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Abstract
Assessment of human health risks from exposure to ionizing radiation (IR) is mainly based on the extrapolation of results
from epidemiological studies on populations exposed to relatively high doses and often at high dose rates (HDR). Risk
estimates after exposure to low doses and in particular at low dose rates (LDR) remain controversial due to a lack of
epidemiological evidence. Therefore, high priority is given to strengthening the evidence on which risk assessments can
be based for low doses and LDR. It is known that the cytotoxicity of radiation decreases by decreasing dose rate. Less is
known about the effects of LDR on mutation rates and premature senescence compared to HDR. We established 2 cell lines
with low expression of two proteins, MTH1 or MYH, both involved in the protection of cells from mutation induction by
reactive oxygen species (ROS). The cells were exposed to different doses at different dose rates, and the levels of mutation
were studied. The results showed a possible dose-rate threshold for mutations for the MTH1/MYH double knockdown cells.

Next, we studied the effect of dose rate on adaptive response (AR). AR is defined as the ability of a low dose of ionizing
radiation to induce enhanced resistance in cells subsequently exposed to a high dose. We established dose response relations
for survival and mutations for MCF-10A cells exposed/non-exposed to an adaptive dose of 50 mGy at different dose rates,
followed by exposure to different high doses. We found no protective effect of 50 mGy on survival. However, we observed
that 50 mGy the adaptive dose reduced the mutation frequency induced by 1 Gy challenging dose. The protection level
was higher when 50 mGy was delivered at LDR.

A significant amount of data suggests that oxidative stress, induced for example by LDR, can contribute to senescence.
We cultured VH10 cells, beginning with passage 13, during chronic LDR exposure. The cells were passaged every week
for 6 weeks until they stopped proliferating due to premature senescence at passage 19. Passage 8 VH10 cells were cultured
correspondingly but without irradiation until they stopped proliferating at passage 23 in response to replicative senescence.
The DNA repair kinetics and the levels of DNA damage that were localized in the telomeres of young, middle-aged,
premature senescent and replicative senescent cells were investigated. The young cells repaired DSB significantly faster
than the senescent cells; premature and replicative senescent cells accumulated more DNA damage in the telomeres; and
as compared to middle-aged cells, young cells cope with oxidative stress of chronic irradiation more effectively.

The transgenerational effects of IR were studied in Drosophila embryos. The exposed embryos were followed up
for abnormality during embryogenesis until adult stage and up to 12 generations. We found that radiation induced an
A5pig- phenotype (depigmented area in the A5 segment of the male body) that was transmitted up to 12 generations. This
phenomenon did not follow the Mendelian inheritance model, which indicates the influence of mechanisms other than
mutagenesis e.g. epigenetic mechanism.

We showed that; LDR is less cytotoxic than HDR but both induce equal levels of mutation per unit dose; LDR induces
premature senescence; LDR may be more effective than HDR in inducing adaptive response; and LDR and HDR exposure
of Drosophila embryos can induce an abnormal phenotype that can be transmitted through generations.

Keywords: Low dose, Low dose rate, High dose rate, Ionizing radiation, Adaptive response, Senescence, Premature
senescence, Oxidative stress, Drosophila embryo, Mutation, DNA repair.
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"Poison is in everything,
and nothing is without
poison. The dosage
makes it either a poison
or a remedy"
 
-- Paracelsus (1493-1541)
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Abstract  

 
Assessment of human health risks from exposure to ionizing radiation (IR) is mainly based on the 

extrapolation of results from epidemiological studies on populations exposed to relatively high doses 

and often at high dose rates (HDR). Risk estimates after exposure to low doses and in particular at low 

dose rates (LDR) remain controversial due to a lack of epidemiological evidence. Therefore, high 

priority is given to strengthening the evidence on which risk assessments can be based for low doses 

and LDR. It is known that the cytotoxicity of radiation decreases by decreasing dose rate. Less is known 

about the effects of LDR on mutation rates and premature senescence compared to HDR. We 

established 2 cell lines with low expression of two proteins, MTH1 or MYH, both involved in the 

protection of cells from mutation induction by reactive oxygen species (ROS). The cells were exposed 

to different doses at different dose rates, and the levels of mutation were studied. The results showed a 

possible dose-rate threshold for mutations for the MTH1/MYH double knockdown cells. 

Next, we studied the effect of dose rate on adaptive response (AR). AR is defined as the ability of a low 

dose of ionizing radiation to induce enhanced resistance in cells subsequently exposed to a high 

dose. We established dose response relations for survival and mutations for MCF-10A cells 

exposed/non-exposed to an adaptive dose of 50 mGy at different dose rates, followed by exposure to 

different high doses. We found no protective effect of 50 mGy on survival. However, we observed that 

50 mGy the adaptive dose reduced the mutation frequency induced by 1 Gy challenging dose. The 

protection level was higher when 50 mGy was delivered at LDR. 

A significant amount of data suggests that oxidative stress, induced for example by LDR, can contribute 

to senescence. We cultured VH10 cells, beginning with passage 13, during chronic LDR exposure. The 

cells were passaged every week for 6 weeks until they stopped proliferating due to premature 

senescence at passage 19. Passage 8 VH10 cells were cultured correspondingly but without irradiation 

until they stopped proliferating at passage 23 in response to replicative senescence. The DNA repair 

kinetics and the levels of DNA damage that were localized in the telomeres of young, middle-aged, 

premature senescent and replicative senescent cells were investigated. The young cells repaired DSB 

significantly faster than the senescent cells; premature and replicative senescent cells accumulated more 

DNA damage in the telomeres; and as compared to middle-aged cells, young cells cope with oxidative 

stress of chronic irradiation more effectively. 

The transgenerational effects of IR were studied in Drosophila embryos. The exposed embryos were 

followed up for abnormality during embryogenesis until adult stage and up to 12 generations. We found 

that radiation induced an A5pig- phenotype (depigmented area in the A5 segment of the male body) 

that was transmitted up to 12 generations. This phenomenon did not follow the Mendelian inheritance 

model, which indicates the influence of mechanisms other than mutagenesis e.g. epigenetic mechanism. 

We showed that; LDR is less cytotoxic than HDR but both induce equal levels of mutation per unit 

dose; LDR induces premature senescence; LDR may be more effective than HDR in inducing adaptive 

response; and LDR and HDR exposure of Drosophila embryos can induce an abnormal phenotype that 

can be transmitted through generations. 

Keywords: Low dose, Low dose rate, High dose rate, Ionizing radiation, Adaptive response, 

Senescence, Premature senescence, Oxidative stress, Drosophila embryo, Mutation, DNA repair. 
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Populärvetenskaplig Sammanfattning 

 
Joniserandetrålning är högenergetisk strålning som kan utgöras av partiklar som tex. elektroner eller 

He-atomer med hög rörelseenergi eller av elektromagnetisk strålning som röntgen eller gamma-

strålning. Dessa olika strålslag kan bland annat uppstå vid radioaktivt sönderfall eller produceras av 

olika tekniska utrustningar som röntgenmaskiner och cyklotroner. Allt liv på jorden exponeras för en 

bakgrundsstrålning som kommer från radioaktivt sönderfall av instabila isotoper av olika grundämnen 

samt från kosmisk strålning som härrör från kärnreaktioner i universum bland annat från vår egen sol. 

Människan exponeras dessutom från medicinska applikationer som röntgendiagnos, strålterapi etc. 

Bakgrundsstrålningen under ett år till oss människor ligger i mGy området medan de medicinska 

applikationerna kan ge doser på alltifrån µGy till 100 Gy. Den medicinska strålningen ges vanligen på 

delar av sekunder till minuter så det är stora skillnader i doshastigheten (mängd strålning per tidsenhet).  

Den allvarligaste verkan av strålning på en cell är DNA-skador och mutationer vilket kan leda till 

sjukdomar som cancer. DNA molekylen kan träffas direkt av strålningen vilket kan ge upphov till 

kemiska förändringar som kan leda till strängbrott eller skador på DNAts byggstenar. Strålningen ger 

också upphov till reaktiva syremolekyler (ROS) i cellen som i sin tur kan reagera med närliggande 

molekyler till exempel nukleotider i cellens cytoplasma. Nukleotiderna i cytoplasman är byggstenar för 

att producera nytt DNA och består av kvävebaserna Guanin (G), Adenin (A), Cytosin (C) och Tymin 

(T) var och en kopplad till en sockermolekyl (deoxyribos) samt fosfater. ROS i cytoplasma reagerar 

bland annat med deoxyguanosintrifosfat (dGTP) och oxiderar den till 8-oxo-dGTP. Denna modifierade 

nukleotid kan ibland ge upphov till en mutation men cellerna har flera skyddsmekanismer bland annat 

ett enzym kallat MTH1 som avlägsnar fosfaterna i 8-oxo-dGTP och 8-oxo-dG kan då utsöndras till den 

extracellulära miljön t.ex. blodplasma, urin, saliv och i förekommande fall i cellmedium. Om samma 

felinkorporering av 8-oxo-dGTP sker under DNA-syntesen så finns i cellkärnan ett annat enzym MYH 

som tillsammans enzymet OGG1 kan reparera denna skada. Denna oxidationsstress kan övervakas 

genom att mäta 8-oxo-dG i blod, urin och saliv hos människa eller i cellodlingsmediet då man odlar 

celler i kultur. 

Publikation 1 

I den här studien har aktiviteten av MTH1 och/eller MYH minskats med cirka 90 procent för att studera 

hur dessa två enzymer skyddar cellerna så att inte mutationer skall uppkomma som en konsekvens av 

strålningsinducerad 8-oxo-dG. 

Minskning av enzymaktivitet av antingen MTH1 eller MYH ökade inte mutations nivåerna efter 

bestrålning med låga doser och doshastigheter medan celler där både MTH1 och MYH reducerats 

visade ökade mutations nivåer under samma strålningsbetingelser.  
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Publikation 2 

Adaptiv respons är en skyddsprocess som uppstår när en cell först exponeras för en låg strålningsdos 

och sedan efter några timmar ges en hög dos som då har en mindre effekt än om den höga dosen hade 

givits direkt. Adaptiv respons skyddar cellen till exempel genom att aktivera DNA-reparation och nivåer 

av antioxidanter vilket gör cellen tillfälligt mera tolerant mot högre stråldoser. Vi observerade att en 

adaptiv dos som ges med låg doshastighet före en högre dos inte förändrade cellöverlevnad men 

skyddade cellerna genom att reducera mutationsgraden. 

Manus 1 

I den tredje publikationen studeras cellulär senescens i en mänsklig hudcellslinje (VH10). Cellerna i de 

flesta organ kan genomgå ett antal celldelningar men kommer tillslut till en nivå när de inte längre kan 

dela sig, s.k. replikativ senescens. Cellen upprätthåller fortfarande vissa cellulära funktioner av 

betydelse för organismen. Vi exponerade celler som genomgått olika antal celldelningar för låga 

doshastigheter under åtta veckor och upptäckte att celler som var äldre åldrades snabbare jämfört med 

de unga cellerna, en strålningsinducerad tidig senescens. 

En markör för att mäta om cellerna är scenesenta utgör den del av kromosomen som kallas telomer. 

Scenecenta celler karaktäriseras av att telomererna blir korta.  Anledningen till att bestrålning med låga 

doshastigheter inducerade förtidig senescens beror troligen på ROS-inducerad DNA-skada i 

telomerområdet. Oreparerade DNA-skadorkan kan leda till blockering av cellcykeln och att cellen inte 

kan dela sig. Vi fann att de åldrande cellerna har fler DNA-skador och långsammare DNA-reparation 

jämfört med unga celler. 

Manus 2. 

För att förstå mer om riskerna av strålning i lågdosområdet och strålningsrelaterade sjukdomar 

undersökte vi strålningens verkan på Drosophilaembryon och om efterföljande generationer 

påverkades. Drosophila w1118 är en bananfluga med vita ögon som används för genetiska studier. I 

detta experiment ville vi studera strålningseffekterna på det bestrålade Drosophilaembryot överlevnad 

och uppkomna fenotypiska förändringar. Våra resultat visade att det tidiga stadiet av embryots 

utveckling är mycket känsligt för bestrålning jämfört med det sena tillståndet i embryoutvecklingen. 

När flugorna blivit vuxna observerade vi fenotypiska förändringar hos bestrålade han-embryon. Vi fann 

att pigmenteringen av det bakre buksegmentet saknades och denna fenotypiska förändring kunde föras 

vidare till nästa generation när man tillät denna generation flugor para sig med sina syskon. 

Sammanfattningsvis, så visar denna avhandling att låga doser och doshastigheter kan generera oxidativ 

stress och inducera DNA-skador och mutationer på celler i kultur och även i en organism. Vidare så 

kan exponering för låga doshastigheter under lång tid leda till att cellerna åldras snabbare och att de 

slutar dela sig (scenecens).   
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Aim of thesis 

 
This thesis aims to characterize the short- and long-term effects of low dose and low dose rate (LDR) 

ionizing radiation on different biological models. Our hypothesis is that the low dose and LDR radiation 

effects are mediated, to a great extent, through induction of endogenous oxidative stress. The elevated 

oxidative stress may increase the levels of DNA base damage and dNTP oxidation and thereby influence 

the efficiency of DNA repair, induce premature senescence and may be involved in transgenerational 

effects. The effects may differ from those induced by HDR. 

Our specifics aims are: 

• to investigate the effects of dose and dose rate on the induction of oxidative stress and 

mutation 

• to investigate the dose rate effects on the induction of adaptive response 

• to elucidate the differences in DNA repair kinetics and to determine the levels of DNA    

damages which are localized in the telomeres of young, middle-aged, senescent cells as well 

as cells that have entered senescence prematurely due to low dose rate exposure 

• to investigate early and late effects (over several generations) of ionizing radiation      

on Drosophila embryos exposed at an early developmental stage 
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Introduction 

 

Background radiation 
 

Radiation is energy movement that comes from radioactive sources in nature or from man-made. The 

major sources of human exposure to natural background radiation include cosmic rays, air, food or 

water [1]. Energy from the ionizing radiation (IR) is absorbed by matter leading to excitations and 

ionizations of the molecules. The average annual dose from these sources is about 2-3 mSv per year 

worldwide. Some areas of the world have high levels of background radiation, such as Guarapari beach 

in Brazil or Ramsar in Iran [2]. Currently, the most important source of our knowledge about the risk 

associated with radiation exposure is the Life Span Study of atomic bomb survivors [3] and medical 

personnel [4], who were exposed to different doses of radiation, often delivered at a high dose rate. 

There are some important questions to be answered for the low dose area; are there any health effects 

associated with low dose or low dose rate exposure? If so, what are the mechanisms underlying the 

effects? Does low-dose radiation induce beneficial effects such as adaptive response? Some of the 

questions were explored in the thesis.  

The studies on the effect of chronic exposure from natural background radiation have not yielded 

conclusive results because of lack of statistical power [5]. In a recent study on the risk of leukemia in 

children exposed to natural radiation in the UK [6], a significantly enhanced level of risk was observed 

after a cumulative gamma dose of about 6 mGy.  

Radiation protection research is challenged by the demands to provide a mechanistic understanding of 

effects of low doses and low dose rates to improve the risk assessments for effects such as cataracts [7], 

reduced cognitive ability [8] or cardiovascular diseases [9]. Both mutations and epigenetic mechanisms 

are linked to the initiation and progression of these diseases [10]. The research included in the thesis 

deals with mechanisms of stress-induced mutations, senescence and adaptive response in cultured cells 

and transgenerational effects in Drosophila as a model organism. 

Ionizing radiation 
 

The various types of radiation fall into two broad categories, ionizing and non-ionizing. When radiation 

has a sufficiently high energy to eject electrons from an atom or molecule, it is called ionizing radiation. 

Ionizing radiation can ionize or excite the target molecules and modify their structures. Both particle 

radiation (electrons, protons or alpha-particles) and electromagnetic radiation (X- and -rays) belong to 

the category of ionizing radiation, while ultraviolet, radio wave and microwave radiation fall into the 

non-ionizing category. The energy of the ionizing radiation is measured as electron volt (eV). When the 

ionizing radiation passes through material such as a human body, it gradually loses energy along the 
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path causing ionizations and excitations. Linear energy transfer (LET) is a measure of the energy 

distributed and deposited by ionizing radiation per unit path length (the unit is kilo electron volt per 

micrometer, KeV/µm). X-rays and gamma radiation are low-LET radiation, while particle radiation 

such as alpha is considered as high-LET [11].  

 

Figure 1: Schematic images of interaction of high LET (picture in left) radiation and low-LET 

(picture in right) with cell nucleus. Each red dot represents an ionizing event (modified from [12]). 

The absorbed dose is defined as the energy that ionizing radiation deposits in a defined mass and 

measured as gray (Gy), and 1 Gy is 1 joule/ kg. However, due to the different qualities of the radiation 

(LET), the distribution of the damages will be different. To compare the damages caused by different 

radiation qualities, the equivalent dose (Sievert, Sv) is calculated. Sievert relates absorbed dose to the 

biological damage of radiation. To determine equivalent dose (Sv), the absorbed dose (Gy) is multiplied 

by a radiation weighting factor (Q), Sv = Gy × Q. The weighting factors Q, used for gamma radiation 

is 1 and for alpha particles 20. 

To estimate cancer risk, the linear no-threshold model (LNT) provides a reasonable model at high dose 

[11]. The LNT model is based on epidemiological data obtained from high doses and is useful for 

regulatory purposes. However, the risk of cancer in the low dose range is estimated by linear 

extrapolation of the risk at high doses down to the low dose range. Different risk models have been 

proposed for radiation at low doses as shown in figure 2 and it is important to validate and find the most 

accurate model/s for estimation of risk at low doses [13-15]. Figure 2 shows that risk might have a 

threshold dose (T), or the risk might be higher (S) as well as lower (H) than suggested by the LNT 

model (L) in the low dose area. The model (H) suggests that there might be a beneficial radiation effect 

at low dose that probably leads to protection (hormesis), possibly through activation of immune system 

[13, 16, 17].  
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Figure 2. The picture represents different possible risk models for cancer at low doses. S-supralinear, 

L-LNT, H-Hormesis and T-Linear threshold (reproduced from [17]). 

Based on cancer risk models, a dose and dose rate effectiveness factor (DDREF) for low-LET radiation 

has been proposed by ICRP. A DDREF between 1 and 2 is being used for radiation regulation purposes 

and a DDREF above 1 indicates that a dose delivered at low dose rate would have a lower cancer risk 

compared to the same dose administered at a higher dose rate [15, 18, 19].  

Direct and indirect actions of ionizing radiation 
 

When the ionizing radiation passes through material such a human body, it gradually loses the energy 

through various interaction processes along the path. Direct ionizations refer to when photons or 

particles interact directly with the target. Indirect ionizations refer to transfer of energy from photons 

or particles to water molecules (radiolysis) forming reactive oxygen species (ROS) e.g. hydroxyl 

radicals which then interact with the target and cause damages (Figure 3). Almost 30% of the damage 

induced by gamma radiation is through direct effects and 70% through indirect effects by production of 

ROS.  

Risk

Low doses
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Figure 3: A representation image of direct and indirect effects of ionizing radiation (modified from 

[12]). 

Free radicals 

 
There are various types of ROS such as hydrogen peroxide (H2O2), superoxide (O2•-) or hydroxyl radical 

(•OH). ROS can also be produced endogenously from mitochondria, endoplasmic reticulum and nuclear 

membrane and also exogenously for example from exposure to chemical toxins and ionizing radiation 

[20]. Among several types of ROS, •OH is the most reactive one and can react with all molecules in a 

close proximity (limited-diffusion rate) and induce damage while O2•- and H2O2, are less reactive (2). 

As the majority of the primary low-LET radiation effects are mediated by ROS from radiolysis, the 

spectrum of radiation-induced DNA damages overlaps with that caused by ROS formed endogenously, 

for example during metabolism as by-products from mitochondria [21]. An imbalance between ROS 

production and antioxidant defense in favor of ROS production leads to oxidative stress. ROS are highly 

reactive molecules that can interact with DNA, RNA, proteins, free nucleotides or lipids. The reaction 

of ROS with the biomolecules may lead to structural changes of the biomolecules and may change their 

functions. The interaction of ROS with DNA can lead to induction of DNA damage, mutations, 

senescence and apoptosis. Mutations play an important role in carcinogenesis.  

At physiological levels, ROS has fundamental and important roles in cell signaling, immune cell activity 

and in the xenobiotic pathways for neutralizing toxins. However, the cells have mechanisms that can 

balance the ROS levels by using low molecular weight antioxidants such as vitamins or expression of 

antioxidant enzymes such as SOD and catalases to control the level of ROS.  Examples of these 
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molecules are vitamin C and E, flavonoids and plant polyphenols or enzymes such as superoxide 

dismutase (SOD) and glutathione peroxidase as shown in the figure 4 below.  

 

Figure 4: A summary of some antioxidant defense mechanisms (modified from [22]). 

DNA damage responses and biological effects of gamma-irradiation 
 

Low LET ionizing radiation produces different types of DNA damages, such as double-strand breaks 

(~40 breaks/Gy/cell), single-strand breaks (~1000 breaks/Gy/cell) and different types of chemical 

changes of the DNA bases (~1000 modifications/Gy/cell) [23-26]. DSBs are considered to be the most 

biologically important DNA damage [27, 28].  

DNA damage from ionizing radiation can activate G1/S, intra-S or G2/M cell cycle checkpoints, few 

hours after exposure [29-32]. The activation of these checkpoints slows down the progression in the 

cycle of exposed cells. The cell cycle arrest in G2 facilitates the coordinated repair of DNA damage 

through pathways such as base excision repair (BER), homologous recombination repair (HRR) and 

non-homologous end-joining (NHEJ), promoting the survival of cells and their progression through the 

cell cycle [33]. The TP53 gene has an important role in controlling the G1/S checkpoint. Cells with 

mutated TP53 experience a block in the S and G2 phases while cells with normal TP53 can undergo an 

arrest in the G1 phase of cell cycle [34]. In response to IRs, TP53 is activated and regulates target genes 

involved in cell cycle control, apoptosis, senescence, DNA repair, or changes in metabolism [35, 36]. 

The TP53 acts as a tumor repressor mainly by binding to target genes, regulating their expression [37].  

In addition to TP53, the ATM protein is a central component of signaling in response to DSBs induced 

by IR, being essential in the activation of several molecular responses that involve transcriptional 

regulation, cell cycle arrest and modulation of DNA repair [38, 39]. Activated ATM phosphorylates 
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several target proteins, including TP53, H2AX, CHK2, RPA and BRCA1 [39-41]. Gamma-H2AX 

formation is a rapid and sensitive cellular response to the presence of DNA DSBs, and is considered a 

marker of DSB [42, 43]. 

Homologous recombination (HR) and non-homologous end-joining (NHEJ) are responsible for 

repairing the DSBs [44, 45], which, if persistent, may lead to cell death. Lethality usually occurs due to 

the production of gross chromosomal changes, such as dicentric and acentric fragments, which lead to 

large losses of genetic material during cell division [46].  

DSBs can occur throughout the cell cycles and the majority of them are repaired by the NHEJ pathway 

[47]. The result of NHEJ action on DSBs is deletions [48]. The process of NHEJ requires that a nuclease 

process the DNA ends at the damaged site, DNA polymerase resynthesizes DNA at the gap and finally, 

the DNA ligase joins the DNA ends. The MRN complex (MRE11, RAD50 and NBS1) recognizes and 

processes the DSB. Then, Ku heterodimer (Ku70/Ku80) binds to the DSB, holds the DNA ends and 

recruits DNA dependent protein kinase (DNA-PKcs). The DNA-PKcs undergoes phosphorylation and 

recruits Artemis endonuclease, which can cut the DNA overhangs at both 5’ or 3’ ends.  Finally, the 

XRCC4 and DNA ligase 4 complex is formed around the DNA duplex and fills the gap.  

HR predominantly repairs DSBs during the S/G2 phase of the cell cycle because it is required the 

homologous undamaged DNA molecule of the sister chromatid as the template. HR is being considered 

as a slow and error-free mechanism. DSB activates ATM and then the MRN complex participates at 

resecting the 5’ DNA end [49]. The 3’ overhang is covered and protected by the RPA protein which 

then will be replaced by RAD51. The RAD51 is a nucleoprotein filament that can help the covered 3’ 

overhang to invade the sister chromatid and form a D-loop [50]. The missing sequences will be 

produced by the use of a sequence from the sister chromatid as template and will form a branched 

structure called the Holliday Junction. The Holliday Junctions are resolved by resolvase complex 

enzyme when the missing DNA sequence is synthesized. 

The repair of SSBs and DSBs plays a critical role in tumor survival and proliferation [27]. Base excision 

repair (BER) is considered as the most important repair system for removing modified bases [51], 

although other types of repair can occur, such as nucleotide excision repair ( NER), mismatch repair 

(MMR), in addition to HRR and NHEJ [52]. 

One of the consequences of irradiation is the induction of cell death. IR results in a decrease in 

clonogenic capacity in some cell types, probably due to apoptosis. A very high dose tends to cause 

necrosis [53, 54], although in some cells, radioresistant cells, the response is cell cycle arrest. For 

example, some solid tumors show resistance to apoptosis after exposure to IR [55, 56]. The induction 

of apoptosis, in contrast to necrosis, does not lead to cell lysis or an inflammatory response. 
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In addition to necrosis and apoptosis, other types of cell death may occur as a result of gamma-

irradiation such as accelerated senescence and mitotic catastrophe. The contribution of senescence to 

radiotherapy in human tumors is still not well-understood [55]. Senescent cells with DNA damage, 

originating from dysfunctional telomeres due to exposure to anticancer agents, can permanently lose 

their proliferative ability and play an important function in tumor suppression. The mitotic catastrophe, 

in turn, is a cell death resulting from an abnormal mitosis that leads to the formation of large cells with 

multiple micronuclei and de-condensed chromatin [57]. 

Overall, there is a great variety of cellular pathways that are activated in response to irradiation, 

including endoplasmic reticulum stress, accelerated senescence, apoptosis, necrosis and autophagy, and 

TP53 plays a key role regulating several of these pathways. Nevertheless, some pathways are TP53 

independent, and the cell fate depends on the dose, dose-rate and radiation quality. These responses are 

initiated by radiation-induced damage to proteins, membranes and also to the DNA (Figure 5) [58]. 

 

Figure 5 :- Biological responses to ionizing radiation. [58]. 

Repair of base and dNTP damages  

 
Base damages are generated endogenously by ROS from mitochondria during the aerobic respiration 

or exogenously for example from ionizing irradiation [59]. Guanine has the lowest oxidation potential 

among the 4 DNA bases and the electron transfer ability (electron can move from one base to the other 
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one) of the DNA molecule leads to the production of higher levels of guanine lesions than of other base 

lesions [60]. Indeed, a common base lesion induced by ROS is 8-oxo-7,8-dihydro-2’-deoxyguanosine 

(8-oxo-dG) [61] that is produced by hydroxyl radical reaction with deoxyguanosine at the C8 position 

[62, 63] in DNA or on the free nucleotide form of guanine, dGTP, in the nucleotide pool (dNTP) [64]. 

Replication of 8-oxo-dG in DNA may give rise to G:C to T:A transversions, while misincorporation of 

8-oxo-dGTP from cytoplasm into the DNA with adenine may lead to A:T to C:G transversions [65-68].  

This DNA base damage can be repaired by base excision repair (BER). There are two types of BER 

repair pathways; the first one is short patch BER (also called single nucleotide BER), and the second 

one is a long patch BER (up to 10 nucleotides can be replaced). BER is initiated when DNA glycosylase 

enzyme removes the damaged base. Next, DNA AP endonuclease or a DNA AP lyase cleaves the 

phosphodiester bond at the 5’ end and creates an apurinic or apyrimidinic site (AP site). Then DNA 

polymerase fills the gap with a new nucleotide corresponding to the template. Lastly, ligase joins the 

DNA ends. There two main DNA glycosylases responsible for the repair of 8-oxo-G; MYH and OGG1. 

MYH is responsible for removing adenine when mispaired with 8-oxo-G [69]. 8-Oxoguanine DNA 

glycosylase 1 (OGG1) removes the 8-oxo-G mispaired with C in DNA [70].   

In animals, 8-oxo-G is removed from DNA [71-73] and then released to the blood and further to urine.  

However, it is also known that the nucleotide pool of cells is an important target for ROS as the dGTP 

in the pool is prone to oxidation resulting in formation of 8-oxo-dGTP [64]. Sanitization of the 

nucleotide pool by the MutT enzyme, MTH1 [74], may significantly contribute to the level of 8-oxo-

dG in blood serum and urine. In 1989, James Ames and his colleagues [75] reported the presence of 8-

oxo-dG in human, rat and mouse urine [75]. Since then, 8-oxo-dG has frequently been used as a marker 

of oxidative stress elicited by agents of both exogenous and endogenous origin [61, 76-79]. 

Lifestyle factors [80], as well as exposure to cigarette smoke [77] and air pollutants [78], may have 

profound effects on the levels of 8-oxo-dG in urine. Blood serum, saliva, urine or DNA levels of 8-oxo-

dG are frequently used as a marker for oxidative stress [75, 81, 82]. Increased levels of 8-oxo-dG in 

urine or DNA have been observed in patients with diabetes mellitus [83], inflammation [84] and cancer 

[21] as well as in radiotherapy [77, 78] and chemotherapy treated patients [77, 85]. We have studied 

the level of 8-oxo-dG as a marker for oxidative stress and investigated the anti-mutagenic roles of 

MTH1 and MYH in the papers included in the thesis. 

Telomere and senescence 

 
The telomere is a structure at the end of the chromosome that protects chromosome ends to be 

recognized as DNA damage by the DNA repair machinery. In humans, telomeres have repeated 

sequences (5’-TTAGGG-3’). It has a G-rich 3’ overhang with that forms telomere loop (T-loop) [86]. 

The T-loop is constructed of a sheltering protein complex. The sheltering complex has six proteins; 
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TTAGGG repeats binding factors 1 and 2 (TRF1, TRF2), protection of telomeres 1 protein (POT1), 

repressor/activator protein 1 (RAP1), TRF1-interacting nuclear factor 2 (TIN2), and TIN2-interacting 

protein 1 (TPP1) [86]. TRF1 and TRF2 bind to the double-strand telomeric repeat, and POT1 binds to 

the single-strand 3’-overhang. TRF1 and TRF2 bind to TIN2, TPP1 and POT1 invade into the double-

strand telomeric DNA to form T-loop [87]. The T-loop is the most important structure to keep all genetic 

information and to prevent one chromosome from being fused with another chromosome. TRF2 and 

RAP1 are involved in repressing the ATM kinase and telomere fusion by NHEJ [88]. When the somatic 

cell divides into daughter cells, the telomere becomes shorter, approximately 70 to 100 base pairs per 

year [89]. In the somatic cells, the telomere length cannot be restored, while germ cells or stem cells 

can maintain telomere length by telomerase. Once the telomere sequence becomes very short, the DNA 

damage signaling may be activated leading to the G1 cell cycle arrest and replicative senescence [90, 

91]. The short telomeres and the sheltering protein complexes that are unable to form a T-loop, will be 

recognized as DSB which leads to by activation of the DNA damage responses and probably production 

of H2AX phosphorylation (H2AX foci) in the telomere sequence. The levels of telomere-dysfunction-

induced foci (TIF) increase with increasing population doublings and decreasing telomere lengths [92].  

Senescence is observed in both in vitro and in vivo studies. It plays important roles in aging and age-

related diseases [93-96]. The proliferative capacity of cells is lost after a certain number of population 

doublings in a cell culture; this is called Hayflick limit and is associated with replicative senescence 

[97]. Even though senescent cells are unable to proliferate, they show a metabolic rate and are still 

functional and viable for a certain period.  

A senescent cell shows the characteristic features of enlarged, flat cell morphology with an increased 

cell volume and nuclear enlargement [98]. Senescent cells attach to the extracellular matrix, 

simultaneously losing cell-to-cell contacts. The increased amount of extracellular proteins [99] and 

phenotypical alterations [100] clearly distinguish senescent cells from quiescent cells.  

Short telomeres and increased expression of lysosomal beta-galactosidase (SA-β-gal; senescence-

associated β-galactosidase) are examples of characteristics of senescence [101]. Different stress-

inducing factors such as mitogens, lack of growth nutrients, oncogenes, ionizing radiation and other 

genotoxic agents [100, 102, 103] may accelerate the aging process called premature senescence. Some 

signaling pathways leading to premature senescence have been identified [104, 105]. The recognized 

signals for the activation of the senescence program by different stressors share key regulating proteins 

such as TP53 and/or hypophosphorylated retinoblastoma protein (Rb). Oncogenes, DNA damage and 

mitochondrial dysfunction activate senescence, possibly by increasing ROS production and resulting in 

oxidative stress and activation of the TP53 signaling pathway [105]. The levels of ROS were increased 

in aged mice as compared with the levels in young mice [106]. Elevated levels of oxidative stress may 

lead to activation of p38 MAPK and lead to increase of TP53 and up-regulation of p21, which is known 
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to inhibit cell cycle. Elevated levels of 8-oxo-dG in parallel with decreasing expression of DNA repair 

genes were also observed in senescent cells [107, 108]. Taken together, oxidative stress plays a key role 

in triggering the acceleration of the senescence. 

Adaptive response 

 
The adaptive response is defined as the ability of a low dose of ionizing radiation, adaptive dose, to 

induce enhanced resistance to cells or organisms subsequently exposed to a high lethal dose (challenge 

dose). [109, 110]. It was first discovered in E. coli exposed to alkylating agents that could activate DNA 

repair mechanisms and increase the tolerance of the cells [110]. Later, it was observed in human 

lymphocytes after exposure to low-dose of X-rays [111, 112]. 

It has been suggested that ROS induced by ionizing radiation at the mGy range are involved in radiation 

adaptive response [111, 113, 114]. The radioadaptive response is usually observed at doses below 500 

mGy [115, 116]. Low-dose -rays below approximately 50 mGy has no immediate severe effect on 

human cells [115]. The radioadaptive response has also described as a phenomenon that reduces 

chromosomal damage, gene mutation and cell killing effects of the following lethal dose [117]. For 

example, the exposure of mice to chronic irradiation at low doses (adaptive dose) from 0.1 to 0.5 Gy 

(0.01Gy/day), resulted in a lower level of chromosomal aberrations in bone marrow cells after 

irradiation with a high dose than that observed in animals that were not exposed to the adaptive dose 

[118]. 

It has also been shown that the dose rate of the adaptive dose plays an important role in adaptive 

response [119]. Moreover, as the effect of an adaptive dose is transient, the time after exposure where 

protective effects can be observed needs to be considered as a key factor for the adaptive response [120]. 

In many cell types, 4-6 h [121], or 3-6 h [122], is the time required for maximum effect after exposure. 

The mechanism behind the adaptive response is not clearly understood. However, there is growing 

evidence that adaptive response involves several signaling pathways, mostly related to DNA repair, 

stress response, cell cycle and apoptosis [123-126], and TP53 is considered a key player in this response 

[127]. Proteins involved in the antioxidant response, such as superoxide dismutase (SOD-1 or -2), 

glutathione peroxidase and catalase [109, 114, 128] and DNA repair enzymes such as DNA nucleases 

or glycosylases [109, 114] also plays an important function in adaptive response. 

Drosophila melanogaster biology 

 
Drosophila melanogaster is an insect model convenient for studies of genetics and developmental 

biology. The development of Drosophila has four different stages: embryos, larva, pupa and adult flies. 

The life-span of adults is about ten weeks at 25 C. The female reaches the peak of embryo production 

about four to 14 days after their emergence. During this period, the adult flies lay a hundred embryos 
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per day, and after two weeks, the number of produced embryos will drop to about 20 embryos per day. 

Embryos hatch within 24-30 hours at 25 C and 50% humidity. The first instar larva is very tiny and 

eats the food on the surface of the culture vials for about 24 hours, then it molts into the second instar 

larva and further into the third instar larva stage within 2-3 days before it molts into the pupa stage. At 

the wandering stage, the larvae will climb up to the clean and dry area above the food level, which is at 

the top part of the culture tube. At this point, the pupation height assay can be performed to monitor the 

behavior of embryos. During the pupal stage, taking 3-4 days, the larva is metamorphosing into the 

adult fly stage. The adult male will be sexually mature within a couple of hours and the female within 

about two days [129].  

Radiation sensitivity and fly embryonic development 

 
After embryo fertilization, intensive cell division occurs within the first 3 hours after egg laying (AEL). 

Cell migration, cell division and cell differentiation are ongoing during embryogenesis (in table 1 and 

figure 6). The early stage of development, which contains very fast dividing cells, is the most 

radiosensitive stage [130]. The early stage embryos are dividing rapidly without cytokinesis, and they 

show high radiosensitivity as compared to embryos exposed to radiation at a late stage of development. 

The rapid cell proliferation at an early stage of an embryo is very similar in all animals. When a sperm 

enters the oocyte, the second meiosis will be completed in a short time. In rodents, late morula is 

developed during 60h-70h and then becomes blastula in about 5-10 days after fertilization [131], while 

in Drosophila, it takes about 3-4 hours after fertilization to develop into a blastocyst [132]. The short 

period of embryonic development makes Drosophila a powerful tool to study embryo-toxicity. It also 

provides a model for gaining greater statistical power because the number of embryos that can be 

generated in a very short time is incredibly high.  

 

Fly embryogenesis 
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Figure 6 : Drosophila embryo axis can be distinguished by micropyle on the anterior dorsal site (A) 

will develop for the head, and the posterior (P) site will become abdomen. (D) dorsal or top view and 

(V) ventral bottom view and (L) lateral view 

Two hours after fertilization, the nuclei in the Drosophila embryo divide every 8-10 minutes without 

cytokinesis and create a single cell with multiple nuclei, called a syncytium [133]. During this time, 

embryo nuclei share the same cytoplasm. After the ninth nuclear division, there are about five nuclei 

that move to posterior part and from a pole called posterior pole, and other nuclei move to the periphery 

of the embryo to form syncytial blastoderm. The cells in the pole are susceptible to UV or ionizing 

radiation [134] and will develop into gametes in the adult. After 13-14 nuclear divisions, the cellular 

blastoderm is formed and the cell will divide at a slower rate and differentiate into a distinctive group 

of cells producing different organs. During this period, each cell division will take 75 to 175 min [135]. 

After that, gastrulation, segmentation and organogenesis are completed, and it takes more than 20 hours 

to become larvae. 

 

 

Table 1: Time needed for an embryo to enter different stages of development at 25ºC. Times and 

stagings are based on Jose A. Campos-Ortega [132].  
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Radiation effects on the fly embryo 

 
It is reported that exposure of pregnant mothers to radiotherapy due to cancer induces mental retardation 

in children. During the development of embryos, the exposure to radiation can be lethal or generate 

malformation or decreased growth. However, it also depends on the level of dose, dose rate and stage 

of embryo development when exposure was performed. Irradiated zebrafish embryos showed slower 

hatchability and abnormality phenotypes when increasing the dose up to 2 Gy [136].  

Mechanisms of Drosophila pigmentation 

 

The body color of Drosophila is a combination of dark black (ebony), brown (tan), light yellow (y) and 

colorless sclerotins [50] which are produced by biochemical pathways that process tyrosine into these 

pigments. Tyrosine is converted to DOPA (L-3,4- dihydroxyphenylalanine) by a tyrosine hydroxylase 

and the DOPA is converted into dopamine which then can be converted into four different pigments (in 

figure 7). Firstly, dopamine can be converted into dark pigment in a process involving the yellow protein 

and phenol oxidases (POs). Secondly, dopamine is converted into brown melanin by POs but without 

the yellow protein and thirdly, yellow-tan sclerotin converts dopamine into beta-alanyl dopamine and 

further by POs into the sclerotin. Lastly, dopamine acetyl-transferases convert dopamine into N-acetyl 

dopamine and PO polymerize it into colorless pigment. 

The pigmentation of A5 and A6 dorsal tergite in males is complex and involves several genes, including 

Hox genes; Abd-B, dsxM, or Bric-a`-brac (bab). The Abd-B and Doublesex (Dsx) directly regulate the 

activity of bab gene at cis-regulatory element (CRE) [137]. The bab is suppressed by Abd-B and dsxM 

in males and results in development of fully-pigmented tergites A5 and A6 in Drosophila males 

(infigure 7) [137]. In females, Abd-B and dsxF activate bab and results in suppression of A5, and A6 

pigmentation phenotype. Females have only a thin pigment stripe at the posterior edge of each segment. 

In the males, mechanism of the A2 – A4 pigmentation is similar to the female, but A5 and A6 have 

completely dark pigmentation due to inactive bab. Differences in abdominal pigmentation are assumed 

to be a response to environmental factors such as temperature, mate choice, humidity or UV radiation 

[138]. 
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Figure 7 : The abdominal segmentation of dorsal female (left) and male (right) Drosophila 

melanogaster. Males have more melanization in tergites A5 orA6 as compared to A5 orA6 of females. 

 

 

Figure 8 : Biochemical pathways involved in the pigment production in Drosophila [139]. The genes 

in the color red are part of the pigmentation biosynthesis, and genes in color blue are part of the 

regulation of body pigmentation. 

Methodology 

 
The materials and methods used in the PhD project are described in detail in the publications and 

manuscripts. Below is the summary of the materials and methods.  

Description of the cells 

 
TK6 is a human B lymphoblastoid cell line and it is heterozygous at the thymidine kinase locus. TK6 

cells are suitable for studies of gene mutation by determination of mutant colonies resistant to 

trifluorothymidine. The cell line is non-adherent and grows as a suspension culture. The cells grow in 

RPMI-1640 medium with 10% calf bovine serum and 1% penicillin-streptomycin in a cell culture 

incubator at 37 °C with 5% CO2.  

Human breast epithelial MCF-10A cells are adherent cells and cultured in DMEM/F12 Ham medium 

supplemented with 5% horse serum, 1% penicillin-streptomycin, 10 µg/ml insulin, and 20 ng/ml 

epidermal growth factor (EGF)  [140]. The cells were kept in a cell culture incubator at 37 ⁰C with 5% 

CO2. The MCF-10A cell is also suitable for use in the mutation experiments in the hypoxanthine 

phosphoribosyltransferase (HPRT) gene. The HPRT gene is located in the X chromosome of the 

mammalian cell. The methodology is similar to the thymidine kinase (TK) mutation assay protocol but 

the substance for selection of the mutated cells in the HPRT gene is 6-thioguanine. 



 

15 
 

Primary human fibroblasts (VH10 cells) adherent cells are cultured in Dulbecco’s modified minimum 

essential medium supplemented with 10% bovine growth serum and 1% penicillin-streptomycin. The 

cells were kept in the cell culture incubator at 37 °C with 5% CO2.  

MTH1 and MYH knockdowns 

 
The MTH1 and MYH proteins were selected for knockdown. The knockdown cells were established 

using short-hairpin RNA (shRNA) specific for MHT1 and MYH. The shRNAs were purchased from 

Sigma-Aldrich (Germany) (MTH1 ID: TRCN0000050129 and MYH ID: TRCN000006603). After 

transfection, the cells were seeded in agarose for colony formation. Then, up to 15 single transfected 

colonies were selected, cultured in separate cell culture flasks to expand the number of cells.   

Expression of knockdown proteins was checked by western blot in several single transfected clones. 

The clone which showed the lowest protein expression and most viability was chosen for the study.  

The single knockdown cells were called MTH1-KD and MYH-KD, and the double MTH1/MYH 

knockdowns cell was called D-KD. The non-transfected control cells were called WT. 

Radiation exposures 

 
All transfected and wild-type TK6 cells were irradiated with 0.5 and 1 Gy chronically at 1.4, 5, 15 or 

30 mGy/h in a cell culture incubator equipped with a 137Cs source (Stockholm University). The dose 

rate for acute exposure was 24 Gy/h and the cells were irradiated at room temperature. MCF-10A cells 

were exposed to 50 mGy as an adaptive dose at 1.4 or 4.1 mGy/h and also acutely. After 2 hours of 

incubation, the cells were exposed to 0.1, 1, 3 or 5 Gy at 0.4 Gy/min as challenging doses and the 

clonogenic survival of the cells was established. 

The VH10 cells were irradiated chronically at 12 mGy/h. The experiments were performed on young, 

passage 8, and middle-aged, passage 13, cells. The cells were irradiated for eight weeks chronically in 

a cell culture incubator placed on the top of a movable cesium source shielded with lead. The control 

cells were cultured in an incubator without a radiation source.  

Mutation frequency assay 

 
The level of mutations was determined in the MTH1-KD, MYH-KD, D-KD and WT TK6 cells as well 

as in the MCF-10A cells. After exposure to radiation, the TK6 and the MCF-10A cells were allowed to 

divide almost ten times to express the TK or HPRT mutated proteins necessary for mutated cells to 

survive the toxic effects of the substances used for selection of the mutated cells. After that, the mutated 

MCF-10A cells were selected by using 6-thioguanine and the mutated TK6 by using TFT. 6-

Thioguanine, a thio analog of guanine, and TFT, an analog of thymine, are toxic to the normal cells, 

but cells with mutation/s in the hprt locus or tk locus will survive. Three million MCF-10A cells per 
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treatment were cultured with 6-thioguanine and 1 to 1.5 million TK6 cells per treatment were cultured 

with TFT for about two weeks to form colonies. The surviving MCF-10A colonies were stained with 

methylene blue and counted manually. The TK6 cells colonies were counted without staining. 

Mutant frequency (MF) was calculated according to the formula: (MF = (M/N)/CE) where M is the 

number of mutant colonies, N is the total number of cells in the selection medium, and CE is the 

clonogenic efficiency without TFT or 6-thioguanine.  

Clonogenic survival assay 

 
The TK6 cells were seeded in 0.4% low melting agarose and mixed with 2x concentrated complete 

RPMI medium. Fifty to 800 cells were seeded in 3 ml medium with agarose per well in a 6-well plate 

and then incubated at 4 °C for 10 min to solidify the agarose. After that, the cells were allowed to grow 

and form colonies in the cell culture incubator for 10 days. The colonies were counted without staining. 

For clonogenic survival of MCF1-10A cells, the cells were seeded at 20-100 cells per well of a 6- well 

plate with 3 ml complete medium and incubated for 11 days for colony formation. 

Western blot 

 
The level of MTH1 or MYH expression was investigated by western blot analysis. The cells were lysed 

with complete Laemmli buffer.  The lysates were loaded into 4-12% Bis-Tris NuPAGE gel (Invitrogen) 

and the proteins were separated by electrophoresis, 100V for 1 hour. The proteins were transferred from 

the gels into a PVDF membrane overnight at 30V at 4 °C. The membranes were washed with Tris-

buffered saline containing 0.01% Tween-20 (TBST).  Following the washing step, the membranes were 

incubated with MTH1 or MYH antibody overnight, followed by washing and incubation with secondary 

antibodies specific to primary antibodies. The signal from secondary antibodies was developed by using 

ECL plus (Millipore) and visualized by using a Fuji CCD camera. 

Determination of extracellular 8-oxo-dG in the cell culture media 

 
The 8-oxo-dG in the cell culture media was determined as a measure of oxidative stress using a modified 

ELISA method. Briefly, 1 ml medium was filtered through a solid-phase-extraction column, followed 

by a washing step and elution of 8-oxo-dG, as described previously [141]. The eluate containing 8-oxo-

dG was concentrated by lyophilization and then dissolved in PBS. The filtration step was repeated to 

remove compounds that cross react with the 8-oxo-dG antibody used in the ELISA. The purified 

samples were mixed with the 8-oxo-dG antibody and then loaded into 3 wells of a 96-well plate coated 

with 8-oxo-dG. After overnight incubation at 4 ⁰C, the plate was washed three times with washing 

solution. HRP-conjugated secondary antibody (goat anti-mouse IgG-HRP, Scandinavian Diagnostic 

Services, Sweden) was added to each well and incubated for 2 hours at room temperature. Then, 140 μl 
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of tetramethylbenzidine liquid substrate (ICN Biomedicals Inc, USA) was added to each well, and the 

wells were incubated for 15 min at room temperature; the reaction was terminated by adding 70 μl of 2 

M H
3
PO

4 
(Merck Millipore, Darmstadt, Germany). The absorbance was read at 450 nm using an 

automatic ELISA plate reader. For expressing the level of 8-oxo-dG as ng/million cells, the determined 

8-oxo-dG levels (ng/ml) were multiplied with the volume of the medium in the cell culture flask, divided 

by the total number of cells obtained and then normalized to 1 million cells. 

DNA repair kinetics 

 

For establishing the DNA repair kinetics of VH10 cells, γH2AX foci assay was applied. The cells were 

grown on coverslips and then irradiated acutely to 1 Gy at 0.75 Gy/min (GammaCell® 40 irradiator, 

Stockholm University) and were kept in the cell culture incubator for 45 min, 24 hours and 48 hours 

post-irradiation to establish the DNA repair kinetics. The cells were fixed using 3% paraformaldehyde 

for 10 min at room temperature followed by permeabilization with 0.2% Triton X-100 for 2.5 min at 

room temperature. The cells were incubated with the primary antibody anti-phospho-H2AX (Millipore, 

Billerica, USA) followed by a washing step and then incubation with goat anti-mouse IgG, FITC-

conjugated (Sigma-Aldrich, Darmstadt, Germany) secondary antibody. Following secondary antibody 

incubation, the nucleus of the cells was stained with DAPI (Sigma-Aldrich, Darmstadt, Germany). The 

coverslips were mounted on the slides using Vectashield® Antifade Mounting Medium (Vector 

Laboratories, Peterborough, UK) and sealed with nail polish. The nuclei were randomly imaged using 

Nikon Eclipse E800 fluorescence microscope at 100X magnification. The number of foci per nucleus 

was analyzed using Image-J. 

Co-staining of γH2AX and telomeres  

 

The γH2AX foci were visualized as described above. After that, the cells were dehydrated by incubation 

of the cells in 70%, 90% and finally 99% ethanol/water solutions. Then, the cells were allowed (on the 

coverslip) to dry for 20 min. Two hundred nM PNA telomere FISH probe in hybridization solution 

(Alexa 647-OO-ccctaaccctaaccctaa, Panagene, South Korea) was pre-heated at 90 C and dropped on 

the coverslips. The cells were kept at 85 C for 10 min and then incubated overnight at 37 C in a dark 

and humidified chamber for the hybridization. After hybridization, the cells were washed two times 

with buffer A (70% formamide, 10 mM Tris-HCL pH 7.5) followed by washing with buffer B (50 mM 

Tris-HCL pH 7.5, 150 mM NaCl, 0.8% Tween-20) three times, 10 min each time. DAPI was used to 

visualize the nuclei. The coverslips were mounted with Vectashield and sealed with nail polish. 

The imaging was performed using a Zeiss LSM 800 microscope equipped with an AiryScan detector 

and a laser for AlexaFluor-647. The signals of AlexaFluor-647 from the labeled telomeres were 

captured and five images (z-stacks, confocal) were taken in unidirectional frame scanning mode. The 

signals were analyzed by the Fiji-ImageJ JACoP and Colocalization Finder plugins. 
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Senescence associated-β-galactosidase staining 

  
VH10 cells were cultured in 6-well plates at 20000 cells per well, and then the cells were fixed, washed 

and stained with SA-β-gal staining solution assay overnight without CO2. The cells were washed first 

with PBS and then with distilled water before being scored with a light microscope. Almost 500 cells 

were scored, and the number of SA-β-gal positive cells (blue-green cytoplasm) as a percentage of the 

total number of cells was determined. 

DNA extraction and qPCR for telomere length analysis 

 
Genomic DNA was extracted from cells at different passages. The relative telomere length was 

determined based on a previously described method [142]. Briefly, 40 ng DNA was mixed with 2 µl of 

5x HOT FIREPol® Evagreen, qPCR Supermix (Solid Biodyne, Estonia), 800 nM telomere primers or 

400 nM 36B4 primer for single gene control. The primer sequences are shown in the manuscript 1. The 

thermal cycler was set as described by Cawthon, and relative telomere to a single control gene  (T/S) 

ratio was calculated based on the 2-∆∆Ct method [142]. The standard curve for each primer was 

established in the same PCR plate as used for cell samples. The Ct values were calculated by Light 

Cycler® 480 SW version 1.5.1 software. 

Cultivation of Drosophila flies 

 
Wild-type w1118 flies were maintained in the fly culture room at 25 ̊ C, a relative humidity of about 65%, 

and a 12 hour light/12 hour dark cycle at Stockholm University. Prior to start of the experiments, the 

wild-type flies from stock culture were selected and crossed repeatedly for over three months. The one 

week old adults (200-300 flies) kept in particular bottles for collecting their embryos. The embryo 

collection bottles were replaced with new ones every day. Early stage embryos were collected from 0 

up to 30 minutes after egg laying (AEL).  

Radiation exposure of Drosophila embryos 

 
Drosophila embryos were exposed to different doses in the range of 1 up to 40 Gy at 495 Gy/hour 

(Gammacell-1000, Stockholm University). The embryos were also chronically irradiated at 50 or 97 

mGy/h using a radiation facility at Stockholm University equipped with a low active 137Cs source at 25 

°C for long term chronic exposure animal experiments.  

Determination of embryos, larvae, pupae and adult flies survival 

 
The stage of embryo development depends on time after egg-laying. Stages 1 to 6 are considered as 

early developmental stages and stage 16 as late developmental stage (table 1). We have irradiated 

embryos at different stages with doses of 1, 3, 5, 7, 10, 20 and 40 Gy at 495 Gy/h and used non-irradiated 
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embryos as controls. The embryos which hatched within 48 hours were considered as surviving 

embryos. Otherwise they were considered as dead embryos. 

Larval crawling assay 

 
The second instar larvae (70 h AEL) were subjected to the larval crawling assay. Ten larvae were placed 

on an agarose layer with a grid of millimeter square underneath. A camera was used to record larvae 

movement for 1 minute.  

Larval pupation height assay 

 
Early stage embryos were irradiated with 3 Gy at different dose rates (50 mGy/h, 97 mGy/h, 23.4 Gy/h 

47.1 Gy/h or 495 Gy/h). The height distribution from the surface of the food where the pupations were 

taking place was established as follows: A) the number of pupae inside the food, B) the number of 

pupae from food surface up to 2 cm or C) the number of pupae moved more than 2 cm above the food. 

The pupation in each zone was calculated as the percentage of the total population of embryos. 

Chronic irradiation of Drosophila embryos 

 
First stage embryos 30 min AEL (F1) were continuously irradiated at 50 and 97 mGy/h. The Drosophila 

flies that were developed from embryos irradiated for 20 hours (from 30 min AEL to late-stage embryo), 

190 hours (from 30 min AEL to late-stage larva), and 360 hours (from 30 min AEL to late-stage pupa) 

were scored for abnormal phenotypes. All the abnormal phenotypes in the head, thorax and abdomen 

of the F1 were scored. The F1 adult flies were kept continuously irradiated during their entire life and 

the embryos were collected for F2 offspring. On the day of collection of the F2 embryos, the F1 flies 

were transferred to a new vial with fresh food and kept in the radiation chamber overnight. The 

following day, the F2 vial with embryos was moved to the control incubator without radiation to allow 

the F2 to generate offspring. The abnormal phenotypes were also recorded and the summary of the 

results are presented as F2 generation in table 2 of manuscript II  
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Paper I 

 
Title: “MTH1, an 8-oxo-2'-deoxyguanosine triphosphatase and MYH, a DNA glycosylase, 

cooperate to inhibit mutations induced by chronic exposure to oxidative stress of ionizing 

radiation.” 

This study aimed to investigate the effects of dose rates on the induction of oxidative stress and 

mutations. Previously, we reported that in addition to the immediate effects of ionizing radiation (direct 

and indirect effects), low dose (LD) and low dose rate (LDR) irradiation also increase endogenous 

oxidative stress, probably through induction of mitochondrial dysfunction and release of ROS, which 

may lead to cellular damages.  

Modifications of DNA bases in the DNA molecules or nucleotide pools (dNTPs) may lead to mutations. 

One of the frequently studied oxidized dNTP in the nucleotide pool is 8-oxo-dGTP, which can be 

misincorporated into DNA during replication and lead to mutation. MTH1 is an enzyme that hydrolyzes 

8-oxo-dGTP in order to inhibit its incorporation into the DNA. We found that the down-regulation of 

MTH1 in TK6 cells did not increase neither sensitivity nor mutation levels of the cells after γ-irradiation 

[143]. These results suggested that there could be a parallel mechanism that together with MTH1 

inhibits ROS-induced mutations. Another enzyme known to be involved in the repair of 8-oxo-dG in 

the DNA is MYH (MUTY). Once 8-oxo-dG has been mismatched with an adenine in DNA, MYH, 

which is a DNA glycosylase, removes adenine, and then the gap might be filled with cytosine. OGG1 

then will repair 8-oxo-dG paired with cytosine. To understand the effects of the dose rate on oxidative 

stress and mutation levels, we knocked down both MTH1 and MYH in TK6 cells and then exposed 

them to 0.5 or 1 Gy cumulative dose at different LDRs and a high dose rate (HDR).  

TK6 cells are suitable for use in the forward mutation frequency assay. It is heterozygous at the 

thymidine kinase locus. Furthermore, MYH single or MTH1/MYH double knockdown TK6 cell lines 

were established using the short-hairpin RNA transfection method described previously. The level of 

MYH expression in the single knockdown (MYH-KD) was decreased to 5% of the levels of non-

transfected cells. In the double knockdown cells, the level of MTH1 and MYH (D-KD) were decreased 

to 14% and 25%, respectively. Non-transfected TK6 cells were used as the wild-type (WT) control. 

To investigate dose and dose-rate effects of γ-radiation, we irradiated all three cell lines to 0.5 or 1.0 

Gy at different LDR (1.4, 5, 15, 30 mGy/h) as well as HDR (24 Gy/h). The experiments were done to 

understand the impact of the two proteins on the levels of survival and mutation induction in response 

to ionizing radiation by establishing clonogenic survival and mutant frequency. The oxidative stress 

levels were determined using extracellular 8-oxo-dG in the cell medium.  



 

21 
 

The results from the clonogenic survival assay, where acute HDR exposure was used, showed similar 

radiosensitivity for all transfected and non-transfected TK6 cells indicating that MTH1 and MYH have 

no significant effects on the radiation cytotoxicity (survival). The results from the assay showed that 

the LD50 for WT and MYH-KD is 0.60 Gy, and LD50 for D-KD is 0.50 Gy, but these values are not 

significantly different. However, increasing LDR resulted in slowing down of the growth rates and a 

total cell cycle inhibition at 30 mGy/h.  

Furthermore, the survival of D-KD cells was significantly decreased at 15 mGy/h when compared to 

the other two cell lines. The single MYH knockdown showed a similar growth rate and clonogenic 

survival as the WT cells. Our previously reported results on MTH1-KD cells [143] also showed similar 

results as the MYH-KD cells at the level of cell survival and mutant frequency. These results indicate 

that cells with a single knockdown of MTH1 or MYH can tolerate radiation cytotoxicity effects as well 

as the control cells without knockdown. On the other hand, D-KD showed decreasing growth rate or 

more sensitivity to the LDR radiation. 

Exposure of cells to LDR was found to significantly increase the levels of oxidative stress in the cells 

[144]. Once both MYH and MTH1 proteins (D-KD) were down-regulated, the mutant frequency was 

elevated 2-folds as compared with WT or MYH-KD exposed at 5 mGy/h, 15 mGy/h and 30 mGy/h. 

Since LDR is a potent inducer of ROS, when both proteins are downregulated, the levels of 8-oxo-

dGTP in the nucleotide pool due to low MTH1 and 8-oxo-Gua in DNA due to low MYH could be 

significantly elevated in the D-KD cells compared to the wildtype cells. This leads to an elevated 

mutation level but does not significantly change the survival of the cells in response to irradiation. These 

data suggested that MTH1 and MYH could compensate for each other's activity to control the level of 

mutations induced by oxidative stress. 

Main finding in paper I 

• A threshold dose-rate effect for mutation induction in the D-KD cells was found.  

• A significantly higher oxidative stress was induced by LDR but not by HDR 

• MTH1 and MYH alone play minor roles, if any, in the cytotoxicity of radiation  
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Paper II 

 
Title: “Studies of adaptive response and mutation induction in MCF-10A cells following 

exposure to chronic or acute ionizing radiation.” 

The biological effects of doses below 100 mGy and low dose rates (LDR) less than 6 mGy/h are 

uncertain. However, it is important to understand the effects, particularly the long-term effects. It has 

been suggested that low doses can induce adaptive response. In paper II, we aimed to understand the 

dose rate effects on the induction of adaptive response. To address the aim, the human breast cell line 

MCF-10A was exposed to 50 mGy of gamma radiation administered by HDR at 24 Gy/h or LDRs at 

1.4 or 4.1 mGy/h. This prime dose, 50 mGy, is called adaptive dose, and it is proposed to activate 

biological pathways that could protect cells from toxic effects of exposure to a subsequent lethal dose. 

The cells were incubated in a cell culture incubator for two hours, thereafter the cells were exposed to 

HDR as challenging dose to see the effects of 50 mGy adaptive response at the level of mutations or 

survival, respectively.  

The results from clonogenic survival assay indicated no protective effect of 50 mGy adaptive dose prior 

to the lethal doses in the MCF-10A cells. The adaptive response was expected to increase the survival 

of the MCF-10A cells after the challenging doses. However, we found that the adaptive dose could 

significantly reduce the level of the mutation when cells were irradiated with 50 mGy, particularly at 

1.4 mGy/h, and then challenged by 1 Gy acutely when compared to the cells exposed to only 1 Gy.  

Low dose and LDR were previously shown to increase the endogenous production of free radicals [144]. 

SOD2, an enzyme that is localized in the mitochondria, is one of the proteins involved in radiation-

induced adaptive response and mitochondria may also be involved in the adaptive response [145]. Free 

radicals at certain levels are known to induce DNA base damage and single-strand breaks that can 

activate or increase expression of proteins involved in the DNA repair machinery. Previously, it was 

shown that chronic irradiation of mice could activate DNA repair pathways and contribute to adaptive 

responses [146]. The adaptive response may protect cells from mutation induction by 40-75%, 

particularly from deletion types of mutations [147].  

Main findings in paper II: 

• The adapting dose 50 mGy at 1.4 mGy/h combined with the challenging dose 1 Gy acute, reduced 

the level of HPRT mutations in the MCF-10A cells. 

• There was no adaptive response at the level of cell survival. 
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Manuscript I 

 
Title: “Oxidative stress levels and DNA repair kinetics in senescent primary human fibroblasts 

exposed to ionizing radiation.” 

The main aims of the study were to elucidate the differences in DNA repair kinetics in young, middle-

aged and senescent cells as well as in premature senescent cells and to characterize the levels of DNA 

damages localized in the telomeres of the cells at different ages. The effects of chronic low dose 

radiation, 12 mGy/h, on the population doublings of young and middle-aged primary human fibroblasts, 

VH10 cells, were established by culturing them in a constant field of radiation. The total number of 

population doublings (PD) of the young P8 as well as middle-aged P13 cells during 8 weeks of exposure 

were significantly lower than the total PD of non-irradiated corresponding cells. The decreasing effect 

of IR on PD of middle-aged cells was 10% greater than on the PD of young cells, indicating an enhanced 

radiation effect of LDR on the PD of P13 cells. It has been reported that exposure of cells to low doses 

and LDR of ionizing radiation significantly increases the levels of oxidative stress as compared with 

high dose and HDR [144, 148]. Comparison between the 8-oxo-dG increments during each culture 

week indicates that irradiated P8 cells produce a significantly lower amount of 8-oxo-dG as compared 

with P13 cells during the eight weeks studied (P=0.035). These results (PD and 8-oxo-dG) indicate that 

the chronic low dose radiation induces elevated oxidative stress that can accelerate the development of 

senescence, premature senescence. To confirm this, we investigated the percentage of SA-β-gal positive 

cells and the level of telomere shortening, which are hallmarks of senescence, in young (P8), middle-

aged (P13), premature senescent (P19-ST and P19-IR) and replicative senescent (P23) cells. Of note, 

P13 cells irradiated for 6 weeks were selected as premature senescent cells (PS). The PS cells were then 

divided into 2 flasks: 1- transferred to a cell culture incubator without irradiation for 2 weeks (P19-ST) 

and 2- continued irradiation for an additional 2 weeks (P19-IR). A parallel non-irradiated cell culture 

was used as a control for middle-aged cells (P19-C).   

The results indicate that the percentage of SA-β-gal positive cells was significantly increasing by the 

age of cells, but no significant increase was observed in the P19-ST and P19-IR cells. We also observed 

that the telomere lengths of P19-ST and P19-IR were significantly shorter than of P19-C (non-irradiated 

control).  

We also compared DNA repair kinetics of the VH10 cells at different passages by using the γH2AX. 

Different passages of VH10 cells (P8, P19-C, P19-ST, P19-IR and P23) were irradiated acutely with 1 

Gy (0.75 Gy/min) and the levels of γH2AX were established at 3 different time points after irradiation. 

The replicative senescent P23 cells showed higher background of γH2AX foci in the non-irradiated 

control compared to the P8 control [149]. The young cells completely repaired DSBs, as measured by 

γH2AX foci 24 hours post 1 Gy, while senescent P23 cells were unable to repair double-strand breaks 
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DNA completely. The premature senescent cells (P19-ST and P19-IR) showed similar DNA repair 

kinetics as their control P19-C cells. We also investigated the levels of γH2AX that were localized in 

the telomeres.  The results indicate that the numbers of γH2AX in the telomeres 48 hours after 1 Gy 

were increasing with increasing age of the cells. 

Main findings in manuscript I: 

• Young P8 cells divide (PD) significantly more than middle-aged P13 cells during 8 weeks at 12 

mGy/h 

• Exposure of cells to 12 mGy/h during eight weeks significantly increased production of 8-oxo-dG in 

middle-aged cells compared to irradiated P8 cells 

• LDR radiation induces premature senescence after eight weeks of irradiation of P13 cells  

• Young cells have faster DNA repair kinetics than middle-aged, premature senescent and replicative 

senescent cells  

• The number of DNA damages 48 hours after 1 Gy, located in the telomeres, is significantly lower in 

the young cells as compared with premature senescent and replicative senescent cells.  
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Manuscript II 

 
Title: “Long term effects of dose and dose rates of gamma radiation on Drosophila embryos.” 

Ionizing radiation is known to cause mutations and cancer or non-cancerous diseases. The irradiation 

of cells or organisms can induce DNA damage and lead to mutations. In the current study, embryos of 

Drosophila melanogaster w1118 were irradiated and used as a model. The main aim of the study was to 

investigate the mechanisms of early and late effects (over several generations) of ionizing radiation 

delivered at different doses and dose rates on Drosophila embryo development.  

To address the aim, embryos at different developmental stages were exposed to 1 Gy up to 40 Gy at 

high dose rate (HDR) of gamma radiation, and the radiosensitivity of the embryos at the different 

developmental stages was established. The results show that the early stage embryo at 30 min after egg 

laying (AEL) is more sensitive to radiation than the late-stage embryo (16 hours AEL). This is because 

embryos at the very early stage contain highly proliferative cells, while the embryo at late stage contains 

slowly proliferative cells. The highly proliferative cells are supposed to be more radiosensitive than the 

slowly proliferative cells.  

Additionally, the results showed that HDR reduces embryo survival to 76% and 63% at 23.4 Gy/h and 

495 Gy/h, respectively. However, there were no dose rate effects at the level of embryo survival 

comparing 50 mGy/hour and 97 mGy/hour. The results show a significant effect when comparing LDR 

with HDR, which could be due to a prolonged exposure time to achieve 1 Gy at LDR while 

embryogenesis was ongoing, which leads to exposure of each stage of the embryo to low doses. Because 

the exposure time is very short at HDR, the total dose is delivered at a particular stage, AEL 30 min. 

This means that the embryos, which were irradiated by LDR, received a lower total dose to 

radiosensitive stages of the embryonic development (stages 1-5). This can explain the decreased 

radiosensitivity of embryos exposed to 50 mGy/hour and 97 mGy/hour. 

Different analyses were performed to investigate the early and late effects of ionizing radiation, for 

example embryos hatchability, pupal height index and adult survival. Irradiation of early stage embryos 

by HDR led to decrease of embryo hatchability and lower pupation height index, while exposure to 

LDR stimulated embryo hatchability and pupation height. Lower pupation height for HDR could be 

due to the lower numbers of larvae that survive because of toxic effects of HDR as compared to LDR. 

  

We also found an abnormal phenotype of male flies in the irradiated groups that had a depigmented A5 

segment (A5pig-). The A5pig- males flies were crossed repeatedly with their virgin siblings for several 

generations, and the frequencies of abnormal phenotypes were established for each generation until 

F12. Animals with A5pig- phenotype which were developed from irradiated F0 embryos were observed 
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more frequently in the F6 to F12 generations. The phenotype A5pig- that was transmitted through 

generations, probably controlled by both genetic and epigenetic mechanisms. 

 

Main findings in manuscript II: 

• Early stages are the most radiosensitive stages of embryogenesis   

• There was a clear dose rate effect on embryo survival when comparing HDR with LDR  

• HDR clearly reduces the pupation height while LDR stimulates it 

• The abnormal phenotype A5pig- can be transmitted up to 12 generations 

• The development of A5pig- may involve genetic as well as epigenetic mechanisms   
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General discussion 

 
An important question in radiation protection research is the impact of dose rate on the risk of cancer 

and other diseases. The dose rate, particularly low dose rate of IR is an important and interesting factor 

to be studied, as the health effects might be different when a dose is administered at low or high dose 

rate. Another important question is the contribution of the genetic background to the IR induced health 

effects. In my thesis, I have been studying the effects of dose and dose rate in different in vitro cell 

models as well as Drosophila as model organisms. The main endpoints of the studies include survival, 

mutation levels, senescence and transgenerational effects. By using gene knockdown (shRNA), we 

established cell lines with low capacity to cope with oxidative stress. The genes for knockdown were 

carefully selected based on our previous proteomics and gene sequencing studies where we showed that 

radiosensitive breast cancer and head and neck cancer patients had a lower capacity to handle oxidative 

stress [78, 150-152]. Another reason for carrying out the irradiation experiments with knockdown cell 

lines differing in ability to handle oxidative stress was that we have previously shown that doses of 

gamma radiation in the mGy range are a potent inducer of oxidative stress [153, 154]. Later on, we also 

showed that long-term exposure of the cells to low dose rate induces elevated levels of oxidative stress 

that can be monitored by measuring 8-oxo-dG in the cell culture medium [153, 154]. Thus, it was 

interesting to test how far oxidative stress induced by LDR is responsible for the mutagenic effect, 

adaptive effect, senescence and transgenerational effects of gamma radiation doses administered at 

different dose rates.  

In the first paper on MYH and MTH1 knockdown cells, we found that 1 Gy administered at LDR 

increases the levels of 8-oxo-dG in the medium significantly more than HDR. It is well-known that at 

a certain dose, exposure to HDR is more cytotoxic than exposure to LDR. Probably, the HDR-irradiated 

TK6 cells would die (LD50= 0.5 Gy) instead of responding with increased oxidative stress. However, 

exposure to LDR (1.4 to 5 mGy/h) seems to be non-cytotoxic and cells respond to the oxidative stress 

of LDR more physiologically, for example by prolonged releases of ROS. Considering mutation levels 

in knockdown cells, it was observed that D-KD can inhibit LDR-induced mutations until a certain dose 

rate (5 mGy/h) indicating activation of other protection mechanisms during LDR exposure or the 

remaining protein levels after knockdown are still sufficient to inhibit mutations of LDR below 5 

mGy/h. 

In the second publication, we studied the protective effects of an adaptive dose of 50 mGy administered 

at different dose rates in cells exposed to different challenging doses. Previous studies have shown that 

low doses at LDR IR can induce radioprotective responses [155]. Radioadaptive response is induced by 

single low-dose exposure leading to activation of antioxidant systems, expression of DNA repair 

proteins or inflammatory molecules such as NF-kB [155]. We found no protection effect of 50 mGy at 

any dose rate on survival while a radioprotective effect of 50 mGy at LDR compared to HDR was 
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observed at the level of mutation induction. Probably, 50 mGy at LDR is a potent inducer of ROS [144] 

which then can lead to activation of several protection mechanisms that may partly inhibit mutations 

induced by high lethal doses..    

In manuscript I, we wanted to investigate if LDR exposure can induce premature senescence and if the 

premature senescent cells have similar characteristics as replicative senescent cells. In the different 

passages of primary human fibroblasts covering young, middle-aged, premature senescent and 

replicative senescent cells, DNA repair kinetics numbers of gamma H2AX in the telomeres and the 

levels of oxidative stress were quantified. We found that LDR exposure induced premature senescence 

and that the characteristics of premature senescent cells and replicative senescent cells partly 

overlapped. We also found that; the young cells repaired DSB in terms of γH2AX induced by 1 Gy 

(HDR) significantly faster than the senescent cells; the LDR-exposed young cells produced less 

oxidative damage (8-oxo-dG) as compared to middle-aged cells; and LDR had lesser effects on the 

population doublings of the young cells as compared to middle-aged cells. The results also indicated 

that the numbers of γH2AX located in the telomeres were increasing by the age of the cells. The levels 

in the premature senescent cells were similar to the corresponding control.   

In manuscript 2, we used Drosophila as a model organism. Drosophila embryos at very early stage 

were collected and irradiated with different doses at different dose rates. Drosophila is a suitable model 

for observing the hereditary effects of a certain exposure. Due to the short lifespan, Drosophila offspring 

can be followed up to several generations by scoring the numbers of abnormal phenotypes in the 

offspring of exposed parents. 

We found a profound effect of doses delivered at HDR, but not LDR, at the level of embryo survival. 

When the dose rates of HDR were increasing, the percentages of embryo survival were decreasing, a 

clear embryo-toxicity effect of HDR, while, we observed that LDR speeds up the embryogenesis 

probably through production of ROS, which may stimulate differentiation processes and 

embryogenesis. 

Several abnormal phenotypes were observed in the first and second generations. Except for one 

phenotype (A5pig-) all other phenotypes disappeared after crossing the males A5pig- with virgin 

females. The A5pig- phenotype could be observed in both LDR and HDR irradiated groups and could 

be transmitted through generations. In two independent experiments, we have established the frequency 

of A5pig- up to 12 generations. The genetic mechanisms underlying the development of the A5pig- 

phenotype are unknown and may involve mutation/s in more than 1 gene controlling the pigmentation 

of A5 in the males and/or through epigenetic events.   

The overall results indicate that although the cytotoxic effect of HDR is obvious considering cell killing, 

our data from publications I and II show no dose rate effect at the level of mutations. Probably, this 

could be explained by the elevated numbers of surviving and cycling cells that have been hit by 
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radiation. A constant production of DNA damage from LDR generated ROS in the cycling cell may 

give rise to more point mutations as compared to HDR. This oxidative stress generated by exposure of 

the cells to LDR could also induce premature senescence, as observed in our manuscript II, and slow 

down proliferation rate and shorten the telomere length. The Drosophila model also confirmed the 

importance of HDR and LDR on Drosophila embryos survival, and the transmission of mutant 

phenotypes, where HDR showed more deleterious effects than LDR. 

Future perspective 

 
We have shown that MYH/MTH1 double knockdown cells tolerate the mutagenic effects of different 

LDR until a certain dose rate indicating a dose rate threshold. The single MTH1 or MYH showed no 

such a threshold.  It will be interesting to continue these experiments and explore the role of other 

related proteins such as APE1, NRF2 or OGG1 in response to LDR. One way is to establish triple 

knockdown cells and expose them to LDR to determine mutation levels. 

The results from publication II indicate induction of a protective effect of 50 mGy at LDR against 

mutation induction by 1 Gy acute exposure. The results have to be validated and the effects of different 

LDR ranging from µGy/h up to mGy/h in different cells should be determined.   

An interesting question in our research regarding senescence studies is the involvement of ATR 

signaling by H2AX located in the telomeres. This can be studied by extracting the proteins from the 

young and senescent cells and examining ATR as well as ATM activation levels in the protein extracts. 

The size of the H2AX located in the telomeres are too small to be induced by DSB.  

To explore the mechanism underlying the A5pig- phenotype Drosophila is challenging. Pigmentation 

of the Drosophila body is very complex and controlled by sets of genes, among which 6 genes are 

known as transcription factors. It will be extremely interesting to knockdown or knockout these genes 

one by one or in different combinations and check their effects on induction of the A5pig- phenotype.   
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