
Topics covered

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

Week 2:
DNA repair of DNA double strand breaks; Synthetic lethality
Lecture and paper discussion

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

Week 4:
Lecture 4/Exercises: p53 and apoptosis
(Chapters 9 (Weinberg))
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Joachim Lingner; joachim.lingner@epfl.ch



Likelihood of accumulating >6 specific alterations in a 
single cell is very low

From week 1:



DNA Damage

Blanpain et al., (2011) Cell Stem Cell, Volume 8, Issue 1

From week 1:



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

From week 1:



DNA Repair Mechanisms

Repair by excision

§BER: Base excision repair
§MMR: Mismatch repair
§NER: Nucleotide excision repair
§Ribonucleotide excision repair

Low fidelity DNA polymerases-Translesion polymerases

à Double strand break repair

§NHEJ: Non homologous end-joining
§MMEJ: Microhomology mediated end-joining (or Alt-NHEJ)
§HR: Homologous recombination

For an exhaustive list of proteins that are implicated in genome stability.  
Wood, R. D., Mitchell, M., Sgouros, J., and Lindahl, T. (2001). Human DNA repair genes. Science 291, 1284-1289.
http://sciencepark.mdanderson.org/labs/wood/DNA_Repair_Genes.html



DNA double strand breaks and their repair
•Non-homologous end joining/Microhomology mediated end-joining
•Homologous recombination, BRCA1, BRCA2
àexploiting synthetic lethality in cancer treatment



Formation of DNA Double-Strand Breaks

§Endogenous
§ Free radicals
§ Replication of damaged DNA

§Exogenous
§ Ionizing radiations
§ Mutagens

§Specialized
§ Meiosis (SPO11)
§ V(D)J Recombination (RAG1/RAG2)

CAUSES 

§Cell death
§ Apoptosis
§ Senescence

§Repair
§ Non-homologous end-joining
§ Microhomology mediated end 

joining
§ Homologous Recombination

Incorrect

Genome instability

Carcinogenesis

CONSEQUENCES 



Single strand lesions: 
5x103 /cell/cycle 99% repaired: BER, NER

1% is converted into DSB
during replication:
50 DSBs/cell/phase S

Repair

Endogenous Formation of DNA Double-Strand Breaks



S - G2

Repair of DNA Double-strand Breaks

NHEJ HR

Ionizing radiations



Repair of DNA Double-Strand Breaks During the Cell Cycle

Brambati et al., Science 381, 653–660 (2023)

…MMEJ activity in mitosis repairs persistent DSBs that originate in S phase.
Of note, NHEJ and HR are not active in mitosis.



Two Main Pathways to Repair DNA ds Breaks



Two Main Pathways to Repair DNA ds Breaks

restricts recombination to cell cycle stages when the sister
chromatid is available, which includes the S and G2 phases,
and thus necessitates a strict control mechanism (Orthwein
et al. 2015). HR is capable of repairing both one- and two-
ended DSBs and can also repair dirty DNA breaks, in partic-
ular those with covalently attached proteins. In contrast to
end-joining, HR is mechanistically more complicated, in-
volves a larger number of enzymes, and is thus comparatively
slower but more accurate (Kowalczykowski 2015; Chang
et al. 2017).

Recent years brought breakthroughs in genome editing
technologies, which were spearheaded by the development
of engineered nucleases such as zinc finger nucleases
(ZFNs) or transcription-activator like effector nucleases
(TALENs) (Lombardo et al. 2007; Bedell et al. 2012). The
majority of genome editing applications now exploit the bac-
terial clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas9 system (Jinek et al. 2012; Mali et al. 2013).
The common denominator of these approaches is the capacity

to induce a site-specific DSB. The choice of the DSB repair
pathway then dictates the result of editing (Fig. 2b). Imprecise
repair by NHEJ or MMEJ gives rise to Bindel^ mutations
(insertion or deletions, although deletions are much more
common) at the break site, which may disrupt the reading
frame of the targeted gene and thus result in a loss of function.
Conversely, if a DNA template is provided, the recombination
machinery may get involved, which can mediate precise alter-
ation of the DNA sequence, including introduction of DNA
segments or correction of a pathogenicmutation (Fig. 2b). The
advance of these genome editing technologies brought
renewed interest in understanding the balance between the
DSB repair pathways, as the inhibition of MMEJ and NHEJ
repair promotes HR-based precise genome editing (Chu et al.
2015; Mateos-Gomez et al. 2017; Schimmel et al. 2017;
Zelensky et al. 2017).

The key process that stands at the crossroads between end-
joining and HR is the initial processing of the DNA break
(Cejka 2015). NHEJ and MMEJ require little DNA end

Fig. 2 An overview of the two
main pathways for DNA double-
strand break repair in human cells.
a Main differences between end-
joining and homologous
recombination pathways. b DNA
double-strand break repair
pathway usage gives rise to
different outcomes during
genome editing with CRISPR-
Cas9. Whereas end-joining often
results in random mutations in the
vicinity of the break site that may
disrupt the reading frame of the
targeted gene, homologous
recombination may mediate the
precise replacement of genetic
information
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DNA End Joining (NHEJ and MMEJ)



sequence of the entire chromosome arm (Fig. 4c). BIR is thus
a unique pathway for repair of one-ended DSBs resulting from
collapsed DNA replication forks (Sakofsky and Malkova
2017). Additionally, BIR allows telomere lengthening in the
absence of telomerase (Sakofsky and Malkova 2017). The
genetic result of BIR is a nonreciprocal crossover.

In the canonical recombinational DSBR pathway, the joint
molecule (D-loop) intermediate is processed into double
Holliday junctions (dHJs), which may be processed into non-
crossovers or crossovers, depending on the dHJ processing
pathway utilized (see section BProcessing recombination
intermediates^) (Fig. 4d) (Szostak et al. 1983). Although the
various repair events described above share some processing
steps, they have different degrees of mutagenic potential. To
date, many of the key repair factors for each pathway have
been identified; however, how a cell determines which path-
way to use for DSB repair is still poorly understood. The
initial processing of broken DNA ends seems to be the key
step that determines which pathway is used to repair a DSB,
and will be described in the next section.

Processing of DNA breaks for repair

DNA end resection involves the degradation of the 5′-termi-
nated DNA strand in the 5′ to 3′ direction from the break site to
generate a 3′ ssDNA overhang. Generation of this 3′-terminat-
ed ssDNA is essential to allow for the usage of homologous
DNA sequences for repair. The homology may be either be-
tween the two resected ends of the broken DNA molecule,

such as in the case of MMEJ or SSA, or between the resected
broken DNAmolecule and an intact dsDNA template, such as
in the case of BIR, SDSA, and canonical recombinational
DSBR. Nucleolytic resection of DNA ends typically inhibits
canonical NHEJ.

Processing of DNA ends for canonical NHEJ

Many canonical NHEJ events involve little or no processing
of the broken DNA ends. The initial step of NHEJ involves
the binding of the DNA ends by the Ku70-80 heterodimer,
which forms a ring that encircles the duplex DNA (Gottlieb
and Jackson 1993; Ramsden and Gellert 1998). This protects
DNA ends from degradation and recruits additional NHEJ
components (Fig. 3a). Next, the Ku70-80-bound ends are teth-
ered by DNA-dependent protein kinase catalytic subunit
(DNA-PKcs), followed by ligation of the broken DNA ends
by the XRCC4-XLF complex and DNA ligase IV. The yeast
Mre11-Rad50-Xrs2 (MRX) complex has a structural role to
promote ligation, while the function of the human MRE11-
RAD50-NBS1 (MRN) complex in NHEJ is less apparent
(Chen et al. 2001; Huang and Dynan 2002; Zhang et al.
2007; Rass et al. 2009; Xie et al. 2009).

In the case of DNA ends that are not directly ligatable,
which may include those with DNA overhangs, gaps, or
blocking chemical groups, limited DNA end processing may
be required. This involves a nucleolytic removal of overhangs
or chemical groups by the human Artemis nuclease, which
cleaves at the junctions of single- and double-stranded DNA,
and is activated by DNA-PKcs (Ma et al. 2002; Chang et al.

Fig. 3 An overview of DNA end-joining repair mechanisms. a Overview and main factors of non-homologous end-joining. b Overview and main
factors of microhomology-mediated end-joining
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Repair DNA ds Breaks by End Joining

Or Ligase I



Walker JR, Corpina RA, Goldberg J. Nature. 2001 412:607-14.

Crystal Structure of the Ku70/80 Heterodimer



Homologous Recombination (HR)



2017; Lobrich and Jeggo 2017). Artemis may not be the only
NHEJ nuclease; other proteins, including APLF, Werner’s
syndrome helicase (WRN), the MRN complex, FEN1, and
EXO1 may also play a role in some cases (Chang et al.

2017). Alternatively, the filling of DNA gaps at breaks may
facilitate ligation, which is carried out by DNA polymerases μ
and λ (Bebenek et al. 2014; Moon et al. 2014). Additionally,
polynucleotide kinase (PNK) may remove 3′ phosphate

Fig. 4 An overview of homologous recombination pathways. A
schematic representation of a single-strand annealing, b synthesis-
dependent strand annealing, c break-induced replication, and d
canonical DNA double-strand break repair pathway that involves
generation of a double Holliday junction, which can be processed by

either topologic dissolution (d1) or nucleolytic resolution (d2). The
various pathways differ in terms of mutagenic potential and whether
they lead to crossover or noncrossover products, as indicated. The
green triangles indicate DNA replication sites. Newly synthesized DNA
is illustrated using dashed lines
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Homologous Recombination (HR)

From: Chromosoma (2018) 127: 187 



Sister Chromatid Exchange (SCE)

J. Bodycote and S. Wolff

Spontaneous SCE Induced SCE (DNA damage)

“Harlequin chromosomes”



Strand Exchange by RAD51 Recombinase

RAD51

Structure of the RAD51–ssDNA presynaptic filament and the RAD51–dsDNA 
postsynaptic complex. (a,d) Illustrations of the (a) presynaptic filament and (d) 
postsynaptic complex. RAD51 is shown in yellow, and heteroduplex DNA 
within the postsynaptic complex is depicted with red and blue dashed lines. 
(b,e) Atomic structure of the (b) presynaptic filament and (e) postsynaptic 
complex. The invading ssDNA is shown in red, the complementary strand is 
shown in blue.



RAD51 Filament Formation and Strand Invasion

2010). Mechanistically, the BRC repeats 1–4 of BRCA2 pro-
mote ssDNA binding of RAD51 by inhibiting its ATPase
activity, which stabilizes ssDNA binding of RAD51.
Additionally, BRCA2 promotes recombination by inhibiting
RAD51’s dsDNA binding activity (Jensen et al. 2010). The
displacement of RPA from ssDNA by BRCA2 is further fa-
cilitated by DSS1, a direct interaction partner of BRCA2
(Yang et al. 2002; Zhao et al. 2015). BRCA2 also interacts
with PALB2, which was shown to promote RAD51-mediated
DNA strand exchange on its own (Buisson et al. 2010). In
cells, PALB2mediates BRCA2’s recruitment to DNA damage
and bridges BRCA2’s interaction with BRCA1 (Sy et al.
2009). Cellular assays established that these interactions are
critical for recombination, although the mechanisms on how
BRCA1 and PALB2 proteins affect BRCA2’s recombination
mediator activity remain to be defined. RAD51 nucleoprotein
filament assembly is also stimulated by RAD54, independent-
ly of RAD54’s ATPase activity (Wolner and Peterson 2005).
Additional proteins including the MMS22L-TONSL complex
may promote the RAD51 nucleoprotein filament assembly
during perturbed DNA replication (Piwko et al. 2016).

The activity of RAD51 is also promoted by a group of
proteins termed RAD51 paralogs. The respective genes likely

arose during evolution through a duplication of the RAD51
gene and share around 20 to 30% of sequence homology with
RAD51. The paralogs are represented by five polypeptides in
human cells: RAD51B, RAD51C, RAD51D, XRCC2, and
XRCC3, which form two major complexes: RAD51B-
RAD51C-RAD51D-XRCC2 (BCDX2) and RAD51C-
XRCC3 (CX3) (Masson et al. 2001). Neither of the paralog
proteins nor complexes exhibits DNA strand exchange activity
on their own, and all likely function via regulating RAD51.
Phenotypically, depletion of these complexes generally results
in fewer RAD51 foci in response to ionizing radiation. This
resembles, although to a lesser extent, the depletion of
BRCA2. The paralogs likely function in the same pathway as
BRCA2 as indicated by epistatic interactions (Qing et al.
2011). The first mechanistic report indicated that the
RAD51B-RAD51C proteins, similar to BRCA2, have a re-
combination mediator activity to facilitate loading of RAD51
on RPA-coated ssDNA, displacing RPA in the process
(Sigurdsson et al. 2001). In yeast, the RAD51 paralogs include
Rad55 and Rad57 (Sung 1997; Liu et al. 2011a). Rad55-Rad57
physically interact with the Shu complex, comprising of Csm2,
Psy3, Shu1 and Shu2 polypeptides, and Rad52. The subunits
of the supercomplex synergize in their capacity to displace

Fig. 6 An overview of the RAD51 filament formation (presynaptic phase) and the invasion of template dsDNA (postsynaptic phase) in human cells.
Both positive and negative regulators of the process are indicated
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: stimulation of synaptic 
complex or homology search



Further information on DNA repair by homologous recombination:
Excellent video from Jim Haber online:

https://www.ibiology.org/genetics-and-gene-regulation/homologous-recombination/ 

https://www.ibiology.org/genetics-and-gene-regulation/homologous-recombination/


Mutations in Homologous Recombination Genes

• BRCA1, BRCA2, PALB2 (cooperates with BRCA2), and RAD51 are 
mutated in a wide variety of tumors.

• These tumors display severe chromosomal instability, a phenotype 
referred to as ‘BRCAness’.



BRCA2: 3,418 amino acids
3 oligonucleotide binding (OB) folds that bind ssDNA 
Eight BRC repeats (~40 aa) and C-terminus bind Rad51: 5-6 molecules of Rad51 can 
be bound/BRCA2

àRad51 nucleoprotein filament formation and removal of RPA

Germ line mutations (heterozygous) in BRCA1 or BRCA2 confer an average 
cumulative risk of 65 or 39 % for breast cancer and 39 or 11 % for ovarian cancer by 
the age of 70 years from: Hum Genet (2013) 132:845–863



• Normal cells: repair of DNA double strand breaks mostly by Homologous 
Recombination (HR).

• BRCA-deficient cell: HR is defective. Cells become dependent on alternative 
repair pathways that are error-prone.  

BRCA2 Functions in the Repair of DNA breaks

(involves 
BRCA1,2)

Modified from: Cold Spring Harb Symp Quant Biol 70,139 (2005)

(MMEJ, base-
excision 
repair, …)

(MMEJ, 
BER)

(stimulated by PARP-1)



• BRCA2 mutant cells are hypersensitive to carboplatin (and cisplatin). These 
chemotherapeutic agents crosslink DNA strands (inter- and intra-strand). 

BRCA2-deficient Cells are Sensitive to DNA damage

from: Cold Spring Harb Symp Quant Biol 70,139 (2005)

(Complemented 
with wt BRCA2)



BRCA2-deficient Cells Heavily Rely on PARP1

• KU0058948 inhibits the repair enzyme 
PARP-1

• Inhibitors of PARP-1 are selectively lethal to 
cells lacking wild-type BRCA2. 

• (Not shown: downregulation of PARP-1 by 
RNA interference has a similar effect as 
KU0058948)

• PARP1 is stimulating several DNA repair 
pathways (base-excision repair; 
microhomology dependent end joining)

from: Cold Spring Harb Symp Quant Biol 70,139 (2005)



PARP1 Binds ssDNA Breaks

PARP1 (poly(ADP-ribose) polymerase 1)
 adds polyADP tails to itself histones and other proteins.
àdocking sites for repair enzymes

Figure 12.47. Weinberg, The Biology of Cancer



from: Oncogene (2014), 15 September 2014; doi:10.1038/onc.2014.295

PolyADP-ribosylation



In addition, more recent data indicate: Inhibitor-mediated trapping of PARP1 on 
DNA may have very potent toxic effects in BRCA-deficient tumors. Trapped 
PARP1 may prevent DNA replication fork movement.!

…enhanced damage:

Figure 12.47. Weinberg, The Biology of Cancer



Schematic representation of the dual mechanisms of action of poly(ADP-ribose) polymerase (PARP) inhibitors (PARPis) in homologous
recombination (HR)-deficient cells. (a) DNA repair inhibition through catalytic inhibition. Double-strand breaks (DSBs) formed upon
replication collisions at unrepaired single-strand breaks (SSBs) are not toxic as long as HR is proficient (smiley face). In HR-deficient
cells, DSBs cause cytotoxicity (yellow caution sign). (b) DNA damaging by trapping PARP-DNA complexes. DSBs accompanied by
PARP trapping strongly blocks replication and activates the S phase checkpoint, which can be cytotoxic even in HR-proficient cells
(yellow caution sign). The DSBs induced by PARP trapping are much more cytotoxic in HR-deficient cells (big red caution sign).
(c) Clinical PARPis ranked by potency for PARP trapping. The red portions of the molecules correspond to the aminobenzamide group
that binds to the NAD+ pocket of PARPs. The commercial names of the FDA-approved PARPis are indicated in parentheses.



Evolution of PARPi resistance in cancer ?

Some examples will be discussed in the exercises: Nature 451, 1111 (2008)



Synthetic Lethality

(e.g. BRCA deficiency)

(e.g. PARP deficiency)



Key Concepts

• Repair of dsDNA breaks: NHEJ, MMEJ (also called 
Alt-EJ), HR

• BRCA1 and BRCA2 function in HR

• PARP-1 promotes base-excision repair and micro-
homology mediated end joining

• Concept of synthetic lethality


