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Summary 
Ionizing radiation (IR) is routinely used in diagnosis and therapy. However, incidental 

radiation exposure of out-of-target tissues and organs may lead to long-term radiation-

induced adverse effects including radiation-induced cardiovascular disease (RICVD) and 

secondary cancers. Investigating the underlying biological mechanisms involved in RICVD 

and secondary cancers can contribute to the discovery of disease-specific biomarkers. 

These biomarkers can help identify at-risk patients before they develop pathological 

symptoms thereby tackling a primary clinical concern. Consequently, the aim of this PhD is 

to investigate epigenetic biomarkers for two IR delayed effects; RICVD and glioblastoma as 

a possible secondary cancer to IR.  

RICVD is a delayed adverse effect of thoracic radiotherapy (RT) which occurs due to the 

incidental irradiation of the heart and large arteries. The underlying biological and 

molecular mechanisms of RICVD are not yet fully understood while presenting a pro-

inflammatory environment and increased oxidative stress. DNA methylation is an 

epigenetic mechanism of gene expression regulation via the methylation of a cytosine in a 

CpG dinucleotide forming 5-methyl cytosine (5-mC). DNA methylation is altered in 

cardiovascular disease with evidence suggesting a pathophysiologic contribution. DNA 

methylation is also altered in response to IR exposure. However, the involvement of DNA 

methylation in RICVD pathogenesis is underexplored. Therefore, IR-induced DNA 

methylation alterations were investigated in whole-heart irradiated rats and breast cancer 

patients receiving RT. 

Differentially methylated regions (DMRs) which are regions containing multiple 

differentially methylated positions (DMPs), differentially methylated CpG dinucleotides, 

were detected up to 7 months in rats receiving 27.6 Gy dose. Pathway analysis of DMRs 

revealed enrichment of cardiac-specific pathways such as Dilated cardiomyopathy at 1.5 

and 7 months. Furthermore, E2F6 inversely correlated with decreased global longitudinal 

strain after 27.6 Gy. In breast cancer patients, E2F6 and SLMAP exhibited differential 
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expressions, mainly at higher mean heart doses (MHD) directly and 6 months after 

radiotherapy, respectively. Therefore, these results suggest a possible association of DNA 

methylation to RICVD pathophysiology which requires validations in future mechanistic 

studies. 

Further, blood DNA methylation of breast cancer patients receiving adjuvant RT was 

assessed at different time points. DNA methylation alterations were detected in left sided 

patients 6 months after RT showing predominantly gene-specific hypermethylation. The 

expression of six DMRs and 2 DMPs was shown to be affected by either the breast cancer 

side (left/right) or MHD or both as in the case of ATP5G2. However, as most of these 

DMRs/DMPs are also dysregulated in breast cancer, future integration of cardiac function 

data (currently under analysis) is needed to identify clear functional associations.  

On the other hand, Glioblastoma is a grade IV glioma of poor prognosis that can occur 

secondary to diagnostic or therapeutic radiation exposure. We performed a meta-analysis 

of publicly available glioblastoma tissue RNA-seq datasets to identify whole transcriptome 

changes, with special focus on non-coding RNA. Additionally, small RNA-seq was performed 

to identify differentially expressed microRNAs in glioblastoma tissues. 98 long noncoding 

RNAs (lncRNAs) as well as 360 mRNAs were found to be differentially expressed by meta-

analysis. 5 differentially expressed microRNAs were also identified by small RNA-seq. 

Pathway analysis of differentially lncRNAs and mRNAs revealed an association with 

ferroptosis, a novel cell death pathway implicated in cancer development and therapeutic 

responses. Therefore, our results confirm the involvement of ferroptosis in glioblastoma 

pathophysiology while presenting a number of candidates for future research as 

biomarkers and/or therapeutic targets. 

In conclusion, the current thesis identifies several candidate epigenetic biomarkers for both 

RICVD and glioblastoma. However, these candidates require validation by integration of 

DMR methylation/expression profiles with patient cardiac functional data for RICVD and 

investigation of meta-analysis miRNAs/lncRNAs in radiation-induced glioblastoma.
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Dutch summary 
Ioniserende straling (IR) wordt regelmatig gebruikt voor diagnose en therapeutische 

doeleinden. Incidentele blootstelling aan straling van weefsels en organen naast het 

bestraalde doel kan echter leiden tot langdurige door-straling-geïnduceerde bijwerkingen, 

waaronder door-straling-geïnduceerde hart- en vaatziekten (RICVD) en secundaire kankers. 

Onderzoek naar de onderliggende biologische mechanismen die betrokken zijn bij RICVD 

en secundaire kankers kan bijdragen aan de ontdekking van ziekte specifieke biomarkers. 

Deze biomarkers kunnen helpen bij het identificeren van risicopatiënten voordat ze 

pathologische symptomen ontwikkelen. Hiermee kan een primair klinisch probleem 

worden aangepakt. Het doel van dit doctoraatsonderzoek is dan ook om epigenetische 

biomarkers te onderzoeken op twee IR-verlate bijwerkingen; RICVD en glioblastoom als 

mogelijke secundaire kanker.  

RICVD is een verlate bijwerking van thoracale radiotherapie (RT) dat optreedt als gevolg 

van de incidentele bestraling van het hart en de grote slagaders. De onderliggende 

biologische en moleculaire mechanismen van RICVD zijn nog niet volledig begrepen. Maar 

ze vormen een pro-inflammatoire omgeving met verhoogde oxidatieve stress. DNA-

methylatie is een epigenetisch mechanisme dat gen expressie reguleert. Dit doet ze 

doormiddel van de methylatie van de cytosine in het CpG dinucleotide, waarbij 5-methyl 

cytosine (5-mC) wordt gevormd. In cardiovasulaire ziektebeelden is de DNA-methylatie 

vaak gewijzigd, wat kan wijzen op een mogelijke bijdrage tot de pathofysiologie. Ook als 

gevolg van IR-bloodstelling wordt ook de DNA-methylatie gewijzigd. Echter isde 

betrokkenheid van DNA-methylatie bij de pathogenese van RICVD onderbelicht. Daarom 

werden IR-geïnduceerde DNA-methylatieveranderingen onderzocht in ratten, waarbij het 

hele hart werd bestraald, en borstkankerpatiënten, die RT kregen.  

Differentieel gemethyleerde regio’s (DMRs), dit zijn regio’s met meerdere differentieel 

gemethyleerde posities (DMPs), differentieel gemethyleerde CpG dinucleotides, werden 

tot 7 maanden na de bestraling gedetecteerd in de ratten, die een dosis van 27.6 Gy hadden 
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gekregen. DMR-pathwayanalyse toonde een verrijking aan van cardiaal specifieke 

pathways zoals gedilateerde cardiomyopathie 1,5 en 7 maanden na bestraling. Bovendien 

was er een negatieve correlatie tussen E2F6 en een verminderde global longitudinal strain 

(GLS) na bestraling met 27,6 Gy. Bij borstkankerpatiënten vertoonden E2F6 en SLMAP een 

veranderde expressie, voornamelijk bij hogere hartdoses (MHD>2,5Gy), direct na en 6 

maanden na radiotherapie, respectievelijk. Deze resultaten suggereren daarom een 

mogelijke verband tussen DNA-methylatie en RICVD-pathofysiologie. Maar dit vereist nog 

verdere validatie in toekomstige studies.  

Verder werd DNA-methylatie in bloed van borstkankerpatiënten, die adjuvante RT kregen, 

op verschillende tijdspunten beoordeeld. DNA-methylatieveranderingen werden 

gedetecteerd bij linkzijdig-bestraalde patiënten, 6 maanden na RT, met overwegend 

genspecifieke hypermethylatie. De expressie van zes DMR's en 2 DMP's bleek te worden 

beïnvloed door de borstkankerkant (links/rechts), MHD (gemiddelde hart dosis) of beide 

zoals in het geval van ATP5G2. Aangezien de meeste van deze DMR's/DMP's echter ook 

ontregeld zijn bij borstkanker, is hun integratie in de cardiale functionele data (momenteel 

onder analyse) in de toekomst nodig om duidelijke functionele associaties te identificeren. 

Een tweede luik van de thesis bestudeerde epigenetische merkers in het kader van 

glioblastoom een graad IV glioom met slechte prognose, dat secundair kan optreden als 

gevolg van diagnostische of therapeutische stralingsblootstelling. We voerden een meta-

analyse uit van openbaar beschikbare RNA-seq datasets van glioblastoom weefsel om zo 

de hele transcriptoomveranderingen te identificeren, met extra aandacht voor niet-

coderend RNA. Bovendien werd er een RNA-seq uitgevoerd van “small-RNAs” (oftewel 

“small RNA-seq”) om miRNA's, met veranderde expressie, in glioblastoomweefsels te 

identificeren. Uit de meta-analyse bleken 98 lange niet-coderende RNA's (lncRNA's) en 360 

mRNA’s een veranderde expressie te hebben. Ook werden 5 miRNA’s met veranderde 

expressie geïdentificeerd in de “small-RNA” RNA-seq. Pathway-analyse van de 

geïdentificeerde lncRNA's en mRNA's onthulde een associatie met ferroptose, een nieuw 

celdoodmechanisme dat betrokken is bij de ontwikkeling van kanker en therapeutische 
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reacties. Hierbij bevestigen onze resultaten de betrokkenheid van ferroptose in de 

pathofysiologie van glioblastoom. Daarnaast hebben we ook een aantal andere mogelijke 

biomarkers en/of therapeutische merkers gevonden die interessant zijn voor toekomstig 

onderzoek. 

Concluderend, in deze thesis werden een aantal mogelijke epigenetische biomerkers 

gevonden voor zowel RICVD als glioblastoma. Deze biomerkers vereiesen echter nog 

verdere validatie, bijvoorbeeld door DMR methylatie/expressie profielen te correleren met 

cardiaal functionele data van patiënten. Daarnaast heeft de meta-analyse van publiek 

beschikbare gliblastoom dataset een aantal miRNAs/lncRNAs geïntificeerd die het 

startpunt kunnen zijn van vervolgonderzoek rond stralingsgeïnduceerde glioblastoom. 
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Sallam M. et al. Radiation-induced cardiovascular disease: an overlooked role for DNA 
methylation?  
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 Ionizing radiation (IR) 

Radiation is defined as the emission and propagation of energy through space or matter 

[1]. Ionizing radiation (IR) refers to radiation with sufficient energy to remove an electron 

from the atoms of the receiving matter [2]. There are two main sources of IR: natural and 

artificial. Natural radiation occurs spontaneously as a result of the sun’s cosmic radiation 

and the decay of naturally occurring radioactive substances such as uranium and radium. 

Artificial radiation is manmade and results from the utilization of IR in medical exposures, 

household equipment (e.g. smoke detectors) as well as in the nuclear industry [3].  

IR can be generally sub-classified into electromagnetic (EM) and particle radiation. In EM 

radiation, energy is propagated using photons which possess dual particle and wave 

properties. As such, the magnitude of emitted energy increases with increasing frequency 

and decreasing wavelength [1]. Examples of EM radiation in the direction of increasing 

frequency and energy include radio waves, microwaves, infrared, visible light, ultraviolet 

light, X-rays, and γ-rays (Figure 1-1). EM radiation at or below the ultraviolet spectrum is 

nonionizing while therapeutic radiation mostly has wavelengths of 10−11 to 10−13 m [1]. On 

the other hand, examples of particle radiation include electrons, protons, α-particles, β-

particles and heavy charged ions [4]. These particles are released from radioactive nuclides 

attempting to stabilize by releasing energy in combinations of γ-rays and particle radiation 

[2]. 

 

Figure 1-1 Electromagnetic (EM) spectrum showing examples of EM radiation with EM waves having higher 
frequency (Hertz/Hz) and shorter wavelength (Meters/m) carrying the highest energy (electron volts/eVs, 
adapted from [5]. 
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1.1.1 IR uses in medicine 

The diagnostic benefits of IR which rely on the distinct visualization of bone and soft tissue 

were introduced by Roentgen in the first radiograph of a hand [4]. This was followed by the 

discovery that X-rays could also kill living cells, and that the sensitivity for killing 

(radiosensitivity) varied from one cell type to another [6]. This radiosensitivity was shown 

by Bergonié and Tribondeau to be higher in immature cells and cells having high 

metabolism and proliferation such as cancer cells [7]. As such, IR was shown to be, and is 

still considered, a useful tool in cancer therapy with more than 50% of cancer patients 

receiving radiotherapy (RT) [8]. In modern radiation oncology, IR is administered by a 

device outside the body (external beam radiation therapy) or irradiation through 

radioactive material placement in the body near to cancer cells/tissue (brachytherapy) [9]. 

In addition, targeted molecular radiation therapy can be achieved using 

radiopharmaceuticals consisting of particle-emitting radionuclides chemically bound to a 

tissue specific vector molecules [10].  

1.1.2 IR-induced tissue injury 

The first recorded adverse effect of IR was experienced by Becquerel when he developed 

skin erythema and ulceration from a radium container left in his vest pocket [4]. Currently, 

adverse effects of IR are widely researched and can be classified according to the timeframe 

of their development to early or late effects. Early IR effects usually affect highly 

proliferative tissue such as bone marrow, epidermis or intenstinal tract muscosa and are 

observed during or shortly (up to 90 days) after irradiation. Early effects are predominantly 

caused by impairment of cell proliferation in these tissues causing progressive cell 

depletion. The presentation of these effects and their duration depends on the amount of 

radiation exposure [11,12]. However, these effects are normally completely repaired after 

medical IR doses. Late IR effects can occur in any tissue exposed to IR and represent a 

complex tissue reaction that is irreversible and progressive, with increasing severity 

occurring with longer follow-up times [12]. These effects, thus, significantly impact 

patients’ lives, especially those whose life expectancy had been improved by IR [8].  
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As such, this PhD thesis is part of Horizon 2020 project MEDIRAD (http://www.medirad-

project.eu/) which aims to better understand the health effects of IR exposure from 

diagnostic and therapeutic imaging and from off-target effects in RT [13]. This aim is 

achieved through the integration of six interdependent work packages (WPs), of which our 

present work is situated in 2 WPs. The first, WP4, focuses on breast cancer RT and 

secondary cardiovascular risks. The other, WP5, addresses the possible cancer risk 

following IR exposure in childhood and adolescence and studying the role of influencing 

factors such as age, genetic and epigenetic variants. 

Our research on radiation-induced cardiotoxicity focuses on characterizing epigenetic 

alterations after IR in heart-irradiated rats and breast cancer patients receiving adjuvant 

RT. This research is planned to be integrated with classical cardiovascular biomarker 

measurements, noncoding microRNA profiling and cardiac function assessments 

performed by MEDIRAD partners. In this manner, WP4 aims to elucidate the mechanisms 

behind IR-induced cardiac effects and identify relevant associated biomarkers. 

In WP5, the initial research plan was altered due to administrative delays, partly due to 

COVID-19, which hindered sample collection at MEDIRAD partners. Consequently, we 

opted to identify epigenetic players that are dysregulated in different transcriptomic 

datasets of glioblastoma tissues. 

In the following paragraphs, we introduce IR’s cellular and epigenetic effects in order to 

explore the epigenetic involvement in IR-induced adverse effects. 

1.1.3 Cellular effects of IR 

 How does IR interact with matter? 
IR can have different interactions with matter depending on its energy as follows: 

Classic coherent scattering occurs when the incident photon is entirely absorbed by the 

atom with excitation and release of absorbed energy as a photon of equal energy scattered 

in a different direction, thereby resulting in a change in photon direction without change 

in its energy (Figure 1-2A). Classic scattering occurs primarily at energies below 10 keV and 

is therefore minor in medical diagnostic or therapeutic radiation. 

http://www.medirad-project.eu/
http://www.medirad-project.eu/


Chapter 1 Introduction 

10 
 

Photoelectric interaction occurs when the incident photon strikes an electron in the inner 

shell leading to its ejection from the nucleus (Figure 1-2B). The electron is then referred to 

as a photoelectron which leaves behind a positively charged (excited) atom. Outer shell 

electrons then transition to fill the empty spots on the inner shells leading to the release of 

energy as X-rays. Photoelectric interaction depends on the energy of the incident photons 

occurring mainly at energies less than 100 keV and is the most common interaction in 

diagnostic radiation. The probability of photoelectric interaction also depends on the 

atomic number of the impacted tissues and thus varies from one tissue to another (e.g. soft 

tissues vs bone tissues). 

Compton scattering occurs when the incident photon strikes an electron in the outer shell 

leading to its ejection using only a portion of its energy (Figure 1-2C). The remaining energy 

proceeds as a lower energy photon in a different direction than that of the parent photon. 

The ejected outer shell electron continues to travel until it combines with matter while the 

lower energy photon continues to interact with matter through further Compton or 

photoelectric interactions. Compton scattering predominantly occurs in the energy range 

of 0.1–10 MeV, is independent of the atomic number of impacted material and is the most 

common interaction in RT. 

Pair production occurs when the incident photon interacts with the atom’s electromagnetic 

field leading to its disappearance and the creation of two oppositely charged particles (a 

positron and a negatron) possessing equal energy which is equal to half the energy of the 

incident photon (Figure 1-2D). These particles proceed to ionize matter until the positron 

interacts with an electron destroying it and producing two photons of opposing directions. 

Pair production occurs only if the energy of the incident photon is ≥ 1.022 MeV which 

occurs in RT with high-energy photon beams. Pair production occurrence also increases 

with increasing atomic number of impacted matter. 

Photodisintegration occurs when the incident photon interacts directly with the nucleus of 

the atom thereby exciting it with the release of a nuclear fragment (Figure 1-2E). 
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Photodisintegration requires very high energy photons to occur (10 MeVs) and is therefore 

not relevant to diagnostic or therapeutic radiation.  

 

Figure 1-2 IR’s interaction with matter, adapted from [14]. 

 Direct/indirect cellular effects of IR 
IR’s interaction with cells affects them in two ways: direct and indirect effects. Direct effects 

of IR are caused by direct ionization and damage of cellular molecules, most importantly 

DNA. Indirect effects of IR are caused by radiolysis of the water molecules which compose 

80% of the cell [7,15]. This results in the production of two ions (H+ and OH-) and two free 

radicals (H• and OH•). The ions can either reform the water molecule or interact and 

damage cell macromolecules e.g. DNA thereby forming DNA radicals. These radicals can 

also undergo spontaneous repair by interacting with water molecules and thereby 

producing more reactive radicals. Most indirect IR effects are mediated by OH• and H2O2 

which are often termed reactive oxygen species (ROS). Cellular damage may also occur as 

a result of other free radical species such as reactive nitrogen species (RNS) [16,17] 

The attacks of these free radicals on DNA can result in single stranded or double stranded 

breaks in the DNA structure (SSBs and DSBs, respectively). SSBs, as the name suggests, are 

breaks in a single strand of DNA. These are normally easily repaired using the other DNA 
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strand as template. If repair is done inaccurately, mutations may occur which can affect 

gene transcription. On the other hand, DSBs involve breaks in both strands of DNA which 

result in the chromatin structure snapping open [4]. Consequently, DSBs are considered 

the most lethal of all free radical attacks whose improper repair can lead to chromosomal 

abnormalities which may induce cell death [2,12]. IR can also induce DNA inter-strand 

crosslinks, DNA base modifications such as oxidation, alkylation, deamination as well as loss 

of the nucleotide base producing apurinic or apyrmidinic sites; either of which capable of 

developing to SSBs and/or DSBs [2,18–20].  

IR-induced damage can be modified by factors related to radiation itself or the target tissue. 

IR-related factors include the linear energy transfer (LET) of radiation, total radiation dose 

as well as the mode of administration (single dose or fractionated) of IR. The LET of IR is 

dependent on the energy transferred to the tissue by IR per unit tract length, which affects 

whether IR induces direct or indirect effects in the cells. Simply, more charged, slower 

moving protons (10 keV/μm) and α-particles (>100 keV/µm) have higher LET thereby 

causing direct cell damaging effects to tissues whereas lesser charged, faster moving X-rays 

and γ-rays (≅1 keV/µm) induce cell damage in a mostly indirect manner [21,22]. 

Alternatively, fractionation is beneficial in reducing radiation damage especially to normal 

tissues as it allows for a better chance of cellular repair [11]. The primary tissue related 

factor affecting IR-induced damage is the radiosensitivity of irradiated cells. As stated by 

the law of Bergonié and Tribondeau, the degree of radiosensitivity of a biological tissue is 

dependent on its growth and metabolic rates as well as its degree of differentiation. Thus, 

lymphocytes, spermatogonia and intestinal crypt cells with their high replication rates are 

more sensitive to radiation than slow/non replicating neurons, muscle and parathyroid 

cells [7]. This also explains the rationale by which cancer cells with their uncontrolled 

growth are killed using IR [23]. Other tissue related factors include predisposing mutations 

or intrinsically radiosensitive genetic profiles, the repair capacity of irradiated cells, the 

stage of cell cycle -pre-mitosis G2 phase being the most sensitive- and degree of tissue 

oxygenation. The degree of tissue oxygenation is a representation of the so-called oxygen 

effect whereby oxygen availability affects cell damage [11]. Oxygen present in the 
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irradiated cells can combine with DNA radicals to form more damaging peroxy radicals 

(RO2·) which are capable of causing more cellular damage [24]. Consequently, IR’s cellular 

damage is enhanced by oxygen with improved cell killing which is especially relevant in 

cancer RT. 

 Cellular repair in response to IR 
DNA damage induced by IR is sensed by the DNA damage response (DDR) (Figure 1-3) which 

causes temporary or permanent blocks in the cell cycle at cycle checkpoints, activates DNA 

repair pathways and, in case of irreparable damage, induces apoptosis of damaged cells 

[12,25,26]. Cells repair SSBs by base/nucleotide excision repair (BER/NER) where the 

damaged base/nucleotide is excised and the resulting gap is filled by repair replication 

using the complementary DNA strand as a template [27]. On the other hand, cells repair 

DSBs by either homologous recombination (HR) or non-homologous end joining (NHEJ). 

The choice of repair pathway for DSBs is related to the stage of the cell cycle (presence of 

sister chromatid as template) and the location of the DSBs [27,28]. For HR, physical contact 

with the undamaged chromatid (serving as a template) is necessary for repair. First, 

processing of the double-strand DNA ends into 3′ DNA single-strand tails occurs. Then, HR 

initiates filling in the gaps using the undamaged sister chromatid as template. Alternatively,  

  

Figure 1-3 DNA damage response (DDR) following IR showing possible cell fates after base damage, single 
strand (SSBs) and double strand breaks (DSBs), adapted from [19]. 
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NHEJ does not necessitate the presence of a sister chromatid, the damaged ends are only 

modified and ligated together regardless of homology. Consequently, NHEJ is error prone 

and can generate deletions or insertions thereby accounting for many of the pre-mutagenic 

lesions induced by IR [4,18]. 

1.1.4 Biological effects of IR 

Biological effects of IR are usually classified as either stochastic or deterministic. Stochastic 

effects occur when cells survive IR-induced DNA damage but with mutation in their DNA 

[29]. Stochastic, in its definition, means random as in the manifestation and severity of the 

effect is independent of IR dose. However, the risk of stochastic effects seems to increase 

with increasing dose with no apparent threshold. Consequently, stochastic effects are 

regarded the primary health risk of radiation doses less than 100 mGy e.g. radiation-

induced carcinogenesis and heritable effects which occur if the mutation occurs in a germ 

cell [30]. Deterministic effects are determined by IR dose which needs to be sufficiently 

high to cause cell killing. Thus, these effects only occur after a certain threshold dose is 

exceeded with effect severity being proportional to IR dose such as in radiation-induced 

cataracts [29,30]. Other factors influencing deterministic effects include volume of 

irradiated tissue, dose rate, type and quality of the radiation, concomitant physical trauma, 

presence of other disease conditions and individual susceptibility [31].  

According to this, the conventional paradigm of radiobiology serves as a reference 

framework which states [32,33]: 

• DNA damage in directly exposed cells is the main cause behind biological effects 

• DNA damage occurs during, or very shortly after, irradiation of the nuclei in targeted 

cells 

• The potential for biological consequences can be expressed within one or two cell 

generations 

• At low doses, the biological effect is in direct proportion to the energy deposited in 

DNA. 
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Certain observations have challenged this conventional paradigm such as non-linear IR 

effects including bystander effects and genomic instability as well as radiation-induced 

epigenetic effects (RIEEs). Bystander effects are those observed in cells not directly 

traversed by radiation while genomic instability occurs in the genome of the progeny of 

irradiated or bystander cells [32]. On the other hand, RIEEs involve alterations in the 

epigenetic machinery of the cell and will be discussed in detail in the coming paragraphs. 

 Radiation as an epigenetic modifier 

RIEEs were identified as early as the 1980s when 60Co γ-radiation was shown to cause a 

dose-dependent decrease in DNA methylation levels (termed hypomethylation) in four cell 

lines [34]. In order to fully understand RIEEs, a brief introduction of epigenetics is provided 

in the following sections. Special focus is given to DNA methylation and noncoding RNA as 

they are the main investigational targets of the thesis. 

1.2.1 Epigenetics explained 

The term ‘epigenetics’ was first coined in 1942 by Conrad Waddington while examining 

cellular differentiation and its regulation by what he referred to as an ‘epigenetic 

landscape’. Later, this definition was altered to “The study of changes in gene function that 

are heritable and that do not entail change in DNA sequence” [35,36]. Epigenetic alterations 

involve histone modifications, changes in DNA methylation, and the involvement of 

microRNAs (miRNAs). 

 Histone modifications  

Genomic DNA is negatively charged at physiologic pH. In order to compact DNA into the 

limited nuclear space, DNA is wrapped around histone proteins by attraction to their 

positively charged amino acid residues (lysine and arginine). Thus, DNA is wrapped (in 147 

nucleotides segments) around histone octamers (two copies of H2A, H2B, H3 and H4 

histone proteins) forming nucleosomes which are connected together via linker DNA to 

form chromatin (Figure 1-4) [35].  
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Figure 1-4 Nucleosome structure consisting of a 147 nucleotide-long DNA sequence wrapped around a histone 
octamer core. Linker DNA connects adjacent nucleosomes, adapted from [37]. 

Several histone post-translational modifications have been identified such as 

acetylation, methylation, phosphorylation, ubiquitinylation, sumoylation, ADP 

ribosylation, deamination, succinylation and butyrylation [38]. These modifications occur 

on the N-terminal tail of the histones which face outwards from the nucleosome and can 

influence how the nucleosome interacts [39]. For example, acetylation by histone 

acetyltranferases adds an acetyl group to the histone tail. As the acetyl group is positively 

charged, it disrupts the electrostatic interaction between histones and DNA. Consequently, 

histone acetylation has been associated with the open chromatin (euchromatin) structure 

while deacetylation by histone deacetylases is usually associated with the condensed 

chromatin (heterochromatin) structure [40]. Histone modifications have been linked to the 

pathophysiology of several diseases such as Huntington’s disease, autoimmune diseases, 

diabetic kidney disease and cancer [41–44]. 

 DNA methylation 
DNA methylation involves the methylation of a cytosine base in a CpG dinucleotide leading 

to the formation of 5-methyl cytosine (5-mC). DNA methylation is essential for several 

genomic events such as silencing of transposable elements, genomic imprinting and X-

chromosome inactivation [45].  

The majority of CpG dinucleotides in the human genome are heavily methylated (≅70%) 

while the rest are unmethylated and mainly part of so called CpG islands or CGIs. CGIs are 

defined as regions of DNA (>200 bps) that have a GC content higher than 50%, lack 

Linker DNA 

Nucleosome “bead”  
(8 histone molecules + 147 
nucleotide pairs of DNA) 

DNA 

H2B 

H2A 

~10 nm 
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methylation and consequently are not transcriptionally silenced [46]. This high content of 

CpGs in CGIs allows for DNA methylation-mediated regulation of gene expression. About 

70% of gene promoters are associated with these CGIs and around 50% of these CGIs 

contain transcription start sites [47].  

Non-promoter CGIs can be found in inter- and intragenic sequences and are likely to 

represent either alternative transcription start sites of protein coding genes or noncoding 

RNAs [48]. In fact, it was noticed that intragenic or gene body CGIs that are present in 

actively expressed genes show increased DNA methylation. This has been explained by 

multiple theories including gene body CGI’s ability to block transcription at intragenic 

promoters, affect intragenic repetitive element activity and alter mRNA splicing by 

destabilizing nucleosomes at intron-exon junctions [49]. Other important methylation 

targets are CGI shores. These so-called CGI shores are regions having a lower CpG density 

than that of CGIs and can be found within ≅ 2kb of CGIs. Methylation of these CGI shores 

has also been linked to transcriptional silencing with special importance in tissue-specific 

differential methylation [50]. 

There are 3 main key players in the process of DNA methylation; methylation writers, 

readers and editors. 

 The writers 
Historically, DNA methylation can be classified into two main types: De novo methylation 

which occurs mainly in the developing embryo and maintenance methylation which 

maintains the methylation patterns from the parent strand in the daughter strand during 

replication. Consequently, DNA methylation is an epigenetic pattern that is maintained in 

cellular progeny and is normally stable in non-dividing cells [51,52].  

DNA methylation is carried out by the action of DNA methyltransferases or DNMTs causing 

transfer of a methyl group from S-adenyl methionine (SAM) to the 5th carbon of the 

pyrimidine ring of cytosine [53]. The DNMTs that methylate previously non-methylated 

cytosines thereby causing ‘de novo’ methylation (Figure 1-5A) are DNMT3-a & b whereas 

DNMT1 is the maintenance methyltransferase. Consequently, DNMT1 predominantly 

methylates hemi-methylated CpG dinucleotides and exhibits lower levels as cells reach 
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terminal differentiation [52,54,55]. To do this, DNMT1 is located at the replication fork and 

methylates newly synthesized DNA strands directly (Figure 1-5B) [52].  

Another DNMT3 family member is the DNMT3 like (DNMT3l) which is incapable of 

individual methyltransferase activity but does increase the activity of DNMT3a and 3b by 

up to threefold [52]. 

Normally, the three major types of DNMTs (DNMT3a, DNMT3b and DNMT1) are active in 

the growing embryo with their levels decreasing after reaching cellular terminal 

differentiation. Their presence in the mature mammalian brain remains quite substantial 

which could indicate an importance for neuronal plasticity [54,56].  

Non-CpG methylation can also occur on cytosines not followed by guanosine. This was 

found in pluripotent stem cells, oocytes, neurons, and glial cells and has been shown to be 

mediated by DNMT3a and b. Non-CpG methylation is nearly absent from adult somatic cells 

and accounts for only 0.02% of the overall 5-methylated cytosines (5-mCs) in somatic cells 

[57]. 

 

Figure 1-5 The writers of DNA methylation. DNMTs transfer a methyl group from SAM to the 5th carbon of 
cytosine. A) De novo methylation process mediated by DNMT3a and DNMT2b. B) Maintenance methylation 
process during DNA replication by DNMT1 present at the replication fork on hemimethylated DNA. DNMT: 
DNA methyltransferase, SAM: S- adenyl methionine, SAH: S-adenyl-L-homocysteine. 

B) 

A)  
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 The readers 
How does a cell interpret the methylation of promoter CpG islands as transcriptional 

repression?  

Through DNA methylation-alterations in the binding affinity of transcription factors [58]. 

The hypothesized mechanisms for these alterations include either direct blockade of 

transcriptional activators from their DNA binding sites by the methylated DNA (steric 

hindrance) or methylated DNA recognition by methyl-CpG-binding proteins (MBPs). These 

MBPs then act as DNA methylation readers and recruit co-repressor molecules to silence 

transcription [55]. 

The reader proteins can ‘read’ the code –methylation- and convert it into functional 

silencing of the affected genes. Normally, this conversion includes an interaction with 

chromatin modifiers [58]. The MBP proteins are then able to convert DNA methylation to 

transcriptional repression by recruiting histone modifying and chromatin remodeling 

protein complexes. This interaction ultimately leads to the conversion of chromatin from 

the transcriptionally active and loosely packed euchromatin form to the transcriptionally 

repressed and tightly packed heterochromatin form (Figure 1-6). 

 

Figure 1-6 Schematic figure of DNA methylation effects on chromatin state. DNA methylation represses gene 
expression by steric hindrance of transcription activator binding and MBP recruitment. DNA methylation also 
induces histone modification from loosely packed euchromatin to tightly packed heterochromatin by MBP-
induced recruitment of histone deacetylases as well as direct interaction between DNMTs and histone 
methylases. Abbreviations: MBP: Methyl-binding protein, DNMT: DNA methyltransferase. 
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 The editors 
DNA methylation is a reversible process and DNA can also be demethylated either passively 

or actively. Passive demethylation occurs by inhibition of -or reduction in- DNMT levels. 

This leads to a loss of 5-mC during successive rounds of replication in the absence of 

functional DNMTs to maintain methylation [59]. Active demethylation involves the 

modification of the methyl group of 5-mC by enzymatic action and subsequent restoration 

of the non-methylated cytosine by DNA repair. The enzyme families involved in methyl 

group modification are the ten-eleven translocation (TET) family and the activation-

induced cytidine deaminase (AID) and apolipoprotein B mRNA editing enzyme, catalytic 

polypeptide-like (APOBEC) family. The TET enzyme family modifies methylated cytosines 

by hydroxylation and further oxidation, while the AID/APOBEC family deaminates 5-mC. 

Then, a family of BER glycosylases repairs the DNA by replacing the intermediates produced 

by the enzyme modification with cytosine [59,60].  

One intermediate metabolite formed during active demethylation, 5-hydroxymC, has also 

been shown to be a stable regulator of gene expression most abundant in the central 

nervous system [61]. The presence of 5-hydroxymC at promoters, gene bodies and 

enhancers is associated with transcriptional activation [62]. 5-hydroxymC also shows a 

particular affinity to lineage-specific transcription factor binding sites thereby suggesting a 

connection to tissue-specific transcriptional differences [63]. Interestingly, alterations in 

DNA hydroxymethylation have been associated with cardiac hypertrophy in mice as well as 

coronary atherosclerosis in elderly coronary heart disease and carotid atherosclerosis 

patients [64–66]. In addition, several studies reported DNA hydroxymethylation alterations 

in response to radiation [67–70] which were also found to be dose-dependent [67]. As such, 

future research might reveal a contribution of DNA hydroxymethylation to early and late 

radiation-induced effects.  

 Noncoding RNA 
Noncoding RNAs (ncRNA), as the name suggests, are RNA transcripts that are not translated 

into proteins. NcRNAs are classified according to their function into housekeeping and 

regulatory ncRNAs. Housekeeping ncRNAs are constitutively expressed RNA species that 
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are necessary for cell viability. Examples include ribosomal RNA (rRNA), transfer RNAs 

(tRNA), small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs) and telomerase 

RNAs [71]. Regulatory ncRNAs are divided into two categories according to their size: short 

or small ncRNA (18-200 nucleotides) and long ncRNA (>200 nucleotides). Small ncRNAs 

(sncRNAs) include small interfering RNAs (siRNAs), miRNAs and piwi-interacting RNA 

(piRNAs) [72,73]. Some ncRNAs possess variable length and thus belong to two 

classifications at the same time. Examples include promoter-associated transcripts (PATs), 

enhancer RNAs (eRNAs), and circular RNAs (circRNAs) [71]. 

 Small ncRNAs (SncRNAs) 
Both siRNAs and miRNAs are sncRNAs which play essential roles in the RNA interference 

(RNAi) pathway. RNA interference (RNAi) refers to sequence homology-dependent gene 

silencing mechanisms initiated by RNAse III endonuclease (Dicer)-mediated production of 

siRNAs and miRNAs (Figure 1-7) [74]. SiRNAs are 20-30 nucleotide long double-stranded 

RNA molecules produced by the action of Dicer on double stranded RNA structures. Dicer 

then assists in loading siRNAs onto an argonaute (AGO) protein (AGO2 in mammals) then 

the siRNA binds to a complementary mRNA which is cleaved by AGO2 [75]. On the other 

hand, miRNA biogenesis starts with primary miRNAs (pri-miRNAs) transcribed by RNA 

polymerase II. These pri-miRNAs carry stem loop structure(s) that are released to form 

precursor miRNAs (pre-miRNAs) by the action of the nuclear microprocessor complex 

composed of Drosha and DGCR8. These pre-miRNAs are then transported to the cytoplasm 

to be cleaved by Dicer into a miRNA duplex which binds to an AGO protein to form the core 

of miRNA-induced silencing complexes (miRISCs) which bind to partially or fully 

complimentary mRNA sequences [75,76]. Fully complimentary mRNAs are broken down by 

AGO2. However, when the mRNA targets are only partially complimentary to miRNAs, 

cleavage by AGO proteins is not possible. In these instances, AGO proteins recruit other 

proteins which then mediate silencing by a combination of translational repression, 

deadenylation, decapping and mRNA degradation [77]. 

MiRNAs are the most abundant sncRNAs. They also have the capacity to bind and silence 

hundreds of different mRNAs thereby regulating more than half of the protein coding genes 
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in humans [77,78]. As such, miRNAs have been considered a research hotspot in recent 

years. 

 

Figure 1-7 Overview of siRNA (A) and miRNA (B) production as part of RNAi pathway. SiRNAs are produced by 
Dicer from long double stranded RNA while miRNAs are produced from pre-miRNA precursors. Both siRNAs 
and miRNAs exert their silencing effects by binding to Argonaute (AGO) proteins to form RNA-induced 
silencing complexes (RISCs) which mediate translational repression, adapted from [75]. 

Alternatively, piRNAs are 24-32 nucleotides long and are enriched in the germline where 

they bind to PIWI proteins [79]. PiRNAs in most organisms originate from long single-

stranded precursors transcribed from piRNA clusters. These precursors are then 

transported out of the nucleus, cleaved by Zucchini endonuclease (Zuc) to pre-piRNAs 

which are loaded onto PIWI proteins where they are trimmed and methylated at the 3’ end 

to produce primary piRNAs. Through a so-called ping-pong cycle, secondary production of 

large amounts of piRNAs is mediated by AGO and AUB proteins [80]. Together with PIWI 

proteins, piRNAs function to silence transposable elements (TEs) in the germ line as TE can 

disrupt and alter the genome if their transposition is not controlled [81]. 

 Long ncRNAs (LncRNAs) 
Based on their location with respect to protein coding genes (PCGs), long ncRNAs (lncRNAs) 

can be divided into five classes: 1) Long intergenic ncRNAs: transcribed from both strands 

in intergenic regions; 2) Long intronic ncRNAs: transcribed from PCG introns; 3) Sense 

lncRNAs: transcribed from the sense strand and containing exons of PCGs; 4) Antisense 

lncRNAs: transcribed from the antisense strand and 5) Bidirectional lncRNAs which are 

localized proximally to a PCG on the opposite strand [71,82]. LncRNAs can also be classified 

B) miRNA  A) siRNA  
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according to their regulatory effects on DNA sequences to cis-lncRNAs which regulate close 

by genes and trans-lncRNAs which regulate distant genes [83]. 

LncRNAs regulate gene expression at the transcription phase through a number of 

mechanisms. First, lncRNAs can function as chromatin regulators by recruiting chromatin-

remodeling complexes such as polycomb repressive complex 2 (PRC2) which catalyzes 

histone H3 methylation at gene promoters leading to gene silencing (Figure 1-8A). In 

addition, some lncRNAs can bind to chromatin-activating complexes thereby inducing gene 

expression [84,85]. Second, lncRNAs can function as scaffolds coordinating the activity of 

repressive histone modifying complexes (Figure 1-8B) [86–88]. Third, lncRNAs can regulate 

gene transcription by modifying transcription factor activity or providing steric hindrance 

to transcription (Figure 1-8C) [89]. Finally, lncRNAs can limit the availability of regulatory 

factors, e.g. transcription factors (TFs), by acting as decoy binding sites thereby preventing 

the regulatory factors binding to their targets (Figure 1-8D) [90,91].  

 

Figure 1-8 LncRNA-mediated transcriptional regulation of gene expression. A) LncRNAs can recruit chromatin-
remodeling complexes thereby regulating the accessibility to certain gene. B) LncRNAs can act as scaffolds for 
coordinating the activity of repressive histone modifying complexes. C) LncRNAs can regulate transcription by 
transcription factor (TF) recruitment as well as blocking the binding of other TFs. D) LncRNAs can act as decoys 
which bind to TFs thereby preventing their interaction with their relevant targets [85]. 



Chapter 1 Introduction 

24 
 

LncRNAs can also regulate gene expression at a post transcriptional level. LncRNAs interact 

with splicing regulator proteins to regulate gene alternative splicing [92,93]. LncRNAs can 

also interact with miRNAs to activate or repress gene expression. This is achieved by 

lncRNAs serving as either biogenic miRNA precursors or miRNA-sponges/competitive 

endogenous RNAs (ceRNAs) which bind miRNAs and block their effects [94–97]. Finally, 

lncRNAs can directly interact with mRNAs to increase their stability or mediate their decay 

[98–101].  

1.2.2 Radiation-induced adverse effects from an epigenetic viewpoint  

Research has shown that IR can induce alterations in global and gene specific DNA 

methylation [32,34,102–106], histone modifications [107–112] as well as alterations in 

noncoding RNA levels especially miRNAs [113–118]. However, research regarding 

radiation-induced epigenetic modifications in the context of radiation-induced toxicities or 

secondary cancers is underexplored. Consequently, under the framework of MEDIRAD, our 

current research explores the epigenetic profile of radiation-induced cardiotoxicity after 

breast cancer RT and the ncRNA profile of glioblastoma as a possible radiation-induced 

secondary cancer. 

 Radiation-induced cardiovascular disease 
Radiation-induced cardiovascular disease (RICVD) is one of the main long-term effects of 

breast cancer RT [119]. Breast cancer is the leading cause of global cancer incidence, with 

as many as 2.3 million new cases diagnosed in 2020. Given that breast cancer has a high 

survival rate (79%-93%), minimizing long-term adverse effects of cancer treatment is at the 

forefront of a clinician’s concerns [120]. The standard radiation dose used for local and/or 

regional adjuvant irradiation in breast cancer is 50 Gy in 25 fractions of 2 Gy with a boost 

dose of 10–16 Gy in 2 Gy single doses [121]. A radiation boost is administered to deliver a 

radiation dose to the initial tumor site where 44-90% local recurrence occur in or near 

[122]. 

As a result of RT, incidental irradiation of important tissues in proximity to the affected 

breast, such as the heart, occurs [123]. Previously, the heart was considered insensitive to 
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radiation doses less than 30 Gy in accordance to the law of Bergonié and Tribondeau due 

to its non-dividing tissues [124,125]. In 2013, Darby et al. reported a linear relationship 

between the mean heart dose (MHD) and the rate of major coronary events in women 

receiving breast cancer RT with no safe dose threshold (7.4% increase in rate per Gy) 

(Figure 1-9) [126]. Due to the high survival rate of breast cancer, the late manifestations of 

RICVD are the primary cause of mortality in breast cancer survivors [127–129].  

Risk factors for the development of RICVD strongly overlap with conventional CVD risk 

factors such as diabetes, hypertension, obesity, smoking, chronic obstructive pulmonary 

disease and hypercholesterolaemia. Additionally, therapy-dependent factors such as the 

cumulative dose from RT, chemotherapeutic administration (e.g. anthracyclins) and regular 

analgesic use represent additional risk factors [126,130]. Interestingly, a significantly higher 

rate of major coronary events was observed in irradiated left-sided breast cancer patients 

over their right-sided breast cancer counterparts [126]. This difference only seemed to 

increase with passing time since radiation and could be explained by the higher MHD of left 

sided breast cancer [123,126,131]. 

 

Figure 1-9 Rate of major coronary events according to mean heart dose (Gy), as compared with the estimated 
rate with no radiation exposure to the heart as shown in [126]. 

As there are currently no clinical means of reversing RICVD, guidelines recommend 

intensive screening and management of cardiovascular risk factors in patients [132]. This 
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initial screening includes risk factor identification, comprehensive clinical examinations and 

a baseline transthoracic echocardiography before RT, with yearly monitoring and clinical 

exams after RT [132]. Currently, no blood or imaging biomarkers have been implemented 

in practice for predicting RICVD risk or detecting subclinical disease [133]. Therefore, there 

is a growing interest in biomarkers for identifying and monitoring at-risk patients. 

Moreover, such biomarkers might also help validate the findings of preclinical trials 

showing the beneficial effects of statin, ACE inhibitor and aspirin administration in the 

setting of RICVD [134–136].  

 RICVD manifestation 
RICVD can manifest in different ways: coronary heart disease, pericarditis, cardiomyopathy 

and valvular heart disease which share the element of fibrosis in both acute and chronic 

phases [137] (Figure 1-10). These manifestations can occur 5-30 years after RT completion 

with up to 88% of patients remaining asymptomatic [130]. 

Radiation-induced coronary heart disease presents as atherosclerosis with complex 

interplay of lipid accumulation, local inflammation, smooth muscle cell proliferation and 

formation of atherosclerotic plaques. Stable atherosclerotic plaques may narrow the lumen 

and hamper blood flow, while rupture of unstable plaques may cause a total occlusion of 

blood flow through thrombosis, leading to myocardial infarction. The risk of developing 

radiation-induced coronary heart disease is dose dependent, increases within the first 5 

years after irradiation and continues for at least 20 years. Radiation-induced coronary heart 

disease is particularly important when considering RICVD as it can develop at doses well 

below than 10% of the tolerance dose of other cardiac tissues (e.g. 36-40 Gy MHD for the 

pericardium and 40 Gy for the myocardium) with the risk increasing with dose increase 

[126,138,139]. 

Radiation-induced pericardial disease describes a state of inflammation of the pericardium 

surrounding the heart. It can have either an acute or delayed onset with symptoms 

occurring immediately or months to years after RT. The tolerance dose of the human 

pericardium is estimated to be a MHD higher than 36 or 40 Gy or a dose of 50 Gy 
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administered to more than 30% of the heart [138]. Consequently, due to current radiation-

sparing techniques, acute radiation-induced pericardial disease is extremely rare while 

chronic pericardial disease incidence dropped from 20 to 2.5% [138].  

Radiation-induced valvular disease risk is dose dependent and has a relatively delayed 

onset, occurring in certain cases 20 years after RT. It leads to endocardial fibrosis which 

starts by thickening and calcification of the valvular endocardium [140,141]. Radiation-

induced valvular disease was reported to occur in 81% of patients receiving more than 35 

Gy to the heart [137]. 

Radiation-induced cardiomyopathy presents with myocardial fibrosis, systolic and 

diastolic dysfunction, conduction disturbances and autonomic dysfunction leading to 

impaired left ventricular ejection fraction (LVEF). Radiation-induced cardiomyopathy most 

commonly occurs secondary to preexisting valvular or pericardial disease [138]. While LVEF 

is insensitive to subclinical cardiomyopathy, asymptomatic myocardial perfusion defects 

have been detected as early as 6 months after breast cancer RT [142,143]. 

 

Figure 1-10 RICVD clinical presentation 
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 RICVD pathophysiology 
Several hypothesized mechanisms underlying RICVD have been described in literature 

[138,139,144–148], the first being endothelial activation to a pro-inflammatory state by 

nuclear factor kappa b (NF-κB). NF-κB is induced by ROS and DSBs produced by IR as well 

as by damage-associated molecular patterns (DAMPs) released from stressed or dying cells. 

NF-κB activation stimulates the expression of various pro-inflammatory cytokines (e.g. 

Interleukins 1 & 6 and tumor necrosis factor alpha (TNF-α)), chemokines (e.g. Monocyte 

chemoattractant protein-1 or MCP-1), cell adhesion molecules (e.g. Vascular cell adhesion 

molecule 1 or VCAM-1 and E-Selectin) and matrix metalloproteinases, leading to an 

activated pro-inflammatory endothelium. Another hypothesized mechanism is vascular 

tone deterioration due to ROS-induced decreased nitric oxide (NO) availability, decreased 

vasodilating prostacyclin and increased vasoconstrictive endothelin-1 and angiotensin-II 

levels. Another mechanism involves the formation of a pro-coagulative and pro-thrombotic 

endothelial cell phenotype. This leads to atherosclerotic plaque formation via stimulation 

of lipid aggregation and release of pro-fibrotic cytokines e.g. TGF-β. These plaques can then 

rupture resulting in thrombosis. Endothelial cell damage can also lead to the secretion of 

von Willebrand factor (vWF), platelet-activating factor and tissue factor while reducing 

thrombomodulin and prostacyclin production. Together, these factors lead to increased 

platelet aggregation and thrombus formation. 

Cell death and premature endothelial senescence is also a suggested RICVD mechanism 

involving activation of Ataxia telangiectasia mutated (ATM)/p53/p21 and protein Kinase 

B/phosphatidylinositol 3-kinase/mechanistic target of rapamycin (Akt/PI3K/mTOR) 

pathways. In addition, accelerated telomere shortening results from oxidative stress and 

mitochondrial dysfunction which can accelerate endothelial senescence. Finally, 

mitochondrial dysfunction is another suggested RICVD mechanism occurring partly due to 

release of calcium from its endoplasmic reticulum stores leading to mitochondrial calcium 

overload, mitochondrial membrane swelling and release of apoptotic factors. In addition, 

mitochondrial DNA is especially sensitive to radiation-induced damage due to its limited 

repair capacity, lack of protective histones, high exon/intron ratio and its proximity to the 
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electron transport chain. Consequently, radiation can directly damage the mitochondria 

leading to increased mitochondrial membrane permeability, mitochondrial calcium 

overload and increased chronic mitochondrial ROS generation. 

 RICVD screening 
Echocardiography is the conventional screening test for RICVD offering a low risk means of 

assessing diastolic and systolic function as well as valvular and pericardial disease. Other 

imaging modalities such as cardiac computed tomography (CT) and cardiac magnetic 

resonance imaging (CMRI) are sometimes used to confirm and evaluate the extent of RICVD 

[149]. 

Cardiotoxicity is conventionally diagnosed based on a decrease of 10% or more in LVEF, as 

determined by echocardiography, relative to normal levels [150,151]. However, LVEF is 

rather insensitive to early radiation-induced cardiotoxicity and thus other imaging 

measurements have been investigated [152]. Of which, a decrease of more than 10% in 

global longitudinal strain (GLS), was associated with subclinical left ventricular dysfunction 

early after breast RT which also correlated with radiation dosimetry [153,154]. In addition, 

cardiac CT-based coronary artery calcium (CAC), measuring calcification and 

atherosclerosis in the coronary arteries, was found to be an early predictor of acute 

cardiovascular events, both in the general population and in breast cancer patients after 

RT [155,156].  

 Does Radiation Impact DNA Methylation and How?  
Radiation has been shown in previous studies to cause DNA methylation alterations 

[106,157–161]. However, the interplay between IR and DNA methylation is highly complex 

and may be tissue-dependent as well as model and strain-specific [162]. A summary of the 

literature ([34,104,157–160,163–173] addressing the effect of radiation on DNA 

methylation is provided in Table 1-1. 

Research addressing radiation-induced DNA methylation alterations was found to involve 

different radiation types, doses and sampling times. Subsequently, the task of arriving to a 

simple conclusion regarding the exact effects of IR on DNA methylation becomes extremely 
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difficult. Some studies address the effects of IR exposure during spaceflight. Subsequently, 

those employ low doses of high LET protons and heavier high atomic number and energy 

(HZE) ions such as 56Fe radiation [157,160,170] . On the other hand, studies that address 

the effects of the medical applications of radiation tend to use different types and doses of 

radiation to mimic the doses regularly received by patients. In addition, even among those 

studies, different doses, dose intensities and study durations are employed. This is because 

of the varying aims of these studies which range from the investigation of radiation-induced 

carcinogenesis, radiation-induced genomic instability and bystander effects 

[34,103,158,159,167,168,172,173] to cellular responses to radiation and radiosensitivity 

[104,163,164,171]. In addition, some studies addressed the difference between the effects 

of IR on somatic and germinal tissues [169].  

DNA methylation can be investigated on either a global or a gene-specific scale. Global DNA 

methylation offers a representation of the total 5‐mC content in the genome but lacks 

gene-specific information. On the other hand, gene-specific methylation focuses on the 

methylation alterations of specific genes. In Figure 1-11, we attempt to summarize the 

studies addressing the effect of radiation on DNA methylation from a global DNA 

methylation perspective. From Figure 1-11, IR generally causes a decrease in global 

methylation (hypomethylation) which frequently persists for several months. This suggests 

a link between DNA methylation alterations and IR-induced late effects observed years 

after RT [103,157,160,168]. Global hypomethylation is mainly measured by the 

methylation of DNA repetitive elements (REs) which account for about 50% of the human 

genome. Of which, Alu element and long interspersed element-1 (LINE-1) are the most 

abundant human RE sequences. Hypomethylation of these REs will therefore lead to their 

reactivation, retrotransposition and resultant genomic instability [174]. On the other hand, 

attempting a similar overview for gene-specific methylation is more difficult. Different 

studies reported different sets of methylated genes with no clear patterns. Of note, IR was 

reported to elicit both hyper- and hypo-methylation of individual genes. However, overall 

radiation-induced gene-specific hypermethylation occurred at a higher frequency than 

gene-specific hypomethylation. 
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Table 1-1 Literature review of radiation-induced DNA methylation alterations 

Study Sample Radiation dose Methylation Assay Results 

A) Animal studies 

Jangiam et al. 

[169] 

8-10 weeks old male 

BALB/cJ mice 

Irradiation doses: 

0.05, 0.1, or 1.0 Gy of 137Cs γ rays at 

a dose rate of 0.75 Gy/min 

Sampling time: 6 months 

-ELISA for global DNA 

methylation 
Non-significant hypermethylation for all used doses 

Acharya et al. 

[170] 

6 months old C57Bl 

6/J male mice 

Irradiation doses: 

20 cGy of 28Si particles at a dose 

rate of  ~20cGy/min 

Sampling times: 

2, 24 hours and 1 month 

Immunofluorescence staining 

of 5-mC and 5-hydroxymC of 

hippocampal sections 

Significant increase in 5-mC levels at all time points 

Koturbash et 

al. [165] 
Rat spleen tissue 

Irradiation doses: 

2 x 10 Gy of X-rays at a dose rate of 

0.05 Gy/s 

Sampling times: 

24 hrs and 7 months 

-Cytosine extension assay 

-COBRA 

Cytosine extension assay 

-Persistent DNA hypomethylation after 24 hrs and 7 months 

COBRA 

-Hypomethylation and activation of retrotransposable LINE-

1 promoters after 7 months 

-DNMT1, DNMT3a, DNMT3b and MeCP2 downregulated at 

24 hours 

Loree et al. 

[167] 

Long-Evans female 

rats 

Irradiation doses: 

5 Gy of X-rays 

Sampling times: 

6 and 96 hrs 

Cytosine Extension Assay 
-Global DNA hypomethylation 

-Low levels of DNMT1, DNMT3- a&b and MeCP2 
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Study Sample Radiation dose Methylation Assay Results 

Luzhna et al. 

[168] 

Six-week-old intact 

female Long-Evans 

rats 

Irradiation doses: 

80kVp/0.1 Gy, 80kVp/1 Gy, 

80kVp/2.5 Gy, 30kVp/0.1 Gy of X-

rays 

Sampling times: 

6, 96 hours, and 4, 12 and 24 weeks 

COBRA 

-Hypomethylation of LINE-1 was observed at the following 

time points: 

80kVp/0.1 Gy: 6 hrs; 80kVp/1 Gy: 96 hrs; 80kVp/2.5 Gy: 6 

and 96 hrs, 24 weeks; 30kVp/0.1 Gy: 96 hrs, 4 weeks 

-This short term hypomethylation was correlated with 

increased LINE-1 expression at 12 and 24 weeks after 

exposure to 80kVp/ 1 and 2.5 Gy and 30kVp/ 0.1 Gy 

Miousse et al 

[158] 

Eight-week-old male 

radioresistant 

C57BL/6J and 

radiosensitive CBA/J 

mice 

Irradiation doses: 

0.1 or 1 Gy of 137Cs at a dose rate of 

1.21 Gy/min 

Sampling times: 

2 months 

Methylation-sensitive McrBC- 

qPCR of LINE-1 5′-UTR 

-Significant decreases in LINE-1 DNA methylation in bone 

marrow hematopoietic stem cells (HSCs) of CBA/J mice 2 

months after irradiation with either 0.1 and 1 Gy. 

 

Miousse et al. 

[157] 

Six-month-old 

C57BL/6J male mice  

Irradiation doses: 

0.1, 0.2 or 0.4 Gy of 56Fe ion 

Sampling times: 

4 and 22 weeks 

-Methylation-sensitive 

McrBC- qPCR of LINE-1 and 

SINE B1 

-ELISA 

McrBC- qPCR 

Both LINE-1 and SINE B1 were hypomethylated in bone 

marrow mononuclear cells (BM-MNCs) and 

hypermethylated in hematopoietic progenitor and stem 

cells (HPSCs) in a dose-dependent manner 

ELISA 

4 weeks post-irradiation: Non-significant alterations in 

global DNA methylation were observed in both HPSCs and 

MNCs 

22 weeks post-irradiation: significant loss of global DNA 

methylation in HPSCs after exposure to 0.4 Gy 

Significantly decreased expression of DNMT3A in HPSCs 4 

weeks post-irradiation 
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Study Sample Radiation dose Methylation Assay Results 

Pogribny et 

al. [159] 
C57/BL6 mice 

Irradiation doses: 

0.5 Gy X-ray as single acute dose or 

in 10 daily fractions 

Sampling times: 

4 hrs 

Cytosine Extension Assay 

-Fractionated radiation: global DNA hypomethylation and 

Low levels of DNMT1, DNMT3- a&b, MeCP2 and MBD2 

-Acute radiation: low levels of DNMT3a and of DNMT3b in 

females only 

Tawa et al. 

[161] 

Adult C57BL/6NJc1 

mice 

Irradiation doses: 

4-10 Gy whole body X-rays, dose 

rate unknown 

Sampling times: 

8, 24, 48 and 72 hrs 

HPLC 
Global hypomethylation after 10 Gy X-rays in mice liver at 8 

hours post irradiation and until 72 hours 

Wang et al. 

[164] 
BALB/c mice 

Irradiation doses: 

0.5 Gy X-rays acutely or in 0.05 Gy 

daily fractions for 10 days at a dose 

rate of 0.27 Gy/min 

Sampling times: 

2 hours and 1 month 

-HPLC 

-MeDIP-on-chip 

-MeDIP-qPCR 

-Methylation specific PCR on 

Rad23b and DNA-damage-

inducible transcript 3 (Ddit3) 

HPLC 

-Chronic exposure: Hypomethylation relative to acute 

exposure and control did not persist after 1 month after 

treatment 

MeDIP-on-chip 

Chronic exposure: hypermethylation relative to control and 

acute exposure of 811 regions including Rad23b, Tdg, 

Ccnd1, Ddit3, Llgl1, Rasl11a, Tbx2, Scl6a15 which were 

confirmed by MeDIP-qPCR 

-2 hours after chronic exposure: Decreased expression of 

DNMT1 relative to control and acute exposure in peripheral 

blood mononuclear cells (PBMC), kidney and liver tissues 

-1 month after chronic exposure: DNMT1 upregulation in 

liver tissue and upregulation 1 month after irradiation 

relative to control and acute exposure 

B) Cell line studies 
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Study Sample Radiation dose Methylation Assay Results 

Kalinich et al. 

[34] 

Chinese hamster 

ovary (CHO) clone K-

1, Chinese hamster 

lung, HeLa clone S-

3fibroblast (V79) 

clone A03, HeLa 

clone S-3 

Irradiation doses: 

0.5-10 Gy of 60Co γ radiation at a 

dose rate of 1 Gy/min 

Sampling time: 

24, 48, and 72 hrs 

High performance liquid 

chromatography (HPLC) 

-Global dose dependent hypomethylation except a 1-5 Gy 

plateau region at 24 hours for HeLa cells 

-Reduced total cellular DNMT activity (de novo and 

maintenance) over the 72 hour period 

Kennedy et al. 

[160] 

human bronchial 

epithelial cell line 

(HBEC3- KT) 

Irradiation doses: 

-0, 0.1, 0.3 or 1.0 Gy 56Fe ions at a 

dose rate of 0.1,0.3 and 1.0 Gy/min 

respectively 

-0.3, 1.0 Gy 28Si ions at a dose rate of 

0.28 and 0.63 Gy/min respectively. 

-1.0 Gy of X-rays at a dose rate of 1 

Gy/min 

Sampling time: 

48 hrs and weekly samples until 2.5 

months 

Infinium 

HumanMethylation450k 

BeadChip 

-56Fe ions: dose dependent average trend of 

hypermethylation across all time points 

- X-rays: dose dependent average trend of hypomethylation 

across all time points 

-For both, the changes persisted more than 50 days post-

irradiation. 

Antwih et al. 

[171] 

MDA-MB-231 breast 

cancer cell line 

Irradiation doses: 

0, 2, or 6 Gy of X-ray at a rate of 0.86 

Gy/min 

Sampling times: 

1, 2, 4, 8, 24, 48, and 72 hrs 

Infinium 

HumanMethylation450k 

BeadChip 

For 2 Gy dose: 

Initial hypermethylation followed by hypomethylation from 

4 hour time point onward. 

For 6 Gy dose: 

Short termed initial hypermethylation (< 1 hour) followed 

by transient hypomethylation at 8 hour time point and then 

hypermethylation from 24 hour time point onward, DNMT1 

downregulation. 
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Study Sample Radiation dose Methylation Assay Results 

Differentially methylated genes (DMGs) for 2 Gy dose: 

DIP2B, DIP2C, ENOX1, HLA-DQA1, HLA-DRB1, MAML2, 

ZBTB20, ZIC1 

DMGs for 6 Gy: 

ASPH, HLA-DRB6, IGF1R, ITPR2, KRAS, LMF1, MAD1L1, 

MBNL1, MCF2L, MEIS2, NCOA2, PCDHGA/B, PRH1, SRGAP1 

Shared DMGs for 2 & 6 Gy: 

AGAP2, ARHGEF10, ATP11A, HDAC4, PRR4, PTPRD, TBCD 

Aypar et al. 

[172] 

GM10115 human-

hamster hybrid cell 

line 

 

 

Irradiation doses: 

-0.5, 1 and 2 Gys of X-rays at a dose 

rate of 2.4 Gy/min 

-0.1 and 1 Gy of Fe ions at a dose 

rate of 0.2 Gy/min 

Sampling time: 1 hr post irradiation 

-Methylation Specific PCR 

(MSP) for specific loci (nuclear 

factor-kappa B (NF-κB), tumor 

suppressor in lung cancer 

1 (TSLC1) and cadherin 1 

(CDH1) 

-Combined bisulfite 

restriction assays (COBRA) for 

Long interspersed nucleotide 

element 1 (LINE-1) and Alu 

repeat elements methylation 

-Methylation-Sensitive 

Arbitrarily Primed PCR (MSAP-

PCR) for global methylation 

analysis 

Methylation Specific PCR: 

No significant change was detected 

COBRA: 

-For X-rays: hypomethylation of LINE-1 and Alu at 2 Gy and 

hypermethylation of LINE-1 at 0.5 Gy 

-For Fe ions: hypomethylation of LINE-1 and Alu at 1 Gy, 

MSAP-PCR: 

-For X-ray: hypermethylation at the internal cytosine at 

doses > 0.5 Gy 

-For Fe ions: Hypomethylation at the external cytosine at 1 

Gy 

 

 

Chaudhry and 

Omarrudin 

[104] 

human lymphoblast 

cell lines TK6 

(radiation sensitive) 

Irradiation doses: 

2 Gy of X-rays at a dose rate of 1.7 

Gy/min 

- Arbitrarily primed PCR 

(APPCR) 

APPCR: 

Differential DNA methylation fingerprints were observed 

between TK6 and WTK1 
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Study Sample Radiation dose Methylation Assay Results 

and WTK1 (radiation 

resistant) 

Sampling time: 0, 2, 4, 8, 12, and 

24 hrs post irradiation 

- enzyme-linked 

immunosorbent assay (ELISA) 

for global DNA methylation 

analysis 

Global DNA methylation: 

For WTK1: DNA methylation levels continued to decrease 

until 8 hrs, followed by an increase until 12 hrs. Return to 

background levels of methylated DNA was observed at 24 

hrs. 

For TK6: Initial decrease followed by a steady increase until 

24 hrs 

DNMT1 expression was increased in TK6 and decreased in 

WTK1 at 8 hrs with a statistically significant difference in 

expression. Increased DNMT3 A and B as well as TET1 was 

observed in both TK6 and WTK1. 

Goetz et al. 

[173] 

RKO cells human 

colorectal 

carcinoma cell line, 

Primary, AG01522D 

human diploid skin 

fibroblasts, NC10 

normal lymphocyte, 

SW48 colon 

carcinoma cells 

Irradiation doses: 

Total dose of 0.1Gy or 1 Gy of: 

-X-rays at a dose rate of 2.4 Gy/min 

-Fe ions at dose rates of 1 Gy/min or 

0.1 cGy/min 

-Protons at dose rates of 0.02 Gy 

min 

Sampling time: 2 hours after 

irradiation 

- MSP of p16 and MGMT 

- LINE-1 and Alu COBRA 

- Methylation-Sensitive 

Arbitrary Priming (MSAP) PCR 

Methylation specific PCR: 

-Hypermethylation of p16 promoter in both RKO and SW48 

-Hypermethylation of MGMT promoter in SW48 

-Surviving RKO and AG01522 populations after 16–20 

doublings showed no significant changes in promoter 

methylation 

COBRA: 

- Surviving RKO and AG01522 populations after 16-20 

doublings showed LINE-1 hypomethylation in both doses of 

protons and Fe ions 

- 1 Gy of X rays after 16–20 population doublings caused 

hypomethylation for RKO cells and hypermethylation for 

AG01522 cells 
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Study Sample Radiation dose Methylation Assay Results 

- Hypomethylation of Alu element after exposure of both 

cell lines to protons and Fe ions and after exposure of RKO 

cells to X-rays 

MSAP PCR: 

- Non significant DNA hypermethylation in RKO and 

AG01522a after proton and Fe ions irradiation 

- Hypomethylation after10 cGy and 1 Gy X-ray relative to 

corresponding proton and Fe ion doses in RKO and 3 out of 

4 AG01522 cell groups 

Kuhmann et 

al. [163] 

MCF7 breast cancer 

cell line 

Irradiation doses: 

2 Gy/day for 1 and 2 weeks of Cs-

137 at a dose rate of 0.5 Gy/min 

Sampling times: 

2, 3, 14 and 24 days 

-Methyl-CpG 

immunoprecipitation (MCIp) 

-CpG island microarray 

analysis 

Methylation changes confirmed by quantitative MassARRAY 

analysis 

-Promoter hypermethylation of ADAMTS9 and FOXC1 after 

10 and 20 Gy fractionated irradiation 

- Intragenic hypermethylation of TRAPPC9 after 10 Gy 

fractionated irradiation 

– Promoter hypomethylation of AMIGO3 after 20 Gy 

fractionated irradiation 

FOXC1 and TRAPPC9 hypomethylation was found after cell 

regrowth 14 days after irradiation 

Global methylation changes as represented by methylation 

levels of LINE-1 and other repetitive elements (Alu 

sequences, long terminal re-peats, satellite DNA) were not 

significant. 

Kumar et al. 

[166] 

Radioresistant MDA-

MB-453 breast 

cancer cell line and 

Irradiation doses: 

doses ranging from 1–8 Gy of 60Co γ 

radiation at a dose rate of 1 Gy/min 

-Reverse Phase HPLC(RP-

HPLC) 

-At 4 Gy, global demethylation in a time dependent manner 

- Increased p16INK4a and ATM promoter activity in 

transfected SiHa and SaOS2 after 4 Gy irradiation 
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Study Sample Radiation dose Methylation Assay Results 

SiHa cervical cancer 

cell lines 

Radiosensitive 

SaOS2 

osteosarcoma cell 

line and WM115 

melanoma cell lines 

Sampling times: 

Post-irradiation 

-Transfection of luciferase 

reporter assay 
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Within these literature studies, several possible mechanisms have been put forward. The 

first mechanism involves ROS produced by radiation-induced water radiolysis. These ROS 

can alter DNA methylation via several ways [175]. ROS may act directly on the DNA by 

oxidizing the guanine base in CGIs forming 8-oxo-20-deoxyguanosine (8-OHdG), which can 

be repaired by its removal by 8-oxoguanine DNA glycosylase (OGG1) followed by BER. If 

not repaired, 8-OHdG can prevent the methylation of the adjacent cytosine leading to 

subsequent hypomethylation. Alternatively, ROS may directly convert 5-mC to 5-

hydroxymC by interaction of DNA with hydroxyl radicals. ROS may affect DNA methylation 

indirectly by altering the activity of methylation related enzymes [175]. However, ROS 

effects on DNMTs seem to be bidirectional. 

 

Figure 1-11 Overview of the shared outcomes of the different studies involving radiation-induced global 
methylation (* indicates different cell lines or sampled tissues and ** indicates alternating stages of 
methylation) 

ROS can lead to hypermethylation by upregulating DNMTs or increasing their recruitment 

by H2O2. ROS can also lead to hypomethylation by reducing the availability of SAM which is 

an essential cofactor for DNMT activity. Finally, other studies have shown that ROS can lead 
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to DNA hypermethylation due to their nucleophilic action on the 5 position of cytosine 

molecule leading to its deprotonation and accelerating its reaction with SAM [176,177]. In 

summary, ROS can lead to hypomethylation by 8-OHdG formation, 5-mC hydroxylation or 

reducing SAM availability. On the other hand, ROS can also lead to hypermethylation by 

DNMT upregulation or increased recruitment as well as 5-mC deprotonation. Despite the 

counter intuitiveness of ROS having opposing effects on DNA methylation, this ‘dual’ effect 

may contribute to the observed similar opposing effects of radiation on DNA methylation. 

Secondly, radiation can also cause DNA hypermethylation by activation of NF-κB [178–181]. 

NF-κB activation leads to alterations in DNA methylation through two different 

mechanisms. Firstly, the RelA/p65 subunit of NF-κB can directly recruit DNMT-1 to 

chromatin [182]. Secondly, NF-κB regulates DNA methylation indirectly by the production 

of Interleukin-6 (IL-6), which has been shown to also regulate DNMT1 expression leading 

to increased DNMT1 activity [183–185]. This increased availability/activity of DNMT1 

subsequently leads to hypermethylation. 

 DNA Methylation and CVD; Possible Disease Collaborator? 
A number of studies have linked DNA methylation alterations to CVD development [186–

194]. The focus of these studies is mostly atherosclerosis as it is the underlying cause of 

most cardiovascular diseases (CVDs) [65,195,196]. The majority of studies report global 

DNA hypomethylation in atherosclerosis [197–202]. This state of hypomethylation was 

detectable in atherosclerosis prone murine aorta even before the development of 

atherosclerosis [203]. In addition, gene specific hypermethylation has also been observed 

in atherosclerosis [189,194,204]. Interestingly, focal gene-specific hypermethylation offers 

higher biological relevance than that of global hypomethylation [205].  

We examined the literature concerning differentially methylated genes in CVD 

(summarized in Table 1-2). In most cases, differentially methylated genes are associated 

with key elements in CVD pathogenesis, such as lipid metabolism, inflammation, oxidative 

stress, atherosclerosis and endothelial cell dysfunction. This consequently points to a 

contribution of DNA methylation to CVD pathophysiology.  
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The association between altered DNA methylation and CVD is further proven in 

experimental models of atherosclerosis. Dunn et al. have shown DNMT inhibitor 5-Aza-2′-

deoxycytidine (also known as decitabine) to be effective atheroma preventive measures in 

a ApoE-/- mouse model of atherosclerosis [206]. In addition, decitabine was shown to 

decrease atherosclerosis development in LDLr−/− mice through decreased macrophage 

inflammation and suppressed macrophage endoplasmic reticulum stress [207]. This could 

be explained by decreased methylation and subsequent increased expression of liver X 

receptor α (LXRα) and peroxisome proliferator-activated receptor γ1 (PPARγ). LXRα and 

PPARγ are atheroprotective as they regulate lipid metabolism and macrophage 

inflammation [208–210]. As a result, DNA methylation inhibitors have been suggested as 

candidates drugs for treating atherosclerosis [211–213]. 
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Table 1-2 Gene specific methylation and cardiovascular disase. Abbreviations: ACS: acute coronary syndrome, CAD: coronary artery disease, FH: Familial 
Hypercholesterolemia, FHS: Framingham Heart Study, GOLDN: Genetics of Lipid Lowering Drugs and Diet Network, KAROLA: Langzeiterfolge der KARdiOLogischen 
Anschlussheilbehandlung, KORA: Cooperative health research in the Region of Augsburg, LBC: Lothian Birth Cohorts, PIVUS: Prospective Investigation of the 
Vasculature in Uppsala Seniors Study, PBMCs: peripheral blood mononuclear cells. 

Gene Cohort Sample Methylation assay Results Possible Connection to CVD Refs 

ABCA1 

ATP-Binding 

Cassette A1 

110 CAD patients, 

110 ethnically 

matched controls 

Cellular 

fraction from 

fasting blood 

samples 

methylation specific 

PCR (MSP) 

 

Hypermethylation 

 

Reduction of cholesterol accumulation in 

macrophages which helps in preventing foam cell 

formation [214] 

[215] 

 

heart surgery 

patients (38 CAD, 

50 no CAD) 

Buffy coat 

 

Bisulfite 

pyrosequencing 

[216] 

 

97 FH patients 

Fasting 

leucocyte and 

whole blood 

Bisulfite 

pyrosequencing 
[217] 

150 

atherosclerosis 

patients, 150 

controls 

Peripheral 

blood 

samples 

Nested MSP [186] 

ABCG1 

ATP-Binding 

Cassette G1 

614 hypertensive 

African-Americans 

(51% Metabolic 

Syndrome) 

Buffy coat 

Infinium 

HumanMethylation450

K BeadChip 

Hypermethylation 

Reduction of cholesterol accumulation in 

macrophages which helps in preventing foam cell 

formation [187] 

[218] 

1494 FHS 

participants + ≤812 

PIVUS participants 

+ n≤380 LBC 1921 

FHS: Buffy 

coat 

PIVUS, LBCs: 

Whole blood 

Infinium 

HumanMethylation450

k BeadChip 

[219] 
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Gene Cohort Sample Methylation assay Results Possible Connection to CVD Refs 

+ n≤654 LBC 1936 

+ 991 GOLDN 

GOLDN: CD4+ 

T cells 

1776 KORA F4 

participants, 60 of 

which previously 

hospitalized MI 

Whole blood 

Infinium 

HumanMethylation450

k BeadChip 

[188] 

85 patients ≥ 50% 

coronary artery 

occlusion, 54 

controls 

Peripheral 

blood 

samples 

MSP [187] 

ACAT1 

Acyl-coenzyme 

A:cholesterol 

acyltransferase-1 

150 

atherosclerosis 

patients, 150 

controls 

Peripheral 

blood 

samples 

Nested MSP Hypomethylation 
Cholesteryl ester formation in macrophages thereby 

linked to foam cell formation [220] 
[186] 

ALDH2 

Aldehyde 

Dehydrogenase 2 

Adult male 

Sprague-Dawley 

rats 

Myocardial 

infarction 

border 

Bisulfite PCR 

sequencing 
Hypermethylation 

-Protection against ischemia reperfusion injury 

[221,222] 

-Protection from endoplasmic reticulum stress and 

subsequent apoptosis [223] 

[224] 

ANGPTL2 

Angiopoietin‐like 

protein 2 

122 CHD patients, 

58 controls 

Peripheral 

blood 

Bisulfite 

pyrosequencing 
Hypomethylation 

Promotion of inflammatory cell recruitment and 

extracellular matrix remodeling [225,226] 

[226] 

33 post-acute 

coronary 

syndrome (ACS) 

patients, 40 

controls 

Leucocytes 

from fasting 

blood 

samples 

Infinium 

HumanMethylation450

k BeadChip 

Hypomethylation [227] 
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BRCA1 

BReast CAncer 

gene 1 

8 atherosclerosis 

patients and 8 

controls with 

replication of data 

in atherosclerotic 

plaque material 

and post-hoc 

analysis in control 

males 

Whole blood 

Infinium 

HumanMethylation450

k BeadChip 

Hypermethylation 

Involvement in DNA damage repair and lead to 

increased resistance to ROS induced endothelial cell 

damage [228] 

[189] 

CCDC62/ERAP75 

Coiled‑coil 

domain 

containing 62 

128 postmortem 

specimens of the 

aortic intima from 

64 deceased 

patients 

aortic intima 

tissues 

Infinium 

MethylationEPIC 

BeadChip 

Hypomethylation 
Unknown but might have an effect on the activation 

of ER-α [229] 
[230] 

CDKN2B/p15INK4b 

Cyclin-

dependent 

kinase inhibitor 

2B 

36 CHD patients, 

36 controls 

Peripheral 

blood 

samples 

Bisulfite 

pyrosequencing 
Hypermethylation 

Part of a genomic locus that has been associated with 

susceptibility to coronary artery disease [231] 
[232] 

COMT 

Catechol-O-

Methyltransferas

e 

 

48 CHD patients, 

48 controls 

Peripheral 

blood 

samples 

Bisulfite 

pyrosequencing 
Hypermethylation 

Polymorphisms causing lowered COMT activity have 

been linked to an increased risk of cardiovascular 

disease due to lowered rate of catecholamine 

inactivation [233] 

[234] 

CRISP2 

8 atherosclerotic 

patients and 8 

controls with 

Whole blood 

Infinium 

HumanMethylation450

k BeadChip 

Hypermethylation Unknown [189] 
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Cysteine-rich 

secretory protein 

2 

replication of data 

in atherosclerotic 

plaque material 

and post-hoc 

analysis in control 

males 

CXCL12 

C-X-C motif 

chemokine 12 

Reprocessing data 

from samples used 

in (85), validation 

in 303 CAD 

patients and 303 

controls 

PBMCs Bisulfite Sequencing Hypermethylation 

Atheroprotective and reparative function by 

increasing plaque stability, endothelial progenitor cell 

and inflammatory cell recruitment and mobility [235–

237] 

[238] 

DDAH2 

Dimethylarginine 

dimethylaminoh

ydrolase 2 

25 CAD patients, 

15 controls 

endothelial 

progenitor 

cells 

differentiated 

from 

participant 

PBMCs 

Nested MSP 

sequencing 
Hypermethylation 

Atheroprotective by inhibition of endothelial nitric 

oxide synthase (eNOS) inhibitor, asymmetric 

dimethylarginine (ADMA) [239,240] 

[240] 

ER-α 

Estrogen 

Receptor α 

67 patients 

undergoing 

coronary artery 

bypass grafting 

(CABG), or 

directional 

coronary 

atherectomy (DCA) 

Heart tissue 

Southern blot after 

methylation sensitive 

restriction enzymes 

Hypermethylation 

Atheroprotective by eNOS activation, reduced 

endothelial cell apoptosis, regulation of serum lipid 

cholesterol concentrations and decrease of vascular 

smooth muscle cell growth and migration [241–243] 

[244] 
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ApoE/Lepr double 

knockout mice 

vascular 

smooth 

muscle cells 

Bisulfite sequencing 

PCR 
[245] 

54 atherosclerosis 

patients, 28 

controls 

fasting blood 

samples 
Nested MSP [204] 

F2RL3 

F2R Like 

Thrombin Or 

Trypsin Receptor 

3 

KAROLA cohort 

[246], 1206 

participants of 

inpatient 

cardiovascular 

rehabilitation 

programs 

Whole blood 

Sequenom matrix-

assisted laser desorp- 

tion ionization time-of-

flight mass 

spectrometry 

Hypomethylation 

Associated with platelet activation, intimal 

hyperplasia, and inflammation and F2RL3 

methylation has been associated with smoking 

[247,248] 

[247] 

FHIT 

Fragile Histidine 

Triad 

Diadenosine 

Triphosphatase 

128 postmortem 

specimens of the 

aortic intima from 

64 deceased 

patients 

aortic intima 

tissues 

Infinium 

MethylationEPIC 

BeadChip 

Hypomethylation 
Unknown but FHIT loss has been associated with 

genomic instability [249] 
[230] 

FOXP3 

forkhead box p3 

188 acute 

coronary 

syndrome (ACS) 

patients, 68 

controls 

CD4+CD25+ T 

cells 
MSP 

Hypermethylation 

Regulation of regulatory T cells (Tregs) which 

suppress T cell mediated immune responses 

contributing to atherosclerotic plaque development 

[250] 

[251] 

89 patients with 

ACS, 35 controls 

CD4+CD25+T 

cells 
PCR pyrosequencing [250] 
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GALNT2 

GalNAc-T2 

85 patients ≥ 50% 

coronary artery 

occlusion, 54 

controls 

Peripheral 

blood 

samples 

MSP Hypermethylation Modulation of HDL and triglyceride levels [252,253] [187] 

GCK 

Glucokinase 

36 CHD patients, 

36 controls 

Peripheral 

blood 

samples 

Bisulfite 

pyrosequencing 

Hypomethylation 

Hypomethylated gene body leads to decreased GCK 

expression which has been identified as a candidate 

gene for type 2 diabetes mellitus [254,255] 

[190] 

47 essential 

hypertension 

patients, 47 

controls 

Peripheral 

blood 

samples 

Bisulfite 

pyrosequencing 
[256] 

GDF6 

Growth 

Differentiation 

Factor 6 

128 postmortem 

specimens of the 

aortic intima from 

64 deceased 

patients 

 

 

 

 

 

 

 

 

 

 

 

aortic intima 

tissues 

 

 

 

Infinium 

MethylationEPIC 

BeadChip 

Hypomethylation 

Unknown GDF6 is involved in Klippel-Feil syndrome 

which has been associated in 4%–29% of the cases 

with cardiovascular abnormalities [257] 

[230] 

 

 

 

 

HOTAIR 

HOX Transcript 

Antisense RNA 

Hypermethylation 

Reduced expression has been associated with 

elevated expressions of calcification-related genes in 

aortic valves [258] 

HOXA6 

Homeobox A6 

Hypomethylation 

 

-HOX genes are involved in the embryonic 

development of the cardiovascular system and also 

regulate the adult expression of growth factors 

associated with endothelial cell differentiation such 

as vascular endothelial growth factor (VEGF), 

fibroblast growth factor 2 (FGF2), platelet-derived 

growth factor (PDGF), and transforming growth 

factor β1 (TGF-β1) [259,260] 

 

HOXA9 

Homeobox A9 

HOXA10 

Homeobox A10 

HOXA10-AS 

Homeobox A10-

antisense RNA 
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HOXA-AS3 

Homeobox A- 

antisense RNA 3 

 

 

 

 

 

128 postmortem 

specimens of the 

aortic intima from 

64 deceased 

patients 

HOXC4 

Homeobox C4 

Hypermethylation 

 

HOXC4/5 

Homeobox C4/5 

HOXC11 

Homeobox C11 

HOXC11-AS 

Homeobox C11- 

antisense RNA 

Hypermethylation 

HOXC-AS2 

Homeobox C-

antisense RNA2 

Hypomethylation 

IL-6 

Interleukin-6 

265 CAD patients, 

205 controls 
Whole blood MSP Hypomethylation 

Acute production is cardioprotective while chronic 

production leads to chronic inflammation, 

hypertrophy and depressed cardiac function [261] 

[191] 

IL-12b 

Interleukin-12b 

25 CAD patients, 

25 controls 
PBMCs 

Methylation sensitive-

high resolution melting 

(MS-HRM) 

Hypomethylation 

 

IL-12b is a common subunit of interleukin 

12 and Interleukin 23. Increased levels IL-12 and IL-23 

have been associated with a variety of cardiovascular 

abnormalities [262] 

[192] iNOS (NOS2) 

inducible nitric 

oxide synthase 

Produced in response to pro-inflammatory signaling 

and contributes to nitrosative stress, myocardial ROS 

and dysfunction [263,264] 

JAK1 

janus kinase 1 

JAK1/2 are part of JAK-STAT signaling which can be 

induced by pro-inflammatory cytokines such as IL-6. 
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JAK2 

janus kinase 1 

JAK-STAT signaling has been shown to be induced in 

response to biomechanical stress causing 

compensatory cardiac hypertrophy. Chronic stress 

due to hypertension or myocardial infarction leads to 

a transition from compensatory hypertrophy to heart 

failure in which JAK/STAT signaling is crucial [265]. 

MHC2/ HLA class 

II 

Major 

histocompatibilit

y complex 2/ 

human leukocyte 

antigen class II 

-Expressed in endothelial and vascular smooth 

muscle cells within atherosclerotic plaques in vivo 

and some HLA alleles have been found to be 

associated with CHD in Chinese population [254,255]. 

-Can also contribute to the atherosclerotic process by 

aiding in dendritic cell presentation of peptide 

fragments of oxidized LDLs to helper T cells [266]. 

-There is a controversial relationship between certain 

HLA alleles and lipoprotein A which has been linked 

to the development of CHD [267,268]. 

MYOM2 

Myomesin 2 

128 postmortem 

specimens of the 

aortic intima from 

64 deceased 

patients 

aortic intima 

tissues 

Infinium 

MethylationEPIC 

BeadChip 

Hypomethylation 

-MYOM2 is normally expressed in adult 

cardiomyocytes where –with other myomesin 

proteins- its protein functions to cross-link the titin 

and myosin filaments of the M-band [269,270]. 

-A genetic variant of MYOM2 has been shown to 

increase the risk for major adverse cardiovascular 

events in patients with acute coronary syndromes 

(ACS) [271]. 

[230] 

 

eNOS (NOS3) 

endothelial nitric 

oxide synthase 

33 male CAD 

patients, 42 male 

controls 

Whole blood Bisulfite sequencing Hypermethylation 
NO produced by eNOS is a physiological vasodilator 

which also inhibits platelet aggregation and release 
[193] 
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of growth factors as well as controls the expression 

of genes involved in atherogenesis [272]. 

NPC1 

Niemann-Pick 

type C1 (NPC1) 

50 CVD patients, 

50 controls 

Peripheral 

blood 

leukocytes 

Nested MSP Hypermethylation 

Regulates cholesterol trafficking to maintain the 

balance between macrophage cholesterol import and 

export which is an important effector in 

atherogenesis [273]. 

[274] 

PLA2G7 

Platelet-

activating factor 

acetylhydrolase 

36 CHD patients 

and 36 controls 

Peripheral 

blood 

samples 

Bisulfite 

pyrosequencing 
Hypermethylation 

Hydrolyzes oxidized phospholipids produced during 

LDL oxidation to generate lysophosphatidylcholine 

and free oxidized fatty acids which have 

inflammatory effects and might therefore contribute 

to the atherogenic process [275,276]. 

[277] 

RNase6 

Ribonuclease A 

family member 

k6 

128 postmortem 

specimens of the 

aortic intima from 

64 deceased 

patients 

aortic intima 

tissues 

Infinium 

MethylationEPIC 

BeadChip 

Hypomethylation 

Unknown but RNase6 has been found to be 

expressed in neutrophils and monocytes as well as 

possess some anti-microbial properties which might 

indicate a function in immunity [278,279] . 

[230] 

 

SMAD7 

45 atherosclerosis 

patients, 

26 controls 

Peripheral 

whole blood 

and paraffin-

embedded 

arterial 

tissues 

MSP Hypermethylation 
Decreased SMAD7 has been shown to activate NF-κB 

atherogenic pro-inflammatory signaling [280] 
[194] 

SMARCA4 

SWI/SNF-Related 

Matrix-

Associated Actin-

Dependent 

192 male 

myocardial 

infarction patients 

and 192 controls 

Fasting blood 

samples 

Infinium 

HumanMethylation450

k BeadChip 

Hypomethylation 

SMARCA4 codes for brahma-related gene 1 (BRG1) 

which is an ATP-dependent helicase that mediates 

chromatin remodeling. BRG1’s expression in adult 

cardiomyocytes leads to a pathological shift from 

[283] 
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Regulator Of 

Chromatin 

Subfamily A 

Member 4 

adult to fetal myosin heavy chain isoforms leading to 

cardiac hypertrophy in heart failure [281,282]. 

STAT1 

Signal transducer 

and activator of 

transcription 1 

25 CAD patients, 

25 controls 
PBMCs MS-HRM Hypomethylation 

In addition to what was previously mentioned under 

JAK1/2, STAT1 has been associated with oxidative 

stress, cardiac cell death signaling and macrophage 

apoptosis promotion thereby contributing to 

atherogenesis and ischemic heart disease [284]. 

[192] 

TBX20 

T-Box 20 

128 postmortem 

specimens of the 

aortic intima from 

64 deceased 

patients 

aortic intima 

tissues 

Infinium 

MethylationEPIC 

BeadChip 

Hypomethylation 

-Essential for the normal development of many 

cardiac structures during embryogenesis [285]. 

-Gene body hypomethylation leading to reduced 

expression could lead to reduced endothelial cell 

tolerance to atherogenic oxidized-LDL-induced cell 

injury [286]. 

[230] 

 

TIMP1 

Tissue inhibitor 

of 

metalloproteinas

es 1 

150 

atherosclerotic 

patients, 150 

controls 

Peripheral 

blood 

samples 

Nested MSP Hypermethylation 

-Normally inhibits extracellular matrix degrading 

metalloproteinases (MMPs). Reduced TIMP1 

expression leads to decreased MMP inhibition 

leading to atherogenesis and increased plaque 

rupture [287]. 

[186] 

TNNT1 

slow skeletal 

muscle troponin 

T 

276 FH patients, 

88 non-FH men 

with (n = 38) and 

without CAD (n = 

50) 

FH patients: 

Fasting whole 

blood 

Non-FH: 

buffy coat 

Bisulfite sequencing 

Hypermethylation in 

non-FH men with 

CAD 

Unknown. However, TNNT1 DNA methylation status 

positively correlated with HDL- cholesterol levels 

which could affect atherosclerotic risk by altering 

lipid profiles [188,288]. 

[289] 

TUBA4B 

Tubulin Alpha 4b 

128 postmortem 

specimens of the 

aortic intima 

tissues 

Hypomethylation 

 
Unknown [230] 
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TUBA3A 

Tubulin alpha 

chain 

aortic intima from 

64 deceased 

patients 

 

 

Infinium 

MethylationEPIC 

BeadChip 
WNT8B 

Wnt Family 

Member 8B 

Unknown but could be linked to CVD through the 

wnt-frizzled cascade or another proatherogenic wnt-

signaling [188,288]. 

ZFHX3 

Zinc Finger 

Homeobox 3 

192 male 

myocardial 

infarction patients 

and 192 controls 

Fasting blood 

samples 

Infinium 

HumanMethylation450

k BeadChip 

Hypomethylation in 

regulatory noncoding 

region 

-Down-regulation in atrial myocytes leads to 

increased sarcoplasmic reticulum calcium content 

and calcium leak which could lead to atrial 

fibrillation. 

-Some genetic variants of ZFHX3 have been 

associated with increased risk for atrial fibrillation 

and stroke [290–292]. 

[283] 

ZNF609 

Zinc Finger 

Protein 609 

128 postmortem 

specimens of the 

aortic intima from 

64 deceased 

patients 

aortic intima 

tissues 

Infinium 

MethylationEPIC 

BeadChip 

Hypomethylation 

-Circular ZNF609 is one of the top 10 most expressed 

circular RNAs in endothelial cells. 

-cZNF609 expression has been linked to vascular 

dysfunction and has been found to be down-

regulated in CAD or hypertensive patients [293,294]. 

[230] 
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 Functional analysis of differentially methylated genes in CVD  
To validate the involvement of DNA methylation in CVD pathogenesis, we performed a 

functional analysis of genes reported in literature to be differentially methylated in CVD 

(Table 1-3). This was done by investigating these genes in the pathway analysis 

functionality of PANTHER (protein analysis through evolutionary relationships) 

classification system [295,296]. Our PANTHER analysis of differently methylated genes in 

Table 1-3 reveals that these genes were connected to several pathophysiological 

mechanisms of CVD, such as inflammation, oxidative stress and endothelial activation. In 

addition, four pathways showed statistically significant pathway involvement, namely 

Janus kinase/signal transducers and activators of transcription (JAK/STAT) signaling 

pathway, interferon-gamma (INF-γ) signaling pathway, phosphoinositide 3 kinase (PI3K) 

pathway and interleukin signaling pathway. These pathways have been associated with 

cardiac myocyte response to injury and stress as well as cardiovascular inflammation [297–

305]. Activation of JAK/STAT signaling contributes to atherosclerosis development by 

aiding immune cell recruitment and vascular smooth muscle proliferation, hypertrophy, 

and migration [306]. In addition, STAT1 synergizes with NF-κB in its inflammatory signaling 

[307]. Conversely, IFN-γ promotes endothelial cell adhesion, immune cell recruitment with 

a conflicting effect on foam cell formation [308–310]. PI3K catalyzes second messenger, 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3), production. In the heart, four isoforms 

(PI3Kα, PI3Kβ, PI3Kδ, and PI3Kγ) are differentially expressed in different cell subsets 

(cardiomyocytes, fibroblasts, endothelial cells and vascular smooth muscle cells). 

Subsequently, they are associated with varying effects on myocardial contractility, 

physiological growth and pathobiological remodeling as well as smooth muscle cell and 

immune cell migration [311–313]. In addition, PI3Ks function as scaffolding proteins in 

cardiac excitation-contraction coupling and autophagy [312]. Finally, interleukins are a 

family of cytokines strongly associated with chronic inflammation and atherogenesis. Some 

interleukins can have proatherogenic effects while fewer interleukins can have 

atheroprotective effects [308,314–319]. These DNA methylation alterations in pathways 

associated with atherogenesis suggest a usefulness for DNA methylation-based CVD 

biomarkers. First, Istas et al. found that differentially methylated regions in BRCA1 and 
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CRISP2 genes were reproducibly differentially methylated in independent atherosclerotic 

human aorta tissue and human carotid plaque samples [189]. In addition, these 

methylation changes at BRCA1 and CRISP2 genes were consistently associated with 

subclinical atherosclerosis in an independent sample cohort of middle-aged men. This 

study provides a concrete example of how gene-specific methylation could be used to 

monitor the development of atherosclerosis, even before the condition is clinically 

diagnosable [189]. Second, p16INK4a was found to be differentially methylated by IR while 

also influencing epicardial adipose tissue development and subsequent CVD risk [320]. 

Thus, examining gene-specific radiation-induced methylation alterations after radiation 

that are associated with CVD could offer an untapped source of functional biomarkers. 

Table 1-3 Functional analysis of CVD differentially methylated genes identified in literature 

PANTHER Pathways 
No. of 

genes 

raw P-

value 

False Discovery 

Rate (FDR) 

JAK/STAT signaling pathway 3 0 0.001 

Interferon-gamma signaling pathway 3 0.0001 0.0035 

PI3 kinase pathway 3 0.0003 0.0112 

Interleukin signaling pathway 3 0.0012 0.0393 

PDGF signaling pathway 3 0.0048 0.13 

Angiogenesis 3 0.0076 0.177 

TGF-beta signaling pathway 2 0.0222 0.404 

Inflammation mediated by chemokine and 

cytokine signaling pathway 
3 0.0214 0.438 

Androgen/estrogen/progesterone biosynthesis 1 0.0295 0.483 

5-Hydroxytryptamine degradation 1 0.0494 0.736 

Adrenaline and noradrenaline biosynthesis 1 0.0667 0.781 

Axon guidance mediated by Slit/Robo 1 0.0624 0.787 

CCKR signaling map 2 0.0606 0.828 

Dopamine receptor mediated signaling pathway 1 0.125 1 

p53 pathway 1 0.184 1 

Wnt signaling pathway 2 0.166 1 

VEGF signaling pathway 1 0.147 1 

p53 pathway feedback loops 2 1 0.111 1 

Ras Pathway 1 0.159 1 

Oxidative stress response 1 0.121 1 

Gonadotropin-releasing hormone receptor 

pathway 
1 0.417 1 
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PANTHER Pathways 
No. of 

genes 

raw P-

value 

False Discovery 

Rate (FDR) 

Endothelin signaling pathway 1 0.174 1 

EGF receptor signaling pathway 1 0.271 1 

Cadherin signaling pathway 1 0.31 1 

Blood coagulation 1 0.103 1 

Apoptosis signaling pathway 1 0.235 1 

Alzheimer disease-presenilin pathway 1 0.25 1 

 Radiation-induced secondary cancers 
The development of secondary cancers after primary cancer survival occurs in 17-19% of 

cancer patients. This is especially relevant in children as they have a longer lifespan which 

allows more time for the development of these secondary cancers [321]. Several factors 

contribute to the development of secondary cancers including patient lifestyle, genetic 

susceptibility and treatment modality choice (chemotherapy and/or RT). Consequently, it 

becomes difficult to assess the effect of RT alone on secondary cancer development [322]. 

Certain criteria need to be achieved in order for a cancer to be considered radiation 

induced. These criteria include that the patient should not have a secondary cancer- 

predisposing mutation and the secondary cancer should originate from the primary 

cancer’s previous irradiation field while remaining histologically different from the primary 

cancer. In addition, The duration between irradiation and secondary cancer onset should 

be sufficiently long (longer than 5 years) to allow for the usual latency of onset [323].  

 How does IR induce secondary cancers? 
Secondary cancer risk due to IR stems from the improper repair of IR-induced DSBs with 

development of cancer promoting mutations including deletions and chromosomal 

rearrangements leading to malignant cell transformation [322,324]. In addition, 

mitochondrial dysfunction occurring as a result of IR-induced free radicals (as discussed in 

RICVD) has been previously implicated in carcinogenesis [325,326]. One example of a 

particularly challenging radiation-induced secondary cancer is radiation-induced 

glioblastomas (RIGs) which is an aggressive grade IV glioma. RIG can occur years (median= 

8.75 years [327]) after intracranial radiation exposure with either therapeutic or diagnostic 

intent [328]. Recently, a large multinational study (> 600,000 pediatric participants) 

reported an increase in the relative risk of gliomas with increasing cumulative brain CT dose 
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(1.11 excess relative risk per 100 mGy) [329]. As RIGs are not histologically nor genetically 

different from de novo glioblastomas, investigating the molecular characteristics of RIGs 

may provide novel targets for monitoring their development as well as their treatment or 

prevention [330,331].  

 MiRNAs and lncRNAs in cancer 
MiRNAs were first shown to be dysregulated in human cancers by Calin et al. investigating 

tumor suppressors at chromosome 13q14 region in B-cell chronic lymphocytic leukemia 

cells [332]. Calin et al. showed that this region contains miR-15a and miR-16-1; two miRNAs 

that were either deleted or downregulated in the majority of chronic lymphocytic leukemia 

patients [332]. Further research revealed that deletion of these two miRNAs in mice 

recapitulated chronic lymphocytic leukemia-associated phenotypes, subsequently 

confirming the miRNAs’ tumor-suppressive effects [333]. Since then, miRNAs dysregulation 

has been characterized in a number of cancers including breast cancer and gliomas [334–

336] as well as radiation-induced cancers [337–339]. 

MiRNA dysregulation in cancer occurs by virtue of different mechanisms. First, cancer 

induction of miRNA gene amplification, deletion or translocation results in oncogenic 

miRNA overexpression or tumor-suppressive miRNA inhibition [340]. Also, miRNAs are 

often tightly regulated by transcription factors such as c-MYC and p53 whose dysregulation 

in cancer subsequently induces miRNA dysregulation [341,342]. Alterations in DNA 

methylation and histone modification can also cause altered miRNA expression [343,344]. 

Finally, mutations and/or aberrant expression of the components of the miRNA biogenesis 

machinery can also cause miRNA dysregulation [345,346].  

Similarly, lncRNA dysregulation has also been implicated in all cancers [347,348]. This 

dysregulation is induced by similar mechanisms to those causing miRNA dysregulation, 

namely lncRNA amplification or deletion, dysregulation of relevant transcription factors or 

mutations in lncRNA gene sequence [349]. 

Examination of dysregulated miRNAs and lncRNAs in cancer has helped identify new 

disease mechanisms as well as provided candidate diagnostic/prognostic biomarkers for 

disease progression and treatment response [350–353]. 
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 Aims of the thesis 

The use of ionizing radiation (IR) in diagnosis and therapy is associated with an increased 

risk for developing delayed radiation-induced adverse effects. Identification of specific 

disease biomarkers can help provide mechanistic insight and/or allow the identification of 

patients at-risk leading to improved diagnosis, monitoring and intervention. Consequently, 

the current PhD research investigated epigenetic biomarkers for two IR delayed adverse 

effects: i) radiation-induced cardiovascular disease (RICVD) and ii) glioblastoma as a 

possible secondary cancer.  

The pathophysiology of RICVD is not fully characterized with an underexplored contribution 

of DNA methylation. DNA methylation is an epigenetic mechanism with known associations 

to both cardiovascular disease and IR. We hypothesize that IR induces DNA methylation 

alterations, quantifiable in blood, that influence gene expression. Identifying differentially 

methylated genes in response to IR could help reveal new disease mechanisms. In addition, 

genes correlating with rat functional cardiac data could serve as novel candidate RICVD 

biomarkers. These biomarkers can then help identify at-risk patients which allows earlier 

intervention and better patient outcomes.  

On the other hand, miRNAs and lncRNAs are often dysregulated in cancer tissues. 

Advancements in sequencing technology have allowed access to transcriptomic cancer 

datasets which can be integrated to identify common cancer-specific coding and noncoding 

players. Therefore, identification of differentially expressed miRNAs and lncRNAs in 

glioblastoma can provide more insight to glioblastoma pathophysiology. These miRNAs and 

lncRNAs could also provide potential biomarkers thereby allowing the diagnosis and 

monitoring of glioblastoma development as a secondary cancer after IR.  

Thus, the aims of the current thesis are: 
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• Investigating radiation-induced DNA methylation alterations in a RICVD rat model 

while evaluating the expression of the top DMRs in breast cancer patients receiving 

adjuvant radiotherapy (Chapter 3). 

• Investigating the DNA methylation profile of breast cancer patients receiving 

adjuvant radiotherapy (up to 24 months after radiotherapy) (Chapter 4). 

• Identification of differentially expressed miRNAs and lncRNAs in glioblastoma 

tissues through in silico meta-analysis (Chapter 5). 
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 Introduction 

Thoracic radiotherapy has been shown to increase the risk of cardiac toxicity in cancer 

patients [126,137,146]. Despite the current radiation-sparing techniques, which limit 

cardiac exposure, radiation-induced cardiovascular disease (RICVD) is still a primary clinical 

concern that manifests mainly as coronary heart disease, remaining asymptomatic until 10 

to 15 years after radiotherapy (RT) [354]. However, a 6% decrease in global longitudinal 

strain (GLS), an early sign of subclinical left ventricular dysfunction, has been reported in 

breast cancer patients as early as 6 months after radiotherapy [154,355]. Consequently, 

investigating early molecular changes in the cardiovascular system after radiotherapy could 

identify novel, unexamined players in RICVD pathology and/or potential biomarkers to 

identify patients at risk, thereby allowing earlier countermeasures. 

DNA methylation is an epigenetic process essential for development and maintenance of 

cellular homeostasis, normally associated with transcriptional silencing when affecting 

gene promoters [356,357]. Alterations in DNA methylation have been reported in many 

diseases, including neurodegenerative diseases such as Parkinson’s disease [358], diabetes 

mellitus [359] and cancer [360]. In addition, recent research indicates a connection 

between DNA methylation and cardiovascular disease risk [361,362] with methylation 

alterations preceding histologically evident atherosclerosis [203]. DNA methylation has 

been hypothesized to affect atherosclerosis pathogenesis by regulating oxidative stress, 

inflammation and vascular smooth muscle cell (VSMC) phenotype [363]. Interestingly, 

radiation has also been shown to affect DNA methylation. Both radiation-induced global 

hypomethylation, as well as gene-specific hypermethylation, have been reported 

[65,230,354]. However, the contribution of DNA methylation in X-irradiation-induced 

cardiac toxicity is underexplored. Consequently, the current study aims to investigate the 

effects of ionizing radiation on DNA methylation in the blood of irradiated rats and breast 

cancer patients to provide more clarity on the involvement of DNA methylation in RICVD.  
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The current study is part of the Horizon 2020 project MEDIRAD (http://www.medirad-

project.eu) which addresses the implications of medical low dose radiation exposure [166]. 

Within MEDIRAD, the effect of radiation on cardiac dysfunction is investigated using 

preclinical and clinical experimental models [364,365]. In the current study, we assess the 

methylation profile of irradiated rats of the preclinical model, with special focus on cardiac-

relevant differentially methylated regions (DMRs). We also investigate the expression 

profile of the cardiac-relevant rat-identified DMRs in 25 breast cancer patients from the 

MEDIRAD EARLY-HEART cohort. The latter cohort being a European multicenter study 

involving 250 breast cancer patients treated with adjuvant radiotherapy and followed up 

for 2 years after initial treatment [365].  

 Materials and Methods 

3.2.1 Animals and irradiation 

Adult female Wistar rats (12-14 weeks old) underwent whole heart X-irradiation of 0.04, 

0.3 and 1.2 Gy for 23 consecutive days (weekend excluded), resulting in cumulative doses 

of 0.92, 6.9 or 27.6 Gy. Control rats were sham-irradiated (0.0 Gy) following the same 

procedure. This translational experimental model was performed at MEDIRAD consortium 

partner, Centro Cardiovascular da Universidade de Lisboa (CCUL) [364]. There, blood was 

collected at 1.5, 3, 7 and 12 months after irradiation. Blood samples were received on dry 

ice and stored at -80°C until further processing.  

3.2.2 DNA extraction 

DNA was extracted from 200 µL frozen blood pellets using QIAamp DNA mini kit (Qiagen, 

Germany) according to kit protocol. However, the extracted DNA concentration was found 

to be low (1-5 ng/µL; data not shown). To increase the efficiency of DNA extraction, 

phenol/chloroform/isoamyl alcohol mixture (25:24:1 PCI) was incorporated into the DNA 

extraction protocol. Briefly, after sample thawing, samples were incubated with proteinase 

K and buffer AL at 56°C for 10 minutes. 700 µL PCI was added per sample and mixed for 1.5 

hours at 1400 rpm at room temperature (Eppendorf Thermomixer C, Eppendorf AG, 

http://www.medirad-project.eu/
http://www.medirad-project.eu/
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Germany). Next, samples were centrifuged for 5 minutes at 14000 x g. The upper aqueous 

layer containing the DNA was collected and 1 -1.5 mL 100% ethanol as well as 50 µL buffer 

AL were added to precipitate the DNA. Finally, this mixture was transferred to QIAamp DNA 

mini kit column in 700 µL aliquots. Extraction was continued using QIAamp DNA mini kit 

following manufacturer recommendations. DNA concentration and purity were 

determined by comparing the ratio of optical density (OD) at 260 and 280 nm.  

3.2.3 Global DNA methylation using MethylFlash Global DNA 
Methylation  

Absolute global 5-methyl cytosine (5-mC) levels were analyzed in extracted DNA using 

MethylFlash Global DNA Methylation (5-mC) ELISA Easy Kit (Epigentek Group Inc., USA) 

according to manufacturer protocol. The kit measures 5-mC content as a percentage of 

total cytosine content. 100 ng of purified DNA was added to the ELISA plate. The 

methylated fraction of DNA was detected using 5-mC specific antibodies and quantified 

colorimetrically by measuring OD at 450 nm. The positive control supplied with the kit was 

used to generate a standard curve. The slope of the standard curve was calculated and used 

to determine the concentration of 5-mC in the samples as follows: 5-mC% = [(Sample OD – 

Negative control OD)/(Slope * DNA quantity)]x100.  

3.2.4 Gene-specific DNA methylation analysis using SureSelect Methyl-
Seq  

Gene-specific methylation analysis was performed with the Rat SureSelect Methyl-Seq 

platform (Agilent Technologies Inc., USA). SureSelect MethylSeq is a type of methylation 

capture sequencing (MC-seq) using biotinylated RNA baits to capture the genomic areas of 

interest for subsequent bisulfite sequencing. This method allows quantitative analysis of 

DNA methylation with single base resolution [366,367]. The rat SureSelect MethylSeq has 

been designed to target non-redundant promoters, CpG islands, island shores as well as 

previously identified GC-rich sequences [368]. Sixteen samples were selected to undergo 

SureSelect Methyl-Seq library preparation: sham-irradiated rats at 1.5 months (n=4), 27.6 

Gy irradiated rats at 1.5 months (n=4), sham-irradiated rats at 7 months (n=4) and 27.6 Gy 
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irradiated rats at 7 months (n=4). Due to technical limitations which necessitated high DNA 

sample concentrations (3 μg) with limited available blood per rat, sample size per group 

was limited. Library preparation and sequencing were performed in collaboration with the 

Ghent University sequencing facility NXTGNT (Ghent, Belgium) and GENEWIZ global 

genomics service company (GENEWIZ Germany GmbH, Leipzig, Germany). Library 

preparation, probe-based target enrichment, bisulfite treatment, and library indexing PCR 

were performed according to SureSelectXT Methyl-Seq Library Preparation kit (Agilent 

Technologies Inc., USA) protocol (Version E0, April 2018). The libraries were equimolarly 

pooled and sequenced together with a 20% PhiX control spike-in v3 (Illumina) on Illumina 

Hiseq 4000, generating approximately 1.2E+09 paired-end reads of 150 base pair length. 

For the sequencing data analysis, similar methods were applied as was previously described 

[369]. Raw read quality control was assessed using FASTQC (version 11.9). This was 

followed by reads trimming using Trim Galore (version 0.6.4) with the paired-end mode 

using the default parameters. Reads quality post trimming was re-assessed as well (using 

FASTQC). Using Bismark (version 0.19.0), reads were mapped to Rattus norvegicus genome 

which utilizes bowtie 2 (version 2.3.3), with a maximum of 1 mismatch in the seed region. 

The Rattus norvegicus reference genome (Rnor6.0) was downloaded from 

ftp://ftp.hgsc.bcm.edu/Rnorvegicus/Rnor6.0/, and then indexed using Bismark with 

bismark_genome_preparation script. After mapping, these temporary changes were 

reverted. Subsequently, PCR duplications were removed using deduplicate_bismark script 

and a post-alignment quality control was performed using flagstat option of samtools 

(version 1.6) and stats option of BamUtil (version 1.0.14). The methylation level was 

assessed for each methylation context separately (for cytosines followed by guanines 

(CpGs), non-guanines and guanines (CHGs), two non-guanines (CHHs) or any other 

possibilities (CNs)). This was executed using bismark_methylation_extractor with the 

following flags: paired-end, no-overlap, and minimum coverage of at least 1 read, whilst 

the remaining parameters were set to the default settings.  
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For the rest of the analysis, only CpG methylations were included. For this, BSseq package 

(version 1.18.0) was used in Bioconductor. First, the data was smoothed using BSmooth 

function allowing 20 CpGs as a minimum within a window of 500 thereby smoothing the 

methylation levels across the CpGs within that window. This was used to establish 

thresholds for t-statistics (calculated using BSmooth.tstat function) across the groups using 

1st and 99th quantile percentiles. Only CpGs with a minimum coverage of 10x within at least 

3 samples were retained, and differentially methylation regions (DMRs) were identified 

using dmrFinder command. Each identified DMR was subjected to 1000 iterations of 

permutations (with randomization) that re-calculate the t-statistics for each permutation, 

and p-values were calculated and corrected using Benjamini-Hochberg false discovery rates 

(FDRs), for multiplicity problem. The p-values were calculated as the fraction of null areas 

(retrieved after each permutation) exceeding the observed area (before permutation). This 

was executed twice, performing pairwise comparison between sham-irradiated vs 27.6 Gy 

at 1.5 and 7 months, separately. After that, DMRs were annotated to the rat genome 

(assembly Rnor_6.0) using closest from bedtools. 

3.2.5 Pathway analysis of rat differentially methylated regions (DMRs) 
by STRING-db  

Pathway analysis of significant SureSelect MethylSeq DMRs (p-value< 0.05) at 1.5 and 7 

months after 27.6 Gy or 0 Gy (sham) was performed using the STRING database (V.11.2). 

STRING is a database dedicated to organism-wide protein association networks by 

integrating known and predicted associations between proteins, including both physical 

interactions and functional associations [370]. The produced protein-protein interaction 

(PPI) network was then exported to Cytoscape 3.9.0 [371] where STRING enrichment was 

retrieved and enrichment maps were constructed using EnrichmentMap app in Cytoscape 

(V.3.3.3).  
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3.2.6 Investigation of expression alterations in DMRs using 
quantitative PCR 

Validation of the rat DMRs was performed by quantitative Real Time PCR (qRT-PCR) in the 

blood of rats irradiated with 0, 0.92, 6.9 and 27.6 Gy FI at 1.5, 3, 7 and 12 months. Selection 

of the “top” target genes was performed by filtering the SureSelect MethylSeq output to 

show only DMRs with significant (p-value<0.05) methylation difference (>25%) to limit 

downstream analyses [372–374]. Afterwards, a literature search of the filtered DMRs was 

performed to focus on genes with documented association to cardiovascular disease. This 

led to 8 selected genes: SLMAP, LDLR, ITPR2, CDH18, CACNA1C, CELF4, E2F6 and PTPN2. 

Only SLMAP, LDLR, ITPR2, E2F6 and PTPN2 were detectable in rat blood.  

RNA was extracted from frozen rat blood using NucleoSpin RNA Blood Mini kit (Macherey-

Nagel GmbH & Co. KG, Germany) according to manufacturer instructions. Then, reverse 

transcription of extracted RNA was performed using GoScript Reverse Transcription Mix 

employing random primers (Promega Corporation, USA). Four genes were assayed as 

reference genes (POLR2A, TBP, ACTB and PHLPP1). Selection of the reference gene was 

performed using NormFinder [375] whereby PHLPP1 showed the highest stability and was 

selected for normalization. The expression levels of selected DMR transcripts were 

determined by qPCR using TaqMan Gene Expression Assays (Thermo Fisher Scientific, USA) 

(SLMAP: Rn01401804_m1; LDLR: Rn00598442_m1; ITPR2: Rn00579067_m1; E2F6: 

Rn01499181_m1; PTPN2: Rn00588846_m1; PHLPP1: Rn00572211_m1). qPCRs were 

performed using Fast Advanced Master Mix (Thermo Fisher Scientific, USA) on qTOWER³ 

touch thermal cycler (Analytik Jena, Germany). Relative quantification was calculated using 

the equation log2−ΔΔCT, where ΔΔCT = [CT of target gene − CT of reference gene]irradiated group − 

[CT of target gene − CT of reference gene]sham group.  

Significantly dysregulated proteins in cardiac tissues of rats receiving 27.6 Gy FI, supplied 

by MEDIRAD consortium partners [364], were queried in STRING-db (showing 50 

interactors in 1st and 2nd shell) to reveal any relevant interactions with the rat DMGs.  
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3.2.7 Correlation of rat global DNA methylation and DMR expression 
with global longitudinal strain (GLS)  

MEDIRAD consortium partner, CCUL, evaluated the cardiac function of the irradiated rats 

and reported a dose dependent reduction of GLS (>15%) [364]. 5-mC% levels and qPCR 

expression levels of rat DMGs were correlated with GLS in rats sacrificed at 12 months after 

irradiation.  

3.2.8 Investigating gene expression of selected DMRs in breast cancer 
patients’ blood 

 Patient Selection 
Blood was collected from MEDIRAD EARLY HEART cohort of breast cancer patients treated 

with adjuvant radiotherapy (RT). This was performed at our consortium partner University 

Medical Center Groningen (UMCG), including a random selection of 25 breast cancer 

patients with right sided (n=9) and left sided breast cancer (n=16) [376]. The study was 

approved by the Ethics committee at UMCG (NL62360.042.17). Female unilateral breast 

cancer patients aged 40-75 years treated with primary breast conserving surgery and 

postoperative RT were recruited during their first visit with the radiation oncologist. All 

patients signed a written informed consent form. Patients with previous medical history of 

coronary artery disease and/or myocardial infarction and/or atrial fibrillation were 

excluded. The patients were classified as having left- or right sided breast cancer according 

to the anatomical position of the tumor.  

 RT protocol 
The total dose for the breast was 40.05-43.6 Gy. This dose was delivered in 15-20 separate 

fractions with a volumetric modulated arc therapy/ fixed-field intensity-modulated RT 

(VMAT/IMRT) technique. Left-sided breast cancer patients were treated with deep 

inspiration breath hold using the active breathing control system in order to lower the 

cardiac dose as much as possible. The MHD of the included patients was provided by UMCG 

(Supplementary table 1.1 in Supplementary materials for Chapter 3) 
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 Blood collection and reverse transcription 
qPCR 

Blood was collected from the patients in EDTA vacutainers at 3 time points: at diagnosis 

(V0), directly after RT (V1) and 6 months after RT (V2). Blood samples were centrifuged at 

1500 x g for 15 min to separate the plasma. Blood pellets were then stored at -80°C until 

further processing. RNA extraction, cDNA synthesis and gene expression analysis were 

performed using the same protocols detailed for the rat samples. TaqMan real-time PCR 

assays were used for qPCR quantification of SLMAP, LDLR, ITPR2, E2F6, PTPN2 expression 

relative to reference gene, TBP (SLMAP: Hs01058330_g1; LDLR: Hs00181192_m1; ITPR2: 

Hs00181916_m1; E2F6: Hs01034552_m1; PTPN2: Hs00959888_g1; TBP: Hs00427620_m1).  

3.2.9 Statistical Analysis 

Normality of all datasets was assessed by Shapiro-Wilk test. Analysis of global methylation 

was performed using a generalized linear model with least significant difference (LSD) 

correction for multiple comparisons. Analysis of normally distributed parametric rat qPCR 

data was performed using a general linear model with LSD correction for multiple 

comparisons. For non-parametric rat qPCR data, analysis was performed using a 

generalized linear model with LSD correction for multiple comparisons. Correlation with 

functional data was performed by calculating Pearson correlation coefficient. Statistical 

analysis of breast cancer patient qPCR data was performed using a generalized estimating 

equation to accommodate for the nonparametric characteristics of the data. All detailed 

statistical analyses were performed using SPSS version 28 (IBM Corp., NY, USA). 

 Results  

3.3.1 Global hypomethylation observed at 12 months after whole 
heart rat irradiation  

The percentage of 5-methyl cytosine (5-mC%) in rat blood DNA after the different 

irradiation doses at the four sampling time points is shown in Figure 3-1. The irradiated rats 

exhibited dose dependent reduction of global longitudinal strain (GLS) (>15%), as measured 

by echocardiography, at 12 and 18 months along with decreased cardiac apex 
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microvascular density after 27.6 Gy [364]. Significant hypomethylation was observed at 12 

months after all irradiation doses relative to sham-irradiated rats. This is especially evident 

in rats irradiated with 0.92 and 6.9 Gy with significantly lower methylation levels observed 

at 7 and 12 months relative to 1.5 months. Global hypomethylation, as measured by 5-

mC%, strongly correlated with the GLS of rats receiving 6.9 and 27.6 Gy at 12 months after 

fractionated irradiation (FI) (r=|0.998|, p-value<0.05 and r=|0.884|, p-value=0.12, 

respectively; 6.1). 

 

Figure 3-1 Percentage of 5-mC (%) after fractionated irradiation of 0, 0.04, 0.3 and 1.2 Gy resulting in total 
irradiation dose of 0, 0.92, 6.9 and 27.6 Gy as measured by MethylFlash Global DNA Methylation (5-mC) ELISA 
Easy Kit at 1.5, 3, 7 and 12 months after irradiation. Plotted values represent group means ± standard error 
of mean (SEM) with the number of rats per group indicated per bar. Statistical analysis was performed using 
SPSS generalized linear model module and multiple comparison correction was performed using least 
significant difference (LSD) (**=p-value<0.01, ***<0.001). 

3.3.2 Gene-specific DNA methylation analysis and enriched pathways 
of rat DMRs 

A total of 67098 and 684433 DMRs were identified across all chromosomes at 1.5 and 7 

months after 27.6 Gy FI relative to sham-irradiated rats, respectively. After DMR filtering 

according to significance (p-value< 0.05), the number of DMRs dropped to 7344 and 8620 
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at 1.5 and 7 months, respectively. Of those, 3933 and 4710 DMRs were hypomethylated 

while 3411 and 3910 DMRs were hypermethylated at 1.5 and 7 months after irradiation, 

respectively (Figure 3-2).  

 

Figure 3-2 Significant hyper- (pale grey) and hypo- (dark grey) methylated DMR counts (p-value<0.05) 
identified by SureSelect MethylSeq in rats receiving 27.6 Gy FI relative to sham-irradiated rats at 1.5 and 7 
months after irradiation. 

Pathway analysis of significant DMRs (p-value<0.05) revealed the enrichment of several 

pathways, including the dilated cardiomyopathy pathway at both 1.5 and 7 months (Figure 

3-3). Other cardiac relevant KEGG pathways were also enriched at 1.5 months (adrenergic 

signaling in cardiomyocytes, cardiac muscle contraction, hypertrophic cardiomyopathy, 

arrhythmogenic right ventricular cardiomyopathy, calcium signaling pathway and Hippo 

signaling pathway) as well as at 7 months (regulation of actin cytoskeleton and tight 

junction). 

For downstream qPCR validation, cutoff criteria were applied yielding 10 and 24 DMRs at 

1.5 and 7 months, respectively (Supplementary table 1.2 and 1.3 in Supplementary 

materials for Chapter 3). Next, the DMR list was further reduced by selection of DMRs 
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previously linked to cardiovascular function in literature. qPCR validation was performed 

for 8 DMRs (SLMAP, LDLR, ITPR2, CDH18, CACNA1C, CELF4, E2F6 and PTPN2). A brief 

description of these genes, their connection to cardiovascular function/disease and 

observed methylation status is provided in Table 3-1. 

From STRING-db, multiple interactions were identified between dysregulated cardiac 

proteins and LDLR (calnexin), ITPR2 (Phopholipase C beta3), E2F family (RBBP7) and PTPN 

family (SLM2, Thioredoxin, Ubiquiting-protein ligase B, galectin1, hrRNP K, cysteine and 

glycin-rich protein 1). In addition, two of the significantly dysregulated cardiac proteins 

were shown to interact with CACNA1 family (Calsequestrin 2 and Myosin 4).  
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Figure 3-3 Pathway analysis of significant DMRs (p-value<0.05). Statistically significant KEGG pathways (p-
value<0.05, Q-value<0.25) were visualized by STRING-db and Cytoscape, respectively. 

Table 3-1 DMRs selected for downstream validation, their correlation to cardiovascular function/disease and 
their altered methylation status after 27.6 Gy FI. 

Gene Connection to cardiac function/disease Methylation state after 

27.6 Gy FI dose relative to 

sham irradiated rats (p-

value<0.05) 

SLMAP SLMAP is a component of cardiac membranes 

involved in excitation-contraction (E-C) coupling and 

Hypomethylated at 1.5 

months after irradiation 
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Gene Connection to cardiac function/disease Methylation state after 

27.6 Gy FI dose relative to 

sham irradiated rats (p-

value<0.05) 

(Sarcolemma 

Associated Protein) 

its perturbation results in progressive deterioration 

of cardiac electrophysiology and function [377]. 

 

SLMAP also interacts with cardiac myosin suggesting 

a direct role in controlling cardiomyocyte contraction 

[378]. 

LDLR 

(Low Density 

Lipoprotein 

Receptor) 

Knockouts and/or mutations in LDLR lead to 

ineffective clearance of serum low density 

lipoprotein (LDL) cholesterol and contribute to 

premature atherosclerosis and cardiovascular disease 

[379]. 

Hypomethylated at 7 

months after irradiation 

 

ITPR2 

(Inositol 1,4,5-

Trisphosphate 

Receptor Type 2) 

Certain polymorphs of ITPR2 have been associated 

with higher systolic blood pressure. ITPR2 is 

expressed widely in myocytes with altered expression 

in heart failure [380,381]. 

Hypomethylated at 7 

months after irradiation 

 

CDH18 

(Cadherin 18) 

A deletion involving CDH18 was reported to be found 

in a case of congenital heart disease [382]. 

Hypomethylated at 1.5 

months after irradiation 

 In a study involving copy-number variants and the 

risk of sporadic congenital heart disease, rare 

deletions in study participants with congenital heart 

disease were in found in a number of genes including 

CDH18 [383]. 

CACNA1C 
(Calcium Voltage-

Gated Channel 

Subunit Alpha1 C) 

CACNA1C is a part of voltage-gated L-type calcium 

channel gene which plays an important role in 

cardiac electrical excitation [384]. 

Hypomethylated at 1.5 

and 7 months after 

irradiation 

 

CELF4 

(CUGBP Elav-like 

family member 4) 

A polymorphism of CELF4 has been reported to have 

a modifying effect on anthracycline-related 

cardiomyopathy [385]. 

Hypomethylated at 7 

months after irradiation 

 

E2F6 

(E2F Transcription 

Factor 6) 

E2F6 is a cell cycle regulator, abrogation of 

expression of E2F6 in neonatal cardiac myocytes 

leads to a significant decrease in myocyte viability 

suggesting a role in myocardial regeneration [386]. 

[386,387] 

Hypomethylated at 1.5 

months after irradiation 

 

Forced E2F6 expression activates gene expression in 

myocardium resulting in dilated cardiomyopathy 

[387]. 

PTPN2 Decreased expression of PTPN2 through activation of 

miR-201 leads to attenuation of apoptosis and 

Hypomethylated at 7 

months after irradiation 
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Gene Connection to cardiac function/disease Methylation state after 

27.6 Gy FI dose relative to 

sham irradiated rats (p-

value<0.05) 

(Protein Tyrosine 

Phosphatase Non-

Receptor Type 2) 

improvement of migration of cardiac stem cells 

exposed to hypoxia which would in turn increases 

their potential to repair the injured myocardium 

[388]. 

 

3.3.3 Hypomethylation of SLMAP at 1.5 months translates into a dose-
dependent increase in gene expression 

Of the eight DMRs assessed by qPCR, only five genes were present in detectable quantities 

(SLMAP, LDLR, ITPR2, E2F6 and PTPN2) (from now on called differentially methylated genes 

(DMGs)). SLMAP expression was significantly increased after 1.5 months in all irradiated 

rats Figure 3-4 A). This increased expression follows the observed hypomethylation after 

27.6 Gy FI. Significantly increased SLMAP expression continues to 3 and 12 months after 

0.92 Gy FI. For the other genes, LDLR, ITPR2, E2F6 and PTPN2 (Figure 3-4 B-E), a number of 

gene expression alterations were detected, yet without consistent trends across radiation 

doses or follow-up time. Moreover, qPCR results did not reproduce the observed 

methylation pattern.  

Correlation between DMG expression and rat GLS measurements identified a strong 

correlation between E2F6 expression and the GLS of rats receiving 27.6 Gy FI (r= |0.872|, 

p-value<0.05). 
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Figure 3-4 mRNA expression levels of SLMAP (A), LDLR (B), ITPR2 (C), E2F6 (D) and PTPN2 (E) in the blood of 
rats receiving either sham irradiation (0 Gy) or fractionated irradiation of 0.92, 6.9 and 27.6 Gy and sampled 
after 1.5, 3, 7 and 12 months. Data is presented as log fold change normalized to PHLPP1 (*=p-value<0.05, 
**<0.01, ***<0.001). Number of rats per group is indicated atop their respective bars. Plotted values represent 
group means ± standard error of mean (SEM). Statistical analysis was performed by SPSS General linear model 
and generalized linear models for data following normal and non-normal distribution, respectively. Multiple 
comparison correction was performed using Fisher’s LSD. 
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3.3.4 Two of the selected rat DMGs show altered expression in breast 
cancer patient blood  

Patients of the MEDIRAD cohort with significantly higher cardiac radiation exposure 

showed a GLS-based subclinical left ventricular dysfunction (GLS decrease >15%) 6 months 

after RT [376]. In the assayed breast cancer patient blood, SLMAP showed a trend of 

increased expression for left sided breast cancer patients at V1 relative to V0, which 

decreases significantly at V2 (Figure 3-5A). Both ITPR2 and E2F6 showed increased 

expression at V1 relative to V0. However, the increase for ITPR2 was only significant in right 

sided breast cancer patients, while for E2F6 it was in left sided breast cancer patients 

(Figure 3-5 C and D). Previously, we demonstrated that selective inhibition of Connexin-43 

(CX43) hemichannels alleviated radiation-induced endothelial cell damage [389]. In 

addition, E2F6 was reported to affect the expression of CX43 gene (GJA1) in transgenic mice 

[387]. In our current experiments, we also found CX43 expression to be significantly 

increased at V1 in left sided breast cancer patient blood relative to V0 (Figure 3-5F). 

In addition, patient stratification was performed according to whether the mean heart dose 

(MHD) was higher or lower than 2.5 Gy. The 2.5 Gy MHD threshold was selected according 

to the German Society for Radiation Oncology (DEGRO) recommendations to minimize 

radiation-induced cardiotoxicity [390]. After stratification of data, the changes in E2F6 and 

SLMAP were found to occur mainly at the higher radiation doses (>2.5 Gy). Correlation of 

MHD dose and gene expression indicated a medium correlation at V1 for ITPR2, E2F6 and 

CX43 (GJA1) (ITPR2: r=|0.54|, p-value= 0.032; E2F6: r=|0.52|, p-value= 0.037; GJA1: 

r=|0.51|, p-value= 0.043) and at V2 for SLMAP (Pearson correlation coefficient r = |0.59|, 

p-value = 0.017).  
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Figure 3-5 Mean log fold change of SLMAP (A), LDLR (B), ITPR2 (C), E2F6 (D), PTPN (E) and CX43 (GJA1) 
(F) expression in the blood of right (n=9) and left sided (n=16) breast cancer patients sampled at diagnosis 
(V0), immediately after RT (V1) and 6 months after RT (V2). Data are presented as mean log fold changes in 
gene expression normalized to TBP ± SEM. Displayed significance values were calculated using observed log 
expression fold changes (*=p-value<0.05). Statistical analysis was performed using SPSS generalized 
estimating equations module and multiple comparison correction was performed using LSD. 

 Discussion 

In the current study, we evaluated the effects of local heart irradiation on global and gene-

specific DNA methylation in an experimental RICVD rat model. The validity of this model 

was previously confirmed by Ribeiro et al. who reported significant myocardial dysfunction 



Chapter 3 DNA methylation alterations in fractionally irradiated rats and breast cancer patients receiving 

radiotherapy 

77 
 

— 
77 

(i.e. GLS decrease of >15%) at 12 and 18 months after 27.6 Gy FI [364]. Moreover, irradiated 

rats showed a decreased microvascular density (MVD) in apex of these rats’ hearts which 

has been proposed as a predictor of early left ventricular remodeling [364]. Previous 

research investigating radiation-induced global methylation effects has reported variable 

effects of hyper- and hypo-methylation [167,171,391], as well as an occasional absence of 

methylation effects [163,169,392]. Our results showed global hypomethylation at 12 

months for all doses while a hypomethylation trend was observed over time after 0.92 and 

6.9 Gy FI. However, interpretation of our global methylation results is difficult due to the 

high inter-replicate variability and low sample numbers in certain groups. Nevertheless, a 

strong association between global methylation and GLS levels was observed at 12 months 

after the 2 higher doses (6.9 and 27.6 Gy). The global hypomethylation observed after 27.6 

Gy follows previous reports linking global DNA methylation with cardiac dysfunction 

[337,393–395]. As for gene-specific methylation, higher numbers of hypomethylated DMRs 

were found at both 1.5 and 7 months after 27.6 Gy FI. Although there are limited studies 

addressing the effects of ionizing radiation on gene specific methylation, most of these 

studies declare a higher predilection to hypermethylation [354,396]. However, the 

direction of gene specific methylation appears to vary according to employed animal 

model/cell line and irradiation protocol [354].  

Pathway analysis of significant DMRs revealed dilated cardiomyopathy as an enriched 

pathway in rat blood at both 1.5 and 7 months. Interestingly, Ribeiro et al. (MEDIRAD 

colleagues) performed a proteomic analysis on the rats’ cardiac tissues and also identified 

dilated cardiomyopathy as a significantly dysregulated protein pathway [364]. Other 

overlapping pathways between the rat DMRs (current study) and proteomics dataset [364] 

include cardiac muscle contraction, hypertrophic cardiomyopathy, adrenergic signaling in 

cardiomyocytes and longevity regulating pathway (DMRs at 1.5 months), as well as 

gonadotropin releasing hormone (GnRH) secretion, dopaminergic synapse, tight junction 

and circadian entrainment (DMRs at 7 months). All of these pathways have been previously 

implicated in cardiovascular impairment [270,397–405]. Dysregulation of these pathways 

has been known to result from oxidative stress, a proven contributor in radiation-induced 
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cardiotoxicity [400,406–411]. Overall, pathway analyses of DMRs and proteomics datasets 

seem to support the occurrence of radiation-induced DNA methylation alterations in 

cardiac relevant genes which can affect functional protein levels. 

Only SLMAP presented concurrent hypomethylation and overexpression at 1.5 months 

after 27.6 Gy FI. SLMAP represents a family of tail-anchored sarcolemmal membrane-

associated proteins in the myocardium which regulates cardiac excitation-contraction 

[377,378,412]. Altered SLMAP methylation was previously documented in advanced 

atherosclerotic plaques of coronary heart disease patients [413]. SLMAP can also inhibit 

Hippo signaling; a DMR enriched pathway at 1.5 months previously associated with dilated 

cardiomyopathy and ischemic heart disease [414]. Specifically, Hippo pathway activation 

induces DNA damage-induced cardiomyocyte apoptosis after irradiation which is 

particularly relevant in the ensuing cardiac toxicity [415,416]. Consequently, the observed 

hypomethylation and overexpression may serve as a protective mechanism against 

radiation-induced cardiac effects by promoting cardiac regeneration and cardiomyocyte 

proliferation. However, as SLMAP overexpression gradually decreases at the later time 

points, these protective effects seem to be time-limited.  

For the other DMGs (LDLR, ITPR2, E2F6 and PTPN2), there was poor correlation between 

methylation status and gene expression. This discordance could be due to the occurrence 

of the DMRs primarily in gene body locations (c.f. gene promoters). While the exact 

function of gene body DNA methylation is poorly understood, hypothesized functions 

include inhibition of alternative splicing [417] and prevention of transcription initiation at 

intergenic promoters [418]. Previous research has indicated a positive correlation between 

gene body methylation and gene expression [49,419]. However, other studies have also 

shown a negative relationship between gene body methylation and gene expression [420–

425]. This could be due to gene body CpGs representing functional elements such as 

enhancers, alternative promoters, transcription factor binding sites, repetitive elements 

and enrichment of nucleosomes at intron-exon junctions [49,422]. Therefore, these 

observations suggest that DNA methylation’s regulation of gene expression is bidirectional 
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with the location of CpG sites, disease context and relevant genes influencing the 

methylation effect [426]. 

Interestingly, Yao et al. previously reported the differential methylation of E2F, PTPN and 

CDH families in rat cardiac tissues after 6 months of acute 18 Gy of local heart irradiation 

[396]. As these rats also presented with RICVD, this suggests these gene families’ 

responsiveness to radiation-induced methylation alterations. In addition, CACNA1C, a DMR 

exhibiting >25% differential methylation at 1.5 and 7 months, was also differentially 

methylated in RICVD rats after acute 18 Gy irradiation [396]. Despite not being detectable 

by qPCR in our samples, CACNA1C was identified in a number of our enriched DMR 

pathways concurrently dysregulated in the cardiac proteome including dilated 

cardiomyopathy and hypertrophic cardiomyopathy [364]. The reproducible enrichment of 

CACNA1C points to a role for CACNA1C in myocardial dysfunction with extrapolated 

relevance in RICVD [427,428]. Therefore, further investigations of CACNA1C’s methylation 

status after FI and its involvement in RICVD are warranted. From predicted STRING protein-

protein interactions (PPI), significantly dysregulated cardiac proteins in the irradiated rats 

[364] were shown to interact with LDLR, ITPR2, E2F, PTPN and CACNA1 families, as well as 

the methylation relevant DNMT3a [429,430]. This points to a multi-dimensional regulation 

of cardiac responses to ionizing radiation. 

Finally, selected DMGs were explored in the blood of breast cancer patients treated with 

adjuvant RT. SLMAP expression tended to increase at V1 compared to V0 in left sided breast 

cancer patients. Statistical significance was not reached, possibly due to the limited sample 

numbers and high inter-individual variation of DNA methylation, especially in blood [431–

434]. Interestingly, after an initial increase at V1, SLMAP expression decreased at 6 months 

after RT (V2) in irradiated left sided breast cancer patients while presenting a medium 

correlation with MHD at V2. A similar initial SLMAP upregulation, which gradually decreases 

over time, was also observed in the irradiated rats. As decreased expression of SLMAP was 

found in human dilated ventricles, the observed SLMAP downregulation over time could 

contribute to cardiac dysfunction [378,435]. Interestingly, decreased SLMAP protein levels 
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were also observed in cardiac tissues of Mayak workers diagnosed with ischemic heart 

diseases after occupational exposure to >500m Gy external gamma rays [436], which 

further supports the possible involvement of SLMAP in RICVD. 

ITPR2 is the major cardiac isoform of a family of calcium channels whereby increased ITPR2 

expression activates calcium dependent signaling and modulates excitation-contraction 

coupling in cardiomyocytes [381]. In addition, ITPR2 overexpression has been linked to 

many cardiac pathologies including cardiac arrhythmias, failure and hypertrophy [381,437–

439]. In our study, hypermethylation was associated with an increased expression of ITPR2 

for the 6.9 Gy FI dose at 1.5 and 12 months after irradiation in rats. In humans, right-sided 

breast cancer patients showed significantly higher ITPR2 expression at V1 relative to V0. 

Consequently, ITPR2 dysregulation seems to occur as a result of radiation in both rats and 

breast cancer patients.  

E2F6 is a member of the E2F family that functions as a transcriptional repressor [440]. In-

vivo, forced E2F6 overexpression was associated with cardiac remodeling and dilated 

cardiomyopathy [387,441]. In addition, pathway analysis of Mayak nuclear workers’ cardiac 

tissue proteomes showed that E2F family was dysregulated in irradiated groups compared 

to controls [147]. Our findings show E2F6 hypomethylation at 1.5 months after 27.6 Gy FI 

in rats with variable expression and a seemingly dose differential effect whereby low doses 

induce E2F6 downregulation (c.f. 0.92 Gy), as shown in mouse embryos exposed to low 

dose X-rays [442]. In addition, the strong correlation between E2F6 and GLS alterations 

after 27.6 Gy FI suggests a possible contribution to the observed myocardial dysfunction. 

E2F6 also exhibits significantly higher expression at V1 relative to V0 in left sided patients. 

Stratification of patients, according to the received mean heart dose (MHD), showed E2F6 

dysregulation at higher MHDs (>2.5 Gy) in left-sided breast cancer RT patients while 

maintaining a medium correlation to MHD. This further strengthens the potential 

involvement of E2F6 in developing radiation-induced cardiac effects. However, further 

investigations in larger cohorts could help characterize the functional impact. 
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Finally, Connexin-43 (CX43) is a transmembrane protein forming gap junctions and 

hemichannels which are involved in intercellular communication [443]. CX43 was reported 

to increase the formation of atherosclerotic lesions in vivo [444,445]. We previously 

reported that single and fractionated X-irradiation induced an acute and persistent 

increase in CX43 gene and protein levels in human endothelial cells while selective 

inhibition of CX43 hemichannels alleviated radiation-induced endothelial cell damage 

[389,446]. In the current study, CX43 expression was significantly increased at V1 in the 

blood of left sided breast cancer patients relative to V0, in a similar manner to E2F6. 

Therefore, further investigation into the relationship between E2F6 and CX43 in the scope 

of radiation-induced cardiovascular dysfunction is needed.  

3.4.1 Study limitations 

Despite having the advantages of offering long-term longitudinal follow-up of identified 

DMRs over time, our study has a number of limitations: 1) Our first sampling time point for 

the rats was 1.5 months after irradiation. Consequently, we are unable to comment on any 

methylation alterations occurring at earlier time points. 2) Methylation analysis was 

performed in peripheral blood which introduces the confounder of different methylation 

profiles due to differing blood cell fraction counts [447–449]. DNA in blood is a mixture of 

DNA from blood cells and circulating cell-free DNA released from dying cells [449–451]. 

Local heart irradiation, as in our experimental rat irradiation model, primarily affects the 

methylation of the heart, as well as circulating blood cells. However, considering the short 

lifespan of circulating blood cells, delayed methylation alterations are most likely not the 

result of irradiated blood cells [452]. In addition, peripheral blood/leucocyte fraction 

methylation patterns have been frequently employed in DNA methylation biomarker 

research for cardiovascular disease identifying associations near genes unrelated to 

immune function or inflammation [186,453,454]. This supports the usefulness of blood-

based DNA methylation investigations despite confounders, especially when considering 

the convenience of blood as a sample source. 3) The number of available samples was 

limited for certain rat sampling time points/doses due to technical limitations. 4) The 
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primary validation in breast cancer patients treated with adjuvant RT involved a somewhat 

limited number of patients (right sided patients (n=9) and left sided patients (n=16)) which 

necessitates confirmation in bigger patient cohorts.  

 Conclusion 

The involvement of DNA methylation alterations in RICVD pathogenesis is underexplored. 

In the current study, we attempted to identify DNA methylation alterations related to rat 

whole heart irradiation. The highest dose of radiation (27.6 Gy FI) resulted in blood DMRs 

associated with multiple cardiac relevant pathways including dilated cardiomyopathy and 

hypertrophic cardiomyopathy. This suggests the involvement of DNA methylation 

alterations in the onset of myocardial dysfunction. The expression of selected DMRs 

(significant differential methylation > 25% with cardiovascular relevance) was assayed and 

discordance between methylation-predicted expression and observed expression suggests 

that gene body DNA methylation regulates gene expression in a multi-factorial bidirectional 

manner. SLMAP, ITPR2, E2F6 and PTPN2 showed differential methylation and expression 

in irradiated rats, while E2F6 expression correlated with GLS measurements at 12 months 

after 27.6 Gy FI. Three of these rat DMGs (SLMAP, ITPR2 and E2F6) also exhibited altered 

expression in breast cancer patient blood, of which SLMAP and E2F6 overexpression occurs 

mainly at higher MHDs. While this study provides some preliminary insights into radiation-

induced DNA methylation alterations and their possible contribution to RICVD, further 

mechanistic validation by gene knockout/overexpression experiments, as well as large 

scale clinical studies are needed to validate their connections to RICVD.
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 Characterization of DNA 
methylation profiles of breast cancer 
patients receiving adjuvant 
radiotherapy 

 Introduction 

Thoracic radiotherapy (RT), as in breast cancer treatment, leads to the inevitable irradiation 

of the heart and surrounding blood vessels with the subsequent development of radiation-

induced cardiovascular disease (RICVD) [137,146,355,455,456]. RICVD manifests mainly as 

chronic coronary heart disease with symptoms manifesting 10 to 15 years after RT [354]. 

Due to the high survival rates of breast cancer patients (79%-93%), delayed therapy-

induced toxicities are becoming a growing concern [120]. Consequently, finding circulating 

biomarkers of RICVD that allow early detection and intervention in at risk patients is a topic 

of ongoing research [457,458].  

The current research serves as part of Work Package 4 (WP4) of the Horizon 2020 project 

MEDIRAD (http://www.medirad-project.eu). WP4 aims to establish predictive models for 

clinical support of secondary cardiac risks after breast cancer RT. To this end, results of pre-

clinical and clinical investigations, covering both the functional and systemic effects of 

heart irradiation will be integrated in a single predictive framework. Consequently, the 

current study aims to profile early radiation-induced DNA methylation alterations that can, 

after integration, serve as candidate biomarkers of RICVD. 

DNA methylation is an epigenetic regulator of gene expression which was proposed as a 

molecular pathophysiological mechanism. In cardiovascular disease, DNA methylation has 

been associated with inflammation and vascular smooth muscle cell (VSMC) phenotype 

regulation [356,361,362,453,459–461]. DNA methylation alterations in cardiovascular 

http://www.medirad-project.eu/
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disease present an array of hypo- and hyper-methylation with more focal 

hypermethylation [337,462,463]. On the other hand, DNA methylation is altered by IR 

leading to global hypomethylation and gene-specific hypermethylation 

[65,196,219,230,413].  

In the current chapter, blood DNA methylation profiles of 16 breast cancer patients 

receiving adjuvant RT were characterized using Illumina EPIC methylation beadchip at 3 

time points: at diagnosis (V0), immediately after RT (V1) and 6 months after RT (V2). The 

expression of a selected set of differentially methylated regions (DMRs) and differentially 

methylated positions (DMPs) was then quantified by qPCR in all samples, including those 

collected at 24 months after RT (V3) which were not yet available during DNA methylation 

analysis. These DMRs/DMPs were selected based on the degree of differential methylation 

in addition to an extensive literature search. Only genes with documented links to 

cardiovascular disease (CVD) were retained. In this manner, we aimed to provide 

DMRs/DMPs that could serve as candidate RICVD biomarkers after integration with 

functional cardiac data.  

 Materials and methods 

4.2.1 MEDIRAD EARLY HEART breast cancer patient recruitment, 
cancer therapy and blood sample collection 

 Patient Recruitment 

The patients in this chapter, as in Chapter 3, are from the MEDIRAD EARLY HEART cohort 

which is a European multicenter prospective cohort used to identify cardiac imaging and 

blood-based biomarkers of radiation-induced cardiotoxicity [365]. Female unilateral breast 

cancer patients aged 40-75 years treated with primary breast conserving surgery and 

postoperative RT using modern planning-CT based RT technologies were recruited by our 

MEDIRAD partners, University Medical Center Groningen (UMCG) and Technische 

Universität München (TUM), as part of the H2020 project MEDIRAD [41]. Patients with 

previous medical history of coronary artery disease and/or myocardial infarction and/or 
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atrial fibrillation were excluded from the study. Selected patients were offered 

participation in the study during their first visit with the radiation oncologist. Included 

patients were requested to sign a written informed consent form. Patient mean heart dose 

(MHD) was measured and provided by UMCG. Patients were classified as having left- or 

right sided breast cancer according to the anatomical position of the tumor.  

 RT protocol 
The total RT dose was 40.05-43.6 Gy in 15-20 fractions, delivered with a volumetric 

modulated arc therapy (VMAT)/ intensity-modulated radiation therapy (IMRT) technique. 

Left-sided breast cancer patients were treated with deep inspiration breath hold (DIBH) 

using the active breathing control (ABC) system in order to lower the cardiac dose as much 

as possible. A more detailed recruitment and RT protocol is available here [376]. 

 Blood collection  
Blood was collected from patients at 4 time points: at diagnosis (V0), directly after RT (V1), 

6 months after RT (V2) and 24 months after RT (V3). Blood samples were stored at 

UMCG/TUM at -80°C until they were finally shipped on dry ice and stored at -80°C at SCK 

CEN until further processing.  

For our analyses, patients were included if a blood sample was collected at V0 and at least 

one other time point. Accordingly, 43 breast cancer patients including 15 right sided breast 

cancer (ntotal= nUMCG+nTUM=12+3=15) and 28 left sided breast cancer ((ntotal= 

nUMCG+nTUM=22+6=28) were selected for further analyses. 

4.2.2 Illumina EPIC beadchip methylation assay of breast cancer 
patient blood 

Sixteen patients, for which V0, V1 and V2 blood samples were available, were selected for 

DNA methylation analysis using Illumina EPIC beadchip methylation assay (Illumina, USA). 

DNA was extracted from 200 µL frozen blood using QIAamp DNA mini kit (Qiagen, 

Germany) according to manufacturer’s instructions, as previously described [354]. DNA 

concentration and purity were determined by comparing the ratio of optical density at 260 
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and 280 nm. Bisulfite conversion and EPIC array protocol were performed at The Human 

Genomics Facility (HuGe-F) (Erasmus MC, The Netherlands).  

From the Illumina beadchip raw data analysis, two metrics were used to calculate the 

proportion of methylation at each CpG locus; a methylated intensity (denoted by M) and 

an unmethylated intensity (denoted by U). Methylation levels were reported as either beta 

values (β=M/(M+U)β=M/(M+U)) or M-values (Mvalue=log2(M/U)Mvalue=log2(M/U)).  

For our analyses, the minfi framework was applied. Raw data was imported into R software 

using the read.metharray.sheet function. Quality control was then evaluated by calculating 

a detection p-value for every CpG in every sample. This was executed by comparing the 

total signal (M+U) for each probe to the background signal level, estimated from the 

negative control probes.  

Data normalization was performed, to minimize unwanted variation within and between 

samples, using preprocessQuantile function that implements a stratified quantile 

normalization procedure [464]. Poor performing probes that failed in one or more samples, 

based on detection p-value, or those with single nucleotide polymorphisms (SNPs) at a CpG 

site were filtered out.  

Following this, probe-wise differential methylation analysis was performed using lmFit 

function (limma package) on the M-values thereby obtaining moderated t-statistics and 

associated p-values for each CpG site. Finally, p-values were adjusted for multiple testing 

per gene using Benjamini-Hochberg false discovery rate (FDR). 

4.2.3 Pathway analysis of DMRs identified in breast cancer patients 

Pathway analysis of DMPs and DMRs (adjusted p value and FDR< 0.1, respectively) was 

performed using STRING v11.5 (Search Tool for the Retrieval of Interacting Genes/Proteins) 

online public database (https://string-db.org/) [370]. STRING employs the widely used 

https://string-db.org/
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overrepresentation analysis approach for pathway analysis similar to that used in g:Profiler 

[370,465] 

4.2.4 qPCR of selected DMRs and DMPs in breast cancer patient blood 

A set of DMRs were selected for qPCR validation based on certain criteria, namely having≥ 

10 CpGs, absolute maximum differential methylation ≥ 0.092, FDR<0.1 and having an 

association to CVD in literature. These DMRs and a random selection of the top identified 

DMPs (adjusted p<0.1) were thus quantified in available breast cancer patient blood 

samples (n=43). RNA was extracted from frozen blood using NucleoSpin RNA Blood Mini kit 

(Macherey-Nagel GmbH & Co. KG, Germany) according to manufacturer instructions. Then, 

reverse transcription of extracted RNA was performed using GoScript Reverse Transcription 

Mix with random primers (Promega Corporation, USA) according to manufacturer’s 

instructions. The expression of selected DMR and DMP transcripts was determined by 

quantitative real Time PCR (qPCR) using Fast Advanced Master Mix and TaqMan Gene 

Expression Assays (Thermo Fisher Scientific, USA) according to manufacturer’s 

recommendations on qTOWER³ touch thermal cycler (SPRED2: Hs00986219_m1; ADCY9: 

Hs00181599_m1; S100A9: Hs00610058_m1; FXYD1: Hs00245327_m1; CCRL2: 

Hs00243702_s1; LTBP1: Hs01558763_m1; SSH3: Hs00215309_m1; ATP5G2: 

Hs01086654_g1; RNH1: Hs00161407_m1; MAP4: Hs01104794_m1; BRCA2: 

Hs00609073_m1; STK38L: Hs00960027_m1; CTSZ: Hs00938366_m1; NDUFS2: 

Hs00190020_m1; AIP: Hs04935271_m1; STAT5A: Hs00234181_m1). 

The ∆Ct values for all genes were determined relative to the reference gene TBP 

(Hs00427620_m1; Thermo Fisher Scientific, USA). Selection of the reference gene was 

performed using NormFinder [375] whereby the gene with the highest stability was 

selected. Relative quantification was calculated using the equation: log2−ΔΔCT, where ΔΔCT = 

[CT of target gene − CT of reference gene]irradiated group − [CT of target gene − CT of reference 

gene]sham group.  
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Statistical multiple comparison testing was performed according to the side on which the 

patient’s breast cancer was located (left/right). After the receipt of patient MHD data, qPCR 

expression data was re-analyzed using a patient classification based on whether the 

patient’s MHD was ≥2.5 Gy. This dose threshold was selected following the MHD 

recommendations of the German Society for Radiation Oncology (DEGRO) to minimize 

radiation-induced cardiotoxicity [390]. 

Correlation between DMR and DMP expression and the received MHD supplied by 

MEDIRAD partners was performed by calculating Pearson correlation coefficient (r).  

4.2.5 Statistical Analysis 

Normal distribution of data was assessed by the Shapiro-Wilk test. Statistical analysis of 

qPCR data was performed using a generalized estimating equation to accommodate for the 

nonparametric characteristics of data and for handling missing time points. All statistical 

analyses were performed using SPSS version 28 (IBM Corp., USA). 

 Results 

4.3.1 Differentially methylated positions and regions were identified 
after RT in left sided breast cancer patients 

 8261 differentially methylated positions (DMPs) and 3026 differentially methylated 

regions (DMRs) were identified at V1 relative to V0 in left-sided breast cancer patients 

(adjusted p value and FDR< 0.1, respectively). DMPs were found across the genome in all 

autosomal chromosomes with 23% being located in CpG islands as well as island shores and 

shelves located up to 2Kb and 4Kb from the CpG island, respectively (Figure 4-1A) [466]. 

Our results also show a predilection to hyper- rather than hypo-methylation with 10546 

hypermethylated vs 4361 hypomethylated DMPs (Figure 4-1B). Pathway analysis of DMPs 

(Table 4-1) and DMRs (Table 4-2) (p<0.1) revealed enrichment of a number of KEGG and 

Reactome pathways. Moreover, one enriched pathway showed cardiovascular specificity 

being Adrenergic signaling in cardiomyocytes. The genes responsible for pathway 
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enrichment are detailed in (Supplementary tables 2.1 and 2.2 in Supplementary materials 

for Chapter 4) .  

 

Figure 4-1 A) Distribution of DMPs (p<0.1) according to their location relative to CpG islands, island shores (2 
kb from island), island shelves (4 kb from island) and open sea. B) Distribution of DMPs (p<0.1) according to 
the direction of methylation alterations to hypo- and hypermethylated. 

DMRs were filtered according to previously detailed criteria and 9 DMRs were selected for 

downstream qPCR validation: SPRED2, RNH1, NDUFS2, ADCY9, S100A9, FXYD1, CTSZ, 

CCRL2 and STK38L. A brief description of these genes and their connection to 

cardiovascular function/disease is provided in Table 4-3. 
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Table 4-1 Pathway analysis of breast cancer patient DMP, false discovery rate (FDR) <0.05. 

Category Enriched pathway Strength FDR 

KEGG Chemokine signaling pathway 0.24 0.0183 

KEGG PI3K-Akt signaling pathway 0.18 0.0183 

KEGG Osteoclast differentiation 0.27 0.0183 

KEGG Th1 and Th2 cell differentiation 0.32 0.0183 

KEGG Th17 cell differentiation 0.33 0.0183 

KEGG T cell receptor signaling pathway 0.31 0.0183 

KEGG Insulin resistance 0.31 0.0183 

KEGG Yersinia infection 0.27 0.0183 

KEGG Human T-cell leukemia virus 1 infection 0.21 0.0183 

KEGG Pathways in cancer 0.14 0.0183 

KEGG TNF signaling pathway 0.26 0.0295 

KEGG Rap1 signaling pathway 0.19 0.0344 

KEGG Adrenergic signaling in cardiomyocytes 0.23 0.0344 

KEGG Regulation of actin cytoskeleton 0.19 0.0344 

KEGG Shigellosis 0.19 0.0344 

KEGG cAMP signaling pathway 0.19 0.0364 

KEGG Phospholipase D signaling pathway 0.22 0.0364 

KEGG AMPK signaling pathway 0.24 0.0364 

KEGG Platelet activation 0.23 0.0364 

KEGG Hematopoietic cell lineage 0.27 0.0364 

KEGG PD-L1 expression and PD-1 checkpoint pathway in 

cancer 

0.27 0.0364 

KEGG Glycerolipid metabolism 0.31 0.0408 

KEGG cGMP-PKG signaling pathway 0.2 0.0408 

KEGG Sphingolipid signaling pathway 0.24 0.0408 

KEGG Focal adhesion 0.18 0.0408 

KEGG C-type lectin receptor signaling pathway 0.25 0.0408 

KEGG Viral protein interaction with cytokine and 

cytokine receptor 

0.25 0.0438 

KEGG Hedgehog signaling pathway 0.34 0.0438 

KEGG Endocytosis 0.16 0.0458 

KEGG Viral carcinogenesis 0.18 0.0485 

Reactome Immune System 0.17 1.43E-14 

Reactome Innate Immune System 0.19 1.85E-09 

Reactome Neutrophil degranulation 0.26 3.61E-08 

Reactome Hemostasis 0.18 0.00018 

Reactome Cytokine Signaling in Immune system 0.17 0.0003 

Reactome Signaling by Interleukins 0.19 0.0035 
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Category Enriched pathway Strength FDR 

Reactome Adaptive Immune System 0.14 0.0039 

Reactome Vesicle-mediated transport 0.14 0.0103 

Reactome Platelet activation, signaling and aggregation 0.22 0.0103 

Reactome Fcgamma receptor (FCGR) dependent 

phagocytosis 

0.33 0.0352 

Table 4-2 Pathway analysis of breast cancer patient DMRs, false discovery rate (FDR) <0.05. 

Category Enriched pathway Strength FDR 

KEGG Human T-cell leukemia virus 1 infection 0.39 0.032 

KEGG Adherens junction 0.53 0.0473 

KEGG Th1 and Th2 cell differentiation 0.49 0.0473 

KEGG T cell receptor signaling pathway 0.49 0.0473 

KEGG Parathyroid hormone synthesis, secretion and action 0.48 0.0473 

KEGG Transcriptional misregulation in cancer 0.38 0.0473 

KEGG Prostate cancer 0.48 0.0473 

Reactome Innate Immune System 0.37 3.65E-13 

Reactome Immune System 0.27 9.64E-12 

Reactome Neutrophil degranulation 0.45 2.15E-09 

Reactome Diseases of signal transduction by growth factor 

receptors and second messengers 

0.38 0.00022 

Reactome Signal Transduction 0.14 0.0025 

Reactome Nef and signal transduction 1.19 0.0074 

Reactome Vesicle-mediated transport 0.26 0.0074 

Reactome Signaling by Receptor Tyrosine Kinases 0.29 0.0093 

Reactome Generation of second messenger molecules 0.81 0.0105 

Reactome Signaling by NOTCH 0.41 0.011 

Reactome Membrane Trafficking 0.25 0.0217 

Reactome Signaling by Interleukins 0.29 0.0217 

Reactome Disease 0.16 0.0311 

Reactome The role of Nef in HIV-1 replication and disease 

pathogenesis 

0.77 0.0311 

Reactome DAP12 interactions 0.69 0.0311 

Reactome Notch-HLH transcription pathway 0.77 0.0311 

Reactome SUMOylation of intracellular receptors 0.76 0.0311 

Reactome RUNX3 regulates NOTCH signaling 0.95 0.0311 

Reactome Intracellular signaling by second messengers 0.33 0.0311 

Reactome FCGR3A-mediated IL10 synthesis 0.68 0.0322 

Reactome Hemostasis 0.22 0.0499 

Reactome Cytokine Signaling in Immune system 0.22 0.0499 

Reactome Signaling by SCF-KIT 0.64 0.0499 
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Category Enriched pathway Strength FDR 

Reactome Pre-NOTCH Transcription and Translation 0.57 0.0499 

Reactome Signaling by NOTCH1 0.53 0.0499 

Reactome Phosphorylation of CD3 and TCR zeta chains 0.84 0.0499 

Reactome NOTCH3 Intracellular Domain Regulates Transcription 0.76 0.0499 

Table 4-3 Cardiovascular associations of selected DMRs as supplied by literature research. 

DMRs Methylation 

status 

Relation to cardiovascular disease Refs 

SPRED2 

Sprouty Related EVH1 

Domain Containing 2 

Hypomethylation Deficiency elicits cardiac arrhythmias and 

premature death in SPRED2−/− mice. 

Significantly differentially methylated in 

rheumatic heart disease patient blood . 

[467,468] 

RNH1 

Ribonuclease/Angiogenin 

Inhibitor 1 

Hypomethylation Inhibits Rnase 1 which attenuates septic 

cardiomyopathy and cardiac apoptosis in a 

murine model of polymicrobial sepsis 

Protein expression differentially altered in 

acute myocardial infarction patients relative 

to control. 

[469,470] 

NDUFS2 

NADH: Ubiquinone 

Oxidoreductase Core 

Subunit S2 

Hypomethylation Mutations were identified in patients with 

cardiomyopathy. 

[471] 

ADCY9 

Adenylate Cyclase 9 

Hypomethylation Promotes atherosclerosis in mice 

Regulates endothelial signaling involved in 

atheroprotection. 

Inactivation protects against atherosclerosis 

in mice. 

The effects of dalcetrapib –an 

antiatherosclerotic agent- on atherosclerotic 

outcomes are determined by correlated 

polymorphisms in the ADCY9 gene. 

[472–

475] 

S100A9 

S100 Calcium Binding 

Protein A9 

a.k.a MRP14 

 

Hypomethylation Plays an important role in the inflammatory 

and reparatory immune responses to 

myocardial infarction in mice 

Expression was found to increase before ST-

segment elevation in myocardial infarction. 

Increasing plasma concentrations in healthy 

individuals predict the risk of future 

cardiovascular events. 

[476–

478] 
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DMRs Methylation 

status 

Relation to cardiovascular disease Refs 

High levels in human atherosclerotic plaques 

correlate with the characteristics of rupture-

prone lesions. 

FXYD1 

FXYD Domain Containing 

Ion Transport Regulator 

1 

Hypomethylation Knockout mice show increased cardiac mass, 

larger cardiac myocyte area, and higher 

ejection fraction. 

Expression levels drastically increase after 

myocardial infarction. 

Absence is associated with a female-specific 

pro-inflammatory and hypercholesterolemic 

environment. 

[479–

483] 

CTSZ 

Cathepsin Z 

a.k.a Cathepsin X or P 

Hypomethylation Overexpression in T-lymphocytes leads to 

enhanced migration thereby aiding in the 

early inflammatory phase of atherosclerosis. 

Cathepsin X was found to co-localize with 

leucocyte LFA-1 which functions as an 

adhesion molecule to ICAM-1. 

[484–

486] 

CCRL2 

C-C Motif Chemokine 

Receptor Like 2 

Hypomethylation Increased expression promotes 

atherosclerotic plaque formation in ApoE 

deficient mice. 

Deletion attenuates atherosclerotic plaque 

development in ApoE deficient mice. 

[487,488] 

STK38L 

Serine/Threonine Kinase 

38 Like 

a.k.a. NDR2 

Hypomethylation m6A modification was associated with 

platelet activation and apoptotic pathways 

in rat left ventricle tissues. 

Differential expression was shown in 

endomyocardial biopsies of left ventricular 

failure. 

Identified as a potentially novel heart 

failure-associated gene through gene 

expression and network data integration. 

[489–

492] 

In addition to these DMRs, a number of DMPs with literature-based cardiac relevance were 

also analyzed: SSH3, ATP5G2, MAP4, BRCA2, AIP and STAT5A. A description of these DMPs 

and their connection to cardiovascular disease/function is shown in Table 4-4. 
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Table 4-4 Cardiovascular associations of selected DMPs as supplied by literature research. 

4.3.2 STK38L, SPRED2, LTBP1, CCRL2 and ATP5G2 show altered 
expression in breast cancer patients over time that is affected by 
breast cancer side 

Upon stratifying breast cancer patients according to side (right/left), all genes except 

NDUFS2 and RNH1 showed significantly altered expression over time. Increased expression 

of STK38L, SPRED2, LTBP1 and CCRL2 as well as decreased expression of LTBP1 and ATP5G2 

was shown to be affected by side (p<0.05) (Figure 4-2). Namely, SPRED2, LTBP1 and CCRL2 

expression was increased while ATP5G2 expression was decreased in left sided breast 

DMP 

 

Relation to cardiovascular disease Refs 

SSH3 

Slingshot Protein 

Phosphatase 3 

Mediates cofilin activation and subsequent VSMC 

migration. while facilitating neointima formation 

following vascular injury in vivo. 

[493,494] 

ATP5G2 

ATP synthase, H+-

transporting, mitochondrial 

F0 complex, subunit C2 

Expression was increased in mice after myocardial 

infarction and in coronary artery disease patients. 

[495–497] 

MAP4 

Microtubule Associated 

Protein 4 

Increased phosphorylation was linked to microtubule 

instability and mitochondrial dysfunction and subsequent 

cardiac pathology. 

Translocation of its phosphorylated form from cytosol to 

mitochondria in hypoxic neonatal cardiomyocytes leads 

to apoptosis induction. 

[498–501] 

BRCA2 

BReast CAncer gene 2 

Cardiac-specific disruption of BRCA2 was associated with 

higher anthracycline-induced cardiac toxicity risk. 

Deficiency exacerbates oxidized LDL-induced DNA 

damage and endothelial apoptosis. 

[502–504] 

AIP 

Aryl Hydrocarbon Receptor 

Interacting Protein 

a.k.a ARA9 or XAP2 

Deletion leads to cardiac malformation and embryonic 

lethality in mice. 

Key driver in regulatory gene networks of coronary artery 

disease. 

[505,506] 

STAT5A 

Signal Transducer And 

Activator Of Transcription 

5A 

Member of the JAK-STAT pathway which has been 

implicated in post myocardial infarction remodeling. 

Required for ischemic preconditioning-mediated 

cardioprotection as knock-out mice were more 

susceptible to myocardial ischemia–reperfusion injury. 

[305,507,508] 
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cancer patients. On the other hand, STK38L showed increased expression while LTBP1 

showed decreased expression in right sided patients.  

4.3.3 Sub-analyses to explore the effect of MHD on selected 
DMP/DMR expression 

Stratifying patients according to mean heart dose (MHD) showed that patients exposed to 

MHDs higher than 2.5 Gy had significantly increased expression of STAT5A, ATP5G2, FXYD1 

and RNH1. STAT5A, RNH1 and ATP5G2 showed increased expression in patients receiving 

MHD higher than 2.5 Gy while FXYD1 showed increased expression in all patients. More 

importantly, all four genes presented higher expression at V2 in patients receiving higher 

MHDs (Figure 4-3). However, this differential expression between the two patient groups 

normalizes at V3.  

Correlation analysis revealed a positive correlation between MHD and CCRL2 expression 

(0.312, respectively, p<0.001) (Figure 4-4). 
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Figure 4-2 Mean log fold expression change of STK38L, ATP5G2, CCRL2, LTBP1 and SPRED2 in the blood of 
right (n=15, dashed line) and left sided (n=28, continuous line) breast cancer patients sampled at diagnosis 
(V0), immediately after RT (V1), 6 months after RT (V2) and 24 months after RT (V3). Data is presented as 
mean log fold changes in gene expression normalized to TBP ± standard error of mean. Displayed significance 
values were calculated using observed log fold expression changes (*=p<0.05, **=p<0.01, ***=p<0.001). 
Statistical analysis was performed using SPSS generalized estimating equations module and multiple 
comparison correction was performed using least significant difference (LSD).  
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Figure 4-3 Mean log fold expression change of STAT5A, ATP5G2, FXYD1 and RNH1 in breast cancer patients 
who received MHD < 2.5 Gy (n=35, dashed line) or ≥2.5 Gy (n=8, continuous line) sampled at diagnosis (V0), 
immediately after RT (V1), 6 months after RT (V2) 24 months after RT (V3). Data is presented as mean log fold 
changes in gene expression normalized to TBP ± standard error of mean. Displayed significance values were 
calculated using observed log fold expression changes (*=p<0.05, **=p<0.01, ***=p<0.001). Statistical 
analysis was performed using SPSS generalized estimating equations module and multiple comparison 
correction was performed using least significant difference (LSD). 
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Figure 4-4 Scatter plot showing the correlation between CCRL2 log fold change and MHD (Gy) in breast 
cancer patients receiving RT. 

 Discussion 

In the current chapter, we evaluated the effects of RT on blood methylation profiles of 16 

breast cancer patients from the MEDIRAD EARLY HEART cohort. These methylation profiles 

are still to be integrated with circulating biomarker analyses and cardiac function data from 

MEDIRAD partners at a later stage. Patients of this cohort who received a MHD over 2.5Gy 

showed more than 15% reduction in GLS at 6 months after RT, which is considered a sign 

of subclinical left ventricular dysfunction [154,376]. The risk of left ventricular dysfunction 

in these patients was also found to increase with MHD (Odds ratio: 1.74) [376]. Currently, 

there are no available blood methylation biomarkers for cardiovascular disease. However, 

specific DNA methylation signatures were associated with the development of coronary 

heart disease [453,509]. As such, integrating our patient DNA methylation analyses with 

cardiac function data could help identify biomarkers for RICVD risk. As the cardiac function 

data for the patients in the current study is still under analysis by MEDIRAD partners, 

interpreting our results in a clinically relevant manner is difficult.  

DNA methylation alterations were found directly after RT in samples of left sided breast 

cancer patients relative to levels at diagnosis. The occurrence of differential methylation 

r=0.312 
p<0.001 
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specifically in left sided patients may reflect the higher MHD (2.21 Gy in left vs 0.97 Gy in 

right sided patient) [376]. A higher predilection to hypermethylation was observed, as 

evidenced by the higher number of hypermethylated DMPs. This comes in agreement with 

reports of gene-specific hypermethylation being the major effect of radiation both in vitro 

and in vivo [105,164,510,511]. 

Expression of selected DMRs with hypomethylated promoters did not always correlate with 

increased expression, contrary to previous research [512,513]. One reason could be that 

the patients in the current study are patients undergoing breast surgery with subsequent 

cancer excision. As previously mentioned in Chapter 3, methylated DNA in the blood 

originates from both blood cells and circulating free DNA (cfDNA). Cancer patients usually 

have a high level of cfDNA in their blood due to cellular necrosis or apoptosis of rapidly 

dividing cancer cells [514], which further increases due to RT-induced cell death [515]. As 

all DMRs/DMPs showing differential expression also show changes in breast cancer [516–

523], arriving to conclusions on the isolated effect of altered whole blood methylation after 

RT is complicated.  

Despite the non-specificity of blood for cardiovascular disease investigations, Adrenergic 

signaling in cardiomyocytes was identified as an enriched KEGG pathway. This enrichment 

could offer a new therapeutic target for RICVD amelioration as activation of α-adrenergic 

signaling alleviated cardiomyocyte death after doxorubicin administration in mice [524]. 

The specificity of this pathway to cardiomyocytes shows that blood DNA methylation can 

identify heart specific enrichments. Interestingly, CACNA1C, a rat DMR identified in 

Chapter 3 irradiated rats at 1.5 and 7 months, was one of the DMRs contributing to 

Adrenergic signaling in cardiomyocytes pathway enrichment. CACNA1C also contributed to 

the enrichment of two other pathways with cardiovascular relevance; cAMP signaling and 

cGMP-PKG signaling”, which have been associated with cardiotoxicity resulting from 

doxorubicin and ionizing radiation (IR) [525,526]. Thus, CACNA1C provides an interesting 

target for future mechanistic RICVD research. 
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Other DMR/DMP enriched pathways that are linked to CVD include NOTCH signaling which 

contributes to radiation-induced fibrosis, DAP12 signaling and interactions for immune 

modulation as well as Nef signal transduction and Neutrophil degranulation [527–533]. 

However, these pathways, as well as cGMP-PKG signaling pathway, are also dysregulated 

in breast cancer [534–539]. Planned integrative analysis of DMR/DMP methylation and 

expression profiles with functional cardiac outcomes as well as other traditional and 

microRNA circulatory biomarkers measured at MEDIRAD partners could help remove the 

breast cancer confounder. 

As biomarkers aim to identify patients at risk of developing RICVD, we identified 

DMPs/DMRs showing altered expression over time that is affected by breast cancer side 

(left/right). STK38L, ATP5G2, CCRL2, LTBP1 and SPRED2 showed different expression 

profiles in left and right sided patients over time. STK38L was recently identified as a core 

mediator of the Hippo pathway which mediates YAP inhibition thereby promoting 

endothelial activation and atherosclerosis in APOE-/- mice [540]. ATP5G2 encodes subunit 

c of ATP synthase enzyme which is inhibited by IR leading to the development of 

mitochondrial dysfunction, a hypothesized driver of RICVD [541,542]. CCRL2 encodes a 

chemokine receptor which regulates leukocyte migration thereby impacting inflammatory 

processes [543]. CCRL2 deletion attenuates atherosclerotic plaque development while 

inhibition of its ligand ameliorates atherosclerosis progression in ApoE-/- mice 

[487,488,544]. LTBP1 belongs to a family of latent transforming growth factor beta (TGF-β) 

binding proteins whose ligand, TGF-β, contributes to radiation-induced vascular injury and 

endothelial dysfunction [541,545,546]. SPRED2 inhibits pro-inflammatory matrix 

metalloproteinase release and aortic smooth muscle cell migration and is targeted by 

microRNA-210; a biomarker for atherosclerotic lipid accumulation, inflammation and 

plaque stability [467,520,547–549]. The literature report above suggests that CCRL2, 

SPRED2 and LTBP1 can influence endothelial activation, inflammation, mitochondrial 

dysfunction and lipid accumulation thereby possibly affecting the development of RICVD. 

Progressively decreasing ATP5G2 expression was observed until 24 months after RT in left 
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sided breast cancer patients which could impact mitochondrial integrity leading to 

radiation-induced mitochondrial dysfunction. On the other hand, increased STK38L 

expression was only observed at 24 months after RT in right sided patients which could 

serve an atheroprotective Hippo activating effect that extends to 24 months after RT. Only 

CCRL2 showed a positive correlation to patient MHD (0.312, p<0.001) which suggests a 

possible dose response effect.  

A sub-analysis used to assess the effect of MHDs exceeding the 2.5 Gy threshold also 

showed significantly higher expression of ATP5G2 as well as FXYD1, RNH1 and STAT5A 6 

months after RT. FXYD1, or Phospholemman maintains cardiac contractility while 

protecting against vascular dysfunction with knockout mice showing increased oxidative 

stress and a heightened blood pressure response [550,551]. RNH1 inhibits angiogenein, a 

ribonuclease recently found to protect against atherosclerosis by decreasing endoplasmic 

reticulum stress [552,553]. Finally, STAT5A was found to be enriched in atheroprone areas 

of porcine arteries [554]. Administration of STAT5A-inhibitor decreased inflammation and 

attenuated atherosclerosis in ApoE-/- mice receiving a high fat diet [555]. Thus, 

dysregulation of these four genes can impact inflammation and oxidative stress with 

subsequent effects on atherogenesis which can compound coronary heart disase risk. 

However, further mechanistic research is needed to investigate whether this dose-

differential expression is clinically significant in the context of RICVD. 

In an effort to corroborate the effects of IR on DMP/DMR differential expression, we 

examined the profiles of irradiated cardiac proteomes in literature. NDUF, ATP5 and S100A 

families were frequently dysregulated in irradiated cardiac proteomes till up to 7 months 

after irradiation [436,556–566] with specific dysregulation of NDUFS2 [436,558,559,563] 

and S100A9 [436,562]. MAP4, RNH1, CTSZ, STK38L and FXYD1 were also dysregulated in 

the cardiac tissue of personnel of Mayak’s plutonium enrichment plant who were 

occupationally exposed to >500 mGy [436]. MAP4 and CTSZ were also dysregulated after 

20 weeks of 16 Gy local heart irradiation in mice [558]. The dysregulation of these genes in 
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irradiated cardiac proteomes suggests their specific involvement in the response of 

cardiomyocyte to IR. 

While the selected DMPs/DMRs show statistically significant alterations in gene expression 

after IR, determining the biological relevance of these alterations requires integration of 

patients’ methylomes, transcriptomes and cardiac function data. This integration would 

help eliminate the confounding influence of breast cancer and identify RICVD-specific 

biomarkers for better risk prediction. 

 Conclusion 

RICVD is a major concern after thoracic RT, especially in breast cancer with its high patient 

survival rate. We investigated the DNA methylation profile of sixteen breast cancer patients 

receiving adjuvant RT and assayed the expression of selected DMRs/DMPs. The specific 

enrichment of the Adrenergic signaling in cardiomyocytes pathway in patient blood 

suggests that blood can provide relevant cardiovascular information despite its lack of 

specificity. Nonetheless, the dysregulation of selected DMRs/DMPs in breast cancer 

presents a strong confounder to the interpretation of our results. Altered expression of 

selected DMRs/DMPs could influence atherosclerotic development by impacting 

endothelial activation, oxidative stress, mitochondrial dysfunction and inflammation. 

While promising, our data requires future validation. In addition, integration of the DNA 

methylation data in a large predictive model encompassing the circulatory biomarkers e.g. 

C protein, pro-BNP, troponin I and T as well as cardiac function data e.g. cardiac magnetic 

resonance imaging (MRI) will provide further insight.
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 Introduction 

Glioblastoma is the most common primary brain cancer of glial origin [567,568]. While 

considered the most aggressive grade of gliomas (grade IV), the etiology of glioblastoma 

remains largely unclear [569]. Conventional treatment modalities for newly diagnosed 

glioblastoma patients include surgery with adjunctive radiotherapy and chemotherapy (e.g. 

temozolomide) [570]. Despite these modalities, the median patient survival for 

glioblastoma is less than 14 months [571]. Unfortunately, glioblastoma tumors exhibit 

substantial genetic, epigenetic and transcriptional heterogeneity which adds to the 

challenge of early diagnosis and therapy development [572]. Recently, non-coding RNAs 

such as long non-coding RNAs (lncRNAs) and microRNAs (miRNAs) have been associated 

with different aspects of glioblastoma pathogenesis such as tumorigenesis, proliferation, 

invasiveness, drug resistance and survival [573,574]. LncRNAs are non-coding RNA 

transcripts of sizes larger than 200 nucleotides [575]. They regulate gene expression by 

acting as transcription factor and chromatin modifier guides, molecular scaffolds for 

enzymatic complexes, and decoy inhibitors of RNA-binding proteins, transcription factors 

and miRNAs [576,577]. On the other hand, miRNAs are a species of short non-coding RNAs 

(18–25 nucleotides) which regulate gene expression by binding to mRNAs untranslated 

regions and mediating mRNA decay [578]. Consequently, examination of the interaction 

between these non-coding RNAs and coding mRNAs could reveal novel disease pathways. 

Transcriptome research using RNA-seq is regularly used to investigate novel coding and 

noncoding disease biomarkers, leading to the creation of public databases containing 

published omics data [579–581]. As such, meta-analyses aim to combine this raw data from 

multiple studies to improve power, accuracy and reproducibility of individual studies [582]. 

In the current study, we performed a meta-analysis of glioblastoma RNA-seq datasets with 

differentially expressed protein coding genes (PCGs) and long non-coding RNAs (lncRNAs), 

while investigating differentially expressed microRNAs (miRNAs) in glioblastoma tissue 

samples and normal tissue controls by small RNA-seq. We also identified the overlap 

between meta-analysis identified PCG/lncRNAs with those identified in The Cancer 
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Genome Atlas Glioblastoma (TCGA-GBM) cohort. Thus, we conducted a transcriptomic 

examination of de novo/non-recurrent glioblastoma with the aim of identifying novel 

involvements/pathways. A schematic overview of the methodology employed in our study 

is shown in Figure 5-1. 

 Materials and Methods 

5.2.1 RNA-seq and small RNA-seq study selection for meta-analysis 

We searched glioblastoma-related RNA-seq datasets in GEO DataSet [583] using the 

following search terms: ("Glioblastoma"[Mesh] OR ("glioblastoma"[MeSH Terms] OR 

Glioblastoma[All Fields])). The search was performed on 01/02/2020. Filters were applied 

to only show studies containing expression profiling by high throughput sequencing or non-

coding RNA profiling by high throughput sequencing. Thus, we selected the suitable 

datasets using the following criteria: 1) the study was performed in humans; 2) the study 

in the dataset was designed using the case-control method; 3) the study presented at least 

two samples per condition (case and control); 4) the assayed samples were sampled from 

de novo or non-recurrent glioblastoma tumor tissues; 5) the study participants/samples 

had not received any treatments (radio/chemotherapy); 6) the dataset provided the FASTQ 

data. Finally, the studies from these datasets were selected (Figure 5-1I). The clinical 

information of glioblastoma patients and their controls have been reported in the 

individual studies: study 1 [584], study 2 [585], study 3 [586] and study 4 [587]. From these 

studies, only glioblastoma and paired control samples were included in our meta-analysis. 

For small RNA-seq meta-analysis, similar filtering criteria as those employed in the 

glioblastoma RNA-seq meta-analysis were applied, while searching for glioblastoma-

related small RNA-seq datasets in the GEO database. This search was performed on 

22/03/2022. The following search terms were employed in our search: 

(("Glioblastoma"[Mesh]) OR glioblastoma AND (mirna OR microrna)) while selecting filters 

for studies performed in humans and containing expression profiling by high throughput 
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sequencing or non-coding RNA profiling by high throughput sequencing. Then, the suitable 

datasets were selected using the same criteria used for RNA-seq meta-analysis. 

Figure 5-1 Schematic flow chart of the methodology used in this study. The workflows for lncRNAs, PCGs and 
miRNAs are denoted via blue, pink and green colors, respectively. Black circles indicate intersection/overlap 
output with databases. I and II) Employed methodology for meta-analysis of glioblastoma tissue RNA-seq and 
small RNA-seq datasets, respectively. Four studies were selected for RNA-seq meta-analysis with identification 
of DElncRNAs and DEPCGs, and their overlap with experimentally verified databases and TCGA-GBM. No 
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qualifying studies could be included in small RNA-seq meta-analysis and thus small RNA-seq (III) was 
performed on glioblastoma tissues (n=17) and normal tissue controls (n=3) for identification of DEmiRNAs and 
overlap with predicted miRNA targets of DElncRNAs and DEPCG. Downstream analyses performed on the 
filtered DElncRNAs, DEPCGs and DEmiRNAs are detailed further with corresponding figures/supplementary 
files including pathway analyses and co-expression correlation.  

5.2.2 Quantification of long non-coding RNA (lncRNA) and protein 
coding gene (PCG) sequencing abundance using RNA-seq data  

The sequencing data of the selected studies was downloaded by Prefetch and converted 

into FASTQ files using the fastq-dump tool of the SRA Toolkit software v2.11.0 [588,589]. 

Then, the reference sequences of lncRNA and protein coding transcripts were downloaded 

from the most complete annotated non-coding RNA databases, NONCODE (v6; 35), for 

lncRNAs and Ensembl for PCGs (release 104; 34), respectively. After merging the two FASTA 

format files, 199,240 transcript sequences of 173,112 human lncRNA genes were obtained 

from NONCODE. After removing the pseudogenes, quantification of the lncRNAs and 

protein coding genes was performed simultaneously by mapping the RNA-seq reads of each 

study to the merged reference sequence (pseudoalignment) and calculating the count 

values using Kallisto software v0.46.2 [592]. In addition to the default parameter settings, 

the estimated average fragment length and the standard deviation of fragment length were 

set to 200 and 20, respectively. Based on the annotation file Transcript2Gene, transcript-

level count values of lncRNAs were integrated using the R package tximport v1.24.0 to 

calculate their corresponding gene-level count values.  

Quality control was performed using the MetaQC module in the transcriptomic meta-

analysis R package MetaOmics and the standardized mean difference (SMD) with its 95% 

confidence interval (CI) was calculated. For dimension reduction, the MetaPCA module was 

applied in MetaOmics to perform a meta-analytic approach of the principal component 

analysis (PCA) algorithm of the four selected studies. To identify the significantly 

differentially expressed lncRNAs and PCGs in glioblastoma tissues, the individual results of 

each study were integrated by meta-analysis using the MetaDE module of MetaOmics for 

the four selected studies. The normalization process used in this meta-analysis was 

performed using the random effect model (REM) for lncRNAs/PCGs with count ≥ 10 
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[589,593,594]. Differentially expressed lncRNAs (DElncRNA) and differentially expressed 

PCGs (DEPCGs) were then identified by selecting for lncRNAs/PCGs differentially expressed 

in at least 3 studies (out of 4), having valid Ensembl ID with FDR<0.05 and having a z-value 

of ≥ |4|.  

5.2.3 Identification of overlap between DElncRNAs/DEPCGs and 
lncRNAs/PCGs in publicly available experimentally verified databases 
and TCGA-GBM output 

To further validate the DElncRNAs, a manual search of experimentally validated PCG targets 

of DElncRNAs was performed by searching in two databases using the Ensembl lncRNA ID: 

LncTarD v1 (53) and LncRNA2Target v3.0 (54). For RNA-seq/microarray experiments, 

targets were selected to have adjusted p values < 0.01. In case listed targets had an 

adjusted p < 0.01, all listed targets were selected. After the manual search, overlap 

between DEPCGs and search-identified PCGs was recorded. 

Finally, we investigated the overlap of DElncRNAs and DEPCGs from our meta-analysis with 

those identified from the TCGA-GBM database, as supplied by LncTard v1 and OncoDB v1.0 

(oncodb.org), respectively [595,597]. In LncTard, differential expression patterns of 

lncRNAs in the TCGA pan-cancer dataset were downloaded and only the expression 

patterns of the TCGA-GBM cohort were considered. Furthermore, output was filtered 

according to adjusted p value < 0.01. TCGA-GBM expression data were downloaded from 

the data download portal of OncoDB wherein log2 fold change values of tumor and 

matched normal (control) RNA-seq data had been calculated [597]. Gene overlap between 

DEPCGs and TCGA-GBM PCGs was then recorded (Figure 5-1). 

5.2.4 Pathway analysis of DElncRNAs and DEPCGs 

The LncRNAs2Pathways R package LncPath v1.1 was used to identify the functional 

pathways of supplied lncRNAs, based on identifying the pathways of associated protein 

coding genes (PCGs) [598]. Shortly, the Ensembl IDs of the DElncRNAs were queried using 
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the LncPath function in the KEGG and Reactome databases [599,600]. Only pathways with 

FDR<0.05 were considered significant. 

For pathway analysis and protein-protein interactions, DEPCGs were uploaded to STRING 

v11.5 (Search Tool for the Retrieval of Interacting Genes/Proteins) online public database 

(https://string-db.org/) [370].  

For visualization of the identified DEPCG enriched pathways, the STRING network produced 

by analysis of DEPCGs was imported into Cytoscape 3.9.0 [371]. Using the String app v1.7.0 

in Cytoscape, we imported the PPI network of DEPCGs, performed STRING enrichment and 

visualized the identified KEGG and Reactome pathways using the EnrichmentMap v3.3.3 

app with an edge cut-off of 0.4 and p<0.05. To simplify the resultant STRING network, the 

Molecular Complex Detection (MCODE v2.0.0) app was used to detect densely connected 

regions in networks and thus identify the biggest DEPCG clusters containing ≥10 members 

[601]. The cluster finding cutoff parameters were as follows: a p-value cutoff of 0.05 and 

an edge (the degree of gene overlap that exists between two gene sets) cutoff of 0.4. 

5.2.5 Co-expression analysis of DElncRNAs and DEPCGs and 
identification of highly connected nodes 

Using the normalized counts of DElncRNAs and DEPCGs, a lncRNA-mRNA co-expression 

network was built to identify the relationships between DElncRNAs and DEPCGs. We 

filtered DElncRNAs and DEPCGs to build the network according to the Pearson correlation 

coefficient (r) > |0.7| with p < 0.05. Visualization of the DElncRNAs/DEPCGs correlation was 

performed using the Metscape v.3.1.3 app from Cytoscape software v.3.9.0. Highly 

connected nodes that had ≥ 10 DElncRNAs/DEPCGs were identified by clustering the co-

expression network using MCODE. 

5.2.6 Small RNA-seq of glioblastoma and control tissue samples  

Freshly frozen brain tissue samples from patients with glioblastoma (n = 17) and tumor-

adjacent normal tissue controls (n = 3) were collected from the Biobank Antwerp 

https://string-db.org/
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(University Hospital of Antwerp (UZA), Antwerp, Belgium; ID: BE 71030031000) [602]. 

These tissue samples were residual material collected within the opt-out system, as stated 

in the Belgian law of 19th of December 2008 whereby residual material may be used for 

translational research. The study was approved by the local medical ethics committee 

(Contract number: BB20079). 

Total RNA, including microRNAs (miRNAs), was isolated from the glioblastoma tissues and 

normal controls using the miRNeasy Serum/Plasma kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s protocol. Total RNA was eluted in a volume of 30 μL 

RNase-free water. Concentration, purity and integrity of the RNA were determined by 

spectrophotometry (Little Lunatic, Unchained labs, CA, USA) and the Agilent 2100 

Bioanalyzer/Agilent RNA 6000 Nano Kit (Agilent, CA, USA). Library preparation for small 

RNA-seq and sequencing on Illumina HiSeq of total RNA was performed by GENEWIZ Inc 

(GENEWIZ, NJ, USA). 

Functional enrichment of the identified differentially expressed miRNAs (DEmiRNAs) was 

performed by importing the Ensembl IDs (ENSG00000283203, ENSG00000207990, 

ENSG00000207691, ENSG00000208003, and ENSG00000199158 for miR-1246, miR-182, 

miR-183, miR-549a and miR-96, respectively) into g:Profiler [465]. G: Profiler is a web server 

offering Gene Ontology (GO) and pathway enrichment analysis resulting from mining high-

throughput genomic data [603]. 

5.2.7 Prediction of interacting miRNAs of DElncRNAs and DEPCGs in 
publicly available experimentally verified databases 

DElncRNA-interacting miRNAs were investigated by supplying our DElncRNAs list into 

DIANA-LncBase v3.0, which provides a free repository of experimentally supported miRNA 

targets of lncRNAs [604]. DEPCG-interacting miRNAs were investigated by supplying our 

DEPCG list into mirTarBase v9.0, which provides the most current miRNA–target 

interactions by comparing with other similar databases, such as TarBase, miRecords and 



Chapter 5 Meta-analysis of RNA-seq datasets identifies novel players in glioblastoma 

111 
 

— 
111 

miR2Disease [605,606]. Overlap between database-identified interacting miRNAs and 

differentially expressed miRNAs in glioblastoma tissue samples was identified (Figure 5-1). 

 Results 

5.3.1 Four glioblastoma RNA-seq datasets were selected for meta-
analysis 

Using keyword search and quality filtering, we identified 4 glioblastoma tissue-related RNA-

seq datasets, including: GSE59612, GSE62731, GSE86202 and GSE165595. From the two-

dimensional PCA plots of the four selected studies (Figure 5-2), little variation was found 

between the glioblastoma tissue samples in each study, while showing distinct variation 

from controls. After examining the quality control parameters calculated by the MetaQC 

module, which included internal quality control (IQC), accuracy quality control of gene 

(AQCg), consistency quality control of gene (CQCg) and standardized mean rank (SMR), no 

studies were excluded from our analysis.  

After analyzing the homogenized data using the bias resilient random effect model (REM), 

LncRNA abundance was quantified in the 84 samples from the 4 selected studies. In total, 

11900 lncRNAs and 15365 PCGs were identified from REM meta-analysis. We further 

limited our downstream validation by selecting lncRNAs differentially expressed in at least 

3 studies (out of 4), having Ensembl ID, FDR<0.05 and a z-value (weighted effect size) of ≥

|4|. Consequently, we identified 98 DElncRNAs (Supplementary table 3.1 in 

Supplementary materials for Chapter 5) and 360 DEPCGs fulfilling these criteria 

(Supplementary table 3.3 in  Supplementary materials for Chapter 5). Details of the 

selected datasets can be found in Table 5-1.  

Overlap between the list of DElncRNAs and DEPCGs with the TCGA-GBM cohort identified 

two DElncRNAs (DANCR and SNHG6) and 222 DEPCGs. 

Of these 222 DEPCGs, 14 were identified as experimentally validated targets of DANCR 

during our manual search of experimental databases LncTarD and LncRNA2target (ROCK1, 
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ZWILCH, RPGR, GK, ZNF460, METAP2, CIP2A, ASAH1, ZNF528, C5orf15, QTRT2, STX2, 

MAP3K2 and CNTRL). Literature-based functionality of these 14 DEPCGs showed that 

several of these were previously implicated in glioblastoma pathogenesis (Supplementary 

table 3.5 in Supplementary materials for Chapter 5). 

 

Figure 5-2 Output from the MetaPCA analytical module of the MetaOmics package showing principal 
component analyses (PCA) plots for the four selected studies (C: normal tissue controls, GBM: glioblastoma). 
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Table 5-1 Details of studies fulfilling the predefined criteria with quality control measurements as supplied 
by the MetaOmics MetaQC module. IQC, internal quality control; AQCg, accuracy quality control of gene; 
CQCg, consistency quality control of gene; SMR, standardized mean rank. 

 

5.3.2 Pathway analysis of DElncRNAs reveals several glioblastoma-
associated pathways  

Pathway analysis identified 4 KEGG and 37 Reactome significantly enriched pathways 

(FDR<0.05) that were associated with DElncRNAs (Supplementary table 3.2 in 

Supplementary materials for Chapter 5). The top pathways according to the normalized 

enrichment scores were glycoprotein related pathways (O-glycan biosynthesis, O-linked 

glycosylation of mucins, termination of O-glycan biosynthesis and HS-GAG degradation of 

glycoprotein), fanconi anemia pathway, glutamate neurotransmitter release cycle, 

interaction between L1 and ankyrins and SRP-dependent cotranslational protein targeting 

to membrane, which have been previously associated with glioblastoma [607,608] 

5.3.3 DEPCGs show a highly connected PPI network with several 
enriched glioblastoma-linked pathways  

Analysis of DEPCGs using STRING databases produced a highly connected protein-protein 

interaction network (PPI). Functional enrichment of the produced PPI network identified a 

number of significantly enriched KEGG and Reactome pathways (FDR<0.05) (Figure 5-3) 

e.g., nonsense mediated decay (NMD), L13a mediated silencing of ceruloplasmin 

expression, EIF2AK4 response to amino acid deprivation, regulation of expression of SLITs 

and ROBOs and selenocysteine synthesis.  

No Dataset Platform Sample Size IQC AQCg CQCg SMR Ref 

1 GSE59612 Illumina HiSeq 

2000 

22 glioblastoma tumor 

tissue, 22 controls 

5.6 61.25 145.18 1.67 [584] 

2 GSE62731 Illumina HiSeq 

2000 

2 glioblastoma tumor 

tissue, 2 controls 

3.3 2.49 52.78 3.33 [585] 

3 GSE86202 Illumina HiSeq 

2500 

3 glioblastoma tumor 

tissue, 3 controls 

1.3 2.66 17.74 3.67 [586] 

4 GSE165595 Illumina HiSeq 

4000 

15 glioblastoma tumor 

tissue, 15 controls 

5.6 23.08 240.99 1.33 [587] 
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Clustering of the PPI network into individual clusters containing ≥ 10 DEPCGs yielded only 

one cluster that showed nearly identical functional enrichment as the parent PPI. 

Pathway enrichment overlap between DEPCGs and DElncRNAs revealed several 

overlapping pathways (Table 5-2). From these, NMD and SRP-dependent cotranslational 

protein targeting to membrane have been associated with glioblastoma. While others, such 

as influenza viral RNA transcription and replication, have not been directly associated with 

glioblastoma. 

 

Figure 5-3 Enrichment map of KEGG (dark pink nodes) and Reactome (light pink nodes) pathways of DEPCGs 
as indicated by STRING enrichment in Cytoscape. The thickness of a line indicates the strength of the 
interaction between the proteins it connects.  



Chapter 5 Meta-analysis of RNA-seq datasets identifies novel players in glioblastoma 

115 
 

— 
115 

Table 5-2: Significantly enriched pathways associated with both DElncRNAs and DEPCGs (FDR<0.0.5) as 
identified by LncPath R package and STRING database, respectively. 

5.3.4 Three DEmiRNAs identified by small RNA-seq of glioblastoma 
tissue overlap with predicted DElncRNA and DEPCGs-interacting 
miRNAs  

The glioblastoma-related small RNA-seq dataset search yielded 41 datasets. After applying 

filtering criteria, none of these datasets qualified for inclusion in our analyses. 

Subsequently, analysis of small RNA-seq of glioblastoma tumor tissue and controls 

identified several differentially expressed miRNAs, of which 5 were significantly 

differentially expressed miRNAs (DEmiRNAs): hsa-miR-1246, hsa-miR-182-5p, hsa-miR-183 

(-3p and -5p), hsa-miR-549a and hsa-miR-96-5p (p<0.05). Functional enrichment of 

DEmiRNAs identified an enrichment in several GO: Biological Processes, which were all 

associated with the traditional miRNA roles in post-transcriptional regulation as well as 

enrichment of the KEGG pathway “MiRNAs in cancer” (Supplementary figure 3.1 in 

Supplementary materials for Chapter 5 ). 

From mirTarBase, 2050 unique miRNAs were identified as interacting miRNAs of DEPCGs 

by one of the following methods: reporter assay, western blot, qPCR, microarray, pSILAC, 

NGS, other validation methods or CLIP-Seq. From LncBase, 299 unique miRNAs were 

identified as interacting miRNAs of DElncRNAs.  

Overlap between DEmiRNAs and predicted interacting miRNAs of DElncRNAs and DEPCGs 

identified 3 miRNAs: hsa-miR-182-5p, hsa-miR-183 (-3p and -5p) and hsa-miR-96-5p, which 

were previously identified as experimentally validated targets of DANCR and SNHG6. 

Database Overlapping DElncRNA/DEPCGs associated pathways (FDR<0.05) 

KEGG Ribosome 

Reactome Translation 

Peptide Chain Elongation 

Influenza Viral RNA Transcription And Replication 

Nonsense Mediated Decay Enhanced By The Exon Junction Complex 

SRP-dependent co-translational protein targeting to membrane 
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5.3.5 Co-expression analysis identifies 4 clusters of 
DElncRNAs/DEPCGs 

Analysis of co-expression of DElncRNA and DEPCGs revealed 15731 correlation pairs having 

r≥ |0.7| and p<0.05. Clustering of the network using MCODE default settings into clusters 

containing ≥10 members yielded four individual clusters of which the first cluster was 

further clustered into 3 main sub-clusters (Supplementary figure 3.2 in Supplementary 

materials for Chapter 5).  

Pathway analysis of the individual clusters and sub-clusters revealed that only one sub-

cluster (Figure 5-4) (containing DANCR and SNHG6) was responsible for the majority of the 

enriched pathway associations identified for DEPCGs and DElncRNAs e.g., L13a mediated 

silencing of ceruloplasmin expression, regulation of expression of SLITs and ROBOs and 

selenocysteine synthesis, EIF2AK4 response to amino acid deprivation and NMD 

(Supplementary table 3.4 in Supplementary materials for Chapter 5). 

 

Figure 5-4 The DANCR/SNHG6 sub-cluster of DElncRNA-DEPCG (blue and pink circles, respectively) co-
expression correlation network produced was visualized using MCODE in Cytoscape, supplemented with 
interacting DEmiRNAs (green circles) as supplied by mirTarBase and LncBase databases. STRING enrichment 
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analysis of this sub-cluster shows strong similarity with DEPCG enrichment, thereby denoting sub-cluster 
relevance.  

 Discussion 

Previous meta-analyses have elucidated unexamined relevance to specific pathways as well 

as aided in the identification of candidate biomarkers [593,609]. Compared to single 

studies, meta-analyses have enhanced statistical power and provide insight in the 

consistency across studies [610]. Therefore, we performed a meta-analysis of publicly 

available RNA-seq glioblastoma datasets of non-recurrent glioblastoma and control 

samples from the same patient. In this manner, 98 DElncRNAs and 360 DEPCGs were 

identified. We also performed small RNA-seq of glioblastoma tissues and normal controls. 

5.4.1 Meta-analysis of glioblastoma RNA-seq datasets 

5.1.1.1 DElncRNAs 
The top five identified DElncRNAs according to absolute weighted effect size included 4 

DElncRNAs that had no previously characterized roles in glioblastoma; RNFT1-DT, 

ENSG00000233184, ENSG00000268205 and ENSG00000268362, as well as glioblastoma 

prognostic biomarker, MROCKI (LINC01268) [611]. Due to the high differential expression 

of these DElncRNAs, future studies determining their specific roles in glioblastoma could 

reveal novel involvements.  

Functional enrichment of the full 98 DElncRNAs revealed over 30 significantly enriched 

pathways previously identified in glioma, including pathways associated with O-glycans (O-

glycan biosynthesis, O-linked glycosylation of mucins, termination of O-glycan biosynthesis 

and HS-GAG degradation of glycoproteins), fanconi anemia pathway, glutamate 

neurotransmitter release cycle, insulin receptor recycling, interaction between L1 and 

ankyrins as well as transferrin endocytosis and recycling. O-glycans are found on 

glycoproteins, of which mucins are the main class, which regulate protein folding, stability 

and trafficking, and also mediate many cell-cell interactions [612,613]. Many cancers 

express altered mucin-type O-glycans (reviewed in [614]) including glioma where aberrant 

glycosylation of tumor glycan-rich extracellular matrix promotes tumor progression and 
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treatment resistance [607]. On the other hand, the fanconi anemia (FA) pathway relates to 

DNA damage repair processes of lesions in the replication fork which impede replication 

[615]. This pathway is reactivated in glioblastoma, mediating survival of the mutated cells 

and thereby accelerating carcinogenesis [608,615]. Alternately, glutamate is produced in 

glioma cells as a byproduct of glutathione synthesis, leading to tumor expansion and 

invasion [616,617]. Insulin receptor recycling frees insulin receptors to engage in 

downstream signaling regulating cell proliferation, which worsens glioblastoma prognosis, 

and mediates treatment resistance [618]. L1 cell adhesion molecule (L1cam) is a neural 

adhesion molecule whose levels have been shown to associate with glioblastoma, and its 

knockdown can suppress glioma stem cell growth [619,620]. Finally, transferrin is a 

glycoprotein responsible for iron ion delivery that is overexpressed in glioblastoma, leading 

to increased cell proliferation and worsening prognosis [621]. 

5.1.1.2 DEPCGs 
Similarly, the top five DEPCGs according to weighted effect size included ATF6, AHCTF1, 

ZCCHC10, ZNF234 and IFNGR2. Of these, only ATF6 and IFNGR2 have been previously 

associated with glioblastoma viability and treatment resistance, while the remaining three 

have only been identified in other cancer types, which encourages further investigations 

[622–627]. Moreover, several significantly enriched pathways were identified by pathway 

enrichment analysis of the 360 DEPCGs (Figure 5-3), such as nonsense mediated decay 

(NMD), ceruloplasmin expression, selenocysteine synthesis, SLIT/ROBO signaling, as well as 

EIF2AK4 and Hedgehog signaling. NMD functions to eliminate truncated mRNA transcripts 

resulting from premature termination codons (PTCs), protecting against their dominant 

negative effect on the functional wild-type alleles [628]. Inhibition of NMD regulates 

tumorigenesis and stemness properties in glioma stem cells [629]. Ceruloplasmin is a 

copper-binding protein which regulates iron efflux [630]. In glioblastoma, ceruloplasmin 

leads to excessive extracellular iron with subsequent oxidative stress, impacting blood-

brain barrier integrity [631]. Another enriched pathway was synthesis of selenocysteine 

which is a selenium containing amino acid incorporated in anti-oxidant selenoproteins, 

such as glutathione peroxidases, and has been shown to induce apoptosis of glioblastoma 
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cells in vitro [632,633]. On the other hand, Slits (ligands) and Robos (receptors) are 

glycoproteins involved in several cell signaling pathways including axon guidance, cell 

proliferation, cell motility and angiogenesis (reviewed in [634]). The effects of Slit/Robo 

signaling in glioblastoma are not clearly characterized. On the one hand, Slit2 expression is 

suppressed in glioma cells and intracranial mice xenografts with forced expression 

hampering glioma cell migration and invasion [635]. On the other hand, Slit2 knockdown in 

mouse glioma cells and patient-derived GBM xenografts decreased tumor growth and 

increased treatment resistance [636]. In either case, Slit2 levels seem to influence 

glioblastoma growth and treatment resistance, though, further research is needed to 

elucidate its exact role. Alternately, EIF2AK4, eukaryotic translation initiation factor 2 alpha 

kinase 4, is activated by metabolic stress signals to induce global protein translation 

inhibition and cell survival control [637]. Normally, as tumor growth progresses, access to 

nutrients such as amino acids decreases, which activates EIF2AK4 to induce downstream 

effects of increased tumor cell survival and treatment resistance [638,639]. This was shown 

in our pathway analysis by the identification of the involvement of amino acid metabolism 

and peptide chain elongation pathways. Finally, the Hedgehog pathway is essential during 

development for intercellular communication, organogenesis, regeneration and 

homeostasis [640]. The exact mechanisms of Hedgehog pathway tumorigenic activity are 

reviewed in [641,642]. In glioblastoma, Hedgehog pathway inhibitors were shown to 

decrease cancer stem cell growth and drug resistance [643,644]. 

5.4.2 Small RNA-seq of glioblastoma tissues and normal controls 

In the current study, small RNA-seq identified 5 differentially expressed microRNAs 

(DEmiRNAs): miR-1246, miR-182-5p, miR-183 (-3p and -5p), miR-549a and miR-96-5p. 

Functional enrichment of these DEmiRNAs was uninformative. However, each of these 5 

DEmiRNAs has been previously identified in glioblastoma. Increased exosomal miR-1246 

expression was found to promote a pro-oncogenic immunosuppressive microenvironment, 

while it was associated with a higher glioma recurrence rate in postoperative patients 

[645]. Previous studies also linked miR-182-5p to glioblastoma tumorigenesis, angiogenesis 
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and metastasis [646,647]. Alternatively, mir-183 is a TGFβ-induced miRNA which also 

contributes to the immunosuppressive glioma microenvironment [648,649]. In fact, miR-

183-5p has been proposed to be a prognostic biomarker of glioblastoma progression 

[650,651]. Similarly, mir-549a was previously shown to be of prognostic importance in 

tumors of glial origin [652]. Finally, miR- 96-5p was found to be upregulated in glioma cells, 

with effects on proliferation and metastasis [653]. Upregulation of miR-96 was also found 

to promote radioresistance in T98G glioblastoma cells [654]. Interestingly, miR-182, miR-

183 and miR-96 are located within less than 4.5 kbp of one another and comprise the miR-

183/96/182 cluster [655]. This miR-183/96/182 cluster was associated with the progression 

from low to high grade glioma (glioblastoma) while knockdown of this cluster in 

glioblastoma inhibited cell survival [650,655].  

5.4.3 Overlap with other genetic glioblastoma databases 

Overlap of our DElncRNA and DEPCGs with The Cancer Genome Atlas glioblastoma (TCGA-

GBM) database yielded two lncRNAs (DANCR and SNHG6) and 222 DEPCGs. DANCR is an 

oncogenic lncRNA which induces several cancer promoting effects, such as promotion of 

angiogenesis and epigenetic silencing of tumor-suppressors as well as regulating cancer 

promoting signaling pathways such as the Wnt/β-catenin, JAK/STAT, Notch, PI3K/AKT 

pathways (reviewed in [656]). Due to its pan-oncogenic effect, DANCR has been considered 

to be a candidate therapeutic target [657,658]. In glioma, DANCR knockdown leads to 

decreased proliferation and migration [659]. The oncogenic effects of DANCR seem to be 

caused mainly by its role as a competing endogenous RNA (ceRNA), which binds miRNAs 

competitively thereby influencing miRNA capacity to inhibit mRNA translation [658]. In 

glioma cells, DANCR was shown to act as ceRNA to miR-634, a miRNA shown to increase 

glioma cell sensitivity to temozolomide [660,661]. DANCR was also shown to promote 

cisplatin resistance via ceRNA mediated inhibition of sponging miR-33a-5p, miR-33b-5p, 

miR-1-3p, miR-206, and miR-613 with resultant activation of AXL/PI3K/Akt/NF-κB signaling 

pathway [662].  
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Similarly to DANCR, SNHG6 was shown to promote glioma progression via a similar ceRNA 

activity by interfering with glioma-relevant miRNAs: miR-543 and miR-101-3p [663,664]. 

SNHG6 was also shown to promote glioma malignant progression by inducing histone 

modifications in tumor suppressor genes [665]. 

Of the 222 DEPCG overlapping with TCGA-GBM, 14 were identified to be DANCR regulated 

by searching of LncRNA2Target and LncTard databases. Literature-based functionality of 

these 14 DEPCGs showed that several of them were previously implicated in glioblastoma 

proliferation, invasiveness and treatment resistance (Supplementary table 3.5 in 

Supplementary materials for Chapter 5), thereby explaining some of the pro-tumorigenic 

effects of DANCR. For the remaining 7 DEPCGs (ZWILCH, RPGR, ZNF460, ZNF528, QTRT2, 

C5orf15 and CNTRL), no previous functional associations were found with glioblastoma 

progression, despite a number of them being associated with other cancer types [666–

670]. Future investigations into potential previously unaddressed roles of these genes 

could reveal new players in glioblastoma pathogenesis. 

Due to the study selection process and applied filtering criteria, the data from the Ivy 

Glioblastoma Atlas (IVY GAP) [671] and Chinese Glioma Genome Atlas (CGGA) [672] were 

not included in our assays (both not being in case control format). However, in CGGA, the 

co-expression correlation between the 2 TCGA-GBM overlapping DElncRNAs (DANCR and 

SNHG6) and 3 DEmiRNAs (miR-96, miR-182 and miR-183) was assayed through the 

'Analyze’ portal on the CGGA website (http://www.cgga.org.cn/). In the CGGA RNA-seq 

datasets, DANCR expression showed a significant medium correlation to SNHG6 expression 

(R=0.446 and 0.449 for dataset mRNAseq_693 and mRNAseq_325, respectively, p<0.001 

for both) (Supplementary figure 3.3 in Supplementary materials for Chapter 5). Using the 

CGGA miRNA array dataset, a significant strong correlation was identified between the 3 

miRNAs (miR96/miR182: R=0.721, p<0.001, miR96/miR183: R=0.745, p<0.001 and 

miR182/miR183: R=0.937, p<0.001) which is unsurprising as they form the miR-183/96/182 

cluster (Supplementary figure 3.3 in Supplementary materials for Chapter 5). This 
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confirms the strong interaction between DANCR and SNHG6, as well as between the 

DEmiRNAs in the miR-183/96/182 cluster in CGGA, as was replicated by our analyses. 

5.4.4 Co-expression network construction and functional enrichment 

A co-expression network was constructed to identify DElncRNA/DEPCG highly interacting 

pairs with possible functional associations. A strong correlation was found between DANCR 

and SNHG6 expression (r=0.76 and p<0.001) which confirms the similar correlation 

observed in CGGA datasets.  

In addition, clustering of the co-expression network and pathway analysis of the clusters 

and sub-clusters revealed that the sub-cluster containing DANCR and SNHG6 was 

responsible for a majority of the pathway enrichments of the 360 DEPCGs. Interestingly, 

both DANCR and SNHG6 are targets of the miR-183/96/182 cluster in the DIANA-LncBase 

database, which suggests a possible DElncRNA/DEmiRNA interplay in glioblastoma. In 

addition, 2 novel DElncRNAs (ENSG00000278133 and ENSG00000277801) were found to 

belong to this cluster. The high degree of interactions between these 2 DElncRNAs with the 

DEPCGs sub-cluster members suggests a possible novel relevance in glioblastoma, thereby 

necessitating future research.  

Seven DEPCGs in the DANCR/SNHG6 sub-cluster were also differentially expressed in TCGA-

GBM, while being involved in ≥ 20 of the enriched pathways of the sub-cluster. These genes 

were ribosomal proteins RPS11, RPL5, RPL10, RPL24, RPL14, RPL36A and RPL32. Only RPS11 

and RPL36A were previously found to be beneficial in glioma as prognostic predictors [673–

677]. Therefore, it may be useful to examine the exact roles of the remaining unexplored 

DEPCGs in glioblastoma.  

5.4.5 Literature-based associations of the pathways: deducible 
involvement of ferroptosis? 

Literature-based research of the DElncRNA and DEPCG enriched pathways led to the 

identification of their shared association to the novel cell death pathway, ferroptosis [678]. 
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Ferroptosis is a recently discovered intracellular iron-dependent form of cell death 

characterized by the overproduction of reactive oxygen species (ROS) and accumulation of 

lipid peroxidation, leading to cell death [679]. As glioblastoma cells have higher ROS and 

iron accumulation than healthy tissues, they are especially susceptible to death by 

ferroptosis [680,681]. As a result, ferroptosis induction inhibits glioblastoma tumor growth, 

improves patient survival and increases the efficacy of radio- and chemotherapy thereby 

providing adjuvant antitumor options [682,683].  

Ferroptosis was shown to be regulated by DElncRNA enriched pathways, protein O-

glycosylation as well as glutamine, glutamate and transferrin [684–687]. On the other hand, 

ferroptosis was previously shown to be influenced by DEPCG enriched pathways; induced 

by glutathione peroxidase suppression (selenocysteine containing enzyme) and SMG9 (a 

component of the NMD machinery) and inhibited by ceruloplasmin and Hedgehog pathway 

activation [688–694]. EIF2AK4 was also identified in a ferroptosis-associated gene signature 

in glioma [695]. While concurrent dysregulation of ferroptosis and SLIT/ROBO signaling 

pathway has been associated with low-Grade endometrial cancer [696]. Consequently, the 

DElncRNAs/DEPCGs seem to suggest an association between glioblastoma and ferroptosis 

in our analyzed datasets. 

As the DANCR/SNHG6 sub-cluster possesses similar enrichments to the d DEPCG pathways, 

we investigated whether these sub-cluster members had identifiable associations with 

ferroptosis. Both DANCR and SNHG6 were previously associated with ferroptosis [697,698]. 

Some of the DEPCG members of the sub-cluster have also been shown to regulate 

ferroptosis (Supplementary table 3.6 in Supplementary materials for Chapter 5). 

However, the majority of the sub-cluster members had no previous connections to 

ferroptosis. Consequently, due to the high interaction between this sub-cluster and its 

enriched pathways, this sub-cluster could identify future candidates for glioblastoma 

biomarkers or treatment modulators. 



Chapter 5 Meta-analysis of RNA-seq datasets identifies novel players in glioblastoma 

124 
 

— 
124 

To further confirm this connection, we also investigated whether the DEmiRNAs had 

previous associations with ferroptosis. All DEmiRNAs in the miR-183/96/182 had been 

previously associated with ferroptotic processes in the literature [699–701]. However, the 

exact involvement of these DEmiRNAs in ferroptosis processes in glioblastoma is currently 

under-researched. Therefore, future studies could reveal a role for these DEmiRNA in 

modulation of glioblastoma responsiveness to treatment. 

5.4.6 Limitations 

Our study does have some limitations. Firstly, only four glioblastoma datasets were 

included in our analysis, due to the study selection criteria. Quality assessment (MetaQC) 

of the included studies resulted in the inclusion of all 4 studies in our analyses, despite the 

low sample size in certain instances. However, we attempted to overcome this limitation 

by overlapping our findings with larger glioblastoma datasets, such as TCGA and CGGA. 

Secondly, glioblastoma can be sub-classified into proneural, neural, mesenchymal, and 

classical according to differential gene expression profiles, as well as the mutation status 

of certain key genes including platelet-derived growth factor receptor (PDGFRA), 

Neurofibromatosis Type 1 (NF1) and epidermal growth factor receptor (EGFR) [702,703]. 

Also, recent WHO updates to CNS tumor nomenclature have limited glioblastoma 

classification to IDH-wildtype adult-type diffuse gliomas [568]. Unfortunately, only 2 of our 

included studies contained detailed information about the subclass of the assayed 

glioblastoma tumors and thus these classifications could not be included in our analyses. 

We attempted to overcome this heterogeneity by employing a random effects model 

(REM), which combines the effect size of the individual studies using a simple linear model 

with sampling error, while assuming a possible random effect on the effect size of each 

study [704,705]. However, repeat analyses of previously published datasets after 

reclassification, according to the current guidelines, could offer novel insights and warrant 

further research. Thirdly, the limited residual glioblastoma tissue available impacted the 

number of possible wet-lab validations. Therefore, we recommend the validation of the 

promising DElncRNA and DEPCG candidates in independent glioblastoma sample cohorts. 
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Finally, our study analyzed RNA-seq of glioblastoma tissues, which involves an invasive 

sampling procedure that is unsuitable for regular treatment monitoring. Further studies 

addressing the need for circulating glioblastoma biomarkers are thus of particular interest, 

with a specific focus on ncRNA due to their relatively higher stability [706,707]. 

Consequently, further research addressing the usefulness of the DElncRNAs and DEmiRNAs 

as candidate biomarkers and their utilization for routine monitoring is required. 

 Conclusions 

In this study, we have presented DElncRNAs/DEPCGs which were identified by overlap with 

a TCGA-GBM cohort and experimental databases, or by inclusion in the most pathway 

enriched sub-cluster in our co-expression network (also interacting with 3 of the 

DEmiRNAs). We reviewed the literature for the DElncRNAs/DEPCGs associations with 

glioblastoma. For some DElncRNAs/DEPCGs, no previous connections to glioblastoma were 

found, which could provide starting points for future studies. Using literature association 

of DElncRNAs/DEPCGs, we also found a reproducible involvement of ferroptosis. Several 

DElncRNAs, DEPCGs and DEmiRNAs were previously associated with ferroptosis, while the 

majority still require further investigation. 

A summary of the main findings of our study is presented in Figure 5-5. 
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Figure 5-5 Summary of DElncRNAs (blue), DEPCGs (pink) and DEmiRNAs (green) identified in our study and 
their connection to ferroptosis.
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 General discussion  

Ionizing radiation (IR) is frequently used in medicine for both diagnosis and therapy. The 

use of IR in medicine is regulated by radiation protection measures to maintain the ALARA 

concept of keeping radiation exposure “as low as reasonably achievable” [708]. However, 

concerns regarding IR’s long term negative effects still remain. 

In the current PhD thesis, we aimed to investigate the involvement of epigenetic 

mechanisms in the development of two IR-induced adverse effects: cardiovascular disease 

(CVD) and secondary cancers. Epigenetics is a relatively new field that has already 

contributed to the development of clinical biomarkers for cancer diagnosis and treatment 

response. One example of the latter being the therascreen PITX2 RGQ PCR Kit (QIAGEN, 

Germany) for predicting the response to anthracycline-based chemotherapy based on 

PITX2 promoter methylation [360]. Using this epigenetic perspective, we aimed to find 

candidate biomarkers for the identification of patients at risk of developing delayed IR-

induced adverse effects.  

This thesis is part of Horizon 2020 project MEDIRAD (http://www.medirad-project.eu/) 

which attempts to improve the understanding of IR’s health effects through the integration 

of six interdependent work packages (WPs) [13]. As such, we focused on radiation-induced 

CVD (RICVD) by investigating the DNA methylation profiles of whole-heart irradiated rats 

(Chapter 3) and irradiated breast cancer patients (Chapter 4) while validating the 

expression of selected differentially methylated regions (DMRs). We also investigated 

noncoding RNA (microRNA and long noncoding RNA) players in glioblastoma which is a 

common IR secondary cancer (Chapter 5) [328,331]. 

In Chapter 3, we investigated IR-induced DNA methylation in a rat model developed by 

MEDIRAD colleagues, Ribeiro et al. [364]. Rats are a frequently employed model system in 

cardiovascular disease research due to their reduced lifespans (1 rat month ≅ 2.5-3 human 

http://www.medirad-project.eu/
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years) which facilitate the assessment of long-term IR effects [709–711]. The irradiation 

protocol (total dose of 0.92, 6.9 or 27.6 Gy in 23 fractions (maximum dose rate of 600 MU 

per min)) was selected to emulate the MHD received by breast cancer patients. Current 

protocols for breast cancer patients involve either 50 Gy in 25 fractions or a 

hypofractionation of 40 Gy in 15 fractions [712]. Thus, the rat irradiation was divided over 

23 days/fractions to better represent the clinical scenario. The average MHD of RT in left 

sided breast cancer patients reported by systemic review was 5.4 Gy, which drops to 3.6 

Gy with modern radiation sparing techniques [123,713]. However, as these techniques are 

not enforced in all RT centers, the irradiation doses were selected according to 

conventional RT techniques. Consequently, 0.92 Gy was selected to represent the MHD 

from RT in right sided breast cancer patients while 6.9 Gy was selected for left sided 

patients. Finally, a 27.6 Gy group was added to serve as a positive control of cardiac toxicity. 

Indeed, Ribeiro et al reported a dose dependent decrease in global longitudinal strain (GLS) 

(>15%) and decreased microvascular density after 27.6 Gy fractionated irradiation (FI) 

[364]. Our results showed that local heart irradiation induces changes in rat blood DNA 

methylation profiles, detectable in blood until 7 months after irradiation. However, the 

effect of these methylation changes on expression is inconsistent with no clear trend. 

Nonetheless, three of the selected DMRs (SLMAP, ITPR2 and E2F6) showed dysregulated 

expression profiles as well as Connexin-43 (CX43) whose inhibition alleviated radiation-

induced endothelial cell damage [389]. Both SLMAP and E2F6 are particularly promising as 

they show dysregulation in both irradiated rats and breast cancer patients of the MEDIRAD 

EARLY HEART cohort. SLMAP, specifically, has no previous breast cancer association in 

literature, suggesting that the differential expression in patients is most likely radiation-

induced with possible contribution to cardiovascular consequences. 

Recently, Yao et al presented the first ever investigation of DNA methylation in a RICVD rat 

model [396] which employed a single acute 18 Gy dose and identified DMRs in rat heart 

tissue 6 months after irradiation. None of our rat DMRs were identified by Yao et al. This 

could be partly due to our dose fractionation protocol as radiation-induced DNA 

methylation effects vary according to dose and radiation quality, with no clear guidelines 
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[162]. Fractionated irradiation (FI) is employed in radiotherapy to maximize killing of the 

rapidly dividing cancer cells while allowing time for the repair of normal cells [714]. 

Therefore, the magnitude of cardiac damage caused by our FI protocol could be less than 

that caused by the acute irradiation performed by Yao et al. Yao et al. also utilized heart 

tissue samples which is not possible in clinical patients thereby contributing to the inter-

study variability. Finally, our SureSelect MethylSeq platform utilizes methylation capture 

sequencing (MC-seq) technology to identify DNA methylation alterations at single base 

resolution. On the other hand, Yao et al utilized a rat specific methylation array which could 

offer a more budget option for DNA methylation analysis [396]. The two techniques, 

SureSelect and methylation array, are composed of different probes with the methylation 

array probes targeting only gene promoter regions [396]. On the other hand, SureSelect 

probes target promoters, CpG islands, island shores, as well as other GC-rich regions, 

thereby offering higher coverage [368]. Due to these study differences, reaching a 

consensus on IR-induced DNA methylation alterations in RICVD is challenging. 

Furthermore, deciding on which technique to use in future research should include an 

assessment of desired genomic coverage, costs as well as the need for designing study-

specific probes, which is only available in MC-seq technology [715].  

Blood contains methylated DNA originating from whole blood cells (red blood cells, 

platelets and the different fractions of leucocytes) and circulating cell-free DNA (cfDNA) 

originating from cell necrosis, apoptosis and active release of DNA [449,716]. Endothelial 

cells can also enter the general circulation after endothelial injury as occurs in RICVD [717]. 

Normally, researchers opt to minimize the confounder of different blood cell levels by 

measuring DNA methylation selectively in the peripheral blood mononuclear cell (PBMC) 

fraction [718–721]. Unfortunately, the blood in our study was collected in the absence of 

cryopreserving agent and separation of PBMCs was not possible after cell lysis [722,723]. 

Recently, computational deconvolution algorithms have been applied to infer the cell type 

composition from whole blood methylation profiles [724,725]. Applying such 

deconvolution methods such as Houseman correction could allow the exclusion of blood 
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cell-specific CpG sites thereby identifying more disease-relevant DMRs not affected by 

blood cell composition [189]. 

One procedural technique to eliminate blood cell interference is extracting only cfDNA 

from patient blood using commercially available kits such as QIAamp circulating nucleic 

acid kit (QIAGEN, Germany). Such techniques have been used for prenatal screening of 

cfDNA methylation signatures in maternal plasma [726]. However, preliminary 

optimization experiments (in rat and human volunteer blood, data not shown) revealed a 

very low concentration of cfDNA thereby presenting whole blood methylation analysis as 

the better option. Therefore, optimization to extract enough cfDNA could be useful for 

follow-up studies. In our rat analysis, the delayed methylation alterations are most likely 

not the result of blood cell irradiation, due to the short lifespans of the cells, and more 

likely the result of a systemic influence of IR [452]. This conclusion is supported by the 

functional enrichment of heart specific pathways such as the dilated cardiomyopathy 

pathway.  

A critical assessment of our rat model reveals some design flaws. DNA methylation and 

expression analyses were performed solely in the blood and not irradiated cardiac tissue. 

While blood offers a more clinically relevant biomarker source, cardiac tissues offer higher 

specificity. Therefore, concurrent analyses of blood and cardiac tissues could facilitate the 

identification of cardiac-specific DNA biomarkers in blood. Rat blood was also collected in 

the absence of cryopreservation which would’ve allowed the separation of the PBMC 

fraction thereby minimizing the blood cell confounder.  

An interesting model system that can be used in future research to overcome some of the 

disadvantages of animal models is human cardiac organoids [727]. These organoids offer 

3D constructs of patient-derived cardiomyocytes which conserve the genetic and 

epigenetic profiles of their parent tissue [727]. Thus, these organoids offer a more accurate 

representation of the complex pathophysiology of human disease while avoiding the 

species-specific differences introduced by animal models [728]. Organoids can also provide 
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more tissue material to work with thereby permitting more analyses to be carried out 

[729]. Consequently, organoids have provided useful preclinical models for epigenetic 

investigations of endometriosis and familial adenomatous polyposis [730,731]. 

Unfortunately, the lack of standardized organoid growth protocols and the yet unexamined 

effect of extracellular matrix composition on organoid culture growth are technical 

challenges still facing organoid preclinical model [732]. As such, organoids sometimes show 

high variability even when comparing organoid batches from the same starting material or 

different areas of the same organoid [733]. Despite these challenges, Lee et al. recently 

created cardiac organoids that are reported to be structurally and functionally similar to a 

human heart [734]. In addition, Richards et al. generated cardiac organoids that can model 

doxorubicin cardiotoxicity; another major cardiovascular complication in cancer patients 

[735]. Thus, cardiac organoids could offer a unique model capable of mimicking RICVD 

pathophysiology once experimental variability can be controlled.  

In Chapter 4, we investigated the DNA methylation profiles of patients of the MEDIRAD 

EARLY HEART breast cancer cohort [365]. To our knowledge, this is the first methylation 

analysis to profile early (6 months) DNA methylation changes in breast cancer patient blood 

after RT in the context of RICVD. Methylation was assayed using Illumina EPIC array which 

covers over 850,000 CpG sites with high reproducibility and reliability at a moderate cost 

[736]. One recurrent candidate in our rat and human analyses was CACNA1C. CACNA1C 

was one of two top DMRs identified in 27.6 Gy irradiated rats at both 1.5 and 7 months. It 

was also identified as a DMR in left sided breast cancer patients after RT. Recent research 

also showed differential methylation of CACNA1C after chronic doxorubicin administration 

in a rat model of doxorubicin-induced cardiotoxicity [737]. Pathway analyses associated 

CACNA1C with the enriched cardiac-specific pathways in both rats e.g. dilated 

cardiomyopathy and left sided breast cancer patients e.g. adrenergic signaling in 

cardiomyocytes. Unfortunately, we were unable to quantify CACNA1C expression using 

qPCR due to low abundance in both the rat and human (blood) samples. A literature search 

of studies investigating CACNA1C expression showed only tissue-based investigations 

[738–742]. From The human proteome atlas, a comprehensive database of tissue/cell 
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protein expression [743], CACNA1C shows low expression in circulating immune cells. This 

decreased expression could help reduce the confounding effect of blood cells on CACNA1C 

differential expression. Therefore, optimization of RNA extraction techniques from blood 

or opting to measure CACNA1C protein expression in patient serum/plasma can help 

quantify CACNA1C expression [743].  

One confounder complicating the interpretation of our DNA methylation analyses in breast 

cancer patients is that they are all, in fact, cancer patients. Breast cancer has been 

associated with altered DNA methylation profiles with different breast cancer subtypes 

presenting differences in methylation [744–746]. Most of our top DMRs (including STK38L 

and STAT5A) have also been shown to change in breast cancer [516,747]. In addition, 

investigating the expression of the top DMRs and DMPs in MEXPRESS 

(https://mexpress.be) -an online tool for the visualization of TCGA gene expression, DNA 

methylation and clinical data and the relationships between them- revealed several 

associations [748]. Namely, the expression of our DMRs and DMPs, except CCRL2 and 

ATP5G2, shows significant variability in TCGA breast cancer (TCGA-BRCA) dataset of 1063 

samples [749]. As such, most of our DMRs and DMPs are influenced by tumor-associated 

factors such as tumor type, stage and estrogen/progesterone receptor status. Another 

limitation facing the interpretation of our methylation data is that the analysis of patient 

cardiac function is still ongoing (by MEDIRAD partners). Consequently, no correlations 

could be performed between the DMRs and patient cardiac function. However, integration 

of the patient methylation profiles (our results) with circulating classical biomarkers, 

miRNA profiles and cardiac function assays is a planned MEDIRAD subtask. In this subtask, 

network analyses and Bayesian variable selection techniques will be performed which can 

help clarify the contribution of the DMRs to RICVD development with the possible 

development of a mechanistic model.  

As for our investigations on the involvement of noncoding RNA in radiation-induced 

secondary cancers (Chapter 5), the initial aim was to profile salivary noncoding RNA 

(ncRNA) biomarkers in patients subjected to diagnostic IR and then followed up for 
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secondary cancer development. The included patients belonged to the EPI-CT cohort which 

is a European cohort of children and young adults exposed to IR during CT examinations 

[750]. A significant positive association was reported in this cohort between brain 

cancer risk and the cumulative number of head/neck CT examinations (excess relative 

risk=1.27) [750]. Saliva presents an ideal source of biomarkers due to its easy non-invasive 

collection process and good correlation to blood constituents [751]. On the other hand, 

microRNA (miRNA) and long noncoding RNA (lncRNAs) biomarkers have been reported in 

a number of cancers including pancreatic and esophageal cancer [752–755]. Consequently, 

we initially planned to quantify miRNAs and lncRNAs in patient saliva with the aim of 

identifying saliva-based biomarkers for secondary cancer development [754]. We 

successfully optimized RNA extraction, reverse transcription and qPCR procedures to 

concomitantly quantify miRNAs and lncRNAs in volunteer saliva (data not shown). 

However, absence of saliva samples due to regulatory obstacles faced by our MEDIRAD 

colleagues, mostly during COVID time, rendered our plan unfeasible. Consequently, an 

alternative plan was devised to perform a meta-analysis on publicly available glioblastoma 

tissue RNA-seq datasets to identify differentially expressed lncRNAs. Differentially 

expressed miRNAs in glioblastoma tissue were identified by small RNA-seq. RNA-seq 

datasets were selected for meta-analysis if they were of untreated non-recurrent 

glioblastoma tissues in case-control format and containing ≥2 samples per condition in 

FASTQ format. We identified connections between our differentially expressed lncRNAs 

and protein coding genes (PCGs) and the novel cell death pathway, ferroptosis (reviewed 

here [756,757]). From co-expression analysis, we constructed a transcriptomic network 

composed of the lncRNAs identified as differentially expressed in both our meta-analysis 

and in the TCGA-GBM database (DANCR and SNHG6) and their interacting PCGs and 

miRNAs (miR-183/96/182 cluster members). While ferroptosis is currently investigated for 

the therapeutic targeting of glioblastoma and is thus not a novel player, the members of 

our transcriptomic network could provide new targets for investigating ferroptosis in 

glioblastoma.  
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One limitation of our meta-analysis is the rather low number of included studies, in part 

due to stringent selection criteria. Therefore, a broader analysis of literature using less 

stringent selection criteria to include all available glioblastoma RNA-seq datasets, 

regardless of source (cell line/ tissue) and recurrence/treatment, might be beneficial. This 

re-examination should also not include IDH+ and pediatric tumors on account of their 

exclusion in the new WHO glioblastoma classification [568].  

 Clinical impact and future perspectives 

The current thesis presents the 2nd preclinical and 1st clinical investigation focusing on DNA 

methylation as a possible mechanism in RICVD. Considering the scarcity of existing 

research, our data enriches available literature on the topic. We also recommend follow-

up of MEDIRAD EARLY HEART patients for radiation-induced coronary artery disease 

development using stress echocardiography or coronary artery calcium (CAC-score) [758]. 

Reanalysis of our methylation data, while taking into account the cardiovascular status of 

the patients, could help identify RICVD-specific methylation profiles. Previous research 

using similar strategies identified diagnostic/prognostic DNA methylation profiles for 

prefibrotic primary myelofibrosis and prostate cancer [759,760].  

Given the physical stability of methylated DNA and its quantifiable levels in blood and other 

fluids, DNA methylation presents an ideal marker for clinical purposes [761–763]. Several 

methods can be employed for validating the methylation status of identified DMRs/DMPs 

which are bisulfite conversion-based methods, restriction enzyme-based approaches or 

affinity enrichment-based assays [764,765]. Bisulfite conversion-based methods such as 

methylation sensitive high resolution melting (MSHRM) are the most frequently used site-

specific methylation assays [764,765]. However, these are PCR-based assays that suffer 

from PCR bias due to differences in amplification efficiency between unmethylated and 

methylated strands [766]. This bias can be overcome by increasing the annealing 

temperature and careful primer design or by using assays that include single molecule PCR 

such as digital MSHRM [766]. Another disadvantage of bisulfite conversion based-methods 
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is their inability to differentiate between mC and 5-hydroxymC, another stable epigenetic 

mark [766]. For this purpose, mC and 5-hydroxymC can be quantified using technologies 

employing single-molecule detection such as Oxford Nanopore or single-molecule real-

time sequencing (SMRT) [767]. Therefore, selection of a suitable method for validation of 

DMR methylation depends on the required resolution as well as the available technology 

and budget for the experiment. 

As of yet, no DNA methylation-based markers have made it into clinical practice with the 

exception of some oncologic biomarkers [768]. This is partly due inter-study differences in 

sample processing, selected DNA methylation assay with different advantages/limitations 

and different correction for confounding parameters [768]. These differences therefore 

affect the reproducibility of DNA methylation biomarkers and thus their clinical utility. DNA 

methylation can also be influenced by other molecular species such as 8-OHDG produced 

by oxidative damage, as occurs with IR, or by SNP-based genetic variants forming DNA 

methylation quantitative trait loci or meQTLs [769,770]. While 8-OHDG can be 

enzymatically quantified [771], this dynamic profile complicates the utility of DNA 

methylation biomarkers. Perhaps a shift from investigating single gene DNA methylation 

biomarkers to polygenic DNA methylation profiles/panels of DMRs could better predict 

treatment response and/or adverse effects. DNA methylation signatures have previously 

helped elucidate pathophysiological mechanisms as well as predict disease risk and 

treatment responsiveness [772,773]. Another shift is to consider DNA methylation as a 

single layer of multiple which provides limited insight and thereby opting for an integrative 

multiomics-based research approach [774]. While multiomics integration still faces some 

methodological challenges, this multi-dimensional examination can reveal novel disease 

mechanisms and biomarkers [775,776]. As such, follow-up research of our rat and breast 

cancer patient methylomes could involve integration with other -omics profile e.g. coding 

(mRNAs) and noncoding (miRNA and lncRNAs) transcriptomics as well as proteomic 

analyses of the same samples. This integration would help to identify functional DMRs in 

disease pathophysiology, as was recommended by previous research [777–779]. 
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On the other hand, dysregulation of ncRNAs such as miRNAs and lncRNAs is a common 

occurrence in disease pathophysiology including autoimmune diseases, schizophrenia as 

well as most cancers [780–782]. In the current thesis, we confirmed, by meta-analysis, the 

involvement of ferroptosis in glioblastoma while presenting DANCR/SNHG6 network 

members as candidates for future biomarker research. Within this network, we identified 

a number of novel lncRNAs that have not been previously characterized in glioblastoma 

including ENSG00000278133 and ENSG00000277801. Knockdown models using in vitro 

glioblastoma cell lines e.g. U87-luc2 and U251-RedFLuc, which recapitulate glioblastoma 

heterogeneity, could help determine the functional roles of these novel candidates [783]. 

MiRNAs as biomarkers have been suggested for early diagnosis, cancer staging/grading and 

therapy monitoring of a number of cancers including ovarian, hepatocellular, breast and 

pancreatic cancer [784–791]. Beyond diagnosis, a few clinical trials have investigated the 

usefulness of miRNA mimics, which substitute tumor-suppressor miRNAs, and miRNA 

inhibitors which target oncogenic miRNAs e.g. antisense oligonucleotides (ASOs) and 

miRNA sponges in cancer therapy [792,793]. Targeted delivery of miRNA-based cancer 

therapeutics, using cancer-specific receptors or viral carriers, has shown promise in 

preclinical models of pancreatic cancer as well as in the treatment resistant glioblastoma 

[794–797]. On the other hand, lncRNA biomarkers such as PCA3 (prostate cancer 

associated 3) and UCA1 (urothelial carcinoembryonic antigen 1) are currently available for 

the diagnosis of prostatic and bladder cancer, respectively [798,799]. We also found that 

both DANCR and SNHG6 [800–804] and the miR-183/96/182 cluster [805–810] have been 

previously associated with hypoxia, a characteristic of glioblastoma microenvironment 

which promotes invasiveness and treatment resistance [811,812]. Previous research 

measuring miRNAs in patient cerebrospinal fluid identified impairment of angiogenesis and 

autophagy in Parkinson’s disease [813]. In a similar manner, research using knock-

out/knock-in of DANCR/SNHG6 network members may help elucidate novel glioblastoma 

mechanisms and therapeutic targets. To that end, experimental models to be used should 

be capable of mimicking glioblastoma’s microenvironment e.g. brain organoids genetically 

modified for DANCR/SNHG6 overexpression or 3D-bioprinted glioblastoma (e.g. 
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glioblastoma-on-a-chip) [814–816]. Considering the aggressive nature of glioblastoma, 

glioblastoma-specific miRNAs and lncRNAs can contribute to earlier diagnosis and 

improved treatment response in diagnosed patients. In addition, these miRNAs and 

lncRNAs biomarkers could help monitor patients receiving low dose IR for secondary 

glioblastoma development. 

 Conclusions 

The epigenetic effects of IR have been reported by previous research as well as by the 

current thesis. However, characterization of the mechanistic involvement of DNA 

methylation in RICVD pathophysiology remains elusive. IR-induced DNA methylation 

effects seem to be influenced by several factors such as DNA methylation analysis 

techniques as well as radiation-specific factors. Consequently, research on IR-induced DNA 

methylation effects presents varying outcomes of global hypo- and hypermethylation as 

well as inconsistent gene-specific alterations, which complicates conclusive interpretation. 

In Chapter 3 and Chapter 4, we showed that IR-induced methylation alterations were 

enriched in cardiac-specific pathways in rats (as late as 7 months after IR). This enrichment, 

while inconclusive, suggests the involvement of DNA methylation in the observed 

myocardial dysfunction. In addition, the enrichment of cardiac-specific pathways in left 

sided patients immediately after RT suggests DNA methylation alterations as MHD-

sensitive blood biomarker candidates. However, confirming the validity of these candidates 

necessities future integration of our data with functional cardiac assays still under analysis 

at MEDIRAD consortium partners. We also offer several recommendations regarding model 

selection, sample collection and preservation as well as the benefit of integration of 

methylomes with the other omics platforms.  

Alternatively, in Chapter 5, we employed a meta-analysis of RNA-seq datasets to 

characterize lncRNAs in glioblastoma while investigating differentially expressed miRNAs 

by small RNA. This led to the confirmation of previously characterized lncRNAs as well as 

the identification of novel lncRNAs in glioblastoma. Co-expression analysis of differentially 
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expressed lncRNAs and protein coding genes led to the identification of DANCR/SNHG6 

network. This network and its associated miR-183/96/182 cluster showed connections to 

ferroptosis, a current therapeutic target for glioblastoma treatment resistance. Further 

research is needed to ascertain the roles of the novel lncRNAs candidates identified and 

their validity as biomarkers
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Appendix A: Additional information 

6.1. Supplementary materials for Chapter 3 

Supplementary figure 1.1: Summary of relevant correlations A) Correlation between global methylation (5-mC%) and 
GLS in rats receiving 6.9 and 27.6Gy FI. B) Correlation between E2F6 fold change (log) and GLS in rats receiving 27.6Gy 
FI. C) Correlation between V1 ITPR2, E2f6 and CX43 (upper left, upper right and lower left, respectively) and V2 SLMAP 
(lower right) fold change (log) and whole heart dose. Pearson correlation was calculated using SPSS version 28 and R 
program ggscatter function. 
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Supplementary figure 1.2: Mean log fold change of SLMAP, LDLR, ITPR2, E2F6, PTPN and CX43 expression in the 
blood of right (n=9) and left sided ((MHD >2.5 Gy, n=4), (MHD<2.5 Gy, n=12)) breast cancer patients sampled at 
diagnosis (V0), immediately after radiotherapy (V1) and 6 months after radiotherapy (V2). Data is presented as 
mean log fold changes normalized to TBP ± standard error of mean. Continuous lines represent the mean log fold 
changes of patients who received <2.5 Gy mean heart dose (MHD) and dotted lines represent patients who received 
>= 2.5 Gy MHD..(*=p<0.05). Statistical analysis was performed using SPSS generalized estimating equations module 
and multiple comparison correction was performed using least significant difference (LSD). 
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Supplementary table 1.1: Mean heart dose (MHD) of the MEDIRAD EARLY HEART breast cancer patients included in 
our analyses 

Patient Cancer side MHD 

1 Right 0.43 

2 Left 2.5 

3 Left 0.97 

4 Right 0.61 

5 Left 1.65 

6 Left 1.21 

7 Left 2.62 

8 Right 0.28 

9 Left 4.65 

10 Left 1.82 

11 Right 2.05 

12 Left 1.72 

13 Left 2.52 

14 Left 1.86 

15 Left 2.3 

16 Right 1.01 

17 Left 2.57 

18 Left 2.58 

19 Left 2.62 

20 Left 2.11 

21 Right 1.05 

22 Left 2.57 

23 Right 1.3 

24 Right 0.94 

25 Left 2.13 

26 Left 1.62 

27 Right 1.81 

28 Right 1.31 

29 Right 1.05 

30 Left 1.77 

31 Left 2.25 

32 Left 1.49 

33 Left 1.91 

34 Right 1.1 

35 Right 1.04 

36 Left 2.45 

37 Left 1.37 

38 Left 1.34 
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39 Left 1.92 

40 Right 1.48 

41 Left 1.42 

42 Left 0.14 

43 Right 1.07 
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Supplementary table 1.2: Differentially methylated regions (DMRs) showing > 25% differential methylation at 1.5 
months after 27.6 Gy FI relative to sham controls 

Gene Chromosomal 

location 

Start End MeanDiff Direction 

Rassf4 Chr4 1.49E+08 1.49E+08 0.2515 hyper 

Ston2 Chr6 1.15E+08 1.15E+08 0.27253 hyper 

Srebf1 Chr10 46583686 46583686 0.2586 hyper 

RGD1306556 Chr12 49458609 49458609 0.28004 hyper 

RGD1306556 Chr12 49505705 49506258 0.26282 hyper 

Zfp748 Chr1 38008484 38008484 -0.2639 hypo 

Tigd3 Chr1 2.21E+08 2.21E+08 -0.3675 hypo 

Mblac2 Chr2 9607537 9607537 -0.2711 hypo 

Cdh18 Chr2 74241559 74241843 -0.3379 hypo 

RGD1565059 Chr2 1.54E+08 1.54E+08 -0.2928 hypo 

Tpk1 Chr4 72944030 72944386 -0.2872 hypo 

Cacna1c Chr4 1.51E+08 1.51E+08 -0.2856 hypo 

E2f6 Chr6 42100405 42100405 -0.3561 hypo 

Unc79 Chr6 1.27E+08 1.27E+08 -0.2984 hypo 

Glyatl3 Chr9 23378114 23378368 -0.3033 hypo 

Dnah7-2 Chr9 60143910 60143910 -0.25 hypo 

Mtmr3 Chr14 84783955 84784026 -0.3978 hypo 

Slmap Chr16 2224626 2224626 -0.2624 hypo 

Smim13 Chr17 21341896 21342113 -0.2851 hypo 

  

  



Appendix A: Additional information 

187 
 

Supplementary table 1.3: DMRs showing > 25% differential methylation at 7 months after 27.6 Gy FI relative to 
sham controls 

Gene Chromosomal 

location 

Start End MeanDiff Direction 

Rassf4 Chr4 1.49E+08 1.49E+08 0.2515 hyper 

Ston2 Chr6 1.15E+08 1.15E+08 0.27253 hyper 

Srebf1 Chr10 46583686 46583686 0.2586 hyper 

RGD1306556 Chr12 49458609 49458609 0.28004 hyper 

RGD1306556 Chr12 49505705 49506258 0.26282 hyper 

Zfp748 Chr1 38008484 38008484 -0.2639 hypo 

Tigd3 Chr1 2.21E+08 2.21E+08 -0.3675 hypo 

Mblac2 Chr2 9607537 9607537 -0.2711 hypo 

Cdh18 Chr2 74241559 74241843 -0.3379 hypo 

RGD1565059 Chr2 1.54E+08 1.54E+08 -0.2928 hypo 

Tpk1 Chr4 72944030 72944386 -0.2872 hypo 

Cacna1c Chr4 1.51E+08 1.51E+08 -0.2856 hypo 

E2f6 Chr6 42100405 42100405 -0.3561 hypo 

Unc79 Chr6 1.27E+08 1.27E+08 -0.2984 hypo 

Glyatl3 Chr9 23378114 23378368 -0.3033 hypo 

Dnah7-2 Chr9 60143910 60143910 -0.25 hypo 

Mtmr3 Chr14 84783955 84784026 -0.3978 hypo 

Slmap Chr16 2224626 2224626 -0.2624 hypo 

Smim13 Chr17 21341896 21342113 -0.2851 hypo 
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6.2. Supplementary materials for Chapter 4 

Supplementary table 2.1: Pathway enrichment of differentially methylated positions (DMPs) immediately after RT 
in left sided breast cancer patients. 

Enriched 

pathway 

DMRs associated with pathway 

Chemokine 

signaling pathway 

NFKBIA,GSK3A,CCL1,CXCL6,NFKB1,RAP1B,DOCK2,PLCB2,GNB5,PIK3R3,MAPK3,AKT3,GRK7,

CXCL13,TIAM1,PIK3CB,CXCR5,CCR2,CCR5,STAT5B,CXCL16,ADCY9,MAP2K1,CXCL10,XCR1,A

DCY6,ADCY4,ELMO1,ADRBK1,GNAI2,ADRBK2,ROCK2,CXCR2,GSK3B,CCR8,GNG2,PLCB1,PTK

2,GPR29,CX3CR1,GNG5,SRC,CXCR3,FGR,PIK3CD,PRKCZ,GNG7,AKT2,GRK5,PRKCD,CCL26,CX

CL12,CDC42,FOXO3,JAK3,PIK3R5,CXCR6,ITK,CCL24,SHC1,ARRB2,GNGT2,CXCL2,LYN,CCR3,P

IK3R6,IKBKG 

PI3K-Akt signaling 

pathway 

ITGB4,IL2RB,PCK2,HGF,LAMB1,CSF3,COL1A1,VTN,NFKB1,TNN,FLT3,G6PC,CCND2,VWF,PPP

2R5A,PDGFRB,GNB5,PHLPP1,PIK3R3,MAPK3,AKT3,TNC,CDK6,CDK2,FGF7,G6PC3,IFNAR1,FL

T1,ITGA1,ITGB6,CSF1R,PIK3CB,FGFR4,ITGA5,NOS3,MAP2K1,IGF1,IL7R,RPTOR,RPS6KB2,VE

GFB,LAMA3,GSK3B,ITGA11,LPAR5,CREB3L2,GNG2,PPP2R5E,PIK3AP1,PTK2,JAK1,PKN1,PDG

FA,COL9A1,CREB5,EPHA2,COL4A2,TNR,FASLG,THBS3,IL6R,CREB3L4,CRTC2,MCL1,NGF,GNG

5,YWHAB,CCND3,CSF3R,TLR4,LPAR1,ATF6B,SYK,COL4A1,PIK3CD,LPAR6,IL2RA,COL2A1,GN

G7,AKT2,PPP2R2B,YWHAZ,SGK3,BCL2,CDKN1A,MAGI1,IL6,FOXO3,CREB1,JAK3,PIK3R5,LAM

A2,FGFR2,PPP2R5C,BDNF,RXRA,PDGFC,GNGT2,ANGPT1,CD19,NR4A1,ITGA7,MLST8,PHLPP

2,PIK3R6,CREB3L1,PRLR,IKBKG 

Osteoclast 

differentiation 

TNFRSF1A,MAPK13,NFKBIA,RELB,NFKB1,SPI1,MAPK14,PPP3R1,TYROBP,PIK3R3,MAPK3,IL1

B,AKT3,FOSL2,IFNAR1,FCGR2A,CSF1R,PPARG,PIK3CB,IFNGR2,MITF,MAP2K1,JUNB,LCK,JAK

1,FYN,GAB2,FCGR3A,TREM2,SYK,PIK3CD,TEC,SQSTM1,LILRB2,AKT2,NFATC2,NCF4,SIRPA,IL

1R1,CREB1,CYLD,MAPK9,FCGR3B,ACP5,OSCAR,MAP3K14,IKBKG 

Th1 and Th2 cell 

differentiation 

MAPK13,IL2RB,NFKBIA,NFKB1,MAPK14,IL5,PPP3R1,NOTCH2,MAPK3,PRKCQ,ZAP70,NOTCH

1,IFNGR2,MAML1,STAT5B,STAT6,CD3D,LCK,STAT5A,JAK1,RBPJ,CD3E,CD247,HLA-

DMA,GATA3,IL2RA,NFATC2,RUNX3,HLA-DOB,JAK3,HLA-DPA1,MAPK9,HLA-

DMB,MAML3,CD3G,MAML2,IKBKG 

Th17 cell 

differentiation 

MAPK13,IL2RB,NFKBIA,NFKB1,MAPK14,PPP3R1,RARA,RORA,MAPK3,PRKCQ,IL1B,ZAP70,IF

NGR2,STAT5B,STAT6,RUNX1,CD3D,RORC,SMAD3,LCK,IL21R,STAT5A,SMAD4,JAK1,CD3E,CD

247,IL6R,RXRB,HLA-DMA,GATA3,IL2RA,IRF4,IL6ST,NFATC2,IL6,IL1R1,HLA-DOB,JAK3,HLA-

DPA1,MAPK9,HLA-DMB,RXRA,CD3G,IKBKG 

T cell receptor 

signaling pathway 

MAPK13,NFKBIA,NFKB1,MAPK14,IL5,NCK2,PPP3R1,PIK3R3,MAPK3,PRKCQ,AKT3,ZAP70,PIK

3CB,CD3D,MAP2K1,CTLA4,RASGRP1,MALT1,GSK3B,CD28,PDCD1,LCK,GRAP2,FYN,CD3E,CD

247,PIK3CD,TEC,AKT2,NFATC2,CDC42,PTPN6,MAPK9,ITK,PAK6,PTPRC,IL10,NCK1,CD3G,PA

K4,MAP3K14,IKBKG 

Insulin resistance TNFRSF1A,PYGM,PCK2,NFKBIA,PYGB,NFKB1,PRKAB1,NR1H2,G6PC,PIK3R3,PRKCQ,AKT3,CP

T1A,G6PC3,PRKAG2,PIK3CB,NOS3,RPS6KB2,PPARGC1B,GSK3B,CREB3L2,ACACB,PPP1CC,SR

EBF1,CREB5,CREB3L4,CRTC2,PPP1R3D,PTPN1,PIK3CD,TBC1D4,PRKCZ,FOXO1,AKT2,PRKCD,

PPARA,IL6,CREB1,MAPK9,CD36,RPS6KA2,RPS6KA1,NR1H3,CREB3L1,SLC27A3 
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Yersinia infection MAPK13,NFKBIA,MEFV,NFKB1,MAPK14,PYCARD,ACTR3C,PIK3R3,MAPK3,ACTR3,IL1B,AKT3,

ZAP70,FCGR2A,IL18,PIK3CB,ELMO2,ITGA5,MAP2K1,ELMO1,BAIAP2,ROCK2,WIPF2,GSK3B,L

IMK1,NLRP3,LCK,RHOG,PTK2,PKN1,MAP2K3,GIT2,SRC,TLR4,ARHGEF7,PIK3CD,AKT2,WIPF1,

NFATC2,CDC42,NLRC4,IL6,MAPK9,IL10,RPS6KA2,RPS6KA1,WASF2,IKBKG 

Human T-cell 

leukemia virus 1 

infection 

TNFRSF1A,IL2RB,NFKBIA,RELB,NFKB1,SPI1,LTBR,PPP3R1,MSX2,TBPL2,CANX,HLA-

F,CCND2,ANAPC5,CREBBP,PIK3R3,TCF3,MAPK3,AKT3,VDAC1,CDK2,CRTC3,PIK3CB,TNFRSF1

3C,STAT5B,ADCY9,CD3D,MAP2K1,ADCY6,ADCY4,CALR,CREB3L2,IL1R2,SMAD3,LCK,STAT5A,

SMAD4,JAK1,ITGAL,CREB5,CD3E,CREB3L4,CRTC2,CCND3,HLA-DMA,ATF6B,HLA-

E,PIK3CD,IL2RA,AKT2,ETS1,NFATC2,ITGB2,CDKN1A,MAD1L1,IL6,IL1R1,CREB1,CHEK1,HLA-

DOB,JAK3,HLA-DPA1,MAPK9,HLA-DMB,LTA,CD3G,B2M,ZFP36,CREB3L1,MAP3K14,IKBKG 

Pathways in 

cancer 

RALA,DVL2,RALBP1,GNA11,IL2RB,NFKBIA,MMP2,HGF,LAMB1,NFKB1,SPI1,IL5,MLH1,FLT3,R

ARA,NOTCH2,APC,PLCB2,CCND2,TRAF5,CDH1,PDGFRB,GNB5,DAPK2,AXIN1,CREBBP,PIK3R

3,MAPK3,AKT3,CBL,MECOM,CDK6,CDK2,FGF7,IFNAR1,WNT9A,CALM2,RALB,SKP2,GNA12,

NOTCH1,CSF1R,PPARG,PIK3CB,IFNGR2,FGFR4,STAT5B,ADCY9,MITF,HHIP,STAT6,RUNX1,M

AP2K1,IGF1,IL7R,ARNT2,RPS6KB2,RASGRP1,PPARD,VEGFB,ADCY6,CTBP2,ADCY4,GNAI2,RO

CK2,EML4,LAMA3,GSK3B,CUL1,LPAR5,PTCH1,SMAD3,GNG2,PLCB1,HEY1,PTK2,STAT5A,SM

AD4,PLD1,JAK1,ESR2,CTNNB1,PDGFA,RET,PTGER3,COL4A2,FASLG,MGST3,IL6R,TPM3,SUFU

,GNG5,FRAT2,FRAT1,RALGDS,CCND3,CSF3R,TRAF1,LPAR1,RXRB,NOTCH4,ZBTB17,COL4A1,

PIK3CD,LPAR6,DVL1,FOXO1,IL2RA,BRCA2,NKX3-

1,IL6ST,GNG7,ALK,AKT2,ETS1,KIF7,CXCL12,MGST1,NFE2L2,WNT5B,BCL2,GSTP1,CDC42,TX

NRD2,CSF2RB,CDKN1A,NCOA1,IL6,GLI2,JAK3,MAPK9,LAMA2,ESR1,FGFR2,CALML4,AGTR1,

RXRA,GNGT2,CEBPA,TXNRD1,PLEKHG5,TRAF3,RASSF5,NCOA4,BIRC2,RPS6KA5,MGST2,IKB

KG 

TNF signaling 

pathway 

TNFRSF1A,MAPK13,RIPK3,NFKBIA,CXCL6,NFKB1,MAPK14,IRF1,TRAF5,PIK3R3,MAPK3,IL1B,

AKT3,PIK3CB,VCAM1,NOD2,MAP2K1,JUNB,CXCL10,MMP14,CREB3L2,MAP2K3,CREB5,CRE

B3L4,TRAF1,ATF6B,TNFRSF1B,PIK3CD,AKT2,IL6,CREB1,MAPK9,LTA,CXCL2,TRAF3,BIRC2,RPS

6KA5,ITCH,TNFAIP3,CREB3L1,MAP3K14,IKBKG 

Rap1 signaling 

pathway 

RALA,MAPK13,SIPA1L3,HGF,MAPK14,RAP1B,PLCB2,CDH1,PDGFRB,PIK3R3,MAPK3,AKT3,F

ARP2,RAPGEF2,FGF7,CALM2,RALB,FLT1,CSF1R,TIAM1,PIK3CB,FGFR4,ADCY9,MAP2K1,IGF1,

VEGFB,ADCY6,ADCY4,GNAI2,LPAR5,ADORA2A,PLCB1,CTNNB1,MAP2K3,PDGFA,ITGAL,EPH

A2,SIPA1L2,NGF,GRIN1,RALGDS,RAPGEF1,SRC,LPAR1,APBB1IP,PIK3CD,PRKCZ,AKT2,EVL,GR

IN2A,RAPGEF4,ITGB2,CTNND1,CDC42,MAGI1,RAPGEF3,DOCK4,FGFR2,CALML4,PDGFC,AN

GPT1,RAP1GAP,ITGAM,SIPA1L1,RASSF5 

Adrenergic 

signaling in 

cardiomyocytes 

KCNQ1,MAPK13,MAPK14,PLCB2,PPP2R5A,MAPK3,AKT3,SLC9A1,CREM,CACNA1C,CALM2,A

TP1B3,FXYD2,ADCY9,ADCY6,ADCY4,GNAI2,SCN4B,CREB3L2,KCNE1,PPP2R5E,PLCB1,PPP1C

C,ATP2B4,CREB5,ATP2A3,ATP2B2,RYR2,TPM3,CREB3L4,ATF6B,CACNA2D4,AKT2,PPP2R2B,

RAPGEF4,BCL2,SLC8A1,CREB1,PIK3R5,RAPGEF3,SCN5A,PPP2R5C,CACNA2D2,CALML4,AGT

R1,ATP2A2,ATP1A3,ATP1A1,RPS6KA5,PIK3R6,CREB3L1 

Regulation of 

actin 

cytoskeleton 

ITGB4,VCL,MYH9,CHRM3,RRAS2,APC,PDGFRB,PIK3R3,ARPC1A,MAPK3,ITGAE,SLC9A1,FGF7

,IQGAP2,MYLK4,GNA12,MYL9,ITGA1,ITGB6,TIAM1,PIK3CB,FGFR4,ITGA5,ABI2,SCIN,MAP2K

1,SSH3,SSH1,BAIAP2,ROCK2,ITGA11,LPAR5,LIMK1,LIMK2,PTK2,PPP1CC,PDGFA,ITGAL,IQGA

P3,SRC,GSN,LPAR1,FGD3,ARHGEF7,MYLK2,PIP4K2A,PIK3CD,CHRM5,ACTN1,CXCL12,MYH1
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1,ITGB2,DIAPH1,CDC42,DIAPH3,RDX,PAK6,FGFR2,PDGFC,ITGAM,CYFIP2,ITGA7,ITGAX,PAK

4,PPP1R12B,CYFIP1,WASF2 

Shigellosis TNFRSF1A,MAPK13,VCL,NFKBIA,GSK3A,NFKB1,MAPK14,PYCARD,PLCB2,TRAF5,WIPI1,PIK3

R3,ARPC1A,MAPK3,PRKCQ,IL1B,AKT3,SEPT11,FBXW11,VDAC1,MYL9,IL18,PIK3CB,ELMO2,I

TGA5,CYTH3,ITPR1,RPTOR,RPS6KB2,ELMO1,UBE2N,TNIP1,ROCK2,MALT1,GSK3B,CUL1,TM

EM173,NLRP3,PLCB1,PTK2,CYTH1,ARHGEF2,TIFA,SRC,UBE2D1,TLR4,PIK3CD,FOXO1,SQSTM

1,AKT2,ACTN1,PRKCD,CAST,BCL2,DIAPH1,UBE2D2,CDC42,NLRC4,FOXO3,IL1R1,SEPT9,MAP

K9,HK1,TECPR1,UBC,PLCD3,RPS6KA5,WASF2,IKBKG 

cAMP signaling 

pathway 

NFKBIA,NFKB1,LIPE,RAP1B,RRAS2,CREBBP,PIK3R3,MAPK3,AKT3,SLC9A1,CACNA1C,CALM2,

MYL9,PDE3B,ATP1B3,TIAM1,PIK3CB,HTR6,FXYD2,ADCY9,LHCGR,HHIP,MAP2K1,ADCY6,AD

CY4,GNAI2,ROCK2,CREB3L2,PTCH1,GHRL,ADORA2A,PPP1CC,PLD1,PDE4D,ACOX3,PTGER3,

ATP2B4,CREB5,ATP2A3,ATP2B2,RYR2,CREB3L4,GRIN1,ABCC4,GABBR1,PIK3CD,PDE4A,AKT

2,GRIN2A,RAPGEF4,CNGA1,PPARA,CREB1,HCAR1,MAPK9,RAPGEF3,BDNF,CALML4,ATP2A2

,ATP1A3,ATP1A1,GIPR,FFAR2,ORAI1,FXYD1,CREB3L1 

Phospholipase D 

signaling pathway 

RALA,RRAS2,PLCB2,PDGFRB,PIK3R3,MAPK3,AKT3,DGKD,DGKG,RALB,GNA12,DGKE,PIK3CB,

FCER1G,ADCY9,CYTH3,MAP2K1,ADCY6,ADCY4,AGPAT4,CXCR2,LPAR5,DGKA,PLCB1,PLD1,P

DGFA,FYN,CYTH1,GAB2,PLA2G4A,FCER1A,PPAP2B,RALGDS,DNM1,LPAR1,SYK,PIK3CD,LPAR

6,DNM2,AKT2,RAPGEF4,AGPAT3,DGKB,PIK3R5,RAPGEF3,SHC1,DGKZ,AGTR1,PDGFC,PIK3R

6 

AMPK signaling 

pathway 

PCK2,PRKAB1,PFKFB4,LIPE,G6PC,CAB39,TBC1D1,PPP2R5A,RAB2A,PIK3R3,EEF2K,AKT3,CPT

1A,G6PC3,PPARG,PRKAG2,HMGCR,PIK3CB,IGF1,RPTOR,RPS6KB2,LEP,CAMKK2,CREB3L2,PP

P2R5E,ACACB,SREBF1,CREB5,CREB3L4,CRTC2,PIK3CD,FOXO1,AKT2,PPP2R2B,ELAVL1,FOXO

3,CREB1,CD36,PPP2R5C,PFKFB3,CAB39L,CREB3L1,ACACA 

Platelet activation MAPK13,COL1A1,MAPK14,RAP1B,PLCB2,VWF,PIK3R3,MAPK3,AKT3,FCGR2A,MYLK4,FERM

T3,PIK3CB,FCER1G,ADCY9,NOS3,GP9,FGB,ITPR1,P2RY12,RASGRP1,ADCY6,ADCY4,GNAI2,R

OCK2,PLCB1,PPP1CC,FYN,PLA2G4A,SRC,PRKG1,SYK,MYLK2,APBB1IP,PIK3CD,PRKCZ,AKT2,G

P1BB,PIK3R5,TBXA2R,LYN,PIK3R6,ORAI1 

Hematopoietic 

cell lineage 

CD22,CSF3,IL5,FLT3,IL1B,ITGA1,CSF1R,ITGA5,CD3D,GP9,IL7R,CD34,CD7,IL1R2,CD3E,CD1E,

CD1D,IL6R,CD2,CSF3R,HLA-DMA,IL2RA,CD9,CD59,GP1BB,IL6,IL1R1,HLA-DOB,HLA-

DPA1,HLA-DMB,CD36,MME,CD3G,CD19,ITGAM 

PD-L1 expression 

and PD-1 

checkpoint 

pathway in 

cancer 

MAPK13,NFKBIA,NFKB1,MAPK14,PPP3R1,PIK3R3,MAPK3,PRKCQ,AKT3,ZAP70,PIK3CB,IFNG

R2,CD3D,MAP2K1,RPS6KB2,RASGRP1,EML4,CD28,PDCD1,LCK,JAK1,MAP2K3,TLR9,CD3E,CD

247,TLR4,PIK3CD,ALK,AKT2,NFATC2,PTPN6,TICAM2,CD3G,IKBKG 

Glycerolipid 

metabolism 

DGAT2,LPIN2,ALDH2,DGKD,DGKG,MGLL,DGKE,MBOAT2,LPL,LCLAT1,AGPAT4,MBOAT1,DG

KA,PNPLA2,AGK,AKR1B10,PPAP2B,AKR1A1,DAK,AGPAT6,AGPAT3,DGKB,GLYCTK,LPIN1,DG

KZ 

cGMP-PKG 

signaling pathway 

GNA11,PPP3R1,PLCB2,MAPK3,AKT3,VDAC1,CACNA1C,CALM2,KCNMB1,MYLK4,GNA12,MY

L9,PDE3B,ATP1B3,KCNMA1,FXYD2,ADCY9,NOS3,MAP2K1,ITPR1,ADCY6,ADCY4,GNAI2,ROC

K2,CREB3L2,GATA4,PLCB1,TRPC6,PPP1CC,ATP2B4,CREB5,ATP2A3,ATP2B2,CREB3L4,PRKG1

,ATF6B,MYLK2,AKT2,NFATC2,CNGA1,SLC8A1,CREB1,BORCS8-
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MEF2B,PIK3R5,GTF2IRD1,MEF2B,CALML4,AGTR1,ATP2A2,ATP1A3,ATP1A1,PIK3R6,CREB3L

1 

Sphingolipid 

signaling pathway 

TNFRSF1A,MAPK13,SPTLC2,NFKB1,MAPK14,S1PR4,CERS4,PLCB2,PPP2R5A,PIK3R3,MAPK3,

AKT3,CERS2,GNA12,CERS3,PIK3CB,FCER1G,NOS3,MAP2K1,S1PR1,DEGS2,GNAI2,ROCK2,PP

P2R5E,PLCB1,PLD1,FYN,SGMS1,GAB2,FCER1A,PIK3CD,PRKCZ,AKT2,PPP2R2B,SGMS2,BCL2,

ABCC1,MAPK9,NSMAF,PPP2R5C,S1PR2 

Focal adhesion ITGB4,VCL,HGF,LAMB1,CAV2,COL1A1,VTN,TNN,RAP1B,CCND2,VWF,PDGFRB,PIK3R3,MAPK

3,AKT3,TNC,MYLK4,MYL9,FLT1,ITGA1,ITGB6,PIK3CB,ITGA5,MAP2K1,IGF1,VEGFB,ROCK2,LA

MA3,GSK3B,ITGA11,PTK2,PPP1CC,CTNNB1,PDGFA,FYN,COL9A1,COL4A2,TNR,THBS3,RAPG

EF1,CCND3,SRC,COL4A1,MYLK2,PIK3CD,COL2A1,AKT2,ACTN1,BCL2,DIAPH1,CDC42,PARVG,

MAPK9,LAMA2,SHC1,RASGRF1,PAK6,PDGFC,ITGA7,PAK4,PPP1R12B,BIRC2 

C-type lectin 

receptor signaling 

pathway 

MAPK13,NFKBIA,RELB,NFKB1,MAPK14,PPP3R1,IRF1,PYCARD,RRAS2,PIK3R3,MAPK3,IL1B,A

KT3,CALM2,PIK3CB,FCER1G,CLEC4D,CLEC7A,ITPR1,MALT1,NLRP3,CARD9,SRC,SYK,PIK3CD,L

SP1,AKT2,PRKCD,NFATC2,KSR1,IL6,CYLD,MAPK9,IL10,CALML4,MAP3K14,IKBKG 

Viral protein 

interaction with 

cytokine and 

cytokine receptor 

TNFRSF1A,IL2RB,CCL1,CXCL6,LTBR,TNFRSF10B,IL18,CSF1R,CXCL13,IL10RB,CXCR5,CCR2,CC

R5,CXCL10,XCR1,CXCR2,CCR8,IL20RB,IL19,GPR29,TNFRSF10C,CX3CR1,IL6R,CXCR3,TNFRSF1

B,IL2RA,IL6ST,CCL26,CXCL12,IL6,CCL24,LTA,IL10,CXCL2,CCR3 

Hedgehog 

signaling pathway 

CCND2,MGRN1,CUL3,FBXW11,HHIP,ADRBK1,ADRBK2,GSK3B,CUL1,PTCH1,CSNK1G3,SMUR

F1,SUFU,KIF7,CSNK1E,BCL2,GLI2,ARRB2,BOC,GPR161,C16orf52 

Endocytosis ARF5,PSD,SPG21,IL2RB,CAV2,ZFYVE20,HLA-

F,SNX1,RAB11A,RAB11FIP3,ARPC1A,CBL,GRK7,CCR5,FGFR4,AP2M1,CYTH3,VPS37C,ADRBK

1,BIN1,ADRBK2,EEA1,CXCR2,WIPF2,PSD3,RUFY1,HGS,RAB11FIP1,SMAD3,PLD1,ACAP3,GIT

2,RAB11FIP2,AMPH,AP2A1,CYTH1,SMURF1,VPS45,EPS15,ARFGEF2,SMAP2,DNM1,SRC,LDL

RAP1,HLA-

E,VPS28,PRKCZ,SNX2,IL2RA,DNM2,WIPF1,GRK5,ARAP1,IQSEC2,AGAP3,CHMP7,CDC42,NED

D4L,KIF5C,ARRB2,CHMP3,FGFR2,SPG20,ASAP1,IST1,CLTCL1,RAB31,EHD1,IQSEC1,ITCH,VPS

29,FOLR3 

Viral 

carcinogenesis 

HDAC7,NFKBIA,NFKB1,LTBR,UBE3A,TBPL2,GTF2H4,HLA-

F,CCND2,TRAF5,CREBBP,PIK3R3,MAPK3,HDAC4,CDK6,CDK2,SKP2,PIK3CB,CCR5,STAT5B,SCI

N,PKM,CCR8,CREB3L2,STAT5A,JAK1,USP7,RBPJ,GTF2E2,CREB5,CREB3L4,GTF2B,YWHAB,CC

ND3,SRC,GSN,TRAF1,ATF6B,UBR4,SYK,HLA-

E,PIK3CD,IL6ST,ACTN1,YWHAZ,CDC42,CDKN1A,MAD1L1,CREB1,CHEK1,JAK3,HDAC9,LYN,C

CR3,TRAF3,CREB3L1,IKBKG 

Immune System RALA,PGLYRP1,TNFRSF17,CD22,ICAM3,TNFRSF1A,CPB2,CDK13,PILRA,UNC13D,MAPK13,VC

L,ARSA,MYH9,IL2RB,RIPK3,CTSG,NFKBIA,PYGB,CTSZ,OLFM4,MMP2,MEFV,CSK,PAG1,RELB,

RAB3D,HGF,MPO,CSF3,COL1A1,DUSP3,VTN,NFKB1,MLEC,LTA4H,LTBR,MAPK14,TMEM30A,

LNPEP,IL5,LTF,UBE3A,SLC11A1,IL1RL1,AZU1,PPP3R1,PRTN3,CD160,FLT3,TNFAIP6,PI3,CEAC

AM8,FBXO9,TREM1,MT2A,IRF1,NUP85,CANX,PYCARD,TUBA4A,PTPN12,PIAS1,CD68,RAP1B

,PVRL2,ZFYVE20,LGALS3,NUP210,RAP1GAP2,CHI3L1,DOCK2,TCN1,FBXL8,CAB39,EDAR,BLK,

IL36G,IL1RN,PSMB7,RNF144B,HLA-

F,SDCBP,KIF23,ADAM10,DNAJC13,IRAK3,LYZ,CLEC2D,LMNB1,HEXB,PPP2R5A,RORA,CDH1,

CYSTM1,ANAPC5,LPO,CREBBP,MGRN1,CRISPLD2,NLRC5,TYROBP,PIK3R3,TIMP2,SAMHD1,
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ARPC1A,MAPK3,PRKCQ,ACTR3,IL1B,CD81,AKT3,LNX1,TNFRSF8,CBL,CD80,IL1RL2,TXK,HERC

5,CUL3,ASB1,ATP6V0A1,ZAP70,FBXW11,MAPKAP1,CD27,SLC15A4,BIN2,IRF8,GALNS,IFNAR

1,ECSIT,FCN3,FCGR2A,C1orf35,ATP6V1A,SKP2,IQGAP2,KCTD7,ATP6V1B2,SERPING1,MS4A

3,AIP,IL18,SEC24D,TNFSF4,LPCAT1,ATP8B4,SH3RF1,APP,CSF1R,UBE2L6,PIK3CB,FCER1G,IL1

0RB,IFNGR2,ELMO2,TNFRSF13C,TRIM62,CCR2,CCR5,AP2M1,STAT5B,EIF4A1,VCAM1,NCST

N,STK11IP,ABI2,IL17RC,S100P,CAMP,TREX1,FABP5,BRI3,DEFA4,NOS3,C2,RAG1,CLEC4D,ST

AT6,NOD2,CD3D,TUBA1C,RILP,UNKL,MAP2K1,CLEC7A,LRG1,IL16,JUNB,NKIRAS2,UBE2E1,C

TLA4,ATP6V1E2,S1PR1,CXCL10,FGB,IL7R,ITPR1,ISG20,PTPN7,OLR1,CLCF1,SLCO4C1,CD34,R

ASGRP1,FBXW8,MUCL1,RAB6A,SPSB4,ELMO1,MID1,PRKDC,VAMP2,TOLLIP,CLU,UBE2N,BA

IAP2,CPNE1,EEA1,ENPP4,CAMK2G,MALT1,CPN2,CXCR2,PKM,CALR,WIPF2,IL17RA,ASB4,FB

XL13,PELI3,ACPP,CD28,EIF4A2,CUL1,RORC,P4HB,IL20RB,P2RX7,IL1R2,TMEM173,KLHL22,C

D86,CFD,SYNGR1,GPR97,SMAD3,UBA7,PDCD1,EDARADD,ZNRF1,LIMK1,KLHL25,SLC44A2,N

LRP3,PPP2R5E,LCK,IL21R,TUBB,GRAP2,RHOG,TSLP,PIK3AP1,MAOA,GYG1,MEF2C,COL17A1,

PTK2,STAT5A,PRDX6,SLPI,IFI6,PLD1,IL19,TRIM29,JAK1,SEC24C,TNFSF13,GPR29,TRIM14,CT

NNB1,NFASC,FBXL14,FBXL5,MAP2K3,IMPDH1,HMGB1,CTSB,NUP50,PGLYRP2,ANXA2,MEF

2A,ATG7,FYN,KCTD6,RNF220,UBE2H,VAT1,CLEC12A,HP,RAC1,AMICA1,ORAI2,ITGAL,IL27,A

RG1,TRIM38,RAET1E,DOK3,IRF5,CEACAM3,AP1B1,PTPN5,PELI1,AP2A1,PCBP2,PGLYRP4,M

YO1C,TLR9,DNAJC5,CD3E,SMURF1,CD247,DCTN1,TIFA,GAB2,PJA1,TMEM63A,CR2,C4BPA,C

HIT1,FASLG,POU2F1,FCGR3A,SLAMF7,FCER1A,AIM2,CD1D,IL6R,S100A7A,S100A8,S100A9,

HRNR,MCL1,CD58,AHCYL1,FBXW4,UBE2U,PGM1,SH2D1A,PTPN1,CARD9,UBAC1,IFIT2,RAP

GEF1,SFTPD,PLAU,YWHAB,DNM1,LCN2,CSF3R,TREM2,SRC,GSN,PTAFR,UBE2D1,TLR4,PRKG

1,FGR,TXN,HLA-DMA,PSMB9,PSMB8,CDA,UBR4,CD300LD,BPIFB4,SYK,TNFRSF1B,HLA-

E,TRIM39,ANXA1,FTL,PIK3CD,SLC2A5,KLHL21,TNFRSF25,CKAP4,NUP160,GATA3,YPEL5,FOX

O1,NHLRC3,IL2RA,MTAP,FBXL19,COL2A1,IRF4,IL6ST,TEC,KLRD1,DEFB136,SEC13,DNM2,SIG

LEC15,SQSTM1,LAIR1,LILRB2,AKT2,DYNLL1,WIPF1,PLD4,RAB37,EVL,ORMDL3,PRKCD,KIF20

A,DAK,FZR1,HERC4,SEC31A,CD59,ATP6V1C1,YWHAZ,NFATC2,MGST1,RAB27A,TAX1BP1,A

MPD3,RAPGEF4,NCF4,ITGB2,BCL2,LONRF1,DIAPH1,GSTP1,UBE2D2,GRB10,MYO5A,SIRPA,F

KBP1A,CDC42,NEDD4L,EIF4G3,CSF2RB,IL18BP,HPSE,BCL6,FBXO11,PRR5,CDKN1A,C1S,NLRC

4,SAR1B,IL6,KIF3A,FOXO3,IFITM1,IL1R1,UBE2E3,PLD3,CREB1,KIF26A,TLR6,DSN1,HLA-

DOB,PTPN6,JAK3,PILRB,CYLD,EIF4E3,HLA-

DPA1,SLA,MAPK9,GCA,SMARCA4,RAPGEF3,TSPAN14,PSMD13,UBE2W,ITK,HLA-

DMB,CD36,PLAC8,PTPRJ,UBE2L3,HECTD2,SHC1,SIGLEC6,SERPINB2,LTA,FBXO10,RACGAP1,

GPI,ANO6,CRACR2A,TMBIM1,TRIM26,LTB,PTPRC,IL10,PPP2R5C,STXBP2,TOM1,SIGLEC9,PS

MA1,DCTN4,KLC1,NBEAL2,TICAM2,ICAM2,EIF4G1,NCK1,MME,TREML2,CD200,ATP11A,RN

F182,MYO10,ANAPC13,DAPP1,FBXL7,KLHL5,LAMTOR3,MIB2,RNASET2,RPS6KA2,FYB,CXCL

2,FBXO32,SPSB2,RNF217,LYN,RNF19A,ATOX1,CD3G,LMO7,FCGR3B,RAP1GAP,RPS6KA1,CD

19,IST1,TARM1,HMHA1,UBC,ITGAM,MUC12,NUP153,CYFIP2,SOD2,MGAM,CD63,METTL7A

,RPLP0,CLEC5A,ASB2,PSTPIP1,B2M,ADAM8,RNF111,TRAF3,ITGAX,MLST8,RAB31,TMC6,ELA

NE,FPR2,NUP62,MYO9B,ALDH3B1,HMOX2,CPNE3,BIRC2,LRRC41,STIM1,NLRP1,RAG2,TNFR

SF9,OSCAR,CD177,RPS6KA5,ITCH,ORAI1,CYFIP1,RAB44,FOLR3,TNFAIP3,MAP3K14,PRLR,W

ASF2,IFI27,IKBKG,SERPINB6 

Innate Immune 

System 

PGLYRP1,ICAM3,CPB2,CDK13,UNC13D,MAPK13,VCL,ARSA,MYH9,RIPK3,CTSG,NFKBIA,PYG

B,CTSZ,OLFM4,MEFV,RELB,RAB3D,MPO,DUSP3,VTN,NFKB1,MLEC,LTA4H,MAPK14,TMEM3
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0A,LTF,SLC11A1,AZU1,PPP3R1,PRTN3,TNFAIP6,PI3,CEACAM8,TREM1,PYCARD,CD68,RAP1B

,ZFYVE20,LGALS3,CHI3L1,DOCK2,TCN1,CAB39,PSMB7,SDCBP,ADAM10,DNAJC13,IRAK3,LYZ

,HEXB,CYSTM1,LPO,CREBBP,CRISPLD2,NLRC5,TYROBP,TIMP2,ARPC1A,MAPK3,PRKCQ,ACT

R3,IL1B,CD81,TXK,HERC5,ATP6V0A1,FBXW11,SLC15A4,BIN2,GALNS,ECSIT,FCN3,FCGR2A,C

1orf35,ATP6V1A,IQGAP2,ATP6V1B2,SERPING1,MS4A3,LPCAT1,ATP8B4,APP,UBE2L6,PIK3C

B,FCER1G,ELMO2,CCR2,NCSTN,STK11IP,ABI2,S100P,CAMP,TREX1,FABP5,BRI3,DEFA4,NOS

3,C2,CLEC4D,STAT6,NOD2,MAP2K1,CLEC7A,LRG1,NKIRAS2,ATP6V1E2,FGB,ITPR1,OLR1,SLC

O4C1,RASGRP1,MUCL1,RAB6A,ELMO1,PRKDC,TOLLIP,CLU,UBE2N,BAIAP2,CPNE1,EEA1,EN

PP4,MALT1,CPN2,CXCR2,PKM,WIPF2,PELI3,ACPP,CUL1,P2RX7,TMEM173,CFD,SYNGR1,GP

R97,UBA7,LIMK1,SLC44A2,NLRP3,LCK,TUBB,GRAP2,RHOG,GYG1,MEF2C,PTK2,PRDX6,SLPI,

PLD1,GPR29,CTNNB1,NFASC,MAP2K3,IMPDH1,HMGB1,CTSB,PGLYRP2,ANXA2,MEF2A,ATG

7,FYN,VAT1,CLEC12A,HP,RAC1,ITGAL,ARG1,DOK3,CEACAM3,PELI1,PCBP2,PGLYRP4,MYO1

C,TLR9,DNAJC5,CD247,TIFA,GAB2,TMEM63A,CR2,C4BPA,CHIT1,FCGR3A,FCER1A,AIM2,S10

0A7A,S100A8,S100A9,HRNR,CD58,AHCYL1,PGM1,CARD9,SFTPD,PLAU,DNM1,LCN2,TREM2

,SRC,GSN,PTAFR,UBE2D1,TLR4,FGR,TXN,PSMB9,PSMB8,CDA,UBR4,BPIFB4,SYK,TNFRSF1B,

HLA-

E,FTL,SLC2A5,CKAP4,YPEL5,NHLRC3,TEC,KLRD1,DEFB136,DNM2,SIGLEC15,LAIR1,LILRB2,DY

NLL1,WIPF1,PLD4,RAB37,ORMDL3,PRKCD,DAK,CD59,ATP6V1C1,NFATC2,MGST1,RAB27A,T

AX1BP1,AMPD3,NCF4,ITGB2,BCL2,DIAPH1,GSTP1,UBE2D2,MYO5A,SIRPA,CDC42,HPSE,C1S

,NLRC4,PLD3,CREB1,TLR6,DSN1,PTPN6,CYLD,MAPK9,GCA,TSPAN14,PSMD13,ITK,CD36,PLA

C8,PTPRJ,SHC1,GPI,ANO6,CRACR2A,TMBIM1,PTPRC,TOM1,SIGLEC9,PSMA1,NBEAL2,TICA

M2,ICAM2,NCK1,MME,ATP11A,MYO10,LAMTOR3,RNASET2,RPS6KA2,LYN,ATOX1,CD3G,FC

GR3B,RPS6KA1,CD19,IST1,TARM1,HMHA1,UBC,ITGAM,MUC12,CYFIP2,MGAM,CD63,METT

L7A,CLEC5A,PSTPIP1,B2M,ADAM8,TRAF3,ITGAX,RAB31,TMC6,ELANE,FPR2,MYO9B,ALDH3

B1,HMOX2,CPNE3,BIRC2,NLRP1,OSCAR,CD177,RPS6KA5,ITCH,CYFIP1,RAB44,FOLR3,TNFAI

P3,MAP3K14,WASF2,IKBKG,SERPINB6 

Neutrophil 

degranulation 

PGLYRP1,CDK13,UNC13D,VCL,ARSA,CTSG,PYGB,CTSZ,OLFM4,RAB3D,MPO,NFKB1,MLEC,LT

A4H,MAPK14,TMEM30A,LTF,SLC11A1,AZU1,PRTN3,TNFAIP6,CEACAM8,PYCARD,CD68,RAP

1B,LGALS3,CHI3L1,DOCK2,TCN1,CAB39,PSMB7,SDCBP,ADAM10,DNAJC13,LYZ,HEXB,CYST

M1,CRISPLD2,TYROBP,TIMP2,ATP6V0A1,SLC15A4,BIN2,GALNS,FCGR2A,C1orf35,IQGAP2,M

S4A3,LPCAT1,ATP8B4,FCER1G,NCSTN,STK11IP,S100P,CAMP,FABP5,BRI3,DEFA4,CLEC4D,LR

G1,OLR1,SLCO4C1,RAB6A,TOLLIP,CPNE1,ENPP4,CXCR2,PKM,ACPP,TMEM173,CFD,SYNGR1,

GPR97,SLC44A2,TUBB,RHOG,GYG1,PRDX6,SLPI,PLD1,NFASC,IMPDH1,HMGB1,CTSB,ANXA2

,ATG7,VAT1,CLEC12A,HP,RAC1,ITGAL,ARG1,DOK3,CEACAM3,DNAJC5,TMEM63A,CHIT1,S1

00A8,S100A9,HRNR,CD58,PGM1,PLAU,LCN2,GSN,PTAFR,FGR,CDA,UBR4,TNFRSF1B,FTL,SLC

2A5,CKAP4,YPEL5,NHLRC3,LAIR1,LILRB2,DYNLL1,RAB37,ORMDL3,PRKCD,CD59,MGST1,RA

B27A,AMPD3,ITGB2,DIAPH1,GSTP1,SIRPA,HPSE,DSN1,PTPN6,GCA,TSPAN14,PSMD13,CD36

,PLAC8,PTPRJ,GPI,ANO6,CRACR2A,TMBIM1,PTPRC,TOM1,SIGLEC9,NBEAL2,TICAM2,MME,

ATP11A,LAMTOR3,RNASET2,FCGR3B,IST1,TARM1,HMHA1,ITGAM,MGAM,CD63,METTL7A,

CLEC5A,B2M,ADAM8,ITGAX,RAB31,TMC6,ELANE,FPR2,ALDH3B1,HMOX2,CPNE3,OSCAR,C

D177,CYFIP1,RAB44,FOLR3,SERPINB6 

Hemostasis GNA11,CBX5,VCL,CSK,PLAT,HGF,AKAP10,COL1A1,SELPLG,MAPK14,SPARC,PLEK,PRTN3,AP

OA1,SRGN,CEACAM8,TREM1,IRF1,TUBA4A,RAP1B,F12,ZFYVE20,IGJ,CABLES1,DOCK2,DOCK
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10,GYPC,KIF23,VWF,PPP2R5A,SLC7A5,GNB5,PIK3R3,MAPK3,PRKCQ,APLP2,KIF1B,DGKD,DG

KG,MGLL,SRI,CDK2,ITPK1,GATA6,KCNMB1,GNA12,DOK2,TNFRSF10B,SERPING1,FERMT3,SL

C7A11,ITGA1,DGKE,APP,PDE11A,ATP1B3,KCNMA1,PIK3CB,FCER1G,PDE9A,ITGA5,MERTK,A

NXA5,F2RL2,NOS3,TUBA1C,IGF1,GP9,FGB,ITPR1,SDC2,P2RY12,OLR1,RASGRP1,VEGFB,GNA

I2,CLU,SLC7A8,SLC16A8,ZFPM1,DGKA,PRKCH,P2RX7,CFD,GNG2,GATA4,PPP2R5E,LCK,RHO

G,MYB,TRPC6,PTK2,MAFK,MAFF,ANXA2,PDGFA,FYN,RAC1,AMICA1,ORAI2,ITGAL,CEACAM

3,ATP2B4,MAFG,ATP2A3,SPN,ATP2B2,SCCPDH,PLA2G4A,F11R,CD244,VPS45,CD2,CD58,GN

G5,PTPN1,PLAU,SRC,PRKG1,FGR,SYK,APBB1IP,DOCK9,ABCC4,PRKCZ,GATA3,LHFPL2,GNG7,

CD9,MAG,ACTN1,PRKCD,KIF20A,MMRN1,YWHAZ,RAPGEF4,SLC7A7,ITGB2,SIRPA,CDC42,G

P1BB,ZFPM2,SLC8A1,VPREB1,DGKB,KIF3A,KIF26A,PTPN6,PIK3R5,TBXA2R,DOCK8,RAPGEF3

,PHF21A,CD36,SHC1,SERPINB2,GRB7,ARRB2,DOCK4,RACGAP1,DGKZ,PPP2R5C,STXBP2,KLC

1,ITIH3,PHACTR2,RAD51B,SEPP1,GNGT2,WDR1,KIF13B,ANGPT1,LYN,FAM49B,NFE2,ATP2A

2,SH2B2,ITGAM,PCDH7,CD63,ITGAX,SLC7A6,SLC16A3,STIM1,AKAP1,EHD1,CD177,PIK3R6,

ORAI1,SERPINB6 

Cytokine 

Signaling in 

Immune system 

RALA,TNFRSF17,TNFRSF1A,IL2RB,CTSG,NFKBIA,MMP2,CSK,RELB,HGF,CSF3,DUSP3,NFKB1,L

TBR,MAPK14,IL5,IL1RL1,PRTN3,FLT3,MT2A,IRF1,NUP85,CANX,PTPN12,PIAS1,RAP1B,NUP2

10,EDAR,IL36G,IL1RN,PSMB7,HLA-

F,IRAK3,LMNB1,RORA,PIK3R3,SAMHD1,MAPK3,IL1B,AKT3,TNFRSF8,CBL,CD80,IL1RL2,HERC

5,FBXW11,CD27,IRF8,IFNAR1,AIP,IL18,TNFSF4,APP,CSF1R,UBE2L6,PIK3CB,IL10RB,IFNGR2,

TNFRSF13C,TRIM62,CCR2,CCR5,STAT5B,EIF4A1,VCAM1,IL17RC,RAG1,STAT6,NOD2,MAP2K

1,IL16,JUNB,NKIRAS2,UBE2E1,S1PR1,CXCL10,IL7R,ISG20,PTPN7,CLCF1,MID1,VAMP2,TOLLI

P,UBE2N,CAMK2G,IL17RA,PELI3,EIF4A2,CUL1,RORC,P4HB,IL20RB,IL1R2,CD86,SMAD3,UBA

7,EDARADD,LCK,IL21R,GRAP2,TSLP,MAOA,MEF2C,STAT5A,IFI6,IL19,TRIM29,JAK1,TNFSF13,

TRIM14,MAP2K3,HMGB1,NUP50,ANXA2,MEF2A,FYN,IL27,TRIM38,IRF5,PTPN5,PELI1,GAB2

,FASLG,POU2F1,IL6R,MCL1,PTPN1,IFIT2,RAPGEF1,LCN2,CSF3R,PTAFR,PSMB9,PSMB8,SYK,T

NFRSF1B,HLA-

E,ANXA1,PIK3CD,TNFRSF25,NUP160,GATA3,FOXO1,IL2RA,MTAP,IRF4,IL6ST,TEC,SEC13,SQS

TM1,AKT2,PRKCD,YWHAZ,ITGB2,BCL2,GRB10,CDC42,EIF4G3,CSF2RB,IL18BP,BCL6,CDKN1A

,IL6,FOXO3,IFITM1,IL1R1,CREB1,PTPN6,JAK3,EIF4E3,HLA-

DPA1,SLA,MAPK9,SMARCA4,PSMD13,CD36,PTPRJ,SHC1,SERPINB2,LTA,TRIM26,LTB,IL10,ST

XBP2,PSMA1,EIF4G1,RPS6KA2,CXCL2,LYN,RPS6KA1,UBC,ITGAM,NUP153,SOD2,RPLP0,B2M

,TRAF3,ITGAX,NUP62,BIRC2,RAG2,TNFRSF9,RPS6KA5,MAP3K14,PRLR,IFI27,IKBKG 

Signaling by 

Interleukins 

RALA,TNFRSF1A,IL2RB,CTSG,NFKBIA,MMP2,HGF,CSF3,DUSP3,NFKB1,MAPK14,IL5,IL1RL1,P

RTN3,CANX,PTPN12,RAP1B,IL36G,IL1RN,PSMB7,IRAK3,LMNB1,RORA,PIK3R3,MAPK3,IL1B,

CBL,CD80,IL1RL2,FBXW11,AIP,IL18,APP,CSF1R,PIK3CB,IL10RB,CCR2,CCR5,STAT5B,VCAM1,I

L17RC,RAG1,STAT6,NOD2,MAP2K1,IL16,JUNB,NKIRAS2,S1PR1,CXCL10,IL7R,PTPN7,CLCF1,V

AMP2,TOLLIP,UBE2N,IL17RA,PELI3,CUL1,RORC,P4HB,IL20RB,IL1R2,CD86,SMAD3,LCK,IL21R

,TSLP,MAOA,MEF2C,STAT5A,IL19,JAK1,MAP2K3,HMGB1,ANXA2,MEF2A,FYN,IL27,PTPN5,P

ELI1,GAB2,FASLG,POU2F1,IL6R,MCL1,RAPGEF1,LCN2,CSF3R,PTAFR,PSMB9,PSMB8,SYK,TN

FRSF1B,ANXA1,PIK3CD,GATA3,FOXO1,IL2RA,MTAP,IRF4,IL6ST,TEC,SQSTM1,YWHAZ,ITGB2,

BCL2,CDC42,CSF2RB,IL18BP,BCL6,CDKN1A,IL6,FOXO3,IL1R1,CREB1,PTPN6,JAK3,MAPK9,S

MARCA4,PSMD13,CD36,SHC1,SERPINB2,IL10,STXBP2,PSMA1,RPS6KA2,CXCL2,LYN,RPS6KA

1,UBC,ITGAM,SOD2,RPLP0,ITGAX,RAG2,RPS6KA5,IKBKG 
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Adaptive Immune 

System 

CD22,ICAM3,PILRA,NFKBIA,CSK,PAG1,COL1A1,NFKB1,LNPEP,UBE3A,PPP3R1,CD160,FBXO9

,TREM1,CANX,TUBA4A,RAP1B,PVRL2,RAP1GAP2,FBXL8,BLK,PSMB7,RNF144B,HLA-

F,KIF23,CLEC2D,PPP2R5A,CDH1,ANAPC5,MGRN1,TYROBP,PIK3R3,PRKCQ,CD81,AKT3,LNX1,

CD80,HERC5,CUL3,ASB1,ZAP70,FBXW11,MAPKAP1,SKP2,KCTD7,SEC24D,SH3RF1,UBE2L6,P

IK3CB,AP2M1,VCAM1,CD3D,TUBA1C,RILP,UNKL,UBE2E1,CTLA4,ITPR1,CD34,RASGRP1,FBX

W8,SPSB4,UBE2N,MALT1,CALR,ASB4,FBXL13,CD28,CUL1,KLHL22,CD86,UBA7,PDCD1,ZNRF

1,KLHL25,PPP2R5E,LCK,GRAP2,PIK3AP1,COL17A1,SEC24C,FBXL14,FBXL5,CTSB,ATG7,FYN,K

CTD6,RNF220,UBE2H,RAC1,AMICA1,ORAI2,ITGAL,RAET1E,AP1B1,AP2A1,CD3E,SMURF1,CD

247,DCTN1,PJA1,FCGR3A,SLAMF7,CD1D,AHCYL1,FBXW4,UBE2U,SH2D1A,UBAC1,SFTPD,Y

WHAB,DNM1,TREM2,SRC,UBE2D1,TLR4,PRKG1,HLA-

DMA,PSMB9,PSMB8,UBR4,CD300LD,SYK,HLA-

E,TRIM39,PIK3CD,KLHL21,FBXL19,COL2A1,KLRD1,SEC13,DNM2,LAIR1,LILRB2,AKT2,DYNLL1

,EVL,KIF20A,FZR1,HERC4,SEC31A,YWHAZ,NFATC2,RAPGEF4,NCF4,ITGB2,LONRF1,UBE2D2,

FKBP1A,CDC42,NEDD4L,FBXO11,PRR5,SAR1B,KIF3A,IFITM1,UBE2E3,KIF26A,TLR6,HLA-

DOB,PTPN6,PILRB,HLA-DPA1,RAPGEF3,PSMD13,UBE2W,ITK,HLA-

DMB,CD36,PTPRJ,UBE2L3,HECTD2,SIGLEC6,FBXO10,RACGAP1,PTPRC,PPP2R5C,SIGLEC9,PS

MA1,DCTN4,KLC1,ICAM2,NCK1,TREML2,CD200,RNF182,ANAPC13,DAPP1,FBXL7,KLHL5,MI

B2,FYB,FBXO32,SPSB2,RNF217,LYN,RNF19A,CD3G,LMO7,RAP1GAP,CD19,UBC,ASB2,B2M,R

NF111,MLST8,LRRC41,STIM1,OSCAR,ITCH,ORAI1,MAP3K14,IKBKG 

Vesicle-mediated 

transport 

ARF5,RALA,DVL2,RALGAPA2,MYH9,RIN3,CTSZ,BLOC1S6,CPD,COL1A1,PRKAB1,EXOC2,SPAR

C,LNPEP,APOA1,TUBA4A,EXOC4,IGJ,RIN2,AP3B1,SBF2,SORT1,STX6,COG3,KIF23,EXOC6,TBC

1D1,SCARB1,RAB11A,TMED2,DENND3,RALGAPB,ARPC1A,SCARF1,ACTR3,PACSIN2,AKT3,KI

F1B,CBL,COPS4,PIK3C2A,COPS3,GALNT1,CNIH3,VPS54,SEC24D,APP,PRKAG2,TRAPPC10,AP

2M1,TBC1D24,STX5,MON1A,CYTH3,UBAP1,CD3D,TRAPPC2L,TUBA1C,VPS37C,TMED10,AN

KRD27,IL7R,GCC2,RIN1,SEC22A,RAB6A,ADRBK1,STAB1,ALS2CL,VAMP2,BIN1,ADRBK2,APOL

1,GCC1,MARCO,CALR,COPG1,HGS,EXOC7,GGA1,NECAP1,SEC24C,ITSN2,HP,RAC1,GJB6,AM

PH,SPTBN1,AP1B1,DENND2D,AP2A1,MYO1C,COL4A2,CYTH1,DCTN1,CHML,COG2,GALNT2,

ACBD3,PLA2G4A,COPA,SPTA1,RAB13,VPS45,SGIP1,EPS15,YWHAB,DNM1,GOLGA1,SRC,DE

NND1A,RABGAP1,MAN1C1,LDLRAP1,COL4A1,LMAN2L,FTL,VPS28,TBC1D4,SNX2,EXOC1,ITS

N1,SEC13,STAB2,DNM2,TRAPPC9,ALPP,AKT2,SNX9,DYNLL1,PICALM,GAPVD1,RAB3IL1,KIF2

0A,SEC31A,CD59,YWHAZ,RAB27A,CHMP7,AGPAT3,HPS4,MYO5A,ANKRD28,STON1,TBC1D1

0A,SAR1B,KIF3A,TGOLN2,TBC1D10B,MCFD2,TBC1D14,AGFG1,KIF26A,DENND4A,DENND6B

,PUM1,CD36,VPS53,ARRB2,RACGAP1,CHMP3,SYNJ1,VPS52,PPP6R1,DCTN4,KLC1,AGTR1,KI

F13B,TPD52,CLINT1,CD3G,ST5,TPD52L1,CLTCL1,UBC,HPR,C2CD5,TBC1D15,STON2,SPTB,EN

SP00000452252,MAN2A2,RAB31,TRAPPC5,FCHO1,TBC1D7,DENND1B,HYOU1,TBC1D2 

Platelet 

activation, 

signaling and 

aggregation 

GNA11,VCL,CSK,HGF,COL1A1,MAPK14,SPARC,PLEK,APOA1,SRGN,TUBA4A,RAP1B,VWF,GN

B5,PIK3R3,MAPK3,PRKCQ,APLP2,DGKD,DGKG,MGLL,GNA12,SERPING1,FERMT3,DGKE,APP,

PIK3CB,FCER1G,ANXA5,F2RL2,IGF1,GP9,FGB,ITPR1,P2RY12,RASGRP1,VEGFB,GNAI2,CLU,D

GKA,PRKCH,CFD,GNG2,LCK,RHOG,TRPC6,PTK2,PDGFA,FYN,RAC1,SCCPDH,PLA2G4A,GNG5,

PTPN1,SRC,SYK,APBB1IP,ABCC4,PRKCZ,LHFPL2,GNG7,CD9,ACTN1,PRKCD,MMRN1,YWHAZ,

RAPGEF4,CDC42,GP1BB,DGKB,PTPN6,PIK3R5,TBXA2R,RAPGEF3,CD36,SHC1,ARRB2,DGKZ,S

TXBP2,ITIH3,PHACTR2,SEPP1,GNGT2,WDR1,LYN,FAM49B,PCDH7,CD63,PIK3R6 



Appendix A: Additional information 

196 
 

Fcgamma 

receptor (FCGR) 

dependent 

phagocytosis 

MYH9,ARPC1A,MAPK3,ACTR3,FCGR2A,PIK3CB,ELMO2,ABI2,ITPR1,ELMO1,BAIAP2,WIPF2,L

IMK1,PTK2,PLD1,FYN,RAC1,MYO1C,CD247,FCGR3A,AHCYL1,SRC,FGR,SYK,WIPF1,PLD4,PRK

CD,MYO5A,CDC42,PLD3,NCK1,MYO10,LYN,CD3G,CYFIP2,MYO9B,CYFIP1,WASF2 
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Supplementary table 2.2: Pathway enrichment of DMRs immediately after RT in left sided breast cancer patients. 

Enriched pathway DMRs associated with pathway 

Human T-cell 

leukemia virus 1 

infection 

TGFB1,E2F3,TCF3,CD3D,BCL2L1,CREB3L2,IL1R2,SMAD3,LCK,STAT5A,ADCY2,CD3E,CCND3,PI

K3CD,ETS1,ADCY7,NFATC2,MAD1L1,IL1R1,CREB1,HLA-DMB,LTA,TLN2,CREB3L1,MAP3K14 

Adherens junction ACTN4,CDH1,PVRL1,SMAD3,TCF7,FYN,PVRL4,SRC,ACTN1,NLK,PTPRJ 

Th1 and Th2 cell 

differentiation 

NOTCH1,MAML1,CD3D,LCK,STAT5A,RBPJ,CD3E,CD247,NFATC2,RUNX3,HLA-

DMB,MAML3,MAML2 

T cell receptor 

signaling pathway 

CD3D,CD8B,LCK,GRAP2,FYN,CD3E,CD247,VAV2,PIK3CD,NFATC2,ITK,PTPRC,IL10,NCK1,MAP

3K14 

Parathyroid 

hormone 

synthesis, 

secretion and 

action 

SLC9A3R1,LRP5,ITPR1,CREB3L2,PLD1,ADCY2,RUNX2,ITPR2,ADCY7,BCL2,CREB1,ARRB2,ARR

B1,RXRA,CREB3L1 

Transcriptional 

misregulation in 

cancer 

PLAT,MPO,FLT3,LMO2,TCF3,PPARG,RUNX1,BCL2L1,IL1R2,PDGFA,RUNX2,PLAU,ZBTB17,CDK

14,ETV6,PBX1,ERG,RXRA,ELANE,BIRC2 

Prostate cancer PLAT,PDGFRB,E2F3,TGFA,CREB3L2,IL1R2,TCF7,PDGFA,PLAU,PIK3CD,BCL2,CREB1,ERG,CREB

3L1 

Innate Immune 

System 

CTSG,CTSZ,RIPK2,MPO,DUSP3,TMEM30A,AZU1,PRTN3,CTSD,TNFAIP6,TREM1,DOCK2,TCN1

,CAB39,SDCBP,IRAK3,HEXB,CYSTM1,LPO,NLRC5,TIMP2,ATP6V0A1,SLC15A4,FCN3,ATP6V1B

2,MS4A3,LPCAT1,APP,NOD2,RNASE3,BCL2L1,ATP6V1E2,ITPR1,EEF2,ELMO1,CPN2,PKM,CUL

1,AP2A2,TMEM173,SLC44A2,NLRP3,LCK,GRAP2,MEF2C,PLD1,NFASC,CTSB,ATG7,FYN,VAT1,

CLEC12A,HP,RAC1,DYNC1H1,CEACAM3,PGLYRP4,CD247,TIFA,GAB2,S100A8,VAV2,PLAU,DN

M1,TREM2,SRC,GSN,UBR4,TNFRSF1B,SLC2A5,KCNAB2,ITPR2,ATP8A1,SIGLEC15,LRRFIP1,RA

B37,LGMN,DAK,CD59,NFATC2,RAB27A,AMPD3,TRPM2,BCL2,SIRPA,C1S,NLRC4,CREB1,GCA,

TSPAN14,ITK,PLAC8,PTPRJ,SHC1,POLR2F,GPI,ANO6,PTPRC,NCK1,ATP11A,ATOX1,ATP6V0B,

RPS6KA1,IST1,TARM1,TBC1D10C,CYFIP2,MGAM,PSTPIP1,RAB31,ELANE,MAP2K6,MYO9B,C

5AR2,BIRC2,FOLR3,MAP3K14 

Immune System RALA,TNFRSF17,PTPN18,PILRA,CTSG,CTSZ,RIPK2,TGFB1,MPO,CSF3,DUSP3,TMEM30A,AZU1

,PRTN3,CTSD,FLT3,TNFAIP6,TREM1,RAP1GAP2,DOCK2,TCN1,CAB39,IL1RN,SDCBP,IRAK3,HE

XB,CDH1,CYSTM1,LPO,MGRN1,NLRC5,TIMP2,TNFRSF8,CUL3,ATP6V0A1,SLC15A4,FCN3,SKP

2,ATP6V1B2,MS4A3,LPCAT1,APP,RAG1,NOD2,CD3D,RNASE3,BCL2L1,ATP6V1E2,S1PR1,ITPR

1,MRC2,EEF2,PTPN7,CD34,ELMO1,CAMK2G,CPN2,DYNC1I1,PKM,CUL1,AP2A2,IL1R2,CD8B,

TMEM173,SMAD3,ZNRF1,SLC44A2,NLRP3,LCK,IL21R,GRAP2,PIK3AP1,MEF2C,STAT5A,PLD1,

NFASC,CTSB,ATG7,FYN,RNF220,VAT1,CLEC12A,HP,RAC1,DYNC1H1,IL27,TRIM38,IRF5,CEAC

AM3,PGLYRP4,CD3E,SMURF1,CD247,TIFA,GAB2,PARK2,SLAMF7,S100A8,VAV2,PLAU,DNM1

,CSF3R,TREM2,SRC,GSN,UBR4,TNFRSF1B,PIK3CD,SLC2A5,KLHL21,KCNAB2,MTAP,ITPR2,ATP

8A1,SIGLEC15,LRRFIP1,RAB37,EVL,LGMN,RNF14,DAK,CD59,YWHAZ,NFATC2,RAB27A,AMPD

3,TRPM2,BCL2,GRB10,SIRPA,CSF2RB,C1S,NLRC4,HERC3,IL1R1,CREB1,GCA,SMARCA4,TSPAN

14,ITK,HLA-
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DMB,PLAC8,PTPRJ,SHC1,LTA,POLR2F,INPP5D,GPI,ANO6,PTPRC,IL10,PPP2R5C,NCK1,ATP11

A,FYB,ATOX1,ATP6V0B,RPS6KA1,IST1,TARM1,TBC1D10C,CYFIP2,MGAM,ASB2,PSTPIP1,RAB

31,ELANE,MAP2K6,MYO9B,C5AR2,BIRC2,LRRC41,FOLR3,MAP3K14,PRLR 

Neutrophil 

degranulation 

CTSG,CTSZ,MPO,TMEM30A,AZU1,PRTN3,CTSD,TNFAIP6,DOCK2,TCN1,CAB39,SDCBP,HEXB,

CYSTM1,TIMP2,ATP6V0A1,SLC15A4,MS4A3,LPCAT1,RNASE3,EEF2,PKM,AP2A2,TMEM173,S

LC44A2,PLD1,NFASC,CTSB,ATG7,VAT1,CLEC12A,HP,RAC1,DYNC1H1,CEACAM3,S100A8,PLA

U,GSN,UBR4,TNFRSF1B,SLC2A5,KCNAB2,ATP8A1,RAB37,CD59,RAB27A,AMPD3,TRPM2,SIR

PA,GCA,TSPAN14,PLAC8,PTPRJ,GPI,ANO6,PTPRC,ATP11A,IST1,TARM1,TBC1D10C,MGAM,R

AB31,ELANE,FOLR3 

Diseases of signal 

transduction by 

growth factor 

receptors and 

second 

messengers 

HDAC7,TGFB1,CLCN6,FLT3,PDGFRB,HDAC4,NOTCH1,MAML1,LRP5,TGFA,BCL2L1,MAP3K11,

TNKS,CAMK2G,CUL1,NCBP2,KREMEN1,SMAD3,FIP1L1,LCK,PIK3AP1,STAT5A,RBPJ,ATG7,PD

GFA,FYN,RAC1,SPRED2,CUX1,GAB2,SRC,PIK3CD,LRRFIP1,ETV6,KSR1,NCOR2,CREB1,SHC1,A

RRB2,POLR2F,ARRB1,PPP2R5C,MAML3,MAML2,KANK1 

Signal 

Transduction 

RALA,HDAC7,KDM4B,PTPN18,RIPK2,PLAT,TGFB1,DUSP3,SPARC,CTSD,FLT3,CCR7,ALDH1A2,

NR1H2,PDE6A,PHC2,DTX1,CAB39,CDH1,PDGFRB,TMED2,PHLPP1,E2F3,ARHGAP31,CUL3,HD

AC4,ATP6V0A1,PXN,SH3GL1,DGKQ,ATP6V1B2,NOTCH1,APP,PPARG,PRKAG2,MAML1,CXCL1

6,LRP5,CDC42EP3,TGFA,PRKCI,DAGLB,ARHGEF40,RAG1,RUNX1,CXXC5,BCL2L1,ABR,ATP6V1

E2,S1PR1,ITPR1,RPTOR,PTPN7,MAP3K11,PDE7B,TNKS,TNS3,ELMO1,CAMKK2,PLXND1,CAM

K2G,DYNC1I1,TACC3,CUL1,NCBP2,AP2A2,TGIF1,KREMEN1,SMAD3,GNAL,OR10T2,RASA3,LC

K,RTN4,HTR7,GRAP2,TRIO,PIK3AP1,LIMK2,MYB,ARHGEF10,TCF7,MEF2C,ASH2L,STAT5A,AD

CY2,RBPJ,PDGFA,FYN,RAC1,SPRED2,DYNC1H1,ATN1,GATAD2A,SMURF1,GAB2,NR5A2,RASA

L2,SGK1,ACKR1,S100A8,SUFU,NTSR1,VAV2,PREX1,DNM1,CCND3,SRC,ECE1,TFDP1,ARHGEF

7,TRIM27,PIK3CD,SKI,PRKCZ,XK,CHD3,ITSN1,ITPR2,RHOH,GNG7,CCDC88C,EVL,ADCY7,YWH

AZ,NDE1,HRH1,WNT5B,GRK4,BCL2,GRB10,KSR1,RUNX3,NCOR2,CSF2RB,NLK,MAD1L1,CREB

1,TCF12,DHRS9,GPSM1,FGD4,SMARCA4,CXCR6,PTPRJ,SHC1,BMPR1B,TNRC6B,ARRB2,POLR

2F,PBX1,RASGRF1,IFT140,ARRB1,NSMAF,PPP2R5C,PLTP,NCK1,RXRA,PHC3,DP2,MAML3,AN

GPT1,CKAP5,MAML2,ATP6V0B,RPS6KA1,SH2B2,ACVR1B,ADAP1,ZNRF3,CYFIP2,WWOX,MY

O9B,C5AR2,BIRC2,NR1H3,KANK1,LRRC41,CLIP1,CAB39L,PIK3R6,QRFP 

Nef and signal 

transduction 

DOCK2,ELMO1,LCK,FYN,RAC1,CD247 

Vesicle-mediated 

transport 

RALA,RIN3,CTSZ,SPARC,RIN2,COG3,SCARB1,TMED2,DENND3,SCARB2,SH3GL1,CNIH3,VPS54

,VPS51,APP,PRKAG2,TRAPPC10,TBC1D24,STX5,TGFA,CD3D,STX18,TBC1D16,STAB1,GAK,BIN

1,MARCO,DYNC1I1,TRAPPC12,AP2A2,HP,RAC1,DYNC1H1,GALNT2,ACBD3,DNM1,SRC,MAN

1C1,ITSN1,VTI1A,CD59,YWHAZ,RAB27A,TBC1D10A,AAK1,PUM1,VPS53,COPG2,ARRB2,ARR

B1,KIF21B,CLINT1,ST5,TPD52L1,TBC1D10C,MAN2A2,RAB31,TBC1D2 

Signaling by 

Receptor Tyrosine 

Kinases 

RALA,PTPN18,PLAT,DUSP3,SPARC,FLT3,PDGFRB,ATP6V0A1,PXN,SH3GL1,ATP6V1B2,TGFA,A

TP6V1E2,ITPR1,TNS3,ELMO1,NCBP2,AP2A2,LCK,GRAP2,MEF2C,STAT5A,PDGFA,FYN,RAC1,S

PRED2,GAB2,SGK1,VAV2,DNM1,SRC,ARHGEF7,PRKCZ,ITPR2,GRB10,CREB1,TCF12,PTPRJ,SH

C1,POLR2F,NCK1,ATP6V0B,RPS6KA1,SH2B2,ADAP1,CYFIP2,WWOX 
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Generation of 

second messenger 

molecules 

CD3D,LCK,GRAP2,CD3E,CD247,EVL,ITK,NCK1,FYB 

Signaling by 

NOTCH 

HDAC7,DTX1,TMED2,E2F3,HDAC4,NOTCH1,MAML1,PRKCI,RUNX1,PLXND1,TACC3,CUL1,SM

AD3,RBPJ,TFDP1,YWHAZ,NCOR2,CREB1,TNRC6B,ARRB2,PBX1,ARRB1,DP2,MAML3,MAML2 

Membrane 

Trafficking 

RALA,RIN3,CTSZ,RIN2,COG3,TMED2,DENND3,SCARB2,SH3GL1,CNIH3,VPS54,VPS51,APP,PR

KAG2,TRAPPC10,TBC1D24,STX5,TGFA,CD3D,STX18,TBC1D16,GAK,BIN1,DYNC1I1,TRAPPC12

,AP2A2,RAC1,DYNC1H1,GALNT2,ACBD3,DNM1,SRC,MAN1C1,ITSN1,VTI1A,CD59,YWHAZ,RA

B27A,TBC1D10A,AAK1,PUM1,VPS53,COPG2,ARRB2,ARRB1,KIF21B,CLINT1,ST5,TPD52L1,TB

C1D10C,MAN2A2,RAB31,TBC1D2 

Signaling by 

Interleukins 

RALA,PTPN18,CTSG,RIPK2,TGFB1,CSF3,DUSP3,PRTN3,IL1RN,IRAK3,APP,RAG1,NOD2,BCL2L

1,S1PR1,PTPN7,CUL1,IL1R2,SMAD3,LCK,IL21R,MEF2C,STAT5A,FYN,IL27,GAB2,CSF3R,TNFRS

F1B,PIK3CD,MTAP,YWHAZ,BCL2,CSF2RB,IL1R1,CREB1,SMARCA4,SHC1,INPP5D,IL10,RPS6KA

1,MAP2K6 

Disease HDAC7,ST6GAL1,CTSG,TGFB1,CLCN6,FLT3,G6PC,CHSY1,DOCK2,ADAMTS8,HEXB,CDH1,PDG

FRB,ELL,E2F3,BRD4,HDAC4,SLC2A9,MGAT4A,SH3GL1,SKP2,NOTCH1,APP,ADAMTS1,FXYD2,

MAML1,LRP5,TGFA,BCL2L1,S1PR1,ITPR1,EEF2,MAP3K11,TNKS,ELMO1,CAMK2G,DYNC1I1,R

HBDF2,CUL1,NCBP2,AP2A2,CD8B,KREMEN1,SMAD3,FIP1L1,NLRP3,LCK,HTR7,PIK3AP1,SLC2

0A2,STAT5A,ADCY2,MCCC2,RBPJ,ATG7,PDGFA,FYN,RAC1,SPRED2,DYNC1H1,CUX1,GATAD2

A,CD247,GAB2,ENTPD1,VAV2,CCND3,SRC,TFDP1,TRIM27,PIK3CD,CHD3,ITPR2,GNG7,LRRFI

P1,PC,ADCY7,EXT2,ETV6,RPS8,SLC7A7,KSR1,NCOR2,CSF2RB,MGAT5,IL1R1,CREB1,SHC1,AR

RB2,POLR2F,ARRB1,IL10,PPP2R5C,CDKN1C,NCK1,DP2,MAML3,SLC24A4,TXNRD1,MAML2,C

YFIP2,ATP1A1,PSTPIP1,MAP2K6,MYO9B,KANK1,CTDP1 

The role of Nef in 

HIV-1 replication 

and disease 

pathogenesis 

DOCK2,ELMO1,AP2A2,CD8B,LCK,FYN,RAC1,CD247 

DAP12 interactions TREM1,LCK,GRAP2,FYN,RAC1,VAV2,TREM2,SIGLEC15,SHC1 

Notch-HLH 

transcription 

pathway 

HDAC7,HDAC4,NOTCH1,MAML1,RBPJ,NCOR2,MAML3,MAML2 

SUMOylation of 

intracellular 

receptors 

NR1H2,HDAC4,THRA,PPARG,NR1I2,NR5A2,RXRA,NR1H3 

RUNX3 regulates 

NOTCH signaling 

NOTCH1,MAML1,RBPJ,RUNX3,MAML3,MAML2 

Intracellular 

signaling by second 

messengers 

HDAC7,FLT3,PHC2,PDGFRB,PHLPP1,PPARG,TGFA,ITPR1,RPTOR,TNKS,CAMKK2,CAMK2G,LC

K,PIK3AP1,ADCY2,PDGFA,FYN,RAC1,ATN1,GATAD2A,GAB2,SRC,TRIM27,PIK3CD,CHD3,ITPR

2,ADCY7,CREB1,TNRC6B,PPP2R5C,PHC3 

FCGR3A-mediated 

IL10 synthesis 

ITPR1,ADCY2,FYN,CD247,SRC,ITPR2,ADCY7,CREB1,IL10 
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Hemostasis CBX5,PLAT,TGFB1,SPARC,PRTN3,TREM1,ACTN4,DOCK2,DGKQ,APP,PDE9A,DAGLB,ITPR1,SL

C7A8,SERPINF2,LCK,MYB,PDGFA,FYN,RAC1,CEACAM3,MAFG,CD2,VAV2,PLAU,SRC,PRKCZ,IT

PR2,GNG7,ACTN1,YWHAZ,SLC7A7,SIRPA,SLC8A1,DOCK8,SHC1,ARRB2,INPP5D,ARRB1,KIF21

B,MRVI1,PPP2R5C,WDR1,ANGPT1,SH2B2,SLC7A6,SLC16A3,EHD1,PIK3R6 

Cytokine Signaling 

in Immune system 

RALA,TNFRSF17,PTPN18,CTSG,RIPK2,TGFB1,CSF3,DUSP3,PRTN3,FLT3,IL1RN,IRAK3,TNFRSF

8,APP,RAG1,NOD2,BCL2L1,S1PR1,PTPN7,CAMK2G,CUL1,IL1R2,SMAD3,LCK,IL21R,GRAP2,M

EF2C,STAT5A,FYN,IL27,TRIM38,IRF5,GAB2,CSF3R,TNFRSF1B,PIK3CD,MTAP,YWHAZ,BCL2,GR

B10,CSF2RB,IL1R1,CREB1,SMARCA4,PTPRJ,SHC1,LTA,INPP5D,IL10,RPS6KA1,MAP2K6,BIRC2,

MAP3K14,PRLR 

Signaling by SCF-

KIT 

LCK,GRAP2,STAT5A,FYN,RAC1,GAB2,SRC,GRB10,SH2B2 

Pre-NOTCH 

Transcription and 

Translation 

E2F3,NOTCH1,MAML1,PRKCI,RUNX1,RBPJ,TFDP1,TNRC6B,DP2,MAML3,MAML2 

Signaling by 

NOTCH1 

HDAC7,DTX1,HDAC4,NOTCH1,MAML1,CUL1,RBPJ,NCOR2,ARRB2,ARRB1,MAML3,MAML2 

Phosphorylation of 

CD3 and TCR zeta 

chains 

CD3D,LCK,CD3E,CD247,PTPRJ,PTPRC 

NOTCH3 

Intracellular 

Domain Regulates 

Transcription 

NOTCH1,MAML1,PLXND1,RBPJ,PBX1,MAML3,MAML2  
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6.3.  Supplementary materials for Chapter 5 

Supplementary figure 3.1: Functional enrichment of DEmiRNAs performed using g:Profiler 

 

Supplementary figure 3.2: Visualization of the top four clusters (A,B,C and D, respectively) containing ≥10 members, 
obtained by analyzing co- expression correlation between DElncRNAs and DEPCGs using MCODE in Cytoscape. The 
first cluster was further analyzed using MCODE to produce sub-clusters of which the 3 top sub-clusters were visualized 
(A.1, A.2 and A.3 respectively). Blue triangles and circles indicate DElncRNAs and pink circles indicate DEPCGs. The 
thickness of a line indicates the strength of the interaction between the proteins it connects. 
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Supplementary figure 3.3: Chinese Glioma Genome Atlas (CCGA) Pearson correlation analysis performed using the 
‘Analyze’ tab in CCGA portal (http://www.cgga.org.cn/) between DANCR/SNHG6 in mRNAseq 693 (A) and mRNAseq 
325 (B) and between miR96/miR182 (C), miR96/miR183 (D) and miR182-miR183 (E) in  microRNA_array_198 of 
CCGA. 
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Supplementary table 3.1: DElncRNA list showing differentially expressed lncRNAs showing differential 
expression in at least 3 studies, having Ensembl ID, a false discovery rate (FDR)<0.05 and a z-value of ≥|4| 

ENSEMBL ID NONCODE ID Gene name zval FDR 

ENSG00000233184 NONHSAG002228 #N/A 7.29622 1.76E-09 

ENSG00000227502 NONHSAG044656 MROCKI 5.978273 2.98E-06 

ENSG00000268205 NONHSAG026661 #N/A 5.737542 8.79E-06 

ENSG00000267302 NONHSAG022372 RNFT1-DT 5.61331 1.39E-05 

ENSG00000268362 NONHSAG025369 #N/A 5.636479 1.39E-05 

ENSG00000245910 NONHSAG050423 SNHG6 5.519917 2.10E-05 

ENSG00000272518 NONHSAG050586 #N/A 5.504044 2.10E-05 

ENSG00000261799 NONHSAG010134 #N/A 5.492392 2.13E-05 

ENSG00000269893 NONHSAG038728 SNHG8 5.415747 2.79E-05 

ENSG00000263424 NONHSAG024081 #N/A 5.310918 3.71E-05 

ENSG00000259562 NONHSAG017558 #N/A 5.299182 3.85E-05 

ENSG00000270108 NONHSAG016024 #N/A 5.283681 4.07E-05 

ENSG00000196922 NONHSAG051586 ZNF252P 5.187091 5.91E-05 

ENSG00000248124 NONHSAG018850 RRN3P1 5.12368 7.12E-05 

ENSG00000259248 NONHSAG017136 USP3-AS1 5.101093 7.73E-05 

ENSG00000270890 NONHSAG045052 #N/A 5.07968 8.18E-05 

ENSG00000225733 NONHSAG034508 FGD5-AS1 5.070709 8.42E-05 

ENSG00000257815 NONHSAG011658 PRANCR 5.032572 9.60E-05 

ENSG00000228748 NONHSAG006297 #N/A 4.932482 0.000137 

ENSG00000229692 NONHSAG027535 SOS1-IT1 4.908845 0.000143 

ENSG00000251279 NONHSAG040483 SMIM15-AS1 4.906689 0.000143 

ENSG00000226604 NONHSAG053298 PAPPA-AS2 4.869637 0.00016 

ENSG00000233025 NONHSAG048441 CRYZP1 4.837265 0.000172 

ENSG00000240399 NONHSAG011036 #N/A 4.800518 0.000192 

ENSG00000272077 NONHSAG034919 #N/A 4.793857 0.000195 

ENSG00000254485 NONHSAG085327 #N/A 4.780897 0.000198 

ENSG00000276445 NONHSAG076511 #N/A 4.773513 0.000201 

ENSG00000254559 NONHSAG007287 #N/A 4.763724 0.000206 

ENSG00000230002 NONHSAG028178 ALMS1-IT1 4.759744 0.000206 

ENSG00000251131 NONHSAG040298 #N/A 4.759449 0.000206 

ENSG00000228242 NONHSAG034492 XPC-AS1 4.751652 0.000212 

ENSG00000232284 NONHSAG001765 GNG12-AS1 4.739598 0.000218 

ENSG00000261824 NONHSAG025379 LINC00662 4.740254 0.000218 

ENSG00000277801 NONHSAG068938 #N/A 4.724519 0.000229 

ENSG00000257176 NONHSAG010777 #N/A 4.718444 0.000234 
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ENSG00000258667 NONHSAG015182 HIF1A-AS3 4.671511 0.000282 

ENSG00000250299 NONHSAG013582 MRPS31P4 4.665318 0.000286 

ENSG00000255491 NONHSAG051204 #N/A 4.644129 0.000313 

ENSG00000230825 NONHSAG046903 #N/A 4.632319 0.000322 

ENSG00000244701 NONHSAG048975 #N/A 4.605429 0.000343 

ENSG00000271270 NONHSAG036068 TMCC1-DT 4.598484 0.000347 

ENSG00000224019 NONHSAG079293 RPL21P32 4.601331 0.000347 

ENSG00000241990 NONHSAG034157 PRR34-AS1 4.581727 0.000368 

ENSG00000223745 NONHSAG002086 CCDC18-AS1 4.55682 0.000412 

ENSG00000240024 NONHSAG036820 LINC00888 4.532912 0.000453 

ENSG00000213963 NONHSAG079272 #N/A 4.506658 0.000484 

ENSG00000227076 NONHSAG060947 #N/A 4.493473 0.000496 

ENSG00000255966 NONHSAG010310 #N/A 4.489133 0.000504 

ENSG00000215483 NONHSAG067469 LINC00598 4.486083 0.000508 

ENSG00000228463 NONHSAG000016 #N/A 4.459232 0.000567 

ENSG00000224660 NONHSAG034519 SH3BP5-AS1 4.45503 0.000568 

ENSG00000277027 NONHSAG052119 RMRP 4.448536 0.000578 

ENSG00000270157 NONHSAG048976 #N/A 4.415562 0.000634 

ENSG00000245685 NONHSAG039597 FRG1-DT 4.414261 0.000635 

ENSG00000229656 NONHSAG005579 ITGB1-DT 4.409888 0.00064 

ENSG00000228817 NONHSAG032626 BACH1-IT2 4.4098 0.00064 

ENSG00000273568 NONHSAG065226 #N/A 4.371255 0.000735 

ENSG00000261159 NONHSAG036029 #N/A 4.348144 0.000786 

ENSG00000250155 NONHSAG040193 #N/A 4.34773 0.000786 

ENSG00000258274 NONHSAG011931 #N/A 4.338365 0.000797 

ENSG00000272240 NONHSAG099253 #N/A 4.337762 0.000797 

ENSG00000265778 NONHSAG024200 ZNF516-AS1 4.334535 0.000801 

ENSG00000225920 NONHSAG004316 RIMKLBP2 4.323442 0.000827 

ENSG00000268583 NONHSAG026157 #N/A 4.315659 0.000834 

ENSG00000281501 NONHSAG037643 SEPSECS-AS1 4.311284 0.000847 

ENSG00000274859 NONHSAG065075 #N/A 4.295613 0.000897 

ENSG00000226950 NONHSAG037936 DANCR 4.279801 0.000935 

ENSG00000230982 NONHSAG033137 DSTNP1 4.268564 0.000971 

ENSG00000230333 NONHSAG046946 #N/A 4.264081 0.000979 

ENSG00000281026 NONHSAG013185 N4BP2L2-IT2 4.256536 0.000996 

ENSG00000203865 NONHSAG002530 ATP1A1-AS1 4.247978 0.001027 

ENSG00000246859 NONHSAG041236 STARD4-AS1 4.235058 0.001079 

ENSG00000230042 NONHSAG047105 AK3P3 4.222951 0.001114 

ENSG00000246308 NONHSAG007652 #N/A 4.201797 0.001194 

ENSG00000267274 NONHSAG024863 #N/A 4.193626 0.001229 
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ENSG00000273306 NONHSAG077567 #N/A 4.193409 0.001229 

ENSG00000238741 NONHSAG036534 SCARNA7 4.192141 0.001232 

ENSG00000233108 NONHSAG046917 GLCCI1-DT 4.189519 0.001237 

ENSG00000276166 NONHSAG071730 #N/A 4.153201 0.001403 

ENSG00000260400 NONHSAG006087 #N/A 4.146941 0.001427 

ENSG00000273284 NONHSAG074578 #N/A 4.134303 0.001487 

ENSG00000259408 NONHSAG016475 #N/A 4.123678 0.00153 

ENSG00000261716 NONHSAG002827 H2BC20P 4.121677 0.001533 

ENSG00000270792 NONHSAG081356 #N/A 4.106724 0.001609 

ENSG00000227518 NONHSAG051595 MIR1302-9HG 4.090474 0.00168 

ENSG00000258368 NONHSAG010879 ZNF970P 4.088166 0.001691 

ENSG00000229743 NONHSAG028810 LINC01159 4.06047 0.001854 

ENSG00000230658 NONHSAG047103 KLHL7-DT 4.061374 0.001854 

ENSG00000239218 NONHSAG050013 RPS20P22 4.055761 0.001876 

ENSG00000271789 NONHSAG093512 #N/A 4.054182 0.001879 

ENSG00000223476 NONHSAG047797 VN1R42P 4.048263 0.001913 

ENSG00000272750 NONHSAG058499 #N/A 4.042177 0.001948 

ENSG00000248265 NONHSAG011271 FLJ12825 4.023799 0.002052 

ENSG00000278133 NONHSAG071611 #N/A 4.024432 0.002052 

ENSG00000233527 NONHSAG076117 ZNF529-AS1 4.024575 0.002052 

ENSG00000264577 NONHSAG021329 #N/A 4.022027 0.002055 

ENSG00000235436 NONHSAG048161 DPY19L2P4 4.018311 0.002064 

ENSG00000264235 NONHSAG023224 MYL12-AS1 4.013883 0.00209 
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Supplementary table 3.2: Pathway analysis of DElncRNAs as identified by LncPath R package 

Pathway 

DB 

Gene Gene Set Size Enrichment scores Normalized Enrichment Scores 

KEGG O-GLYCAN BIOSYNTHESIS 27 0.65277 2.926012 

KEGG RIBOSOME 87 0.41381 1.854885 

KEGG PARKINSONS DISEASE 110 0.35326 1.583472 

KEGG NEUROACTIVE LIGAND RECEPTOR INTERACTION 263 0.30992 1.389202 

Reactome O-LINKED GLYCOSYLATION OF MUCINS 51 0.61035 2.394076 

Reactome TERMINATION OF O GLYCAN BIOSYNTHESIS 20 0.5844 2.292288 

Reactome FANCONI ANEMIA PATHWAY 19 0.56627 2.221174 

Reactome GLUTAMATE NEUROTRANSMITTER RELEASE CYCLE 15 0.55979 2.195756 

Reactome RESPIRATORY ELECTRON TRANSPORT 63 0.54288 2.129427 

Reactome INTERACTION BETWEEN L1 AND ANKYRINS 21 0.49604 1.945699 

Reactome INSULIN RECEPTOR RECYCLING 23 0.4939 1.937305 

Reactome HS GAG DEGRADATION 20 0.49196 1.929695 

Reactome MICRORNA MIRNA BIOGENESIS 18 0.48823 1.915065 

Reactome TRANSFERRIN ENDOCYTOSIS AND RECYCLING 25 0.485 1.902395 

Reactome INCRETIN SYNTHESIS SECRETION AND INACTIVATION 19 0.48382 1.897767 

Reactome AMINE LIGAND BINDING RECEPTORS 33 0.47904 1.879017 

Reactome MRNA CAPPING 28 0.47402 1.859326 

Reactome RESPIRATORY ELECTRON TRANSPORT ATP SYNTHESIS BY CHEMIOSMOTIC 

COUPLING AND HEAT PRODUCTION BY UNCOUPLING PROTEINS 

79 0.46229 1.813316 

Reactome PEPTIDE CHAIN ELONGATION 85 0.42493 1.666773 

Reactome VOLTAGE GATED POTASSIUM CHANNELS 42 0.42031 1.648651 

Reactome NEUROTRANSMITTER RELEASE CYCLE 34 0.41848 1.641473 
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Reactome G ALPHA S SIGNALLING EVENTS 116 0.4119 1.615663 

Reactome INFLUENZA VIRAL RNA TRANSCRIPTION AND REPLICATION 101 0.41172 1.614957 

Reactome 3 UTR MEDIATED TRANSLATIONAL REGULATION 105 0.40624 1.593462 

Reactome SRP DEPENDENT COTRANSLATIONAL PROTEIN TARGETING TO MEMBRANE 108 0.39682 1.556512 

Reactome MEIOTIC RECOMBINATION 81 0.39134 1.535017 

Reactome G ALPHA Q SIGNALLING EVENTS 177 0.37707 1.479043 

Reactome NONSENSE MEDIATED DECAY ENHANCED BY THE EXON JUNCTION COMPLEX 106 0.37401 1.467041 

Reactome TRANSLATION 145 0.36333 1.425149 

Reactome CLASS A1 RHODOPSIN LIKE RECEPTORS 281 0.35867 1.40687 

Reactome GASTRIN CREB SIGNALLING PATHWAY VIA PKC AND MAPK 198 0.35586 1.395848 

Reactome MEIOSIS 109 0.35287 1.38412 

Reactome RNA POL I PROMOTER OPENING 58 0.35241 1.382316 

Reactome DNA REPAIR 102 0.35117 1.377452 

Reactome SIGNALING BY RHO GTPASES 111 0.33609 1.318301 

Reactome RNA POL I TRANSCRIPTION 82 0.33602 1.318026 

Reactome TCA CYCLE AND RESPIRATORY ELECTRON TRANSPORT 115 0.33327 1.30724 

Reactome GPCR LIGAND BINDING 378 0.32238 1.264524 

Reactome RNA POL I RNA POL III AND MITOCHONDRIAL TRANSCRIPTION 114 0.31066 1.218553 

Reactome PEPTIDE LIGAND BINDING RECEPTORS 174 0.30944 1.213767 

Reactome POST TRANSLATIONAL PROTEIN MODIFICATION 177 0.28885 1.133004 
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Supplementary table 3.3: DEPCG list showing protein coding genes with differential expression in at least 3 
studies, having Ensembl ID, a false discovery rate (FDR)<0.05 and a z-value of ≥|4| 

ENSEMBL ID Gene name zval pval FDR 

ENSG00000196663 TECPR2 -5.13896 1.00E-20 1.24E-18 

ENSG00000149809 TM7SF2 -5.06287 1.00E-20 1.24E-18 

ENSG00000163888 CAMK2N2 -4.79406 6.51E-07 7.41E-05 

ENSG00000136280 CCM2 -4.65061 1.95E-06 0.000153 

ENSG00000116819 TFAP2E -4.62602 1.95E-06 0.000153 

ENSG00000132321 IQCA1 -4.5903 1.95E-06 0.000153 

ENSG00000130244 FAM98C -4.57746 1.95E-06 0.000153 

ENSG00000141560 FN3KRP -4.54631 1.95E-06 0.000153 

ENSG00000123453 SARDH -4.34822 5.86E-06 0.000367 

ENSG00000108946 PRKAR1A -4.29718 7.81E-06 0.000469 

ENSG00000129968 ABHD17A -4.24387 1.11E-05 0.000612 

ENSG00000175182 FAM131A -4.219 1.11E-05 0.000612 

ENSG00000130005 GAMT -4.06299 1.95E-05 0.000893 

ENSG00000168159 RNF187 -4.01008 2.67E-05 0.001145 

ENSG00000285426 RNF187 -4.01008 2.67E-05 0.001145 

ENSG00000156500 PABIR3 4.000117 2.86E-05 0.001222 

ENSG00000139180 NDUFA9 4.002954 2.73E-05 0.00117 

ENSG00000180479 ZNF571 4.006681 2.67E-05 0.001145 

ENSG00000100575 TIMM9 4.007772 2.60E-05 0.001127 

ENSG00000000457 SCYL3 4.010275 2.60E-05 0.001127 

ENSG00000091009 RBM27 4.011549 2.60E-05 0.001127 

ENSG00000170222 ADPRM 4.012181 2.60E-05 0.001127 

ENSG00000113387 SUB1 4.012423 2.60E-05 0.001127 

ENSG00000123338 NCKAP1L 4.016818 2.54E-05 0.001114 

ENSG00000151576 QTRT2 4.018261 2.54E-05 0.001114 

ENSG00000159388 BTG2 4.021286 2.54E-05 0.001114 

ENSG00000156103 MMP16 4.022545 2.47E-05 0.001095 

ENSG00000158006 PAFAH2 4.026398 2.47E-05 0.001095 

ENSG00000118873 RAB3GAP2 4.028381 2.41E-05 0.001072 

ENSG00000149308 NPAT 4.030035 2.34E-05 0.001047 

ENSG00000265808 SEC22B 4.034286 2.28E-05 0.00102 

ENSG00000164164 OTUD4 4.044052 2.28E-05 0.00102 

ENSG00000047315 POLR2B 4.047195 2.28E-05 0.00102 

ENSG00000176018 LYSMD3 4.053669 2.02E-05 0.000912 

ENSG00000101596 SMCHD1 4.054614 2.02E-05 0.000912 

ENSG00000146729 NIPSNAP2 4.059368 2.02E-05 0.000912 

ENSG00000018510 AGPS 4.060009 2.02E-05 0.000912 
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ENSG00000157259 GATAD1 4.062443 1.95E-05 0.000893 

ENSG00000149262 INTS4 4.062714 1.95E-05 0.000893 

ENSG00000242485 MRPL20 4.067109 1.89E-05 0.000871 

ENSG00000107949 BCCIP 4.067795 1.89E-05 0.000871 

ENSG00000131115 ZNF227 4.07223 1.89E-05 0.000871 

ENSG00000122877 EGR2 4.07483 1.89E-05 0.000871 

ENSG00000133704 IPO8 4.080973 1.82E-05 0.000851 

ENSG00000197779 ZNF81 4.083694 1.76E-05 0.000823 

ENSG00000136628 EPRS1 4.085947 1.76E-05 0.000823 

ENSG00000092439 TRPM7 4.086155 1.76E-05 0.000823 

ENSG00000204138 PHACTR4 4.092591 1.69E-05 0.0008 

ENSG00000162694 EXTL2 4.093738 1.69E-05 0.0008 

ENSG00000119820 YIPF4 4.09515 1.63E-05 0.000774 

ENSG00000134061 CD180 4.098158 1.63E-05 0.000774 

ENSG00000092531 SNAP23 4.099303 1.63E-05 0.000774 

ENSG00000076650 GPATCH1 4.10267 1.63E-05 0.000774 

ENSG00000137770 CTDSPL2 4.103022 1.63E-05 0.000774 

ENSG00000167555 ZNF528 4.104459 1.63E-05 0.000774 

ENSG00000241343 RPL36A 4.107409 1.63E-05 0.000774 

ENSG00000104218 CSPP1 4.110372 1.63E-05 0.000774 

ENSG00000168538 TRAPPC11 4.116828 1.63E-05 0.000774 

ENSG00000176102 CSTF3 4.119302 1.63E-05 0.000774 

ENSG00000163608 NEPRO 4.120336 1.63E-05 0.000774 

ENSG00000198034 RPS4X 4.125753 1.63E-05 0.000774 

ENSG00000021776 AQR 4.12622 1.63E-05 0.000774 

ENSG00000117010 ZNF684 4.1278 1.63E-05 0.000774 

ENSG00000100266 PACSIN2 4.129119 1.56E-05 0.000774 

ENSG00000144724 PTPRG 4.129293 1.56E-05 0.000774 

ENSG00000165819 METTL3 4.131161 1.56E-05 0.000774 

ENSG00000243943 ZNF512 4.132739 1.56E-05 0.000774 

ENSG00000185220 PGBD2 4.138483 1.50E-05 0.000754 

ENSG00000109270 LAMTOR3 4.139306 1.50E-05 0.000754 

ENSG00000068097 HEATR6 4.141545 1.50E-05 0.000754 

ENSG00000111837 MAK 4.141735 1.50E-05 0.000754 

ENSG00000121058 COIL 4.142278 1.50E-05 0.000754 

ENSG00000254999 BRK1 4.142338 1.50E-05 0.000754 

ENSG00000164035 EMCN 4.152435 1.50E-05 0.000754 

ENSG00000154719 MRPL39 4.154614 1.50E-05 0.000754 

ENSG00000088451 TGDS 4.160133 1.50E-05 0.000754 

ENSG00000170006 TMEM154 4.162669 1.43E-05 0.000743 

ENSG00000119509 INVS 4.167198 1.43E-05 0.000743 
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ENSG00000133773 CCDC59 4.16769 1.43E-05 0.000743 

ENSG00000169403 PTAFR 4.169281 1.43E-05 0.000743 

ENSG00000174442 ZWILCH 4.174696 1.37E-05 0.000719 

ENSG00000198839 ZNF277 4.176899 1.37E-05 0.000719 

ENSG00000135249 RINT1 4.17731 1.37E-05 0.000719 

ENSG00000197170 PSMD12 4.178358 1.37E-05 0.000719 

ENSG00000276833 TAF15 4.182408 1.37E-05 0.000719 

ENSG00000131238 PPT1 4.182984 1.37E-05 0.000719 

ENSG00000186432 KPNA4 4.189457 1.30E-05 0.000699 

ENSG00000166532 RIMKLB 4.190665 1.30E-05 0.000699 

ENSG00000003056 M6PR 4.194457 1.24E-05 0.000669 

ENSG00000162961 DPY30 4.19592 1.24E-05 0.000669 

ENSG00000086200 IPO11 4.196878 1.24E-05 0.000669 

ENSG00000111639 MRPL51 4.198674 1.24E-05 0.000669 

ENSG00000188846 RPL14 4.200442 1.24E-05 0.000669 

ENSG00000175548 ALG10B 4.202417 1.17E-05 0.000645 

ENSG00000115084 SLC35F5 4.208504 1.11E-05 0.000612 

ENSG00000180787 ZFP3 4.208965 1.11E-05 0.000612 

ENSG00000143149 ALDH9A1 4.210483 1.11E-05 0.000612 

ENSG00000136709 WDR33 4.212053 1.11E-05 0.000612 

ENSG00000149196 HIKESHI 4.218596 1.11E-05 0.000612 

ENSG00000065243 PKN2 4.223273 1.11E-05 0.000612 

ENSG00000117036 ETV3 4.225283 1.11E-05 0.000612 

ENSG00000181704 YIPF6 4.226529 1.11E-05 0.000612 

ENSG00000102221 JADE3 4.230947 1.11E-05 0.000612 

ENSG00000172795 DCP2 4.239823 1.11E-05 0.000612 

ENSG00000153975 ZUP1 4.24517 1.11E-05 0.000612 

ENSG00000154305 MIA3 4.257138 9.76E-06 0.000566 

ENSG00000186017 ZNF566 4.257747 9.11E-06 0.00053 

ENSG00000083828 ZNF586 4.258603 9.11E-06 0.00053 

ENSG00000029639 TFB1M 4.261446 9.11E-06 0.00053 

ENSG00000104517 UBR5 4.267127 8.46E-06 0.000498 

ENSG00000198093 ZNF649 4.26978 8.46E-06 0.000498 

ENSG00000186141 POLR3C 4.284586 8.46E-06 0.000498 

ENSG00000068654 POLR1A 4.284862 8.46E-06 0.000498 

ENSG00000104763 ASAH1 4.285721 8.46E-06 0.000498 

ENSG00000134987 WDR36 4.290605 7.81E-06 0.000469 

ENSG00000256646 
 

4.292923 7.81E-06 0.000469 

ENSG00000172878 METAP1D 4.294077 7.81E-06 0.000469 

ENSG00000020922 MRE11 4.296243 7.81E-06 0.000469 

ENSG00000167766 ZNF83 4.29642 7.81E-06 0.000469 



Appendix A: Additional information 

213 
 

— 
213 

ENSG00000153037 SRP19 4.303485 7.16E-06 0.000444 

ENSG00000138777 PPA2 4.322977 7.16E-06 0.000444 

ENSG00000186448 ZNF197 4.328633 7.81E-06 0.000469 

ENSG00000281709 ZNF197 4.328633 7.81E-06 0.000469 

ENSG00000163714 U2SURP 4.336371 6.51E-06 0.000407 

ENSG00000132570 PCBD2 4.340625 5.86E-06 0.000367 

ENSG00000117479 SLC19A2 4.341771 5.86E-06 0.000367 

ENSG00000114391 RPL24 4.34306 5.86E-06 0.000367 

ENSG00000126790 L3HYPDH 4.368843 5.21E-06 0.000338 

ENSG00000275111 ZNF2 4.379894 5.21E-06 0.000338 

ENSG00000087884 AAMDC 4.383624 5.21E-06 0.000338 

ENSG00000143222 UFC1 4.385458 5.21E-06 0.000338 

ENSG00000198730 CTR9 4.389005 5.21E-06 0.000338 

ENSG00000138685 FGF2 4.393184 5.21E-06 0.000338 

ENSG00000122696 SLC25A51 4.396271 5.21E-06 0.000338 

ENSG00000082074 FYB1 4.39652 5.21E-06 0.000338 

ENSG00000198814 GK 4.397338 5.21E-06 0.000338 

ENSG00000117620 SLC35A3 4.407515 4.56E-06 0.000307 

ENSG00000090060 PAPOLA 4.412386 4.56E-06 0.000307 

ENSG00000129084 PSMA1 4.414463 4.56E-06 0.000307 

ENSG00000102189 EEA1 4.415376 4.56E-06 0.000307 

ENSG00000163754 GYG1 4.41822 4.56E-06 0.000307 

ENSG00000144426 NBEAL1 4.419317 4.56E-06 0.000307 

ENSG00000163527 STT3B 4.422006 4.56E-06 0.000307 

ENSG00000177200 CHD9 4.428031 4.56E-06 0.000307 

ENSG00000182973 CNOT10 4.428117 4.56E-06 0.000307 

ENSG00000197024 ZNF398 4.438295 3.90E-06 0.000274 

ENSG00000159905 ZNF221 4.440691 3.90E-06 0.000274 

ENSG00000256771 ZNF253 4.445606 3.90E-06 0.000274 

ENSG00000067177 PHKA1 4.447544 3.90E-06 0.000274 

ENSG00000004866 ST7 4.448373 3.90E-06 0.000274 

ENSG00000111450 STX2 4.448792 3.90E-06 0.000274 

ENSG00000132912 DCTN4 4.451247 3.90E-06 0.000274 

ENSG00000134371 CDC73 4.452807 3.90E-06 0.000274 

ENSG00000120280 TASL 4.457191 3.90E-06 0.000274 

ENSG00000113360 DROSHA 4.460788 3.90E-06 0.000274 

ENSG00000172469 MANEA 4.46277 3.90E-06 0.000274 

ENSG00000156261 CCT8 4.467673 3.90E-06 0.000274 

ENSG00000119314 PTBP3 4.472066 3.90E-06 0.000274 

ENSG00000172850 LSM2 4.482472 5.86E-06 0.000367 

ENSG00000224979 LSM2 4.482472 5.86E-06 0.000367 
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ENSG00000225998 LSM2 4.482472 5.86E-06 0.000367 

ENSG00000231502 LSM2 4.482472 5.86E-06 0.000367 

ENSG00000111846 GCNT2 4.482596 3.90E-06 0.000274 

ENSG00000102710 SUPT20H 4.483507 3.90E-06 0.000274 

ENSG00000110756 HPS5 4.491436 3.90E-06 0.000274 

ENSG00000288445 HPS5 4.491436 3.90E-06 0.000274 

ENSG00000109911 ELP4 4.500791 2.60E-06 0.000198 

ENSG00000078618 NRDC 4.504017 2.60E-06 0.000198 

ENSG00000254093 PINX1 4.504569 2.60E-06 0.000198 

ENSG00000196531 NACA 4.508674 2.60E-06 0.000198 

ENSG00000072274 TFRC 4.51087 2.60E-06 0.000198 

ENSG00000121406 ZNF549 4.519071 2.60E-06 0.000198 

ENSG00000144713 RPL32 4.529373 1.95E-06 0.000153 

ENSG00000100055 CYTH4 4.529663 1.95E-06 0.000153 

ENSG00000081870 HSPB11 4.539017 1.95E-06 0.000153 

ENSG00000169359 SLC33A1 4.540784 1.95E-06 0.000153 

ENSG00000118496 FBXO30 4.541748 1.95E-06 0.000153 

ENSG00000155629 PIK3AP1 4.542463 1.95E-06 0.000153 

ENSG00000074657 ZNF532 4.542977 1.95E-06 0.000153 

ENSG00000117143 UAP1 4.547101 1.95E-06 0.000153 

ENSG00000124486 USP9X 4.547731 1.95E-06 0.000153 

ENSG00000129197 RPAIN 4.550673 1.95E-06 0.000153 

ENSG00000116251 RPL22 4.563459 1.95E-06 0.000153 

ENSG00000256060 TRAPPC2B 4.576683 1.95E-06 0.000153 

ENSG00000172594 SMPDL3A 4.582917 1.95E-06 0.000153 

ENSG00000255639 0 4.583189 1.95E-06 0.000153 

ENSG00000059377 TBXAS1 4.586749 1.95E-06 0.000153 

ENSG00000204524 ZNF805 4.586796 1.95E-06 0.000153 

ENSG00000144895 EIF2A 4.58942 1.95E-06 0.000153 

ENSG00000166439 RNF169 4.593879 1.95E-06 0.000153 

ENSG00000186376 ZNF75D 4.59591 1.95E-06 0.000153 

ENSG00000121879 PIK3CA 4.59726 1.95E-06 0.000153 

ENSG00000173214 MFSD4B 4.603771 1.95E-06 0.000153 

ENSG00000108443 RPS6KB1 4.607876 1.95E-06 0.000153 

ENSG00000113811 SELENOK 4.612871 1.95E-06 0.000153 

ENSG00000253352 TUG1 4.615618 1.95E-06 0.000153 

ENSG00000122729 ACO1 4.618973 1.95E-06 0.000153 

ENSG00000187068 C3orf70 4.621849 1.95E-06 0.000153 

ENSG00000075884 ARHGAP15 4.624949 1.95E-06 0.000153 

ENSG00000123066 MED13L 4.625026 1.95E-06 0.000153 
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ENSG00000154240 CEP112 4.625749 1.95E-06 0.000153 

ENSG00000219481 NBPF1 4.625847 1.95E-06 0.000153 

ENSG00000142556 ZNF614 4.629313 1.95E-06 0.000153 

ENSG00000067900 ROCK1 4.6402 1.95E-06 0.000153 

ENSG00000279247 AK6 4.640763 1.95E-06 0.000153 

ENSG00000168795 ZBTB5 4.644812 1.95E-06 0.000153 

ENSG00000102743 SLC25A15 4.653699 1.95E-06 0.000153 

ENSG00000077458 FAM76B 4.653824 1.95E-06 0.000153 

ENSG00000048342 CC2D2A 4.658431 1.95E-06 0.000153 

ENSG00000138756 BMP2K 4.660359 1.95E-06 0.000153 

ENSG00000152457 DCLRE1C 4.664693 1.95E-06 0.000153 

ENSG00000215114 UBXN2B 4.671336 1.95E-06 0.000153 

ENSG00000197608 ZNF841 4.676423 1.95E-06 0.000153 

ENSG00000197714 ZNF460 4.681579 1.95E-06 0.000153 

ENSG00000108107 RPL28 4.682127 1.95E-06 0.000153 

ENSG00000101751 POLI 4.687498 1.95E-06 0.000153 

ENSG00000198755 RPL10A 4.688806 1.95E-06 0.000153 

ENSG00000163507 CIP2A 4.690536 1.95E-06 0.000153 

ENSG00000036257 CUL3 4.693787 1.95E-06 0.000153 

ENSG00000119402 FBXW2 4.696536 1.95E-06 0.000153 

ENSG00000144182 LIPT1 4.69918 1.95E-06 0.000153 

ENSG00000153827 TRIP12 4.700775 1.95E-06 0.000153 

ENSG00000168038 ULK4 4.705162 1.95E-06 0.000153 

ENSG00000236287 ZBED5 4.706796 1.30E-06 0.000143 

ENSG00000113583 C5orf15 4.713622 1.30E-06 0.000143 

ENSG00000126070 AGO3 4.735003 1.30E-06 0.000143 

ENSG00000145833 DDX46 4.737296 1.30E-06 0.000143 

ENSG00000241399 CD302 4.742266 1.30E-06 0.000143 

ENSG00000151881 TMEM267 4.751574 6.51E-07 7.41E-05 

ENSG00000138050 THUMPD2 4.752613 6.51E-07 7.41E-05 

ENSG00000182287 AP1S2 4.765349 6.51E-07 7.41E-05 

ENSG00000158411 MITD1 4.766564 6.51E-07 7.41E-05 

ENSG00000006459 KDM7A 4.768307 6.51E-07 7.41E-05 

ENSG00000066777 ARFGEF1 4.777718 6.51E-07 7.41E-05 

ENSG00000184293 CLECL1 4.7791 6.51E-07 7.41E-05 

ENSG00000156313 RPGR 4.780583 6.51E-07 7.41E-05 

ENSG00000198625 MDM4 4.810577 1.00E-20 1.24E-18 

ENSG00000142166 IFNAR1 4.817958 1.00E-20 1.24E-18 

ENSG00000163785 RYK 4.818626 1.00E-20 1.24E-18 

ENSG00000101126 ADNP 4.827325 1.00E-20 1.24E-18 

ENSG00000186300 ZNF555 4.830261 1.00E-20 1.24E-18 
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ENSG00000116580 GON4L 4.832558 1.00E-20 1.24E-18 

ENSG00000007392 LUC7L 4.83536 1.00E-20 1.24E-18 

ENSG00000117505 DR1 4.836544 1.00E-20 1.24E-18 

ENSG00000111142 METAP2 4.848148 1.00E-20 1.24E-18 

ENSG00000172785 CBWD1 4.849642 1.00E-20 1.24E-18 

ENSG00000145041 DCAF1 4.852261 1.00E-20 1.24E-18 

ENSG00000164941 INTS8 4.852835 1.00E-20 1.24E-18 

ENSG00000089876 DHX32 4.853237 1.00E-20 1.24E-18 

ENSG00000100372 SLC25A17 4.866289 1.00E-20 1.24E-18 

ENSG00000170860 LSM3 4.867178 1.00E-20 1.24E-18 

ENSG00000169967 MAP3K2 4.870009 1.00E-20 1.24E-18 

ENSG00000183520 UTP11 4.879117 1.00E-20 1.24E-18 

ENSG00000169895 SYAP1 4.886433 1.00E-20 1.24E-18 

ENSG00000177025 C19orf18 4.893713 1.00E-20 1.24E-18 

ENSG00000145982 FARS2 4.894546 1.00E-20 1.24E-18 

ENSG00000173588 CEP83 4.895797 1.00E-20 1.24E-18 

ENSG00000119397 CNTRL 4.902685 1.00E-20 1.24E-18 

ENSG00000076321 KLHL20 4.904982 1.00E-20 1.24E-18 

ENSG00000115875 SRSF7 4.906291 1.00E-20 1.24E-18 

ENSG00000128699 ORMDL1 4.910077 1.00E-20 1.24E-18 

ENSG00000067248 DHX29 4.911971 1.00E-20 1.24E-18 

ENSG00000136536 MARCHF7 4.914925 1.00E-20 1.24E-18 

ENSG00000174652 ZNF266 4.917 1.00E-20 1.24E-18 

ENSG00000170677 SOCS6 4.917529 1.00E-20 1.24E-18 

ENSG00000155636 RBM45 4.926901 1.00E-20 1.24E-18 

ENSG00000275600 PIGW 4.941176 1.00E-20 1.24E-18 

ENSG00000009413 REV3L 4.944528 1.00E-20 1.24E-18 

ENSG00000198040 ZNF84 4.946085 1.00E-20 1.24E-18 

ENSG00000189266 PNRC2 4.950578 1.00E-20 1.24E-18 

ENSG00000213809 KLRK1 4.960424 1.00E-20 1.24E-18 

ENSG00000127328 RAB3IP 4.96356 1.00E-20 1.24E-18 

ENSG00000136051 WASHC4 4.96799 1.00E-20 1.24E-18 

ENSG00000116698 SMG7 4.968646 1.00E-20 1.24E-18 

ENSG00000137942 FNBP1L 4.970914 1.00E-20 1.24E-18 

ENSG00000115368 WDR75 4.978038 1.00E-20 1.24E-18 

ENSG00000115524 SF3B1 4.98057 1.00E-20 1.24E-18 

ENSG00000136021 SCYL2 4.982744 1.00E-20 1.24E-18 

ENSG00000102531 FNDC3A 4.986048 1.00E-20 1.24E-18 

ENSG00000146282 RARS2 4.99477 1.00E-20 1.24E-18 

ENSG00000122406 RPL5 5.009283 1.00E-20 1.24E-18 

ENSG00000111011 RSRC2 5.017333 1.00E-20 1.24E-18 
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ENSG00000285901 0 5.024554 1.00E-20 1.24E-18 

ENSG00000254004 ZNF260 5.025238 1.00E-20 1.24E-18 

ENSG00000005175 RPAP3 5.030592 1.00E-20 1.24E-18 

ENSG00000055332 EIF2AK2 5.039656 1.00E-20 1.24E-18 

ENSG00000147202 DIAPH2 5.050425 1.00E-20 1.24E-18 

ENSG00000174125 TLR1 5.052871 1.00E-20 1.24E-18 

ENSG00000134186 PRPF38B 5.060196 1.00E-20 1.24E-18 

ENSG00000168916 ZNF608 5.073178 1.00E-20 1.24E-18 

ENSG00000151458 ANKRD50 5.078823 1.00E-20 1.24E-18 

ENSG00000121481 RNF2 5.08547 1.00E-20 1.24E-18 

ENSG00000094880 CDC23 5.09454 1.00E-20 1.24E-18 

ENSG00000105750 ZNF85 5.112806 1.00E-20 1.24E-18 

ENSG00000164197 RNF180 5.115658 1.00E-20 1.24E-18 

ENSG00000155307 SAMSN1 5.12339 1.00E-20 1.24E-18 

ENSG00000049167 ERCC8 5.146013 1.00E-20 1.24E-18 

ENSG00000115446 UNC50 5.154424 1.00E-20 1.24E-18 

ENSG00000163636 PSMD6 5.166107 1.00E-20 1.24E-18 

ENSG00000168961 LGALS9 5.175534 1.00E-20 1.24E-18 

ENSG00000156171 DRAM2 5.177309 1.00E-20 1.24E-18 

ENSG00000197798 FAM118B 5.190534 1.00E-20 1.24E-18 

ENSG00000185009 AP3M1 5.195736 1.00E-20 1.24E-18 

ENSG00000082212 ME2 5.216069 1.00E-20 1.24E-18 

ENSG00000182774 RPS17 5.229447 1.00E-20 1.24E-18 

ENSG00000055044 NOP58 5.233695 1.00E-20 1.24E-18 

ENSG00000120509 PDZD11 5.244839 1.00E-20 1.24E-18 

ENSG00000197782 ZNF780A 5.250654 1.00E-20 1.24E-18 

ENSG00000186026 ZNF284 5.255581 1.00E-20 1.24E-18 

ENSG00000196632 WNK3 5.27413 1.00E-20 1.24E-18 

ENSG00000110330 BIRC2 5.278451 1.00E-20 1.24E-18 

ENSG00000060749 QSER1 5.285188 1.00E-20 1.24E-18 

ENSG00000162613 FUBP1 5.312691 1.00E-20 1.24E-18 

ENSG00000114354 TFG 5.331727 1.00E-20 1.24E-18 

ENSG00000211455 STK38L 5.350372 1.00E-20 1.24E-18 

ENSG00000197961 ZNF121 5.387317 1.00E-20 1.24E-18 

ENSG00000035681 NSMAF 5.387652 1.00E-20 1.24E-18 

ENSG00000172167 MTBP 5.42527 1.00E-20 1.24E-18 

ENSG00000196470 SIAH1 5.449329 1.00E-20 1.24E-18 

ENSG00000152433 ZNF547 5.456359 1.00E-20 1.24E-18 

ENSG00000143493 INTS7 5.466494 1.00E-20 1.24E-18 

ENSG00000145780 FEM1C 5.501341 1.00E-20 1.24E-18 

ENSG00000109920 FNBP4 5.503827 6.51E-07 7.41E-05 
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ENSG00000285182 FNBP4 5.503827 6.51E-07 7.41E-05 

ENSG00000280568 ZNF780A 5.510635 1.00E-20 1.24E-18 

ENSG00000136603 SKIL 5.52906 1.00E-20 1.24E-18 

ENSG00000143106 PSMA5 5.532601 1.00E-20 1.24E-18 

ENSG00000138385 SSB 5.541434 1.00E-20 1.24E-18 

ENSG00000107779 BMPR1A 5.553395 1.00E-20 1.24E-18 

ENSG00000125772 GPCPD1 5.554662 1.00E-20 1.24E-18 

ENSG00000142534 RPS11 5.570929 1.00E-20 1.24E-18 

ENSG00000108510 MED13 5.573116 1.00E-20 1.24E-18 

ENSG00000164338 UTP15 5.622842 1.00E-20 1.24E-18 

ENSG00000160124 MIX23 5.631446 1.00E-20 1.24E-18 

ENSG00000188647 PTAR1 5.640086 1.00E-20 1.24E-18 

ENSG00000213096 ZNF254 5.655889 1.00E-20 1.24E-18 

ENSG00000174720 LARP7 5.674445 1.00E-20 1.24E-18 

ENSG00000088448 ANKRD10 5.680425 1.00E-20 1.24E-18 

ENSG00000118855 MFSD1 5.681572 1.00E-20 1.24E-18 

ENSG00000137145 DENND4C 5.696087 1.00E-20 1.24E-18 

ENSG00000058804 NDC1 5.701652 1.00E-20 1.24E-18 

ENSG00000242247 ARFGAP3 5.710312 1.00E-20 1.24E-18 

ENSG00000118007 STAG1 5.743575 1.00E-20 1.24E-18 

ENSG00000111224 PARP11 5.749825 1.00E-20 1.24E-18 

ENSG00000136937 NCBP1 5.754858 1.00E-20 1.24E-18 

ENSG00000213625 LEPROT 5.779798 1.00E-20 1.24E-18 

ENSG00000119729 RHOQ 5.844391 1.00E-20 1.24E-18 

ENSG00000196214 ZNF766 5.852422 1.00E-20 1.24E-18 

ENSG00000175895 PLEKHF2 5.936077 1.00E-20 1.24E-18 

ENSG00000124151 NCOA3 5.956854 1.00E-20 1.24E-18 

ENSG00000189079 ARID2 5.982309 1.00E-20 1.24E-18 

ENSG00000147251 DOCK11 6.048905 1.00E-20 1.24E-18 

ENSG00000108854 SMURF2 6.116276 1.00E-20 1.24E-18 

ENSG00000168769 TET2 6.13178 1.00E-20 1.24E-18 

ENSG00000109606 DHX15 6.148613 1.00E-20 1.24E-18 

ENSG00000118217 ATF6 6.374994 1.00E-20 1.24E-18 

ENSG00000153207 AHCTF1 6.392375 1.00E-20 1.24E-18 

ENSG00000155329 ZCCHC10 6.460166 1.00E-20 1.24E-18 

ENSG00000263002 ZNF234 6.538277 1.00E-20 1.24E-18 

ENSG00000262795 IFNGR2 7.747547 1.00E-20 1.24E-18 
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Supplementary table 3.4: Pathway analysis of cluster A2 DEPCG members 

Pathway 
DB 

Enriched pathway DEPCG belonging to pathway 

KEGG Ribosome RPS11,MRPL20,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,
RPL36A,RPL32 

REACTOME Peptide chain elongation RPS11,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,RPL36A,
RPL32 

REACTOME Viral mRNA Translation RPS11,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,RPL36A,
RPL32 

REACTOME Selenocysteine synthesis RPS11,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,RPL36A,
RPL32 

REACTOME Eukaryotic Translation 
Termination 

RPS11,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,RPL36A,
RPL32 

REACTOME Nonsense Mediated Decay 
(NMD) independent of the 

Exon Junction Complex (EJC) 

RPS11,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,RPL36A,
RPL32 

REACTOME Formation of a pool of free 40S 
subunits 

RPS11,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,RPL36A,
RPL32 

REACTOME Response of EIF2AK4 (GCN2) 
to amino acid deficiency 

RPS11,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,RPL36A,
RPL32 

REACTOME SRP-dependent cotranslational 
protein targeting to membrane 

RPS11,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,RPL36A,
RPL32,SRP19 

REACTOME Nonsense Mediated Decay 
(NMD) enhanced by the Exon 

Junction Complex (EJC) 

RPS11,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,RPL36A,
RPL32,SMG7 

REACTOME GTP hydrolysis and joining of 
the 60S ribosomal subunit 

RPS11,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,RPL36A,
RPL32 

REACTOME L13a-mediated translational 
silencing of Ceruloplasmin 

expression 

RPS11,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,RPL36A,
RPL32 

REACTOME Regulation of expression of 
SLITs and ROBOs 

RPS11,PSMA5,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,R
PL36A,PSMA1,RPL32 

REACTOME Major pathway of rRNA 
processing in the nucleolus 

and cytosol 

RPS11,RPL22,RPL5,RPS4X,RPL10A,RPL24,RPL14,RPL36A,
RPL32 

REACTOME Translation MRPL51,RPS11,MRPL20,RPL22,RPL5,RPS4X,RPL10A,RPL2
4,RPL14,RPL36A,RPL32,SRP19 

REACTOME Metabolism of amino acids 
and derivatives 

RPS11,PSMA5,RPL22,ALDH9A1,RPL5,RPS4X,RPL10A,RPL2
4,RPL14,RPL36A,PSMA1,RPL32 

REACTOME Cellular responses to stress RPS11,PSMA5,C11orf73,RPL22,RPL5,RPS4X,RPL10A,RPL2
4,RPL14,RPL36A,PSMA1,RPL32 

REACTOME Metabolism of RNA RPS11,PSMA5,METTL3,LSM3,RPL22,RPL5,RPS4X,RPL10A,
RPL24,RPL14,RPL36A,PSMA1,RPL32,SMG7 

REACTOME Infectious disease RPS11,PSMA5,IFNGR2,RPL22,RPL5,RPS4X,RPL10A,RPL24,
RPL14,RPL36A,PSMA1,RPL32,BRK1,TAF15 

REACTOME Disease RPS11,PSMA5,IFNGR2,GYG1,RPL22,RPL5,RPS4X,RPL10A,
RPL24,RPL14,RPL36A,PSMA1,RPL32,BRK1,TAF15 

REACTOME Metabolism of proteins MRPL51,TFG,CCDC59,RPS11,PSMA5,MRPL20,RPL22,RPL5
,RPS4X,RPL10A,RPL24,RPL14,RPL36A,PSMA1,RPL32,SRP1

9 
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REACTOME Metabolism PDZD11,NDUFA9,RPS11,PSMA5,ORMDL1,GYG1,RPL22,A
LDH9A1,RPL5,RPS4X,RPL10A,RPL24,RPL14,PPT1,RPL36A,

PSMA1,RPL32 
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Supplementary table 3.5: Available literature-based evidence of glioblastoma functional associations of the 
DANCR-targeted DEPCG overlapping with TCGA-GBM 

DEPCG Association with GBM Refs 

ROCK1 

Rho-associated kinase 1 

Knockdown induced antidromic cell migration and reduced 

proliferation 

Inhibition by miR-145 decreased cell invasiveness 

Inhibition blocked macrophage migration inhibitory 

factor (MIF)- mediated increase in migration and colony 

formation 

Inhibition by miR-206 overexpression led to inhibition of 

migration, invasion, and PI3K/AKT pathway activation 

Promotion of migration, invasion and proliferation 

[817] 

[818] 

[819] 

 

[820] 

 

[821] 

GK 

Glycerol kinase 

Predicted to act as downstream transcription factor in COL5A1 

regulation of cell mobility, metastasis and actin polimerization 

status 

[822] 

METAP2 

Methionine 

aminopeptidase 2 

Knockdown decreased proliferation, tumorigeneicity, 

decreased VEGF expression and dependent angiogenesis 

[823] 

CIP2A 

Cancerous inhibitor of 

protein phosphatase 2A 

Inhibition induced cell senescence and retarded tumor growth 

Silencing enhanced Cucurbitacin B-induced invasion inhibition 

and apoptosis 

Overexpression reversed cell cycle and apoptotic protein 

expression led by anti-tumor 2,5-Dimethyl Celecoxib 

Promotion of viability, clonogenicity and anchorage-

independent growth 

[824] 

[825] 

[826] 

 

[827] 

ASAH1 

Acid ceramidase 

Expression associated with poor survival and inhibition 

increases cellular ceramide level and induces apoptosis 

Upregulation conferred cellular radioresistance 

[828] 

 

[829] 

STX2 

Syntaxin 2 

Inhibition reduced growth of tumor xenografts in vivo [830] 

MAP3K2 

Mitogen-activated 

protein kinase 2 

Restoration of proliferation occurring due to circ-PITX1 

silencing 

[831] 
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Supplementary table 3.6: Available literature-based evidence of glioblastoma/ferroptosis functional 
associations of DEPCGs in the DANCR/SNHG6 sub-cluster of co-expression correlation network 

DEPCG Characterized role in glioma/glioblastoma Previously associated with 

ferroptosis? 

LUC7L Yes [832] No 

PDZD11 No No 

BRK1 No No 

UFC1 No Part of UFMylation pathway 

which regulates ferroptosis in 

breast cancer [833] 

ENSG0000025664

6 

No No 

TAF15 Predicted target of LINC01564 which promotes 

glioma cell treatment resistance [834] 

Predicted target of LINC01564 

which inhibits ferroptosis [834]  

ALDH9A1 Activated by CLOCK which drives 

immunosuppression in glioblastoma [835,836] 

No 

TIMM9 By machine learning from high throughput 

CRISPR-Cas9 [837] 

No 

MRPL20 No No 

RPS4X Part of in-silico glioblastoma prognostic model 

[675] 

No 

RPL36A Part of prognostic model for GBM (Preprint [675], 

[676] 

No 

PRPF38B No No 

ZNF266 No No 

MRPL51 No No 

RPL5 No No 

PSMA5 Independent prognostic marker for glioma and 

combined treatment with carboplatin and 

thioridazine was shown to induce apoptosis by 

upregulation of Nrf2-dependent PSMA5 

expression [838,839]. 

No 

SELK Regulates proliferation, drug sensitivity and 

invasion of glioma cells [840].  

Induced by Selenium which 

drives ferroptosis inhibition 

[841] 

ORMDL1 No No 

RPL24 No No 

RPL32 No No 

PPT1 elevated expression of PPT1 correlates with poor 

survival in TCGA patients with gliomas [842] 

No 

ENSG0000025563

9 

No No 
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RPL14 No No 

PSMA1 Identified during a screen for genes contributing 

to radiation and temozolamide sensitivity as well 

as tumoricidal activity 

Induced by NRF2 which 

regulates ferroptosis 

[337,843–845] 

C11orf73 No Mediates nuclear translocation 

of heat shock protein 70 

(HSP70) which regulates 

ferroptosis [846,847]  

METTL3 Regulates the proliferation, migration and 

invasion of glioma cells [848] 

Regulates ferroptosis 

[849,850] 

ZNF547 No No 

HSPB11 inhibits cell death by HSP90 mediated mechanism 

[851]prognostic marker of high grade glioma 

[852] 

No 

DPY30 Drives glioblastoma growth in vivo [853] No 

SRP19 No No 

RPAIN No No 

MITD1 No Deficiency induces renal 

carcinoma growth and 

migration by ferroptosis 

induction [854] 

UNC50 No No 

IFNGR2 Identified in glioblastoma by genome-wide 

CRISPR screen [622] and may serve as a 

biomarker to stratify glioblastoma patients 

responsiveness to immune checkpoint blockade 

based therapies [855] 

No 

NACA No No 

RPL22 No No 

NDUFA9 No No 

M6PR No No 

CBWD1 or ZNG1A No No 

SUB1 Enhances proliferation and migration of glioma 

cells [856] 

No 

LSM3 No No 

RPL10A No No 

SMG7 No Smg7 −/− cells showed 

increased protection against 

cell death by ferroptosis-

inducer Erastin [857] 

C5orf15 No No 
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TFG Fusion with MET with overexpression of TFG-MET 

induces aggressive glial brain tumors in Cdkn2a- 

or Trp53-deficient mice [858]. 

No 

RPS11 influences glioma response to TOP2 poisons [673] 

predictor of poor prognosis in glioma [674] 

No 

GYG1 No No 

RAB3GAP2 No No 

THUMPD2 Isoform changes regulate glioma cell line 

sensitivity to temozolomide [859] 

No 

SUPT20H Part of prognostic risk score model for TCGA and 

CGGA gliomas [860] 

No 

CCDC59 or TAP26 No No 

 

 

 

 

 

 

 

 

 

 


