
Mutations and cancer
3x1013 cell in human body

1011 cell divisions (DNA replication events)/day

The mutation rate per nucleotide/DNA replication 
event is 10-9

Every possible single nucleotide mutation occurs in 
our genome hundreds of times each day.

Mitotic recombination can convert heterozygous cells into
homozygotes. Rates range from 10-2 - 10-4 per individual/
generation







Mutations: alterations in the DNA sequence
Substitutions
Deletions
Additions

Inversions
Translocations
Duplications

Mutations may have their effects in trans or cis, depending on whether they affect protein coding regions (trans acting
factors) or regulatory sequences that affect the synthesis, splicing, stability or translation of these protein coding regions
(cis acting sequences).

null alleles

hypomorph

hypermorph

neomorph

haploinsufficient

antimorph antimorph
+ < Deficiency

+
< antimorph + +

Strange alleles of the lac repressor, lacI. LacI is a tetramer. lacid mutants do not bind to the operator = laci-
Dominant to wildtype. Interaction with wildtype subunits in a partial diploid prevents any tetramers that
contain lacid subunits from binding DNA.
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does not revert towards
wildtype in trans to a
deficiency.

The haploid dose of the wildtype gene product is not
sufficient to rescue normal function.

mobile DNA insertions

Ectopic expression at inappropriate time or in inappropriate place



Spontaneous

Induced
chemicals
ionizing radiation

Transitions:
purine to purine or pyrimidine to pyrimidine changes

Transversions:
purine to pyrimidine or pyrimidine to purine changes

purines = guanine and adenine
pyrimidines = cytosine, thymine and uracil



Normal base pairing

Tautomers



Tautomers



Depurination and deamination lead to spontaneous 
mutations



Slippage during replication of repeated nucleotides can lead 
to addition or deletion of nucleotides.



Certain positions are hotspots for spontaneous mutations.

Mutations in the E. coli lacI gene



FS5, FS25, FS45, FS65     .     
      -GTCTGGCTGGCTGGCTGGC-

                                          
wild type -GTCTGGCTGGCTGGC-

FS2, FS84    -GTCTGGCTGGC-

Some hotspots are positions with repeated 
DNA, and mutations result from lost or 

duplication of repeat.



Anticipation





Different alleles of a single gene
cause this variation in coat
color

The inconstant genome:
Somatic mosaicism





lacI sites that result from 5-methyl cytosine can generate 
nonsense mutations.



Different mutagens have different specificities.



Chemical mutagens

1.  Base analogs: incorporated into DNA instead of normal 
bases, but have different pairing properties.



2. Alkylating agents: add alkyl groups to bases, and 
change pairing specificity.



3.  Intercalating agents: mimic base pairs and intercalate 
between stacked bases. Result in single nucleotide 
deletions and insertions.



Psoralens intercalate into DNA and form inter-strand 
crosslinks on UV exposure



Mutagens are often carcinogens. Aflatoxin B1 a toxin produced by fungi that infect a number of crops,
including peanuts, is a very potent mutagen. For commercial suppliers, ALL peanuts are scanned 
for evidence of fungal infection. What about your local, farmers market organic peanut butter???



The breakage-fusion-bridge cycle created following a DS
break can give rise to gross aneuploidy. This will include
chromosomes that have lost homozygosity in specific
regions



Breakage-fusion-bridge cycle + chromothripsis

Fig. 3 | Mechanistic models of chromothripsis due to DNA damage. a, A lagging mitotic chromosome results in the 
formation of a micronucleus, which can undergo chromothripsis via two potential mechanisms. Aberrant base excision 
repair50 is initiated by the formation of R-loops (RNA–DNA hybrids) resulting from collisions between the DNA 
replication fork and the transcription apparatus. In this model, the recruitment of adenine deaminase acting on RNA 
(ADAR) enzymes to R-loops leads to DNA strand editing, which converts deoxyadenosine into deoxyinosine. 
Deoxyinosine in R-loops is then converted into abasic sites by the recruitment of DNA-3-methyladenine glycosylase 
(MPG). Finally, apurinic/apyrimidinic endonuclease 1 (APE1) acts on these abasic sites to cleave the phosphodiester 
backbones and generate single-stranded DNA nicks, whose conversion into double-stranded DNA breaks could 
ultimately lead to chromothripsis. Alternatively, rupture of the nuclear envelope directly exposes DNA to cytoplasmic 
nucleases, which could potentially lead to chromothripsis. b, Telomere crisis or chromosomal breakage can result in the 
formation of a dicentric chromosome and lead to the formation of chromosome bridges. In this model, chromosomal 
shattering occurs via either actomyosin-dependent bridge breakage31 or exposure to cytoplasmic nucleases. 
Cytoplasmic actomyosin forces (purple lines) induce the initial bridge breakage, after which chromothripsis 
accumulates in daughter cells. During the next cell division, chromosomes that originate from broken bridges become 
missegregated and generate micronuclei, which in turn undergo additional chromothriptic events. Exonuclease 3′ 
exonuclease 1 (TREX1) accumulates on the bridge DNA after rupture of the nuclear envelope and leads to the 
generation of single-stranded DNA nicks and ultimately chromothripsis29



Mechanisms of chromothripsis



1. The specific locus test
 A. organism based tests
 Parents homozygous for the markers listed are mated, giving rise to a female with offspring that are heterozygous at each of these loci. In the 
absence of loss-of-function mutations at any of these loci her offspring will all look wildtype. The combination of mitotic recombination and 
spontaneous mutation rate is given by the frequency of progeny with clones of homozygous mutant coat color. Increases above this 
background, in response to environmental stimuli, give a measure of mutagenicity. The use of multiple loci provides a way of averaging out 
problems associated with the fact that genes have different sizes, and that some are more sensitive than others to mutation-induced alteration
In function.



Somatic mutations are not passed on to the next generation because they do not involve cells that give rise to 
gametes. Germline mutations can be passed on, depending on whether the gamete participating in fertilization 
carries the mutant allele. The earlier a mutation is induced during the life of an organism, the larger the mutant patch
of tissue is likely to be, given that these cells will undergo more rounds of cell division.



A compound to be tested is mixed with cells of a histidine- auxotrophic bacterial strain. (Auxotrophic means that because of the his- mutation the 
bacteria cannot survive in the absence of histidine.) This particular auxotroph contains several different nonfunctional variants of the mutated
histidine biosynthesis gene. These are mutated in different ways, such that different kinds of mutagens are likely to revert one or the other of
the mutant proteins back to wildtype, thus allowing growth of the cell in the absence of histidine. A compound to be tested is mixed with cells of
the his- strain, and with a solution of rat liver enzymes. The liver enzymes are added because in the body these enzymes may convert nontoxic
molecules into mutagens during transit through the liver. The mixture is then plated on a petri dish without histidine, Only colonies that are his+
revertnats will be able to grow. Comparison with the control that lacks mutagen provides an indication as to whether the compound is mutagenic.

TA100 sensitive to base pair substitution, TA1535 and
TA1538 sensitive to reversion through frameshift



Mutations and cancer
1013 cell in human body

1011 cell divisions (DNA replication events)/day

The mutation rate per nucleotide/DNA replication 
event is 10-9

Every possible single nucleotide mutation occurs in 
our genome hundreds of times each day.

Mitotic recombination can convert heterozygous cells into
homozygotes. Rates range from 10-2 - 10-4 per individual/
generation



Cancer as a genetic disease
The figure on the left shows that the frequency of lethal mutation induction (which is 
related but not equivalent to the total mutation rate) is roughly a linear function of 
radiation dose. In contrast, the incidence of most cancers (on right) is highly nonlinear, 
increasing dramatically with age. Why???



Multiple mutation events are required. Some of these
increase the overall mutation rate by interfering

with DNA repair or by creating aneuploidy



Fig. 19.21

Alterations in multiple
processes are needed



Wild mice under laboratory conditions: 40% have cancer at
death (1-3 years).

Humans are 3000 times larger and live 20-30 times 
longer. ~40% of us will have cancer. ~ 16-17% of us 
will die of it.
It cannot be the case that the probability of of a 
cell becoming cancerous/per unit time is the same 
for us as for a mouse. Otherwise, we would all be 
dead in utero. 
Anti-cancer adaptations
1. Reduce the mutation rate
2. Reduce the selective advantage of each intermediate step
towards tumor formation.
3. Increase the number of mutations required to turn a cell 
cancerous.



https://doi.org/10.1038/d41586-022-00976-w



Peto’s paradox: Modeled probability of cancer based on
divisions and mutation rate does not fit the data: elephants

get cancer less frequently than humans





Suppose that the mutation rate for the average cancer 
promoting gene is 10-7/gene/cell division. The body 
contains  roughly 1013 cells. Therefore, we should all have 
cancer. Why is this not the case?

Multiple mutations are necessary for tumor formation and 
progression to metastasis (about 6). But then the frequency 
of cancer should be quite low = (10-7)6  x 1013 = 1 in 1029. 
This is not true either.

1. Some mutations enhance cell proliferation or prevent cell 
death, creating an expanded target population of cells for 
the second mutation.

2. Some mutations affect the stability of the entire genome, 
at either the DNA or the chromosome level, thereby 
increasing the overall mutation rate.



Excision-repair pathways
Nucleotide excision repair involves the removal of a single stranded region surrounding a damaged group of bases, in 
this case a thymidine dimer. Repair occurs using the opposite strand as a template. Xeroderma pigmentosum is a 
group of human diseases due to defects in NER. Individuals homozygous mutant for components of this pathway are 
very susecptable to skin UV irradiation, as well as other chemical mutagens. They develop many tumors early in life. 

Mutations on distinct chromosomes give rise to the XP phenotype. These phenotypes can be shown to be due to 
recessive loss of function  mutations, and to map to distinct loci through the use of a complementation test in which 
cells from different  individuals with the disease are  fused and their sensitivity to UV irradiation measured. Fusion of 
cells in different complementation groups will result in heterozygosity at both loci, resulting in cells with wildtype 
resistance to UV. 



Methyl-directed, mismatch repair
Methyl-directed mismatch repair uses the fact that  the newly replicated strand of DNA lacks methylation for a period of time: until the 
methylases have time to do their thing. The template strand is methylated. Thus, a repair machinery that recognizes two bases as
mismatched has an idea as to which one is the correct template strand and which is the daughter with the newly introduced mismatch.

mutations in the methyl-directed mismatch repair system are associated with a high frequency of cancers, including HNPCC, a form of colon
cancer. This disease affects roughly 1 in 200  in the Western world. That means the allele frequency in the population must be very high.



Translesion synthesis at a stalled
replication fork allows synthesis
beyond a lesion, but it is error-
prone.

Nonhomologous end joining repairs,
but is also error-prone



(synthesis-dependent strand annealing)

But, if the repair template is a
homologous chromosome with a 
different allele repair can result in 
homozygosity



Cell death

In the presence of high levels
of DNA damage p53 activation
leads to cell death, thus prevent-
ing the possible proliferation of
cells with damage-induced new
mutations.

When DNA synthesis occurs mistakes sometimes happen. In addition, DNA damage from environmental or internal sources can 
lead to chromosome breaks. As an example, consider DNA damage occurring during G1, just before DNA synthesis. If this DNA 
went unrepaired and DNA synthesis was allowed to continue, the mutational consequences of the damage would be transmitted 
into daughter cells. Cell cycle checkpoints act to stop cell cycle progression when such damage is detected in order to give the 
DNA machinery time to repair it. One important part of this pathway involves the p53 protein. DNA damage activates p53, leading to 
p53-dependent cell cycle arrest. In the presence of high, unrepairable levels of DNA damage, p53 signals cell death, effectively 
removing the cell from the organism’s pool of genomes. Homozygous loss of p53 or other components of the p53 pathway leads 
to the accumulation of mutations, including large chromosomal rearrangements,  because these checkpoints are no longer 
functional. 



HUMAN PAPILOMA VIRUS AND CERVICAL CARCINOMA IN WOMEN
IMMUNIZATION WITH A CANCER VACCINE



Queens live up to 28 years. Cancer has never been observed.







p27p16





Cell death

In the presence of high levels
of DNA damage p53 activation
leads to cell death, thus prevent-
ing the possible proliferation of
cells with damage-induced new
mutations.

Humans have 2 copies of p53 (one on each homolog). Elephants
Have 40 copies!!!!!!!!!!



More accurate DNA repair

https://doi.org/10.1038/s41586-025-09694-5



Hair graying as protection against melanoma



Hair graying as protection against melanoma







Oncogenes vs Tumor suppressor genes

Oncogenes  Tumor suppressor gene

Positive regulator  Negative regulator
     of cell growth      of cell growth

Activated forms  Inactivated forms
  promote malignancy    promote malignancy

The mutated form  The mutated form 
   is dominant        is recessive

Positive regulator of DNA repair



Oncogenes :
 the positive regulators of cell growth

The first oncogene (v-src) was identified from a 
retrovirus in 1910 (Rous Sarcoma virus). 

v-onc can cause cellular transformation.

v-onc are related to normal cellular genes (proto-
oncogenes) which are involved in growth 
control or signal transduction mechanisms.





Viral Oncogenes  (v-onc)
As compared to their cellular counterpart (c-onc),  
v-onc contains crucial changes :

- c-onc have introns, v-onc don’t. Removed 
during transcription of neighboring retrovirus
and then reverse transcribed with virus

- c-onc encode proteins that can be in a active or 
inactive state, v-onc are always in an active (or 
overactive) conformation.

- v-onc have escaped the control the c-onc are 
subjected to.



Retroviral oncogenes : a “inhuman” thing? 

kinases

Transcription factors

GTP-binding proteins

receptors



Isolation of oncogenes 
from human cells

The c-H-ras oncogene  is 
implicated in human bladder 

cancer.

Something is … out there!!



Ras activity is carefully controlled in normal cells



Ras activity is no longer regulated in cancer cells

A single point mutation
(Gly      Val) locks the ras 
protein in an active, GTP-
binding position.



Activated versions of the EGFR are oncogenic











Chimeric oncogenes …  the Philadelphia 
chromosome in Chronic myelogenous leukemia (CML) 

bcr-abl 
fusion



… at the molecular level
A new protein is born ...

A new bcr-abl protein ...

Bcr promoter regulates 
Abl protein portion 



Depending on the nature of the gene, 
oncogenes can become activated in a 
Variety of ways. 

1. Activating point mutation that creates 
a constitutively active protein.

2. Gene amplification leads to overexpress-
ion of a normal protein.

3. Chromosome rearrangement can lead to
gene activation through several mechanisms.
Rearangment can bring the gene under the 
transcriptional control of a promoter that 
drives expression inappropriately, either in 
time or tissue type. Rearrangements may
also directly fuse two different protein 
coding regions, creating chimeric proteins 
that have novel properties, or that are, as above,
simply overexpressed.

3. Retrovirus insertions near a gene, as illustrated
below, can lead to high level expression of the gene
 in inappropriate tissues, or at inappropriate times.

4. Finally, the gene may become incorporated
into the retroviral genome under the control 
of a strong retroviral promoter.    

Oncogenes: promoting proliferation or cell survival





The unique inheritance pattern of ecDNA makes ecDNA-driven tumors more evolvable in three main ways. First, it enables 
tumors to hedge their bets by maintaining both high-and low-ecDNA cell subpopulations which, together, can withstand the 
fluctuating tumor microenvironment. Second, by accelerating the rate of copy number evolution, ecDNA-driven tumors are far 
more agile in response to new external pressures. Last, if the previous environmental conditions are restored (e.g., treatment is 
ceased), tumors can rapidly restore the optimal ecDNA copy numbers and resume growth.





But in human, oncogene activation
 is not enough ...

1.  Cell hybrid fusion:
Normal and cancer cells :  
   Hybrids are non-tumorigenic

Malignant A and Malignant B: 
   Hybrids are non-tumorigenic

2.  Karyotype of human tumor:
 Loss of specific chromosomal regions



Fig. 19.12

Checkpoint genes arrest division
In higher organisms, 
called tumor 
suppressors; if lose 
function, cell division 
can proceed after DNA 
damage

Or die:  apoptosisOr die:  apoptosis



Individuals carrying mutations that result in defects in DNA 
synthesis/repair have a high frequency of cancer.

For example:
1. proofreading-defective polymerase
2. Mutations in Brca1 or Brca2
(DNA break repair)
3. Defects in mismatch repair



Checkpoint genes arrest division

Table 19.5



Retinoblastoma and the two hit model. Suppose the target cell population is 106 and the 
probability of mutation is 10-5. Sporadic retinoblastoma requires two hits and will affect 1 
in 104 (106 x 10-5 x 10-5), primarily in one eye.  In contrast the familial form requires one hit 
and will be quite  highly penetrant 106 x 10-5 = 10. Essentially all germline heterozygotes 
will get the disease. There will be a much  higher frequency of bilateral tumors.

Tumor suppressors: the two hit model



Loss of heterozygosity for a tumor suppressor through 
mitotic recombination





Familial retinoblastoma behaves as a genetic dominant,
even though at the cellular level it only shows a

phenotype as a recessive loss of function mutation. 



A dominant condition reverting back to wildtype through mitotic
recombination and loss of heterozygosity 





Loss of heterozygosity - prostate cancer



Tumor  suppressors can be identified by screening paired blood 
and tumor samples with markers spaced across the genome for 
multiple individuals with a particular form of cancer. 

The idea is to identify regions of the genome that lack 
heterozygosity in the tumor sample, but not in the blood sample. 
These regions are good candidates to tumor suppressors. 

The heterozygosity may have been lost as a result of 
1. mitotic recombination.

2. deletions of the same region on both homologs. 

3. methylation of a wildtype allele in a heterozygote for a mutant 
allele. Cannot be detected through sequencing



If cancer generation only required one mutation, which occurred with a fixed probability per unit time during your life, then the chance of
developing any given cancer should be independent of age. In fact this is not the case. For most cancers the probability goes up very steeply
with age, typically as the third, fourth or fifth power. These epidemiological observations suggest that from 4-6 independent events are required.



How do cancer cells differ at the transcriptional level
from normal cells









Synthetic lethal
screening. 

Looking for gene
knockdown or drugs
that kill cancer cells
carrying a specific
mutation but not 
normal cells

An example using
shRNAs and the 
K-Ras mutant. 



A cancer as a new, parasitic, species of animal











A transmissible cancer in clams!!


