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Abstract 

 
 The aim of the study was to investigate if PRIMA-1, a drug that reactivate the 

tumour suppressor gene p53, will have a synergistic effect when used in combination 

with γ-irradiation in a human small cell lung cancer cell line (U-1690), which show a 

low-dose hypersensitivity in clonogenic survival experiments. Clonogenic cell survival 

after incubation with PRIMA-1 alone in concentrations from 0.1 to 30 µM or in 

combination with γ-irradiation with a 
137

Cs source was performed. The standard LQ 

model, and the repairable-conditionally repairable damage model, the RCR model, were 

fitted to the experimental data. PRIMA-1 showed a time and concentration dependent 

cytotoxic, and 10 µM killed 60 % of cells during 72 hours incubation. The cells show 

low-dose hypersensitivity calculated with the RCR model. The combined treatment with 

8 µM PRIMA-1 had a synergistic effect with irradiation doses from 2 Gy and above. The 

overall conclusion is that a combination with PRIMA-1 and irradiation is beneficial to 

achieve the best effect. 
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1. Introduction 
 Nowadays, radiation is commonly used in combination with chemotherapeutic 

agents in the treatment of cancer patients. 

1.1. Ionizing radiation 

 When biological matter is being irradiated, a series of reactions starts. Initially, 

ionizations and excitations of atoms and molecules along the tracks of the ionizing 

particles occur. This leads to physical events, chemical reactions and biological effects, in 

mentioned order
1
. 

 A cell contains approx. 10
13

 molecules of water as well as larger molecules essential 

for the life of the cell, to an extent of 10
2
. This means the amount of molecules suffering 

from ionization is small. Despite this, it is severely enough to produce significant 

lesions
1
. 

 When the ionizing particles interact with biological matter it is mainly as collisions 

with electrons in the medium. Energy is then transferred from the particle to the electron. 

The molecule receiving the energy will either be ionized or excited depending on the 

energy transferred. The whole physical process occurs within a period of <10
-13

 s. To 

achieve a rise in temperature of the medium, very large doses of irradiation are needed 

(10
4
 Gy). The temperature rises a few degrees – high enough to affect the biochemistry of 

the cell. A minor number of the molecules are affected by the thermal energy transferred 

which is rapidly distributed among neighbouring molecules. In contrary, during 

ionization and excitation there is a pronounced increment of energy in the molecule 

contributing to its instability
1
. 

 Cells are interacting with ionizing radiation in two ways – indirect or direct – where 

the indirect effect being most common. 

1.1.1. Indirect effect  

 At indirect effect, radical species are formed, mainly produced by the process 

termed “water radiolysis”, meaning radiation induced dissociation of the water 

surrounding the target. The outcome will be 
●
OH, e

-
aq, 

●
H, H3O

+
, H2 and H2O2. The 

radicals will give rise to chemical changes when diffusing and reacting in the solution. 
●
OH radicals, for example, cause dehydrogenation followed by hydroxylation. 

●
H 

radicals as well cause dehydrogenation. Addition reactions will then complete the 

formation of new compounds. New compounds formed through addition reactions can 

also be the final stage after opening of double bonds by e
-
aq

1
.  

1.1.2. Direct effect 

 During the direct effect there exist an interaction between the radiation and target 

itself
3
, i.e. the atoms in the DNA chain

4
. The molecules being irradiated gain energy 

making them unstable. To get back to the initial, stable state, the molecule must dissipate 
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the excess energy. This is done by emitting photons – a process called fluorescence. 

Another way of energy dissipation is to rupture a covalent bond within a molecule, thus 

creating two radicals. Each created radical holds a great reactivity due to the unpaired 

electron. The breakage of the covalent bond can be initiated in two different ways; 

through intramolecular, or through intermolecular migration of the absorbed energy. In 

the first case, the energy migrates within the molecule preferably to the weakest bond, 

leading to breakage of the same. The second fate – intermolecular migration – describes 

the occurrence when the energy absorbed by one molecule can be transferred to another. 

The latter molecule will subsequently “pay” for the attack instead of the initially attacked 

molecule
1
. 

 The event describing rupture of a covalent bond will probably happen when the 

molecule is ionized since a greater amount of energy is received in comparison with the 

excitation
1
. The overall consequence of the interaction between radiation and target is a 

chemical change which in turn may lead to the occurrence of a biological effect
4
. 

1.1.3. Chemical radioprotection 

 Ionizing radiation gives rise to different radicals, where 
●
OH is one of them. The 

OH radicals are mainly responsible for the indirect effect of radiation (Figure 1.6), 

meaning generating single-strand breaks (SSBs) in the DNA. Literature describes simple 

alcohols and thiols with the ability to scavenge 
●
OH, subsequently protecting DNA 

molecules from SSBs
5, 6

. This chemical radioprotection is implied to consist primarily of 

radical scavenging (Figure 1.1)
6
. 

 

 
 
Figure 1.1 Chemical radioprotection in a mammalian cell. a) 

●
OH are scavenged by the scavengers (P) 

(Protection). Alternatively, the hydroxyl radicals attack target molecules (T). The thiols (RSH) supply the 

●
OH T

● 
P

● 

TO2
● 

Fixation 

O2 

RSH 

P T 

T + RS
● 

Restitution 

Protection 

a 

RS
●  

,  P
● 

O2 

RSO2
●
  ,  PO2

● 

b 
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target radicals ( T
●
) with hydrogen (Restitution). Oxygen is competing with the thiols concerning the target 

radicals in the damage fixation reaction (Fixation). b) Oxygen is needed for further reaction of RS
●
 and P

●
. 

The formed peroxy radicals TO2
●
, RSO2

●
 and PO2

●
 are much less reactive than those in the previous steps. 

If the cell is subjected to insufficient supply of reactive peroxy scavengers, there will be a risk for damages 

of the cell membranes
7
. 

 

 

 The degree of protection exerted by various scavengers tends to increase when 

increasing their concentration. However, when a certain level of concentration is 

achieved, the effect of protection reaches a maximum. Alcohols all show the same 

maximum protection as well as for the thiols whose maximum is greater than the 

alcohols
6
. 

 The scavengers can either be endogenous or exogenous. Any molecule in the cell 

whose damage is not critical to cell survival is classified as endogenous scavengers. In 

the other way, exogenous scavengers can be represented by alcohols and DMSO
5, 6

. 

1.1.4. Linear energy transfer 

 Linear energy transfer (LET) is used to describe the distribution of excitations and 

ionization produced along a linear path. It's defined as 

 

dl

dE
L   

 

where L is the linear energy transfer of charged particles in a medium, dE is the average 

energy locally transmitted to the medium by a charged particle of specified energy when 

travelling a distance dl. The unit for this quantity is keV/µm
8
. 

 Different parameters influence the delivered LET, such as the velocity of the particle 

and the atomic number of the target matter
3
.  

1.1.5. Low-LET radiation  

 Electrons and electromagnetic waves, e.g. γ- and X-rays, represent low-LET 

radiation. Electrons can be generated in accelerators. In addition, they can be produced by 

unstable nuclei with an excess of protons through β radioactive decay. The energy range 

lays between 10 keV and 30 MeV. 

 γ-Ray emission originates from β or α radioactive decay due to an unstable nuclei, 

where the energy of the radiation is variable, usually ranging between 10 keV to 3 MeV.

 X-rays can be generated in an accelerator, by electronic impact, or in atoms having 

vacancies in the K and L shells. 

 The interactions of LET with matter depend on whether it is photons or particles. 

Photons possessing energy between 20 keV and several MeV mainly interact with 

biological matter through the Compton process. This implies the collision of a high-

energy photon with a free electron during transfer of energy. In contrary, among the most 

low-energetic photons (0.2 to 5 keV) the photoelectric absorption is the dominant 

process. The outcome of both processes is excited and ionized matter. The trajectory of 
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incident photons is altered when entering the target matter. The dislodged electrons are 

emitted with a defined scattering angle and energy. 

 Like photons, electrons can, depending on their energy, either excite or ionize 

biological matter when interacting in the mode of electronic repulsion. During ionization, 

the dislodged electrons – δ electrons – can furthermore excite or ionize the matter, 

thereby altering the trajectory of the incident electron following each electronic 

interaction. This interaction between photons and electrons continues mobilising 

electrons until their energy drops below 10 keV. In this type of radiation, these low-

energy electrons are responsible for the major part of energy deposition
3
. 
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1.1.6. High-LET radiation 

 Helium nuclei (α-particles) and larger charged particles generated by accelerators, 

e.g. boron, neon and carbon represent high-LET radiation, ranging from 20 keV/µm to 

several hundreds of keV/µm. When interacting with biological matter, the motion of α-

particles successively decreases until it completely ceases. α-Particles interact by 

coulombic repulsion with the electrons present in the atoms of the matter, the result being 

an excited or ionized matter. If comparing the weight with an electron, an α-particle is 

very heavy, meaning its trajectory in matter will not alter. Subsequently, the track will be 

close to linear, and the track path length short. The track structure is very dense compared 

with low-LET radiation (Figure 1.2)
3
. 

 

 

 
 
Figure 1.2 Illustration of the track structure of high-LET (above) and low-LET radiation (below)

3
. 

1.1.7. Relative biological effectiveness 

 Relative biological effectiveness (RBE) is the ratio between the dose of standard X-

rays (250 keV) and the dose of the test radiation to produce a given biological effect: 
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rD

D
RBE 250  

 

D250 denotes the dose of X-ray at 250 keV required for equal biological effect compared 

with Dr, denoting the dose of the test radiation. The biological effect can be cell death, 

DNA damage induction, chromosome aberration or mutation. The ratio can range 

between 3 and 50 – the higher the value, the more damaging is the test radiation. 

However, for all low-LET radiation, the RBE value is considered to be 1. 

 RBE depends on the following variables: 

 

 radiation quality (LET) 

 radiation dose 

 number of dose fractions 

 dose rate 

 biological system or endpoint
3, 8

 

1.1.8. RBE as a function of LET 

 A common way to illustrate the connection between RBE and LET is to make a plot 

of surviving fractions of mammalian cells (Figure 1.3).  

 

 

 
 
Figure 1.3 Plot showing variation of RBE with LET in a fraction of mammalian cells. Initially, with 

increasing LET, RBE increases as well, but rather slowly. But as the LET passes 10 keV/µm, the RBE starts 
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to increase rapidly until it reaches its maximum at around 100 keV/µm. Beyond this peak, the RBE is 

drastically decreasing
9
. 

 

 

 With increasing LET, RBE initially increases as well, however in a slow mode of 

action. 

 As the LET passes 10 keV/µm, the RBE starts to increase rapidly until it reaches its 

maximum at around 100 keV/µm. At higher values, the RBE is drastically decreasing. 

The LET value (around 100 keV/µm) corresponding to the maximum RBE is almost the 

same for a broad range of mammalian cells. 

 The LET maximum at approximately 100 keV/µm is optimal regarding producing a 

biological effect (Figure 1.4).  

 

 

 
 
Figure 1.4  Diagram illustrating why radiation with a LET at 100 keV/µm is optimal. Here, the average 

separation between ionizing events roughly coincides with the diameter of the DNA double helix (20 Å). At 

this density of radiation, you find the greatest probability of causing a double-strand break by the passage 

of a single charged particle. Beyond 100 keV/µm, the RBE decreases due to too much dose to a limited 

number of vital targets within the cell – a phenomenon known as “overkill”
3, 8

. 

 

 

 The ionizing density at this point gives rise to an average separation between 

ionizing events which roughly coincides with the diameter of the DNA double helix (20 

Å). Radiation of this density has the greatest probability of causing a double-strand break 

by the passage of a single charged particle. Double-strand breaks are the basis for most 

biological effects. 

 After the LET has reached its maximum at 100 keV/µm, the RBE decreases rapidly. 

This is a phenomenon known as “overkill”, meaning the density of ionizations within a 

single cell is greater than that needed for inactivation of that particular cell. This is, in 
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effect, wasted dose. Densely ionizing radiation is inefficient in producing the maximum 

amount of cell kill
3, 8, 9

. 

1.1.9. The oxygen effect 

 The concentration of oxygen is of great importance for the biological effect when a 

cell is exposed to radiation. In general, when irradiated in the presence of oxygen, the cell 

becomes more radiosensitive. This oxygen effect at cell survival is described by the 

“oxygen enhancement ratio” (OER), defined as 

 

survivalcellSame
conditionsaeratedinDose

conditonshypoxiainDose
OER   

 

 The variation in the biological effect depends on the increase of the production of 

radicals when oxygen is present. In addition, oxygen inhibits the repair of DNA strand 

breaks by binding to them and thus fix the damage. 

 The radiosensitivity is lowest in hypoxic cells, compared with healthy, well 

oxygenated cells where it can be 2.5 to 3 times higher. Hypoxic cells are found in the 

centre of tumours in which a core of necrotic cells is formed. As the radiation treatment is 

progressing, the size of the tumour decreases. Following this, the oxygenation of the 

hypoxic cells increases gradually making these cells radiosensitive again. This is called 

reoxygenation
 4, 8, 10

. 

1.1.10. The oxygen effect and LET 

 There exists a very important connection between OER and LET (Figure 1.5).  

 

 
 
Figure 1.5  OER and RBE as a function of LET. The OER decreases slowly at low values of LET. When 
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the LET reaches about 60 keV/µm, the OER starts to fall rapidly until unity is reached at 200 keV/µm. As a 

comparison, the RBE is practically a mirror of the OER
8
. 

 

 

At low LET (X- or γ-rays) the OER ranges between 2.5 and 3. Gradually as the LET 

increases, the OER decreases. When reaching a LET value of around 60 keV/µm, the 

OER reduces quickly, and reaches unity when LET approaches about 200 keV/µm. In 

contrast, the RBE exhibits a mirror like behaviour compared with the OER
8
. 

1.2. Effect of radiation of cells 

1.2.1. DNA lesions 

 When the cell is exposed to ionizing radiation, a number of different DNA lesions 

are induced. This include base and sugar damage, DNA-protein-cross links and single- 

and double-strand breaks (SSBs and DSBs respectively) – the last one being the most 

devastating
3, 11 -

 
13

. One single DSB can actually be sufficient to kill the cell if it is located 

in a very crucial area, e.g. an essential gene
13

. All these DNA damage are thought to 

rapidly induce p53 in mammalian cells
12

. 

 The complexity of the DNA lesion and the DNA repair mechanism fidelity itself 

determine the accuracy of the DNA repair. Insufficient DNA repair can lead to mutation, 

chromosome aberration, genetic instability, oncogenic transformation and cell death – the 

last item being desirable during radiation therapy
3
.  

 Following radiation, short-lived reactive chemical species are generated in the 

cellular environment. These species, when interacted with structural and functional 

biomolecular structures in the cell, give rise to cytotoxic effects. The effects can be of 

two kinds – indirect or direct – both pathways being enormously complex (Figure 1.6)
3
. 
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Figure 1.6 Summary of chronology events following exposure of cells to ionizing radiation. When the 

cell is exposed to ionizing radiation, a number of different DNA lesions are induced. The radiation 

generates short-lived reactive chemical species in the cellular environment. These species, when interacted 

with structural and functional biomolecular structures in the cell, give rise to cytotoxic effects. The effects 

can be indirect or direct – both pathways being enormously complex. Due to inherent errors in the DNA 

repair mechanism, an initial lesion can be magnified from a sublethal to a lethal one
3
. 

 

 

 The repair of DNA damage can occur at several points in the cell cycle. To have 

effective DNA repair mechanisms are conclusive. Despite the great possibility to correct 

the radiation-induced damage, an initial lesion can be magnified from a sublethal to a 

lethal one due to inherent errors in the repair mechanism. Here, the relationships between 

dose rate, cell growth kinetics and the period of irradiation are crucial
3
.  

1.2.2. Classification of radiation damage 

 The damage radiation inflict to the cell are classified into three categories: 
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 lethal damage 

 sublethal damage 

 potentially lethal damage 

 

 Lethal damage is so widespread or complex that the cell dies after irradiation since it 

is unable to repair the damage. 

 Sublethal damage implies that the cell can repair itself between doses of radiation. In 

other words, the repair mechanisms can protect the cell against some part of radiation. 

This mechanism is of great importance for normal tissues, which usually have preserved 

repair pathways. The time it takes for a cell to repair its damage differs depending on the 

specific cell type. It can vary from minutes to hours to repair half of the damages. 

 Potentially lethal damage can be lethal for the cell, but it can also survive with them. 

If the cell will die or not depends on the environment after irradiation. When favourable, 

the cell repairs the damage. By treating cells in vitro with different media, the cell 

survival can be decreased or increased. When preventing cell proliferation, the cell 

survival will increase
4
. 

1.3. Low-dose hypersensitivity 

1.3.1. DNA damage responses at low radiation doses / hypersensitivity 

 Low-dose hypersensitivity (termed HRS for hyperradiosensitivity) to radiation is a 

phenomenon observed in numerous human tumour cell lines
10, 14 - 16

. The behaviour is 

reinforced by radiation doses <0.5 Gy as a prominent deviation from the adapted cell 

survival curve. Concurrently, an increase in radioresistance (termed IRR for increased 

radioresistance) occurs at doses between ~0.5 and 1 Gy
10, 16

. The phenomenon is engaged 

by mammalian cells to retain cell viability by increasing damage repair in excessive 

radiation-induced injury. In addition, UV and chemotherapeutic agents are reported to 

induce an HRS / IRR response
16

. The underlying mechanism for the behaviour is 

assumed to be cell cycle dependent. Another proposition is connected to a threshold dose 

above which DNA repair efficiency or fidelity increases
14

. 

1.3.2. Proposed explanations for HRS / IRR 

 There are several proposed explanations for the HRS / IRR phenomenon. One, 

concerning HRS, is the existence of a subpopulation of cells which are either 

hypersensitive due to a cell cycle factor or, a genetic predisposition. In addition, models 

for IRR assume a population of cells initially uniformly hypersensitive, which later on 

become resistant as a function of dose due to some protective mechanism, e.g. induction 

of DNA repair or down-regulation of programmed cell death
10

. 
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1.4. Clonogenic cell survival 

 A clonogenic cell is defined by a cell that can proliferate into a colony of genetically 

identical cells. 

 Clonogenic cell survival describes a cell which proliferates at least 5 – 6 times, 

thereby giving rise to a clone constituted by more than 50 cells. This behavior is the 

result of defective DNA repair system and apoptosis. Proliferating cells – of which some 

are defect in this system – exposed to drugs and / or irradiation, are allowed to grow. The 

defect cells will die due to the failure to repair the DNA damages. In contrary, the non-

defective cells survive forming colonies. 

1.5. Apoptosis 

 Apoptosis is a form of programmed cell death (“cell suicide”). It is a controlled 

sequence of events including molecular and morphological changes including cell 

shrinkage, chromatin condensation, nuclear fragmentation, membrane blebbing, and 

apoptotic body formation. This leads to the elimination of cells essential for embryonic 

development, immune-system function and the maintenance of tissue homeostasis in 

multicellular organisms
17 - 20

. Figure 1.10 illustrates the apoptotic course after irradiation 

of human peripheral lymphocytes
21

. 

 

 

 
 
Figure 1.10 Picture sequence of the apoptotic course of events in human peripheral lymphocytes. Plate 1 

shows a cell with “bay-like” nucleus, and plate 2 and 3 cells undergoing blebbing. Apoptotic bodies are 

represented by plate 4 – 8
21

.   

 

 

 To prevent a host immune response phagocytes remove the cells committed to die 

via apoptosis
18

. A failure in the apoptotic mechanism may give rise to numerous 
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pathological conditions such as neurodegenerative diseases, autoimmunity and cancer
17

. 

1.5.1. Activation 

 There are a number of ways in which apoptosis can be induced, some of which 

are
20

:  

 absence of survival factors 

 stimulation of factors such as: 

- DNA damage 

- oxidative stress 

- death receptor ligands 

1.5.2. Different mediation ways 

 Induction of apoptosis can occur in various ways. The two main pathways are called 

the mitochondrial and the death receptor pathway, also called the intrinsic and extrinsic 

pathway, respectively (Figure 1.11)
17, 18, 20

. The difference lies in how the death signal is 

transduced and thereby how the caspases become activated
18

. 

 

 

 
 

Figure 1.11 The two main pathways (simplified) leading to apoptosis; the mitochondrial and the death 

Apoptosis 

Cell 

The mitochondrial pathway 

(Intrinsic pathway) 

Death receptor pathway 

(Extrinsic pathway) 

Mitochondria 

Death receptor 

Ligand 

Cellular stress (e.g. DNA damage) Death receptors (e.g. TNFR) 

Caspase-8 

Caspase-9 Caspases-3, 6, 7 

Bid 
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receptor pathway. The mitochondrial pathway takes place due to stress stimuli such as growth-factor 

withdrawal, hypoxia, DNA damage and oncogene induction. p53 is thus activated and accumulated leading 

to regulation of specific proteins (Bcl-2 proteins), which in turn affect the outer membrane of the 

mitochondria to get more permeable. This permeabilization enables the mitochondria to release 

cytochrome c. The apoptosome formed recruits and activates caspase-9 and caspases-3, 7, in mentioned 

order, which finally leads to apoptosis. If instead a death-ligand binds to its death receptor (e.g. tumour 

necrosis factor receptor, TNFR) the death receptor pathway is activated. Adaptor molecules are recruited 

forming the death-induced signalling complex (DISC) which task is to bind and thereby activate caspase-8. 

Moreover, caspase-8 activates caspases-3, 7 with apoptosis as a final result
17, 18

. The mitochondrial 

pathway is not on its own capable of mediating apoptosis for all cells going this way. Here caspase-8 from 

the death receptor pathway comes to help by its cleavage of the protein BH3-interacting-domain death 

antagonist (Bid). By doing this amplification is obtained
18

. 

 

 

 The mitochondrial pathway is activated by different extracellular and intracellular 

stresses such as growth-factor withdrawal, hypoxia, DNA damage and oncogene 

induction. The name – the mitochondrial pathway – is referring to that the stress signals 

transduced in response are mainly assembled on the mitochondria. This is followed by an 

induction of a series of biochemical events which in the end result in the permeabilization 

of the outer mitochondrial membrane, the release of pro-apoptotic molecules such as e.g. 

cytochrome c, the formation of the apoptosome and activation of caspases followed by 

apoptosis
17

. This pathway is p53-dependent, meaning that when the cell is exposed to the 

different stress stimuli mentioned above, stabilized p53 is accumulated in the nucleus to 

regulate the expression of numerous pro-apoptotic genes. With great probability, these 

genes possess the ability to decide whether apoptosis will take place or not. The decision 

is based on cell type and the applied death stimulus. p53 also hold the opportunity to 

directly bind to anti-apoptotic proteins in the extranuclear space, as well as to activate 

pro-apoptotic proteins
18

. 

 The death receptor pathway in contrary is not p53-dependent. It’s activated – as the 

name implies – by the engagement of death receptors on the cell surface. Binding of a 

ligand to its complementary receptor leads to the induction and moreover formation of 

the death-induced signalling complex (DISC). This complex recruits and activates 

caspase-8 with subsequent activation of pro-caspases leading to apoptosis
12, 17, 19

.  

1.5.3. Preference for one way 

 The decision of which pathway is to be chosen depends on the combination of genes 

in that particularly cell. This means that certain genes activate one pathway and other 

genes another
18

. 

1.5.4. Defects 

 Defects in apoptosis can appear. The situation can be either too much or too little 

apoptosis. As a result, various kinds of diseases can develop. For example, too little 

apoptosis can cause 

 

 different kind of cancers, and 

 autoimmune lymphoproliferative syndrome (ALPS). 
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 In contrary, too much can cause 

 

 neurodegenerative diseases, like: 

- Parkinson’s disease, 

- amyotrophic lateral sclerosis (ALS), 

- Alzheimer’s disease, 

- Huntington’s disease, as well as 

 AIDS (excessive apoptosis of T-helper cells), 

 ischaemia, like: 

 - cerebral ischaemia, and 

 - cardiac ischaemia
17, 20

. 

1.5.5. Therapeutic induction of tumour-cell death 

 Apoptosis can be induced by most chemotherapeutic agents
17

, like for instance 

PRIMA-1
18, 22 - 24

, cytarabine, daunorubicine, chlorodeoxyadenosine, fludarabine
24

 and 

cisplatin, which trigger cell cycle arrest
25

. In contrast, an inhibition of apoptosis can 

reduce the sensitivity of tumour cells to chemotherapeutic treatment. This inhibition can 

among others be performed by mutated p53 as well as over expression of Bcl-2 proteins. 

The first situation contributes to a reduced toxicity of chemotherapeutic agents, the 

second to delay of drug- or radiation induced apoptosis
17

. 

1.5.6. Comparison with necrosis 

 Necrosis is another form of cell death. In contrary to apoptosis it is a passive event 

characterized by membrane permeability, dilatation of cytoplasmic vesicles, random 

fragmentation of DNA and cell swelling. Necrosis is often linked to inflammatory 

processes
3, 20

.  

1.6. p53 

 The cell is very complex. To maintain the regulatory network cells have evolved 

elaborate mechanisms, checkpoints, to monitor the flow of genetic information. This 

enables the cell to be protected against DNA damage. However, defect checkpoint 

pathways can cause improper response which in turn may lead to mutation, chromosome 

abberation, genetic instability, oncogenic transformation and cell death
3, 13

.  

1.6.1. Its role 

 One of the most important proteins participating in checkpoint pathways is named 

p53. The p53 gene product is a tumour suppressor which triggers cell-cycle arrest and 

apoptosis when the cell is exposed to different kind of stress stimuli, e.g. DNA damage, 

oncogene activation and hypoxia
12, 13, 22, 26

. Following this exposure, many 
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posttranslational modifications of p53 such as phosphorylation, dephosphorylation, 

acetylation, ribosylation, O-glycosylation, ubiquitination and SUMOylation occur
12, 13, 26

. 

This guardian function is dedicated its unique biochemical features. p53 is a nuclear 

phosphoprotein, which contains at least three domains: an N-terminal acidic 

transcriptional activation domain; a central evolutionary conserved sequence-specific 

DNA-binding domain; and a complex C-terminal tetramerization domain consisting of 

nuclear localization sequences, a homotetramerization domain and a putative DNA 

damage recognition domain (Figure 1.7)
13, 27

. 

 

 

 
 

Figure 1.7 Structural organization of p53 protein. The p53 protein consists of at least 3 domains: an N-

terminal acidic transcriptional activation domain; a central evolutionary conserved sequence-specific 

DNA-binding domain; and a C-terminal tetramerization domain
13, 27

. The DNA-binding domain is 

necessary for its transactivation function
4
.  Furthermore, the majority of mutations are centered in this 

area
13

. 

 

 To be able to transactivate genes, the p53 protein demands a DNA-binding 

domain
12

. Moreover it's center for the majority of mutations
13

. 

1.6.2. How it works  

 When p53 is induced it is stabilized by the protein itself. This short lived protein is 

also transformed from a latent to an active form and localized to the nucleus. As a 

response when the cell is exposed to genotoxic stress wild type p53 protein occupies the 

capacity to both activate and repress gene transcription
12, 13

. The protein needs to be in 

tetramer form for sequence-specific DNA binding and transcriptional activation
28

. About 

100 genes are thought to be transactivated by p53
12

. The genes with connection to 

apoptosis can be divided into two functional groups; one consisting of genes which 

directly mediate cell death in response to radiosensitivity, and the other one lowering the 

threshold of cell death to sensitize the cells to the chemo- or radiosensitivity
13

. 

1.6.3. Activation / degradation 

 The level of p53 in proliferating cells is low. However, when the cell is exposed to 

different kind of stress stimuli the p53 response is triggered and thus the level rises
12

. 

These stimuli can be of various arts as shown in Figure 1.8. 

 

 



21 

 

p53

Accumulation

and / or activation

Topoisomeraseinhibitors

(camptothecin, etoposide)

Blockageof RNA pol II

(-amanitin, actD, H7, 

DRB, UV light)

Heat shock

Cold shock

Viral infection

(E1A)

Rb deregulation

(E2F-1)

Oncogeneexpression

(Myc, Ras)

ApoptosisG1 arrest

ImprovedDNA repair

Nucleotidepool depletion

(PALA, 5-FU)

Thymidinedinucleotides

Media depletion

Hypoxia

Antioxidants

(NAC)

Proteasomeinhibition

(nitricoxide, -catenin), 

lactacystin)

DNA strand breaks

(restrictionenzymes, IR, H2O2)

”Bulky” DNA lesions

(UV, cisplatin)

p53

Accumulation

and / or activation

Topoisomeraseinhibitors

(camptothecin, etoposide)

Blockageof RNA pol II

(-amanitin, actD, H7, 

DRB, UV light)

Heat shock

Cold shock

Viral infection

(E1A)

Rb deregulation

(E2F-1)

Oncogeneexpression

(Myc, Ras)

ApoptosisG1 arrest

ImprovedDNA repair

Nucleotidepool depletion

(PALA, 5-FU)

Thymidinedinucleotides

Media depletion

Hypoxia

Antioxidants

(NAC)

Proteasomeinhibition

(nitricoxide, -catenin), 

lactacystin)

DNA strand breaks

(restrictionenzymes, IR, H2O2)

”Bulky” DNA lesions

(UV, cisplatin)

 
 
Figure 1.8 Various kinds of stress stimuli able to trigger p53 response. The stimuli concerns both DNA-

damaging and non-DNA-damaging agents such as ribonucleotide synthesis inhibitors resulting in 

disturbances of nucleotide pools, thymidine dinucleotides, media depletion, hypoxia, antioxidants, 

inhibition of ubiquitylation or the proteasome proteolysis pathway, DNA strand breaks, bulky DNA lesions, 

DNA topoisomerase inhibitors, blockage of RNA polymerase II, heat shock, cold shock, viral infection, pRb 

deregulation and oncogene expression
12

. 

 

 

 When a DNA damage occur in a cell the level of p53 increases within minutes, 

followed by the first events of apoptosis occurring after a few hours. This goes for most 

normal replicative cell populations
13

. 

 p53 is stabilized and activated by different kind of proteins which impact upon the 

stability, constitutively and when the cells are exposed to various kinds of stress stimuli, 

the latter being outlined in Figure 1.8
26

. Among these proteins, the major control is 

exerted by mouse double minute 2 (MDM2; denotes human also) by a negative feedback 

loop (Figure 1.9)
26, 29

.  

 

 



22 

 

p53

Mdm2

DNA damage

+
_ p53

Mdm2

DNA damage

++
__

 
 
Figure 1.9 The p53-MDM2 negative feedback loop. p53 is activated as a transcription factor after 

stresses such as DNA damage. Meanwhile, MDM2-p53 interaction decreases
29

. 

 

 

 In addition, p53 can also suppress itself by negative feedback. The accumulation of 

p53 triggered by a stress stimuli vouch for a termination of both its own transcription and 

translation
12

. 

1.6.4. Nucleocytoplasmic shuttling 

 As previously mentioned, p53 is exerting its effect in the nucleus of the cell. 

Nevertheless the p53 gene product is translated in the cytoplasm. Consequently there is a 

mechanism which enables this protein to cross the nucleus membrane. The allowance of 

p53 into the nucleus demands it to carry a nuclear localization signal (NLS). In the 

opposite way, when going from the nucleus to the cytoplasm, the protein needs to display 

a nuclear export signal (NES). Another possibility is piggyback onto other proteins 

displaying NES. This nucleocytoplasmic shuttling is performed in a cell-cycle-dependent 

manner
12

. 

1.6.5. Coupling to cancer 

 In at least 50 % of the human tumours p53 is mutated
22 - 24, 26, 30

, meaning the p53 

gene is the most frequently mutated gene
12

. This mutation occurs either early or late in 

the tumourgenesis depending on the type of cancer. Individuals not having two 

functioning alleles of the p53 gene (Li-Fraumeni syndrome), as well as mice strains in 

which the p53 gene has been knocked out, are predisposed for cancer compared with 

normal humans and mice respectively
12, 13

. 

1.6.6. Different modes of action 

 p53 has been demonstrated taking part in numerous events. A small fraction of these 

are mentioned here. 
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 If administering priming low-dose irradiation (2 cGy) 2 to 168 h prior to high-

dose irradiation (2 Gy), the percentage of apoptotic cells is significantly lower in 

TP53
+/+

 mice, compared to TP53
+/+

 mice exposed to high-dose irradiation alone. 

On the other hand, TP53
+/-

 mice display a reduced level of apoptosis only when 

priming is performed for 2 or 4 h prior to the high-dose irradiation. Also, priming 

TP53
+/+

 mice gives higher TP53 expression than mice only exposed to 2 Gy. The 

difference appearing when priming or not is due to a phenomenon called 

radioadaptive response, meaning that low-dose irradiation protects cells against 

damaging effects of subsequent high-dose irradiation
31

. 

 

 The ribonucleotide reductase p53R2 is directly regulated by p53 in supplying 

nucleotides for repairing damaged DNA. By using p53R2 small interfering RNA 

(siRNA), a significant increase in radiosensitivity of human esophageal squamous 

cell carcinoma (ESCC) cell lines is achieved. In addition, the p53R2 expression is 

reduced after X-ray irradiation following the transfection with p53R2 siRNA
32

. 

 

 Wrap53 is a natural antisense transcript of p53. By targeting p53 mRNA the 

endogenous levels are regulated, as well as further induction of the p53 protein. 

siRNA knockdown of Wrap53 results in a pronounced decrease in p53 mRNA 

and suppression of p53 induction in case of DNA damage. In contrast, if 

overexpressing Wrap53, p53 mRNA and protein level will increase. When 

blocking potential Wrap53 / p53 RNA hybrids, the level of p53 will decline close 

to as efficiently as Wrap53 knockdown. This suggests a regulation by Wrap53 of 

p53 through Wrap53 / p53 RNA interaction. Moreover, when inducting Wrap53, 

cells will be sensitized for p53-dependent apoptosis
33

. 

 

 Except from controlling DNA damage responses, senescence and apoptosis, p53 

also plays an important role in controlling autophagy. Autophagy is playing an 

important role in the cellular defence against nutrient depletion, deletion, damage 

to cytoplasmic organelles and inhibition of p53 in human, mouse and nematode 

cells. By mutating the p53 orthologue CEP-1 in the nematode C. elegans, its life 

span was prolonged. This effect is thought to be mediated through autophagy, 

giving support to the hypothesis that the mechanism has a positive impact on 

organism ageing
34

. 

1.7. PRIMA-1 AND PRIMA-1MET (APR-246) 

 As outlined earlier the specific DNA binding function is disrupted in most tumour 

derived p53 mutants. This indicates that this function is critical for p53-mediated tumour 

suppression. Synthetic peptides exist which can restore this specific DNA binding and 

transactivation function to mutant p53 and subsequently induce p53-dependent apoptosis 

in tumour cells. One compound with these features is 2,2-bis(hydroxymethyl)-1-

azabicyclo[2,2,2]octan-3-one, designated PRIMA-1 (p53 reactivation and induction of 

massive apoptosis) (Figure 1.12)
18, 22, 23, 25

. 
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Figure 1.12 Structural formula of PRIMA-1

22
.  

 

 

 PRIMA-1 was identified when screening a chemical library, particularly containing 

low weight molecules able to induce apoptosis in human tumour cells expressing mutant 

p53. 

 This molecule acts by binding covalently to thiol groups in the sequence-specific 

DNA-binding domain in mutant p53, which reactivates and thus induce apoptosis. It's 

converted to methylene quinuclidinone (MQ), which is a reactive electrophil
35, 36

. 

 PRIMA-1
MET

, also denoted APR-246, is a methylated form of PRIMA-1, screened 

from the same library mentioned above (Figure 1.13). 

 

 

 
Figure 1.13 Structural formula of PRIMA-1

MET 
(APR-246)

37
. 

 

 

 However, it's more potent concerning induction of mutant p53-dependent 

apoptosis
38

. 

 Both PRIMA-1 and PRIMA-1
MET

 (APR-246) are converted to methylene 

quinuclidinone (MQ), which is a reactive electrophile. The electrophile binds covalently 

to thiol groups in the sequence-specific DNA-binding domain in mutant p53, which 

reactivates and thus induces mitochondria-mediated apoptosis. The underlying 

mechanism is not yet fully understood
35, 36, 38

. 

 Tumours with mutated p53 are often resistant to radiation and chemotherapeutic 
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agents. By restoring mutant p53, the tumour becomes more sensitive to radiation as well 

as chemotherapeutic agents.  

 p63 and p73 form together with p53 the p53 family. They all share a great structural 

homology, especially in the sequence-specific DNA-binding domain with >60 % amino 

acid identity. In a similar manner as for p53, PRIMA-1 and PRIMA-1
MET

 (APR-246) 

bind to p63 and p73, thereby inducing apoptosis
35

. 

1.8. The aim of the study 

 The aim of this study was to explore the p53 mediated death response in a human 

lung cancer cell line which is mutated in p53. A cytotoxicity assay with the 

chemotherapeutic agent PRIMA-1 was performed, as well as an assay to see a feasible 

synergistic impact in combination with γ-irradiation (
137

Cs). Furthermore, the question of 

a possible hyperradiosensitivity at PRIMA-1 treated cells with low-dose irradiation was 

investigated. 
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2. Materials and methods 

2.1 Cells 

 In this work, U-1690 cells were used which were precultivated in medium using 

polystyrene flasks. U-1690 is a small cell carcinoma (SSC) cell line established from 

human lung cancer. The cells have a typical growth pattern – they form large, tight 

clusters in suspension and monolayers
39

. 

2.2 Preparation of cells and culture conditions 

 All cells were confirmed to be mycoplasma free before use. They were diluted in 

medium (MEM, Earl’s salts, 2 mM L-glutamine, 100 ie/ml penicillin, 100 µg/ml 

streptomycin, 2.5 µg/ml fungizone and 10 % foetal bovine serum [FBS], all from Gibco) 

to an appropriate concentration to obtain a suitable number of surviving colonies in the 

end. 4 ml of cell suspension were dispensed in 60 mm cell culture dishes of polystyrene. 

Thereafter the cells were incubated (37 C, 5 % CO2, 80 % humidity) 3 h before 

treatment. The medium was changed after one week. 

 Between 54 and 81 dishes were used per trial, and 3 – 4 trials were performed for 

each experiment. 

2.3 PRIMA-1 treatment 

 PRIMA-1 (received from Klas G. Wiman), diluted in medium, was added in 

triplicates to the cells giving final concentrations of 0, 0.1, 1, 2 and 10 µM. The cells – 

treated and untreated (control cells) – were rinsed with phosphate buffered saline (PBS) 

(Gibco) with subsequent addition of new medium after incubation of 4, 20, 28, 45, 53 and 

72 h.  

2.4 Irradiation treatment 

 Irradiation, using a 
137

Cs source (Scanditronix, Uppsala, Sweden) with a dose rate of 

0.493 Gy/min, was performed at room temperature with cells kept in medium. 

2.5 Combined treatment of PRIMA-1 and irradiation 

 PRIMA-1 was added to the cells in a manner described earlier, with concentrations 

of 0, 2 and 8 µM. After 17 h of incubation the cells were irradiated with 0, 0.5, 1, 2, 3, 4 
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and 6 Gy. Immediately after, the medium was withdrawn and the cells rinsed with PBS 

and then new medium was added. 

 The experiment was repeated with a concentration of 8 µM PRIMA-1. Following an 

incubation time of 17 h, the cells were irradiated in the low-dose area using 0, 0.2, 0.3, 

0.4, 0.5, 0.6, 0.8, 1 and 2 Gy. 

2.6 Analysis of cell deaths 

 The cells were stained with acridine orange (staining all parts of the cell) and 

Hoechst 33342 (staining only DNA), both stains being fluorescent. To morphologically 

characterize the cells, a fluorescence microscope equipped with different filter blocks was 

used at a magnification of 500 x. When studying the acridine orange, a filter block 

consisting of an excitation light filter with high transmission between 450 and 490 nm, a 

beam-splitting mirror with the edge at 510 nm, as well as a barrier filter with the edge at 

515 nm were used.  

 In a similar way, when studying Hoechst 33342, a filter block consisting of an 

excitation light filter with high transmission between 340 and 380 nm, a beam-splitting 

mirror with the edge at 400 nm, and a barrier filter with the edge at 430 nm were used. 

 For each sample at least 500 cells were scored and classified as normal, apoptotic 

necrotic, giant cells and cells displaying “mitotic catastrophe”
21

. 

2.7 Cell survival 

2.7.1 Linear-quadratic model 

 The most commonly used model to describe curve fitting of experimental data in 

radiobiology is the linear-quadratic (LQ) model, which are used when looking at a larger 

radiation area. It’s defined as 

 
2

)( DDeDS    

 

It describes the responses to radiation in vitro as well as in vivo. S(D) denotes the fraction 

of cells surviving a dose D, α is a constant describing the initial slope of the cell survival 

curve, and β is a smaller constant describing the quadratic component of cell killing. The 

ratio α/β gives the dose at which the linear component of cell killing (αD) equals the 

quadratic component (βD
2
)
40

. 

 One advantage with this model is its simplicity – the analytical expression can easily 

be manipulated to study the impact of different radiation scenarios
41, 42

. In contrary, a 

disadvantage concerns the fact that the time course of the treatment and the repopulation 

dynamics are not included
41

. 
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2.7.2 Repairable-conditionally repairable damage model 

 The repairable-conditionally repairable (RCR) damage model is another way to 

describe curve fitting of experimental data. The equation below illustrates this where 

S(D) is the total cell survival and D the irradiation dose. a, b and c are all constants ≥ 0. 

In addition, a ≥ b and c respectively. a describes the probability of a cell being damaged, 

and b as well as c are the mean number of potentially repairable damage events per Gy. 

 

 
cDaDbDeeDS  )(  

 

 The first term denotes the survival of undamaged cells, the second survival after 

complete repair of sublethal damage
15

. 

 The RCR model is based on two kinds of cell damage – potentially repairable and 

conditionally repairable. If the damage in the first case is un- or misrepaired, it can be 

lethal. A conditionally repairable damage will either be repaired or lead to cell death in 

case of non-sufficient repair
15

.  

 The strength of the cell survival expression described in the equation above is its 

capacity to fit experimental data well at different irradiation dose levels – low, 

intermediate as well as high
15

.  

 This model is used in this work when looking at the low-dose area, since the 

behaviour of the survival curve will appear more detailed.  

2.7.3 Maximum likelihood method 

 The maximum likelihood (ML) method is a general method used to estimate 

parameters for a statistical distribution
43

. It begins with a mathematical expression of 

sample data – the likelihood function. The probability of obtaining this set of data is 

called the likelihood. The unknown parameters are included in the function. The 

maximum likelihood estimates are those values of the parameter that maximize the 

sample likelihood
44

. 

 One advantage of the method is the consistent approach to parameter estimation 

problems, meaning that ML estimates can be developed for a number of estimation 

situations. Another is the methods desirable mathematical and optimally properties. Yet 

another advantage is the occurrence of statistical software able to facilitate the 

computational complexity of ML estimation
44

. 

 There are also disadvantages. One concerns the likelihood equations, which need to 

be worked out for a given distribution and estimation problem. When confidence 

intervals are used, the mathematics is often non-trivial. Also the numerical estimation is 

usually non-trivial. Furthermore, small sample can cause heavily biased ML estimates. 

Therefore, the optimality properties are not valid for this situation. Another disadvantage 

is the sensitivity of the ML method due to the choice of starting values
44

. 

2.7.4 Clonogenic cell survival 

 Next incubation for two weeks, the surviving cells were rinsed with PBS and fixed 

in 10 % formalin for 2 – 3 min. 25 % Giemsa (Gurr, BDH, Poole, UK) was thereafter 
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used for staining for 15 min. The number of cell colonies was then able to be counted.

 This work totally embraced 648 dishes. 



30 

 

3. Results and discussion 

3.1 Cytotoxicity  –  PRIMA-1 treatment 

 The cells were treated with PRIMA-1 at various concentrations and incubation 

times. The result of the cell toxicity effects is shown in Figure 3.1. 

 

 
Figure 3.1 Cytotoxic effect of PRIMA-1 presented with the LQ model. Cells were treated at different 

concentrations and incubation times. Data points are means  SE from 3 replicate experiments. 

 

 

 The surviving fraction is decreasing with increasing incubation time for all 

concentrations of PRIMA-1. The higher the concentration of PRIMA-1, the more 

pronounced is the cytotoxic effect. In the beginning of the incubation, almost no effect 

can be seen. However, as time goes by, the effect will appear more clearly. 

 There is a difference in concentration of a factor 10 concerning the two lowest 

concentrations. In a similar way, the factors are 2 and 5 respectively due to the higher 

concentrations. Despite this, there is no obvious sign of a correlation between the 

surviving cell fraction and difference in factors. In other words, when the drug 

concentration increases 2-, 5- or 10-fold, the survival fraction does not decrease with the 

same amount. 



31 

 

3.2 Analysis of induction of apoptosis 

 An analysis of the induction of apoptosis was performed. Here, cells were treated 

with PRIMA-1 at different concentrations and incubation times. The result is shown in 

Figure 3.2. 

 

 

Figure 3.2  Analysis of induction of apoptosis. Cells were treated with PRIMA-1 at 0.3, 3 and 30 µM 

during an incubation time of 24, 70 and 96 h respectively. 

 

 

  This study reveals that the cytotoxic effect of PRIMA-1 is much more pronounced 

than in other published investigations
45, 46

 even though they have used different types of 

sensitive leukaemic cells. The highest concentration used was 10 µM and killed more 

than 60% of the cells after a 72 h incubation period. However, the cells are not killed by 

apoptosis as even a concentration of 30 µM did not induce more than three percent 

apoptosis during 96 hours incubation. 

 In this study, the very sensitive clonogenic cell survival assay was used, while the 

others have used a bioluminescence method for assessing the intracellular ATP 

concentrations as a measurement of cell viability. In the study with HL-60 (human 

promyelocytic leukemia) cells
45, 46

, higher concentrations of PRIMA-1 as well as longer 

incubation times were needed to reach the same cytotoxic effect as was found herein. 

 The ionizing irradiation did not either killed the cells by the induction of apoptosis 

as was shown by analyzing the different cell death after the same irradiation doses in this 

cell type
47

. 



32 

 

3.3 Combined treatment of PRIMA-1 and irradiation 

3.3.1 Additivity 

 When combining chemotherapy with radiotherapy, one would like to know if the 

effect of the combination is greater or less than the effect exerted by either chemotherapy 

or radiotherapy alone. This effect, which can be of various kinds, is illustrated in Figure 

3.3. 

 

 

Figure 3.3 Schematic presentation of different effects when combining agent A and B (here represented 

by PRIMA-1 and γ-irradiation respectively). Adapted from reference 48. 

 

 

 If getting a response representing a point to the left of the envelope of additivity, the 

term supra-additive – also denoted as synergy – is used. This implicates a response 

greater than would be expected from an individual dose of agent A and B (here 

represented by PRIMA-1 and γ-irradiation respectively) alone. In contrast, a point to the 

right of the envelope of additivity indicates a sub-additive response which may imply 

inhibition or antagonism. A point lying near the lower line within the centre of the 

diagram, termed the envelope of additivity, may imply that the agents are acting by the 

same mechanism. If lying close to the upper line, the response indicates agents acting by 

independent mechanisms. Points lying in the supra-additive as well as in the envelope of 

additivity area mean a positive interaction between agents. This positive interaction is in 

the latter mentioned area, regarded as an enhancement of the effect. A point lying outside 
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the dashed line implies protection, which is when the administration of one agent allows 

the other to be given at a greater dose than its single-dose level for the isoeffect
48

. 

3.3.2 Example of an experimental set-up 

Table 3.1 shows an example of an experimental set-up. No PRIMA-1, or a 

concentration of 8 µM was used in combination of irradiation ranging from 0 – 2 Gy. 

 

 
Table 3.1 Example of an experimental set-up. Cells were treated with no or 8 µM PRIMA-1, 

respectively, in combination with irradiation in various doses (0 – 2 Gy). The experiment was performed as 

a triplicate (dish 1, 2 and 3 to the right). 

Number of colonies

Dish Number of cells PRIMA-1 (µM) Dose (Gy) Time (sec) Dish 1 Dish 2 Dish 3

1 - 3 100 0 0 0 104 92 109

4 - 6 100 0 0,2 24 105 104 101

7 - 9 100 0 0,3 37 110 111 99

10 - 12 100 0 0,4 49 103 94 86

13 - 15 100 0 0,5 61 99 97 111

16 - 18 100 0 0,6 73 94 95 98

19 - 21 100 0 0,8 97 89 88 92

22 - 24 100 0 1 122 91 86 94

25 - 27 100 0 2 243 81 85 80

28 - 30 200 8 0 0 92 80 82

31 - 33 200 8 0,2 24 64 65 82

34 - 36 200 8 0,3 37 68 85 81

37 - 39 200 8 0,4 49 72 76 64

40 - 42 200 8 0,5 61 77 75 85

43 - 45 200 8 0,6 73 71 80 74

46 - 48 200 8 0,8 97 58 63 69

49 - 51 200 8 1 122 86 73 65

52 - 54 200 8 2 243 45 68 53  

3.3.3 Cell survival 

 The cytotoxic effect of PRIMA-1 and irradiation in combination was outlined. Cells 

were incubated 17 h with PRIMA-1 at different concentrations before radiation treatment 

and subsequent removal of the drug. Figure 3.4 shows an example of cell colonies after 

treatment and staining. 
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Figure 3.4 Cell colonies after combined treatment with PRIMA-1 and irradiation. 100 cells were plated 

in all dishes and incubated with PRIMA-1 for 17 h before irradiation. The number of cell colonies 

decreases after addition of PRIMA-1. Moreover, the higher the irradiation dose, the smaller as well as less 

cell colonies.  

 

 

 The experimental data from the combinational treatment, where cells were 

incubated for 17 h with PRIMA-1 at a concentration of 2 and 8 µM followed by an 

irradiation dose ranging between 0 – 6 Gy, was curve fitted using the LQ model (Figure 

3.5). 
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Figure 3.5 Cytotoxic effects of PRIMA-1 and irradiation in combination. Cells were incubated for 17 h 

with PRIMA-1 at 2 and 8 µM, respectively, before radiation treatment. The LQ model was used for curve 

fitting. 

 

 

 Figure 3.5 show that there exists no difference in effect when 2 µM is added. On the 

other hand, a drug concentration of 8 µM gives rise to a legible effect which is rather of 

synergistic character than additive. The synergy increases even with increasing drug 

concentration and radiation dose. 

 In a similar experiment performed, cells were treated with PRIMA-1 at a single 

concentration (8 µM) before radiation treatment, with focus at the low-dose area (Figure 

3.6).  
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Figure 3.6 Cytotoxic effects of PRIMA-1 and irradiation in combination. Cells were incubated with 

PRIMA-1 for 17 h before radiation treatment. a) Cells treated as in Figure 3.5, but here only one 

concentration of PRIMA-1 was used (8 µM), and the irradiation treatment was focused at the low-dose 

area. Obtained data was fused with corresponding data presented in Figure 3.5. Using the RCR model 

reveals the existence of HRS / IRR up to 1 Gy in PRIMA-1 treated cells. b) Detailed picture of a) covering 

the low-dose area.  

 

 

 The obtained data was fused with corresponding data originating from the previous 

outlined experiment ranging from low to high dose irradiation. The result reveals the 

existence of HRS / IRR in the cells, pronounced initially when using PRIMA-1. The 

phenomenon is more clearly viewed in Figure 3.5 b, which shows a detailed picture of 

this area. Here, HRS ranges from 0 to ~0.2 Gy (increasing slope), followed by IRR up to 

~1 Gy (decreasing slope). 

3.3.4 Synergy 

 The effect of the combined treatments was calculated by multiplying the surviving 

fractions from the two separate treatments as the expected value and then divide it with 

observed surviving fraction from the experiment. The ratios are plotted against the 

different radiation doses in Figure 3.7.  
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Figure 3.7 Schematic diagram illustrating synergy. Values over 1 for expected / observed indicate a 

synergistic effect. Concentrations of PRIMA-1 at 2 and 8 µM were used in combination with irradiation. At 

2 µM, no synergistic effect was observed throughout the examined radiation area. In contrary, 8 µM gives 

rise to synergy, first observed at 2 Gy, which gradually increases with increasing irradiation dose. At 6 Gy, 

the synergy is particularly pronounced. 
 

 

 A ratio of expected / observed over 1 indicates a synergistic effect. A concentration 

of PRIMA-1 at 2 µM gives no visible effect over the radiation area examined. However, 

at 2 Gy, a discrete synergistic effect is shown for 8 µM. 2 Gy is the dose for conventional 

radiotherapy treatment during 35 days, 5 days a week, meaning a total dose of 70 Gy
49

.  

 The synergistic effect is gradually increasing with increasing irradiation dose. At 6 

Gy, the synergy is particularly pronounced.  
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4. Conclusion 
 The cytotoxic effect of PRIMA-1, as well as in combination with irradiation, was 

examined. The conclusion is that the combination is the most advantageous to achieve the 

best effect. 
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