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Although much research is done focussing on early diagnosis and treatment of cancer, less is known 
about the origin and evolution of cancer. At the beginning of the 20th century different models were 
postulated to understand tumorigenesis, like the somatic mutation theory. Aneuploidy as a driver 
for tumorigenesis was also already mentioned by Theodor Boveri. In current research on the origin 
and evolution of tumours, the researchers are divided in two teams. The mutator mutation 
phenotype model suggest tumorigenesis starts when specific mutations occur in mutator genes, 
normally involved in DNA repair and genomic stability. The tumorigenesis by aneuploidy model 
explains tumorigenesis by the fact that more than 75% of all solid tumours are aneuploid, thus have 
an abnormal number of chromosomes and this abnormality is the reason why tumours develop to 
a detectable tumour. In this thesis both models will be compared based on experimental evidence 
given by different researchers. The clinical relevance of the models will be briefly explained.  This 
information will be used to answer the question if tumorigenesis and tumour evolution is best 
explained by the model of tumorigenesis by aneuploidy or the model of mutator mutation 
phenotype. After comparison of the given evidence, an attempt will be made to combine both 
models to a model that is corresponding with all the evidence.    
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Introduction 
Every year, more than 8 million people die from cancer related diseases worldwide 1, and even more 

people get cancer every year 2. Although much research is already done, a cure is not yet found. Most 

researchers are focussing on early diagnosis and treatment of cancer, but less is known about the origin 

and evolution of cancer. There are different characteristics that define tumours. In the review of 

Hanahan and Weinberg in 2011 these characteristics are explained and called the hallmarks of cancer 
3. These six characteristics are the ability to resist cell death, sustaining proliferative signalling, evading 

growth suppressors, activating invasion and metastasis, enabling replicative immortality and induction 

angiogenesis. These six characteristics are necessary to be acquired for a cell to transform and become 

a cancer cell. 

In order to cure or treat cancer, it is necessary to understand the cause and evolution of cancer cells 

and tumours. Research suggests different models, but definitive evidence is not yet given. Different 

theories about the cause of cancer were given as early as the 1900s; the somatic mutation theory, as 

first mentioned by Ernest E Tyzzer in 1916, explains cancer as a consequence of a mutation in a somatic 

cell 4. One cell with the correct mutation can cause an entire tumour to develop. This theory contains 

the premise that a single exposure to a carcinogen is sufficient to start a tumour. After the initial 

exposure with a carcinogen, only a promoting factor is necessary to evolve the tumour. This can be 

experimentally investigated when the number of tumours is the same as the number of cells initially 

mutated. Researchers Berenblum and Shubik found evidence in 1949 supportive of the theory but also 

against the theory 5. They found the theory was true for 9:10-dimethyl 1-1:2-benzanthracene, a known 

carcinogen, but not for mustard gas. Although mustard gas was found to be a mutagen (an agent that 

can mutate DNA) in 1946 6 and therefore is supposed to initiate tumours, this was not the result after 

exposure to the mustard gas, suggesting that one mutation is not sufficient to initiate tumorigenesis.  

Building on the model of somatic mutation theory, it was postulated in 1954 that six or seven 

mutations were sufficient to develop cancerous tumours, which was named the the multi-stage theory 
7 . Although evidence is found that in some cases six or seven mutations are indeed enough to cause 

tumorigenesis 8–10, it is not an explanation for the heterogeneity found in tumours. Heterogeneity is 

found on multiple levels; tumours consist of cells that have a lot of different mutations 11 and many 

cells carry different karyotypes 12. The heterogeneity is found between tumours (inter-tumour) and in 

a single tumour (intra-tumour)13,14. This is difficult to combine with the somatic mutation theory or the 

multi-stage theory.  

In the last decades two new theories have tried to answer the question of tumorigenesis and give an 

explanation for the heterogeneity found in tumours. The two models discussed in this thesis are the 

mutator phenotype theory and the tumorigenesis by aneuploidy theory. 

The mutator phenotype model suggests tumorigenesis starts with mutations in specific genes. These 

genes are called mutator genes. When a mutation arises in these genes, a cell can no longer correctly 

repair damaged DNA and more mutations will occur. After a latent period, enough mutations will be 

gathered and a detectable tumour arises. This explanation describes why tumours are found to be 

heterogeneous and there is a latent period before a detectable tumour arises 15,16.  

On the other side is the tumorigenesis by aneuploidy theory. When a cell divides, the genetic content 

must be divided into both daughter cells. A failure in this dividing of the genetic content causes 

chromosomal instability, which can cause aneuploidy 17. An aneuploid cell has an abnormal amount of 
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chromosomes and could therefore possibly have an abnormal amount of proteins and other materials 

essential for survival and proliferation. In normal cells aneuploidy is detrimental, however more than 

70% of the tumours are found to be aneuploid 18,19. Although aneuploidy was suggested by Boveri in 

1902 as a possible cause of cancer 20, this model was put aside when the somatic mutation theory 

surfaced. Recently, some researchers claim that the mutator mutation phenotype is not sufficient to 

explain tumorigenesis and tumour evolution and are therefore exploring the possibility of aneuploidy 

as the cause of cancer again. They state that only tumorigenesis by aneuploidy is a sufficient 

explanation of the latent period before a detectable tumour arises and the amount of heterogeneity 

found in tumours 21.   

In this thesis, both models will be explained in more detail, the evidence given by researchers will be 

reviewed and an objective report of both models will be given. This information will be used to answer 

the question if tumorigenesis and tumour evolution is best explained by the model of tumorigenesis 

by aneuploidy or the model of mutator mutation phenotype. The models will be linked to their clinical 

relevance and finally a combination of both models will be proposed which suits all the evidence and 

current knowledge about tumours, tumorigenesis and evolution of tumours.  
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Tumorigenesis and tumour evolution 
In order to investigate which model fits best in the current knowledge about tumours, the 

characteristics of a detectable tumour have to determined and what there is already known about 

tumorigenesis and tumour evolution must be explained. As mentioned in the introduction, there are 

six hallmarks of cancer 3. These acquired characteristics are necessary for a tumour to develop. 

However, there are also enabling characteristics, enabling the tumour to arise. Such an enabling 

characteristic is the development of genomic instability in cancer cells. The genomic instability 

generates random mutation, and could therefore induce the necessary changes in the cell to 

transform. This genomic instability is one of the reasons that tumours have latent periods before they 

arise and are heterogeneous.  

After first contact with agents that induce tumorigenesis, carcinogens, it can take up to a few decades 

before a clinically detectable tumour arises. This was already shown for example with cigarette smoke 

and lung cancer in 1979 22. Around the beginning of the 20th century, the amount of men smoking 

increased significantly; however, the incidence and deaths from lung cancer did not increase until the 

1920s. This latent period suggests that a lot of mutations or other changes and adaptations must occur 

before a transformed cell becomes a detectable tumour. 

Tumours found in humans are heterogeneous. This heterogeneity is found between tumours (inter-

tumour) and in a single tumour (intra-tumour) in mutations in the genes, epigenetically and in 

karyotypes. 11–14. This means that there are mechanisms at work to either drive for heterogeneity or 

there are mechanisms that shut down which normally sustain genomic stability. It is important to know 

the origin of the genomic instability, because this impaired mechanism causes tumours to be 

heterogeneous and difficult to treat. Heterogeneity means that no tumour is alike and could be seen 

as different diseases. These different tumours have for example different amount of proteins, different 

DNA sequences and different mechanisms of evading apoptosis. When there is one mechanism 

present in all the tumours, this is a possible target for treatment. However, because no tumours are 

identical, two tumours cannot be treated the same. This also causes a big range between incidence, 

prevalence, prognosis and treatment between different tumours 23,24. 

Another characteristic of tumours is the ability to metastasize, outgrowing the original organ and 

spread to other parts of the body. This happens not directly with tumorigenesis but after time, 

suggesting this is a characteristic that is gained in time. This indicates that cancer cells keep evolving 

and mutating, something that also can be seen in the heterogeneity of tumours 25. Despite all of this, 

the exact driver for the evolution from a transformed cell to a detectable tumour is not yet discovered. 
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Mutator phenotype  
A single base mutation can occur when a cell is replicating its DNA for proliferation. Normally this 

mutation gets repaired by the DNA repair mechanism. These mutations seem to be random mutations, 

although research suggests some mutations occur more often if there is a change in the environment 

and the mutation will be beneficial for the cell survival 26. Mutagens are agents that have an impact on 

the DNA in a cell and mutate DNA, such as UV-radiation, X-rays or biological agents as transposons or 

viruses. Many mutagens are associated with cancer and are therefore carcinogens 22. 

When it was discovered that a lot of mutations (>1000) were present in tumour cells, this was a 

contradiction with the somatic mutation and multi-stage theory 27. Because a cell normally has a great 

DNA repair mechanism and a system for genetic stability, mutations do not happen often and 

therefore cannot account for more than 1000 mutations in a cancer cell 15,28. The mutator phenotype 

theory is building on the theory of the somatic mutation and the multi-stage theory, which states that 

a few mutations can cause tumours 16. This theory states that when a mutation occurs in a mutator 

gene it increases the mutation rate of a cell and could become a transformed cell. The mutator 

phenotype model suggests the following as seen in figure 1: 

 After DNA damage through carcinogens, there are mutations in the cells. When a mutation occurs 

in the DNA repair mechanism or in any other part of the genetic stability maintenance, it is called 

a mutator mutation. 

 After the initial mutator mutation, lots of mutations appear and selection begins.  

 Selection is dependent on nutrition, angiogenesis and hypoxia. 

 If all the selection criteria are complied, a clinically detectable tumour arises. 

 The tumour exists of different clones with different mutations, the tumour is therefore 

heterogeneous. 

 

 

 

 

 

Figure 1. Cascade of mutations during tumour progression in a model of mutator phenotype 16 
Red circles: Mutations in genes that result in enhanced mutagenesis 
Blue triangles: Driver mutations that are selected for on basis of microenvironment 
White rectangles: Passenger mutations 
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This model, as is schematically shown figure 1, has a few premises that can be experimentally 

investigated: 

1. Mutator genes have important functions in untransformed cells; 

2. Although there is a great deal of heterogeneity, because of all the passenger mutations, a small 

number of mutations must be seen in all the cells of the tumour. Because the mutator 

mutation is at the origin of the tumour, it must be present in all tumour cells; 

3. Because the origin of cancer cells lies in mutations, carcinogens only functions as mutagens; 

4. Mutations are cancer specific; 

5. Certain specific mutations are enough to transform normal human cells in cancer cells; 

Two more premises are mentioned in the work of Li et al. in 2000: 

6. Cancer phenotypes are as stable as conventional mutations; 

7. Cancers are diploid, because gene mutations do not depend on karyotype alterations for 

expression 21. 

Experimental evidence  

Every of the premises mentioned above will be reviewed and the experimental data will be provided. 

When there is evidence against this premise it will also be mentioned here.  

Mutator genes have important functions in untransformed cells;  

If mutator genes had no important function, these genes would be gone through evolution, because 

the negative effect outweighs the positive. However, apparently they are still in the genome, thus they 

should have an important function in the untransformed cell. Although the amount of human mutator 

genes is not yet discovered, it is found in yeast that there are > 100 genes controlling the DNA repair 

pathway 29, indicating there are also a lot of genes in humans where spontaneous mutations can occur 

and increase the mutation rate of the dividing cell, thus acting like a mutator mutation. Some of these 

genes found in yeast have a human homologue, suggesting a conservation of these genes through 

evolution. This conservation suggests that these genes have important roles in cell survival. For 

example the yeast genes MEC1/TEL1, found to be a mutator gene, have human homologues ATR/ATM. 

ATR and ATM are genes necessary for the repair of DNA after damage 30. Mutation in these human 

genes are found in the cancer type ataxia telangiectasia. Another mutator gene found in yeast is 

RAD53/DUN1 with the human homologue hCHK2. This gene is also necessary for DNA repair, and highly 

integrated with ATR and ATM. Because of their repair capacity, these genes function in a genetic 

instability suppression pathway. BRCA1 and BRCA2 (BReast CAncer genes) homologues are not found 

in yeast, but these genes have direct and indirect interactions with many of the genes found in yeast, 

suggesting it is also an essential gene in the genetic instability suppression pathway 29.  

Although there is a great deal of heterogeneity, because of all the passenger mutations, a small number 

of mutations must be seen in all the cells of the tumour. Because the mutator mutation is at the origin 

of the tumour, it must be present in all tumour cells.  

The DNA repair mechanism in cells is an accurate system and in normal cells there is no more than one 

incorrect base for every 109 to 1010 nucleotides replicated 31. This is the result of a combination of an 

accurate base incorporation and exonuclease proofreading by the replicative DNA polymerases Pol δ 

and Pol ε, and post-replication surveillance by the DNA mismatch repair apparatus 32. In 2013 the DNA 

of 15 patients with multiple colorectal adenomas was sequenced. The patients shared mutations in 
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DNA polymerase Pol δ (POLD1) and Pol ε (POLE)33. POLD1 and POLE are units of the proofreading 

system and therefore Pol δ and Pol ε could be mutator genes.  

Another important aspect of correct replication is the repair mechanism after DNA damage. BRCA1 

and BRCA2 are both genes that contribute to DNA repair after damage 34. BRCA proteins are also found 

to be required for the maintenance of chromosome stability. Moreover, research also suggests there 

are even more pathways the BRCA genes are connected to, such as the cell cycle 35 and apoptosis after 

DNA damage 36. These genes are known to contribute to the onset of breast cancer 37,38 and are 

therefore possible mutator genes. 

However, in one tumour, there is no single mutation that is found in all the cells. This is possible 

because of evolution of the tumour. When there are enough mutations in mutator genes, it is possible 

more mutations in these genes are selected against or that even the existing mutations are selected 

against 27. A lot of mutations are not beneficial for cells, because it increases stress. Although cancer 

cells seem to evade the negative effects of this stress, too many mutations will lead to apoptosis. When 

a mutator gene stays mutated, all the offspring will inherit more mutations. After a while, this will be 

such a burden for the cell that it is not able to survive anymore. It is therefore necessary that after a 

while the mutator mutations disappear from the cell. However, a subpopulation of quiescent cells with 

the mutator mutation can stay behind, although in small amounts. This is clinically relevant, because 

these subpopulations can create a whole new tumour when the rest of the cells are treated. Another 

possibility is that because of these mutator mutations, these subpopulations are more resistant to 

treatment and are therefore a real threat when it comes to curing cancer. It is possible these 

subpopulations are the so called cancer stem-cells, recently discovered to be a subpopulation in 

tumours 39. Nevertheless, there is no evidence these stem-cells have a mutator mutation. 

Because the origin of cancer cells lies in mutations, carcinogens functions only as mutagens.  

If the origin of cancer cells lie in mutations, every agent that induces tumorigenesis (carcinogens) must 

induce mutations and are therefore mutagenic. However, there are carcinogens found that are not 

genotoxic and therefore not mutagenic; asbestos 40, hormones 41, arsenic 42, Ni2+ 43 etc. 5,21,44. Asbestos 

for example has no genotoxic function, but acts as a carcinogen because it is phagocytosed into the 

cell and interferes with the dividing of the cell leading to aneuploid cells 40. Nickel (Ni2+) is found to 

induce chromosome aberrations and cause chromosomal instability 43. Arsenic, among other things, 

interferes with methylation and demethylation of DNA 42. These agents cause chromosomal instability 

or interferes with the transcription of proteins and via that pathway could lead to tumours. These 

findings suggest that mutations are not the only possible cause for tumorigenesis.  

Mutations are cancer specific.  

Although specific genes are found for specific cancers, like the BRCA1 and BRCA2 gene for breast 

cancer 38, there are until now no specific mutations found for tumours 45. Although specific mutations 

in these genes increase the risk of breast cancer significant, it is not a certainty, suggesting that more 

than this mutation is needed to initiate tumorigenesis. Also, this specific mutation is not found in all 

the breast cancers 37. Despite that, a lot of genes are associated with the risk of getting cancer and the 

prognosis of cancer, for example the P53 gene. This gene is commonly known as “the guardian of the 

genome” 46, and is a strong tumour suppressor gene. In 50% of tumours this gene is mutated in some 

sort 47, suggesting a powerful driver for tumorigenesis and evolution. 
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Certain specific mutations are enough to transform normal human cells in cancer cells.  

In 1999 researches transformed human epithelial cells in cancer cells with the use of three genetic 

elements. They expressed the telomerase catalytic subunit (hTERT) in combination with two 

oncogenes 9. In this experiment these three changes in the genetic elements were sufficient to create 

tumours. This suggests that certain mutations are indeed enough to transform normal human cells in 

cancer cells, confirming the mutator mutation phenotype model. However, Peter Duesberg and  his 

colleagues argued that this experiment was not decisive, because the amount of passages needed 

before transformation (the development of normal cells to cancerous cells) allowed for other genetic 

alterations to occur, for example aneuploidy 21. After analysing the cells used, aneuploidy was indeed 

found in a significant percentage number of tumours. Nonetheless, this evidence gives no answer to 

whether mutator mutation or aneuploidy is cause or consequence of tumorigenesis. 

Moreover, this premise seems to fails to explain the latent period between treatment with a 

carcinogenic and the rise of a detectable tumour. A mutation in a mutator gene allows a lot of 

mutations to occur. With this mutation, the amount of mutations in tumours can be easily obtained 

within less than 20 years, suggesting another change has to be made before cells are transformed. 

Despite that it is possible that the amount of mutations has no influence on the fact that there are 

criteria that must be fulfilled before a detectable tumour can arise. As shown in figure 1 the 

microenvironment has a great influence on the selection criteria. Before a detectable tumour can arise 

all these driver mutations and the hallmarks of cancer must be acquired and this may take a long time. 

Cancer phenotypes are as stable as conventional mutations.  

Although most cancers are more or less genetically unstable 48,49, recently it is found that cancers have 

a stable phenotype and drive towards an equilibrium 50,51. Although tumours are genetically unstable, 

they drive towards an equilibrium, suggesting that the mutations are selected for. This is possible when 

unfavourable randomly acquired mutations drive a cell into apoptosis.  

Cancers are diploid, because gene mutations do not depend on karyotype alterations for expression.  

It seems logical that expression of mutated genes do not depend on karyotype alterations. However, 

this is only the case when the mutation is dominant. In a recessive mutation there is still a dominant 

gene that is healthy. In this case the mutation has no effect on the fitness of the cell. Only when the 

dominant gene is lost, for example during a chromosome loss, the mutated gene has an effect. This is 

called loss of heterozygosity 52,53. In this case, the expression of mutations is dependent on karyotype 

alterations. In familial cancer types like breast cancer, this mechanism is found: there is a mutation in 

the BRCA gene in the germline. With the healthy gene from the other parent there are no symptoms. 

However, when through chromosome loss the dominant healthy gene is lost, a tumour can arise 54,55. 

In the research of Pascal Duijf and his colleagues it was found that cancer cells preferentially lose small 

chromosomes 19. An example of such a small chromosome is chromosome number 17, the 

chromosome where the BRCA gene 56 and the P53 gene lie 57. This chromosome is found to be lost in 

for example adenocarcinoma 58 and in colorectal tumours 59, suggesting tumours do depend on 

karyotype alterations for expression via loss of heterozygosity. 

Another important fact is that over two third of all tumours are aneuploid 60. Although this statistic 

says nothing about cause and consequence, the fact is that a significant amount of tumours are 

aneuploid, and that is a fact that cannot be dismissed as a coincidence. 
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Clinical implications 

If there is indeed a subpopulation of cells with mutator mutations that can emerge when other cells 

are destroyed, it is important to also tackle these cells. When these cells are not treated, a whole new 

tumour with a different phenotype can emerge, which may be more difficult to treat with conventional 

methods. Although these subpopulations are not yet found, this can be the reason why in some cases 

after remission the cancer recurs and metastasizes.  

If there are indeed cancer specific mutations to be found, these mutations can be a great target for 

the treatment of tumours. Treatment should be based on the mutations that are found in the tumours. 

When mutator mutations are found to be the cause of tumours, all tumours can be sequenced to 

identify the mutation causing that specific tumour. This helps the treatment of tumours with a target 

gene to attack. If it is true that that these mutator mutations are selected against, this treatment can 

be combined with usual treatment. The usual treatment eradicates the mass of the tumour, the 

targeted treatment selectively attacks the subpopulation with the mutator mutation, thus reducing 

the chance of recurrence after treatment. 

Another possibility is to increase the impairment of the DNA repair mechanism. When a cell has too 

many errors and mutations, even for transformed cells this will be detrimental. If the DNA repair 

mechanism is already impaired, like in breast cancer with the BRCA1 and BRCA2 gene a little push can 

drive the cells into apoptosis 61. Although these drugs will work on all the cells in the body, only cancer 

cells will be affected because normal cells have a sufficient DNA repair mechanism to survive. 

Moreover, this plan works perfectly with the current treatment of inducing more DNA damage to the 

cells. Until now the damage induced can be corrected by the DNA repair mechanism, but when that is 

impaired the cells can no longer repair and go in apoptosis. Notwithstanding the promising research, 

caution is necessary, because this treatment has also an effect on unaffected tissues and could cause 

new mutations and new tumour to arise.  
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Tumorigenesis by aneuploidy 
In a normal human cell, there are 23 chromosome pairs, a total of 46 chromosomes. When a cell 

replicates and divides, all the replicated chromosomes must be equally divided between the two 

daughter cells. This process is tightly regulated by a complex mechanism, the cell cycle checkpoints62. 

When the cell cycle checkpoint is impaired, abnormal distribution of the chromosomes can occur, this 

is a process called chromosomal instability (CIN). This leaves two daughter cells with different 

chromosome content and these cells are called aneuploid. In 1902 Theodor Boveri had already 

suggested aneuploidy as a possible cause of cancer 20, but because of the upcoming theory of the 

somatic mutation, this idea was forgotten for decades. With new techniques it is discovered that two 

third of cancers are aneuploid 60, therefore aneuploidy is researched again for its carcinogenic function.  

In untransformed cells, having abnormal chromosome numbers is detrimental and most of the time 

not compatible with life. Only in some cases, like trisomy 21 found in Down syndrome, the cells survive 

during embryonic development. Despite that, with more than 70% of the solid tumours being 

aneuploid, there seems to be a beneficial effect of aneuploidy 18,19. The tumorigenesis by aneuploidy 

theory states that at the origin of cell transformation, a carcinogen produces an aneuploid cell. When 

this aneuploidy causes for example a third copy of an oncogene, this can drive the formation of a 

tumour. It is also possible a loss of a chromosome with a tumour suppressor gene can drive tumour 

formation.  

In 2000 Li et al. suggested this model with the following mechanism as depicted in figure 2: 

 Carcinogens induce aneuploidy by chemically or physically altering one or more of the many 

proteins of the spindle apparatus or the chromosomes, […]. It is also possible that genotoxic 

carcinogens induce aneuploidy by mutating specific mitosis genes. However, this proposal predicts 

mutation-specific karyotype instabilities. Instead, the instabilities of the karyotypes of cancer cells, 

even those from a given clonal cancer, are heterogeneous, but directly proportional to their degree 

of aneuploidy. 

 Aneuploidy destabilizes the karyotype and thus initiates an autocatalytic karyotype evolution. This 

process would generate lethal, preneoplastic and eventually neoplastic karyotypes. The source of 

the karyotype instability is the imbalance that aneuploidy imparts on the spindle apparatus, e.g., 

abnormal ratios of spindle proteins and chromosomal proteins and abnormal structures and 

numbers of centrosomes. The imbalanced spindle will cause chromosome nondisjunction and thus 

autocatalytically regroup the karyotype, a process that has been termed “chromosome error 

propagation”. The resulting “genetic instability” explains the heterogeneous karyotypes that are a 

hallmark of cancer. Thus, cancers are clonal for aneuploidy (and certain gene mutations) but not 

for a particular karyotype.21 
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This leads to premises that can be experimentally verified: 

1. The source of the instability is the imbalance on the spindle apparatus, thus in every cell in 

tumours there must be some kind of imbalance in the spindle apparatus; 

2. Aneuploidy causes transformation, thus experimentally induced aneuploidy must cause 

tumours; 

3. There is a threshold of aneuploidy before transformation; 

4. After treatment with a carcinogenic, cells become aneuploid before being transformed; 

5. Cancer phenotype is determined by the karyotype. 

Experimental evidence 

Every of the premises mentioned above will be reviewed and the experimental data will be provided. 

When there is evidence against this premise it will also be mentioned here.  

The source of the instability is the imbalance on the spindle apparatus, thus in every cell in tumours 

there must be some kind of imbalance in the spindle apparatus.  

There are multiple ways in the spindle apparatus to induce CIN and causing aneuploidy, for example a 

mutation in the spindle assembly checkpoint (SAC). In the research from Daniel Cahill and his 

colleagues a mutation in the hBUB1 gene was found in colorectal cancer cell lines 63. Wild type hBUB1 

is a mitotic checkpoint gene, and a mutation in this gene allows cells to avoid arresting before dividing 

even when the chromosomes are not correctly divided, inducing CIN and creating aneuploid daughter 

cells. Also in lung tumours, in 44% of the tumours an impaired spindle checkpoint was found 64 

although the causing mutation is not yet identified. In gastrointestinal cancers not hBUB1 but a 

mutation in the MAD2 gene caused aneuploidy in cancers. MAD2 is another protein in the spindle 

Figure 2. Cascade of aneuploidy during tumorigenesis 21 
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assembly checkpoint 65. However, in other cancer types, this mutation in the MAD2 gene is not found 
66.  

Another way the spindle apparatus can affect chromosomal instability is through the transforming 

acidic coiled-coil (TACC) family. TACC are concentrated at the centrosomes where they regulate 

microtubule stability 67 and therefore control normal dividing of the chromosomes. Mutations in the 

TACC gene are found in breast cancer 68, bladder cancer 69 and ovarian cancer 70. 

A gene encoding a subunit of the cohesion complex, STAG2, is found to lead to aneuploidy when 

mutated. This protein regulates the separation of sister chromatids during proliferation. This gene is 

found to be mutated in diverse human cancers 71. A mutation here causes the chromatids to separate 

in a faulty way. Special about this protein that an under expression has this effect, but also over 

expression. It seems that over expression has an even more significant impact on the prognosis than 

loss of the protein 72. This is possible because an under expression only stops the dividing of sister 

chromatids during dividing, causing the cell to arrest, but over expression could cause the sister 

chromatids to separate prematurely, causing aneuploidy in the daughter cells. 

Despite these results, there is not a single mutation found in all cells of a tumour and there is no 

evidence that all the cells have an imbalanced spindle apparatus. However, the same method as seen 

in the model of the single base mutation can be applied here. A high amount of CIN and aneuploidy is 

detrimental for normal cells and although cancer cells seem to have adapted to these circumstances, 

a higher amount of aneuploidy could lead to apoptosis, thus leading to selection against imbalance in 

the spindle apparatus with time. In this case there could also be a quiescent subpopulation with the 

imbalance of the spindle apparatus, waiting until there is more space to proliferate again. These could 

well be immune to chemotherapy and therefore important in the treatment of cancer. Another 

explanation is that mutations are not the only way to cause aneuploidy. As seen in the example of 

STAG2, an over expression or under expression of proteins can cause aneuploidy. As mentioned earlier, 

asbestos, hormones, Ni2+ and arsenic induce genomic instability without mutating genes.  

Aneuploidy causes transformation, thus experimentally induced aneuploidy must cause tumours. 

In mouse models with a Mps1 truncation (a protein in the spindle assemble checkpoint) aneuploidy 

did not occur spontaneously, however in a p53 deficient setting aneuploidy increased significantly 73. 

This can be interpreted as if first a mutation in the p53 gene (a well-known oncogene) must occur 

before aneuploidy can prevail. One could argue that the p53 deficiency is an environmental factor that 

is necessary for aneuploidy to prevail. Therefore, aneuploidy is the driving factor and consequently the 

cause for tumorigenesis and the p53 mutation acts like a carcinogen, indirectly inducing tumorigenesis. 

Asbestos, as mentioned earlier, is a carcinogenic and induces tumorigenesis by inducing aneuploidy 40. 

After the first exposure to asbestos, a tumour arises, indicating aneuploidy is the cause of the 

formation of the tumour. 

There is a threshold of aneuploidy before transformation.  

Below the threshold for cancer, cells with aneuploidy only lose small chromosomes and have non 

cancer phenotypes, like Down’s syndrome. Aneuploidy above the threshold involves many or all 

chromosomes in a cancer cell 21. The threshold hypothesis helps to explain how it is possible that there 

is a latent period between exposure with a carcinogenic and the rise of a detectable tumour although 

this is experimentally not yet verified.  
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It was however found that patients with aneuploidy breast cancer had a worse prognosis after surgery 

then patients with a diploid breast tumour 74. Also the tumours tend to recur more quickly with 

aneuploidy tumours then with diploid tumours. In colorectal tumours it was found that the higher the 

aneuploidy the worse the prognosis 75. The fact that aneuploidy correlates with the prognosis of cancer 

could imply that more aneuploidy means a more malignant cell. Normal cells that are aneuploidy but 

are not yet cancer cells are indeed a little malignant. When the malignancy increases in the cells they 

become cancer cells. However, because there is not yet a definition of this threshold, it is difficult to 

confirm.  

After treatment with a carcinogenic, cells become aneuploid before being transformed.  

In 2000 Peter Duesberg and his colleagues performed an experiment in which they induced aneuploidy 

by exposure to known carcinogenic substances. After the cells became aneuploid, they transformed 

into cancer cells 76.   

In the experiment of Kendall et al. the researchers induced transformation by expressing proteins that 

inactivate tumour suppressor genes Rb an p53 together with the oncoproteins Ras an Myc and the 

telomerase subunit hTERT 10. Two months after transfection with the proteins a tumour arose. The 

researchers concluded that these few proteins were the only reason for transformation. They made 

this conclusion based on the fact that two months is too fast for selection or additional events to have 

happened. This conclusion is questioned in the report of Fabarius et al 77. The experiment was repeated 

and karyotypes were analysed. Two months after transfection about half of the cells were aneuploid 

before transformation. The researchers also found a higher level of dead cells in the culture, indicating 

a lot of different karyotypes (because not all karyotypes are compatible with survival).  

Cancer phenotype is determined by the karyotype.  

Aneuploidy is caused by chromosomal instability. Because of this, the chromosomes in all cancer cells 

are unstable. It is however found that there is an equilibrium between the destabilizing effect of 

aneuploidy and the stabilizing effect of selection 18. This means that cancer karyotypes are, in some 

extent, stable. This correlates with the high level of dead cells that were found in the research of 

Fabarius et al 77, because only the right karyotypes survive, the others are forced in apoptosis. This was 

also found in another research, where the karyotypes of cancer cells were somewhat stable 78 and 

around a small deviation. 

The different karyotypes for different tumours also coincides with different phenotypes of cancer. In 

the research of Andreas Klein in 2010, mammary carcinoma mice cell lines were tested for their 

karyotype 79. Different cell lines from different tumours were used, but all the cell lines had the same 

transgenic oncogenes. All the tumours had different karyotypes, but within the different tumours the 

karyotypes were significantly alike. It was also seen that different tumours from a common parental 

carcinoma were closely related. All this evidence suggests that karyotypes in tumours, although 

aneuploidy is a destabilizing factor, are selected for and are similar in one tumour. They postulate that 

the mutated oncogenes only indirectly cause cancer, because they destabilize karyotypes, much like 

carcinogens, and initiate random aneuploidy. Later the researchers made some of the cell lines drug 

resistant (a new phenotype), and a new karyotype arose. The acquiring of a new phenotype coincided 

with the development of the new karyotype, therefore it could be concluded that the karyotype 

determines the phenotype of tumours.  
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Although aneuploidy is a random process, tumours found in different patients have similar 

characteristics. This could be explained with convergent evolution. When in evolution a trait appears 

in two different species without the common ancestor having that trait, this happens through 

convergent evolution. For example hooves that have evolved from claws several times 80. Convergent 

evolution is explained by a similar environment, or in the case of cancer a similar micro-environment. 

Because of this micro-environment and the selection criteria for the hallmarks of cancer, tumours with 

similar characteristics evolve even in a random process. 

To conclude, although tumours are chromosomal instability and the aneuploidy caused by that is 

random, within one tumour the karyotype and phenotype is selected for, explaining why the same 

tumours in different patients have different karyotypes and phenotypes, but one tumour consists of 

subpopulations of cells with an (almost) alike karyotype. 

Clinical implications 

When aneuploidy is the cause of cancer, there are other possible treatment options besides targeting 

mutations. In this model, all the cells have an impaired spindle apparatus. Possible treatment is for 

example increasing the missegregation rate and therefore increasing the aneuploidy to a point where 

no cell can survive, and consequently the cells will die 81 .  

It is known that in untransformed cells aneuploidy causes a high stress level and cells normally do not 

survive that stress. Cancers cells have a way to cope with that stress, and even seem to thrive with 

aneuploidy. Despite that, it is still possible that the transformed cells have more stress than 

untransformed cells. Increasing this stress can also cause the cell to go into apoptosis. The researchers 

from lab of Angelika Amon identified compounds increasing this stress and selectively kill aneuploid 

cells. These compounds are for example AICAR, an energy stress inducer, 17-AAG, an Hsp90 chaperone 

inhibitor, and chloroquine, an autophagy inhibitor. Although they increase stress in all the cells, 

untransformed cells survive because they have a lower level of basal stress, while the transformed 

cells go over a threshold and go in apoptosis 82. However, these results are not found in other studies 

with the use of the same compounds. It important to state that the concentration used pushed 

untransformed cells in apoptosis, therefore could possibly have grave side effects. More research is 

needed to identify the right concentration and to study the side effects. If the side effects are less 

severe than with current treatment this could be a great new treatment protocol.  

If, on the other hand, not all the cells have an impaired spindle apparatus, but there is a subpopulation 

of quiescent cells with the impaired spindle apparatus, these cells can survive treatment and cause a 

recur after treatment. It is important to treat this subpopulation with the right medicines. These cells 

could possibly be treated with the compounds mentioned earlier, because their basal levels of stress 

will be higher caused by the impaired spindle apparatus and thus the high amount of chromosomal 

instability. 
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Discussion 
To answer the question which of the both models explains tumorigenesis and tumour evolution the 

best, we could use the rule of Occam’s razor “pluralitas non est ponenda sine necessitate” which 

translates to “plurality should not be posited without necessity” 83, suggesting that between competing 

theory’s, the simpler explanation is preferred . Moreover, this only works when all the evidence can 

be interpreted both ways. However, with that rule the experimental data gets less significant. To 

compare the both models, an objective argument must be made for one or the other, but because 

both models have strong and weak evidence, this is a challenge.  

Both models predict some sort of general mutation in all the cells of a tumour, although these are not 

found yet. Both models also have an acceptable explanation for the lack of these general mutations, 

and are therefore equal. 

Furthermore, both models have an explanation for the heterogeneity found in tumours, and both 

models also have an explanation for the latent period between mutagenesis and the detection of a 

tumour. On both these premises the models are equal. 

It is proven with experiments that a few mutations can induce a tumour, although these tumours are 

also found to be aneuploid, suggesting that a combination of both models is the best way to explain 

tumorigenesis. Aneuploidy is found to be present before transformation to a cancer cell, suggesting 

aneuploidy is necessary for a cell to transform. These results suggest that both mutations in mutator 

genes and aneuploidy is necessary before transformation.  

A definitive answer to the question which model best explains tumorigenesis and tumour evolution is 

not possible. Moreover, it seems that both models are a part of the explanation of tumorigenesis and 

evolution. Therefore, the best way to describe tumorigenesis and tumour evolution, might be a 

combination of both models. 

Proposal new model 

In order to treat cancer with a high success rate, it is important to understand the origin of tumour and 

the mechanisms behind tumour evolution for reasons earlier explained. In this chapter an attempt will 

be made to combine both models, based on the evidence given in experiments and the premises given 

by researchers for both models.  

Because of the evidence found in experiments, new premises can be formed: 

1. Mutator mutations and aneuploidy occur before transformation; 

2. A. Mutator mutations can cause aneuploidy or; 

B.  Aneuploidy can cause mutator mutations; 

3. Microenvironment functions as a bottleneck, explaining the latent period between 

carcinogenesis and thearise of a detectable tumour; 

4. Selection at first drive for more genomic instability, but after time this becomes detrimental 

and selection reverses, leaving quiescent subpopulations with the detrimental mutations; 

5. Tumours are heterogeneous; 

6. Convergent evolution causes different tumours to have similar characteristics. 
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Proposal research 

Mutator mutations and aneuploidy occur before transformation.  

In new research, the focus should not be on detecting only mutations or aneuploidy, but on a 

combination of the both: a combination of sequencing and karyotyping before transformation occurs. 

The research done by Hahn in 1999 could be replicated but with a few changes. In that research hTERT 

and 2 oncogenes were transfected in cells, but now also a SAC impairment should be introduced. This 

should reduce the latent period dramatically and could indicate that both a mutator mutation and 

aneuploidy are necessary for transformation. 

Mutator mutations can cause aneuploidy or aneuploidy can cause mutator mutations.  

Regular karyotyping after transfection with mutations to confirm aneuploidy before transformation. 

This indicates that aneuploidy is indeed necessary before transformation. It is already shown in the 

research of Duesberg and his colleagues that this indeed happens 21. 

After inducing aneuploidy, sequencing must be used to confirm other, smaller mutations that occur in 

mutator genes before transformation. Because aneuploidy cells are inherently genomic unstable, small 

mutations will occur. Also could it be evolutionary favourable to make small adjustments to the 

genome when the cell is aneuploid. This could help reducing the level of stress the cell endures.  

Microenvironment functions as a bottleneck, explaining the latent period between carcinogenesis and 

the rise of a detectable tumour.                        

The amount of nutrition and oxygen for example are selection criteria, this can be confirmed by using 

medium with less nutrition or incubators with less oxygen. After a latent period of adjusting and 

selecting the tumour will grow. The transformed cells will have mutations to cope with the new 

environment. This has influence on the karyotypes and the mutations present, which can both be 

checked experimentally.  

Selection at first drive for more mutations, but after time this becomes detrimental and selection 

reverses, leaving quiescent subpopulations with the detrimental mutations.  

However, after a few passages these mutations will be selected against and lost again. It is therefore 

essential to do the experiments fast after the initial tumorigenesis. After more passages, 

subpopulations with these driver mutations will survive and enter a quiescent state. To find these cells, 

the tumour could be treated. If after a while the tumour recurs, these cells should have the driver 

mutations again which were also found after the first microenvironment bottlenecks.  

Convergent evolution causes different tumours to have similar characteristics.  

As explained earlier, different tumours have different karyotypes. However, tumours share similar 

characteristics, even in different patients. Because these similar characteristics do not come from 

parentage, they evolved in a similar way. This could be investigated through for example inducing drug 

resistance. When cell lines are made drug resistant, the phenotype changes and so does the karyotype. 

The cells get similar characteristics (drug resistance) via different pathways (different cell lines). It must 

also be examined if also certain mutations are acquired or lost when the cells are made drug resistant.  

Although the question of cause and consequence in tumorigenesis is a difficult one, with many possible 

answers, the new model proposed seems to correspond the most with the data retrieved from 

experiments. However, although cancer is treated as one disease in research, cancer is a collection of 

many diseases with similar characteristics. Because of this, all three models could be true for part of 
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the analysed tumours. With this in mind, it is even more difficult to answer the question which model 

explains cancer the best. Future research must combine both models to investigate all the possibilities 

when it comes to tumorigenesis.  
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