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• Cancer is a disease of genomic instability
• Environmental exposure

• Genetic predisposition: DNA repair defects

• Cellular DNA transactions: Replication and Transcription

• These factors influence the choice and course of treatments
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Genome instability Cancer development

INTRODUCTION

3



Gautier: DNA Damage-Directed Therapies

Environmental exposure

• UV (A and B) – skin cancer etiology
• Squamous Cell Carcinoma, Basal Cell Carcinoma, Melanoma

• Carcinogens
• Aflatoxin B1: hepatocarcinogen specifically converted in liver cells into an 

active compound by cytochrome P450 that forms DNA adducts

• Benzo[a]pyrene: polycyclic hydrocarbon that can be converted into 
guanine reacting compounds in a tissue specific manner. G-to-T 
transversions in oncogenes of tumor suppressors

• Ionizing radiation
• Environmental exposure: radioactivity
• Occupational
• Therapy
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Genetic predisposition: DNA repair defects

• Given that tumors may harbor thousands of mutations,

it is often difficult to identify mutations in cancer “drivers”

• The strongest evidence that DNA repair in general and 

specific  repair pathways are tumor suppressor mechanisms
come from inherited/germline mutations that are associated

with increased tumor incidence in carriers

• Genetic background is critical to tailor therapies
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Cellular DNA transactions

• Genetic background

• Oncogenic mutations driving DNA replication and/or transcription stress

• MYC

• RAS

• Chromatin context and organization: sequence context/organization

Zeman and Cimprich 2014
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DNA topoisomerases

DNA Replication
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How can DNA therapies work?

• To be effective DNA therapies must kill cancer cells/halt tumor development
• However, DNA therapies damage DNA and increase genome instability in normal cells

• As such, DNA therapies should promote tumorigenesis

• Therapies (including targeting DNA) should specifically affect tumor cells

Genome 

instability

Therapy

Cancer 

development
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How can DNA therapies work?

• Therapies (including targeting DNA) should specifically affect tumor cells

• What is different between normal and cancer cells?
• Unstable/scrambled/mutated genomes: vulnerabilities

• Proliferation, DNA replication, transcription (oncogenic stress)

• Addicted to specific pathways

Genome 

instability

Therapy

Cancer 

development
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Capan-2, pancreatic cancer cell line

From Davoli and deLange

Osteosarcoma cell line
Translocations: Chr 1

SKY Karyotyping: A FISH-based 

(fluorescence hybridization) method.

Normal human Karyotype: 2n = 46

The Capan cell line on the right: 68

The osteosarcoma cell line below 
shows additional events where parts
of chromosomes have been rearranged
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• Genomic instability is observed 
in all tumors
• Mutations

• Copy number variations
• Chromosome rearrangements: 

inversions, duplications and 
translocations

Davies et al. Nature Medicine 2017

PD8948c: BRCA1 germline mutation
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• Polyploidy, tetraploidy or aneuploidy generally result from aberrant chromosome segregation

• Point mutations are generated by exogenous sources of damage (environmental exposure) or as a consequence of 
nucleotide mis-incorporation during DNA replication or during DNA repair. Thus they could be a consequence of lack

of repair or mis-repair

• More complex rearrangements: duplications, translocations are initiated by endogenous or exogenous damage and
always require mis-repair events

Estimated Frequencies of DNA lesions

associated with repair defects.
Tubbs and Nussenzweig
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• Radiotherapy
• Principles

• Types

• Traditional chemotherapy
• Principles

• DNA damaging agents
• Alkylating agents (temolozomide)

• Crosslinking agents

• Enzyme inhibition
• topoisomerase inhibitors

• Nucleotide synthesis inhibitor (5-FU, Gemcitabine)

• Targeted therapy
• Synthetic lethality

• PARPi and beyond
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DNA damaging therapies
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• Radiation therapy is the use of various forms of radiation to treat 
cancer

• In use for over 100 years

• 60-65% of all cancer patients receive radiation therapy

• Radiation sources
• Photons

• Gamma Rays (Cobalt, radioisotopes)

• X-rays (linear accelerator)

• Particle beams
• Protons

• Neutrons

• Electrons

Gautier: DNA Damage-Directed Therapies
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Radiotherapy
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• Damaging DNA: 850 pyrimidine lesions, 450 purine lesions, 1000 single-strand breaks (SSB) 
and 20–40 double-strand breaks (DSB)/cell/Gy with low linear energy transfer (LET) γ-radiation

• Special characteristics of radiation damage:

• Clustered

• Complex

• Long-patch BER: DSB

• SSBs converted in DSBs

• Efficacy can be increased

in hypoxic tumors (NO)
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Consequences of radiation therapy
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• Radiation is used in fractionated doses
• Allows DNA repair of normal cells subjected to sub-lethal damage

• Repopulation by normal cells between doses

• Cell cycle redistribution of target cells into sensitive phases (see later)

• Reoxygenation of hypoxic tumors for radio-sensitization

• 5 days/week for 5-10 weeks, cumulative effects

• Curative and palliative (bone cancer pain for example)

• Types of radiation therapy
• External beam radiation therapy (see next)

• Internal radiation therapy (brachytherapy, 125I, 103Pd, 192Ir, 137Cs) – prostate cancer 
for example

• Systemic radiation therapy - 89Strontium, 153Samarium and 223Radium are 
radioactive isotopes absorbed primarily by cancer cells attached or not to Abs

Gautier: DNA Damage-Directed Therapies

15

General principles of radiation therapy
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• Different types
• Three-dimensional conformal radiation therapy (3-D CRT) – uses CT, PET or 

MRI scan to create 3D image of tumor as guide

• Intensity modulated radiation therapy (IMRT) – radiation is divided in multiple 
smaller beams of various intensity: allows higher doses for fewer side effects

• Stereotactic radiotherapies: focused/body – rely heavily on imaging

• Proton beam therapy:
• Define depth – lower risk for adjacent tissues

• Allows treatment near critical structures

• Pediatrics, CNS, intra-ocular

Gautier: DNA Damage-Directed Therapies
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External beam radiation therapy
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• Factors that influence the differential sensitivity of cancer cells 
to chemotherapy
• Inherent genomic instability: tumors with MMR defects have a “mutator” 

phenotype and are more likely to evade the consequences of therapy

• Proliferative ability: the majority of chemotherapies target primarily 
proliferating cells given that tumor cells exhibit unregulated proliferation

• Mutations in genes of the DNA damage response (DDR):
• May create specific sensitivity  (PARP inhibitors) or resistance (DNA repair gene 

overexpression: MGMT gene)

• Addiction to DNA repair

18

Key factors that influence therapies
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DNA repair: 

• Damage recognition may occur via dedicated

machineries, such as the MRN of KU complex in
the case of DSBs. It can also results from the
encounter of DNA or RNA polymerases with the

lesion(s), which block their progression

• Signaling from DNA lesions is in part independent
of the type of lesion and involves DNA damage
kinases: ATM, ATR, DNA-PK

• Because DNA repair involves similar steps 

regardless of the lesion, many repair proteins 
operate in multiple repair pathways: Exo1, PIKKs. 
Therefore, these could be attractive targets for 

chemotherapies
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Chemotherapy and the cell cycle

• Many chemotherapeutics target proliferating cells

• DNA replication (antimetabolites)
• DNA topoisomerases I and II
• Crosslinking agents that are primarily repaired in S-

phase

• However, DNA lesions can be repaired outside of S-phase 
or repair can be postponed during the cell cycle
• DNA interstrand crosslinks (ICL) can be recognized 

by the transcription-coupled repair machinery (TC-
NER) or by the mismatch repair (MMR) machinery in 

G1 cells
• Potential mechanism of resistance to crosslinking 

therapies

• Fractionated radiation therapy addresses this issue with 

multiple small doses of radiations increasing the odds of 
targeting all cells during S-phase
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DNA interstrand crosslink diversity
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Table 1 Structures of ICLs that are commonly used in the clinic and in laboratories 
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• Crosslinking drugs generate:

• Mono adducts
• Intrastrand crosslinks
• Interstrand crosslinks (ICLs): most toxic but less abundant

• ICLs exert various levels of distortion on the DNA helix resulting in distinct modes or lesion recognition
• Non-distorting lesions are theoretically more efficient  to target cells replicating rarely such as dormant stem cells



ICL repair
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• ICLs are repair primarily in S-phase with factors:

• HR pathway (BRCA1/2, RAD51)
• NER: TLS, nuclease (XPF/ERCC1)
• Fanconi anemia proteins (FA)

• ICLs are also repaired outside of S-phase:
• MMR proteins (MSH2/6, EXO1)

• TC-NER?



Current clinical trials with crosslinking drugs (2018)
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DRUGS Late phase Clinical Use

Total Combo Resistant Conditions treated

Platinums

Cisplatin 1035 299 29 Non-small cell lung cancer, hepatocellular carcinoma, biliary tract cancer, 
mesothelioma, breast cancer, brain neoplasms, and gynecological cancers

Carboplatin 748 197 44 Abdominal and rectal cancers, liver cancer, esophageal cancer, neuroblastoma, 
pancreatic cancer, biliary tract cancer, hepatocellular carcinoma, lung cancer, breast 

cancer, and gynecological cancers

Oxaliplatin 574 168 11 Digestive system cancer, liver cancer, esophageal cancer, neuroblastoma, pancreatic 
cancer, peritoneal carcinomatosis, bile duct cancer, biliary tract cancer, hepatocellular 

carcinoma, and lung cancer

Nedaplatin 18 6 – Nasopharyngeal, esophageal cancer, and non-small cell lung cancer

Satraplatin 1 – – Prostate cancer

Rycenga and Long, 2018



Current clinical trials with crosslinking drugs (2018)
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DRUGS
Late phase

Clinical Use

Total Combo Resistant Conditions treated

Nitrogen mustards

Cyclophosphamide 1222 257 22 Crohn’s disease, neuroblastoma, sarcomas, breast cancer, endometrial cancer, leukemia, lymphoma, myeloma, 

thyroid cancer, systemic sclerosis, and lupus nephritis

Ifosfamide 428 28 4 Small cell lung cancer, soft tissue sarcoma, lymphoma, osteosarcoma, germ cell tumor, nasopharynx carcinoma, 

bladder cancer, testicular cancer, squamous cell carcinoma of the penis, cervical cancer, pleuropulmonary 

blastoma, neuroblastoma, unresectable sinonasal tumors, and pancreatic cancer

Melphalan 268 40 7 Metastatic melanoma, multiple myeloma, hematopoietic stem cell transplantation, prostate cancer, colorectal 

cancer, lymphomas, brain neoplasms, leukemia, retinoblastoma, bile duct cancer, spinal tumors, autoimmune 

disease, sickle cell disease, testicular cancer, myelofibrosis, Ewing’s sarcoma, and amyloidosis

Chlorambucil 18 7 1 Chronic lymphocytic leukemia, extranodal MALT lymphoma, small cell lymphoma, and bladder cancer

Mechlorethamine 9 2 – Mycosis fungoides, cutaneous T-cell lymphoma, and Hodgkin’s lymphoma

Other

Mitomycin C 89 13 5 Glaucoma, bladder cancer, colorectal cancer, anal cancer, pancreatic cancer, bile duct cancer, gastric cancer, liver 

cancer, head and neck cancers, peritoneal cancer, gynecological cancers, mesothelioma, gastrointestinal cancer, 

metastatic breast cancer, pterygium, presbyopia, corneal opacity, obstructive airway disease, and post-LASIK 

keratectasia

Psoralens 4 – – Vitiligo and cutaneous T-cell lymphoma



DNA topoisomerases

• Catalytic mechanisms of topoisomerases. 
• Top1 (type I enzyme) cleave one strand to 

process DNA entanglements whereas Top2s 

(type II enzymes) cleave both strands by 

concerted action of each Top2 monomer. 

• Top1 cleaves a single-stranded segment and 

let another single-strand pass through the 
break. Top1 forms a 3’-phosphotyrosine bond 

and relax DNA supercoiling by controlled 

rotation of the broken 5’-end around the intact 

strand.

• Top2s cleave DNA by covalently attaching their 
catalytic tyrosine to the DNA 5’-end and let a 

duplex pass through the concerted breakage of 

both strands. The 3’-ends are tightly bound 

during strand passage, which keeps the 

passing DNA in an enzyme cavity before 
resealing of the ends. 
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Pommier, 2014

Top1 active during DNA replication

Top2A active during DNA replication

Top2B active throughout the cell cycle



DNA topoisomerase inhibitors

• Interfacial inhibition for Top1 (left) and 

Top2 inhibitors (right). 
• Under normal conditions, Top1 and Top2 

cleave and religate DNA very rapidly (A–B 

and E–F). Religation is faster than cleavage 

and cleavage complexes are transient. 

• Drugs (green) (C–D and G–H) bind 

reversibly (C and G) at the interface of the 

cleaved DNA and the enzyme by forming a 

ternary complex. 
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Removal of trapped topoisomerases

• Removal of Top1/2 adducts
• Top: Two main pathways can remove TOP1/2 adducts. Tyrosyl 

DNA phosphodiesterases 1 and 2 (TDP1/TDP2) activate a 

degradation pathway that is regulated by PARP.  Alternatively, 

endonucleases such as MRE11 can cleave off a topoisomerase-

bound oligonucleotide. As a result, Inactivation of the TDP1 

pathway with PARP inhibitors renders ERCC1- or MRE11-

deficient cells sensitive to TOP1 inhibitors (synthetic lethality). 

• Right: Hypothetical pathways to remove TOP1/2 adducts via Ub

and SUMO modifications
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FDA-approved anticancer drugs that increase 
TOP1- or TOP2-containing DPCs
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DRUG Status Clinical Use

Irinotecan (TOP1) FDA Approved Colorectal, pancreatic and lung cancers

Topotecan (TOP1) FDA Approved Ovarian, cervical, and small cell lung cancer

MM398 (TOP1) FDA Approved Pancreatic cancer with 5FU and leucovorin

Etoposide (TOP2) FDA Approved Acute leukemia, lymphoma, testicular cancer,

and lung cancers

Doxorubicin (TOP2) FDA Approved Breast and bladder cancers, leukemias,

lymphomas, and neuroblastoma

Daunorubicin (TOP2) FDA Approved Acute leukemia

Mitoxantrone (TOP2) FDA Approved Acute leukemia



DNA damage pathways targeted in the clinic
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• FDA-approved or small molecule 
inhibitors in late phase clinical 
trials targeting
• PIKKs: ATM, ATR, DNA-PK
• Cyclin-dependent kinases (CDKs)
• Other kinases: Wee1, Chk1
• Repair enzymes: PARPi

• Not mentioned or in development
• Topoisomerase inhibitors
• TLS, nuclease inhibitors
• Epigenetic drugs
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• Synthetic lethality:

• When a combination of 
deficiencies in the expression 
of two or more genes leads to 
cell death, whereas a 
deficiency in only one of these 
genes does not. 

• The deficiencies can arise 
through mutations, epigenetic 
alterations or inhibitors of one 
of the genes

30

Targeted therapies

Gautier: DNA Damage-Directed Therapies 30



Fig. 1 Mechanism of action of PARPi.

Christopher J. Lord, and Alan Ashworth Science 2017;355:1152-1158

Copyright © 2017, American Association for the Advancement of Science

Mechanism of action of PARPi
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• PARPi come in two flavors
• Non-trapping (Veliparib), lower toxicity, 

failed cancer clinical trials. Work through 

BER inhibition

• Trapping (Olaparib), efficient cancer 

treatment. Work by interfering with DNA 

replication
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Fig. 1 Mechanism of action of PARPi.

Copyright © 2017, American Association for the Advancement of Science

NOVA clinical trial
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• Niraparib
• niraparib versus placebo as maintenance 

treatment for patients with platinum-

sensitive, recurrent ovarian cancer

• Germline BRCA mutation

• HR defects

• No BRCA germline mutation

32

Mirza et al. NEJM 2016



• Timeline of PARP inhibitor approvals. 

• A. Timeline of PARP inhibitor approvals 

in the treatment for ovarian cancer 

patients. 

• B. Timeline of PARP inhibitor approvals 
in the treatment for other cancer 

patients. OC, ovarian cancer; PSROC, 

platinum-sensitive recurrent ovarian 

cancer; HGSOC, high-grade serous 

ovarian cancer; CR, complete response; 
PR, partial response; gBRCAm, 

germline BRCA mutation; sBRCAm, 

somatic BRCA mutation; HRD, 

homologous recombination deficiency; 

HER2, human epidermal growth factor 
receptor 2; CRPC, castration-resistant 

prostate cancer.

Rapid development of PARP inhibitors
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Past and current PARP inhibitors
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• Synthetic lethality has 
been demonstrated 
beyond PARPi in 
BRCA-deficient tumors

35

Additional therapies targeting BRCA deficiencies
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• How to identify HR deficiencies?

• Mutations in HR genes

• Epigenetic modifications

• Mutational signatures

• Ex vivo assays

• Several tools have been designed to assess HR defects

• HRDetect is based primarily on mutational signatures and some structural 

rearrangements (Davies, 2017)

• CHORD: Classifier of HOmologous Recombination Deficiency. CHORD is 

a random forest model that uses the relative counts of somatic mutation 

contexts to predict homologous recombination deficiency (HRD). The 

primary contexts used by CHORD are deletions with flanking 

microhomology and 1-100kb structural duplications.

Gourley Miller 2020 current opinion oncologyGautier: DNA Damage-Directed Therapies 36
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• OncoPrint: pathogenic alterations of HR genes 

and recurrent gene alterations from 50 PDAC 

patients with HRD are depicted (1 patient had 

both germline and somatic BRCA variants). 

• For each sample, mutation profile is shown in a column 

including eight recurrently mutated genes (top) and nine 

candidate HR genes (bottom). 

• Pathogenic alterations included frameshift, truncating, 

splice site, or known pathogenic missense mutations, 

annotated by OncoKB. 

• The labeling priority was in the order of hotspot alteration, 

pathogenic alteration, and missense VUS. cHRm (BRCA1, 

BRCA2, and PALB2) is shown as a track with green and 

yellow color bar. 

• The level of genomic instability of each sample is depicted 

by LST score and TMB (mutation/MB) in the bars below. 

Biallelic HRm is annotated with a diagonal line, whereas 

germline mutations are annotated with circles inside the 

square. 

• Abbreviations: HRD, homologous recombination deficiency; 

LST, large-scale state transition; TMB, tumor mutation 

burden; HRm, HR mutation(s).

Park et al. 2020
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• Signatures of Mutational Processes in Human Cancer

• Somatic mutations are present in all cells of the human body and occur throughout life. They are the consequence of multiple mutational 
processes, including the intrinsic slight infidelity of the DNA replication machinery, exogenous or endogenous mutagen exposures, enzymatic 
modification of DNA and defective DNA repair. Different mutational processes generate unique combinations of mutation types, 
termed “Mutational Signatures”.

Gourley Miller 2020 current opinion oncologyGautier: DNA Damage-Directed Therapies 38

SBS1: Spontaneous 

deamination of 5-methylcytosine 

(clock-like signature)

SBS2: Activity of APOBEC 

cytidine deaminases

SBS3: Defective in homology-

directed repair

SBS4: Tobacco smoking

SBS7: UV light exposure

SBS9: Pol eta somatic 

hypermutation

SBS11: Temozolomide treatment

SBS26: Defective DNA 

mismatch repair

SBS35: Platinum chemotherapy 

treatment

DSB7: Defective DNA mismatch 

repair

ID6: Defective in homology-

directed repair

ID17: Mutation in TOP2A
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• An individual’s unique mutational 
signature is a record of the types of DNA 
alterations sustained throughout their 
lifetime and can be studied to identify 
unique patterns of etiology-specific 
alterations, including carcinogens or DNA 
repair pathway defects, the latter of which 
can be inherited or acquired during 
oncogenesis. 

40

Apobec

MMR

HDR

Ma et al. 2018
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Outcome of patients with pancreatic ductal 
adenocarcinoma with HRD depending on 1L-platinum or 
1L-non-platinum. Abbreviations: HRD, homologous 
recombination deficiency; 1Lplatinum, first-line platinum; 
1L-non-platinum, first-line non-platinum.
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• RAD51 assembles into filaments on DNA that are 
critical for homology search. Rad51 
filaments/foci formation require the activity of:
• BRCA1 to generate ssDNA template
• BRCA2 to load RAD51

• RAD51 foci formation can be assessed in fresh 
tumor specimen following DNA damage (such as 
IR)

• Spontaneous RAD51 foci can be monitored by 
immunohistochemistry (IHC) in fixed samples
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• There are two main classes of DNA damage directed cancer therapies:
• DNA damaging modalities

• Radiation
• DNA damaging drugs

• Inhibitors of DNA transactions
• DNA replication/synthesis
• DNA topoisomerases

• The detailed knowledge of the DNA damage response allows to predict synthetic lethal interactions that can be 
used in the clinic to design new therapeutic modalities and/or improve existing ones

• Some examples include:
• Translesion synthesis polymerase inhibitors. Since multiple repair pathways use TLS (MMR, NER, ICL 

repair), these are prime targets. The JH-RE-06 Rev1 inhibitor was recently shown to sensitize cells to 
cisplatin treatment

• POLQ (DNA polymerase theta) inhibition is synthetic lethal with BRCA loss. Inhibitors are being developed.
• RAD52 inhibitors (synthetic lethal with BRCA2)
• Targeting the MRE11/RAD50?NBS1 complex
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• MRN complex binds to DSBs and promotes ATM activation

• MRN complex initiates DNA end resection, the 5’-3’ nucleolytic 
degradation of ds-DNA, a process facilitated by BRCA1

• DNA resection, the first step of homology-directed repair of DNA double-
strand breaks, generates a ssDNA-RPA intermediate that activates ATR.

• BRCA2 then promotes the conversion of ssDNA-RPA into a ssDNA-Rad51 
filament, the substrate for homologous recombination.

• Symington and Gautier. Annual Reviews of Genetics (2011). Aparicio, 
Baer and Gautier. DNA Repair (2014)

Gautier: mirin-based inhibitors HICCC – NEA meeting

BRCA1

BRCA2

ATR

ATM

Mre11 as target for chemotherapy:

Mre11 is required for ATM activation: phenocopies ATMi

Mre11 is required for ATR activation: phenocopies ATRi

Mre11 loss may render cells synthetic lethal with genotoxins (PARPi, IR)

44

MRN and Genome Stability
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Target Drug Tumor type Combination

ATM AZD1390 Gliomas Radiation therapy

AZD0156 Solid tumors Olaparib, Irinotecan, 5-FU

ATR AZD6738 Solid advanced, recurrent ovarian, prostate Olaparib

Refractory tumors Paclitaxel

Solid tumors Radiation Therapy

CLL BTK inhibitor

Non-Hodgkin’s lymphoma BRD4i,  STAT3i, BTKi, CD20 Ab

BAY1895344 Advanced solid, lymphoma Single

Ovarian Niraparib

Advanced solid Pembrolizumab

VX-970 (M6620) NSCLC, metastatic gastric oesophageal Irinotecan

Refractory solid tumors Veliparib, cisplatin

Ovarian, fallopian tube Carboplatin, gemcitabin

Advanced solid Carboplatin, paclitaxel

Head and neck Cisplatin, radiation therapy

Oesophageal Cisplatin, capecitabine, radiation

M1774 Advanced unresectable solid tumors Single

M4344 PARPi-resistant ovarian Niraparib

CHK1 LY2606368 Advanced solid with HR defects

PARPi Olaparib Tumor with MRE11A mutations

Gautier: mirin-based inhibitors HICCC – NEA meeting
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Drugs inhibiting Mre11 targets in clinical trials
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• Mre11 inhibitors to sensitize to Gemcitabine 

• Mre11 exonuclease activity removes gemcitabine from nascent DNA during 

replication Boeckemeier et al. (2020). 

• Inhibition of MRE11 nuclease activity increased DNA damage and selectively 

induced apoptosis in cells overexpressing oncogenes, suggesting MRE11 serves 

an important role in countering oncogene-induced replication stress. 

Gautier: mirin-based inhibitors HICCC – NEA meeting
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Mirin: a specific Mre11 nuclease inhibitor
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Mirin is a small molecule inhibitor of the 

nuclease activities of Mre11


