-Maria Begum1, James A Morris2*

1 Department of Pathology, Royal Lancaster Infirmary, UK

 2Faculty of Health & Medicine, Lancaster University, UK



Submission:  February 06, 2017;      Published: February 28, 2017

*Corresponding author:James A Morris, Department of Pathology, Royal Lancaster Infirmary, UK,    Email: Jim.A.Morris@mbht.nhs.uk


Abstract

The conventional view of carcinogenesis, based on over 50 years of theoretical and experimental research, is that the chance accumulation of a specific set of somatic mutations in a single stem cell leads to a monoclonal malignant tumour. Somatic mutation is increased by exposure to external mutagens but still occurs in their absence. Thus, although causative agents, such as smoking, can be identified, cancer will still occur even if conditions are ideal. This conventional idea, however falls foul of Peto's paradoxes and of Wright's enigma. Men are a thousand times larger than mice and live thirty times as long; they should have a markedly increased rate of malignancy compared with mice but they do not (Peto's paradox). Furthermore many gastro-intestinal tumours are oligoclonal, not monoclonal at inception (Wright's enigma). The solution to the paradoxes is to reject the conventional view that stem cells cycle every few days throughout life and accept instead the hierarchical model of stem cell genesis. The latter model predicts that the number of cell divisions between the zygote and differentiated cells (r) is less than 60 in men as long as the hierarchy is maintained. Cancer will only occur if the orderly progression of the hierarchy is disturbed and r is increased. Factors which can disturb the hierarchy include ulceration, inflammation, trauma and viral infection. Cancers have a cause and cancer prevention is possible.
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Introduction

Cancer is due to the accumulation of deleterious mutations in stem cells. If a single stem cell acquires a specific set of m mutations leading to loss of growth control then the cell will proliferate to form a monoclonal malignant neoplasm, in which all the malignant cells are ultimately derived from the single aberrant stem cell. This concept, which has become the central dogma of carcinogenesis, is the result of over 50 years of theoretical and experimental work in cancer research.


Epidemiologists in the 1960s and 1970s noted that most common cancers increased in prevalence as a power function of age [1-6]: Prevalence of cancer being proportional to age raised to the power n, where n has values close to 7. Incidence, which is the first derivative of prevalence, is therefore proportional to age raised to the power n-1.



The power function is consistent with the concept of multiple hits leading to cancer and it was postulated that the hits were equivalent to deleterious mutations. Thus the simplest model is that the accumulation of n specific mutations in a single stem cell leads to cancer. But more complex models were soon proposed. One possibility is that cancer develops in stages, with initial mutations leading to clonal expansion and then subsequent mutations leading to cancer. In this case the number of mutations for malignancy (m) might be less than n. A second possibility is that the genome becomes progressively more unstable as mutations accumulate and in this case the value of m could be greater than n.


Laboratory based experimental work in the 1980s and 1990s confirmed the prescient predictions of the above theoretical models [7-10]. Oncogenes, which switch on growth, are kept in check by anti-oncogenes and by other tumour suppressive mechanisms. Thus it requires at least two deleterious mutations in one cell before uncontrolled growth occurs. Retinoblastoma is due to two mutations disabling both retinoblastoma genes and leading to the loss of the retinoblastoma gene transcription protein. But there are far more stem cells, and stem cell mitoses, in the colon, for instance, than in the retina, and colon cancer would be far more common than observed if only two deleterious 
mutations were sufficient for cancer to occur. Thus in practice it is likely that m is closer to 4 than 2 for most of the common cancers [11-13].

Peto's paradoxes

Richard Peto wrote a review of multi-stage models of carcinogenesis in 1977 [5]. This article has recently been republished in a more accessible form [6]. In the article he noted two paradoxes.

The first is the man-mouse paradox. Men are one thousand times larger than mice and live 30 times as long. According to multi-stage models the prevalence of cancer in men should be vastly greater than in mice. The increase predicted by the models is 30m x 1000. If m = 4, the increase would be nearly a billion-fold. In fact the prevalence of cancer in men and mice is similar rising to comparable levels at the end of their respective lifespan [14,15].

The second paradox is rather more subtle. Cancer rises as at least the fourth power of age but less than the second power of carcinogen dose. But multi-stage models predict the power of age and carcinogen dose should be the same. Peto states [5,6] "The fact that the exponent of dose rate is so much lower than the exponent of time is one of the most important observations about the induction of carcinomas, and everyone should be familiar with it - and slightly puzzled by it!". We agree with this statement but would delete the word "slightly".

It is the second paradox that was originally termed Peto's paradox [15], but in recent years the term has also been applied to the first [16-18]. The solution to the paradoxes depends on stem cell kinetics. The number of mutations in stem cells and in fully differentiated cells depends on the mutation rate per cell division and the number of divisions that separate the stem cell or mature cell from the zygote. In a human lifetime approximately 7 x 1015 mature differentiated cells are produced. The minimum number of cell divisions to produce this many cells is 53. The number of cells produced in a lifetime by a mouse is closer to 2 x 1011. This number of cells can be produced by 37 cell divisions. Thus the mutant frequency in fully differentiated cells in mice and men will be similar at the end of their natural lifespan, and thus the risk of cancer per cell will also be similar. But men have 1000 times more cells than mice and therefore this argument reduces the disparity in cancer rates from a billion fold to a thousand fold.

A similar argument can be applied to whales. They are a thousand fold larger than men and produce perhaps a thousand fold more cells. This would require approximately 63 cell divisions. Thus mutant frequency in men and whales will be similar and it will vary only two fold between whales and mice. The number of cells in whales, however, will be a million fold more than in mice.


The argument so far depends on the assumption that the stem cell hierarchy is strictly controlled and differentiated cells are never more than the minimum number of cell divisions from the zygote. This model of stem cell generation has been described previously [15,19,20]. It is different than the conventional model which assumes stem cells cycle regularly, every few days, and undergo up to several thousand divisions in a human lifetime. It is the conventional model that falls foul of Peto's paradox [20].




There is, however, still a thousand-fold disparity between men and mice and a million-fold disparity between whales and mice to explain. The answer to this comes from consideration of the red cell paradox. Each day humans produce 200 billion red cells, 100 billion neutrophils and 50 billion of all other cells. There are more mitotic divisions in the red cell series than in all other cells put together. If cancer depended on the number of stem cells then erythroleukaemia would be the commonest malignancy, in fact it is vanishingly rare. The conclusion to draw is that as long as there is strict control of the stem cell hierarchy and the number of celldivisions is kept to the minimum then malignancy, in practice, will not occur [20].


Wright's enigma

Professor Sir Nicholas Wright’s group in London has shown, in a series of publications [21-25], that many tumours in the gastro-intestinal tract arise from more than one stem cell. The individual clones of these oligoclonal or polyclonal tumours compete, and in a process that mimics Darwinian selection, only one clone survives to become a monoclonal malignant tumour. This concept also challenges the conventional view of carcinogenesis.

It appears that fields of stem cells have mutation hot spots and it is in those focal areas that several stem cells acquire the m specific mutations for malignancy. Elsewhere, in the field the risk of a stem cell acquiring the m specific mutations is sufficiently low that cancer, in practice, does not occur.

This leads to the concept that the vast majority of stem cells in mice, men and whales have a mutation rate which is so low that they will not accumulate the specific set of m mutations in a lifetime regardless of their size and regardless of the length of their life. But in specific areas, due to a specific cause, the stem cells suffer a much higher mutation load and they can generate multiple malignant clones.

Stem cell kinetics

The solution to Wright’s enigma and Peto's paradoxes depends on a consideration of stem cell kinetics [15,19,20] (Table 1).



If stem cells cycle daily or every few days, as in the conventional model of stem cell genesis, then by late middle age r will be a large number. It will not then be possible for the mutant frequency in the hot spots to be several multiplies of the mutant frequency of the rest of the stem cells. But if r is less than 60, as in the hierarchical model, the stem cells in the hot spots could go from 60 to say 600 in just two years and the mutant frequency could rise ten-fold.A ten-fold rise in mutant frequncy with m=4 would raise the risk of malignancy ten thousand times.this model implies that the cause of cancer is loss of the stem cell hierarchy and the accumulation of the mutations for malignancy is secondary to this.



Table 1:The hierarchial model of stem cell genesis in humans.
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Let q equal the mutation rate per cell division (this is of the order of 5 × 10-10 per base pair per mitosis or 10-6 per gene per cell division).

Let r equal the number of cell divisions from the zygote.

The mutant frequency in stem cells is then qr (the much lower mutation rate in cells during the quiescent phase is ignored).

Cancer causation

Focal inflammation can damage and destroy stem cells and if the orderly progression of the hierarchy is disturbed then dysplasia and malignancy could follow. This is seen in Barrett's glandular mucosa, when recurrent ulceration of the lower oesophagus, induced by reflux of acid and pepsin from the stomach, leads to dysplasia and then malignancy [26]. This can occur in the absence of mutagens although smoking does increase the risk. Helicobacter pylori infestation of the distal gastric mucosa also causes inflammation and increases the risk of gastric cancer and lymphoma [27]. Autoimmune mediated gastric atrophy in patients with pernicious anaemia predisposes to gastric adenocarcinoma and is another example of inflammation induced malignancy.

Adenocarcinoma of the colon is much more common than adenocarcinoma of the small intestine even though the small intestine has more stem cells than the colon. This has always been a problem for conventional models of stem cell genesis, but is explicable in terms of bacterial induced inflammation of the colonic mucosa. In particular patients with ulcerative colitis have an increased risk of colonic cancer [28].

Cancer of the cervix is caused by infection with HPV) [29]. This leads to a field change in the squamous epithelium of the cervix and multiple stem cells develop dysplastic changes. Invasive cancer, however, follows the accumulation of a specific set of deleterious mutations in one of the stem cells followed by uncontrolled cell proliferation. This is something that histopathologists have known for many years and it is precisely the model of carcinogenesis presented in this paper.

Some years ago a Lancaster student conducted an epidemiological study of breast cancer. She found evidence that recent breast trauma[30]. I (JAM) told her that the results were probably due to due to recall bias. Furthermore I argued that it was not biologically plausible for trauma to cause cancer. She said "The trouble with you is you're a bloke, and you don't understand. You are suggesting that the controls had suffered as much trauma as reported by the patients but that they have forgotten about it. I am telling you that the female breast is very sensitive and women who have suffered significant trauma would not forget." I think she was right. But the issue of biological plausibility still troubled me until I realized the obvious; trauma like inflammation will damage stem cells and could leadto loss of control of the stem cell hierarchy.

Each year we all suffer several episodes of upper respiratory tract infection. Most of the viruses grow in the differentiated cells of the respiratory mucosa, induce cell lysis and then are released to infect others. But a few viruses have a more complicated life cycle. They grow in the differentiated respiratory cells and then have a second growth phase in circulating blood lymphocytes. Finally they enter the cells, including stem cells, of epithelia throughout the body. The viruses can obviously cause genetic change in lymphocytes and in epithelial stem cells. This is a plausible primary cause for lymphoma/leukemia and for carcinoma in many tissues including the breast.

Implications for prevention

If cancer at specific sites has a specific cause, or a number of specific causes, then cancer prevention is a possibility. However, in patients born with deleterious mutations in the zygote which predispose to cancer, progression to malignancy at some sites might be inevitable in spite of preventive methods. But with this one exception the future for prevention is bright.

Bacterial induced inflammation of the colon, for instance, is theoreticallypreventable. We need to identify the specific bacteria that induce inflammation and replace them by less pathogenic close relations that will occupy the same ecological niche. There are hundreds of bacterial species that are found in the colon with many variants per species. We anticipate that the optimum flora will be identified in the not too distant future and developed and maintained by daily consumption of enteric coated bacterial containing pills. This should prevent ulcerative colitis as well as colonic cancer [31].

Immunization against HPV is likely to reduce the risk of squamous cell carcinoma of the cervix. Other viral induced neoplasms might well be prevented if we can identify the causative agents. The total viral load over a lifetime is likely to be a factor and efforts to reduce this by controlled low dose exposure by the respiratory and oral routes have been described previously [31]. Exposure to viruses and bacteria is inevitable, what we must learn to do is to engineer exposure such that the dose, the route and the timing is optimal so as to induce immunity with minimal damage.

Breast cancer is the commonest malignant tumour in females. A field change in stem cells leading to ductal carcinoma in situ is often present as the precursor of invasion. The model proposed in this paper would predict a causative agent which is focal, affecting some stem cells more than others and not a diffuse change affecting all cells equally. Trauma is one possibility, as already mentioned [30]. But viral carriage by the breast cells is perhaps more likely. Lactation is an obvious way of passing on viruses accumulated over the preceding years. It is also interesting to reflect that women who have an early lactation have a reduced risk of cancer. Women who never lactate have an increased risk [32,33]. Elimination of the viral particles early gives less chance for them to induce genetic change in the stem cells. This idea can be investigated by sequencing DNA and RNA in first lactation breast milk to see which viruses are commonly present.

A key target for prevention is smoking which is the main cause of lung cancer. A causative role for tobacco smoke has always seemed biologically plausible because it is a mutagen. Burning the leaves of the tobacco plant, however, releases thousands of biologically active molecules,many of which blunt the inflammatory response to infection [34]. Thereforethe link between smoking and cancer might also involve inflammation and infection.


Discussion



Sir Richard Peto’s article on multi-stage models of carcinogenesis, first published in 1977 [5] and now available on-line [6], repays careful study. Not only were the two, now eponymous, paradoxes presented but there was also prescient discussion of other key theoretical issues. These includethe potential importance of the number of cell divisions separating differentiated cells from the zygote, and the possible oligoclonal origin of tumours. In effect a preview of the hierarchical model of stem cell genesis andof Wright's enigma.

The conventional view of carcinogenesis falls foul of Peto's paradoxes and of Wright’s enigma [20]. If stem cells cycle every few days throughout life then cancer would be vastly more common in men than in mice, but it is not. If the number of stem cells in a tissue was the major determinant of cancer risk, as recently suggested by Tomasetti & Volgenstein [35], then erythroleukaemia would be the commonest human malignancy, but it is not. If cancer is purely the product of the random accumulation of mutations in stem cells then tumours would not be oligoclonal at inception, but sometimes they are [21-25].

The problem with the conventional view of carcinogenesis is not the key idea that the accumulation of a specific set of mutations in a single stem cell leads to cancer. The problem is with the conventional view of stem cell kinetics. The hierarchical model of stem cell genesis proposes that the number of cell divisions separating differentiated cells in old age is close to the minimum number which is log2N (where N is the total number of differentiated cells produced in a human lifetime) [15,19,20]. This model vastly reduces the risk of malignancy and in practice cancer would be rare in mice, men and whales so long as the orderly progression of the stem cell hierarchy is maintained. One exception, however, applies in those who have cancer predisposing mutations in the germ line. The chance of acquiring m-1 mutations in a stem cell is vastly greater than the chance of acquiring m mutations and could occur within 60 cell divisions.

The idea that carcinogens are mutagens has also had a powerful influence. Tobacco smoke, radiation and viral infection are all mutagens which increase the risk of cancer in many tissues. Mutagens increase the mutation rate per cell division and therefore increase the mutant frequency in stem cells. If the mutant frequency doubles and m=4 then the risk of a monoclonal malignant tumour arising will increase sixteen-fold [15]. But even heavy smokers are extremely unlikely to develop erythroleukaemia; thus smoking is mutagenic but it does not seem to be carcinogenic in practice for the majority of stem cells in the body. Perhaps tobacco smoke is acting predominantly on developing epithelial cells at the body's periphery rather than centrally on the bone marrow. But if so then the mutation rate will only rise in divisions 45 to 55 (Table 1). This will obviously have less effect on the mutant frequency than if all divisions from the zygote had been affected [36]. The model proposed in this paper is that merely increasing mutant frequency will not in itself lead to a monoclonal malignant tumour. What is required is a field change in a group of stem cells leading to loss of the orderly progression of the hierarchy. Mutagens, however, can cause cell death and they can produce mutations in the genes which are involved in control of the stem cell hierarchy. Indeed the combination of inflammation leading to stem cell loss combined with exposure to a mutagen such as tobacco smoke could be a potent force for damaging the stem cell hierarchy. An interaction of this type is seen in the development of adenocarcinoma from Barrett’s glandular mucosa [26].

Dysplastic cells are oligoclonal and show evidence of genetic instability in the form of nuclear pleomorphism. According to the model presented in the table they are in excess of 60 divisions from the zygote. The work of Professor Wright's group indicates that a number of malignant clones are likely to develop but the majority will not survive. It is an inevitable property of an asexual growth that the growth potential will be limited by the accumulation of mutations [37,38]. The same principle will apply to any clinically apparent monoclonal malignant tumour that develops. Unfortunately all too often the tumour is capable of killing the host before the growth potential is exceeded. The process by which one clone emerges to become the monoclonal tumour has been compared with Darwinian selection. But rather than survival of the fittest, the term survival of the least decrepit might be more appropriate. Biological cells that have genetic instability and are accumulating mutations will have a limited lifespan. A therapeutic approach based on clearing the cells until the growth limit is reached might have some merit. This could be more successful than the current approach of tailoring therapy to the specific mutations found in the tumour cells. Clinically apparent malignant tumours contain billions of cells and every possible genetic mutation will be present in every tumour. Resistance to chemotherapy is therefore inevitable.

The best approach, however, is to prevent cancer arising in the first place. Solutions to Peto’s paradoxes and to Wright’s enigma indicate that this should be possible because each cancer has a cause other than random chance. Ulceration, inflammation, trauma and viral infection are all possible causative factors, acting to destroy stem cells and leading to loss of control of the stem cell hierarchy. What we need to do is to identify the cause or causes for each tumour type and then to develop preventive strategies. Immunization against the human papilloma virus (HPV) is a good example of how this could be achieved. Viruses also play a role in some cases of lymphoma and could be involved in most. We will never prevent all viral infection, but we could reduce the dose by controlling exposure and thereby reduce the total mutagenic effect [31].

The ideas developed in this paper are relevant in particular to breast cancer, the commonest cancer in women. Many viruses multiply in the body and then spread to epithelial cells before they are shed to the exterior. The breast is an obvious site for passing on viruses but they must reside in the breast epithelial cells for years prior to the first lactation: thus the sooner the lactation the less the damage. It is now possible to investigate this idea directly by sequencing DNA and RNA in milk of the first lactation. Once again controlled low dose early mucosal exposure to the causative viruses could reduce the degree of stem cell damage.

A final paradox in relation to breast cancer is that the disease is more common in taller women, in other words prevalence varies by body size [32,33,39]. The temptation to attribute this directly to body size, however, must be resisted in view of everything written above. A better explanation, published previously, has been referred to as the empty set theory [40]. The number of deleterious mutations in the genome is a Poisson variable with a mean in single figures, probably 5 or 6 [41]. These deleterious mutations interact synergistically in large complex genetic networks to impair performance on a wide range of skills. Those at the bottom end of the Poisson distribution are lucky; they grow to be tall, healthy, intelligent adults [40-42]. They do well in life and rise up the social scale. But because they have few deleterious mutations in the genome they can acquire four more without stem cell death. Those at the other end of the Poisson distribution are not as tall, and not as healthy overall, but they do have one advantage in relation to cancer: their cells are more likely to die before they accumulate the four mutations for malignancy.
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