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Abstract
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During treatment with ionizing radiation (IR), cells are killed mainly 
due to ionizing radiation caused acute damage to DNA, such as double-
strand breaks, where opposite DNA strands in close proximity are cut. 
To counteract toxicity of double-strand breaks, cells have evolved DNA 
damage repair systems such as homologous recombination and non-
homologous end joining. An important factor regulating DNA repair after 
exposure to ionizing radiation is chromatin structure. Interfering with 
normal functions of chromatin remodelling results in reduced cell 
survival as seen with histone deacetylase (HDAC) inhibitors such as 
trichostatin A (TSA) which exhibits antitumoral effects in various 
cancers. Furthermore, TSA interferes with functions of DNA repair 
proteins similarly as histone acetyltransferase inhibitors, such as 
C646, however, the effect of these inhibitors on DNA repair is not 
fully characterized. 
In this study, DNA damage repair after exposure to TSA and C646 in 
combination with ionizing radiation was assessed and the results 
indicated that both TSA and C646 suppressed the survival and 
proliferation of cancer cells in a dose-dependent manner. When combined 
with radiation, clonogenic assay shows that C646 radiosensitized HCT116 
cells. As measured with flow cytometry, the drugs had no significant 
effect on the H3K9ac and H3K9me3 histone modifications over the time 
course of 24 hours. Futhermore, TSA and C646 inhibited ionizing 
radiation induced foci (IRIF) formation of 53BP1but had no effects on 
the ability to repair radiation-induced DSBs.
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Sammanfattning 

Cancer är ett samlingsnamn som används för att beskriva en stor klass av sjukdomar som 

omfattar onormal celldelning och har förmågan att utveckla metastaser - att sprida sig till 

andra delar av kroppen. Det är den näst största dödsorsaken världen över och år 2015 dog 8,8 

miljoner människor på grund av cancer (Världshälsoorganisationen, 2018). Antalet cancerfall 

har ökat under de senaste åren, inte bara på grund av åldrandet och tillväxten av världens 

befolkning, men också på grund av att människor i utvecklingsländer övergår till en 

ohälsosam livsstil som inkluderar rökning, ohälsosamma kostvanor och brist på motion. 

Kirurgi, strålbehandling och kemoterapi är fortfarande de vanligaste behandlingarna, där 

kirurgi är den mest effektiva typen av behandling. En kombination av behandlingarna är idag 

väldigt vanligt, efter kirurgisk avlägsnande av tumören används strålning och / eller 

kemoterapi. Eftersom cancer är en heterogen grupp av maligna sjukdomar, bör varje 

cancertyp behandlas som sådan och vikten av att förstå de molekylära egenskaperna hos 

enskild cancer är ett mycket relevant område för forskningen. Därför har personliga 

läkemedel under de senaste åren blivit en stor del av cancerbehandling. Behandling med 

antikroppar är ett annat alternativ och bygger på överuttryck av antigen eller tillväxtfaktorer 

på tumörcellytan, vilket gör det möjligt att rikta sig specifikt mot cancervävnad. 

Allteftersom mer data samlas om cancer, uppstår det nya målstrategierna. En viktig aspekt av 

cancerforskning är epigenetik som är ett snabbt och lovande utvecklande område. Epigenetik 

är studien av epigenetiska förändringar som påverkar i hur DNA läses av och hur den 

uttrycks. Epiginetiska förändringar kan resultera i nya fenotyper som uppstår utan förändring 

av nukleotidsekvensen. 

Under behandling med joniserande strålning dödas celler huvudsakligen på grund av att 

strålningen orsakar akuta skador på DNA, såsom dubbelsträngsbrott, där motsatta DNA-

strängar gått av. Celler har dock utvecklat försvarssystem för att klara av att reparera sådana 

DNA-skador. En viktig faktor som reglerar DNA-reparation är kromatinstrukturen, d.v.s. hur 

DNA är packat tillsammans med cellkärnans proteiner. Att interferera med 

kromatinstrukturen gör det möjligt att modifiera DNA-reparation och minska cellöverlevnad. 

TSA and C646 är två droger som påverkar kromatinstrukturen.  

Syftet med det här examensarbete var att studera DNA-skadebildning och reparation efter 

exponering av TSA och C646 i kombination med joniserande strålning. Förståelse för hur 

dessa mekanismer fungerar kan ge värdefull information för att behandla tumörer på ett mer 

effektivt sätt i framtiden. 

 

 

 



 
 

iv 
 

Table of contents 
 

Abbreviations ......................................................................................................................................... 1 

1 Introduction .................................................................................................................................... 3 

2 Background .................................................................................................................................... 4 

2.1 Chromatin modifications ...................................................................................................... 4 

2.1.1 Nucleosome structure .................................................................................................. 4 

2.1.2 Histone acetyl transferase and histone deacetyl transferases .............................. 5 

2.2 Ionizing radiation and 53BP1 .............................................................................................. 6 

2.3 Cell lines and culturing ......................................................................................................... 6 

2.4 Clonogenic assay for studying cell survival ...................................................................... 7 

2.5 Flow cytometry ...................................................................................................................... 8 

2.6 Immunocytochemistry .......................................................................................................... 9 

2.7 Aim ........................................................................................................................................ 10 

3 Material and methods ................................................................................................................. 11 

3.1 Cell lines and culturing ....................................................................................................... 11 

3.2 Ionizing radiation ................................................................................................................. 11 

3.3 Clonogenic assay and drug treatment for studying cell survival ................................. 11 

3.4 Flow cytometry .................................................................................................................... 12 

3.5 Immunocytochemistry (53BP1 foci formation) ............................................................... 13 

3.6 Curve fitting and bar chart ................................................................................................. 13 

3.7 Statistical analysis .............................................................................................................. 13 

4 Results .......................................................................................................................................... 14 

4.1 TSA and C646 reduce cell survival in dose dependent manner ................................. 14 

4.2 Cell survival is affected differently depending on cell type in TSA and C646 

combination treatment with ionizing radiation ............................................................................ 15 

4.3 The levels of H3K9me3 and H3K9ac is not significantly affected by TSA or C646 24 

h post-treatment .............................................................................................................................. 16 

4.4 Repair kinetics in HCT116 cells, using T2609 ............................................................... 17 

4.5 TSA and C646 does not affect DSB repair in relation to the cell cycle ...................... 18 

4.6 TSA and C646 affects 53BP1 accumulation at DSB sites ........................................... 19 

5 Discussion .................................................................................................................................... 21 

6 Acknowledgements .................................................................................................................... 22 

7 References................................................................................................................................... 23 



 
 

v 
 

8 Supplementary information ....................................................................................................... 26 

 



 
 

1 
 

Abbreviations 

CA Clonogenic assay  

C646 Histone acetyltransferase inhibitor 

DAPI Fluorescent stain, binding to AT regions in DNA 

DNA Deoxyribonucleic acid 

DNA-PKcs  DNA-dependent protein kinase catalytic subunit 

DRAQ5TM Fluorescent stain, binding to double-stranded DNA 

DSB Double strand break 

Foci Ionizing radiation induced foci. Gathering of damage recognizing proteins to 

DNA damage site 

Gy Gray 

HAT Histone acetyltransferase 

HATi Histone acetyltransferase inhibitor 

HDAC Histone deacetylase 

HDACi Histone deacetylase inhibitor 

H2AX Histone 2A variant X 

H3K9ac Histone 3, lysine 9, acetylation 

H3K9me3 Histone 3, lysine 9, trimethylation 

HR Homologous recombination 

IR Ionizing radiation 

IRIF Ionizing radiation induced foci (IRIF) 

NHEJ Non-homologous end joining 

PBS Phosphate-buffered saline  

pDNA-PKcs Phosphorylated DNA-PKcs 

PE Plating efficiency  

p53 Tumor protein 53 

SF Survival fraction 
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TSA Trichostatin A. Histone deacetylase inhibitor 

T2609 Phosphorylation cluster at threonine position 2609 on DNA-PKcs 

WHO World Health Organization  

53BP1 p53 binding protein 1 

γH2AX Phosphorylated H2AX 
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1 Introduction 

Cancer is a generic term used to describe large class of diseases that share a specific set of 

hallmarks such as uncontrolled cell proliferation, evading growth suppressors, resisting cell 

death and the capability for development of metastases1. Cancer is the second leading cause of 

death worldwide and caused death of 8.8 million people in 2015 (World Health Organization, 

2018). The numbers of incidence have increased over the last years not only due to the aging 

and growth of the world’s population, but also due to the fact that people in economically 

developing countries are leading an unhealthy lifestyle that includes smoking, unhealthy 

dietary choices and the lack of exercise2.   

The transformation from normal cells into cancer cells are result of accumulating genetic 

damage caused randomly by mistakes in the DNA replication, by exposure of carcinogenesis 

such as tumor-promoting chemicals, radiation, smoking and sometimes viruses3. Mutations in 

two different classes of genes have been involved in the onset of cancer: activation of proto-

oncogenes and inactivation of tumor-suppressor genes. Proto-oncogenes normally regulate 

and control cell growth, they are changed into oncogenes by mutations that protects the cell 

from apoptosis and promotes undefined divisions. Tumor-suppressor genes normally restrain 

growth, ensure complete DNA damage repair and promotes apoptosis when needed, 

mutations that inactivate these genes lead to loss of the protective mechanism in a cell and 

facilitate uncontrolled cell division. Cancer arise when the cells accumulate multiple 

mutations resulting from exposure to carcinogens, environmental stressors and endogenous 

processes4,5. 

Surgery, radiotherapy and chemotherapy remains as the most common treatment for all cancer 

types while surgery being the most effective type of treatment, since it is the only way to 

remove a large solid tumor6,7. However, a combination of the treatments are common, after 

surgical removal of the tumor, radiation and/or chemotherapy are often used, and requires 

several fractions since the therapy are capable of only killing a fraction of tumor cells6. Since 

cancer is a heterogeneous group of malignant diseases, each cancer type should be treated as 

such, and the importance of understanding the molecular characteristics of individual cancer 

is becoming highly relevant field of cancer research8. Therefore in recent years, personalized 

medicine has become a large part of cancer treatment. Increasing popularity is gaining 

treatment utilizing monoclonal antibodies which relies on the overexpression of antigen or 

growth factors on the tumor cell surface, which makes it possible to target cancer tissue9. 

As more data accumulates about cancer the new targeting strategies arise. One important 

aspect of cancer research is epigenetics which is a rapidly evolving field. Epigenetics studies 

alterations that affects the packaging of DNA in a cell which modulates gene expression. The 

changes in epigenetic makeup can result in new phenotypes that occurs without the change of 

nucleotide sequence. Characteristic  epigenetic changes in cancer are DNA methylation and 

histone modifications10. With the discovery of epigenetic modifications and their importance 

in cancer progression, cancer is no longer regarded as just a genetic disease.  



 
 

4 
 

2 Background 

2.1 Chromatin modifications 

2.1.1 Nucleosome structure 

 

In human cell nuclei, DNA is wound around histone proteins forming nucleosome. The 

nucleosome is the fundamental unit of chromatin and is composed of eight histone proteins 

and DNA. Each octamer consists of two copies of the four core histones, H3, H4, H2A and 

H2B. The N-terminal tails of the core histones are extruded from the central structure, and 

most post-translational modifications occur on these lysine rich flexible tails11,12,13,14,15 (Figure 

1). Recent studies have shown that modifications on specific amino acids in the N-terminal 

tails are responsible for both positive and negative regulation of gene expression, and these 

gene expression changes are heritable, without DNA sequence alteration11,16. There are 

several types of modifications found on histones, such as acetylation, methylations, 

ubiquitination and phosphorylation, but the best characterized in cancer epigenetic gene 

regulation are methylation and acetylation on lysine residues12. Chromatin can be classified 

into different states, and a given state corresponds to a specific type of functional element, 

such as transcription start sites, active genes and repressed genes, suggesting different 

biological roles among the states. The different states of the chromatin can be revealed by a 

combination of chromatin marks15. To understand the biological functional state of the 

chromatin, the following modifications on the histones can be used as markers, acetylation on 

histone H3 lysine 9 (H3K9ac) and trimethylation on histone H3 lysine 9 (H3K9me3), since 

they are correlated with activation and repression of gene expression, respectively (Table 

1)11,15.  

 

 

Figure 1. Schematic figure of a nucleosome structure.  

A nucleosome core consists of a DNA segment (~150 bp) wrapped around a histone octamer, 

consisting of two copies of each histone (H2A, H2B, H3, H4). All histones have flexible N-

terminal tails that sticks out of the nucleosome, and most modifications occur on these tails. 
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Table 1. Chromatin marks and states. Specific modifications on the histones may serve as a 

marker for the biological function of the chromatin. Examples of some different chromatin 

marks and their biological function associations are listed.  H3K9ac is associated with active 

gene promotors, while H3K9me3 is associated with gene repression. 
   

 

2.1.2 Histone acetyl transferase and histone deacetyl transferases 

 

Histone acetyl transferases (HAT) and histone deacetyl transferases (HDAC) are classes of 

enzymes that modifies the histones by adding or removing acetyl groups, respectively12,17.  

Mutations within these enzymes have been associated with cancer progression, therefore 

development of novel agents to target these enzymes is of great interest18. Histone acetylation 

by HATs, leads to an open state of the chromatin, referred as the euchromatin, allowing 

transcription factors and other proteins to access the DNA permitting gene expression19 

(Figure 2). Removal of the acetyl group from histones, results in positively charged lysine 

residue at the histone tails, which in turn leads to chromatin compactization. Tightly packed 

DNA structure is referred as heterochromatin. Addition of acetyl group masks positive charge 

of lysine residue, resulting in DNA relaxation and this state is referred as the euchromatin20,21. 

Despite their name, HAT and HDAC is acting on variety of proteins, besides histones, such as 

DNA repair enzymes, transcriptional factors, nuclear and HDACs themselves22,14. 

Trichostatin A (TSA), an HDAC-inhibitor, has previously demonstrated anti-

tumor effects in various cancers, by inducing cell cycle arrest and promoting cell proliferation 

and apoptosis23. It has been shown that TSA not only affects the acetylation on histones, but 

also other modifications, such as global methylation24. HDACs are often overexpressed in 

many cancer types, therefore inhibition of these proteins could result in an antitumor effect25. 

  C646, a small molecule inhibitor of HAT, has shown antitumor activities in 

gastrointestinal stromal tumor cells by its antiproliferative and proapoptotic effects26. It has 

also been reported that it can radiosensitize cancer cells by enhancing mitotic catastrophe27. 

 

Figure 2. Different states of the chromatin 

Removal of the acetyl group from histones results in positively charged lysine residue at the 

histone tails, which in turn leads to a more compact state of the chromatin referred as 

Chromatin markers/histone modification Chromatin state and biological function 

H3K9ac, H3K4me3, H3K27ac Euchromatin state, active gene promotors 

H3K9me3, H3K27me3, H4K20me3 Heterochromatin state, repression of 

transcription 
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heterochromatin (left). Common histone tail markers related with repression of the gene are 

H3K9me3 and H3K27me3. Addition of acetyl group masks the positive charge of lysine 

residue, resulting in a less condense chromatin structure allowing transcription factors and 

repair proteins to assess the DNA allowing activation of gene or repair the DNA. This state is 

referred as the euchromatin (right). Markers frequently associated with this state is H3K9ac 

and H3K4me3. 

2.2 Ionizing radiation and 53BP1 

Ionizing radiation (IR) induce acute DNA damage, resulting in cell death. The most lethal 

form of DNA damage is the DNA double strand break (DSB), where DNA strands on 

opposite sides in close proximity are separated. However, normal and cancer cells have 

evolved DNA damage repair systems to cope with external stressors. There are two major 

pathways for repairing radiation induced DSBs; homologous recombination (HR) and non-

homologous end-joining (NHEJ), where NHEJ is the main repair pathway that can act in all 

cell cycle stages7,28. NHEJ is a more rapid process than HR, yet less accurate. Some of the 

proteins involved in NHEJ are DNA-dependent protein kinase catalytic subunit (DNA-PKcs), 

Ku70 and Ku8029. NHEJ requires chromatin remodelling at DSB sites through histone 

modifications, in order to efficiently and correctly repair the DNA damage induced by IR27,30. 

Therefore, chromatin-regulating proteins such as HAT and HDAC are required for complete 

DNA repair after exposure to IR.  

Histone acetylation by HATs at DSB sites masks the charge of lysine residue, leading to a less 

condensed chromatin structure allowing DNA to interact with repair proteins. Acetylation of 

specific histones by HATs in essential for the recruitment of KU70 and KU80, two key 

proteins participating in NHEJ17. Further on, HDACs are also recruited to DNA DSB sites, 

where they reduce acetylation on specific histone residues and regulate recruitment of KU70 

and Artemis. Recent studies have shown that inhibition of specific HATs and HDACs 

suppress expression of DNA-repair proteins and therefore leading to a radiosensitizing 

effect17. 

The p53-binding protein 1 (53BP1) is a powerful regulator of DSB response signaling and 

promotes the NHEJ at distal DNA ends31. 53BP1 has arisen as a central component of 

chromatin-based DSB response32. Once 53BP1 detects damage, driven by a signaling cascade 

initiated by ataxia telangiectasia-mutated (ATM) protein kinase phosphorylating H2AX 

(γH2AX), it will recruit DNA repair proteins and prevent the cell from entering the S phase, 

allowing DNA repair to take place32. 53BP1 forms large foci near DSBs and the central part 

of 53BP1 is the tandem Tudor domain which recognizes the H4K20me2 and enables binding 

to damaged chromatin33. Point mutation in this domain disrupt interaction between 53BP1 and 

DNA damage sites32. Recent studies have also show that acetylated 53BP1 inhibits NHEJ by 

negative regulating 53BP1 recruitment to DSB and that the acetylation was tightly regulated 

by HDAC33.  

2.3 Cell lines and culturing 

In this study three adherent cell lines were used, HCT116, A431 and PC3. First out described 

is HCT116 which is a human colorectal carcinoma with epithelial morphology. The 

population doubling time of this cell line was approximately 21 hours. The second cell line is 

A431, a human skin/epidermis carcinoma with the morphology of epithelial cells and 

doubling time around 31 hours. Finally, the last cell line is PC3, a human prostate carcinoma 
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derived from metastatic site bone. This cell line had the doubling time of around 24 hours and 

as the two other cell lines have the morphology of epithelial cells. These cell lines were used 

as they serve as good models for studying the cellular and molecular effect of the ionizing 

radiation in combination with the drugs regardless of the cancer type. The study aims to 

investigate the effect of the drugs to the chromatin and DNA repair mechanism in general. 

2.4 Clonogenic assay for studying cell survival 

A useful tool to study the cell survival after exposure to drugs and ionizing radiation is a 

clonogenic survival assay, which measures the ability of a single cell to form a colony of at 

least 50 cells after treatment. The assay gives information about the colony formation capacity 

of every cell in the population after specific treatment, meaning the ability of the cell to 

undergo unlimited division34. Although clonogenic survival assay was initially used to study 

the effects of radiation on cells, today it is also used to examine the effects of other cell 

damaging agents, e.g chemotherapy or genetic manipulation agents alone or in combination 

treatment. Cells are prepared into single cell suspension and divided into two parts. One part 

is untreated and the other is treated before or after plating a defined number of cells in culture 

flask. The number of cells seeded in a well is dependent on plating efficiency of the cell line, 

the radiation dose used and the concentration of the drug. Higher doses require higher cell 

amount, since it will kill more cells. Cells are then incubated and after 1-2 weeks colonies are 

formed, where each colony is a progeny of one single ancestor cell. An overview of the 

procedure can be seen in figure 3. The colonies formed are counted and used to calculate the 

plating efficiency (PE) and survival fraction (SF). Plating efficiency indicates the number of 

cells that have grown into a colony expressed as percentage and is general for the cell line 

under same conditions (1). Survival fraction indicates the number of cells that have grown 

into a colony after treatment. PE is calculated from the untreated controls, while SF is 

calculated from the treated samples as the formula below (2)34.  

 

 

𝑃𝐸 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑
   (1) 

 

 

𝑆𝐹 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑥 𝑃𝐸
  (2) 
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Figure 3. Clonogenic survival assay overview. Cells were harvested by trypsin and plated on 

a 6-well plate with different concentrations. After incubation overnight cells were treated with 

drugs alone or drugs and radiation and then incubated for 1-2 weeks. After that, cells were 

stained, and colonies counted (colonies ≥ 50 cells).    

2.5 Flow cytometry 

Flow cytometer is an instrument used for measuring multiple physical characteristics of 

individual cells, such as size, granularity and heterogeneity of marker expression cell 

populations. The principle of flow cytometry is based on the changes in light scattering and 

absorbance, which occurs when each cell one by one passes through a light beam. The data is 

analyzed by special software and the data can be displayed by several different plot types, e.g. 

dot plots, density plots and histograms35. A cell suspension enters the fluidic system 

containing sheath fluid, that transport the cells into a stream of single particles, so each cell 

passes through the laser beam one by one. After the laser strikes the cell, two types of light 

scatter occur, forward scatter (FSC) and side scatter (SSC) (figure 4). FSC is proportional to 

the size of the cell, while SSC is proportional to cell granularity or internal complexity, since 

the light is measured in approximately 90o angle. A detector collects the different signals and 

convert it in a voltage pulse, which is then converted into a digital signal by a computer. 

Acquired data then can be displayed as dot plots or histograms35. The usage of fluorescent-

labeled molecules is based on the basic principle where a fluorescent-labeled antibody is 

added into the cell and binds to a specific antigen expressed in the cell. This allows multiple 
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measurements of different antibodies as long as the fluorescent labels are emitted at different 

wavelength. 

     

 

 

 

 

 

Figure 4. The basic working principle of flow cytometry. The sample containing 

fluorescently-labeled cells enters the fluidic system, where the sheath fluid aligns and 

transport the cells though a laser beam one by one, for detection. Forward and side scattered 

light are detected. Dichroic mirrors are used to separate light by transmitting and reflecting 

light. 

2.6 Immunocytochemistry 

Immunocytochemistry (ICC) is a technique to visualize the localized proteins in cells using 

antibodies which are binding to specific antigens on the proteins. There are two major 

detection methods which include direct and indirect immunocytochemistry technique. The 

direct method includes preparation and culture of cells, cells fixation, serum and enzyme 

blocking and incubation with antibody conjugated with a fluorophore or a probe which binds 

to the protein of interest. The fluorophore and the probe can then be directly detected, in 

comparison to the indirect method that needs two steps. In the indirect method, a primary 

antibody is added to the cells that binds to the specific protein and then a second antibody 

conjugated with a probe is added that will recognize the primary antibody, the other steps are 

the same as the direct method (figure 5). There are two advantages to use the indirect method, 

one is the increased sensitivity due to the binding of the secondary antibody binding to the 

primary antibody, and the second is the flexibility, the secondary antibody can be 

standardized and used directly for different primary antibodies36. In this study we used 

indirect immunofluorescence to analyse DNA damage caused by radiation. When DNA gets 

damaged several damage recognizing proteins are recruited to the damage site, this assembly 

is called ionising radiation induced foci. This cluster of proteins can be scored after 

acquisition of images with microscope. One of the first proteins marking the damage site is 

γH2AX, which is the phosphorylated form of the H2AX. H2AX gets phosphorylated by ATM 

directly after DSB occurs7. Staining for γH2AX and 53BP1 is used to visualize the location of 

DSBs. 
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Figure 5. Schematic principle of the two staining techniques. On the right, the protein of 

interest is recognized by a primary antibody conjugated with a fluorescent marker (direct 

labelling). On the left, the protein is recognized by primary antibody, and the primary 

antibody is recognized by a secondary labelled antibody (indirect labelling).     

2.7 Aim 

In this study it was aimed to asses the effects of the HDAC inhibitor, TSA, and HAT 

inhibitor, C646, on histone modifications. Furthermore, the effect of inhibitors on cell 

survival and DNA damage and repair was investigated. 
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3 Material and methods 

3.1 Cell lines and culturing 

HCT116 and A431 cells were purchased from ATCC® (Gaithersburg, MD) and were grown 

in Roswell Park Memorial Institute (RPMI) 1640 medium and Dulbecco’s Modified Eagle 

Medium (DMEM)/Ham’s F-12 medium, respectively. PC3 cells were kindly provided by 

Professor Anna Orlova (Department of Medical Chemistry, Uppsala, Sweden) and were 

grown in RPMI 1640 medium. All media were complemented with 10% fetal bovine serum 

(FBS, Sigma-Aldrich® LLC, St. Louis, MO), 2 mM L-glutamine (Biochrom/Merck) and 

antibiotic mix of 100 IU/mL penicillin and streptomycin (Gibco®, Grand Island NY). 

The cells were grown as monolayer cultures in 25cm2 or 75 cm2 culture flask and were 

incubated at 37°C in a 5% CO2 humidified incubator. Cells were subcultured every two or 

three days. To detach the cells, they were washed 1-2 times with trypsin-EDTA (0.25% 

trypsin, 0.02% EDTA) and then incubated with trypsin-EDTA for 5-15 min at 37°C. Medium 

was then added to wash the cells from trypsin. Finally, the cell suspension was transferred to a 

new flask and new medium was added.     

3.2 Ionizing radiation 

X-ray irradiations were carried out at the ”Strålbehandlingsavdelningen” at Uppsala 

Akademiska Sjukhuset, Sweden. Electrons were accelerated from a linear accelerator ”Elekta 

Precise Treatment System” to an energy of 6 MV and hits a tungsten target and creates a 

symmetric x-ray beam. The dose-rate was approximately 5 Gy/min, and the beam was 

scattered by a Multi-leaf collimator with 1 cm leaf width. Irradiations were carried out from 

below and a 1,5 cm thick polystyrene-sheet layers were put both below and above the 

samples. Some samples were covered with ice on top and on the sides, below the top 

polystyrene layer (Supplementary figure S1).  

3.3 Clonogenic assay and drug treatment for studying cell survival 

Toxicity estimation. Cells were prepared into single cell suspension as described in section 

3.1. The cell number was counted with a TC20TM Automated Cell Counter. A defined number 

of cells according to the cell type plating efficiency was plated into a 6-well plate. 300 

cells/well for HCT116 and A431 and 400 cells/well for PC3. The cells were allowed to attach 

to the well-surface, in a humidity-controlled incubator with 5% CO2 environment at 37°C for 

16-24h. After attachment, cells were treated with TSA and C646 with the following 

concentrations; 0, 5, 10, 25, 50, 75 nM and 0, 2, 4, 6, 8 µM respectively. After colony 

formation (incubation for 8-14 days), the cells were washed with 1 x phosphate buffered 

saline (PBS) and fixated with 70% ethanol for 10 minutes. The ethanol was removed, and the 

colonies were stained with crystal violet and at last the plates were rinsed with water. 

Colonies were counted manually (colonies with > 50 cells) and the plating efficiency (PE) and 

the survival fraction (SF) were calculated (see equations (1) and (2) above) and plotted. 

Curves were fitted using Graphpad Prism 5d. The concentration killing approximately 70% of 

the cells were used for the combine treatment with IR, which was 25 nM TSA and 6 µM 

C646.  
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Radiosensitization. For the combine treatment of drugs with IR, appropriate amount of cells 

were plated and incubated for 16-24 hours. The following day cells were treated with 25 nM 

TSA and 6 µM C646 for 5 hours, before the plates were exposed to radiation. Cells were 

irradiated with the following doses; 0, 2, 4, and 6 Gy. After radiation, cells were incubated, 

fixed, stained and counted as above. 

3.4 Flow cytometry 

Chromatin states. HCT116, A431 and PC3 cells (700k-1000k) were plated in 25 cm2 culture 

flask and incubated over night at 37°C in 5% CO2 humidified incubator. After attachment, the 

cells were treated with 0, 25, 50, 100 and 250 nM TSA and 0, 5, 10, 15, 20 µM C646 and 

incubated for 24 h at 37°C. After treatment, the cells were trypsinized and placed in a 4°C 

centrifuge. The cells were spun for 2-4 min at 1750-2250 rpm and washed with 1x PBS and 

centrifuged again for 2-4 min. PBS was poured out and cells were fixed with -20°C cold 70% 

ethanol for 30 min or longer. Samples were kept at -20°C if not used directly. Cells were then 

spun down and permeabilized with wash-buffer (1% FBS and 0.1% TritonTMX-100 diluted in 

1xPBS) and spun down again and then incubated in wash-buffer for 30 min in 4°C for serum 

and enzyme blocking. Every sample were split into half for the different primary antibodies. 

Primary antibodies H3K9ac rabbit (Abcam®, Cambridge, UK) and H3K9me3 rabbit (Abcam®, 

Cambridge, UK) were applied separately in wash-buffer with 1:200 dilution and added to the 

cells for incubation overnight at 4°C. The day after, primary antibodies were washed out with 

wash-buffer after centrifugation. Secondary antibody Phycoerythrin (Thermo Fischer 

Scientific, Stockholm, Sweden) with 1:400 dilution in wash-buffer were added to the cells and 

incubated for 90 min at 4°C. After incubation, cells were washed twice in wash-buffer 

followed by 30 min incubation with DRAQ5TM (Thermo Fischer Scientific, Stockholm, 

Sweden) diluted in PBS (1 µl/ml). At last approximately 10,000 events were recorded using 

CyFlow ® Space (Sysmex, Japan). Data were analyzed using FCS Express 6 Plus (DeNovo 

Softaware, Los Angeles, CA).  

Repair kinetics. HCT116 cells (~1000k) were plated in 25 cm2 culture flask and incubated 

over night at 37°C. The following day, cells were treated with 500 nM TSA and 10 µM C646 

for 5 hours. Before irradiation, cells were cooled on ice for 40 min. Cells were then irradiated 

and the flasks were covered with ice-bags on top and on the sides (see supplementary figure 

S1), to prevent the phosphorylation of proteins. After 10 Gy irradiation, cold media was 

replaced with pre-warmed media, with TSA, C646 and without drug. Cells were allowed to 

repair the DNA for various times (15, 30, 60 and 240 min) at 37°C. Cells were then 

trypsinized and placed in 4°C centrifuged which marked the end of the repair. Cells were spun 

for 2-4 min at 1750-2250 rpm and washed with 4°C pre-cold 1x PBS and centrifuged again 

for 2-4 min. PBS was poured out and cells were fixed with -20°C cold 70% ethanol for 30 

min or longer. Cells were then spun down and washed with wash-buffer (1% FBS and 0.1% 

TritonTMX-100 diluted in 1xPBS) and spun down again and then incubated in wash-buffer for 

30 min in 4°C to block the enzymes. Primary antibody mouse monoclonal anti-DNA-PKcs 

T2609 (Abcam®, Cambridge, UK) were applied in wash buffer with the dilution 1:200 and 

incubated overnight at 4°C. The following day, primary antibody was washed out with wash-

buffer after centrifugation. Secondary antibody conjugated with Alexa Fluor® 488 (Abcam®, 

Cambridge, UK) was added in wash-buffer with 1:400 dilution and added to the cells and 

incubated in dark for 90 min at 4°C. After incubation, cells were washed twice in wash-buffer 

followed by 30 min incubation with DAPI (Thermo Fischer Scientific, Stockholm, Sweden) 

diluted in PBS (1 µl/ml). At last approximately 10,000 events were recorded using Cytoflex 
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(Backman). Data were analyzed using FCS Express 6 Plus (DeNovo Softaware, Los Angeles, 

CA). 

3.5 Immunocytochemistry (53BP1 foci formation) 

A431 cells (~75k -200k cells) were plated in chamber slides and incubated overnight in 37°C. 

The cells were treated for 5h with 500 nM TSA and 10 µM C646. Cells were cooled on ice for 

40 min before radiation. Cells were incubated after irradiation for 60 and 240 min and 24h. 

They were then fixated in -20°C methanol for 20 min followed by one-time wash in 1x-PBS 

and incubated for 1h with 10% FBS-1xPBS buffer. Antibodies mouse anti-γH2AX (EMD 

Millipore Rd Billerica MA) and rabbit anti-53BP1(Abcam, UK) were applied in concentration 

1:200 or 1:1000 in 1% FBS-1xPBS buffer overnight. The antibodies were washed 3 times in 

1x PBS for 5 min. Secondary antibodies conjugated with Alexa Fluor® 488 and Alexa Fluor® 

555 were diluted in 1% FBS-PBS buffer (1:400 ratio) and incubated for 1h at room 

temperature. The secondary antibodies were washed 3 times with 1xPBS for 5 min, followed 

by 5 min incubation with DAPI in 1 µl/m dilution with PBS. Finally, the secondary antibodies 

were washed twice with MQ water for 10 min and moved into a box and placed in a dark 

place at 4°C until analysis. The analysis was acquired using epifluorescence microscopy, 

LSM 710 with mounted CCD camera (Zeiss, Oberkochen, Germany). Images were processed 

and foci were counted using the Image J win 64 software (National Institutes of Health, US). 

3.6 Curve fitting and bar chart 

Microsoft Office Excel 2016 and GraphPad Prism 7 and 5d (Window software and Mac 

software respectively) were used for processing all the data and plotting the graphs. 

3.7 Statistical analysis 

Data are presented as the means of ± SD, of at least 2 independent experiments. Results were 

tested for significance using t-test or one-way ANOVA in GraphPad Prism 5d.  
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4 Results 

4.1 TSA and C646 reduce cell survival in dose dependent manner 

To determine the effect of TSA and C646 on the cell survival and proliferation, a clonogenic 

assay was performed. Both agents markedly decreased cell viability and cell proliferation in 

all three cell lines in a dose response manner as seen in Figure 6. The response of the HCT116 

indicate a higher sensitivity to TSA compared to the A431 and PC3 cells. On the other hand, 

PC3 showed a higher sensitivity to C646 compared to the other two cell lines. 

0 2 0 4 0 6 0 8 0

0 . 0 0 1

0 . 0 1

0 . 1

1

T S A  2  e x p .

C o n c e n t r a t i o n  ( n M )

S
u

r
v

i
v

a
l

 
f

r
a

c
t

i
o

n

H C T  1 1 6

A 4 3 1

P C 3

A

 

0 5 1 0 1 5

0 . 0 0 1

0 . 0 1

0 . 1

1

C 6 4 6  2  e x p

C o n c e n t r a t i o n  ( u M )

S
u

r
v

i
v

a
l

 
f

r
a

c
t

i
o

n

H C T 1 1 6

A 4 3 1

P C 3

B

 

Figure 6. Clonegenic survival curve of TSA and C646, on HCT116, A431 and PC3. Cells 

were plated and treated with different concentration of TSA and C646. After 8-14 days of 

treatment colonies were then counted. All three curves are normalized to the non-treated 

controls. Panel A shows treatment with TSA and panel B with C646. A431 seems to be the 

one less affected for the both agents. Results shown are the means ± SD of two independent 

experiments performed in duplicates.  
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4.2 Cell survival is affected differently depending on cell type in TSA 
and C646 combination treatment with ionizing radiation 

To investigate effect of TSA and C646 in combination with ionizing radiation, clonogenic 

survival assay was performed. The effects of TSA and C646 on radiosensitization were 

assessed at 25nM and 6 µM respectively, at 3 different radiation doses (2, 4, 6 Gy). C646 

treatment enhanced the radiosensitivity of HCT116 (P=0,0018 for 2 Gy) cells, while the 

survival of A431 and PC3 were not affected significantly (figure 7). At the 2 Gy dose, the 

survival fraction was approximately 3,8 times higher for untreated HCT116 then that of C646 

treated HCT116 (survival fraction 0,19 vs 0,05). In all cell line, treatment with TSA and 

ionizing radiation did not result in reduced cell survival when compared to radiation treatment 

alone.  
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Figure 7. Clonogenic survival curve at different radiation doses (2, 4, 6 Gy) for the HCT116 

(panel A), A431 (panel B) and PC3 (panel C) cell lines. Cells were plated and treated with 

25nM TSA and 6 µM C646 for 5 hours before irradiation. Colonies were counted after 8-13 

days post-irradiation. C646 radiosensitized HCT116 (P = 0,0018) but had no effect on A431 

and PC3. Surviving fractions were calculated as a ratio of the non-irradiated controls. Results 

shown are the means ± SD of 4-5 independent experiments. 

4.3 The levels of H3K9me3 and H3K9ac is not significantly affected by 
TSA or C646 24 h post-treatment 

To investigate whether TSA and C646 had any effect on H3K9me3 and H3K9ac, HCT116, 

A431 and PC3 cells were treated with increasing doses of the drugs for 24h. The cells were 

stained with antibodies to detect changes in chromatin states which then were analysed with 

flow cytometry. H3K9ac antibody marks the euchromatin state and is associated with 

transcriptional activation, and H3K9me3 marks the heterochromatin state and is associated 

with repression of transcription15. No significant changes in the chromatin state were detected 

in cells treated with TSA nor C646 as compared with untreated cells 24h post-treatment 

(figure 8). 
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Figure 8. TSA (left) and C646 (right) treated cells did not induce expression changes of 

H3K9me3 or H3K9ac 24h post-treatment in HCT116 (panel A), A431 (panel B) and PC3 

(panel C) cells. Cells were immunofluorescently stained with H3K9ac and H3K9me3 

antibodies against activation and repression of gene expression, respectively. Data was 

normalized as a ratio of the non-treated cell median fluorescence intensity in each treatment 

group individually. Bar diagrams display the mean, ±SD of 2-3 independent experiments, 

except for A431 were only one experiment is displayed. 

4.4 Repair kinetics in HCT116 cells, using T2609 

To further study if TSA and C646 affect the ability to repair radiation-induced DSBs, 

HCT116 cells were irradiated and DNA DSB repair was assessed by determining 

phosphorylated DNA-PKcs T2609 quantity in cells by flow cytometry. HCT116 cells were 

treated with 500 nM TSA and 10 µM C646 for 5 hours before they were irradiated at 10 Gy 

and left to repair for various time. The cells were stained with anti-DNA-PKcs T2609 to score 

DSB repair. Cells treated with TSA and C646 did not affect the dephosphorylation of DNA-

PKcs T2609 in comparison to the untreated controls (figure 9).     

B 
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Figure 9. Effects of TSA and C646 on radiation-induced DNA DSB repair. HCT116 cells 

were treated with 500 nM TSA and 10 µM C646 for 5 hours and irradiated with 10 Gy, and 

after that, warm media with or without drugs were applied. Quantification of relative median 

fluorescence intensity changes of pDNA-PKcs T2609 over 4 h were calculated for 5 

independent experiments and the data was normalized to non-irradiated cell median 

fluorescence intensity. Bar diagrams display the mean, ±SD of 5 independent experiments.    

4.5 TSA and C646 does not affect DSB repair in relation to the cell cycle 

To examine cell cycle-specific expression of the DNA-PKcs T2609, cells were separated in 

G1, S and G2/M phases according to DAPI signals. It was observed that T2609 intensity 

increase with cell progression from G1 into S and G2 phase in control and irradiated cells, as 

well as cells treated with drugs (figure 10). There were no significant differences in the levels 

of T2609 for the untreated cells in comparison to the cells treated with drugs.  
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Figure 10. DNA formation and repair in relationship to the different cell cycle phases. DNA-

PKcs T2609 display similar repair kinetics in the different cell cycle phases for the treated 

cells in comparison to the untreated. HCT116 cells were treated with drugs, irradiated, fixed 

and stained with anti-DNA-PKcs and for cell cycle analysis with DAPI. Relative median 

fluorescence intensity in G1 (panel A), S (panel B) and G2/M (panel C) phases are displayed. 

Relative median fluorescence data was normalized to the non-irradiated median fluorescence 

intensity for each cell cycle phase. Bar diagrams display the mean, ±SD of 5 independent 

experiments. 

4.6 TSA and C646 affects 53BP1 accumulation at DSB sites 

To investigate the 53BP1 accumulation after irradiation in TSA and C646 treated cells, A431 

cells were treated with the drugs for 5 hours, irradiated and let to repair for indicated time. 

After 1h repair time point C646 (P = 0,0043) and TSA (P = 0,0189) showed significant 

0
1

5
3

0
6

0

2
4

0

0

1

2

3

4

N o r m a l i z e d  G 2 / M  p h a s e

T i m e  ( m i n )  p o s t  I R

R
e

l
a

t
i

v
e

 
m

e
d

i
a

n

f
l

u
o

r
e

s
c

e
n

c
e

U n t r e a t e d

5 0 0  n M  T S A

1 0  u M  C 6 4 6

C 

0
1

5
3

0
6

0

2
4

0

0

1

2

3

4

5

N o r m a l i z e d  S  p h a s e ,  H C T 1 1 6 ,  5  e x p .

T i m e  ( m i n )  p o s t  I R

R
e

l
a

t
i

v
e

 
m

e
d

i
a

n

f
l

u
o

r
e

s
c

e
n

c
e

U n t r e a t e d

5 0 0  n M  T S A

1 0  u M  C 6 4 6

B 



 
 

20 
 

reduction of 53BP1 foci/cell as can be seen in figure 11 A, but did not affect the formation of 

γH2AX. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. 53BP1 and γH2AX formation and disappearance in response to radiation-induced 

DSB. 53BP1 foci formation was inhibited by TSA and C646 while γH2AX formation was not 

affected. A431 cells were treated with 500 nM TSA and 10 µM C646 for 5 h and irradiated 

with 2 Gy. After that cells were allowed to recover for the indicated times and then fixed and 

stain with 53BP1 and γH2AX. Non-irradiated cells (0 Gy) was used as controls. *P<0.05, 

**P<0.01. 
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5 Discussion 

Epigenetic regulation of gene expression via acetylation and deacetylation of histones and 

other essential DSB repair protein is potential therapeutic strategy. Previous studies have 

shown that HAT and HDAC inhibitors are efficient radiosensitizers in various cancer types by 

downregulation of DNA damage signaling and affecting the DNA repair pathways17,19. It has 

been noted that some HDACi leads to accumulation of acetylated histones, which in turn alter 

the chromatin structure, whereby exposing DNA to damages37. On the other hand acetylation 

on histones by HATs are required for DSB repair, inhibition of HATs leads to inefficient DSB 

repair and thus radiosensitizing cancer cells38,30.  53BP1 is a key regulator of DNA DSBs 

promoting NHEJ repair. In this study we evaluated the effects of the HDACi TSA and HATi 

C646 on cell survival and proliferation, radisensitazation and if they affect chromating 

alteration and recruitment of 53BP1.    

It has been shown that chromatin structure significantly affects the DSB repair and that 

treatment with HATi and HDACi affect chromatin markers14,17,39. However, in this study no 

significant differences in H3K9ac and H3K9me3 were observed after 24 h treatment with 

TSA or C646. A431 cells treated with C646 lead to higher levels of H3K9me3 and reduced 

H3K9ac but since only one experiment was made, no bigger conclusion can be draw given 

this information. It should be said that more experiments were previously made by our lab and 

that they were corresponding to similar results as for this study meaning no significant 

changes were observed. It is possible to speculate that the effect of the drugs might be higher 

before the 24h time-point used in these experiments. Thus, analysis of chromatin marks at 

earlier time-points might have given significant differences.   

Data show that TSA and C646 reduced the cell survival and proliferation in all three cell 

lines. C646 radiosensitize HCT116, but did not have any effects on the other two cell lines. 

An explanation could be that the effect of C646 is cell type specific, and thus further 

identification of factors affecting the sensitivity should be established. Further, it has been 

shown that acetylation and deacetylation inhibitors affect the 53BP1 recruitment to DSB 

sites38,30,40,41. However, it is not known how it affects DSB repair. Reflecting the effects on 

histone modifications, TSA and C646 reduced the formation of 53BP1. However, 

surprisingly, the repair of DSB was not affected. Ideally the samples with the cells, should be 

irradiated on ice to prevent the phosphorylation of the proteins. In our case, the ice was above 

the samples and all samples were not irradiated the same time, thus phosphorylation might 

have occurred earlier, and thus these results might not be reliable. 

53 BP1 is an important factor for DSB repair and loss of this protein leads to radiation 

sensitivity42,43. In this study interference with 53BP1 functions did not lead to significant 

reduction of cell survival in combination with radiation. It has been reported that suppression 

of repair proteins leads to radiosensitivity without affecting DSB repair44.  With this 

knowledge it is possible to hypotheses that DNA repair proteins have other function than that 

of DNA repair that are essential for the cells to survive. Further, investigations are required to 

understand these additional functions and how these mechanisms could be used in cancer 

treatment.   
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In conclusion, TSA and C646 reduced the amount of 53BP1 foci without affecting the DSB 

repair. Furthermore, these inhibitors alone were able to reduce cell survival in all tested cell 

lines.  
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8  Supplementary information 
 

 

Figure S1. X-ray setup at the hospital (Akademiska sjukhuset, Uppsala, Sweden). Picture on 

the right shows samples with ice on top.   

 

Figure S2. 6-well plats with HCT116 cells, fixed and stained with crystal violet after 8 days 

incubation. Left 0 Gy, right 2 Gy. 
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Figure S3. Example of how data is processed in FCS Express 6 Plus. A dotplot is displayed 

on the left showing, the different cell cycle phases and respective phosphorylation levels of 

DNA-PKcs T2609 which is converted to a histogram where statisticaly information can be 

obtained. HCT116 cells treated with 500 nM TSA is displayed in the figure. 

 

 

 

 

 

 

 

 

 


