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ABSTRACT 
People ask: Why do we get cancer? But perhaps it would be more pertinent 
to ask: Why do we not get cancer? Cells mis-segregate in about 1 percent 
of divisions, which means that you have a beginning of aneuploidy or 
potential cancer millions of times every day. If a trisomic cell (a typical result 
of missegregation) is allowed to divide the progeny becomes susceptible 
to the highly mutagenic effects of breakage-fusion-bridge cycles or to 
chromothripsis, where the surplus chromosome is shattered and the pieces 
inserted at random in the corresponding chromosome, but also elsewhere 
in the genome. The organism has a number of mitigating mechanisms to 
prevent that run-away mis-segregation/chromosome instability turns into 
cancer. The first line of prevention is a roll-back of the mis-segregation 
itself, and the cell becomes tetraploid. A second line of prevention is cell 
division arrest. A third line of prevention is the cellular suicide: apoptosis. 
A further prevention mechanism is elimination by the immune system. If 
all prevention mechanisms are circumvented in a cell line the result could 
be cancer. Large, long lived animals rarely get cancer (Peto s paradox); 
they seem to have many more genes for prevention mechanisms. 
 

Keywords: chromothripsis; malsegregation; aneuploidy; nondisjunction; 
endogenous cancer prevention; Warburg effect; cause of cancer; Peto s 
paradox; Hansemann-Boveri 
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1. Introduction 
Usually, people ask why do we get cancer? Lay 
people and physicians have wondered about this 
for centuries, and billions of dollars have been spent 
on research to find answers to this question with the 
hope for better cures or ways of prevention. But 
perhaps it might be useful to turn the problem upside 
down. Why do we not get cancer? Perhaps we are 
on the verge of getting cancer all the time, and we 
only avoid it because the organism has several 
mechanisms in place to prevent that beginning 
chromosome instability after missegregation turns 
into cancer. 
 

It has been known for more than a hundred years, 
since the work of Hansemann and Boveri1-3, that 
cancers most often are aneuploid and have a faulty 
number of chromosomes, usually many more than 
the normal diploid. Hansemann found grossly 
abnormal nuclei in cancers and Boveri observed that 
anomalous chromosome numbers led to cancer 
like growth in fertilized sea urchin eggs. Their faulty 
cell division/chromosome cancer theory met little 
accept among their contemporaries. The aneuploidy 
theory of cancer has been revived by Duesberg 
and associates4. Today it is generally agreed that 
cancer is a genetic disease5-6, probably caused by 
mutations in 3-6 genes in a cell line7-10; exactly how 
this happens has remained a major mystery.  
 

The explanation may be that cell division in eucaryotic 
organisms is an error-prone process; missegregation 
happens all the time. Missegregation may happen 
in several ways: by a chromosome not being 
attached to the centrosome, by nondisjunction, by 
a lagging chromosome, by multiple centrosomes, 
and several others 11-13. The immediate result of 
missegregation is mutation in gene dosage of all 
the genes on a missegregated chromosome. The 
unfortunate consequences of this are well recognized 
in children with anomalous chromosome numbers. 
 

There has been much discussion about whether the 
aneuploidy is a cause or a consequence of cancer14-15, 
but only few oncologists have been interested in 

how it all starts, how aneuploidy and chromosome 
instability begin. The situation is different in genetic 
toxicology: the influence of the environment and 
other circumstances on carcinogenesis. There the 
implicit assumption is that cancer is caused by 
disturbance of normal chromosome segregation or 
DNA synthesis. An important method in genetic 
toxicology is the cytokinesis block micronucleus 
assay16, where the number of chromosome 
missegregations are scored. In this assay lymphocytes 
are induced to divide with phytohemagglutinin in 
the presence of the possible carcinogen in question. 
The division is halted by cytochalasin a. When a 
division has gone wrong the result is a cell with two 
nuclei and a micronucleus with an extra chromosome.  
 
In the micronucleus assay one can see the possible 
carcinogenic effect of ionizing radiation and chemical 
mutagens, as well as the effects of living circumstances. 
The influence of age is almost as dramatic as the effect 
of carcinogens. The number of missegregations 
vary from below 0.1 percent in young children to 
almost 4 percent in old people17. The estimation of 
chromosome missegration is most reproducible in 
lymphocytes in culture, but missegregation is seen in 
many tissues of dividing cells such as buccal cells18-19. 
In differentiated tissues such as the nervous system 
and liver missegregation is very common20-21, but 
only of minor consequence for survival. In the 
rapidly dividing cells of embryos missegregation is 
common22, but quickly corrected by apoptosis of 
aneuploids. In tissues like the skin, bone marrow and 
gut epithelium whose function is to generate new 
cells, run-away missegregation is very dangerous. 
 

2. Chromosome instability after 
missegregation 
Usually one talks about chromosome instability in 
established cancers. However, chromosome instability 
begins very early in cancer development. When a 
standard cell division has gone wrong normal cell 
division is no longer possible23. If a monosomic or a 
trisomic cell is allowed to divide, at least one of the 
daughter cells will have an abnormal chromosome 
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number. In trisomic cells with a surplus chromo-
some there is incongruity between the cell division 
apparatus and the number of chromosomes. Daughter 
cells may end up with two extra chromosomes. 
With more divisions the chromosome number may 
increase further. This could well be a first stage of 
chromosome instability. It would constitute mutation 
of gene dosage of a whole number of genes which 
could well have serious consequences by itself. But 
there are further dangers. A trisomic cell will often have 
the extra chromosome sitting in a micronucleus. At 
division this chromosome tends to shatter and the 
pieces get incorporated at random, usually into the 
analogue chromosomes, but also into other places 
of the genome. This phenomenon is called 
chromothripsis24-26. Cell divisions in trisomic cells may 
thus give rise to numerous mutations. The number of 
mutations may well increase with further divisions. 
This could well be the beginning stages of cancer. 
 

3. A Billion potential Cancers a day 
With about 300 billion cell divisions every day27-28 

there are perhaps more than a billion missegregation 
events every day in the elderly. Each of these is a 
potential cancer. It has been shown that the number 
of cancers is proportional to the number of normal 
cell divisions29. The organism keeps constant vigilance 
to prevent that these billions of potential cancers turn 
into real cancer. There is a whole series of mitigating 
mechanisms; some of these set in already before a 
faulty cell division is finished. 
 

4. Mitigation mechanisms 
Division roll-back. A missegregating cell may be 
detected by surveillance mechanisms, for example 
when a beginning cleavage furrow meets a lagging 
chromosome. The division is halted, and the result 
may be a binucleate cell or a cell with a tetraploid 
nucleus that holds two sets of chromosomes30. In 
some cases, the result may be a cell with two diploid 
nuclei and a micronucleus with an encapsulated 
lagging chromosome.   
 
Micronuclei elimination. If a cell division results in 
missegregation, the formation of micronuclei is 

prevented by an anaphase surveillance mechanism31. 
thereby preventing the deleterious results of 
chromothripsis. 
 

Nucleus elimination. During the formation of 
erythrocytes, the nucleus condenses and is 
expelled from the cell. The primary function  of this 
is considered to make room for hemoglobin. Per-
haps the function  is to get rid of the bulky nucleus, 
so that small erythrocytes pass more easily through 
narrow capillaries. However, missegregations are 
not possible, when there are no nuclei and the cells 
cannot divide, so a function  might well be 
prevention of missegregation. 
 

Cell cycle arrest. Cell division is usually under strict 
control and differentiated cells do not normally 
divide. Cell cycle arrest can be induced by contact 
inhibition32-35. Contact inhibition is governed by 
several pathways involving e. g. E-cadherin, the 
Hippo pathway, and a cyclin-Cdk inhibitor. Cells in 
dividing tissues reaching the Hayflick limit of about 
50 divisions stop dividing and go into senescence36-37; 
they may live for years, but do not divide. Cells with 
DNA damage may go into cell cycle arrest governed 
by the p53 complex38. 
 

Apoptosis. Damaged cells usually undergo the 
programmed cell death called apoptosis39-41. 
Apoptosis is governed via the mitochondria and is 
initiated by release of proteins such as cytochrome 
C into the cell cytoplasm. Damage could be viral 
infection, nutrient stress, heat, increased calcium, 
or DNA faults. Apoptosis is vital for the inactivation 
of precancerous aneuploids and cancer cells usually 
harbor mutations circumventing a normal apoptosis 
response.  
 

Elimination by the immune system. Missegregated 
aneuploid cells may be identified by the immune 
system and eliminated by natural killer cells42-43. There 
has been much discussion about innate immune 
recognition of cancer and whether it might be 
possible mobilize innate immune recognition in 
cancer treatment44. 
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Apoptosis of macrophage fusions? Fusions of 
cancer cells with macrophages have been suggested 
as a route to metastasizing cells45-46. A hypothetical 

metastasis prevention might be retention of normal 
apoptosis of such cell fusions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Repair mechanisms inhibiting aneuploid cell divisions, preventing run-away missegregation and 
progression to cancer 
 
5. Peto s paradox 
Large or long-living animals seem to have extra 
cancer prevention mechanisms, thus explaining 
that large animals with millions more cells and cell 
divisions than the mouse only rarely get cancer 
(Peto s paradox)47-48. The mechanisms seem to be 
different in different species. Elephants have an 

extra apoptosis inducing gene, the big rodent the 
capybara has increased T-cell-mediated tumor 
suppression, and whales have a thousand tumor 
suppressor genes of many types49-51. The long-lived 
naked mole-rat is hypersensitive to contact inhibition 
of cell division52. 
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6. The p53 Dichotomy 
The p53 tumor suppressor gene holds a crossroad 
position, central to both induction of apoptosis, cell 
cycle arrest and cell senescence53-54. Many stresses 
induce apoptosis, but in the present context the 
important stressor is DNA damage. In some cases of 
DNA damage the p53 retards cell division, while the 
damage is repaired. In the case of missing telomeres 
the p53 induces cell senescence. In other cases 
DNA damage causes apoptosis. To my knowledge 
is it not known if aneuploidy after missegregation 
qualify as DNA damage. In the rapidly dividing cells 
of the embryo aneuploid cells are promptly eliminated 
by apoptosis22. In the nervous system aneuploidy is 
the rule rather than the exception, and these cells 
may function normally for a hundred years20-21. Why 

t aneuploid differentiated cells apoptose? 
 

7. Discussion 
Increased missegregations lead to aneuploidy and 
cancer. A lack of the spindle assembly checkpoint 
protein MAD1 caused 30-40% aneuploid blood cells 
in a 36 year old patient who contracted 12 different 
cancers55. 
 

Why do we get cancer? Answers have been elusive. 
Perhaps a more productive question could be: why 
do we not get cancer? The answer to this is that the 
organism is constantly working to keep common 
chromosome missegregations from turning into 
cancer. Only when a major part of the mitigating 
mechanisms has been circumvented, the result is 
cancer. 
 

The most influential theories of cancer can be seen 
as parts of this picture56-57. The aneuploidy theories 
of Hansemann and Boveri revived by Duesberg et al. 
describe the situation after run-away missegregation1-

4. The aerobic glycolysis theory of Warburg fits with 
apoptosis usually being regulated from the 
mitochondria; mitochondria do not function in a 
normal manner in cancer cells58-59. The two-hit 
mutation theory of Knudson points out that several 
mechanisms need to be incapacitated for cancer to 
occur8-9. Agents in the environment, tobacco, 

radiation, viruses, asbestos, etc. would in many 
instances interfere with one or more of the prevention 
mechanisms, thus explaining the cancer causes  
of genetic toxicology60. The hallmarks of cancer5-6 
describe in effect the disarming of the mitigating 
mechanisms. 
 

At present it is not known which mitigation mechanism 
is the most important; one might suspect that 
apoptosis is central, and that cell cycle arrest comes 
second. The two are connected via the p53 tumor 
suppressor gene53-54; nobody knows how many 
trisomic cells have entered cell cycle arrest and are 
sitting like small time bombs waiting for a very strong 
cell division signal. The elimination by the immune 
system would probably only apply to aneuploid cells 
further advanced in chromosome instability42-43.   
 

The existence of the many prevention mechanisms 
also suggests that cancer should be treated in several 
different ways. Aside from surgery, most cancer 
treatments target DNA and cell division in a broad 
sense. When the cancer cells die upon treatment it 
is usually by apoptosis or other regulated cell death. 
It has several times been proposed to target the 
apoptosis mechanism directly61 e. g. by using natural 
compounds like methyl jasmonate, menadione, 
betulinic acid, or resveratrol62. The aerobic glycolysis 
typical of cancer cells (the Warburg effect) can be 
reversed by dichloroacetate63-64. Dichloroacetate 
inhibits the formation of lactate and normalizes the 
citric acid cycle which might reactivate the normal 
apoptosis mechanism in the mitochondria. There are 
hundreds of papers on the effect of dichloroacetate 
on cancer over almost 20 years and anecdotal 
examples of long-term stabilization65-66, but no phase 
2 or phase 3 investigations on a potential positive 
palliative effect on metastatic cancer. Dichloroacetate 
is an approved drug used for treating lactic acidosis 
and it has a quite benign side effect profile67, (except 
for lung cancer patients68) but it cannot be patented, 
so large-scale investigations can only be done with 
money from government or other public source. 
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8. Conclusions 
In the long run everybody will contract cancer, when 
dividing cells reach the Hayflick limit. Environmental 
causes such as smoking, radiation, sunshine, 
mutagenic chemicals can only explain a certain part 
of cancers. It will not be possible to eliminate cancer 
completely by removing all environmental stressors.  
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