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The topic of the refresher course is focused on cellular and molecular mechanisms 
of non-targeted effects of ionizing radiation and how these effects impact direct 
irradiation effects and modify an individual’s response to ionizing radiation. 
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The biological effects of ionizing radiation
Targeted effects:

(Cellular damage due to direct absorbsion of ionizing radiation energy within the cells) 

Increased
mutation
frequency

Stochastic (probabilistic) effects
(cancer, hereditary effects)

Increased
cell death

Tissue reactions
(deterministic effects)

High LET

Low LET

Morgan, Sowa, 2005, PNAS

DNA targeted effects

Non-DNA targeted effects

Transcriptional
changes

Translational 
changes

Post-translational
changes

Epigenetic
changes
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Biological assays to detect radiation damage
Cell death

Mitotic cell death
 Cells loose their clonogenic

potential – failed mitosis
 Slow process
 Cells temporarily maintain

some metabolic activity
 Most frequent after IR
Quantification: 
Colony forming assay

Liang et al 2018, doi.org/10.2147/CMAR.S176536

Apoptosis
 Programmed cell death
 Quick process
 Characteristic for certain

cell types after IR
Quantification: 
Apoptosis detection assays
(DNA fragmentation assays, Annexin, 
Caspase activation, etc.)

Necrosis
 Cell disintegration
 Mainly after high doses
 Quick process
 Characteristic after high IR 

doses
Quantification: 
Eg. Annexin assay

Senescence
 Permanent cell cycle arrest
 Slow development
 Metabolic and secretory

activity maintained
 Characteristic: increased

secretory capacity of  cells
(SASP = senescence-
associated secretory
phenotype)

Quantification: Eg. b-gal assay

Shao et al 1998, DOI: 10.1074/jbc.272.52.32739 Li et al 2015, DOI: 10.3892/mmr.2015.4466

Jinno-Oue et al 2010, DOI: 10.1016/j.ijrobp.2009.08.054
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Biological assays to detect/quantify radiation damage
DNA damage

(measuring DNA double-strand breaks and repair kinetics)

Direct methods

Pulsed field gel
electrophoresis

Indirect methods

Detecting signaling and repair proteins
that localize to sites of DNA strand breaks
and form foci
(H2AX, 53BP1, ATM, RAD51, BRCA1)

Hall, Garcia, Radiobiology for the radiologist, 8th Edition

Translate into chromosomal aberrations

Comet assay

Hall, Garcia, Radiobiology for the radiologist, 8th Edition

Types of DNA damage after IR

Kavanagh et al 2013, DOI: 10.1089/ars.2012.5151

Double-strand breaks (DSBs) 40
Single-strand breaks (SSBs) 1000
Base damage ˃2000
DNA-DNA crosslinks 30

DNA lesions/cell after 1 Gy X-rays
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Biological assays to quantify radiation damage
Chromosomal aberrations typical for

ionizing radiation exposure

Balajee et al 2018, DOI: 10.21926/obm.genet.1804042

Dicentric chromosomes

Choppin et al 2002, doi:10.1016/b978-075067463-8/50018-2

Extranuclear DNA fragments
(micronuclei)

Kanagaraj et al 2017, DOI: 10.4103/jrcr.jrcr_40_17

Zeegers et al 2017, DOI: 10.4103/2041-9414.198911

gH2AX foci

Kinner et al 2008, DOI: 10.1093/nar/gkn550

Szatmári et al 2017, DOI: 10.3389/fimmu.2017.00347
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Non-DNA targeted effects

Biological assays to detect/quantify radiation damage
Transcriptional changes

In the blood

DDB2*
POLH
MDM2*
RPS27L
FDXR
CCNG1*
TRIAP1
SESN1*
FBXO22*
PPM1D*
ANKRA2*
CDKN1A*
TRIM22*
BBC3Zeegers et al 2017, DOI: 10.4103/2041-9414.198911 Macaeva et al 2016, DOI: 10.1038/srep19251

Transcriptional changes
In the skin

Ray et al 2012, DOI: 10.1186/1471-2164-13-190

YES ?YES
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Non-DNA targeted effects

Biological assays to detect/quantify radiation damage

Changes in the proteome (quantitative protein changes)

Lee et al 2018, DOI: 10.1038/s41598-018-31740-8

?YES ?YES



6th European Congress on Radiation Protection, Budapest, Hungary, 30 May – 3 June 2022

Non-DNA targeted effects

Biological assays to detect/quantify radiation damage

Post-translational modifications – protein phosphorylation
Phosphopeptides

Liu et al 2019, DOI: 10.1002/cbf.3467

Yang et al 2010, DOI: 10.1371/journal.pone.0014152
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Non-DNA targeted effects

Biological assays to detect/quantify radiation damage

Post-translational modifications

Liu et al 2019, DOI: 10.1002/cbf.3467

YES YES
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Biological assays to detect/quantify radiation damage
Non-DNA targeted effects

Epigenetic changes

Epigenetics: heritable changes in gene activity, transcript architecture (eg. splice variants), without changes in the DNA sequence

DNA methylation
Histone modifications

Nunes et al 2020, DOI: 10.3390/cells9081850

Small, non-coding RNAs
(eg. micro or miRNAs)

Koturbash et al. 2015, DOI: 10.2217/bmm.15.89
Jia et al. 2022, DOI: 10.3389/fcell.2022.861451

Chen et al. 2021, DOI:10.1007/s11356-021-12509-5 

miRNA changes
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Biological assays to detect/quantify radiation damage
Non-DNA targeted effects

Epigenetic changes – miRNA changes

Malachowska et al. 2019, DOI:10.1016/j.ijrobp.2019.10.028 

YES ?YES
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The biological effects of ionizing radiation
Non-targeted effects:

(Cellular damage in cells not directly hit by ionizing radiation) 

Bystander effect
Abscopal (systemic or
distal bystander) effect

Genetic instability

Increased cell
death

Increased
mutation rate

Increased
frequency of 
chromosomal
aberrations

Persistent
oxidative stress

Changes in radiation
response-related

signal transduction
pathways

Release of 
danger signals

Epigenetic
changes

Release of 
inflammatory and 

immune
modulatory signals
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Bystander effects
Experimental in vivo evidence

Koturbash et al. IJROBP, 2008

DSBs

Distant changes in the spleen

Local head irradiation
Irradiation of the lower part of the body

Brain tumors

Mancuso et al. PNAS, 2008

Jalal et al. 2014 Mice treated systemically with
extracellular vesicles originating

from irradiated mice
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Apoptosis

DSBs
Kis et al. Cells, 2022

Szatmári et al. Front Immunol, 2017
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Bystander effects
Hypothetical mechanism

Senescence SASP

Immunogenic cell death
(necrosis, apoptosis)

DNA damage and DDR 
(DNA damage

response)

Release of danger signals, DAMPs
Release of pro-inflammatory factors
Calreticulin on cell surface

Pateras et al. Pharmacol & Therapeutics 2015 

IRRADIATED CELLS 
COMMUNICATE WITH THEIR 

ENVIRONMENT
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Bystander effects

Butler et al, Haematologica, 2018

Information
units

Information
packages

Damaged site Environment

Szatmári et al. IJMS 2020

hnRNPA2B1
• A major RNA-binding protein 

involved in miRNA transport
into the EVs

• It is involved in DNA damage
response and in altered 
telomere maintenance
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Dose-response relationships

Low-dose hypersensitivity

Linear-non-threshold (ICRP, UNSCEAR, BEIR) 

Linear with threshold

Low-dose protection (hormetic effect)

Hall, Garcia – Radiobiology for the Radiobiologist, 8th Edition

DNA-targeted effects

Clonal
changes

Non-DNA-targeted effects
and

Non-targeted effects

Non clonal
changes

?
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Biological modifiers of radiation effects
Individual radiosensitivity and susceptibility:

(Individual tolerance to ionizing radiation induced toxic effects within the healthy tissues and the
probability to develop cancer after exposure to a given dose of radiation) 

Habash et al. Cancers 2017

Genetic
background

Polygenic!
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Overall radiation damage

DNA 
damage

Protein 
changes

Epigenetic
changesStress response

Immune
reactions, 

inflammation

Microenvironment

Transcriptional
changes

Genetic background (individual sensitivity)
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Risk assessment of overall radiation damage
in radiation protection

Measurable, 
quantifiable

Established dose-
response

DNA damage

Individual sensitivity
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Thank you for your attention!
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