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What You Will Learn in This Chapter
We will discuss how natural selection is not restricted to populations of organisms but can 
in fact happen in cells and tissues. We will see how there is an antagonism between genes 
selected during somatic evolution and those that were selected during human evolution. 
We will glimpse at how the forces of natural selection shape tumors and their diversity. 
At the end of the chapter we will have an idea how each cancer is the result of a unique 
evolutionary process that depends on the host (patient) but also on the environment and 
on chance.

Learning Objectives
After reading this chapter students should be able to:
1. Name/describe the basic ingredients for evolution to occur.
2. Distinguish between somatic and germline evolution.
3. View cancer as an outcome of natural selection acting within tissues.
4.  Understand that not all diversity is advantageous for the tumor, i.e., there are driver and 

passenger mutations.
5. Glimpse into the origins of the enormous diversity we observe in tumors.
6. Understand why each cancer is a unique disease.
7. Consider how we can use tools from evolutionary biology to fight cancer.

 > Important Concepts Discussed in This Chapter
 5 Mutation – change in the DNA sequence.
 5 Selection – differences in the ability of a cell or organism to reproduce.
 5 Fitness – measure of reproductive ability (selection). It is often equated to growth rate.
 5 Genetic drift – changes in the frequency of mutations caused by chance.
 5 Selective sweep – rapid increase in frequency of a mutation due to selection.
 5 Antagonistic pleiotropy – pleiotropy is the observation that one gene can affect 

multiple traits. It is antagonistic when those traits affect natural selection in 
opposite directions.

 5 Epistasis – the fact that mutations have different effects depending on the rest of 
the genome. It comes mostly from the interaction between proteins.

 5 Drivers and passengers – Driver mutations are mutations that cause a selective sweep. 
Passenger mutations are mutations that are present in the same genome as drivers 
and hence also increase in frequency. Usually they do not contribute to fitness.

2.1   Basic Ingredients of an Evolutionary Process

Evolution is inescapable in replicating biological systems: whenever there are entities 
capable of self-replication, subject to mutations that cause phenotypic change, there 
will be evolution. These entities can be organisms or groups of cells, including those that 
compose the somatic tissues of animals. In general, the changes that take place within 
somatic tissues are not represented in the germline. So, by definition, evolution within a 
somatic lineage is finite. However, the changes produced by somatic evolution may have 
terrible consequences to the individual.

In this chapter, we will review how somatic evolution can lead to cancer, particularly 
to very aggressive cancers. We will see how evolution can make each cancer unique and 
therefore not conform to a solution (therapy) that fits all.
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2.2   Multi-cellular Organisms: The Clash of Two  
Evolutionary Processes

Throughout the lifetime of a multi-cellular organism, each cell goes through thousands or 
millions of cell divisions. In each division there is a high chance that at least one mutation 
will occur (for example, an average of eight mutations per cell division in human fibro-
blasts [1]). These mutations may be innocuous, i.e., have no effect on the behavior of the 
cell, or they can significantly alter its phenotype. Because of the latter type of mutations, 
eukaryotic cells have a number of checkpoints that make sure the cell cycle stops once a 
major error is detected. That error is then either repaired or the cell dies. Moreover, there 
are external mechanisms such as the action of the immune system which detect cells that 
are “misbehaving” and eliminate them. All of these systems are the result of natural selec-
tion acting at the level of the organism. They evolved and were maintained because they 
make sure all the cells behave in such a way as to maximize the survival and reproduction 
of the organism. Hence, the genome of a species is shaped by natural selection to maxi-
mize the survival of the germline!

Multi-cellular organisms thus evolve in two very different ways and at different time- 
scales: somatic evolution at the time scale of days and germline evolution at the time- 
scale of generations (decades in humans). Moreover, somatic evolution is self-contained. 
In general, whatever evolved within an organism dies with it. Curious exceptions have 
been found such as the rare transmissible cancers, as facial tumors of the Tasmanian devil 
[2] and a type of leukemia- like disease in clams [3]. In these two examples, cancer cells are 
transmitted horizontally from individual to individual, much like an infectious disease. 
But these are the exceptions that prove the rule. In general, somatic evolution is finite 
while germline evolution goes on forever unless the population goes extinct. In addition 
to the difference in timescales, there are also major differences on the selective pres-
sures acting on soma and germline. In the somatic tissue, the cells that are over-repre-
sented will be those that proliferate faster. Fast proliferation can lead to organ-malfunction 
and cancer which shorten the life expectancy and the ability of the organism to leave 
progeny. Therefore, mutations that increase cellular proliferation will be selected-for in 
the somatic tissue but selected-against in the germline.

Due to this conflict between somatic and germline evolution, the germline acquired 
genes which reduce the probability of evolution within the soma. The most well-known 
are tumor-suppressor genes which you will read about in the other chapters of this book. 
These are genes which kill the cells when they behave abnormally. One notable example 
of the acquisition of tumor-suppressor genes in the germline is the Elephant. These are 
large animals and therefore it takes many somatic cell divisions to produce an adult. For 
this reason, there should be a general positive correlation between cancer incidence and 
body size. However, that is not the case, an observation known as Peto’s paradox [4]. The 
solution that natural selection found for the Elephants was the acquisition of extra copies 
of the tumor suppressor gene p53 [5]. Moreover, during evolution, Elephants reactivated 
a gene that had been made silent (a pseudogene) in the Paenungulate ancestor and which 
also has tumor-suppressor activities [6]. There are other mechanisms such as physical 
barriers to proliferation. Since we know these mechanisms can be very effective, one can 
ask, “why do animals still have cancer?”.

As stated above, adaptive evolution maximizes the probability of survival of the germ-
line. However, once an organism has produced its offspring, there is no longer evolution-
ary pressure to keep it alive. Let’s imagine an allele (a variant of a gene) that increases 

Cancer as an Evolutionary Process



24

2

the production of sperm. This allele will increase fertility, its carriers will have plenty of 
offspring and soon the allele will dominate the population. Now let’s say that this allele, 
in addition to increasing sperm count, also leads to a moderate increase in mutation rate 
in skin cells. This increases the chances of skin cancer. But if the tumors only occur after 
the reproductive period, by the time the individuals die of skin cancer, their children are 
already part of the population. In other words, the allele that caused the increase in skin 
cancer already spread to the next generation and it does not matter that the individual 
dies as long as the germ cell has passed. It is due to this problem of time scale that genes 
that are deleterious late in life, but neutral or beneficial early in life, survive. . Figure 2.1 
is a schematic representation of this decrease in the strength of natural selection as time 
passes.

There are two types of mutations that escape natural selection because of the timing 
of their actions:

 5 Those that are neutral early in life but deleterious after reproduction;
 5 And those that are beneficial early in life but deleterious later on, as in our imaginary 

example above.

There are then two competing hypotheses:
 5 Mutation-accumulation hypothesis – that says most mutations that cause ageing- 

related diseases are of the first type
 5 Antagonistic-pleiotropy hypothesis – that says the second type is more prevalent.

As often, reality is probably a mixture of the two. In humans and even in other mammals, 
it is difficult to identify these types of mutations but there are a few hints that they might 
exist. In mice, two short alleles of the gene coding for TP53 are described to both confer 
resistance to cancer and reduce lifespan [8]. Similarly, a study in a human population 
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       . Fig. 2.1 Schematic representation of the strength of natural selection acting on phenotypes as a 
function of the age of the individuals expressing those phenotypes. In either panel the axes reflect there 
two measures and the line shows how natural selection is very strong up to the age of reproduction and 
becomes much weaker after that. Panel a represents a feature which is neutral early in life but deleteri-
ous later. Mutations causing this phenotype may remain in the population because natural selection is 
too weak to remove them. Panel b represents the antagonistic pleiotropy hypothesis whereby features 
which are beneficial early and deleterious late will be selected for because natural selection is strongest 
when they show their benefit. (Adapted from Fabian and Flatt [7])
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before access to contraception shows higher fertility in carriers of BRCA1 and BRCA2 
mutations [9]. Both of these alleles are associated with increased rates of cancer. You will 
learn about the mode of action of BRCA as well as TP53 in other chapters of this book 
(7 Chap. 5).

Taking all of this into account, it is easy to imagine that cancer is one of those diseases 
that was not counter-selected in our ancestors because it occurred well past the age of 
reproduction. This explains why humans are still plagued by it. It is nevertheless a very 
particular disease in that cancer in itself is an evolutionary process. It is as if each of us has 
in our body populations of cells that are fighting for survival, despite the fact that they will 
never be transmitted to the next generation of humans. Alas, natural selection is extremely 
short sighted.

2.3   Intra-tumor Diversity and Evolution

Much like any other evolving population, tumors are very diverse within themselves. 
Decades ago, before the advent of large-scale sequencing, there was an idea that cancer 
resulted from the sequential take-over of clonal populations, much like in a population 
of bacteria. One cell would become mutated and increase its numbers, taking over the 
population in what is known as a selective sweep. Once that was done, a second mutation 
would come along and begin its own rise in frequency and so on. This turned out not to 
be the case, neither for cancer, nor for bacteria. In fact, several mutants may arise at the 
same time and begin increasing in frequency. Since they cannot recombine and be put in 
the same genome, they are destined to either compete (in which case only one will win) or 
cooperate. In either case, for some time that may be quite long, there will be co- existence 
of both variants. Now, given the large mutation rate, there can be several of these mutants. 
All increasing the growth rate and all either competing or cooperating, or both. Moreover, 
in addition to these mutations that increase the growth rate, there are also those that are 
either neutral or deleterious (decreasing the growth rate). Under normal circumstances, 
these mutations would either be purged or increase very slowly. However, when combined 
with mutations with strong positive effects they will hitchhike and become quite frequent 
as well. This is where the distinction between driver and passenger mutations comes 
in. Drivers are those mutations that cause the tumor to increase in size or in survival and 
passengers are those that do not do anything to the tumor. . Figure 2.2 shows an example 
of how driver mutations compete and how passengers (or hitchhikers) can increase in fre-
quency as well.

It is now known that there are many drivers and passengers within a tumor. However, 
successful therapies must target drivers and not passengers. Therefore, identifying the 
drivers is one of the most important yet challenging tasks of modern day’s genetics. To 
make matters more complicated, passenger mutations can interact with drivers and with 
each other and contribute to tumor progression by conveying different phenotypic traits. 
For instance, imagine a tumor that has a drug efflux pump as a passenger mutation; while 
the tumor is growing, and the patient is not under therapy, the pump does not give any 
advantage. However, when therapy starts the clones that have this passenger mutation can 
become selected. Hence, the definition of driver and passenger, while very useful, it is not 
absolute.

Cancer as an Evolutionary Process
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2.4   Sources of Diversity and the Impact of Mutations on Fitness

Errors are inevitable in any replicating system. Mutations are errors in DNA which are not 
repaired by the cell. Indeed, cells have a number of mechanisms to repair errors in DNA (see 
7 Chap. 5). These include, for example, mismatch repair proteins, which detect mismatches 
between the two DNA strands and correct them. Still these systems are not perfect and allow 
a certain number of mutations to pass to the next cell generation. We call the mutation rate, 
the number of mutations that occur per cell, per generation. Mutation rates can be expressed 
per nucleotide or per genome. Mutation rates vary between cells and between organisms and 
it is not known what selects them to be a certain number. For the germline it is thought that 
the mutation rate is as low as it can be without compromising the normal functioning of the 
cell – if the cell spends all its resources in repair, it cannot do other essential functions such 
as metabolism. For somatic tissues, the mutation rate depends on the type of cell. Fibroblasts, 
for example, have a rate 100-fold higher than the germline [1]. The precise reason for this is 
not known. One trivial hypothesis relates to the antagonistic pleiotropy described above. 
Somatic cells need to replicate fast in order for development to occur. Moreover, processes 
such as wound healing require quick and efficient production of new cells. Diverting energy 
to speed means there is less time and fewer resources for repair. There has to be a fine balance 
between speed and repair. Any mutation happening in the germline or in early develop-
ment will mean the death of the organism. However, mutations occuring in differentiated 
cells like adult fibroblasts will have little impact on reproduction and hence these cells have 
evolved to spend less resources on repair and more on proliferation. In addition to spontane-
ous mutations, the exposure of humans to chemicals, radiation or other external conditions 
which increase the DNA error rate also leads to increase in the mutation rate. The two most 
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       . Fig. 2.2 Representation of the frequency of mutations in a tumor over time. The colors represent 
different mutations and the area shows their frequency at each time point. The grey bubbles are 
passenger mutations that appear and only have a chance of increasing in frequency if one of the cells 
carrying them also acquires a driver mutation. Note how certain mutations that are beneficial such as 
p53−/− appear and are lost if they have to compete against stronger mutations such as p16−/−. 
(Adapted from Maley and Reid [10])
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well-known examples are smoking, which increases the probability of a number of cancers, 
partially due to an increase in mutation rate [11]; and skin cancer, where the appearance 
of tumors is clearly related to exposure to radiation from the sun, which also leads to an 
increased mutation rate [12].

2.5   Mutation Spectra and the Fitness Effects of Mutations

Independently of what causes them, there are different types of mutations. There are single 
nucleotide changes (SNPs – the ‘P’ stands for polymorphism and is reminiscent of a time 
when mutation rates were estimated from polymorphic DNA variants in populations), 
insertions and deletions, structural variants such as inversions, translocations, duplica-
tions and large deletions, whole chromosome gains and losses. Indeed, when looking at 
cancers, all of these mutations are visible [11].

Having more mutations is not in itself a good thing for the cancer cell. Being good, or 
bad as we saw earlier, depends a lot on the level of organization we look at. In this case, a 
mutation is good for cancer if it increases the survival and the growth rate of cancer cells. 
In other words, a mutation is good for cancer if it increases its fitness. Most mutations are 
neutral or deleterious, i.e., they do not affect fitness, or they decrease it. This is true even 
for cancer (or so we think). The rationale behind this statement is that when we make a 
random change to a functioning object, we very rarely make it better. Imagine hitting a 
functioning car with a very large hammer. What are the odds it will go faster? In addition 
to these arguments, there is also evidence form bacteria, yeast, Caenorhabditis elegans 
among others, which were grown in the lab in the absence of natural selection. Under 
these conditions their fitness decreases, indicating that most spontaneous mutations that 
affect fitness are deleterious. See for example Kibota, T. T., & Lynch, M. (1996) [13].

2.6   Constraints to Evolution/Genetic Drift

So far, I have equated evolution with adaptation. However, evolution is not always posi-
tive. Evolution is a change in the frequency of genetic variants with time. It does not 
mean that it has to be positive. And indeed, not all the diversity we observe is beneficial. In 
fact, we expect that some of the mutations we observe in cancer are deleterious (i.e., they 
decrease the tumor’s fitness). These mutations may be passengers that increased in fre-
quency because they happened to be in the same genome as a beneficial mutation; or they 
might have increased in frequency by chance, i.e., via the process of genetic drift. Any 
process that slows down natural selection will increase genetic drift. In general, genetic 
drift is the result of either a high mutation rate or of demographic constraints such as 
small population sizes or the presence of spatial structure. In the case of a high mutation 
rate, genetic drift becomes stronger than natural selection when deleterious mutations 
happen faster than natural selection can eliminate them. One approach to eliminate can-
cer is actually to increase its mutation rate [14]. The problem is that a moderate increase 
in mutation rate actually aids cancer by producing more driver mutations. Therefore, any 
such therapy must ensure the increase is large enough. The other way to increase genetic 
drift is by interfering with demography. One option is to reduce the number of cells that 
compose the tumor. If the number of cells is small enough, the chance of producing 
driver mutations is low and instead it is easier for deleterious mutations to increase in 
frequency. In the same way, the existence of spatial structure (e.g., in epithelia) also leads 
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to an increase in genetic drift. Any driver mutation that comes along will take longer to 
take-over the whole population because it can only compete with a few neighboring cells 
at a time. It is as if the total population size was smaller [15]. Many tumors come from 
epithelia. The most likely reason is the extent of cell turnover in these tissues, which prob-
ably leads to an increased mutation rate. Evolutionary theory predicts that, if not for the 
spatial structure, these tumors would be even more numerous and aggressive.

The role of spatial structure in preventing somatic evolution was likely co-opted by 
germline evolution to prevent tumors in highly proliferative tissues such as the intestinal 
epithelium. There, cell division is restricted to a small niche in the crypts. As cells divide, 
they migrate through the villi and are eventually shed. This means that any mutation 
acquired during this process will be pushed away and out of the tissue, even if it divides 
very quickly. . Figure 2.3 shows a schematic representation of the intestinal epithelium 
and of the path cells take during normal tissue function.

2.7   Why Cancer Is Not a Single Disease and Why We Have Not 
Cured It: An Evolutionist’s Perspective

Just as no two humans are alike, no two cancers are alike, even within the same patient. 
Cancer is the result of chance, selection, genetic and biophysical constraints. Whether or 
not a particular mutation contributes to cancer or not is highly dependent on the genetic 
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background (a phenomenon known as epistasis). Therefore, a tumor in one individual 
will have a different set of driver mutations than a tumor in someone else. In the same 
manner, chance events will be very different between any two patients. All of this points 
to a fact that medical doctors have been aware of for some time: each tumor is a unique 
disease that must be studied and treated individually. In fact, nowadays tumor genotyp-
ing is becoming common practice and new tumor biomarkers are helping to improve 
clinical outcomes by directing therapies. However, most biomarkers are not 100% prog-
nostic. This is because we are still far from predicting the output of the interaction of the 
different mutations (plus the intronic mutations, epigenetic modifications, etc.), making 
it unpredictable to know which is, the best therapy for each individual patient. This is 
why different functional tests are being developed to challenge patient tumor cells with 
the different therapy options to select the best one, just like antibiograms for bacterial 
infections. These tests include xenografting patient tumor cells into animal models like 
zebrafish and mouse, generating organoids or cultivating tumor explants in the presence 
of the therapeutic options and then evaluating their response. Let’s hope one of these 
tests work.

Take Home Message

This chapter covers the following points:
 5 Cells within tissues evolve in much the same way as populations of organisms. 

This is known as somatic evolution.
 5 Somatic evolution occurs in a shorter timescale than organismal (germline) 

evolution. Moreover, the phenotypes that are selected in one are often 
opposite. For example, somatic evolution may select for fast cell division and 
low repair mechanisms while the opposite will be selected for in the germline.

 5 Somatic evolution is finite, and the mutations selected during this process will 
die with the organism.

 5 Germline evolution is not able to eliminate all mutations that cause disease. 
Namely, for diseases that only happen after the age of reproduction (like 
cancer), natural selection is not very effective.

 5 Mutations may accumulate in the germline that make the individual prone to 
cancer, either because they have no effect on the reproductive output, or 
because they actually increase fertility early in life.

 5 A tumor is the result of a very complex evolutionary process where both 
natural selection and genetic drift are at play. Not all mutations found in a 
cancer contribute to the tumor.

 5 Each tumor is unique just as each human is unique. Therapies should take this 
into account.

 ? Questions
 1. What are the minimum requirements for evolution?
 2. Give some example of genes that may be subject to antagonistic pleiotropy.
 3. How would you identify mutations that are causative of a tumor?

Cancer as an Evolutionary Process
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