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“The fact of evolution is 
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being a science founded 
on an unproved theory - 
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Abstract 

Background. Radiation therapy is an important treatment regimen for 
malignant disease. Radiation therapy uses ionizing radiation to induce DNA 
damage in tumor cells in order to kill them. Tumor cells are more sensitive 
than normal cells, since they have an increased proliferation rate and often 
lack the ability to properly repair the induced damage. Radiation can be 
delivered by an external source outside the body, by brachytherapy delivered 
inside the patient near the tumor, or systemically by injection into the blood 
stream. When delivered systemically, the radiation is administered as 
radioisotope alone or conjugated to antibodies targeting tumor antigens 
(radioimmunotherapy). Radiotherapy (RT) usually is administered using 
high doses, causing necrotic cell death. Low doses of radiation (by RT or 
RIT) have been observed to induce different types of cell deaths, like 
apoptosis, mitotic catastrophe or senescence. 

Aims. We wanted to elucidate the molecular and cellular events responsible 
for the induction of cell death in cells of different origin and p53 status. We 
also wanted to identify the kinetics behind gene expression alterations 
induced in response to irradiation and correlate these to cell death specific 
molecular and cellular events. In the end this research aims to identify key 
regulators of the main radiation induced cell death modalities in order to 
improve our understanding and potentially use this knowledge to increase 
treatment efficacy of radiation therapy. 

Methods. Four different cell lines were used in these studies to elucidate 
the role of p53 status cell origin in radiation induced cell death. HeLa Hep2 
tumor cells have been used previously in our group in several RIT and RT 
studies. During these studies we observed morphological alterations in 
shrinking tumors that were typical for mitotic catastrophe. This led to 
studies on the underlying mechanisms causing these aberrations. Isogenic 
solid tumor cell lines HCT116 p53 +/+ and HCT116 p53 -/- were included to 
further elucidate the role of p53, and also to study senescence, one of the 
main outcomes in irradiated tumor cells. MOLT-4 was finally included to 
compare these finding to classical apoptosis. Gene expression analysis was 
done using Illumina bead chip arrays, and pathway analysis was performed 
using MetaCore (Thomson Reuters).  

Results. In paper I, II, and III, transient G2/M arrests were observed in 
HeLa Hep2 and HCT116 p53 -/- cells following irradiation. The lack of p53 in 
these cells caused checkpoint adaptation due to an unscheduled 
accumulation of genes promoting mitosis. Anaphase bridges were observed 
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in HeLa Hep2 cells, as a consequence of premature mitotic entry with 
unrepaired DNA damage.   Centrosome amplification, as well as deregulation 
of genes involved in centrosome amplification and clustering was observed 
in both cell lines. We observed changes in expression of several genes 
responsible for maintaining the spindle assembly checkpoint (SAC) arrest. A 
prolonged SAC arrest has been shown to be important for execution of 
mitotic catastrophe. SAC activation was followed by mitotic slippage and a 
subsequent failure of cytokinesis. We observed multipolar mitoses (both cell 
lines), multiple- and micronuclei (HeLa Hep2, paper I), and an increased 
frequency of tetraploid cells (HeLa Hep2 and HCT116 p53 -/- cells). A 
fraction of HeLa Hep2 cells also displayed apoptotic features, including 
caspase activation and DNA fragmentation (paper I). These findings indicate 
that mitotic catastrophe and the activation of a delayed type of apoptosis are 
involved in cell death following RIT. 

HCT116 p53 +/+ cells induced both G1 and G2 arrest following irradiation 
(paper III). Gene expression analysis revealed significantly decreased 
expression of genes responsible for cell cycle progression (pronounced 
decrease compared to HeLa Hep2 and HCT116 p53 -/-), especially mitotic 
genes. The prolonged arrest transitioned into senescence starting 3 days 
following irradiation and peaked after 7 days. Several genes associated with 
SASP were upregulated in the same time frame as senescence was induced, 
further supporting the fact that senescence is the main radiation induced 
response in HCT116 p53 +/+ cells.  

MOLT-4 cells, similar to HCT116 p53 +/+ cells, induced both G1 and G2 
arrests in response to irradiation (paper IV). Morphological studies revealed 
apoptotic features like shrunken cells with condensed DNA. Caspase assays 
showed increased activity of caspases -3, -8, and -9. Gene expression 
analysis confirmed an increased expression of genes important for both 
extrinsic (FAS and TRAIL) and intrinsic (BAX) apoptosis. Furthermore, 
changed expression also included genes involved in cell cycle checkpoints 
and their regulation and genes important for T-cell activation/proliferation.  

Conclusions. RIT is successfully used to treat lymphoma, but treatment of 
solid tumors with RIT is still difficult. This thesis elucidates cellular 
alterations characteristic for the 3 main radiation death modalities, i.e. 
mitotic catastrophe, senescence and apoptosis. Furthermore, cell death 
specific traits are correlated to alterations in gene expression. Treatment 
efficacy can potentially be improved by finding key cell death mediators to 
inhibit in combination with radiation. 
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Svensk populärvetenskaplig 
sammanfattning 

Bakgrund. Strålbehandling används för att bota eller lindra symptomen av 
cancer och består av joniserande strålning vars syfte är att skada DNAt i 
cellerna vilket leder till att de dör. Tumörceller är känsligare för strålning än 
normala celler eftersom de delar sig i snabbare takt och ofta saknar 
förmågan att reparera skadorna som uppstår. Det finns flera typer av 
strålbehandling: extern strålbehandling, d.v.s. när strålkällan är placerad 
utanför kroppen, brachyterapi, när strålkällan placeras i en kapsel inuti 
kroppen, eller systemisk strålning, där en radioisotop injiceras, antingen 
själv eller kopplad till en antikropp, då kallad radioimmunoterapi (RIT). Vid 
extern strålbehandling använder man sig ofta av relativt höga doser av 
strålning under ett kortare tidsintervall. Dessa celler dör ofta en 
nekrosliknande död. Med RIT kan man behandla patienterna med lägre 
doser under en längre tid och strålningen kan riktas specifikt till tumören, 
vilket minskar risken för bieffekter. Dessa celler dör av andra former av 
celldöd, apoptos, senescence eller mitotisk katastrof. Apoptos är för många 
synonymt med programmerad celldöd, och sker till exempel i respons till 
DNA skada. En apoptotisk cell känns igen på sitt utseende med fragmenterat 
DNA, nedbrutet cytoskelett och apoptotiska kroppar. Senescence är 
associerat med cellens åldrande men kan även orsakas av DNA-skador, och 
är en vanlig form av celldöd hos solida tumörceller med funktionell p53-
signalering.  Bestrålade solida tumörceller som saknar p53-signalering, 
antingen på grund av mutationer eller på grund av virusinducerad 
inaktivering, dör oftast i en helt annan celldöd, kallad mitotisk katastrof. 
Avsaknad av p53 leder till att en cell som erhållit skador på DNAt inte klarar 
av att uppehålla cellcykeln länge nog för att reparera skadorna. Inte heller 
apoptos induceras, eftersom p53 saknas. Detta leder till att cellen kommer 
att gå in i mitos med skador i sitt DNA som ej hunnit repareras. Celler i 
mitotisk katastrof har ett väldigt typiskt utseende med multipla kärnor, 
mikrokärnor (kromosomrester), multipla centrosomer och multipolära 
mitotiska spindlar. En del celler dör i mitosen medan andra försöker dela sig 
och kan överleva i flera generationer till, dock med skador på DNA. 

Målet med denna avhandling var att utreda de molekylära och 
transkriptionella mekanismerna bakom strålningsinducerad celldöd, och 
p53s roll i detta. Dessa studier kan så småningom leda till att viktiga 
regulatoriska proteiner av de strålnigsinducerade celldödsmekanismerna 
kan identifieras. Specifika inhibitorer riktade mot dessa proteiner kan med 
ökad kunskap strategiskt användas i kombination med strålning och 
potentiellt leda till förbättrade behandlingseffekter.    
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Metoder. Vi använde fyra cellinjer med olika bakgrund och p53 status. 
Vi har tidigare studerat HeLa Hep2 (en solid tumörcellslinje infekterad med 
HPV som slår ut funktionen av p53) och sett vid både RT och RIT studier, att 
cellernas morfologi avviker från klassiks apoptos (stora celler med stora 
mängder DNA, istället för små celler med lite DNA). Detta ledde till studier 
av mekanismerna bakom denna avvikande cellmorfologin, som är typisk för 
mitotisk katastrof. Vi utökade studien med HCT116 p53 +/+ och HCT116 p53 
-/- som är identiska så när som på p53, där ena cellinjen saknar denna gen. 
Detta skulle ge ökad förståelse för p53s roll vid mitotisk katastrof och även 
visa mekanismerna bakom senescence, en annan vanlig celldödsmekanism i 
strålade solida tumörceller. Även MOLT-4 inkluderades i studien för att 
kunna jämföra våra resultat med en cellinje som genomgår klassisk apoptos 
och är mer känslig för strålning.    

 
Resultat. I celler där mitotisk katastrof inducerades efter strålning (HeLa 

Hep2, HCT116 p53-/-) såg vi ett övergående G2 arrest. Eftersom cellerna 
inte klarade av att underhålla detta arrest, då de saknar p53, fortsatte de in i 
nästa fas av cellcykeln, mitos. Detta ledde till att DNA skador kvarstod och 
en ökad frekvens av anafasbryggor. Dessutom skedde en 
centrosomamplifiering i dessa celler vilket gav upphov till multipolära 
mitotiska spindlar och en efterföljande icke fungerande cytokines. Detta gav 
i sin tur celler med multipla kärnor eller mikrokärnor. En ökad frekvens av 
tetraploida och polyploidaEn förändrad expression av gener som kunde 
kopplas till flera av dessa för mitotisk katastrof specifika karaktäristika 
observerades också. Flera gener associerade med reglering av centrosomen 
och dess amplifiering, med kontrollen av cellens progression från G2 till M-
fasen av cellcykeln, samt involverade i kontrollen av en rätt utförd mitos 
(SAC) hade en ändrad genexpression som korrelerade väl i tid med de ovan 
nämda fenotyperna. Caspaser som är viktiga för apoptos visade sig vara 
aktiva i HeLa Hep2, vilket indikerar att mitotisk katastrof kan leda till 
fördröjd apoptos. Men en del celler lyckas smita undan från 
apoptosinduktionen och fortsätter i en ny runda i cellcykeln, och detta kunde 
ses som en växande population viabla celler med ökad mängd DNA 
(tetraploida celler).     

HCT116 p53 +/+ celler som har funktionellt p53 kunde inducera både G1 
and G2 arrest och genexpressionen visade att många gener som styr 
övergången till mitos var nedreglerade och förhindrade detta (till skillnad 
från HeLa Hep2 och HCT116 p53 -/-, där dessa nivåer var högre). Dessa 
arrester övergick till senescence 3 dagar efter strålning och många gener 
kopplade till senescence visade ett ökat uttryck. Vi såg ingen markant ökning 
av centrosomer eller polyploida celler vilket skiljde sig från HeLa Hep2 och 
HCT116 p53 -/-. Detta tyder på att senescence skiljer sig markant åt från 
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mitotisk katastrof och att p53 är viktig för induktionen av denna form av 
celldöd. 
 

Vi såg att MOLT-4, precis som HCT116 p53 +/+, inducerar både G1 and 
G2 arrest. Denna arrest resulterade dock i ökad expression av gener viktiga 
för cellcykelarrest och apoptosinduktion, och vi såg även en ökad aktivitet av 
caspaser. Morfologiska studier visade att strålade MOLT-4 celler ofta var 
små och hade kondenserat DNA, vilket är typiska kännetecken för apoptos. 
Strålning av MOLT-4 celler ledde till aktivering av klassisk apoptos, och 
tidsförloppet var mycket snabbare jämfört med de övriga cellinjerna.  

 
Slutsats. RIT är en framgångsrik metod för att behandla hematologiska 

maligniteter, men solida tumörer svarar fortfarande dåligt på denna form av 
behandling. Denna avhandling visar på komplexiteten bakom 
strålningsinducerad celldöd och att det är viktigt att identifiera de reglerande 
mekanismerna för att kunna förbättra RIT av solida tumörer. Vi visar även 
på vikten av p53 vad gäller tumörens respons av strålbehandling. Genom att 
identifiera viktiga proteiner för mitotisk katastrof, senescence, och apoptos, 
kan man utveckla inhibitorer mot dessa och använda de i kobination med RT 
och RIT för att förbättra behandlingseffekten.  
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1. Introduction 

Normal cells divide in an orderly fashion tightly regulated by several parallel 
mechanisms to detect and repair cellular damage that may arise. If damage 
is unrepairable the cell is destined to die by one of several death 
mechanisms. Changes in normal cells that allow them to divide without 
control, despite errors in their DNA, are considered cancer cells. The 
definition of a cancer cell and what happens if they are treated with DNA 
damaging agents like ionizing radiation will be discussed in this thesis.  The 
papers included in this thesis will in depth investigate the different cell death 
modalities induced in tumor cells in response to ionizing radiation and 
elucidate cell death specific characteristics. Furthermore, kinetic changes in 
gene expression for the most important radiation induced cell deaths are 
extensively characterized.   

1.1 Carcinogenesis 

Cancer is a very complex disease and a leading cause of death in the world 
(13 % of all deaths in 2008 according to WHO). It is the most common cause 
of death in children under 15 years of age. In 2011, 55000 people were 
diagnosed with cancer in Sweden, and one in three people are likely to get 
diagnosed in their lifetime [1]. The risk of dying from cancer is estimated to 
continue to increase in the near future, because the number of cancer 
diagnoses is estimated to increase. This makes the research field of cancer 
development and treatment more important than ever.  

Cancer is defined as a disease originating from gene mutations that cause 
cells to divide uncontrollably. The definition of a cancer cell is a cell that has 
defects in the safety program that regulate proliferation and homeostasis. 
These defects are caused by point mutations, rearrangements, deletions, 
insertions, aneuploidy, polyploidy and other chromosome aberrations. 
Extensive work has been done to sequence tumors to identify mutations that 
could lead to cancer. More than 100 000 mutations have been identified so 
far, but most are believed to be a cause of uncontrolled division and not 
contribute to cancer progression. It is estimated that about 400 genes can 
induce malignancy if mutated. The number of mutations required for 
carcinogenesis is not known, but reports state that the average mutations 
needed are 11 [2]. Large screenings on clinical material are being made by 
researchers and institutes like The Cancer Genome Atlas (TCGA) have made 
great progress with identifying mutations that are most common in different 
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cancer types [3-6]. In table I, the six most common mutations in breast-, 
colon-, ovarian-, and lung cancer are listed.  

Agents causing cancer are termed carcinogens and can be divided into three 
groups: physical (UV- and ionizing radiation), chemical (asbestos, tobacco, 
arsenic), and biological (infections caused by bacteria, parasites and viruses). 
Many viruses are linked to human cancers, like human papilloma virus 
(HPV). HPV have the ability to transform normal cells into malignant 
derivatives due to oncogenes like E6 and E7. These oncogenes have the 
ability to  impair the function of important DNA damage signaling proteins 
like p53 and pRb [7]. HPV infected cells and their response to irradiation 
play a central role in this thesis since our initial studies are based on the HPV 
infected HeLa Hep2 carcinoma cell line. 

Research during the past 40 years has revealed dynamic changes in the 
genome that cause cancerous phenotypes. The decrease in mortality rate has 
been modest during this intense research period, proving that cancer is very 
hard to treat and cure. The heterogeneity of tumors and tumor tissue in 
combination with all cell types and organs at risk of developing cancer can 
explain some of these treatment difficulties. Cancer is also an ever evolving 
disease with loss of treatment response as a common outcome. 

 
Table I. Genes most commonly mutated in four different cancers. 

 

There are over 100 distinct types of cancer, and all cancers probably differ at 
the molecular level [8]. In order to improve treatment efficacy, therapy 
needs to be personalized by combining several treatments in a specific and 
structured way. This requires good knowledge of both molecular constitution 
of each tumor, but also knowledge of how cell death is triggered in order to 
potentiate response and avoid treatment resistance.  

 

Breast [3] Colon [4] 
(non-hypermutated) 

Ovarian [6] Lung [5] 
(SCLC) 

P53 APC P53 P53 
PIK3CA P53 BRCA1 MLL2 
GATA3 KRAS CSMD3 PIK3CA 
MLL3 TTN NF1 CDKN2A 
CDH1 PIK3CA CDK12 NFE2L2 
RUNX1 FBXW7 FAT3 KEAP1 
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Figure 1. The hallmarks of cancer [9]. 

1.2 The hallmarks of cancer 

Two major groups of genes involved in carcinogenesis are: cellular 
oncogenes and tumor suppressing genes. These genes are involved in strict 
regulation of signaling, proliferation, death, migration and invasion. 
Mutations in these genes cause uncontrolled cell growth, unrestricted access 
of growth signals, enable invasion into healthy tissue and formation of 
metastasis. It also increases cell survival due to replicative immortality and 
loss of response to death signaling. Hanahan and Weinberg have 
summarized this into 10 hallmarks that they consider dictate tumor growth 
(figure 1)[9, 10]. These alterations are all part of failure in the vast anticancer 
protection system of cells and tissues and will be discussed below.  
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1.2.1 Mutation and genome instability 

A normal cell has numerous genes regulating its replication, growth, 
differentiation and death. If these key genes acquire mutations leading to 
overexpression or loss of function, the cell will lose the ability to regulate 
proliferation and transform into a tumor cell. The transformation of a 
normal cell into a malignant derivative is a multistep process. Mutations 
accumulate with time and the risk of being diagnosed with cancer increases 
with age. Two different groups of genes can be produced by mutations in the 
genome; oncogenes and non-functional oncosuppressors, which cause 
interference with normal cell growth control. Oncogenes have the ability to 
disrupt cell growth regulation which leads to promotion of cancer growth. 
Oncosuppressors naturally counteract the effect of oncogenes, and if 
mutated loose this ability. One very important oncosuppressors, which is 
also central for this thesis, is tumor protein p53. It is a key regulator of the 
DNA damage response (DDR) pathways and is often mutated in solid 
tumors.  

Most cancers are of environmental origin. One of the main causes is tobacco, 
a chemical carcinogen. Others include asbestos, aniline, and benzenes. 
Furthermore, ionizing radiation, which can come from a wide range of 
natural, medical and manmade sources, has the ability to cause mutations. 
Many of the chemical carcinogens are being limited in our surroundings by 
government safety standards like asbestos, polycyclic aromatic 
hydrocarbons (PAHs) from fossil fuel, and radiation levels. A less common 
cause of cancer is familial cancer, in which mutated genes causing cancer are 
inherited. About 5-10% of all cancer cases are considered familial. 

The “mutation and genome instability” hallmark is considered crucial, since 
mutations enable other hallmarks to arise. Mutations that cause failure in 
the cell surveillance machinery could lead to increased rate of mutations thus 
enabling the acquisition of mutant genes needed for tumor cells to become 
cancerous[11, 12]. 
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1.2.2 Inflammation  

Inflammation has been associated with cancer since the 19th century when 
Virchow associated inflammation with increased cell proliferation [13]. 
Chronic inflammation related to cancer can have several causes such as 
microbial infections, autoimmune diseases and unknown sources of 
inflammation. Treatment with non-steroidal anti-inflammatory agents 
(NSAIDs) has been shown to reduce the mortality from different types of 
tumors [14-16]. Studies of the microenvironment in tumor tissues have 
revealed the presence of chemokines, cytokines, prostaglandins and other 
inflammatory mediators[17]. These mediators are also found during tissue 
repair and at chronic inflammation sites.  

There are two pathways connecting inflammation and cancer; one extrinsic 
and one intrinsic pathway. The intrinsic pathway is driven by oncogene 
activation and tumor-suppressor inactivation, causing a tumor-promoting 
tissue microenvironment by producing inflammatory mediators. The 
extrinsic pathway consists of increasing the risk for cancer development by 
inflammatory or infectious conditions (such as inflammatory bowel disease 
and Helicobacter pylori infection). Both pathways meet in the activation of 
tumor cell transcription factors (NF-κB, STAT3 and HIF1α in particular).  
The transcription factors induce cytokine, chemokine and also prostaglandin 
production needed for leukocyte recruitment and activation. Cytokines 
create a positive feedback loop yielding increased production of 
inflammatory mediators in neighboring cells thus generating a cancer-
related microenvironment. Other important factors that are released into the 
microenvironment by the inflammation response are growth factors, 
antiapoptotic factors, angiogenesis inducing factors and enzymes that 
facilitate invasion and metastasis [18-21]. 

1.2.3 Evading apoptosis 

Apoptosis is an important tool for eliminating damaged cells at risk of 
malignant transformation. If DNA damage is too severe for repair, or if 
abnormal growth signaling is detected, apoptosis is triggered as a protective 
mechanism. This is why evading apoptosis might be one of the most 
important hallmarks of cancer. 

The apoptotic signaling cascade can be triggered via two distinct routes: the 
intrinsic (mitochondrial) pathway and the extrinsic (death receptor) 
pathway. These pathways both lead to caspase activation and the subsequent 
induction of death mechanisms. Caspases are proteolytic enzymes 
responsible for demolition of the cell. Targets of caspases include structural 



 

6 

proteins DNA repair proteins, apoptotic regulators and mediators, and cell 
cycle-related proteins [22]. Stress signals of intracellular origin like DNA 
damage, hypoxia or lack of growth factors are detected via the intrinsic 
pathway by members of the Bcl-2 family. The extrinsic pathway detects 
extracellular signals by binding of ligands to death receptors like FAS, TRAIL 
and KILLER.  

Cancer cells need to disrupt apoptotic signaling in order to progress and 
several modifications can be found in their signaling. Loss of TP53 (p53) is 
the most common strategy which will cause an imbalance of pro- and 
antiapoptotic signaling [23]. The intrinsic pathway can be implicated by 
overexpression of antiapoptotic proteins like Bcl-2 and Bcl-xL.  Disruption of 
the extrinsic pathway include downregulation of death receptors and short-
circuiting their signaling cascade [24].Apoptosis will be discussed further in 
chapter 1.4.3.  

1.2.4 Resisting growth suppression 

The role of tumor suppressor genes is to negatively regulate the proliferation 
of cells. In order for active cancer cell growth this group of genes needs to be 
inactivated. The two major tumor suppressing proteins are pRB and p53. 
Their role as gatekeepers of proliferative signaling makes them key targets 
for disruption in cancer development [25].  

pRb in its phosphorylated state regulates progression of the cell cycle. In 
response to mitogenic signals pRb is phosphorylated causing inactivation of 
pRb which leads to cell cycle progression. Antiproliferative signaling 
prevents pRb phosphorylation which causes cell cycle exit and arrest. 
Consequently, mutations in pRB cause inactivation of the gene leading to 
persistent cell proliferation. In HPV infected cell lines, the viral oncogene E7 
will disrupt the function of pRb causing resistance to growth suppression. 

p53 is activated in response to stress signaling, mainly intracellular signals 
caused by damage in the DNA, nutrient insufficiency or lack of growth 
promoting signals. Activated p53 induce transcriptional changes which can 
lead to cell cycle arrest, repair, and/or cell death. Inactivation of p53 in 
cancer cells will render cells resistant to growth suppression. This also occurs 
in HPV infected cells expressing E6 which inhibit p53 function. 
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1.2.5 Gain of proliferative signaling 

For cancer cells to proliferate without restraints they need to access growth 
promoting signals. These signals are tightly regulated in normal cells in 
order to maintain homeostasis. Growth factors that regulate cell number and 
tissue location are normally secreted by neighboring cells. By producing their 
own growth factor ligands, cancer cells become independent of factors 
normally gained by neighboring cells. They can also express the 
corresponding receptor which results in an autocrine stimulation cycle. 
Normal cells in the tumor-associated stroma can be stimulated by cancer 
cells to produce growth factors. Receptors on the cancer cell surfaces can be 
modified to be hyperresponsive to limited amounts of growth factors, either 
by increased numbers of receptors or by receptor self-activation [26]. The 
signaling pathways activated by growth factor receptors can also be 
deregulated in cancer cells. Activating mutations in signaling proteins like B-
Raf and PI3-kinase have been detected in several tumor types and the 
important anti-proliferation signaling proteins, like PTEN, can be disrupted, 
leading to enhanced cell proliferation [27]. Myc is one of the most potent 
oncogenes and it regulates a multitude of genes involved in protein synthesis 
and metabolism, making Myc an important growth limiting factor for many 
cancers [28]. 

1.1.6 Replicative immortality 

Most normal cells have a limited replicative ability. Telomeres at the end of 
each chromosome gears how many divisions a cell can perform without 
damaging the DNA and triggering permanent growth arrest (senescence). If 
cells escape from senescence they enter a state called crisis, which ends with 
cell death [29]. In order to become immortal, cells need to evade both 
senescence and crisis, enabling them to divide infinitely. Most established 
cell lines have acquired this ability. Almost 90% of all immortalized cells 
exhibit a functional telomerase expression [30]. Telomerase is a DNA 
polymerase specialized at adding telomere repeats to the end of telomeric 
DNA, counteracting the erosion that comes from cell division. The 
telomerase expression is correlated with both senescence and crisis 
resistance, making the acquisition of telomerase an important hallmark for a 
cancer cell [31]. 
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1.2.7 Ability to invade and metastasize 

Cancers of epithelial origin have the ability to invade local tissue and form 
distant metastasis. Alterations in cell-cell/matrix proteins can be found 
where adherence molecules maintaining cell homeostasis typically are 
downregulated whereas adherence proteins, proteases and collagenases, 
responsible for migration are upregulated. Not all cells in a tumor have the 
capability to metastase. Cancer cells disseminate into the circulation 
frequently, but only 0.01% is thought to form metastases, which shows that 
invasion and formation of metastases are complex processes [32]. 

The events leading to metastasis can be divided into several steps. Tumor 
cells interacting with the vascular network increase in size and can be 
embolized and released into the blood or lymphatic circulation. Cells that are 
not removed by immune cells arrest in capillary beds. The cell then transits 
from the lumen of these vessels into the parenchyma of distant tissues 
(extravasation). In the distant tissue micrometastases are formed followed 
by generation of macroscopic tumors, a process referred to as colonization. 
The final step to an established metastasis is to develop a vascular network 
in order to grow and the presence of angiogenic factors is important. 
Metastases also need to evade detection by the immune defense [32].  The 
“epithelial-mesenchymal transition” (EMT) system allows for cancer cells to 
disseminate by gaining invasiveness and stem cell-like features like loss of 
adherence, loss of polarity, and gain migratory and invasive properties [33]. 
Transcription factors regulating EMT program, like Twist1 and Snail, are 
able to induce several traits important for invasion and metastasis including 
loss of adherence junctions, altered cell morphology, induced expression of 
matrix degrading enzymes, increased motility and decreased sensitivity to 
cell death. These transcription factors are important in embryonic 
development but have also been shown to be overexpressed in tumor cells. 
Studies on gastric cancer tissue revealed that EMT-promoting factors also 
can be produced by tumor-associated stromal cells [34, 35], suggesting that 
the stromal cells might aid the EMT transition. Once disseminated cancer 
cells have established micrometastases, they may reverse the EMT into 
mesenchymal-epithelial transition (MET). MET is considered  more 
beneficial since mesenchymal transformed tumor cells are growth arrested 
and reversal is required for proliferation to continue [36]. It has also been 
shown that EMT inducing factors directly inhibit proliferation, which further 
supports this theory [37].   
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1.2.8 Angiogenesis induction 

Tumor cells need a continuous supply of oxygen and nutrients to proliferate. 
They also need a route for disposal of cellular waste products and carbon 
dioxide. Formation of new vessels (angiogenesis) is tightly regulated in 
human adults and is only active during wound healing and during the female 
reproductive cycle[38]. Angiogenesis is controlled by both inhibitors and 
inducers. Sprouting of new vessels in otherwise quiescent vasculature 
requires the induction of pro-angiogenic factors or inhibition of anti-
angiogenic stimuli. Vascular endothelial growth factors (VEGF) are 
angiogenesis inducers known to be induced by oncogenes [39]. VEGF-A can 
also be retrieved in the extracellular matrix by proteases secreted by the 
tumor cell.  The mechanism by which tumors induce angiogenesis varies. 
Some oncogenes known to induce proliferation, like Myc and Ras, also have 
the ability to upregulate angiogenic factors [40]. Tumors induce 
angiogenesis early in their progression and not only in their macroscopic 
phase as researchers first thought. The vascular system of a tumor differs 
from normal blood vessels in their morphology and behavior. The vessels are 
enlarged and deviant. Branching of the vessels is disproportionate and 
intricate and the capillaries display advanced sprouting. The blood flow is 
erratic and leakiness is observed.  

1.2.9 Deregulation of cellular energetics 

Glucose is the primary source of energy in order for cells to proliferate and to 
maintain their physiological state. In a normal cell, glucose is processed in 
two different ways depending on the oxygen state. In normoxic cells, glucose 
is processed into pyruvate in the cytosol of the cell before entering the Krebs 
cycle in the mitochondria. The Krebs cycle generates NADH molecules which 
are rich in energy and CO2 as a byproduct. In order to generate ATP by 
oxidative phosphorylation, NADH delivers an electron to the electron 
transport chain in the inner membrane of the mitochondria. This process 
yields up to 40 molecules of ATP and is very efficient. Hypoxic cells cannot 
utilize oxidative phosphorylation in the mitochondria. Instead, pyruvate is 
reduced into lactate in the cytosol using lactate dehydrogenase in order to 
produce energy. This generates only 2 ATP molecules, making it much less 
effective than the oxidative pathway. 

Tumor cells need a large amount of energy to fuel the increased 
proliferation. It has been found that cancer cells, independently of oxygen 
supply, have an increased use of glycolysis instead of mitochondrial oxidative 
phosphorylation. This is known as the Warburg effect, named after its 
discoverer in 1965 [41]. Why tumor cells utilize a less effective mechanism to 
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produce energy can be explained by their increased need for biomolecules in 
order to grow. By redirecting the glucose molecules from energy production 
to biosynthetic pathways they gain a proliferative advantage. Tumor cells 
also have the ability to increase the expression of glucose transporters like 
GLUT1, which further aids proliferation [42, 43]. Lactate is a waste product 
of glycolysis and high levels of lactate has been associated with poor 
prognosis in several types of cancers [44]. It I speculated that lactate not 
only is a marker for increased glycolysis, but also has the ability to promote 
tumor growth and progression [44]. 

1.2.10 Evading the immune system 

One of many roles of the immune system is to monitor the proliferation of 
cells and remove neoplasias, tumors and micrometastases. Tumor cells with 
low immunogenicity emerge as they are able to avoid detection by the 
immune system. This process is known as immunoediting. The mechanism 
behind immune cell monitoring is not known but studies on transgenic mice 
have shown that CD8+ cytotoxic T cells, CD4+ T helper (TH)1 cells and NK 
cells are involved since knocking them out gives rise to higher frequency of 
tumors . Knocking out both T cells and NK cells further enhances tumor 
development [45]. 

1.2 Treatment of cancer diseases 

Today Malignant diseases are treated in several ways and treatment is 
geared by factors such as origin of the tumor, stage, location and the general 
health status of the patient. Surgery, radiation and chemotherapy are still the 
primary modes of cancer treatment, and biotherapy, including 
radioimmunotherapy, is a more recent group of therapies under rapid 
progression. All of these treatment modalities can also be combined, given 
either simultaneously or sequentially in order to optimize the treatment 
effect. 

The two main groups of malignant diseases are treated in two fundamentally 
different ways. Solid tumors are mainly removed by surgery to cure or relieve 
symptoms.  Prerequisites for curing the patient are that the disease is 
detected early, that the tumor is accessible to the surgeon and that the 
patient is able to manage extensive surgery. Surgery can also be used in 
combination with local radiation therapy and/or systemic chemotherapy. 
Combining the treatments allow treatment of metastatic lesions. Leukemia 
and lymphomas are rarely treated with surgery. These malignancies are 
typically treated using chemotherapy or targeted treatments like 
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immunotherapy or radioimmunotherapy. This thesis will focus on treatment 
of cancer using radiation, and RIT in particular. 

1.2.1 Radiotherapy 

Cancer treatment with ionizing radiation has been used for over a century. 
The first ever Nobel Prize in physics was awarded in 1901 to Wilhelm Conrad 
Röntgen for his discovery of X-rays in 1895. In 1896), radiation was for the 
first time used in attempts to treat cancer. The treatment has evolved 
significantly over the years and both treatment success and limiting of 
damage to nearby tissues have been improved. About 50% of all cancer 
patients receive some sort of radiation therapy during their treatment 
period. The most common form of radiation therapy is delivered by high-
energy ionizing radiation in the form of γ- or X-rays. Administration by 
external beam radiation therapy places the radiation source outside of the 
body. Internal administration is entitled brachytherapy and this method 
utilizes the placement of radioactive material inside the patient, near or 
inside the tumor. Systemic radiation therapy utilizes the blood stream to 
deliver radioactive substances such as radioactive iodine. The most common 
systemic radiation therapy in Sweden is treatment of thyroidea (131I) or 
neuroendocrine tumors (177LU-labeled peptides). The high amounts of 
energy deposited in exposed tissue cause extensive damage to the cells. This 
damage can result in several different outcomes, discussed in chapter 1.4. 
Radiation affects both tumor cells and normal cells, but tumor cells to a 
larger extent since they proliferate at accelerated rates and usually have 
deficient repair systems. Radiation can be delivered with the intent of curing 
the patient (by eradicating the tumor, preventing relapse, or both). In this 
case radiation can be used as a solo treatment or in combination with 
surgery and/or chemotherapy. Radiation can also be administered with the 
intent to relieve symptoms and suffering caused by cancer. This course of 
treatment is palliative rather than curing.  

1.2.1.1 Radioimmunotherapy 

The possibility to deliver radiation only to sites of cancer disease and 
minimize the exposure of healthy tissue provides new possibilities to 
potentiate cancer treatment and minimize side effects. Radioimmunotherapy 
(RIT) is the use of suitable radionuclides conjugated to tumor specific 
antibodies, and is today mainly used for treatment of hematopoietic 
malignancies. Cells of this origin are easily accessed by systemic therapy, 
compared to tumors of solid origin where delivery and treatment efficacy 
still poses a problem. Two agents have been FDA approved so far for clinical 
use in RIT treatment of non-Hodgkin´s lymphoma, Zevalin (90Y 
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ibritumomab tiuxetan) and Bexxar (131I tositumomab). Both these antibodies 
target CD20, an abundant antigen on the surface of lymphoma cells in 90 % 
of non-Hodgkin´s lymphoma patients. CD20 is also expressed on most B-
cells, but not on B-cell stem cells, meaning that new B-cells can be 
regenerated.  

The treatment responses to RIT in several malignancies, like breast, ovarian, 
colorectal, medullary, lung, thyroid and brain tumors, have been evaluated 
and solid tumors have proven much harder to treat since they typically are 
more resistant to radiation [46]. Several antibodies targeting tumor antigens 
have been developed and used in clinical studies and are commonly labeled 
with

 
131I or 90Y. These antigens include carcinoembryonic antigen (CEA), 

tumor associated glycoprotein (TAG-72), mucin 1(MUC1), A33 and Human 
Epidermal Growth Factor Receptor 2 (HER2). The results from clinical trials 
have been diverse, but increased life expectancy has been observed and the 
radiolabeled antibodies also show promising results in imaging (identifying 
tumors). The use of RIT alone or in combination with chemotherapy or other 
radiosensitizing agents are promising areas of research. Also the 
development of engineered antibodies for better tumor penetration shows 
promising results. Significant improvements have been made in the field of 
RIT in the past 60 years. The development of chimeric and humanized 
monoclonal antibodies decreased the risk of developing human anti-mouse 
antibodies (HAMAs). Usage of antibody fragments has improved radiation 
delivery to solid tumors and pretargeting decreases the bone marrow 
toxicity. Improved dosimentry, novel radionuclides and the discovery of new 
molecular targets also provides new possibilities for the field. Increasing 
knowledge of cellular processing, pharmacokinetics, and radionuclide uptake 
and cell death modalities also provides a promising possibility of clinical 
advances in the near future. 

1.3.1 The cell cycle phases 

The cell cycle is divided into four different active phases: gap 1 (G1), 
synthesis (S), gap 2 (G2) and mitosis (M). There is also a resting phase, G0 
for non-dividing cells. The G1-, S-, and G2-phases are collectively known as 
the interphase. The M-phase is further divided into two major parts: mitosis 
(nuclear division), and cytokinesis (cell division). Mitosis can be additionally 
divided into: prophase, prometaphase, metaphase, anaphase and telophase. 
There are four points in the cell cycle where a cell can be arrested: prior to S, 
in S, in G2 prior to M, and in M. These checkpoint arrests allow time to 
repair damage and prevent damaged cells from progressing into next phase 
of the cell cycle. All stages of the cell cycle and the arrests are depicted in 
figure 2. 
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Figure 2. The different phases of the cell cycle and the cell cycle checkpoints. 

After cytokinesis cells can either progress into G1 for further proliferation, or 
enter G0. In the G1-phase of the cell cycle the cell prepares for division by 
making metabolic changes needed for DNA replication. Contents of the cell 
are duplicated (except for DNA). If no errors are detected in the G1-
checkpoint, the cell is allowed to progress into S-phase. The S-phase is where 
the DNA-replication occurs. The chromosome number doubles and each cell 
now contain double amounts of DNA. If DNA duplication is successful and 
the right Cyclin/cdk complexes are present, the cell will progress into the 
G2-phase. The G2-phase prepares the cell for mitosis by producing enzymes 
and metabolites needed for cell division and by proofreading the new 
chromosomes, making sure no errors are present. If errors are detected the 
G2-checkpoint will be activated. If the cell is prepared to enter mitosis it will 
initiate prophase, the first step of mitosis. The nuclear membrane will start 
to break down, chromosomes condense and mitotic spindles will start to 
form. Mitotic spindle formation originates from centrosomes. Centrosomes 
are the major microtubule organizing center (MTOC) of the cell and are 
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important for bipolar division. Each cell contains two centrosomes at the M-
phase of the cell cycle and each daughter cell inherits one from its 
predecessor. The centrosome duplication cycle is tightly connected to the cell 
cycle in order to maintain the right number of centrosomes. Two 
centrosomes are required to generate a polar division into two daughter 
cells, and centrosome over-duplication will lead to incorrect cell division 
with an increased risk of aneuploidy and cancer development. At the second 
step of mitosis, prometaphase, the mitotic spindle fibers attach to the 
kinetochore, a part of the centromere that links the two sister chromatids. 
This is the part of mitosis where centrosomes migrate to two poles. Next step 
is called the metaphase. Here the chromosomes align at the metaphase plate, 
equidistant from the two poles created by the centrosomes. Next stage, the 
division of sister chromatids into daughter chromosomes, is called anaphase. 
The metaphase and anaphase are the two most critical steps of the mitosis as 
proper alignment, chromosome to spindle attachment and bipolar division 
are crucial events for correct cell division. The spindle assembly checkpoint 
(SAC, also referred to as metaphase arrest or mitotic arrest) is located at the 
transition between metaphase and anaphase to prevent errors in cell 
division. The fifth and final step in mitosis is called telophase. In telophase, 
all steps of the prophase are reversed. The nuclear envelope is reformed, 
chromosomes unwind, and the mitotic spindle fibers degenerate. After the 
last stage of mitosis the cytokinesis takes place. The cytoplasm is constricted 
and two new cells are formed.  

Each stage of the cell cycle is carefully monitored and progression through 
the cycle is only allowed if the cell fulfills all criteria. If damage is detected at 
a cell cycle checkpoint, an arrest will be induced, and the cells either undergo 
repair or induce cell death. These pathways will be discussed in chapter 1.4. 

1.3.2 Cyclins and Cyclin dependent kinases 

Progression through the eukaryotic cell cycle is regulated by Cyclin 
dependent kinases (Cdk’s). Cdk’s are dependent on cyclins in order to be 
activated, and levels of available cyclins are tightly regulated by synthesis 
and degradation in order to maintain a functional cell cycle. There is several 
Cdk’s regulating cell cycle progression and each Cdk can be activated by a 
multitude of cyclins. The reason for having several activating cyclins is not 
yet known, but it probably allows for adapted response depending on input 
signals, and also increased control over cell cycle progression. 

The G1/S transition is mainly orchestrated by CDK2 in combination with 
Cyclin –A and -E. Their task is to phosphorylate pRb, a known repressor of 
genes needed for G1 exit. Phosphorylation of pRb leads to release of 
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transcription factor E2F, which is responsible for transcription of several 
genes necessary for S-phase induction. pRb is further phosphorylated by 
Cdk2 in order to initiate and complete the S-phase. Cdk2 is believed to 
associate with Cyclin -A and -E. Increased levels of Cyclin A have been 
shown to promote S-phase progression.  

Cdk1/Cyclin -A2 and -B1 are essential for G2/M transition. Cdk1/Cyclin B 
complexes are kept inactivated by kinases like Wee1 and Myt1 in G2. In order 
to induce mitosis, Cdc25 dephosphorylates Cdk1 in order to activate the 
complex [47]. Deregulation of Cyclin B1 levels will result in increased levels 
of tetraploid cells, since the G2/M checkpoint will be compromised. 

1.3.3 The centrosome cycle 

The centrosome plays a major role in mitosis and its regulation is important 
for accurate cell division. Overamplification of centrosomes renders the cell 
unable to properly align the mitotic spindle, leading to aneuploidy or 
possibly cell death.  The centrosome consists of two centrioles surrounded by 
pericentriolar material (PCM). Centrioles are the part of the centrosome that 
is duplicated once every cell cycle. The PCM anchors and organize the 
microtubule cytoskeleton [48]. 

Duplication of centrosomes is tightly linked to DNA replication in both 
timing and regulation (Figure 3). The old centriole (mother) is used as a 
template and duplication is initiated during G1/S transition by increased 
levels of Cdk2 and Cyclin -A or -E, the same complex that initiate the S-
phase of the cell cycle [49].  The mother centrioles are loosely connected in a 
bond called the G1-G2 tether (GGT) which is formed during G1 and involves 
proteins like C-Nap1 and rootlein [50-52]. Daughter centrioles start to form 
during S phase and are linked to their “mother”-centriole via a “S-M linker” 
(SML). The SML connects mother and daughter centriole mainly with 
cohesion, until the late phase of mitosis, hence the name S-M link. Both SML 
and GGT are important in order to maintain proper levels of centrosomes 
and bipolarity during cell division. Each daughter centriole continues to 
elongate throughout G2 phase. The centrosomes mature by accumulating 
pericentriolar material (PCM) and GGT bond is disengaged as the cell 
prepares for mitosis and spindle formation. The centriole uncoupling is 
orchestrated by Nek2A and Eg5, which phosphorylates GGT components like 
C-Nap1 and rootlein [53]. Plk1 is also involved in the disengagement of the 
GGT, since it is involved in both Nek2 and Eg5 signaling [53, 54].  
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Figure 3. Schematic view of how centrioles duplicate during the cell cycle. Centrioles are 
linked via a GGT bond, formed in G1. During S-phase, daughter centrioles are formed. Mother 
and daughter centriole are linked via a SML. 

 

Disengagement of the SML is induced by Plk1 and separase after mitosis. 
Involvement of Plk1 and separase, which are only active during mitosis, 
ensures centriole maturation and disengagement in coordination with 
chromatid separation. The dual roles of Plk1 and separase in both the 
centrosome and chromosome cycle connects both cycles, preventing 
multipolar spindle formation [54]. 

There are two types of controls (licensing) to ensure correct centrosome 
numbers in each cell. The licensing steps are tightly regulated through the 
cell cycle. The first control is to allow duplication once for each centriole 
every cell cycle. This licensing step is the disengagement of the SML prior to 
G1 entry. The second control is to only allow the formation of a procentriole 
in the proximity of a pre-existing centriole in order to maintain correct copy 
number. Plk4 is speculated to induce procentriole seeding by 
phosphorylation of a protein on the centriole [55]. Overexpression of Plk4 
has been shown to induce formation of supernumerary centrioles and 
depletion led to centriole loss [56]. These findings indicate that Plk4 is in fact 
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involved in the copy number control mechanism. The exact mechanisms 
behind these controls remain undetermined. 

In cells with damaged checkpoint controls, like tumor cells, DNA damage 
can lead to formation of multiple centrosomes and multipolar spindles. It 
has been shown that a prolonged checkpoint arrest, induced by DNA 
damage, can be important for centrosome amplification by uncoupling of the 
cell cycle and the centrosome cycle [57, 58]. The mechanism behind 
centrosome amplification is not yet fully understood, but centriole 
disengagement as well as licensing centrioles for duplication in all cell cycle 
phases (not only mitosis) are possibly two contributing events to centrosome 
amplification.  
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1.4 DNA damage response 

Understanding the mechanisms behind radiation induced DNA damage 
response (DDR) and the signaling pathways leading to repair, cell cycle 
arrest and cell death induction are necessary in order to improve RIT and 
other cancer therapies. The different responses to ionizing radiation are 
depicted in figure 4 and will be discussed in detail in the subsequent 
chapters. It is known that ionizing radiation can induce damage in the form 
of small lesions like single strand breaks (SSB), which are easily repaired, 
and double strand breaks (DSB), which are much harder to repair.  

 

Figure 4. Description of different outcomes of ionizing radiation. 

Mutations in the key regulators of the DDR will render cells unable to induce 
persistent arrest, repair damaged DNA, and/or induce different cell death 
modalities. One regulator of special importance is p53, the main conductor 
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of the DDR, which will be discussed in detail in chapter 1.4.1. Mutations in 
p53 will disable the maintenance of cell cycle arrests and create resistance 
towards apoptosis induction. The importance of p53 silencing for 
carcinogenesis can be shown by the fact that it is one of the most common 
mutations found in solid tumors.  

1.4.1 P53 

ATM (ataxia telangiectasia mutated) and ATR (ATM and Rad-3 related) are 
the center of the DNA damage response caused by ionizing radiation (IR) 
[59]. ATM mainly senses DSBs, common after IR, while ATR mainly sense 
SSBs. ATM phosphorylates numerous targets in response to DNA damage, 
including p53, MDM2, CHK1, and CHK2.   

As written earlier, p53 is a key checkpoint regulating protein and is required 
for proper DDR. In response to irradiation and other DNA damaging agents, 
it induces transcriptional changes leading to cell cycle arrests, repair, 
apoptosis or senescence. Activation of p53 in response to irradiation is 
mediated through ATM and ATR, leading to Chk1/Chk2 activation. This 
activation can induce multiple responses. G1/S arrest is activated and 
maintained due to increased expression of several p53 targets, including the 
p21Cip/Waf1 (p21) protein. P21 is a known inhibitor of Cdk2, Cdk3, Cdk4, and 
Cdk6 and consequently directly controls the transitions between the 
different cell cycle phases [60, 61]. p53 is not required for induction of G2/M 
arrest, but crucial for its maintenance by increasing the expression of p21 
[62].  By contributing to APC/C activation, p21 aids the degradation of Cyclin 
-A2 and -B1. This will prevent cells from entering mitosis [63]. Maintenance 
of the arrest is important to provide time for DNA repair. Cell cycle arrest 
and DNA repair will be discussed in detail in chapter 1.4.2 and 1.4.3 
respectively. 

If the DNA damage is too severe, the cell will induce cell death. Different cell 
death modalities can be induced. In response to DNA damage, p53 can 
induce transcription of BCL-2 family members PUMA, NOXA and BAX, 
resulting in caspase mediated apoptotic induction. This will be described in 
depth in chapter 1.4.4. Depending on cell type and extent of damage, cells 
can also induce senescence. This is mediated by p53 through an induced 
expression of p21 which establishes a prolonged cell cycle arrest. Increased 
expression of p21 is required for induction of a permanent arrest (further 
described in chapter 1.4.3.3). The presence of p53 is needed for complete 
DDR, but it is not necessary for viability. Cells lacking p53 lack the ability to 
arrest in G1/S but can still arrest in G2/M. Defects are however detected in 
the spindle pole arrangement and multiple centrosomes are common. Many 
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cancer cells have mutations in the p53 gene, causing them to divide without 
proper checkpoint control. This can in turn cause genetic instability and a 
high rate of gene amplification, something that is utilized by cancer cells 
[64].  

1.4.2 Cell cycle arrests  

Progression from one phase of the cell cycle to the next is tightly regulated in 
the cell. Each phase need to be completed correctly which is verified by cell 
cycle checkpoints [65]. These fail-safe mechanisms help protect the cell from 
genomic alterations and delay cell cycle progression until damage is 
repaired. Checkpoints can also be activated in response to DNA damage [66]. 
Cell cycle arrests can be triggered at various points in the cell cycle: at the 
border of G1/S, intra-S phase, at the border of G2/M, and during mitosis 
(SAC) (as seen in figure 2) [67].  

1.4.1.1 G1 and intra-S arrest 

The G1/S checkpoint is located in G1 and prevents cells with unrepaired 
DNA from entering S-phase. When radiation induced DSBs in the DNA are 
detected, ATM is activated, causing activation of Chk2/Chk1 by 
phosphorylation. Activation of Chk2 and Chk1 leads to Cdc25A 
phosphorylation, which targets the protein for degradation by 
ubiquitination. Removal of Cdc25A leads to accumulation of inactive Cdk2, a 
Cyclin dependent kinase required for S phase entry and DNA replication. 
The fast onset of G1 arrest is followed by arrest maintenance that requires 
p53 expression. ATM, ATR, Chk2 or Chk1 have the ability to activate p53 
which acts as a transcription factor inducing the transcription of p21, 
Gadd45 and 14-3-3 leading to maintenance of the G1 arrest. P21 inhibits S 
phase entry by inhibiting the complex formation of Cyclins/Cdk’s (including 
Cdk2/Cyclin A and Cdk2/Cyclin E). These complexes are responsible for 
phosphorylation of pRb which releases the transcription factor E2F which 
then can induce several genes that are required for S-phase entry.  P21 also 
prevent DNA synthesis by inhibition of PCNA. 

Cells can also arrest in S-phase, called the Intra-S checkpoint. This arrest 
cannot be maintained for longer times, but delays progression of DNA 
synthesis. The intra S checkpoint activates similar signaling cascades as 
those activated at the G1/S checkpoint with the same end result, prevention 
of S phase progression. 
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1.4.1.2 G2 arrest 

A G2 arrest is triggered in response to DNA damage acquired in the G2 
phase or by unrepaired damage from the previous cell cycle phases. This 
arrest is responsible for preventing damaged cells from entering mitosis. The 
arrest can be activated in several different ways and similar to G1 arrest, 
there is a fast onset and a maintenance mechanism regulating the arrest. 

Arrest in G2 is induced by ATM/ATR signaling to CHK2/CHK1. This will 
lead to cdc25 inactivation. Ccd25 family members are positive regulators of 
the formation of Cdk1/Cyclin B complex formation. This complex is crucial 
for promoting mitosis. Unlike the G1/S checkpoint, the G2/M checkpoint 
arrest induction seems to be independent of p53/p21 expression. 
Maintenance of G2 arrest is however p53 dependent. Subsequent p21, 14-3-
3σ and Gadd45 signaling leads to Cdk1 inhibition and in the end G2 arrest. 
Lack of functional p53 signaling will cause an accumulation of mitosis 
promoting Cdk1/Cyclin B complexes causing the cell to enter mitosis 
prematurely. 

1.4.1.3 The spindle assembly checkpoint 

The spindle assembly checkpoint (SAC) (also known as spindle checkpoint, 
metaphase checkpoint or mitotic checkpoint) can be activated in metaphase 
to prevent cells from entering anaphase, if errors are detected. Events that 
can trigger SAC are errors in kinetochore-microtubule attachment or if 
chromosomes are not correctly aligned on the metaphase plate [68]. If SAC 
is activated, chromosome segregation during anaphase is delayed. Key 
regulators of SAC are Mad2, Bubr1, and Bub3, called the mitotic checkpoint 
complex (MCC) [68]. MCC is formed when unattached kinetochores are 
detected and their role is to delay mitotic progression by inhibiting the 
anaphase promoting complex (APC/C) from degrading Cyclin B. Once all 
kinetochores are attached, the formation of MCC is terminated, which allows 
for Cdc20 to activate APC/C. Activation of APC/C leads to ubiquitination 
and subsequent degradation of Cyclin B, which is followed by mitotic exit. 
Degradation of Cyclin B leads to mitotic exit due to inactivation of Ckd1.  

1.4.3 DNA Repair 

The formation of DNA damage in response to ionizing radiation can induce 
cellular repair mechanisms. Repairing damaged DNA is very important since 
unrepaired DNA could lead to the formation of chromosomal aberrations. 
These aberrations could lead to cell death or carcinogenesis.  



 

22 

ATM (in response to DSBs) and ATR (in response to SSBs) signaling 
pathways are involved in the DNA damage response signaling pathway and 
induces both repair and cell cycle arrest. The arrest provides time for repair. 

Two main repair mechanisms can be activated in response to ionizing 
radiation, non-homologous end joining (NHEJ) and homologous rejoining 
(HR). NHEJ is believed to be the main DSB repair pathway in mammalians 
and it can be activated in all parts of the cell cycle. It has been observed that 
mutations in key regulators of NHEJ like DNA-PK will render cells more 
sensitive to radiation, proving the importance of this repair pathway. Less is 
known about the HR pathway in human cells. It is active during S phase and 
G2 phase of the cell cycle, when the sister chromatids can serve as templates 
for the repair of DNA. HR has an advantage over NHEJ in its ability to 
restore the original DNA sequence, while NHEJ join DNA ends without the 
utilization of template DNA.  

1.4.4 Life and death decisions 

Cell death has been described since the 19th century when Vogt made the first 
morphological observations [69]. Apoptosis was first described in the 1970’s 
and was considered the only programmed type of cell death, while other cell 
deaths were accidental and were classified on lack of apoptotic morphology. 
As the research tools expanded so did the range of cell death types. Now cell 
death is classified depending on functional, biochemical and immunological 
aspects as well. This thesis will focus on the most common cell death 
mechanisms in response to ionizing radiation: apoptosis, necrosis, mitotic 
catastrophe and senescence (depicted in figure 4). 

1.4.3.1 Apoptosis 

Apoptosis is probably the best described cellular death pathway and the 
main death pathway in response to irradiation of myeloid and lymphoid 
cells. Apoptosis is less common in irradiated cells of epithelial origin. 
Classical hallmarks of apoptosis include shrinkage of both cell and nucleus, 
condensation of nuclear chromatin, detachment from surrounding cells and 
membrane budding (figure 4) [70]. The cellular buds are termed apoptotic 
bodies and are phagocytized by neighboring macrophages and parenchymal 
cells, where they become degraded. In difference to necrosis, apoptosis occur 
without generation of an inflammatory response. 

The major biochemical changes in an apoptotic cell are activation of caspases 
and other intracellular proteases. The molecules on the cell surface are also 
changed in order to be recognized by neighboring cells for phagocytosis. This 
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results in fast removal of apoptotic cells without activating an immune 
response [71]. 

As discussed earlier in the chapter of evading death mechanisms, apoptosis 
can be executed via two distinctive routes: the intrinsic and the extrinsic 
pathways. The intrinsic pathway is activated by various stress signals such as 
DNA damage, hypoxia, growth factor withdrawal, or transcription induction 
of oncogenes. Generally, irradiation induced apoptosis occurs via activation 
of this pathway, which involves mitochondrial outer membrane 
permeabilization (MOMP) that disrupts the mitochondrial function. This 
mitochondrial membrane permeabilization is mainly controlled and 
mediated by members of the Bcl-2 family. Bcl-2 family members consists of 
both pro- and antiapoptotic proteins. Disrupting the balance between these 
proteins activates the intrinsic pathway. Pro-apoptotic proteins are branched 
into two families, Bax-like family (Bax, Bak, and Bok) and BH3-only family 
(Bid, Bad BIM Bik Bmf, Noxa, Puma, and Hrk). Both families are required 
for apoptosis induction by forming Bax-Bak pores in the mitochondrial 
membrane due to pro-apoptotic signaling in response to DNA damage. The 
pores will disrupt the mitochondrial membrane resulting in the release of 
cytochrome c and other pro-apoptotic signaling proteins[72]. Release of pro-
apoptotic proteins in the cytosol will activate caspase-9, which has the ability 
to activate effector caspases -3, -6 and -7. Effector caspases are able to 
induce cell death by activating cell death substrates. The extrinsic pathway is 
activated due to stress signals activating death receptors in the cell 
membrane. The death receptors, like FAS and TRAIL and KILLER, belong to 
the tumor necrosis factor (TNF) family and are cytokine receptors. 
Activation leads to formation of DISC resulting in activation of caspase-8 or 
caspase-10, followed by activation of effector caspases -3, -6, and-7. The 
effector caspases are responsible for the induction of cell death by cleavage 
of structural-, repair-, cell cycle regulating proteins and other mediators. 
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1.4.3.2 Necrosis/Necroptosis 

Necrotic cells are characterized by early loss of plasma membrane integrity, 
organelle swelling and mitochondrial dysfunction (figure 4). Necrosis has 
been considered to be an outcome of extreme conditions, like high doses of 
radiation. Traditionally, necrosis is not considered a form of programmed 
cell death. Necrosis is not the result of a signaling cascade leading to cell 
death in an ordered fashion as   during apoptosis. However, more and more 
evidence indicate that necrosis can be a carefully regulated result of several 
signaling cascades converging into cell death [73, 74]. When necrosis is 
executed in an ordered fashion it is referred to as necroptosis. The 
differences between necroptosis and apoptosis are the lack of involvement of 
caspase signaling and lack of lysosome activity.  

Necroptosis is believed to be triggered by death receptors, similar to extrinsic 
apoptosis. The difference between extrinsic apoptosis and necroptosis is 
believed to be the presence or absence of caspase signaling and necrotic cell 
death has been shown to occur when blocking caspase activity 
experimentally [75, 76]. The exact mechanism behind neccroptosis is not 
known yet, and whether necroptosis is just a backup mechanism for 
apoptosis when caspase signaling fails, or if it can act as a primary cell death 
pathway needs to be elucidated. 

1.4.3.3 Senescence 

Senescence is classified as a stable and long-term loss of proliferative 
capacity. Senescence is not a cell death modality since senescent cells per se 
are viable and continue their metabolic activity. Typical for a senescent cell is 
the lack of replication, i.e. a prolonged cell cycle arrest (figure 4). Cell cycle 
arrest in itself is not unique for senescent cells and cannot be used alone as a 
marker. It is disputed whether the cell cycle arrest is permanent or if a 
senescent cell can reenter the cell cycle. Attempts to reverse the senescent 
state have in fact been successful in vitro by inactivation of p53 signaling. 
Expression of p16INK4a has also been reported to affect the reversal of 
senescence. Senescent cells also change their morphology. Once cells enter a 
senescent state they become enlarged and flat, sometimes multinucleated 
[77]. Depending on cell type and type of induction they can also adapt a 
spindle shaped morphology [78] and display extensive vacuolization [79]. 
One of the most commonly used biomarkers for senescence is SA-β-GAL 
activity. Due to an expansion of the lysosomal compartment in senescent 
cells the activity of β-galactosidase increases and can easily be measured in 
both tissue samples and cell cultures. There is however no reported role for 
SA-β-GAL in the senescence induction and maintenance. 
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There are two types of senescence in human cells, replicative and premature 
senescence. Replicative senescence is induced by telomere shortening, while 
premature senescence is induced in response to DNA damage. Replicative 
senescence was first discovered by Hayflick in 1965, who reported that cells 
in culture were only capable of a finite number of divisions during their 
lifetime due to aging [80]. This limit was later shown to depend on the 
shortening of telomeres on the end of chromosomes. 

Telomere shortening causes DNA damage and trigger a DDR signaling 
cascade. ATM and ATR are activated, followed by activation of CHK1 and 
CHK2 [81]. Replicative senescence is avoided by both stem cells and tumor 
cells by expression of telomerase. Telomerase elongates the telomeres, 
keeping them at a sufficient length and avoiding induction of a DDR [82].  

Senescence has also been detected as a consequence of DNA damage caused 
by radiation, oncogenes, free radicals, and other damaging agents. This type 
of senescence is designated as premature senescence. It is speculated that 
premature senescence is an important defense mechanism against cancer.  It 
is not known what makes a cell induce senescence instead of apoptosis in 
response to DNA damage. Cell type, p53 function and severity of DNA 
damage are three major determinants. Lymphocytes rarely induce 
senescence in response to DNA damage, but it is rather common in 
fibroblasts and epithelial cells in response to lower doses of radiation [22, 
83]. Senescence induction cause large changes in the gene expression. Some 
of these changes occur in order to prevent re-entry into the cell cycle. 
Upregulation of p53 and an increased expression of p21 seems to be 
necessary for senescence induction in all cell types, while upregulation of 
other genes, like pRb and p16INK4a, only is necessary in some cell types [25, 
84, 85]. Prolonged expression of p21 has been shown to play a role in 
maintenance of the senescent state, and it is speculated that an increased 
expression of p21 for more than three days is needed in order to make the 
cell cycle arrest permanent [61, 86]. Furthermore, several genes associated 
with cell cycle progression seem to be downregulated in senescent cells [87]. 

Several of the changes in gene expression in senescent cells are completely 
unrelated to cell cycle regulation. These genes are members of the 
senescence associated secretory phenotype (SASP) and include numerous 
cytokines and chemokines. It is speculated that SASP factors are secreted 
from senescent cells in order to change the microenvironment surrounding 
the senescent cell. It has been reported that several of these SASP factors 
require persistent DNA damage in order to be overexpressed and secreted. 
Both tumor supporting and tumor suppressing roles for the SASP have been 
identified, but the exact role is not yet understood. It is speculated that SASP 
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factors can be a risk factor for cancer development and other age related 
diseases in ageing humans [88, 89]. 

1.4.3.4 Mitotic catastrophe 

Mitotic catastrophe (MC) is the definition of cell death occurring during 
mitosis, or after, as a result of aberrant mitosis. Several morphological 
phenotypes have been described, like anaphase bridges, multinuclei, 
micronuclei, centrosome amplification and multipolar spindles (figure 4).  

MC is induced in response to DNA damage and is a consequence of 
nonfunctioning cell cycle checkpoint controls, which is common in many 
tumor cells due to mutations or inactivation of p53 (a key regulator of cell 
cycle checkpoints) or other G2-checkpoint arrest related genes. The lack of 
p53 activity will cause the cell to enter mitosis prematurely with unrepaired 
DNA. Mitotic catastrophe can also be induced as a consequence of 
centrosome amplification. Lack of p53 will cause hyperamplification of 
centrosomes. Centrosomes are the major microtubule centers of the cell and 
form the two poles needed for bipolar chromosome segregation in cell 
division. Overamplification of centrosomes can lead to multipolar spindle 
formation, improper chromosome segregation and the establishment of 
aberrant nuclei formation with MC as a consequence. The final step of MC is 
executed by apoptosis, necroptosis or senescence. This cell death is delayed 
compared to classic apoptosis or necrosis and is typically seen 2-6 days 
following irradiation.  
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2. Aims 

 To elucidate the molecular and cellular events responsible for 
inducing cell death modalities in cells of different origin and p53 
status. 

 
 To identify the kinetics behind gene expression patterns, identify key 

signaling pathways in the cell in response to irradiation and 
correlate these to the molecular and cellular events. 
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3. Materials and methods  

3.1 Cells 

In order to elucidate the mechanisms behind radiation induced cell death we 
selected four different cell lines. Previous studies in our group focused on the 
development of antibodies against typical antigens expressed on tumor cells 
that could be utilized in RIT. Two antibodies that were used were 131I labeled 
mAb H7 (targeting placental alkaline phosphatase (PLAP)) and TS1 
(targeting cytokeratin). PLAP and cytokeratin are expressed on the surface of 
HeLa Hep2 cells and this cell line therefore has been used by our group in 
several of the previous targeting studies. In one of these studies, in tumors 
treated with RIT, we observed morphological alterations typical for mitotic 
catastrophe. As we wanted to increase our knowledge about the mechanisms 
behind mitotic catastrophe induced following RIT we included HeLa Hep2 in 
our studies (Paper I and paper II). HeLa Hep2 (ATCC no. CCL-23) expresses 
typical HeLa cell markers and is infected with HPV virus. HeLa Hep2 is 
believed to have a functional p53 gene, which is silenced by expression of 
HPV oncogenes E6. To confirm that mitotic catastrophe is a typical radiation 
induced response in p53 deficient cells, rather than unique for this cell line 
we included HCT116 p53 -/- cells (Paper III), a colorectal carcinoma where 
p53 has been inactivated by homologous recombination. HCT116 p53 -/- is 
derived from the HCT116 p53 +/+ cell strain which has functional p53 and is 
known to induce senescence in response to irradiation. This cell line was 
included in the study (paper III) to compare to responses in HCT116 p53 -/- , 
and HeLa Hep2 cells and also to further study senescence, one of the most 
common responses to irradiation in solid tumor cells with functional p53. 
MOLT-4, a human acute T cell leukemia cell line, was also included in this 
study (paper IV). Leukemia cells are known to induce apoptosis in response 
to irradiation and are considered much more sensitive to irradiation than 
solid tumor cells. This cell line was included since we wanted to substantiate 
findings from our previous studies and also to expand the knowledge behind 
apoptotic cell death in cells of hematopoietic origin.  

 Cell lines were kept in culture in T-25 flasks (Nunc, Roskilde, Denmark) at 
37 ºC in a humidified atmosphere of 5% CO2.  
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3.2 Radiation 

Cells were treated with irradiation either by nucleotide 131I exposure or by 
external beam radiation therapy (EBRT). We have previously studied the 
effects of 131I exposure and concluded that lower doses (1-10 Gy) induce 
same kind of response in HeLa Hep2, independent of radiation source. Since 
EBRT is easier and safer, this treatment modality was utilized for a majority 
of our studies.  

Nucleotide exposure was performed by incubation of cells with 131I 
(4MBq/mL) for 24 hours. Subsequently, cells were washed and medium was 
exchanged, and the cells were allowed to grow at defined time intervals prior 
to analysis. EBRT was delivered by either a Cobalt-60 treatment unit (Alcyon 
II) (paper II), or a Caesium-137 radiation source (Gammacell® 40 Exactor) 
(Paper III and paper IV). The dose rate varied from approximately 0.45 
Gy/min to approximately 0.96 Gy/min in the middle of the treatment 
period. 

 
3.3 Cell cycle analysis 

Fluorescence flow cytometry (FACS) (LSRII, BD Biosciences) was used to 
explore the cell cycle alterations induced in response to irradiation.  
Propidium iodide (PI) was used as a marker for DNA content, MPM-2 as a 
marker for mitotic cells (paper I) and TUNEL was used as a marker for 
apoptotic cells (paper I). Percentages of cells in each phase of the cell cycle 
were quantified using the Cell Quest or FACSDiva software. FACS analysis 
using PI allows  to distinguish cells in subG1 (fractional DNA content), G1, S, 
and G2/M [90]. Separation of cells in G2 and M requires additional staining 
with mitotic markers like MPM-2. 

3.4 Changes in biochemistry and morphology 

Immunohistochemistry was performed to visualize DNA, centrosomes and 
mitotic spindles. Fluorescence staining was examined under a SP2 confocal 
laser scanning microscope equipped with an argon and HeNe laser. γ-tubulin 
specific antibodies together with secondary Alexa Fluor 488–conjugated 
secondary antibody were used to visualize centrosomes. An antibody against 
α-tubulin was used to visualise mitotic spindles together with an Alexa Fluor 
488–conjugated secondary antibody. DNA was stained with PI. 
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To detect senescent cells, we used a Senescence β-Galactosidase Staining Kit 
detecting senescence associated β-galactosidase positive cells in a total 
number of 300 cells for each sample. Mean percentage of cells expressing β-
galactosidase was calculated using a light microscope.  

 

3.5 Gene expression analysis 

RNA from irradiated and control cells was extracted using the RNeasy Mini 
Kit. Gene expression analysis requires non-degraded RNA samples. Quality 
was determined prior to labelling of RNA using Bioanalyzer. RNA integrity 
value (RIN) for all samples were in the range of 9.5-10. 

Gene expression analysis was made using Illumina HumanRef-8 Bead Chips, 
targeting about 24,500 annotated RefSeq transcripts. Total RNA was 
prepared for expression analysis using the Illumina Total Prep RNA 
Amplification Kit. Quality control using Bioanalyzer was repeated prior to 
the expression assay. Raw data was analyzed using GenomeStudio V 3.2.3, 
software provided by Illumina. Background signals were subtracted. The 
intensity data was normalized using the cubic spline method. We used the 
Illumina custom error model to compute a false discovery rate. Differential 
gene expression was analyzed by comparing irradiated and untreated cells. 
Significant p-values for differential expression were calculated using the 
GenomeStudio software and applying Illumina custom algorithm. P-values 
were calculated based on signal detection and genes with negative signals or 
p-values>0.05 were discarded. Genes with <1.5-fold change in expression 
compared to normal cells were also discarded. 

Biological functions and pathway analysis was done using the systems 
biology tool MetaCore (Thomson Reuters) which is based on a manually 
curated database of known molecular interactions, pathways, and processes. 
Experimental data of ontologies for all time points were compared to score 
and rank entities in functional ontologies most relevant for all the expression 
data. The p-values throughout MetaCore are all calculated using the same 
basic formula for hyper-geometric distribution. The p-value essentially 
represents the probability for a particular mapping of an experiment to a 
map, network, or process to arise by chance, considering the numbers of 
genes in experiment versus the number of genes in the map/ 
network/process within the “full set” of all genes on 
maps/networks/processes. 
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4. Results  

Paper I  
 
Iodine-131 induces Mitotic Catastrophes and Activates Apoptotic 
Pathways in HeLa Hep2 Cells  
 
David Eriksson, Jeanette Blomberg, Theres Lindgren, Per-Olov Löfroth, 
Lennart Johansson, Katrine Riklund and Torgny Stigbrand  
 
Cancer Biother Radiofarm., 2008, Oct; 23 (5): 541-9. DOI: 
10.1089/cbr.2007.0471 
 
Several nuclides have been used both in unconjugated and conjugated form, 
coupled to different antibody derivatives to treat malignant diseases. One of 
these nuclides is Iodine-131 (131I). The molecular mechanisms by which such 
derivatives cause tumor growth retardation are presently promising 
treatment modalities, but inadequately understood in molecular terms. The 
aim of this study was to elucidate the sequential events on the molecular and 
cellular level that are able to initiate cell death in HeLa Hep2 cells exposed to 
the nuclide  131I. The HeLa Hep2 cells were found to present transient G2-M 
arrest following irradiation, but the cells then reentered the cell cycle 
containing unrepaired cellular DNA damages. A significant increase of 
multipolar mitotic spindles was observed as well as a significant increase in 
centrosome numbers which increased from 8.8% to 54.7%. Corresponding 
control cells increased from 1.9% to 2.2% (p < 0, 0001). A subsequent failure 
of cytokinesis forced the cells into mitotic catastrophe. This catastrophe was 
accompanied by the formation of giant cells with multiple nuclei, 
multilobulated nuclei and an increased number of polyploid cells. A fraction 
of the cells also displayed apoptotic features including activation of initiator 
caspases-2, -8, -9 as well as effector caspase-3. Also cleavage of poly (ADP-
ribose) polymerase, a cell death substrate for active caspase-3 was identified. 
Taken together these findings demonstrate that mitotic catastrophes and the 
activation of delayed type of apoptosis, might be the mechanisms involved in 
cell death following radioimmunotherapy of some solid tumors when 
exposed to gamma and electron emitting radionuclides such as 131I. 
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Paper II 
 
Global gene expression analysis following radiation induced 
mitotic catastrophe in HeLa Hep2 cells. 
 
Lindgren T, Johansson L, Riklund K, Stigbrand T, and Eriksson D. 
 
(Manuscript) 
 
The effects of ionizing radiation on the cellular response are mainly 
mediated by alterations in gene expression. In this study, the changes in the 
expression profile during radiation induced mitotic catastrophes were 
analyzed. The expression patterns in HeLa Hep2 tumor cells following 
exposure of 5 Gy of ionizing radiation (60Co) were examined on a bead chip 
array. This made it possible to evaluate expression of approximately 24.500 
human genes (Illumina). The pathways and processes which were altered 
following irradiation were explored using the software systems biology tool 
MetaCore (Thomson Reuters). The changes in gene expression were followed 
from 6 to 96 hours post irradiation. At 6 h following irradiation the 
expression was changed only for a few genes. At later time points striking 
changes appeared. From 24-96 hours post-irradiation, a significant fraction 
of all genes with altered expressions were found to mainly be involved in cell 
cycle progression and its regulation. These significant changes were seen for 
genes in several mitotic processes and also those involved in the G2/M-, and 
the spindle assembly checkpoints, important for detection and repair of DNA 
damages.  
The findings indicate specific characteristics in the altered gene expression 
pattern, which can be linked to sequential steps observed in HeLa Hep2 cells 
during a mitotic catastrophe. After the transient G2/M arrest, HeLa Hep2 
cells adapted to the checkpoint which was observed by gene expression 
changes, and the cells then reentered mitosis. The increased expression of 
mitotic checkpoint genes indicates that a mitotic arrest was in fact induced, 
probably as a consequence of unrepaired DNA damage and centrosome 
hyperamplification. This checkpoint activation, however, was followed by 
mitotic slippage and formation of anaphase bridges with the subsequent 
failure of cytokinesis. As a consequence tetraploid cells were regularly 
generated. These mitotic disturbances finally initiated cell death by a mitotic 
catastrophe. Future strategies to employ this knowledge for therapeutic 
consideration might potentiate future therapy and enhance tumor cell 
killing. 
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Paper III 
 
Genome wide expression analysis of radiation induced DNA 
damage responses in isogenic HCT116 cell lines 
 
Lindgren T, Stigbrand T, Råberg A, Riklund K, Johansson L, Eriksson D 
 
”Submitted” 
 
A functional or a non-functional p53 molecule is crucial for the way cells 
react on different type of DNA damages. In this manuscript two isogenic 
epithelial cell lines were used. One with functional p53 (HCT116 p53+/+) 
and one line with a nonfunctional p53 (HCT116 p53-/-). The purpose in this 
study was to elucidate the kinetics of gene expression alterations following 
radiation exposure. The cells were exposed to 5 Gy of irradiation (Cs-137) 
and a genome-wide temporal expression analysis using Illumina bead chip 
arrays was performed. The signaling pathways were explored using 
MetaCore (Thomson Reuters). Biological responses including cell cycle 
checkpoint activation, centrosome amplification and senescence induction 
were analyzed. 
The two cell lines (p53+/+ and p53-/-) displayed significant differences in 
the radiation response. In the p53+/+ cells concurrent G1- and G2-arrests 
were activated followed by induction of senescence. Increased expression of 
several genes associated with senescence and the senescence secretory 
phenotype (SASP), as well as repression of genes essential for the G2-M 
transition were detected. The p53-/- cells arrested mainly in G2, followed by 
centrosome amplification, mitotic slippage and a subsequent increase of 
polyploid cells. These observed changes for gene expression correlated well 
with the classification of mitotic catastrophe. It can be concluded from this 
study that the presence or absence of p53 triggers different signaling 
cascades, which end in different ways. To elucidate such differences is 
important and might enable improvement of radiation treatment. Such an 
approach could also be used to develop new combination treatments with 
specific inhibitors of key regulators in different cell death modalities.  
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Paper IV 
 
Gene expression profiling in MOLT-4 cells during gamma-
radiation-induced apoptosis 
 
Theres Lindgren, Torgny Stigbrand, Katrine Riklund, Lennart Johansson 
and David Eriksson 
 
Tumor Biology, 2012, June; 33 (3:689-700. doi: 10.1007/s13277-012-0329-
z) 

In this manuscript a leukemia cell line, MOLT-4, was investigated with 
regard to temporal changes in gene expression following radiation. The 
ambition was to present a comprehensive description of the pathways and 
processes which are related to the cellular biological responses. A global gene 
expression profile of 24 500 genes was performed on these cells following 
exposure to 5 Gy of ionizing radiation (Cs-137) using a bead chip array 
(Illumina). The signaling pathways and processes which were significantly 
altered by irradiation were explored using MetaCore (Thomson Reuters). 
Cellular viability, activation of cell cycle checkpoints, and induction of 
apoptosis as revealed by FACS and caspase assays, were evaluated to 
correlate the biological responses to the gene expression changes. In total 
698 different genes displayed a significantly altered expression following 
irradiation and out of these transcripts, all but one showed increased 
expression. Already one hour following irradiation, the expression was 
changed only for single genes. Striking changes appeared at later timepoints. 
From 3 to 24 h post-irradiation, a significant fraction of the genes with 
altered expression were found to be involved in cell cycle checkpoints and 
their regulation. Also genes in DNA repair, apoptosis induction and T-cell 
activation/proliferation were activated. The irradiated MOLT-4 cells were 
arrested at G2-checkpoint followed by a decrease in cell viability, which was 
most pronounced 48 h after exposure. The cell death was executed by 
induced apoptosis and was visualized by an increase in subG1 cells and an 
increased activation of initiator (caspase-8 and caspase-9) and execution 
(caspase-3) caspases. The activation of cell cycle arrest and apoptosis were 
well correlated in time with changes in gene expression of those genes 
important for these biological processes. Activation of the apoptotic 
signaling pathways in MOLT-4 cells following irradiation includes 
components from both the intrinsic as well as the extrinsic apoptotic 
pathways. This study indicates that the altered gene expression pattern 
induced by irradiation is important for the sequential steps observed in 
MOLT-4 cells during apoptosis induction. 
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5. General discussion 

Radioimmunotherapy (RIT) as a treatment is comparatively new with 
promising results when treating hematologic malignancies. Solid tumors 
have proven harder to treat. Target specificity and delivery of sufficient doses 
remain limiting. Solid cancers are also often more resistant to irradiation 
than cells of myeloid and lymphoid origin and a major part of the 
investigations on cell death caused by RIT have been performed on cells of 
myeloid and lymphoid lineages. Less is known about the cell death 
modalities induced in solid tumors following RIT and there is a need for 
further elucidation of these mechanisms in detail, in order to improve 
efficacy of therapy. 

Previous research in our group has focused on targeting of tumor antigens, 
including PLAP and cytokeratins, by developing specific monoclonal 
antibodies and smaller antibody derivatives. HeLa Hep2 tumor cells, 
expressing both these antigens, were used as a model system in these earlier 
studies, and both RT and RIT were performed in vitro and in vivo in mice. 
HeLa Hep2 cells are infected with HPV virus, which disables p53 function 
due to oncogene E6 expression. A significant reduction in tumor growth 
could be seen with RT and RIT and combined therapy further enhanced the 
effect. During these studies it became apparent that HeLa Hep2 cells were 
dying of mitotic catastrophe, a cell death modality differing from classical 
apoptotic features. 

When studying the shrinking tumors in the in vivo studies, we detected cells 
that seemed to die by apoptosis like features, but cells were much larger and 
exhibited an abnormal nuclear morphology, as can be seen in cells dying 
from mitotic catastrophe. The cell death was also occurring at much later 
time points than classical apoptosis, which is induced early.  

This thesis aimed at identifying the biochemical, morphological and 
transcriptional changes and kinetics behind mitotic catastrophe. 
Furthermore, we wanted to see if these cell death characteristics were 
specific for HeLa Hep2 cells or more general for cells with impaired p53-
signalling. Our studies therefore were extended to include HCT116 p53 -/-
colorectal tumor cells, a cell line in which the p53 had been inactivated by 
homologous recombination. One of the main responses to irradiation in solid 
tumors with functional p53 is senescence. The HCT116 p53 +/+ cell line was 
included to this project to investigate the mechanism behind senescence 
induction and compare our findings with our knowledge of MC induction. 
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Finally, a T-cell lymphoma cell line (MOLT-4) with functional p53 was 
included in our studies. This cell line has earlier been observed to induce 
apoptosis following irradiation in similar fashion as hematological 
neoplasms would in the clinic. By these studies we hoped to identify key 
mechanisms behind all of the most common cell death modalities in 
malignancies exposed to irradiation. Extended knowledge about these cell 
deaths is important in order to improve radiation therapy, both RT and RIT.  

5.1 Radiation induced molecular, morphological and 
transcriptional changes in HeLa Hep2 leading to Mitotic 
catastrophe. 

Previous work by our group has focused on the development of antibodies 
that can be utilized in cancer treatment with RIT. Two of these antibodies; 
mAb H7, targeting placental alkaline phosphatase (PLAP), and TS1, targeting 
cytokeratin, has in several studies been labeled with 131I and used to target 
HeLa Hep2 cells expressing these antigens on the surface. Studies were 
performed both in vivo and in vitro [91] and showed that RIT could 
significantly reduce tumor volumes. These studies however raised some 
questions. Tumor cells were dying displaying apoptotic like features, like 
caspase activated DNA fragmentation.  Their morphology was distinct from 
“classical” apoptosis however. Instead of typical apoptotic features like 
shrunken cells with condensed DNA, we observed cytoplasmic swelling and 
nuclear disturbances. The RIT treated cells seemed to die from a different 
type of cell death, with specific characteristics typical for mitotic catastrophe, 
and we wanted to investigate this cell death further since the underlying 
mechanisms behind these events are inadequately understood. 

In this thesis we have investigated the underlying cellular and molecular 
events causing MC following radiation. Different forms of ionizing radiation 
were employed as well as cell lines of different histological origin and p53-
status. Our findings about the events leading up to radiation induced mitotic 
catastrophe in HeLa Hep2 cells and HCT116 p53 -/- cells are depicted in 
figure 5. 

In the first papers (paper I and II) we investigated the mechanism for 
induction of mitotic catastrophe in HeLa Hep2 cells. We observed a transient 
G2 arrest following radiation exposure (paper I and II). Cells adapted to this 
arrest and progressed into mitosis. Transient G2 arrest is commonly 
detected in cells with non-functional p53 since this key transcription 
regulator is needed in order to maintain arrest (figure 5). The process of 
premature G2 exit is called checkpoint adaptation. Checkpoint adaptation is 
a process where a p53 deficient cell decreases its sensitivity to DNA damage 
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due to lack of p21 repression of Cdk1/Cyclin B activity. Accumulating levels 
of cell cycle exit promoting factors like Cyclin B/Cdk1 will render the cell 
unable to maintain the arrest until DNA damage is repaired and causes the 
cell to exit G2 and enter M with unrepaired damage as were the case for 
HeLa Hep2 (paper I). Cells which suffer from checkpoint adaptation will 
progress faster into mitosis than normal cells would. This explains why 
mitotic catastrophe is the main cell death modality in tumor cells with 
mutations in p53 and other common cell cycle regulators, since a transient 
G2 arrest is tightly correlated with mitotic catastrophe. The field of 
developing checkpoint regulator inhibitors is thriving and promising clinical 
trials are ongoing. Inhibiting the G2 arrest would reduce the time for the cell 
to repair DNA, thus increasing the frequency of cells suffering from MC. 
Combination therapy with RT/RIT and inhibitor has the potential to 
enhance cell death. We detected increased centrosome amplification 
following the transient G2 arrest in HeLa Hep2. A transient G2 arrest in p53 
deficient cells has earlier been associated with centrosome amplification, due 
to errors in the centrosome duplication cycle (figure 6), which is in good 
agreement with our results.  

Centrosome amplification is a consequence of uncoupling of the DNA and 
centrosome duplication cycles. This process is strictly regulated in normal 
cells, but defective checkpoint arrest in G1/S and G2/M can lead to loss of 
this control. One important factor of this loss is lack of functional p53. 
Naturally occurring centrosome amplification is observed in many human 
and murine cell lines, where loss of p53 function is reported. This can be 
amplified further by induction of DNA damage, suggesting that loss of p53, 
failure in DNA repair and impaired cell cycle checkpoints induce centrosome 
amplification. The exact mechanism behind centrosome amplification is not 
known, but has earlier been reported to occur due to a prolonged G2 arrest 
and can be both dependent or independent of a subsequent failure in 
cytokinesis [58, 92]. 

We observed increased frequencies of anaphase bridges with a good 
correlation in time to the g2-arrest adaptation and consequent premature 
mitotic entry (Paper I, Paper II). These bridges are probably a result of 
unrepaired DNA damage and fusion of broken chromosomes [93].  
Micronuclei were observed in HeLa Hep2 cells dying of mitotic catastrophe 
(paper I) and are a result of lagging chromosomal material surrounded by a 
nuclear membrane. Lagging chromosomes are formed as a consequence of 
centrosome amplification causing multipolar mitoses.  
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Figure 5. Schematic picture of how mitotic catastrophe is induced and the different 

outcomes. 

One population of cells induces apoptotic-like cell death in mitosis as a result 
of the nuclear aberrations. This is referred to delayed apoptosis [22]. Cells 
unable to induce death will undergo asymmetric cell division or fail 
cytokinesis altogether, resulting in the formation of aneuploid and tetraploid 
cells. We detected multilobulated and multinucleated cells by fluorescence 
microscopy, and also an increase of cells with >4N DNA by FACS analysis, 
indicating that these cells were unable to activate a tetraploid checkpoint and 
instead resynthesized DNA to become polyploid. Activation of the tetraploid 
checkpoint requires p53 activity [94]. 
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 Earlier studies in our group detected similar polymorphism in nuclear 
appearance in tumors following RIT [91]. Cells containing non-functional 
p53, like HeLa Hep2 and HCT116 p53 -/-, are allowed to progress into new 
rounds of the cell cycle since the checkpoints detecting tetraploidy are 
defective. Radiation induced nuclear aberrations and polyploidy eventually 
leads to cell death. We detected a relatively late death induction, about 3-6 
days following treatment. The mode of cell death is determined by the dose 
of radiation to which the cells are exposed, as well as histological origin and 
gene mutations [93, 95].  

We have earlier observed that delayed apoptosis is most frequent at 5 Gy in 
HeLa Hep2 cells, and decreases with higher doses, probably in favor of 
necrosis [93]. We could detect a dose dependent increase of TUNEL positive 
(apoptotic) cells 6 days following irradiation and we detected an increase in 
caspase activity in the same time-frame (3-7 days after treatment). Initiator 
caspases -8 and -9 as well as effector caspase-3 activities were increased. The 
fact that both Caspase-8 and –9 are active in the apoptotic induction 
indicates that both intrinsic (mitochondrial mediated) and extrinsic (death 
receptor mediated) signaling pathways are involved in the apoptotic 
execution. Caspase -2 activity was also increased and has been reported as 
both inducing and effector caspase in response to irradiation and an 
important mediator of delayed apoptosis in MC [96]. 

 Caspase-2 is believed to play an important role in the induction of p53 
independent apoptosis following DNA damage. Caspase-2 is located in the 
nucleus and is able to detect DNA damage. Its activation has been reported 
to be p53 independent since it always is present in abundant levels and does 
not require de novo synthesis [96]. In response to Caspase-2 activation, 
mitochondrial membrane permeabilization (MMP) is induced with the 
subsequent release of cytochrome c. This in turn will activate caspase-3 
which triggers apoptosis. This type of cell death is often referred to as 
delayed apoptosis and is common in cancers of epithelial origin.  

To explore if the observed cell characteristic typical for mitotic catastrophe 
could be correlated to alterations in gene expression, we conducted kinetic 
genome wide studies of HeLa Hep2 cells following irradiation. 

We found that the array of genes that was altered shifted at various time 
points following irradiation. Significant changes were seen for genes 
involved in several mitotic processes, and those involved in the G2/M and 
the spindle assembly checkpoints. Also centrosome associated genes 
(amplification, separation, maturation) displayed an increased expression 
(Paper II, Table 2). 
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Figure 6. In cells with a functional p53 (top), irradiation induces and maintains a G2-arrest 

during which DNA repair takes place. Mitotic catastrophe is promoted in cells with impaired 

p53 activation (bottom) as a consequence of premature entry into mitosis with unrepaired DNA 

and due to hyperamplification of centrosomes, as p21 cannot inhibit the activity of the 

CDK2/Cyclin -E/A complex.  

The re-entry of irradiated HeLa Hep2 cells into mitosis 15h after treatment 
coincided with the upregulation of cyclin B1 observed in the gene expression 
analysis. During the initiation phase of the G2 arrest, Chk1 and Chk2 inhibit 
the action of CDC25 proteins by phosphorylation. This will prevent CDC25 
from promoting Cdk1/Cyclin B complex formation, needed for entry into 
mitosis (figure 6). P53 is required for maintaining this arrest by further 
preventing the Cdk1/Cyclin B complex formation by increased expression of 
genes, like p21, GADD45, and 14-3-3σ. In tumor cells lacking p53 there will 
be an accumulation of proteins promoting mitotic entry during a prolonged 
arrest. As an example, an increase of PLK1, Cyclin B and CDK1 has been 
shown to cause termination of G2 and  has furthermore been reported in 
cells dying from mitotic catastrophe [97]. The purpose of checkpoint 
adaptation might be to trigger cell death induction in a damaged cell by 
forcing them to enter a phase of the cell cycle in which death can be induced. 
Cells which exhibit checkpoint adaptation induce unsynchronized cell death 
over a vast time-frame and over several generations. This concurs with our 
observations that irradiated cells actually die of delayed types of cell death 
and over wide time frames, up to several days apart. 

Increased expression of genes associated with centrosome regulation during 
mitosis was also observed and correlated well in time with the morphological 
changes observed in Paper I. AURKA, AURKB, BIRC5, Cyclin A, Cyclin E, 
KIF11, KIFC1, NEK2, MPS1, and PLK1 are some of the genes that had an 
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increased expression and upregulation of these genes cause abnormalities 
like centrosome amplification, mitotic slippage, cytokinesis failure and 
ultimately mitotic catastrophe [98, 99]. 

As mentioned earlier, we detected increased gene expression of Cyclin A and 
–E, indicating that we have an increased activity of these proteins in the 
cells. This correlated well in time with the centrosome amplification we 
observed.  Chk1 is activated independently of p53 activity, initiating a 
transient G2 arrest, thus allowing time for the centrosomes to gain 
duplication competence (figure 6). In a normal cell, p53 upregulates p21 in 
response to DNA damage, which inhibits the activity of Cdk2, thereby 
blocking centrosome amplification. But lack of p53 activity will cause 
absence of p21 activity, which ultimately increases the levels of active 
Cdk2/cyclin-E/A complex, which is needed for centrosome amplification 
[100].  

We also detected an increased expression of PLK1, an important mediator of 
centrosome maturation, spindle formation, chromosome separation and 
cytokinesis. PLK1 activity peaks in mitosis and aid centriole cleavage and 
may also have a role in modifying procentrioles during mitosis, making them 
competent of duplicating once separated. Several inhibitors for PLK1, that 
potentially could be used in a combined treatment with RIT, are being 
developed as cancer treatment drugs, like BI2536, GSK461364, ON-01910, 
and HMN-214 and several exhibit anticancer activity [101, 102]. 

As mentioned earlier, p53 is inactivated in HeLa Hep2 cells due to HPV 
oncogenes E6. This oncogene also has the ability to increase expression of 
centrosome licensing factors, like Plk1. We detected an increased expression 
of PLK1 in response to irradiation correlating in time to centrosome 
amplification (Paper I and II), and this could possibly be associated to E6. 
Increased expression of PLK1 has been reported due to E6 which led to 
centrosome amplification [103]. As established, overamplification of 
centrosomes can lead to the induction of mitotic catastrophe. However, 
multiple centrosomes can occur without inducing any cell death mechanisms 
and are frequently observed in untreated cancer cells (~5% of our control 
cells exhibit >2 centrosomes/cell as can be seen in paper I and Paper III). 
Cancer cells can utilize cellular mechanisms which cluster centrosomes into 
two pseudo poles in order to divide without inducing mitotic catastrophe. As 
a consequence, low-grade aneuploidy in divided cells can be detected. This 
can be beneficial for the tumor, since small mutations can drive malignant 
progression [104]. 

 



 

42 

Several pathways leading to centrosome clustering can be initiated by cancer 
cells. One signaling pathway involves the centrosomal passenger complex 
(CPC) proteins: survivin (Birc5), AurkB, and INCENP. These proteins are 
involved in bi-orientation of centrosomes and their role in centrosomal 
clustering is essential for certain cancer cells [105]. We can see a significant 
upregulation of these genes in HeLa Hep2 cells following irradiation (Paper 
II, table I). What regulates centrosome clustering is not fully understood, but 
microtubule-kinetochore attachment and sister chromatid cohesion is 
speculated to be involved, since proteins involved in their regulation are 
targets of the (CPC) proteins. 

The mitotic checkpoint, also known as the spindle assembly checkpoint 
(SAC), prevents anaphase onset until DNA damage is repaired and 
chromosomes are bioriented on the mitotic spindle. A prolonged SAC arrest 
has been shown to be required for MC with subsequent cell death induction 
[106, 107]. Several genes responsible for preventing anaphase onset, thus 
regulating the SAC, were found upregulated in irradiated HeLa He2 cells, 
like BUB1, BUBR1, PLK4, MAD2 and TTK/MPS1. They exert their action by 
cdc20 inhibition. As we and others have observed, mitotic catastrophe 
leading to cell death can be executed in M or in preceding cell cycles.  SAC is 
the final checkpoint prior to cytokinesis. SAC plays a critical role in deciding 
the fate of a cell suffering from mitotic catastrophe. A prolonged SAC will 
lead to delayed apoptosis, while SAC inactivation will cause cell to progress 
into cytokinesis. In order to exit mitosis with supernumerary centrosomes 
and nuclear aberrations, the SAC must be inactivated, consequently leading 
to aneuploidy or tetraploidy [108-110]. 

MPS1 PLK4, and BUB1R are also reportedly involved in centriole-
reduplication, and deregulation of these proteins can promote 
overamplification and multipolar mitoses [56, 111]. The fact that we detect 
both upregulation of SAC activating genes and anaphase promoting genes 
like CDC20 proves that HeLa Hep2 cells can both activate SAC and escape 
from the arrest, leading to aberrant mitosis and aneuploidy. SAC arrest can 
be utilized by cancer cells in order to delay cell cycle progression until 
centrosomes are clustered into two pseudo-poles. Both up- and 
downregulation of SAC proteins are associated with poor prognosis, 
suggesting that unbalance is what essentially creates centrosome 
amplification. SAC can be compromised due to deregulation of SAC 
associated genes [112], or by a prolonged SAC arrest, where Cyclin B is 
degraded with time. Escape from SAC due to degradation of maintenance 
proteins like Cyclin B is called mitotic slippage. As a result, cells with 
unrepaired DNA will exit mitosis, fail cytokinesis and enter G1 with aberrant 
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nuclear morphology. These cells can survive for some additional days but 
will induce senescence, apoptosis or necrosis due to their DNA damage [22].  
 

5.2 HCT116 cells induce senescence or mitotic catastrophe in 
response to irradiation, depending on p53 status. 

Extensive studies on the cellular, transcriptional, and molecular events 
leading to radiation induced mitotic catastrophe in HeLa Hep2 cells brought 
us to the question if these events are typical for this tumor cell line or if they 
could apply to other tumor cell lines, free of HPV infection. We decided to 
include a colorectal carcinoma cell line named HCT116 p53 -/-, in which the 
p53 gene has been inactivated by homologous recombination. Mitotic 
catastrophe is the most common cell death in cancer cells of solid origin, 
where p53 is impaired. However, if p53 is functional, senescence is the most 
common outcome following exposure to death inducing doses of ionizing 
radiation. In order to widen our understanding behind radiation induced cell 
death modalities, and study the role of p53 in cell death signaling, we also 
included HCT116 p53 +/+ (wt) cells, a cell line known to induce senescence 
in response to DNA damage. 

We conducted a gene expression analysis, cell cycle checkpoint assay, dose-
response assay, centrosome amplification assay and senescence detection 
assay in order to elucidate the differences in cell death modalities between 
the two cell lines and observe the kinetics involved in their induction. 

HCT116 p53 -/- cells exhibit a transient G2 arrest (paper III) similar to HeLa 
Hep2 cells (paper I), (figure 5), in response to radiation induced DNA 
damage. These cells seem to re-enter the cell cycle prematurely causing 
centrosome amplification and a subsequent cytokinesis failure, tetraploidy 
and finally polyploidy (similar to HeLa Hep2, paper I). An increase of 
polyploid cells starting 24h following irradiation indicate that a population 
of -/- cells fail to complete cytokinesis and subsequently evade the tetraploid 
checkpoint control in G1.  The fraction of apoptotic cells increased at later 
time-points (detected by an increased population of subG1 cells) indicating 
that a fraction of p53 -/- cells induce delayed apoptosis similar to HeLa Hep2 
cells. We also detected a significant increase of cells with >2 centrosomes 
following irradiation, which correlates well with the observations in HeLa 
Hep2 that centrosome amplification is involved in the mechanism of mitotic 
catastrophe. We could detect a small increase of senescent p53 -/- cells 7 
days following irradiation, meaning that a small fraction of these cells induce 
senescence rather than die by delayed apoptosis. This is in line with reports 
that cells can induce either apoptosis, necrosis or senescence in response to 
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MC [22] (figure 5). A small fraction of senescent cells have also been 
reported in doxorubicin treated HCT116 p53 -/- cells, where the majority of 
the population died by mitotic death (apoptosis induced during mitosis due 
to MC) [113]. Polyploid cells expressing senescence marker SA- β-gal have 
been shown to abrogate the growth arrest associated with senescence, and 
even induce de-polyploidization [114], making this subpopulation interesting 
to evaluate further. These cells could possibly form metastatic lesions or 
induce tumor relapse. HCT116 p53 +/+ cells induce both G1 and G2 arrests 
after radiation exposure. This differs from the HCT116 p53 -/- cells and the 
HeLa Hep2 cells which only induced a G2 arrest. Examination of irradiated 
p53 +/+ cells revealed that these cells were larger, and more flat in their 
morphology, which is typical of senescent cells [29]. SA-β-gal assay detected 
senescent cells 3 days post irradiation, and the senescent population 
increased with time to much higher levels than detected in p53 -/- cells (88.9 
%±0.4 at day 7 in p53 +/+ compared to 4.4%±1.0 in p53 -/-) . No significant 
increase in centrosome hyperamplification could be detected in the p53 +/+ 
cells, further supporting the fact that mitotic catastrophe was not the main 
cell death modality in these cells. A schematic view of the events leading up 
to senescence induction can be seen in figure 7. 
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Figure 7. Schematic picture of how senescence is induced and the different outcomes. 
 

Gene expression patterns differed between cell lines in response to 
irradiation. The signaling in both +/+ and -/- cells is complex and many 
pathways are common, but the extent of expression differs. 
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 A pronounced decrease in expression of genes important for cell cycle 
checkpoints, cell cycle transition, chromosome condensation and separation 
and DNA replication can be observed in HCT116 p53 +/+ cells. This decrease 
is less evident in HCT116 p53 -/- which probably contribute to the transient 
g2 arrest, centrosome amplification and polyploidy we detected in these 
cells, consequently leading to MC.  

The changes in expression of genes involved in mitosis-, centrosome-, and 
checkpoint regulation in HeLa Hep2 cells and HCT116 p53 -/- indicate that 
cells without functional p53 activity are unable to downregulate genes 
controlling cell cycle progression and centrosome regulation enough to 
prevent cells from premature entry into mitosis. These cells therefore enter 
mitosis with DNA strand breaks. They are also unable to maintain correct 
centrosome copy numbers, ultimately leading to mitotic catastrophe. In 
HeLa Hep2 we detected an upregulation of these genes, not only a decrease 
in downregulation as was seen in HCT116 p53 -/-. This variation could 
possibly be explained by the difference by which p53 is inactivated in these 
cell lines. In HCT116 p53 -/- cells, the gene encoding the protein is removed 
completely. In HeLa Hep2 this gene is present, but impaired by the actions 
of HPV virus effector gene E6. We speculate that irradiation possibly affects 
the expression of viral oncoprotein E6 and E7. This could not only dampen 
the downregulation of genes involved in cell cycle progression, mitosis and 
checkpoint regulation, but even induce an upregulation. We are currently 
investigating the changes in E6 and E7 gene expression in several different 
HPV infected cervical cancer cell lines to see if they are upregulated in 
response to irradiation.  

Both +/+ and -/- cells exhibited a downregulation of genes associated with 
mitosis regulation and implementation. The downregulation was generally 
more pronounced and occurred at earlier time-points in +/+ cells. This is 
probably due to lack of p53 signaling in p53 -/- cells, since p53 is needed for 
repression of these genes. Without p53 signaling, the downregulation will be 
less extensive as in HCT116 p53 -/- cells or even upregulated as observed in 
HeLa Hep2, which both exhibited signs of checkpoint adaptation with 
centrosome amplification and mitotic catastrophe as a result. Several genes 
associated with centrosomal regulation were less downregulated in p53 -/- 
cells than p53 +/+ cells, including AURKA, AURKB, NEK2, PLK1, and TPX2. 
This correlated well with our observations of centrosome amplification and 
the subsequent mitotic catastrophe in p53 -/- cells. The same genes were also 
identified as upregulated in irradiated HeLa Hep2 (Paper II), supporting 
their role in deregulation of centrosome amplification. Ultimately these 
genes cause mitotic catastrophe as discussed previously in chapter 5.1. 
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Several genes involved in SAC displayed a reduced downregulation in 
HCT116 p53 -/- cells when compared to HCT116 p53+/+ cells (Paper III, 
table 2), like BUB1, BUB1B, and TTK/MPS1. These genes were also 
deregulated in irradiated HeLa Hep2 cells.  

The dramatic downregulation of genes regulating mitotic progression and 
centrosome amplification correlates well with the prolonged G2 arrest we 
observe in HCT116 p53 +/+, which later proceeds to a permanent arrest in 
the form of senescence. Functional p53 prevents cell cycle progression by 
upregulation of p21, and we detected an increased expression of this gene at 
all time-points studied after irradiation in HCT116 p53 +/+ cells. P21 is a 
crucial inducer of signaling leading to maintained cell cycle arrest and 
senescence induction. An increased expression of p21 for at least three days 
is believed to be required for senescence induction [115]. Upregulation of p21 
will inhibit the expression of several proteins responsible for cell cycle 
progression.  

The senescent p53 +/+ cells also induce an increased expression of 
chemokines, growth factors, proteases, and extracellular matrix components 
(Paper III, table II). These factors constitute the senescence associated 
secretory phenotype (SASP) and affect the surrounding microenvironment. 
SASP can be both tumor promoting and tumor suppressing depending on 
the circumstances. Researchers speculate that the SASP factors initially are a 
protection mechanism for cells, to prevent malignant transformation. 
Another role is thought to be a recruitment mechanism of immune cells in 
order to aid senescent cell removal. SASP is also speculated to be damaging 
in the sense that it can provide neighboring cancer cells with inflammatory-, 
angiogenic-, and growth factors, aiding the cancer progression. This is a 
tempting theory, especially since cancer is a disease common in elderly 
people. The presence of senescent cells is higher in older people which then 
could contribute effectively to the cancer progression. Several studies links 
senescence to age-related diseases and it has been shown that elimination of 
senescent cells will postpone these diseases [116-118]. 
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5.3 Apoptotic alterations in Molt-4 cells in response to 
irradiation. 

Mitotic catastrophe and senescence is the most common cell death 
mechanisms induced in solid cancers. In hematological malignancies 
however, apoptosis is the most common outcome. These malignancies are 
much easier to treat with RIT compared to solid tumors and in paper IV we 
wanted to include MOLT-4, a leukemia cell line with functional p53, which is 
known to induce apoptosis in response to irradiation. This was done to 
expand the knowledge behind the apoptotic cellular changes in response to 
ionizing radiation and correlate them to changes in gene expression. We also 
wanted to compare these changes to the changes found during mitotic 
catastrophe- and senescence induction in order to substantiate and expand 
our previous findings. 

We detected an accumulation of cells in G1 and G2 in irradiated cells (paper 
IV), which is in line with what we saw in HCT116 p53 +/+ cells, (paper III). A 
decrease of cells in both mitosis and G1 followed by an increasing population 
of cells in subG1 (apoptotic cells) indicated that cells were dying as a 
consequence of damaged DNA prior to the mitotic phase of the cell cycle 
(Paper IV, figure 1). We detected classical apoptotic morphology like 
condensed DNA, but the alterations were heterogeneous and differences 
between cells were detected. Furthermore, these cells differed when 
compared to delayed apoptosis observed during MC as apoptotic Molt-4 cells 
were not enlarged or multinucleated. Apoptosis induction was induced 
starting 14h post treatment and peaked after 48h. The apoptotic onset was 
relatively fast compared to apoptosis induction in HeLa Hep2 and HCT116 
cells, which peaked at 6 days following irradiation. At the same time as cell 
death was detected we could see an increase of initiator and effector caspase 
activity (caspase, -8 (extrinsic), -9 (intrinsic) and -3 (effector)). We could not 
detect caspase-2 activity, which is in line with the observation that caspase-2 
is important for apoptotic induction mainly in cells suffering from mitotic 
catastrophe. Molt-4 cells died in a dose dependent manner indicating that 
damage was too severe to be repaired. The decrease in viability detected in 
the dose response assay coincided with the increase in subG1 detected by 
flow cytometry. This apoptosis induction was induced during a wide time 
frame in contrast to apoptosis typically seen in lymphocytes following 
radiation exposure which is initiated after only a few hours. This late 
induction of apoptosis may be a more typical response for hematological 
neoplasms in clinical settings, making the mechanism important to 
characterize further. The events leading to apoptosis are summarized in 
figure 8. 
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Figure 8. Schematic picture of how apoptosis is induced. 
 

The cell cycle arrest in G2 correlated to an increased expression of several 
genes associated with irradiation induced cell cycle checkpoints like p21 and 
Gadd45. These two proteins are related to the maintenance of the G2 arrest. 

DNA repair genes associated with ionizing radiation response were also 
found upregulated post treatment. XPC, DDB2, RPA4, and also Gadd45 are 
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involved in nucleotide excision repair. REV3L is involved in mismatch repair 
and POLH is associated with DSB repair. 

Gene expression analysis also confirmed the involvement of both extrinsic 
and intrinsic apoptotic pathways since an increased expression of death 
receptors (FAS and TRAIL) as well as BAX could be seen in the expression 
analysis. Both intrinsic and extrinsic apoptosis induction have been reported 
in irradiated leukemia cells as well, indicating that this is a common feature 
of hematopoietic malignancies in response to irradiation. Intrinsic and 
extrinsic apoptotic pathways are also induced in HeLa Hep2 cells. However, 
the apoptotic induction is more pronounced and occurs much earlier in 
MOLT-4 cells compared to HeLa Hep2 cells. The execution of apoptosis also 
differs, since MOLT-4 cells seem to utilize the classical route with death 
receptors, like FAS and TRAIL, intrinsic mediators like BAX and seem to 
lack caspase-2 activity. MOLT-4 also exhibit classical apoptotic morphology, 
like shrunken cells with condensed DNA, compared to apoptotic cells during 
mitotic catastrophes which are enlarged and contain multilobulated and 
polyploid DNA.  
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6. Concluding remarks and future 
aspects. 

DNA damage induced by ionizing radiation can cause different effects 
depending on the origin of cell and presence of mutations. The three main 
cell death mechanisms induced by ionizing radiation were thoroughly 
characterized in this thesis. The results clearly indicate the importance of 
p53 for the treatment outcome and the key findings are compiled in table II 
below. 

 
Table II represents a summary of the findings in this thesis. The outcomes of ionizing radiation 

depending on cell type and p53 status are listed. 

Mitotic catastrophe Senescence Apoptosis 
HeLa Hep2,  
HCT116 p53 -/- 

HCT116 p53 +/+ MOLT-4 

Giant cells, 
 multi-, micronuclei 

Large, flat cells Shrunken cells, 
condensed DNA 

Transient G2 arrest G1 and G2 arrest G1 and G2 arrest 
Checkpoint adaptation Maintained arrest  
Anaphase bridges   
Centrosome amplification   
Multipolar spindles   
Polyploid cells Low levels of polyploid 

cells 
Low levels of polyploid 
cells 

 SA-β-gal activity  
Reduced repression of 
Mitotic, centrosome, and 
SAC related genes 

Pronounced repression of 
Mitotic, centrosome, and 
SAC related genes 

 

 SASP gene expression  
  Upregulation of apoptosis 

related genes 
Caspase -3,  -8, -9 activity  Caspase-3, -6, -9 activity 
Casase-2 activity   
Delayed apoptosis Delayed apoptosis Classical apoptosis 

 

It is of utmost importance to understand the differences in radiation 
response in tumor cells of different origin and p53 status, in order to 
optimize radiation treatment.  
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HeLa Hep2 and HCT116 p53 -/- induce MC in response to irradiation as a 
consequence of impaired p53-signaling. They have deficiencies in the 
maintenance of cell cycle arrests and in the control of centrosome 
amplification which causes aberrant mitosis and MC. More than half of all 
tumors are p53 deficient and therefore have checkpoint deficiencies that 
make them more vulnerable for induction of MC. Consequently, MC is an 
attractive endpoint following radiation treatment. Furthermore, by an 
improved understanding of the cellular death machinery, important cell 
death specific proteins can be targeted by inhibitors and combined with 
irradiation in a strategic way. This could increase the treatment efficacy and 
possibly decrease resistance to radiation, which many solid tumors exhibit. 
Clinical trials of inhibitors targeting proteins involved in the protection of 
cells from the induction of mitotic catastrophe are already ongoing. In 
addition, centrosome amplification is a phenomenon correlated to radiation 
induced mitotic catastrophe, which makes targeting of the centrosome  
another attractive approach to potentiate the induction of mitotic 
catastrophe  [119]. It would be interesting to combine radiation treatment 
with inhibitors targeting Plk1, Chk1, or maybe the aurora kinases, to 
investigate if treatment efficacy would increase. The role of HPV infection in 
tumors treated with radiation would also be an interesting future project. We 
suspect that the oncogenes E6 and E7 may be upregulated in response to 
radiation exposure, and this could have effect on treatment outcome.   

HCT116 p53 +/+ cells, induce senescence in response to irradiation. These 
cells maintain a stable cell cycle arrest and express several genes associated 
with SASP. Senescence has been shown to be the main response to ionizing 
radiation in most p53 competent human cell types of epithelial origin and is 
another desirable treatment goal following radiation therapy. By an 
increased understanding of the molecular components important for 
senescence induction, therapeutic strategies can be developed to enhance 
this permanent cell cycle arrest in response to radiation.  Compounds able to 
induce senescence are currently undergoing clinical trials [120]. 
Furthermore, clearance of senescent cells by the immune system or 
inhibition of the SASP secretion are other mechanisms that could be utilized. 
Future studies on the ability of radiation induced senescent cells to increase 
proliferation of untreated tumor cells could elucidate the role of SASP in 
radiation treatment. Such studies could also help answer the question if 
senescence is a good or bad outcome of radiation treatment.   

MOLT-4 cells induced classical apoptotic features in response to irradiation, 
like shrunken cells, fast apoptotic onset and condensed DNA. Understanding 
the mechanisms for apoptosis induction in leukemia cells is of major 
interest. This type of malignancies has a higher treatment success rate, but 
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increased knowledge of the cell death signaling pathways could offer new 
ways to improve tumor treatment response. 

Further characterization of the molecular circuitries and the components 
involved in the induction of senescence, apoptosis and mitotic catastrophe 
may help improve radiation treatment, elucidate new targets for 
combination therapy and yield biomarkers that predict treatment response. 
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