
Oncology 520

Carcinogenesis and DNA repair

Michael Weinfeld
michael.weinfeld@albertahealthservices.ca



neoplasms are clonal in origin





DNA Repair Mutation
Damage reversal Point and frameshift
Base excision Target genes
Nucleotide excision Assays
Mismatch repair Mutagenesis vs carcinogenesis
Double-strand break repair

INITIATION

DNA Damage
Metabolic activation
Structures
Chromosomal damage
Assays

Exogenous Agents Endogenous Events
Polycyclic aromatic hydrocarbons Oxidative free radicals
Alkylating agents DNA instability (depurination
Radiation and deamination)
Particulates DNA polymerase errors
Metals





Metabolic activation

Many chemical carcinogens and mutagens are inactive until metabolically 
converted into their active forms

Most ultimate carcinogens are electrophiles seeking the electron rich 
(nucleophilic) centres in their macromolecular targets









Summary of some of the phase II routes of metabolism of benzene including epoxide 
hydrolase, sulfotransferase, glutathione transferase and glucuronidation.



Phosphodiester

Nucleophilic sites in DNA











Comet assay to measure DNA damage





(Alexis Corp)

DNA damage and associated repair pathways

Origin Repair
pathway

DNA 
damage

Alkylating agents

Spontaneous reactions
Oxygen radicals
Alkylating agents
Ionizing radiation

UV light
Polycyclic aromatic hydrocarbons

Cis-platin

Replication errors

Ionizing radiation
DNA repair pathways

O6-methylguanine

Abasic sites, deaminated bases
Oxidized bases
Alkylated bases
Oxidized bases

Pyrimidine dimers
Bulky adducts

Intrastrand crosslinks

Base mismatches

Single strand breaks

Double strand breaks

Direct damage
removal

Base 
excision 
repair

Nucleotide
Excision
repair

Mismatch 
repair

Single strand 
break repair

Double strand 
break repair





Figure 12.25 The Biology of Cancer (© Garland Science 2007)



Hoeijmakers, Nature 2001. 









DNA Replication





TYPES OF DNA MUTATION 
 
(i) Point mutations 

 
(a) Base substitution 
(b) Frameshift - deletion or addition of one or more bases. 

 
Missense mutations are point mutations which lead to a codon change resulting in the 
insertion of the wrong amino acid into a polypeptide. 
Nonsense mutations are point mutations that convert a codon normally specifying an amino 
acid to one which is a terminator codon. 
 
(ii) Chromosomal mutations 
 
These result from breakage and reunion of chromosomal material during the cell cycle and 
include: 
 

(a)  Inversions - a length of chromosome is inserted back to front.  
(b)  Translocations - one section of chromosome becomes attached  to another. 
(c)  Sister Chromatid Exchanges (SCE) - a consequence of the interchange of replicating    

DNA between chromatids at apparently homologous loci. 
 

(iii) Genomic mutations 
  
These are changes in the number of chromosomes in the genome. 
  
 (a) Polyploidy - occurs where the genome is doubled or tripled. 
 (b) Aneuploidy - loss or gain of single chromosomes. 
 



Types of mutations. Note that in the two sub-classes of frameshift 
mutations, insertions and deletions, one base-pair is inserted and  
deleted, respectively, and in the two subclasses of base pair 
substitutions, transitions and transversions, the purine-pyrimidine 
orientation is preserved and reversed, respectively.



Information flow in protein 
synthesis. The nucleotides in 
messenger RNA are formed as a 
complementary copy of a 
segment of one strand of DNA.  
They are then matched three at a 
time to a complementary set of 
three nucleotides in the 
anticodun region of particular 
tRNA molecules. At the other end 
of the tRNA molecule, an amino 
acid is held in a high-energy 
linkage, and when matching 
occurs, this amino acid is added 
to the growing protein chain end. 
Translation of the mRNA 
nucleotide sequence into an 
amino acid sequence depends on 
complementary base-pairing 
between a codon of the mRNA 
and the corresponding anticodon 
of the appropriate tRNA. The 
molecular basis of information 
transfer in translation is 
therefore closely similar to that 
in DNA replication and 
transcription.

Transcription and Translation







Another frame shift mutation



Base mispairing by O6-methyl guanine



Benzo[a]pyrene adduct 
indicating DNA distortion that 
may lead to frameshift mutation 
during replication



Table 2.  Two classes of genes involved in carcinogenesis

Proto-oncogenes Tumor-suppressor genes

Involved in cellular growth and differentiation
Function unknown but possibly involved in
cellular growth and differentiation (negative
regulators of cell growth?)

Family of genes exists Family of genes exists

Activated (quantitatively or qualitatively) in
cancers Inactivated or lost in cancers

Activation by point mutation, chromosome
translocation, or gene amplification

Inactivation by chromosome loss, chromosome
deletion, point mutation, somatic recombination
of gene conversion

Little evidence for involvement in hereditary
cancers

Clear evidence for involvement in hereditary
and non-hereditary cancers

A third class of genes would be DNA repair genes, since loss of repair function would enhance the chances
of further mutations, i.e., cells would have mutator phenotype, as is the case for HNPCC cells.



Transformation of ras proto-oncogene to oncogene in transplacentally 
induced tumours caused by base change which may be ascribed to chemical 
modification of the normal gene
(Sukamar and Barbacid, Proc Natl Acad Sci U S A. 1990 87:718-22)

Codon 11 12 13
Normal aa sequence   Ala  Gly Gly
Normal gene sequence GCT       GGA      GGC

CCT

Modification of DNA by MNU                          Me
GGA
CCT

DNA synthesis 1 Me
GGA
CTT

DNA synthesis 2 CTT
Oncogene sequence GCT         GAA       GGC
Transforming protein Ala Glu Gly





Preferential formation of Benzo(a)pyrene adducts at lung cancer mutational 
hotspots in P53 gene 
(Denissenko et al Science 274:430-432, 1996)

• About 60 % of human lung cancers contain mutations in the P53 tumor suppressor 
gene

• The P53 mutation database includes more than 500 entries of sequenced P53 
mutations for lung cancer. There is a large percentage of G to T transversion 
mutations

• Benzo(a)pyrene diol epoxide (BPDE) frequently causes G to T transversions

• Mutational hotspots for p53 in lung cancer are found in codons 248 and 273.

• Denissenko et al used an LMPCR assay to map the distribution of BPDE adducts in 
the exons of the P53 gene in BPDE-treated bronchial epithelial cells 

• Observed strong and selective adduct formation at guanines in codons 248 and 273.

• Thus targeted adduct formation rather than phenotypic selection appears to shape 
P53 mutational spectrum in lung cancer. 

• These results provide a direct etiological link between a defined chemical carcinogen 
and human cancer



Sir Percival Pott







Ames test



Mutagenicity Testing

Bacterial mutation assays using reverse mutation - Ames test

Bacterial strains are used which carry base substitutions or frameshift mutations in 
operons coding for synthesis of specific amino acids i.e. the mutants (unlike the wild- 
types) cannot synthesize all their required amino acids from inorganic sources of 
nitrogen.  The assay determines whether the test chemical can reverse the effect of 
the preexisting mutation by introducing a second mutation. Because the bacteria used 
in these assays lack the enzymes which metabolize pro-carcinogens to ultimate 
carcinogens, a rat liver microsome fraction (59) is added as a surrogate of mammalian 
metabolism. These assays detect point mutations only.

Assay

Bacteria, test compound, S9mix, molten dilute agar (+ trace of histidine) are mixed and 
poured onto the surface of minimal-agar plates containing glucose. The top layer sets 
and the plates are incubated at 37°C for 2-3 days. In the first few hours the whole 
population of bacteria grow until all the histidine is used up. After this only histidine 
reverse mutants will grow to form visible colonies, each colony descerx1ing from a 
single revertant. An increase in revertant colonies with increasing dose of test 
compound indicates a mutagenic response. Parallel assays without 59 are included to 
look for direct-acting test compounds.



Figure 2.25 The Biology of Cancer (© Garland Science 2007)





Possible explanations for nonmutagenic 
carcinogens and mutagenic noncarcinogens.

Putative nonmutagenic carcinogens
• Unusual metabolic activation is required for activity in mutational assays (examples: 

amitrole and DES*).
• Mutagenic activity of chemical is limited to chromosomal level, i.e., structural or 

numerical chromosome changes (examples: benzene, arsenicals, DES, and asbestos).
• Chemicals are inhibitors of DNA methylation (examples: 5-azacytidine and ethionine).
• Chemicals act as tumor promoters (examples: Phenobarbital, 2,3,7,8- 

tetra-chlorodibenzo-p-dioxin, hormones, and asbestos). 

Mutagenic noncarcinogens
• Mutagenicity exhibited in test system may not be exhibited in vivo due, for example, to 

differences in metabolic activation/detoxification or DNA repair.  
• Mutagenicity of a chemical may be limited to a particular type of genetic change (e.g., 

aneuploidy); because carcinogenesis requires multiple genetic events of diverse types, 
a particular chemical mutagen may affect only a singlestep in the carcinogenesis 
process.

• Mutagenicity per se is not sufficient for carcinogenicity due to lack of pro-liferation in the 
target tissue.

• Less-than-lifetime carcinogenicity studies may be too short to detect late-appearing 
tumors. 

• In vivo rodent models are insensitive to weak mutagens.

*DES, diethylstilbestrol.





Figure 11.29 The Biology of Cancer (© Garland Science 2007)



Figure 11.30 The Biology of Cancer (© Garland Science 2007)



Summary

• Somatic mutation theory - Initiating carcinogens cause mutations in the DNA of 
somatic cells.

• Many carcinogens (pro-carcinogens) require metabolic activation to produce 
ultimate carcinogens.

• Damage can lead to base and deoxyribose modifications, inter and 
intra-nucleotide crosslinks, and single and double-strand breaks.

• A variety of multi-enzyme repair pathways exist to cope with DNA damage 
produced by endogenous and exogenous agents.

• Individuals with lower DNA repair capacity are at increased risk to develop 
cancer.

• Carcinogens can be  tested in short  term mutagenesis assays. 

• Initiators and promoters
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