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1. DNA damage and repair

2. Mutations and chromosomal abberations

3. Cell death

4. Cell survival

5. Cell viability

6. Cellular communication

7. Migration and Invasioin

DNA Damage
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1. DSB DAMAGE AND REPAIR
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DNA Damage
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Base damage and single-strand break

• Base damage:

o One or more bases are damaged

o Loss of pairing ability

o No direct harm to the cell

o Mutations occur upon replication

o Repair through base excision repair

• Single-strand break:

o Break of sugar phosphate backbone on one strand

o Can occur as primary damage or as programmed single-strand break during BER

o No direct harm to the cell

o DSB occur upon replication 

o Repair through polymerases (cleaning of ends) and ligases (ligation of strand)
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Base excision repair (BER)

7



• • • •S N A K E

• Two main ways of DSB repair

• Homologous Recombination (HR):

o Only through S and G2 phase

• Non-homologous end joining (NHEJ):

o Throughout whole cell cycle

DSB repair and cell cycle
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Homologous recombination (HR)

• Relies on sister chromatid as template

• Repaired strand is a real copy

o Almost error free

o Slow

• Only through S and G2 phase
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Non-homologous end joining (NHEJ)

• No sister chromatid necessary

• Joining of cleaned ends

o Error prone

o Fast

• Throughout whole cell cycle
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▪ DSB induction:

oComet Assay

oMicroscopy based

▪ Repair: 

oWestern Blot

oMicroscopy based

Measurement of DSB induction and repair
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• Single cell gel electrophoresis

o Singular cells encapsulated in agarose to keep 

them in place

o Lysis of cells

o Electrophoresis using electric field with typically 

1V/cm for ~20min

o Stain for DNA and screen cells

• Length of tail gives size of DNA fragments

• DNA content in the tail gives amount of damage

→ Direct correlation to dose possible for low LET

Images: Wang et al., 2013, 14(11), 22449-22461; https://doi.org/10.3390/ijms141122449

Short excursion: Comet Assay
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• H2AX is a histone variant of histone H2A

o 2 times 4 proteins (H2A, H2B, H3, H4) for a nucleosome

o DNA is wrapped around nucleosomes

o 10% of H2A is supplemented by H2AX

• H2AX is phosphorylated (i.e. activated) around DNA damage →gH2AX

→Measurement of gH2AX activity for damage quantification possible?

gH2AX as a measure for DNA damage
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• Immunoblotting technique

o Lysis and denaturation to gain charged protein solution

o Separation of Proteins according to molecular weight 

(kDa) using gel electrophoresis

o Transfer of proteins from gel to membrane

o Antibody labelling of protein of interest

→ Information is gained about molecular weight and relative 

quantity (compared to control) of protein of choice

Images: abcam, Dissertation Prof. Dr. Judith Reindl

protein 

front

Heavy 

proteins

Light weight

proteins

Gel electrophoresis

Protein transfer

Short Excurion: Western Blot
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Antibody labelling 14
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10Gy

2Gy

• DNA repair factors and activity levels can be detected

• Detection after certain time points mimic DNA repair

• Quantitative measurement very difficult

• Useful for measurements with yes/no decision

Images: Bouquet et al. 2006, Cell Cycle, https://doi.org/10.4161/cc.5.10.2799

gH2AX activity using Western Blot
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• H2AX is a histone variant of histone H2A

o 2 times 4 proteins (H2A, H2B, H3, H4) for a nucleosome

o DNA is wrapped around nucleosomes

o 10% of H2A is supplemented by H2AX

• H2AX is phosphorylated (i.e. activated) around DNA damage →gH2AX

• gH2AX IRIF appear in Mbp big regions around damage

• gH2AX can be labelled for microscopy using antibody labelling

→Counting and therefore dosimetry possible?

gH2AX as a measure for DNA damage
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• Cell fixation and permeabilization

• Primary antibody can penetrate fixed 

cell

o Choose antibody which recognizes 

protein of choice

o Antibodies are made in blood of 

animals (rat, rabbit, mouse,goat)

o E.g. mouse-anti-gH2AX (one end 

mouse receptor, other end gH2AX 

receptor)

• Secondary antibody can penetrate 

fixed cell

o Choose antibody which is tagged with 

desired fluorophore

o E.g. goat-anti-mouse Alexa488 (one 

end mouse receptor, other end goat 

covered with fluorophore)

Protein

primärer Antikörper

sekundärer Antikörper

Fluorophore

Secondary antibody

Primary antibody

Short excursion: Antibody labelling in cells
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18

Number of gH2AX IRIF gives number of DSB for low-LET

→ Suitable marker for retrospective biodosimetry!

gH2AX as a measure for DNA damage

Images: Moroni et al. 2013, Int. J. Mol. Sci., https://doi.org/10.3390/ijms140714119
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• Label proteins using antibody labelling

o Accurate counting possible

o Intensity differences give activity level

o Analysis of structures possible (Be careful: Changes due to fixation can occur)

o Time series possible using different samples for different time points

o Local correlation of different proteins possible

• Using genetic modified cells

o Expression of fluorescent protein in living cell

o Best suited for repair kinetics

• Examples:

o Recruitment kinetics and the connection to damage complexity

o Chromatin organization in connection with DSB repair

o Temporal progression of DNA repair and pathway choice

DNA repair using microscopy
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• Genetically modified cells expressing 

fluorescent (GFP) Rad52, Mdc1 or 53BP1 

• Irradiation with 20 MeV protons or 43 MeV 

carbon ions

• Monitoring of signal in increase and 

decrease in the living cells

Mdc1 accumulation after Carbon ion irradiation

Recruitment kinetics
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• Different proteins show different kinetics

• Signal accumulation depends on LET and 

dose

• Quantitative measurement necessary!

Rad52 accumulation

Images: Hable et al. 2012, PlosOne, doi:10.1371/journal.pone.0041943

Recruitment kinetics
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• Overall Mdc1 faster kinetics than 53BP1

• Mdc1:
- Faster start of accumulation for high-LET 

carbon compared to low-LET proton, but no 
dose dependence

- Faster accumulation for high-Let and also for 
higher doses

• 53BP1:
- Faster start of accumulation for high-LET 

carbon compared to low-LET proton, but no 
dose dependence

- No difference in accumulation time

→ Signal kinetics reflect responsibility 
throughout repair

→ Difference in signal kinetics reflects that 
repair pathway choice depends on dose 
and damage complexity T0: Start of signal accumulation

t1: Signal accumulation time
Images: Hable et al. 2012, PlosOne, doi:10.1371/journal.pone.0041943

Recruitment kinetics
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• What we know so far:

o 53BP1 known active function in NHEJ, stabilizing function in HR

o Rad51 active function in HR

o Brca1 active function in transition between NHEJ – HR

• Well accepted idea of DNA repair:

o Cell does either NEHJ or HR for all damages depending on cell cycle status

o HR is a slow process and end resection starts at the earliest 1h after damage induction

• Upcoming idea of DNA repair:

o Each damage is processed separately

o After decision for repair pathway HR starts quickly

Temporal progression of DSB repair
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• 53BP1 is accumulated in all cells very quickly 

(~100% of cells show 53BP1 already at 10min 

after irradiation)

• BRCA1 and Rad51 accumulate to ~60% of all 

cells

o This fits the numbers of S/G2 phase cells

o First Brca1 IRIF after 5min

o First Rad51 IRIF after 13min

• Time for accumulation:

o 5BP1 < Brca1 < Rad51 

• Kinetic as expected from function

o Onset of accumulation:

▪ 53BP1 as expected from live cell kinetic

▪ Brca1 and Rad51 ahead as thought from 

previous measurements

Images: Schwarz et al., 2019, Mutation Research, https://doi.org/10.1016/j.mrfmmm.2019.111675

Temporal progression of DSB repair
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• Not all damages are processed the same 

way

• Each damage has different kinetics

• Pathway choice is done for each damage 

separately

in Rad51 positive cells

Images: Schwarz et al., 2019, Mutation Research, https://doi.org/10.1016/j.mrfmmm.2019.111675

Temporal progression of DSB repair
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2. MUTATIONS AND CHROMOSOMAL 

ABBERATIONS
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• Carrier of human genome

• Double helix structure with two opposing strands:

o Sugar-phosphate backbone

o Bases (Adenine and Thymine, Guanine and Cytosine)

• Base sequence encodes the genetic information

Short Excursion: DNA
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• DNA wraps up into chromosomes

• Commonly known chromosomal structure only during metaphase

Image: NHGRI, USA

Human chromosomes

Short Excursion: Chromosomes
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• Radiation damages DNA

• Errors can occur during the repair process

→ Mutations (change of bases)

→ Chromosomal aberrations (result of mutations to genome)

• Kind of Mutations:

o Insertion: One or more additional bases or whole gene sequences are added

o Deletion: One or more bases are lost

o Transition: Bases are flipped (A↔G and C↔ T)

o Translocation: A part of one chromosome is exchanged with a part of another chromosome

o Amplification: A genetic sequences is multiplied

• Intrachromosomal aberrations (within the same chromosome): 

o insertion, deletion, transition, translocation, amplification

• Interchromosomal aberrations (within two or more chromosomes): 

o insertion, translocation

Mutation
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• Detection method: 

Multicolor fluorescence in-situ hybridization (mFISH)
o Each chromosome is labelled with different 

fluorescent color

o Well suited for detection of persistent changes

• Example:   Mayak workers 
o first plutonium production plant in

Sowjet Union

o high internal and external radiation exposure with 

plutonium due to bad radiation protection

o Similar data for workers in the nearby reactor 

(only photon exposure)

o Good cohort for long term radiation effect studies 

(18,831 exposed workers starting from 1949)

o Good cohort for studies on differences between 

high- and low-LET radiation exposure mFISH karyogramm (lymphocytes) of a Mayak worker in 2002

Source: Hande, M. Prakash, et al. "Complex chromosome aberrations persist in individuals many years after occupational exposure to densely ionizing radiation: an mFISH study." Genes, chromosomes and cancer 44.1 (2005): 1-9.  

Persistent chromosomal abberations
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• Complex chromosomal aberrations need 

more than two DSB at the same time

• Persistent complex chromosomal 

aberrations are found after exposure to 

high-LET a-particles, but not after low-Let 

photons

• mFISH data are useful for identification of 

particle exposure

• Connection to reported enhanced cancer 

risk lung, liver, bone possible

Complex chromosomal aberration between chromosomes 2,6,13,14

Source: Hande, M. Prakash, et al. "Complex chromosome aberrations persist in individuals many years after occupational exposure to densely ionizing radiation: an mFISH study." Genes, chromosomes and cancer 44.1 (2005): 1-9.  

Persistent chromosomal abberations
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• Acentric chromosomes: 

o Chromosome fragments with no centromere

o No assignment to a daughter cell possible throughout cell division

o Genomic information is lost

o Endpoint: Micronucleus assay

• Dicentric chromosomes:

o Two-lesion type

o Chromosome fragments with two centromeres

o Cell is not able to divide properly (killing mutation)

o Endpoint: Dicentric induction assay

One-lesion 

acentric 

chromosome

Two-lesion 

acentric 

chromosome

dicentric 

chromosome

Non-persistent chromosomal abberations
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• Acentric chromosomes which are not enclosed in daughter nuclei get their own nuclear 

envelope

→ Micronuclei are formed

• To detect these the cytoplasmic division of a cell is blocked (Cytochalasin B)

o Cell with two daughter nuclei and possibly micronuclei are formed

• Counting of number of micronuclei per double nuclei cell

→ measure for amount of genetic damage induced

Image: S. Girst, PhD-theis, 2016

Short excursion: Micronucleus assay
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Same induction of genetic 

damage using protons compared 

to x-ray (i.e. RBEMN=1)

Proton irradiation in an in-vitro skin model 
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3. CELL DEATH
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• Cell death occurs, when no proficient repair can take place

• Apoptosis:
o Type of programmed cell death

o Due to intracellular signaling upon stress

o Cell shrinkage → forming of blebs → cell disintegrates to 

apoptotic bodies, nucleus fragmentation

• Necrosis:
o Unregulated digestion of cellular components

o Cell shrinkage → forming of blebs, nucleus structure 

change → enlargement of blebs → cell membrane 

rupture

• Mitotic catastrophe:
o Mitosis (i.e. reproduction) linked cell death

Image: By National institute on alcohol abuse and alcoholism (NIAAA) - File:Structural changes of cells undergoing necrosis or apoptosis.gif; (pubs.niaaa.nih.gov), Public Domain, https://commons.wikimedia.org/w/index.php?curid=24184862

Types of cell death
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• Fluorescence activated cell sorting (FACS)

• Based on flowcytometer:

o Cells are labelled for desired protein

o Cell suspension inserted in cytometer

o Cells are classified due to their emission 

spectra

• High throughput analysis method

• Suited markers:

o Apoptosis: Caspase 3/7 activity

o Necrosis: Cell death marker SYTOX plus 

negative for Caspase 3/7

o DNA damage: gH2AX activity

Image: By Kierano - Own work, CC BY 3.0, https://commons.wikimedia.org/w/index.php?curid=22102570

Short excursion: FACS analysis
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Image: By Kierano - Own work, CC BY 3.0, https://commons.wikimedia.org/w/index.php?curid=22102570

• Induction of cell death varies with different radiation 

qualities after 24h and 3.4 Gy

• Early apoptotic (Caspase 3/7 + , Sytox -)

x-ray < proton < carbon

• Late apoptotic (Caspase 3/7 +, Sytox +)

x-ray > proton << carbon

• Necrotic (Caspase 3/7 -, Sytox +)

x-ray ~ proton < carbon

Cell death with varying radiation quality

38



• • • •S N A K E

4. CELL SURVIVAL
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Cell survival = reproductive integrity

Assay: Colony forming 

• Is a cell able to divide into > 50 daughter cells 
(between 5 and 6 divisions), called a colony

( )
cellsseeded

colonies
peefficiencyplating

#

#
=

• Irradiation with different doses and measurement of 

• Cell survival: 
0

)(
pe

pe
DS iD

i =

• Survival curve is fitting of S(D) using the linear quadratic model: ( )2

)( DDeDS  −−=

Gold standard: Cell survival
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• / Values determine curvature of the cell 

survival curve

• / Ratio: dose where cell killing due to the 

linear and quadratic components are equal

• The higher the / ratio, the more linear the 

cell survival curve

• The lower the / ratio (ie. high  relative to 

), the more curved the cell survival curve

• The smaller  and  (whereas always 

positive!) the more radioresistant  and  values for tumors derived from cell culture 

are used for radiotherapy planning programs!

( )2

)( DDeDS  −−=

Gold standard: Cell survival
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• Remember: RBEbiol.effect = Dref/ Dtest

• Cell survival of glioblastoma cells after low LET x-ray 

or high-LET a-particle irradiation

• 50% cell survival: RBE0.5 = 3.1 Gy / 0.38 Gy = 8.2

• 10% cell survival: RBE0.1 = 6.63Gy / 1.61 Gy = 4.1

• High-LET shows RBE > 1

• RBE is dependent on endpoint!!!

Enhanced RBE of high LET particles
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5. CELL VIABILITY
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• Fraction of living cell in a cell population

• Difference between cell survival and cell viability:

o Cell survival: cell must have the capability to form a 

colony of daughter cells

o Cell viability: cell must be able to metabolize

• Assay: MTT viability test

o MTT salt is reduced by enzymes produced by 

mitochondria during metabolism

o Upon reduction MTT changes color from colorless to 

purple 

o Coloring gives information on the viability

Non viable viable

Cell viability
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• Irradiation of artificial human skin tissue with 2 Gy

20 MeV protons 

• Tissue viability is clearly reduced after 40 h and 

even more after 10 days

Decreased tissue viability upon irradiation
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6. CELLULAR COMMUNICATION
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• Cellular communication is essential for cell composites to be able to form tissue, organs or 

organisms

• Ways of cellular communication:

o Direct:

▪ Cellular connections

▪ Exchange of proteins, organelles, etc.

▪ Fast communication possible, mostly short range

o Indirect:

▪ Release of signals (em-waves or proteins) to the surrounding by donor cell and 

uptake by receptor cell

▪ Slow communication, mostly wide range 

• Reason for non-targeted effects:

o Bystander: Cells which are not irradiated show effect

o Rescue: Cells which are hit by radiation show less effect

Cellular communication
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• Two cells die

• Death signals attract surrounding 

cells to take up leftovers

• Cells migrate over long distances

Cellular communication
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7. MIGRATION AND INVASION
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• Migration: Cell movement

• Invasion: Capability of cancer cells to penetrate neighboring tissue

• Both are connected to metastases formation

• Assay: Migration and invasion assay

Invasion: with matrigel

Migration: without matrigel

Migration and invasion
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• Irradiation of human glioblastoma cells 

(LN229) with x-rays

• 4 Gy irradiation enhances invasion

Migration and invasion
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▪ The aim radiobiological research is to investigate effects 
of radiation to cells, organs and tissue in order to 
understand mechanisms or/and to improve radiotherapy

▪ Various types of effects (DNA repair, Genetic damage, 
Cell death, Cell survival, etc.) have to be investigated in 
order to answer one question

▪ Radiobiology is like a large huddle of hundreds of 
different kinds of wool:

o It is hard to find the beginning of a single wool 

o Each ball of wool has to be wounded up step by 
step carefully so no knots will appear

Summary

Contact: Prof. Dr. Judith Reindl, judith.reindl@unibw.de, +49 89 6004 4443
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