
Topics covered

Week 1:
Hallmarks of cancer – an overview; Mutations, oncogenes and tumor suppressor 
genes
(Chapters 2, 4, 7 (Weinberg book))

Week 2:
Lecture 2 (Monday 14:15-16:00: room AAC132): 
Genome instability and DNA repair of DNA double strand breaks; Synthetic 
lethality
Exercises: Wednesday 13:15-16:00: room CE1103

Week 3:
Lecture 3/Exercises: DNA repair and the DNA damage response

Week 4:
Lecture 4/Exercises: p53 and apoptosis
(Chapters 9 (Weinberg))

Cancer Biology I : 



from Monday’s Lecture

• The vast majority of human tumors is monoclonal. But: genetic 
heterogeneity due to genetic instability may mask the true 
monoclonal origin 

• The multiplicity of defenses may explain why cancer is relatively rare 
during human lifetime (more than 6 specific changes must occur to 
make out of a normal cell a tumor cell)

• Human cancers express a mutator phenotype



Genetic Variations



Nonsense-mediated mRNA Decay (NMD)

mRNAs with premature stop codons are degraded by NMD



DNA Replication Errors are Extremely Rare

• Mutation rate of 1/109 per nucleotide per cell division
• Copying mistake by DNA polymerases (delta and epsilon): 1/105

• 3ʼ-5ʼ proofreading overlook: 1/102

• Mismatch repair enzymes overlook: 1/102

• 10-50 double-strand DNA breaks occur per S phase

• Human genome: 6.4 billion bp



Human Cells can Tolerate Elevated Mutation 
Burdens
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Replication of the genome is required at each cell division. It is 
effected by DNA polymerases synthesizing a new DNA strand 
with a sequence dictated by a template strand. Low error rates 

are ensured by the fidelity of base incorporation, proofreading capa-
bilities of the polymerases and surveillance by the DNA mismatch 
repair machinery. DNA replication in humans is largely performed 
by the polymerases Pol ε and Pol δ, which undertake leading and 
lagging strand synthesis, respectively1,2.

Uniquely among nuclear polymerases, both Pol ε and Pol δ have 
proofreading activities mediated by their exonuclease domains, 
which identify and remove mismatched bases1,3–5. Somatically 
acquired heterozygous missense mutations in the POLE or POLD1 
exonuclease domains found in some human cancers cause defective 
proofreading and, consequently, high burdens of somatic mutations 
with distinctive mutational signatures6–9. Cancers with POLE exo-
nuclease domain mutations show very high single-base substitution 
(SBS) mutation burdens whereas those with POLD1 exonuclease 
domain mutations show less elevated SBS burdens but are often 
associated with microsatellite instability8. Mutations generated by 
proofreading-defective POLE and POLD1 show marked replication 
strand bias consistent with their differential roles in leading and 
lagging strand synthesis1,2,8. Polymerases with these mutations also 
cause mutator phenotypes when engineered into yeast and mice10–15.

POLE and POLD1 exonuclease domain mutations can also be 
inherited through the germline, causing a rare autosomal domi-
nant familial cancer predisposition syndrome known as polymerase 
proofreading-associated polyposis (PPAP), characterized primarily 
by early-onset colorectal and endometrial tumors16–18. It is plausible 

that an increased somatic mutation rate underlies this cancer pre-
disposition, and high somatic mutation loads have been reported in 
the small number of neoplasms analyzed from such individuals16. 
However, whether the mutation rate is elevated in normal cells, or 
in neoplastic cells only, is not known. If elevated in normal cells, 
the magnitude of the increase, whether it is raised over the whole 
lifespan, the range of tissues and fraction of cells in each tissue it 
affects, and the impact of subsequent neoplastic change are impor-
tant questions to address in elucidating the pathogenesis of neoplas-
tic transformation.

Accrual of somatic mutations has been proposed as the pri-
mary biological mechanism underlying aging19–24. This hypothesis 
is based on the premises that (1) mutations accumulate through-
out life and (2) higher mutation loads cause widespread malfunc-
tion of cell biology19,21,22,24. Recent reports have confirmed that the 
somatic mutation burden in normal cells does increase during 
life in a more-or-less linear manner25–33, compatible with a causal 
role for somatic mutations in aging. However, somatic mutations 
could, in principle, accumulate without significant biological conse-
quences. Thus, study of individuals with inherited POLE or POLD1 
exonuclease domain mutations could provide insight into the wider 
biological consequences of elevated mutation burdens and the 
pathogenesis of aging.

Results
Clinical information and samples. Fourteen individuals, aged 
between 17 and 72 years and each carrying one of four differ-
ent germline exonuclease domain mutations in POLE or POLD1 

Increased somatic mutation burdens in normal 
human cells due to defective DNA polymerases
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Mutation accumulation in somatic cells contributes to cancer development and is proposed as a cause of aging. DNA poly-
merases Pol!ε and Pol!δ replicate DNA during cell division. However, in some cancers, defective proofreading due to acquired 
POLE/POLD1 exonuclease domain mutations causes markedly elevated somatic mutation burdens with distinctive mutational 
signatures. Germline POLE/POLD1 mutations cause familial cancer predisposition. Here, we sequenced normal tissue and 
tumor DNA from individuals with germline POLE/POLD1 mutations. Increased mutation burdens with characteristic mutational 
signatures were found in normal adult somatic cell types, during early embryogenesis and in sperm. Thus human physiology 
can tolerate ubiquitously elevated mutation burdens. Except for increased cancer risk, individuals with germline POLE/POLD1 
mutations do not exhibit overt features of premature aging. These results do not support a model in which all features of aging 
are attributable to widespread cell malfunction directly resulting from somatic mutation burdens accrued during life.
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But: Germline POLE/POLD1 mutations with defects in the exonuclease domain 
lead to loss of proofreading function. à familial cancer predisposition



20.09.22, 10:14Almost half of cancer deaths are preventable
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Heavy burden

The true number of cancer cases and deaths worldwide is hard to pin down,

because some countries do not record such data, says study co-lead author Justin

Lang, an epidemiologist at the Public Health Agency of Canada in Ottawa. To

overcome this, Lang and his colleagues used data from a study looking at death

and disability from more than 350 diseases and injuries in 204 countries. From

those data, they estimated the impact of 34 risk factors on poor health and deaths

from 23 types of cancer (see ‘Cancer deaths by tumour type’).

Source: Ref. 1

In 2019, half of all male deaths from cancer, and more than one-third in women,

were due to preventable risk factors including tobacco and alcohol use, unhealthy

diets, unsafe sex and workplace exposure to harmful products, such as asbestos.

From 2010 to 2019, global cancer deaths caused by these risk factors increased by

CANCERDEATHSBYTUMOURTYPE
Inmenandwomen,amongcancerscausedbypreventableriskfactors,tumours
ofthelung,tracheaandbronchusweretheleadingcauseofdeath.Smokingwas
thebiggestriskfactorassociatedwiththosecancerdeaths
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Nature, 2022: doi: https://doi.org/10.1038/d41586-022-02355-x

44% of Cancer Deaths are Caused by 
Avoidable Risk Factors



Alexandrov et al, Science 2016: 354, 618

Mutational Signatures Tobacco Smoking

(Found in cigarette smoke)



Viral Oncogenes

Figure 3.1 The Biology of Cancer 2023

Only subcellular 
fragments passed 
through the filter.
… i.e. the cancer 
causing agent 
was a virus.



Viral Oncogenes are Derived from Cellular 
Proto-oncogenes

Figure 3.16 The Biology of Cancer 2023

(avian leukosis virus)

Model of how ALV mistakenly 
captured SRC during the evolution of 
RSV



Cellular Proto-Oncogenes

• 1970’s: tumor viruses were suspected to be the 
cause of many human cancers. The study of 
tumor viruses led to the understanding of 
molecular principles in many human cancers.

• But: Of the > 100 tumor types, only cervical 
carcinoma (papilloma virus) and hepatomas 
(hepatitis virus) could be linked to viruses. 
Though, there are probably others…



Cellular Proto-Oncogenes

• Carcinogens function as mutagens.
• They mutate critical growth-controlling 

genes (proto-oncogenes).
• The mutated alleles function as active 

oncogenes.



Testing the Hypothesis

1)Development of gene transfer protocols
2)Extract DNA from cancer cells
3)Choose appropriate recipient cells



(“NIH3T3” cells 
derived from mouse 
embryonic 
fibroblasts)

Nonviral Oncogenes

Figure 4.1 The Biology of Cancer 2023



Figure 4.1 The Biology of Cancer 2023



Transformed NIH3T3 Untransformed NIH3T3

Figure 4.1 The Biology of Cancer 2023



Cloning of Transfected Human Oncogenes 
(DNA from bladder carcinoma cells)



Mutation Responsible for H-ras Oncogene Activation

Figure 4.5 The Biology of Cancer 2023





Amplification of the erb2/neu/HER2/ERBB2 Oncogene in 
30% of Breast Cancer

Erb2/Neu: membrane 
surface-bound receptor 
tyrosine kinase; drives the cell 
cycle; protects from 
apoptosis 

Figure 4.3 The Biology of Cancer 2023



Kaplan-Meier Plot: Relapse after Diagnosis and 
Treatment

Figure 4.1 The Biology of Cancer 2023



From Sawyers Cell 179, 8 (2019)

Monoclonal Antibodies (“Herceptin”) Against HER2 for 
Treatment of Breast Cancer



N-myc Amplification in Pediatric Neuroblastoma

The gene is detected by fluorescence 
in situ hybridization (FISH) with 
fluorescent dye-labeled N-myc 
specific oligonucleotide probes.

Figure 4.7 The Biology of Cancer 2023



Kaplan-Meier Plot: Event-Free Survival of Children 
Suffering from Neuroblastoma

Figure 4.7 The Biology of Cancer 2023



Burkitt’s Lymphoma: Translocation Brings c-myc Gene 
under Control of an Ig Gene 

Figure 4.8 The Biology of Cancer 2023



Reciprocal Translocation

Figure 4.8 The Biology of Cancer 2023



Tumor Suppressor Genes



Experimental Fusion of Cells

Heterokaryon:



Dominance and Recessiveness of the Tumorigenic 
Phenotype

Figure 7.1 The Biology of Cancer 2023



Tumor Suppressor Genes

Genes whose partial or complete inactivation, occurring in either the 
germ line or the genome of a somatic cell, leads to an increased 
likelihood of cancer development

• Gatekeeper genes - operate to regulate cell proliferation or to regulate cell 
number by controlling cell differentiation or cell death. Loss of a gatekeeper 
gene removes an impediment to cell proliferation and thus to the 
appearance of populations of neoplastic cells

• Caretaker genes - encode a proteins that maintain the integrity of the 
genome and thereby prevent the accumulation of mutations and, in turn, the 
formation of neoplastic cells



Retinoblastoma: Develops from Retina Cell Precursor

Affects 1/20’000 children

Figure 7.2 The Biology of Cancer 2023



Figure 7.2 The Biology of Cancer 2023



Dynamics of Retinoblastoma Formation

Figure 7.5 The Biology of Cancer 2023



Loss of Heterozygosity (LOH) 

Figure 7.6 The Biology of Cancer 2023



• Nondisjunction: LOH through loss of an 
entire chromosome

• Promoter methylation can also lead to 
inactivation of tumor suppressor genes 
(MeCpG)



Cdk: cyclin-dependent kinases; phosphorylate Rb leading to Rb-
dissociation from E2F transcription factor. 
Rb: Retinoblastoma protein; binds and inhibits E2F when 
hypophosphorylated.
E2F: transcription factor inducing genes that are required for the 
G1àS transition.



• Tumor suppressor gene: suppress increases 
in cell number, either by suppressing 
proliferation or by triggering apoptosis. 
Often called gatekeepers as opposed to 
the so-called caretakers, which work to 
maintain the integrity of the genome.



Mutations in oncogenes are generally dominant, 
whereas mutations in tumor suppressor genes are 
recessive 
(p53 is a famous exception!). 



p53: Master Guardian



p53 is a Transcription Factor
More than 300 target genes

Figure 9.15. Weinberg, The Biology of Cancer



Consensus DNA Sequence Bound by p53
• Analyzed 1546 sites; consensus sequence: relative size of letter 

indicates frequency of DNA base at the position

Figure 9.15 The Biology of Cancer 2023



TP53 is the most frequently Mutated Gene in Cancer

Figure 9.3 The Biology of Cancer 2023



Effects of Mutant p53 Alleles in the Mouse Germ Line

Figure 9.4 The Biology of Cancer 2023



Most of the Mutations in p53 are Missense

Figure 9.5 The Biology of Cancer 2023



p53: Binds DNA as a Tetramer

From Chen et al. Structure 18, 246–256, 2010



mutational hotspots

Most of the Missense Mutations in p53 
Affect DNA-binding Domain



Figure 9.5 The Biology of Cancer 

Dominant-Negative Mutations in p53

Illustration of dominant negative effect of p53 missense mutations in myeloid 
malignancies: Boettcher et al., Science 2019 365: 599-604



DNA damage Sensors
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Distribution of Mutations in two Oncogenes 
and two Tumor Suppressor Genes  

B Vogelstein et al. Science 2013;339:1546-1558 Sequence data from http://cancer.sanger.ac.uk/cosmic



20/20 Rule

• Oncogene classification: >20% of recorded mutations are at 
recurrent positions and are missense

• Tumor suppressor gene classification: >20% of the recorded 
mutations in the gene are inactivating

B Vogelstein et al. Science (2013);339:1546-1558

• TP53: Oncogene score: 73%; TSG score: 20% 
but classified as TSG because well-studied oncogenes rarely 
harbor premature stop codons



Key Concepts

• An oncogene is a mutated gene that contributes to the development 
of a cancer. In their normal, un-mutated state, oncogenes are called 
proto-oncogenes.

• Tumor suppressor genes, originally called antioncogenes, function to 
suppress the development of cancerous growth.

• Retinoblastoma protein (pRb) is a tumor suppressor protein that 
becomes dysfunctional in many types of cancer. In its active state, 
pRb is hypo-phosphorylated and able to act as a tumor suppressor by 
inhibiting cell cycle progression.



Key Concepts

• p53 is a transcription factor. As such, p53 can induce cell cycle arrest 
or apoptosis

• p53 turnover is blocked during cell-physiologic stress or DNA damage

• p53 mutations that occur in cancer are often dominant-negative

• p53 protein levels are controlled: to be discussed in detail later in the 
context of apoptosis! (week 4)



Exercise
Please form groups at: https://framadate.org/hlzLhp9ckxDmLpCC

BRCA2, TERT, RB, TP53, KRAS, ATM, ERBB2, RET

Explore www.cbioportal.org ; quicksearch your gene, check out Cancer 
types summary, Mutations 
Also go to https://www.oncokb.org/ and find out about possible drug 
treatments if available.

- Check out the mutation spectrum occurring in tumors in a given gene.
- Is there any pattern? What do you conclude? Is it a tumor suppressor or an 

oncogene?
- Do you expect that the mutations are dominant or are they recessive?
- Are there drug treatment options?

http://www.cbioportal.org/
https://www.oncokb.org/

