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Abstract 

Background: Cancer and cardiovascular diseases are leading causes of death worldwide. 

Doxorubicin is a chemotherapeutic agent commonly used in cancer treatment; however, its use 

is limited by development of cardiotoxicity. Mechanisms involved in doxorubicin-induced 

cardiotoxicity include reactive oxygen species-induced oxidative stress and topoisomerase-2β 

inhibition, however the exact pathogenesis is not elucidated. Children are more susceptible to 

doxorubicin-induced cardiotoxicity than adults. Cardiotoxicity may cause heart failure, which in 

doxorubicin-treated patients have a mortality of nearly 50%. To develop preventive treatment 

strategies, it is necessary to increase the understanding of the processes involved in doxorubicin-

induced cardiotoxicity. Therefore, the aims of this thesis were to (1) investigate the mechanisms 

of cell death induced by doxorubicin in AC16 cardiomyocytes, and (2) characterize the 

transcriptional changes in doxorubicin-treated AC16 cardiomyocytes. 

Methods: AC16 cardiomyocytes were treated with doxorubicin (5µM) for 24 hours to assess the 

effect of the chemotherapeutic agent on cell death and transcription. Cell death was determined 

by lactate dehydrogenase assay, while cell viability and apoptosis were measured in a 

multiplexed assay. Transcriptional changes were explored through RNA sequencing, differential 

expression analysis, and gene set enrichment analysis.  

Results: AC16 cardiomyocytes exposed to doxorubicin for 24 hours displayed significantly 

increased cell death and apoptosis, and significantly decreased cell viability (p<0.0001). A total 

of 17,013 differentially expressed genes were identified, of which 9,946 were upregulated and 

7,067 were downregulated (FDR < 0.05). 13,042 differential expressed genes (p-value cut-off < 

0.01) were forwarded to enrichment analysis. Enriched pathways and process networks were 

related to reactive oxygen species-induced oxidative stress, p53-dependent apoptosis, hypoxia, 

DNA damage responses and the developmental pathways of Wnt/βcatenin and Hedgehog. 

Differentially expressed genes involved in the DNA damage response were generally 

downregulated. The most relevant networks were mainly enriched in gene ontology processes 

related to embryonic development (Network 1), inflammation (Network 2), and cell growth 

(Network 3). Krüppel-like factor 4 appeared as a central hub in Network 1. 

Conclusion: 24 hours of doxorubicin treatment increased cell death and apoptosis, and 

decreased cell viability in AC16 cardiomyocytes. Doxorubicin treatment induced transcriptional 

changes associated with apoptosis, oxidative stress, inflammation, downregulation of DNA 

damage response genes and reactivation of developmental pathways. The Krüppel-like factor 4, 

Yamanaka factors and Wnt/βcatenin-signalling appear as important in the doxorubicin-response. 

The novel observation of Hedgehog-signalling activation should be subject to further 

investigations.  
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Samandrag 

Bakgrunn: Kreft og hjarte- og karsjukdom er leiande dødsårsaker i verda. Doxorubicin er mykje 

nytta som cellegift i kreftbehandling, men utvikling av kardiotoksisitet avgrensar bruken. Faktorar 

som bidreg til doxorubicin-indusert kardiotoksisitet inkluderer oksidativt stress indusert av 

reaktive oksygenforbindinger og hemming av topoisomerase-2β, men dei eksakte 

verknadsmekanismane er ikkje fullstendig klarlagt. Barn er meir sensitive for doxorubicin-

indusert kardiotoksisitet enn vaksne. Kardiotoksisitet kan føre til hjartesvikt, som hjå pasientar 

behandla med doxorubicin har ei dødelegheit på nærare 50%. For å utvikle førebyggjande 

behandlingsstrategiar er det nødvendig å auke kunnskapen om prosessane involvert i 

doxorubicin-indusert kardiotoksisitet. Føremålet med denne oppgåva vart difor å (1) undersøke 

kva mekanismar som er involvert i doxorubicin-indusert celledød i AC16 kardiomyocyttar, og (2) 

beskrive endringar i transkriptomet til AC16 kardiomyocyttar som følgje av doxorubicin-

behandling.     

Metoder: AC16 kardiomyocyttar vart behandla med doxorubicin (5µM) i 24 timar for å vurdere 

kva effektar denne cellegifta har på celledød og transkripsjon. Celledød vart konstatert ved eit 

laktat-dehydrogenase-assay, medan celleviabilitet og apoptose vart bedømt ved bruk av eit 

kombinasjonsassay. Endringar i transkriptomet vart undersøkt ved hjelp av RNA-sekvensering, 

bioinformatikk og genuttrykksprofilering. 

Resultat: AC16 kardiomyocytter eksponert for doxorubicin i 24 timar hadde signifikant auke i 

celledød og apoptose, og signifikant reduksjon i celleviabilitet (p < 0.0001). Totalt 17,013 gen var 

forskjellig uttrykt i dei to gruppene, der 9,946 var oppregulert og 7,067 var nedregulert               

(FDR < 0.05). 13,042 gen vart genutrykksprolifert. Dominerande signalvegar og prosessnettverk 

var relatert til oksidativt stress indusert av reaktive oksygenforbindinger, p53-avhengig apoptose, 

hypoksi, DNA-skaderesponsar og dei embryonale signalvegane Wnt/βcatenin og Hedgehog. Det 

var ei generell nedregulering av forskjellig uttrykte gen involvert i DNA-skaderesponsar. Dei mest 

relevante nettverka var assosiert med prosessar relatert til embryonal utvikling (Nettverk 1), 

inflammasjon (Nettverk 2) og cellevekst (Nettverk 3). Krüppel-like factor 4 framstod som ein hub 

i Nettverk 1.  

Konklusjon: 24 timar med doxorubicin-behandling førte til auka celledød og apoptose, og 

redusert celleviabilitet i AC16 kardiomyocyttar. Doxorubicin behandling førte til endringar i 

transkriptomet relatert til apoptose, oksidativt stress, inflammasjon, nedregulering av gen 

involvert i DNA-skaderesponsen, og reaktivering av embryonale signalvegar. Krüppel-like factor 

4, Yamanaka-faktorane og Wnt/βcatenin-signalering framstår som viktige i doxorubicin-

responsen. Den hittil ukjende aktiveringa av Hedgehog-signalering bør utforskast vidare i 

framtidige studier.  
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1 Introduction 

1.1 Cancer and Cardiovascular Diseases (CVDs) 

Cancer and CVDs are leading causes of death and morbidity worldwide (1). According to the 

Cancer Registry of Norway1, about 40% of the Norwegian population will develop cancer before 

the age of 80. Chemotherapeutics are commonly used in cancer treatment, targeting rapidly 

proliferating cells to prevent tumour growth. Doxorubicin (DOX) is an anthracycline that is widely 

used as a chemotherapeutic agent in the treatment of several cancer types, including breast 

cancer, gastrointestinal cancer, leukaemia, and lymphomas (2). Several anticancer effects of DOX 

have been described, including formation of DOX-DNA complexes that inhibits transcription and 

replication, generation of excessive reactive oxygen species (ROS) that cause oxidative damage, 

and inhibition of topoisomerase (TOP) 2α, a cell cycle enzyme that is overexpressed in most 

cancer cells (3). The common consequence of these mechanisms is subsequent induction of cell 

death in tumour cells. DOX has shown to be an effective chemotherapeutic agent; however, it 

also causes adverse effects on healthy tissue.  

 

1.2 DOX-Induced Cardiotoxicity  

The use of DOX in cancer treatment is limited by detrimental damage to healthy cardiac tissue 

(3). Cardiovascular side effects vary in severity and duration, and include arrythmias, 

inflammatory conditions, cardiomyopathies and heart failure (4). Terms regarding DOX-induced 

cardiotoxicity are not clearly defined (5). In this thesis the term DOX-induced cardiotoxicity will 

be used to describe the damage of cardiac tissue caused by DOX. Cardiomyopathy is a term used 

for several pathological conditions in the heart involving mechanical or electrical dysfunction, 

and ventricular hypertrophy or dilatation (6). The pathological decline in cardiac function caused 

by DOX-induced cardiotoxicity will therefore be referred to as DOX-induced cardiomyopathy. 

 
1 The Cancer Registry of Norway, Cancer in Norway 2020 - Cancer incidence, mortality, survival and prevalence in 
Norway, Kreftregisteret, Oslo, 2021, p.29, https://www.kreftregisteret.no/globalassets/cancer-in-
norway/2020/cin-2020.pdf, (accessed 12.03.22). 

https://www.kreftregisteret.no/globalassets/cancer-in-norway/2020/cin-2020.pdf
https://www.kreftregisteret.no/globalassets/cancer-in-norway/2020/cin-2020.pdf
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Characteristics of DOX-induced cardiomyopathy is different between adults and younger 

patients. DOX-induced cardiomyopathy in adults is similar to dilated cardiomyopathy, while DOX-

induced cardiomyopathy in juveniles is similar to restrictive cardiomyopathy (7). Common for 

both groups are the presence of systolic and diastolic dysfunction, and microscopical markers 

such as necrosis, fibrosis, loss of myofibrils and cardiomyocyte (CM) vacuolization (3, 5, 7). The 

onset of cardiotoxicity can be acute and cause symptoms within days or weeks after treatment, 

or it can manifest after several years (4). Prominent relationships have especially been 

characterized in children, where  cancer survivors showed a 15-fold increased incidence of heart 

failure 30 years after receiving DOX treatment, compared to its siblings (4). DOX-induced 

cardiotoxicity also has an unquestionable dose-dependent relationship, with an incidence 

increasing from 5% with a dose of 400 mg/m2 to 48% with a dose of 700 mg/m2 (8). DOX-induced 

cardiomyopathy may eventually progress to congestive heart failure, which among DOX-treated 

patients has a mortality of nearly 50% after two years (9). This underpins the need for increased 

understanding of the pathogenesis involved in DOX-induced cardiotoxicity, in order to reduce 

mortality among cancer survivors.  

 

1.3 Mechanisms of DOX-Induced Cardiotoxicity 

Several mechanisms have been suggested to cause DOX-induced cardiotoxicity, including DNA 

intercalation, iron overload, inhibition of cardiac progenitor cells, and disturbed calcium 

homeostasis (3, 8, 10). However, the totality is complex and difficult to interpret (9). 

Nevertheless, two mechanisms stand out as major contributors to DOX-induced cardiotoxicity, 

namely increased oxidative stress, and inhibition of the cardiac specific isoform TOP2β (11, 12) 

(Figure 1).  

Oxidative stress contribute to cardiotoxicity through generation of excessive ROS (13). The 

mitochondria have been extensively studied in this regard, due to their important functions in 

the highly metabolic heart. DOX accumulates in the mitochondria where it is thought to interfere 

with the electron transport chain, thereby disrupting energy production and increasing ROS 

generation (9). This cause opening of the mitochondrial permeability transition pore, resulting in 
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massive release of calcium into the cytosol. The intracellular homeostasis is consequently altered, 

thereby causing mitochondrial swelling, disruption of the mitochondrial membrane and 

subsequently cell death (14, 15). Since the mitochondria constitute over 30% of the CM volume 

and generate the vast majority of adenosine triphosphate (ATP) produced in the heart (14), these 

alterations are detrimental to cardiac function (9).  

The initial purpose of DOX is to induce apoptosis in cancer cells, amongst others through TOP2α-

inhibition which induce double stranded (DS) DNA breaks (9). Recent findings suggest that DOX 

also binds to the cardiac specific TOP2β in CMs, exerting the same mechanisms in healthy cardiac 

tissue (10, 12). DOX forms a complex with DNA and TOP2β and thereby induces DS DNA breaks 

(8, 11). Further, this is believed to cause the cascade of events associated with DOX-induced 

cardiotoxicity (11, 16).  

 

Simplified illustration of the current distinctive mechanisms believed to cause DOX-induced cardiotoxicity. DOX 
accumulates in the mitochondria where it interferes with the electron transport chain and cause generation of 
excessive ROS. This induce opening of the mitochondrial permeability transition pore, calcium overload, 
mitochondrial swelling and eventually cell death (14, 15). TOP2β-inhibition cause DNA damage in CMs, thereby 
inducing a cascade of events leading to cardiotoxicity. The figure was created with BioRender.com. CM: 
Cardiomyocyte, DNA: Deoxyribonucleic acid, DOX: Doxorubicin, ROS: Reactive oxygen species, TOP2β: Topoisomerase 
2β.  

 

Figure 1: Mechanisms of DOX-induced cardiotoxicity 
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1.4 DNA Damage Response (DDR) 

It is evident that DOX induce genotoxic stress and DNA damage (3, 9), and the common 

consequence of DNA breaks is the activation of DDR (17). This involves formation of the MRE11-

RAD50-NBS1 (MRN)-complex, and subsequent activation of Ataxia-telangiectasia mutated (ATM) 

and Ataxia-telangiectasia and Rad3-related (ATR) (Figure 2) (18). These checkpoint kinases 

mediate DNA break repair, cell cycle regulation and apoptosis through activation of signalling 

pathways and target genes. One important target gene is breast cancer-associated protein 

(BRCA) 1 which is central in homologous recombination of DS breaks (18, 19). ATM and ATR may 

also activate Activator Protein (AP-1), a transcriptional activator of genes involved in DNA repair 

and apoptosis, or Nuclear Factor kappa B (NFκB), mainly contributing to transcription of anti-

apoptotic genes, thereby serving a pro-survival function (18, 20). NFκB and AP-1 is also involved 

in inflammatory processes, as will be discussed later.  

 

Another central mediator activated in the DDR is the tumour suppressor p53. Upon DNA damage, 

p53 is stabilized and mediates its effects through transcriptional regulation of target genes. These 

genes are mainly involved in cell cycle arrest, DNA repair and apoptosis (3). Even though p53 has 

gained most attention regarding cancer development, recent findings suggests that p53’s basal 

activity is necessary for normal cardiac homeostasis (21). Furthermore, elevated expression of 

this protein is observed in the progression of several CVDs including dilated cardiomyopathy and 

heart failure. P53 is thought to cause progression of these diseases through decreased 

angiogenesis, promotion of apoptosis and autophagy, and altered regulation of metabolism and 

cell cycle arrest (21). In response to chemotherapy-induced genotoxic stress, such as DOX, DNA 

damage induce activation of p53, which serves important roles in mediating the cell fate. 

However, the exact mechanisms of involvement in different cell types remains to be elucidated 

(17).  
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Figure 2: DNA damage response  

Genotoxic stress induces DNA damage, thereby initiating the DDR through MRN-complex activation. Further, this 
complex activates ATM or ATR. This leads to activation of the transcription factors p53, Brca1, NFκB and AP-1. These 
transcription factors initiate transcription of genes involved in DNA repair, cell cycle regulation and apoptosis (19). 
The figure was created with BioRender.com. AP-1: Activator protein 1, ATM: Ataxia telangiectasia mutated, ATR: 
Ataxia telangiectasia and Rad3-related, Brca1: Breast cancer-associated protein 1, DDR: DNA damage response, 
DNA: Deoxyribonucleic acid, MRN: MRE11-RAD50-NBS1, NFκB: Nuclear factor kappa B. 

 

1.5 Cell death, Senescence, and Inflammation in CVDs 

While successful DNA repair leads to progression of the cell cycle, failed repair of severe DNA 

damage may induce cell death or senescence (Figure 3) (17). The main mechanisms of cell death 

associated with DOX-induced cardiotoxicity include necrosis, apoptosis, and autophagy (22). 

Apoptosis and autophagy are recognized as regulated and clean manners of cell death, involving 

timely degradation of dysfunctional cells, organelles, or proteins (23, 24). In contrast, necrosis is 

generally known as an unregulated and disordered cell death caused by physical or chemical cell 

damage (25).  
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DOX induce genotoxic stress and DNA damage to CMs. Severe DNA damage may induce different forms of cell death 
or senescence (17). The main mechanisms of cell death associated with DOX-induced cardiotoxicity includes 
apoptosis, necrosis and autophagy (22). The figure was created with BioRender.com. CM: cardiomyocyte, DNA: 
Deoxyribonucleic acid, DOX: Doxorubicin.  

 

Heart failure is characterized by advancing dysfunction and death of CMs (25), and apoptosis has 

been suggested as a major contributor (26). There are two main pathways of apoptosis, namely 

the intrinsic and extrinsic (Figure 4). The intrinsic pathway (also known as the mitochondrial 

pathway) of apoptosis is initiated by a wide range of stimuli, including DNA damage, hypoxia, 

calcium-overload, and oxidative stress (27). This activates Bcl-2 homology domain 3 (BH3)-only 

proteins, which further activates the pro-apoptotic proteins Bcl-2 Associated X (Bax) and Bcl-2 

Antagonist/Killer 1 (Bak). These proteins form pores in the outer mitochondrial membrane, 

thereby inducing release of cytochrome C into the cytosol. Cytochrome C and Apoptotic 

peptidase activating factor-1 (APAF-1) form the apoptosome, a complex that initiate apoptosis 

through activation of the caspase cascade (26). The final event is activation of the executioner 

caspases 3 and 7, which cause cell death through proteolysis of essential proteins (27).  

Caspase 3 and 7 activation is also the final event in the extrinsic pathway (also known as the 

Death receptor (DR) pathway) of apoptosis. This pathway is activated by the binding of death 

signalling molecules to its respective receptors. Mediators previously described in cardiac tissue 

include Tumour necrosis factor (TNF) α , TNF-related apoptosis-inducing ligand (TRAIL) and Fas-

Figure 3: Consequences of unsuccessful DNA repair  
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Ligand, and their respective receptors TNF Receptor 1, DR4/DR5 and Fas-receptor (FasR) (25). 

Interaction between the ligands and receptors initiates the cascade of events leading to caspase 

activation and apoptosis induction.  

 

Figure 4: Extrinsic and intrinsic pathway of apoptosis 

Simplified illustration of the extrinsic and intrinsic signalling pathways of apoptosis. External apoptotic stimuli, such 
as TNFα, Fas-ligand or TRAIL bind to its respective receptors, namely TNF Receptor 1, FasR, and DR4/DR5. This 
initiates a cascade of events leading to activation of the executioner caspases 3 and 7. These caspases induce 
apoptosis by proteolysis of essential proteins. Intrinsic apoptotic stimuli, such as DNA damage, oxidative stress or 
ischemia activates BH3-only proteins. These proteins further activate the pro-apoptotic mediators Bax and Bak, which 
initiates apoptosis through pore formation in the outer mitochondrial membrane, causing release of cytochrome C 
into cytosol (27). Cytochrome C and APAF-1 forms the apoptosome, a complex that initiates caspase activation and 
apoptosis. The figure is adapted from “Apoptosis Extrinsic and Intrinsic Pathways”, by BioRender.com (2022). 
Retrieved from https://app.biorender.com/biorender-templates. APAF-1: Apoptotic peptidase activating factor-1, 
Bak: Bcl-2 Antagonist/Killer 1, Bax: Bcl-2 Associated X, BH3: Bcl-2 Homology 3, DNA: Deoxyribonucleic acid, DR: Death 
receptor, TNF: Tumour necrosis factor, TRAIL: Tumour necrosis factor-related apoptosis-inducing ligand, FasR: Fas-
receptor.            

https://app.biorender.com/biorender-templates
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As an alternative to apoptosis, damaged cells may also undergo senescence. This irreversible cell 

cycle arrest especially strikes post-mitotic cells, such as CMs (5, 24). Senescence can be part of 

normal physiology through telomere shortening, which is associated with normal aging processes 

(28). Alternatively, senescence can be induced by external stressors, such as oxidative stress or 

sustained DNA damage (29, 30), also known as stress-induced premature senescence (30). 

Senescence has been associated with several progressive CVDs, including cardiomyopathies, 

heart failure and DOX-induced cardiotoxicity (31). However, multiple aspects of senescence 

involvement in these diseases remain to be elucidated (31). Senescent cells can secrete 

characteristic signalling molecules such as pro-inflammatory cytokines and interleukins, then 

known as senescence-associated secretory phenotype (29). Secretion of these mediators will 

affect surrounding tissue and several of these factors are associated with cardiac fibrosis and 

inflammation (29).  

Necrotic cell death also induce inflammation. CM disruption cause the release of intracellular 

damage associated molecular patterns (DAMPs). These are ligands for pattern recognition 

receptors (PRRs), of which there are several subtypes. Toll like receptor (TLR) 2 and TLR4 are the 

most extensively studied in the heart (32), and stimulation of these receptors initiates a cascade 

of events resulting in transcription factor activation. Two central transcription factors in 

inflammatory responses are NFκB and AP-1 (33). These transcription factors induce transcription 

of pro-inflammatory genes, including interleukin (IL)1, IL6, IL8 and TNFα, mediators that are also 

associated with cardiac dysfunction and pathology (32-35). Cardiac inflammation initiates tissue 

remodelling and fibrosis formation, and may eventually lead to development of heart failure (36). 

Due to their limited ability to divide, mature CMs are prone to such damaging inflammatory 

effects (25, 37).  

Despite the severe side effects of DOX, this cytostatic drug is essential to overcome several 

malignancies and is therefore still broadly used in cancer treatment (3). This raises the need for 

development of treatment strategies that combat DOX-induced  damage. Regeneration of 

cardiac tissue is emerging as a promising advancement in the treatment of cardiac injury (38). 

Such therapeutic agents would be an indispensable development to prevent DOX-induced 

cardiomyopathy.  
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This project therefore aimed to investigate the toxic effect of 24 hours of DOX treatment (5 µM) 

on AC16 CMs, an immortalized cell line derived from human cardiac ventricular tissue (39). 

Through cytotoxicity, cell viability and apoptosis assay we investigated the effect of DOX on cell 

death. Further, we explored the transcriptomic landscape changes caused by DOX treatment to 

potentially shed light on central pathways and processes contributing to cardiotoxicity. This led 

to the discovery of transcriptional alterations in processes related to apoptosis, oxidative stress 

responses, inflammation, the DDR, and development.  

 

2 Aims and Hypothesis 

To increase the understanding of DOX-induced cardiotoxicity the aims of this thesis were to:  

1. Investigate the mechanisms of cell death induced by DOX in AC16 CMs.  

2. Characterize the transcriptional changes in DOX-treated AC16 CMs.  

 

The hypotheses underpinning these aims were:  

1. DOX treatment induces acute cell death and apoptosis in AC16 CMs.  

2. Transcriptome analysis and bioinformatics approaches can uncover central pathways, 

processes, and networks involved in DOX-induced cardiotoxicity, and thereby 

contribute to identification of novel therapeutic targets.  
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3 Materials and Methods 

3.1 AC16 CMs and Maintenance  

AC16 CMs (EMD Millipore, Billerica, MA, USA) were used in the following experiments. This is an 

immortalized cell line derived from ventricular tissue of human heart, that can proliferate in 

culture (39). This makes the cell line appropriate for use in experiments which require a 

significant amount of biological sample. Furthermore, the cell line possesses human genome and 

characteristic CM markers, making it suitable for studying physiological, pharmacological, and 

pathological effects of drugs on CMs (39).  

AC16 CMs were cultured in pre-warmed culture medium, consisting of Dulbecco’s Modified 

Eagle’s Medium (DMED) (Thermo Fischer Scientific, Waltham, MA, USA), 12.5% Fetal Bovine 

Serum (Thermo Fischer Scientific, Waltham, MA, USA) and 1% Antibiotic Antimycotic Solution 

(Sigma Aldrich, Saint-Louis, MO, USA), and maintained in a humidified incubator with 5% CO2 at 

37 ˚C. Splitting ratio and frequency depended on confluency and experimental requirements.  

The subculturing procedure was performed as follows. Culture medium was aspirated, and 4 ml 

Trypsin (Thermo Fisher Scientific, Waltham, MA, USA) was added to the cells followed by 

incubation at 37 ˚C for 3-4 min. Culture medium was added 1:1 to terminate trypsinization. 

Trypsin was removed by centrifugation of the suspension at 300 x g for 3 min followed by removal 

of the supernatant. Cells were then resuspended in culture medium and seeded onto 100 mm 

culture plates (BioLite 100mm tissue culture dish, Thermo Fisher Scientific, MA, USA) containing 

culture medium. Cells with passage number up to 10 was used in the experiments. Experiments 

were performed in either 100 mm culture plates (Lactate dehydrogenase (LDH) assay and RNA 

isolation) or a 96-well plate (Multiplexed cell viability and apoptosis assay) (Figure 5).  
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Basic outline of the cell culture experiments. AC16 CMs were seeded in 100 mm cell culture plates prior to LDH assay 
and RNA isolation, and in a 96-well plate prior to the multiplexed assay. The figure was created with BioRender.com. 
DOX: Doxorubicin, LDH: Lactate dehydrogenase, RNA: Ribonucleic acid.  

 

3.2 Transfection 

Due to unexpected circumstances the direction of the project had to be changed. The original 

project aimed to investigate the protective effect of a specific protein on AC16 CMs. Cells were 

therefore transfected with either protein overexpression vector or empty vector (EV) prior to 

assay and RNA sequencing. Limitations in time and costs did not allow repetition of these 

experiments on non-transfected cells. Therefore, cells used in this project are transfected with 

EV.   

Cells were forward transfected with empty vector (EV) provided by Dr. Akira Sawa at the 

Department of Psychiatry, Johns Hopkins University School of Medicine, USA. At the time of 

transfection, the plates were approximately 80% confluent. EV plasmid had a concentration of 1 

µg/µl. The transfection mix ratio was 1:5:50 for plasmid, transfection reagent and medium, 

respectively. For one 100 mm plate of cells, we used 3 µg of plasmid resulting in 36 µl of each 

plasmid group solution for 12 plates. EV plasmid was added to a 1.5 ml tube containing plain 

DMED, and incubated in room temperature for 5 min. Further, Polyfect Transfection Reagent 

(Qiagen, Hilden, Germany) was added to the medium, followed by incubation at 37 ˚C for 30 min. 

The transfection mix was then added to cell culture medium holding 37 ˚C, and 10 ml of this 

solution was distributed to each of the plates. Plates containing the transfection mix incubated 

Figure 5: Cell culture experiment outline 
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at 37 ˚C for approximately 7 hrs. Transfection medium was then replaced by culture medium, 

followed by incubation at 37 ˚C for 14 hrs to let the cells recover from transfection.  

 

3.3 DOX Treatment 

To assess the effect of the chemotherapeutic agent on AC16 CMs, cells were treated with 5 µM 

DOX (Sigma Aldrich, Saint Louis, MO, USA) for 24 hrs. The chosen DOX concentration and 

treatment duration was based on findings by Berg et.al (40). The treatment duration was further 

determined by a pilot study comparing LDH activity between 12 hrs and 24 hrs of DOX treatment 

(Appendix I).  

Following transfection, cells were treated with either DOX-containing medium (5 µM) or vehicle 

medium (sterile water) (B. Braun, Melsungen, Germany). First, DOX was dissolved in sterile water 

to achieve a stock solution concentration of 1 mM. Further, DOX was diluted in culture medium 

to achieve a final concentration of 5 µM. Four plates were treated with 10 ml DOX-containing 

medium and 10 ml vehicle medium, respectively, giving four technical replicates and two 

biological replicates. All plates were incubated at 37 ˚C for 24 hrs. No-cell controls (NCCs), 

containing culture medium and either DOX or sterile water, were treated the same way and used 

as blanks in the LDH assay.  

 

3.4 LDH Assay  

An LDH assay was performed to determine the level of cell death induced by DOX. The LDH assay 

allows fast and reliable detection of cytotoxicity in cell culture (41). Upon cell membrane 

disruption, cytoplasmic LDH is released into the culture medium, thereby indicating cell damage 

and death (42).  

Cells were transfected and treated with DOX as described in sections 3.2 and 3.3, followed by 

LDH activity measurements using the Cytotox 96® Non-Radioactive Assay kit (Promega, Madison, 

WI, USA) (Figure 6). First, condition medium was collected from all plates. Then, 1 ml of RIPA 
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buffer (Santa Cruz Biotechnology, Dallas, TX, USA) containing 10 µl Halt™ Protease Inhibitor 

Cocktail (Thermo Fischer Scientific, Waltham, MA, USA) and 10 µl Halt™ Phosphatase Inhibitor 

Cocktail (Thermo Fischer Scientific, Waltham, MA, USA) was added to the plates immediately 

after removing the medium to induce cell lysis. Cells were stored at 4 ˚C and harvested after 3 

hrs. Condition medium was diluted 1:5 by adding 200 µl of condition medium into 800 µl of 

Phosphate buffered saline (PBS) (EMD Millipore, Billerica, MA, USA). NCCs, only containing 

culture medium, was diluted the same way. 50 µL of the diluted condition medium and NCCs 

were then seeded onto a 96-well plate (VWR® Tissue Culture Plates, VWR International, Radnor, 

PA, USA) in triplicates. 50 µL Substrate mix dissolved in 12 ml of Assay buffer was added to each 

well, followed by incubation in room temperature for 40 min, protected from light. Then, 50 µL 

Stop Solution from the assay kit was added to each well. The plate was immediately read at 490 

nm using FLUOstar Omega microplate reader (BMG LABTECH, Offenburg, Germany).  

 

3.5 RNA Isolation 

To assess the transcriptional changes caused by DOX, total RNA was isolated from the AC16 CMs 

after 24 hrs of DOX treatment. Transfection and DOX treatment was performed as described in 

sections 3.2 and 3.3, followed by RNA isolation using the miRNeasy Mini Kit (Qiagen, Hilden, 

Germany) (Figure 6). Condition medium was removed from each plate, followed by addition of 

1,200 µL Qiazol (Qiagen, Hilden, Germany) to the cells. Cell lysate was collected and vortexed to 

ensure lysis, followed by incubation in room temperature for 5 min. Cell lysate from each 

technical replicate was divided into two separate tubes and stored at -80 ˚C.  

Cell lysates were thawed in room temperature, before addition of 120 µL Chloroform (Sigma 

Aldrich, Saint Louis, MO, USA) to the samples. The content was then mixed by shaking the tube 

by hand for 30 sec. The mixed cell lysates were then incubated for 15 min at room temperature, 

while shaking every 5 min, followed by centrifugation at 12,000 x g for 20 min at 4 ˚C. After 

centrifugation, the aqueous phase (350 µL) was transferred to a collection tube. Then, Absolute 

alcohol prima (Antibac, Asker, Norway) was added in a 1:2 ratio, followed by thorough mixing by 

pipetting. 500 µL of the sample was added to and RNeasy Mini spin column, placed in a 1.5 ml 
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collection tube and centrifuged at 8,100 x g for 1 min at room temperature. The flow through 

was discarded, and the step was repeated with the remaining sample.  

The new flow through was discarded and 500 µL RPE buffer was added to the spin column, 

followed by centrifugation for 1 min at 8,100 x g at room temperature. This step was repeated 

and followed by centrifugation for 5 min to dry the column membrane. The spin column was then 

transferred to a new 1.5 ml tube and 50 µL of RNase-free water was added directly to the centre 

of the column membrane, followed by incubation for 5 min. Finally, the samples were centrifuged 

at 8100 x g for 5 min at room temperature. RNA concentration and purity control was measured 

using Nano Drop 2000 spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA) at the 

ratios 260/230 and 260/280 (Appendix II). Pure RNA (260/230 and 260/280 ratio ~ 2.0) from both 

experimental groups were forwarded to RNA sequencing.  

 

Prior to LDH assay and total RNA isolation, cells were seeded in eight 100 mm plates and transfected with EV. Further, 
four plates were treated with either sterile water or DOX. For the LDH assay, NCCs containing only culture medium 
and sterile water, or culture medium and DOX was treated the same way (not shown). The figure was created with 
BioRender.com. DOX: Doxorubicin, LDH: Lactate dehydrogenase, NCC: No-cell control, RNA: Ribonucleic acid. 

 

3.6 Cell Viability and Apoptosis Assay 

The mechanism of cell death was assessed by ApoLive-Glo™ Multiplex Assay (Promega, Madison, 

WI, USA), performing simultaneous detection of cell viability and apoptosis. Obtaining different 

measurements from the same sample will reduce errors related to environmental and treatment 

conditions, thereby providing more reliable results. Viability was measured by live-cell protease 

Figure 6: Experimental setup for the LDH assay and RNA isolation 



26 
 

activity and apoptosis was measured by caspase 3/7 activity. Compared to alternative viability 

assays such as resazurin, live-protease activity shows little toxic effects, making it suitable for 

multiplexing (43).  

Cells were counted using Countess II Automated Cell Counter (Thermo Fisher Scientific, Waltham, 

MA, USA) and seeded in a 96-well plate at a density of 10,000 cells/well. The outer wells 

contained PBS to avoid evaporation, thereby reducing the edge-effect. Transfection and 

treatment protocol was implemented as described in sections 3.2 and 3.3, however, with minor 

changes concerning recovery time after seeding and transfection (Figure 7). These changes were 

as follows: 12 hrs after seeding, cells were forward transfected. A transfection master mix 

containing 9 µl (1 µg/µL) vector, 45 µL transfection reagent and 450 µl medium was made as 

previously outlined. 12.6 µl of the transfection mix was subsequently added to 6 ml of 

prewarmed culture medium. Further, 200 µl of transfection medium was added to each well, 

resulting in 7.5 ng of vector in each well. After 7 hrs, transfection medium was replaced by 200 

µl culture medium to let the cells recover from transfection for 16 hrs. After recovery, cells were 

treated with either DOX containing medium or vehicle medium for 24 hrs. 

 

Figure 7: Experimental setup for the multiplexed assay 

Workflow prior to the multiplexed cell viability and apoptosis assay. Cells were seeded at a density of 10,000 cells per 
well, and forward transfected after 12 hrs. Cells were exposed to transfection medium (7 ng per well) for 7 hours. 
Then, transfection medium was replaced by culture medium to let the cells recover from transfection. After 16 hours 
of recovery, cells were treated with DOX containing medium (5µM) or vehicle medium (sterile water) before 
performing the multiplexed cell viability and apoptosis assay. The figure was created with BioRender.com. DOX: 
Doxorubicin.  

 

There were four biological replicates in each of the experimental groups, and three technical 

replicates for each biological sample (Figure 8). There were also two triplicates of NCCs used as 
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blanks, containing DOX medium and vehicle medium, respectively. Following treatment, the 

multiplexed assay was performed. The viability reagent was made by adding 10 µl of substrate 

to 2 ml of assay buffer, both obtained from the ApoLive-Glo™ Multiplex Assay kit. 20 µl of viability 

reagent was added to all wells. This was mixed by orbital shaking at approximately 400 rpm for 

30 sec, followed by incubation at 37 ˚C for 1.5 hrs. Fluorescence was then measured at 

400Ex/505Em. 100 µl Caspase-Glo® 3/7 Reagent was then added to all wells, followed by 

incubation for 1.5 hrs at room temperature hidden from light. Finally, luminescence was 

measured at 1 sec exposure. 

 

Cells were seeded at a density of 10,000 cells per well. The outer wells (white) contained PBS to avoid evaporation, 
thereby reducing the edge-effect. The 96-well plate contained four experimental groups, however, only results from 
EV vehicle-treated (yellow) and EV DOX-treated (blue) are reported in this project. There were four biological 
replicates in each experimental group, and three technical replicates for each biological sample. NCC vehicle-treated 
(purple) and NCC DOX-treated (green) were used as blanks in the assay. The figure was created with BioRender.com. 
DOX: Doxorubicin, EV: Empty vector, NCC: No-cell control, PBS: Phosphate buffered saline.           

 

3.7 RNA Sequencing and Data Analysis 

Isolated RNA was sequenced and analysed by the Genomics Core Facility at NTNU. Compared to 

hybridization-based methods, RNA sequencing is not dependent on prior knowledge of the 

generated sequences and shows higher sensitivity. This allows for reliable identification of known 

and novel transcripts, that further can be used in functional analysis.  

Figure 8: 96-well plate outline for the multiplexed assay 
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3.7.1 Library Construction and Sequencing  

Total RNA was isolated as described in section 3.5. Additional RNA concentration and purity 

control was performed by the Genomics Core Facility at NTNU. RNA concentration was measured 

using Qubit® RNA HS Assay Kit on a Qubit® 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, 

MA, USA). Integrity was assessed using Agilent RNA 6000 Nano Kit on a 2100 Bioanalyzer 

instrument (Agilent Technologies, Santa Clara, CA, USA). 

RNA sequencing libraries were prepared using the Illumina Stranded mRNA prep ligation kit 

(Illumina, San Diego, CA, USA) according to the manufacturer's instructions. An overview of the 

library construction process is illustrated in Figure 9. In brief, 875 ng total RNA was used as 

starting material. First, mRNA was purified from the total RNA by using poly-T oligonucleotide-

attached magnetic beads, followed by random fragmentation at 94°C for 8 min. First strand 

cDNAs were synthesized by reverse transcription, using random hexamer oligonucleotides. This 

includes Actinomycin D, which allows RNA-dependent synthesis and improves strand specificity 

while preventing spurious DNA-dependent synthesis. Then, the RNA template is removed, 

followed by synthesis of the second cDNA strand, where dTTP is replaced by dUTP to quench the 

second strand during amplification and achieve strand specificity. Further, double stranded cDNA 

is blunted and adenylated at the 3’-prime ends. Adaptors required for sequencing are ligated to 

the cDNA. These contain primer binding sites and unique dual index adapter oligonucleotides, 

respectively.  

Libraries were purified using the AMPure XP (Beckman Coulter, Inc., Indianapolis, IN, USA), and 

subjected to 11 cycles of PCR amplification. An additional purification step was performed using 

the AMPure XP (Beckman Coulter, Inc., Indianapolis, IN, USA), followed by quantification by qPCR 

using KAPA Library Quantification Kit (Kapa Biosystems, Inc., Wilmington, MA, USA) and 

validation using Agilent High Sensitivity DNA Kit on a Bioanalyzer (Agilent Technologies, Santa 

Clara, CA, USA). The size of the DNA fragments was measured to be in the range of 200-1000 

base pairs and peaked around 274 base pairs. 

Indexed libraries were normalized and pooled to 2.6 pM and subjected to clustering on a NextSeq 

500 high output flow-cell (Illumina, San Diego, CA, USA). Finally single read sequencing was 
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performed for 72 cycles on a NextSeq 500 instrument (Illumina, Inc. San Diego, CA, USA), 

according to the manufacturer's instructions. Base calling was done on the NextSeq 500 

instrument by RTA 2.4.6. FASTQ files were generated using bcl2fastq2 Conversion Software 

v2.20.0.422 (Illumina, Inc. San Diego, CA, USA).  

 

Simplified illustration of the library construction process 2. Isolated RNA from DOX and vehicle-treated samples were 
first purified by polyA-tail-selection using poly-T oligonucleotide-attached magnetic beads. Then, RNA was 
fragmented to achieve bp lengths appropriate for RNA sequencing (200-1,000 bp). Primers were added, and mRNA 
was reverse transcribed, giving the first strand of cDNA. The second strand was then synthesized, followed by blunting 
of the cDNA and adenylation of the 3’-end of the strands. Adaptors containing primer binding sites and unique dual 
index adapter oligonucleotides were ligated to the cDNA. Finally, cDNA was amplified by 11 cycles of PCR, purified, 
quantified, and normalized, before the prepared indexed libraries were forwarded to sequencing. The figure was 
created with BioRender.com. Bp: Base pair, cDNA: complementary DNA, DNA: Deoxyribonucleic acid, DOX: 
Doxorubicin, mRNA: Messenger RNA, PCR: Polymerase chain reaction, RNA: Ribonucleic acid.  

 
2 The figure was adapted from Illumina Stranded mRNA Data Sheet: 
https://www.illumina.com/content/dam/illumina-marketing/documents/products/datasheets/illumina-stranded-
mrna-data-sheet-470-2020-002.pdf, (accessed 14.04.22) 

Figure 9: Library construction 

https://www.illumina.com/content/dam/illumina-marketing/documents/products/datasheets/illumina-stranded-mrna-data-sheet-470-2020-002.pdf
https://www.illumina.com/content/dam/illumina-marketing/documents/products/datasheets/illumina-stranded-mrna-data-sheet-470-2020-002.pdf
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3.7.2 Data Analysis 

After RNA sequencing, FASTQ files were filtered and trimmed (fastp v0.20.0) and transcript 

counts were generated using quasi alignment (Salmon v1.3.0) to the transcriptome reference 

sequence (Ensembl, GRCh38 release92). Transcript sequences were imported into the R 

statistical software and aggregated to gene counts using the tximport (v1.14.0) Bioconductor 

package (44). Gene counts were normalized to the vehicle-treated group and analysed for 

differential expression using the DESeq2 Bioconductor package (45, 46). DESeq2 is a specialized 

software for analysis of RNA-sequencing data and builds a generalized linear model under the 

assumption of negative binomial distributed values and uses the Wald statistic for significance 

testing. Benjamin Hochberg P-value adjustment was performed to account for multiple testing 

(FDR < 0.05). 

 

3.8 Gene Set Enrichment Analysis  

Following data processing (summarized in figure 10), gene set enrichment analysis was 

performed using the Analyze Single Experiment Workflow in MetacoreTM (Version 22.1, Clarivate 

©2022). Metacore is a bioinformatics database software, where validated and peer reviewed 

literature forms the basis for the functional analysis. The enrichment analysis allows for 

identification of relevant pathways, processes, networks, and diseases in the uploaded gene set. 

Enriched diseases are not reported in this project, and GO processes are only reported regarding 

the network analysis. Only differentially expressed genes (DEGs) with p-value cut-off < 0.01 was 

included in the enrichment analysis. The expression threshold value was set to default.  

 

Overview of the bioinformatics workflow following library construction of mRNA isolated from DOX- and vehicle-
treated AC16 CMs. Prepared libraries were forwarded to RNA sequencing. Generated FASTQ files from RNA 
sequencing were aligned, counted, and normalized, before they were forwarded to differential expression analysis, 
using the DESeq2 software. Identified DEGs were then subjected to gene set enrichment analysis. The figure was 
created with BioRender.com. CM: Cardiomyocyte, DEG: Differential expressed gene. DOX: Doxorubicin, RNA: 
Ribonucleic acid. 

Figure 10: Bioinformatics workflow 
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The enrichment analysis match gene IDs from the uploaded gene set with gene IDs in already 

existing Metacore functional ontologies (canonical pathway maps, process networks, GO 

processes and diseases). The given p-value for the enriched pathways, networks and processes 

is based on hypergeometric distribution to adjust for different object numbers in the entire 

database, the uploaded gene set, and the Metacore pathways, processes, and networks 3. The 

Analyze Single Experiment Workflow also calculates unique networks for the uploaded gene set, 

based on interactions between objects in the uploaded gene set and objects in the Metacore 

database, presence of canonical pathway fragments and enrichment in GO processes. The 

statistical basis for the enrichment and network analysis is illustrated in figure 11.   

 

Simplified illustration of the statistical basis for the enrichment analysis (A) and network analysis (B) 4. The given p-
value for the enriched pathways, processes and networks is based on hypergeometric distribution to adjust for 
different object numbers in the uploaded gene set, pathways/processes/subnetworks, and the entire database. The 
network analysis also accounts for objects in the Metacore database with direct interactions with the overlapping 
objects, presence of canonical pathway fragments and enrichment in GO processes. The figure was created with 
BioRender.com. GO: Gene ontology.   

 
3 Background theory for the enrichment analysis was derived from GeneGo’s Metacore online support: 
https://portal.genego.com/help2/wwhelp/wwhimpl/js/html/wwhelp.htm#context=metacore&topic=mc_overview
, (accessed 15.02.22). 
4 The figure was adapted from GeneGo’s Metacore online support (Understanding Enrichment Analysis Statistics): 
https://portal.genego.com/help2/wwhelp/wwhimpl/js/html/wwhelp.htm#context=metacore&topic=mc_overview
, (accessed 02.04.22).   

Figure 11: The statistical basis for the enrichment and network analysis   

https://portal.genego.com/help2/wwhelp/wwhimpl/js/html/wwhelp.htm#context=metacore&topic=mc_overview
https://portal.genego.com/help2/wwhelp/wwhimpl/js/html/wwhelp.htm#context=metacore&topic=mc_overview
https://portal.genego.com/help2/wwhelp/wwhimpl/js/html/wwhelp.htm#context=metacore&topic=mc_overview
https://portal.genego.com/help2/wwhelp/wwhimpl/js/html/wwhelp.htm#context=metacore&topic=mc_overview
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3.9 Statistical Analysis 

Statistical analyses of the cytotoxicity, apoptosis and cell viability assay were performed using 

GraphPad Prism (Version 9.2.0 for Windows, GraphPad Software, San Diego, California USA, 

www.graphpad.com). An unpaired Student`s t-test was conducted to determine the statistical 

value of the results. Data is presented as mean with standard deviation. We considered p-values 

below 0.05 significant for these analyses. 

 

4 Results 

4.1 Cell Death Analysis in AC16 CMs 

Mechanisms of cell death induced by DOX was investigated by cytotoxicity, cell viability and 

apoptosis assays. Assays showed a significantly higher cell death and lower cell viability in DOX-

treated CMs. We found a significant increase in LDH activity in the DOX-treated group (0.99 ± 

0.43) compared to the vehicle-treated group (0.18 ± 0.02) (p < 0.0001) (Figure 12A). The observed 

differences in cell death were further explored in a multiplexed apoptosis and cell viability assay. 

We found a significant difference in live-cell protease activity between the DOX-treated (1.13 ± 

0.10) and vehicle-treated groups (3.28 ± 0.40) (p = < 0.0001) (Figure 12B). The same was seen for 

apoptosis, where the DOX-treated (4.18 ± 0.26) and vehicle-treated (1.10 ± 0.12) groups had a 

significant difference in Caspase 3/7-activity (p < 0.0001) (Figure 12C).  
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LDH activity (A), live-cell protease activity (B) and caspase 3/7-activity (C) results for AC16 CMs exposed to DOX (5 
µM) and sterile water for 24 hours. Absorbance was measured at 490 nanometres for the LDH assay, fluorescence 
was measured at 400 nanometres excitation and 505 nanometres emission, and luminescence was measured at 1 
second exposure. Data are presented as mean with standard deviation. p<0.0001 = ****. DOX: Doxorubicin, Em: 
Emission, Ex: Excitation, LDH: Lactate dehydrogenase.  

 

4.2 Variability and Differential Expression Analysis 

Differential expression analysis was performed to assess the transcriptional changes caused by 

DOX. PC1 (90,78%), illustrated in Figure 13A, shows clear separation between and clustering 

within the two biological groups, giving evidence for consistent variability between DOX-treated 

and vehicle-treated AC16 CMs. A total of 49,910 genes were aligned during data processing (data 

not shown), and differential expression analysis identified a total of 17,013 DEGs, of which 9,946 

were upregulated and 7,067 were downregulated (FDR < 0.05) (Figure 13B).  

Figure 12: Effect of DOX on AC16 CMs 
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4.3 Enrichment Analysis – Pathways and Process Networks 

An enrichment analysis was performed to explore the biological changes associated with the 

identified DEGs. A total of 13,042 DEGs were included in the analysis after p-value cut-off < 0.01 

(Figure 14). DEGs are reported with Metacore annotations. 

(A) The variability in the gene set is visualized in the PCA plot. PC1 (90,78%) separates samples according to 
biological condition, showing significant differences between DOX and vehicle-treated samples. Blue dots (1-4) 
represent vehicle-treated samples, while orange dots (5-8) represent DOX-treated samples. (B) Differential 
expression analysis revealed a total of 17,013 statistically significant DEGs, where 9,946 were upregulated and 
7,067 were downregulated (FDR < 0.05). The Y-axis represent the statistical significance (adjusted p-value) and the 
X-axis represent the log2FC of DEGs in the two experimental conditions. DEGs with negative and positive log2FC are 
downregulated and upregulated, respectively. One dot represents one DEG. Red dots are significant (FDR < 0.05), 
while black dots are not significant. DEG: Differentially expressed gene, DOX: Doxorubicin, FC: Fold change, FDR: 
False discovery rate, PCA: Principal component analysis.  

Figure 13: PCA plot and Volcano plot 
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The gradual reduction of genes during differential expression analysis and prior to enrichment analysis. A total of 
49,910 genes was aligned during RNA sequencing. 17,013 genes were included after differential expression analysis 
(FDR < 0.05). P-value cut-off < 0.01 was set prior to the enrichment analysis. The figure is inspired by McSweeney 
et.al (47), and created with BioRender.com. 

 

The enrichment analysis indicates the most significant pathways and processes perturbed by 24 

hours of DOX treatment. DEGs were mainly enriched in canonical pathways related to oxidative 

stress, apoptosis, development, and DNA damage (Figure 15A), and process networks related to 

all phases of the cell cycle (S-phase, Mitosis, G2-M, G1-S), DNA damage checkpoints, 

developmental processes, proteolysis, cytoskeleton, and cell adhesion (Figure 15B). 

Figure 14: Gradual reduction of DEGs from RNA sequencing to enrichment analysis 
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Figure 15: Top 10 enriched Metacore pathways and process networks 
AC16 CMs exposed to DOX (5µM) for 24 hours displayed DEGs enriched in pathways (A) related to oxidative stress, 
apoptosis, DNA damage and development, and in process networks (B) related to cell cycle, DNA damage, 
development, proteolysis, cytoskeleton, and cell adhesion. The histograms are adapted from the Metacore 
enrichment analysis results. Bars indicate -log(p-value). Pathway and process names are ranked according to lowest 
p-value from top to bottom. ATM: Ataxia telangiectasia mutated, ATR: Ataxia telangiectasia and Rad3 related, DEG: 
Differentially expressed gene, DOX: Doxorubicin, DNA: Deoxyribonucleic acid, HIF: Hypoxia inducible factor, ROS: 
Reactive oxygen species.  

 

4.3.1 DOX Induces Cell Death, Oxidative stress, and Inflammation 

Oxidative stress: ROS-induced cellular signalling (-log(p-value) = 18.1) and Transcription: Hypoxia 

inducible factor (HIF)-targets (-log(p-value) = 16.7) were significantly enriched pathways, 

indicating presence of ROS-induced oxidative stress and cellular responses to a hypoxic 

environment, respectively. Upregulated HIF-induced transcripts were involved in fibrosis, 

extracellular matrix remodelling, angiogenesis, and stem cell maintenance (Appendix V). In the 

latter, the embryonic genes SRY-Box Transcription Factor 2 (SOX2), NANOG and Octamer-Binding 

Protein 3/4 (Oct-3/4) was significantly upregulated. The pathway map of ROS-induced cellular 

signalling (Appendix III) indicates upregulation of the inflammatory mediators IL6, IL8 and TNFα, 

and that apoptosis participants (NOXA, Bax, Bak, p21, cytochrome C, NF-κB) are differentially 

expressed. Enrichment of DEGs in Apoptosis: p53 and p73-dependet apoptosis (-log(p-value) = 
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17.8) (Appendix IV) further indicate apoptosis activation. DEGs involved in this pathway 

participates in the extrinsic (DR4, DR5, FasR, TRAIL) and intrinsic (Bax, Bak, Bcl-XL, Akt (PKB), Bim, 

Bik, NOXA) pathway of apoptosis. Together, this indicates altered transcription of genes involved 

in processes related to oxidative stress, cell death and inflammation. 

 

4.3.2 DOX Alters The DDR 

Both enriched pathways and process networks showed alterations in the cell cycle and DDR. DEGs 

were enriched in process networks related to DNA damage checkpoints, and pathways related 

to DS DNA break repair (Double-strand break repair via homologous recombination (-log(p-value) 

= 14.4) and the commonly activated DDR pathways ATR activation by DNA damage (-log(p-value) 

= 15.6) and ATM/ATR regulation of G2/M checkpoint (-log(p-value) = 13.7) (Figure 15). The G2/M 

checkpoint serves to prevent cells from entering mitosis upon DNA damage (48), while the 

enriched Intra S-phase checkpoint (-log(p-value) = 13.2)  is activated to ensure genomic integrity 

prior to replication (49). Brca1 activation is involved in both checkpoints (48). 

The majority of DEGs enriched in DNA damage pathways and processes were downregulated. 

This included the checkpoint kinase ATR and its downstream targets Chk1, Chk2 and MRN-

complex members (19), and the important cell cycle regulators Brca1 and Brca2 (Appendix VI). 

These data indicate that transcription of several DDR participants and cell cycle regulators are 

shut down within 24 hours of DOX treatment. The few upregulated genes included histones, 

which serves important functions in chromatin remodelling, cyclins important for cell cycle 

progression, and the transcription factors ATF3 and c-Myc. The former transcription factor 

induces inflammatory responses, while the latter is a proto-oncogene with various functions.  

 

4.3.3 DOX Activates Embryonic Pathways 

DEGs were enriched in the embryonic pathway and process network of Hedgehog-signalling          

(-log(p-value) = 14.8) (Figure 15). Key participants in the Hedgehog-signalling pathway (SHH, GLI1, 

PTCH1, PTCH2, Smoothened) were significantly upregulated (Appendix VI). DEGs were also 
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enriched in Positive regulation of Wnt/Beta-catenin signalling in the cytoplasm (-log(p-value) = 

13.2). Central pathway participants (Wnt, Frizzled, TCF/LEF1) were significantly upregulated, but 

contemporary enrichment of Negative regulation of WNT/Beta-catenin signalling in the 

cytoplasm (-log(p-value) = 14.5) indicate activation of a negative feedback mechanism. 

Hedgehog- and Wnt-signalling are evolutionary conserved pathways, important for normal 

embryonic development and adult tissue homeostasis (50-52).  

 

4.4 Enrichment Analysis - Most Relevant Networks 

The unique networks identified in the enrichment analysis indicate potentially important 

mediators and interactions involved in DOX responses. The networks were mainly enriched in GO 

processes related to development, inflammation, and cell growth (Table 1). The core genes of 

the highest ranked network included the transcription factors Krüppel like factor 4 (KLF4), Oct-

3/4, SOX2, NANOG and Caudal Type Homeobox 2 (CDX2), and was enriched in GO processes 

related to embryonic development and cell fate commitment. KLF4 appeared as a hub for several 

transcripts in this network (Figure 16). Network 2 (Appendix VII) included the core genes TNF 

receptor associated factor (TRAF) 6, I-Kappa-B Kinase-Alpha (IKK-alpha), TLR4, I-kB and Interferon 

Regulatory Factor 7 (IRF7), and enriched GO processes was associated with inflammatory 

responses related to NFκB, IL1 and PRRs (Table 3). Network 3 (Appendix VIII) included the core 

genes SHC adaptor protein 1 (Shc), G protein alpha i-family, SOS Ras/Rac guanine nucleotide 

exchange factor 1 (SOS), phospholipase C beta 3 (PLC beta3), mitogen-activated protein kinase 

kinase 1 (MEK1(MAP2K1)), and the enriched GO processes were associated with cell surface 

receptor signalling, cellular response to growth factors and organic substances, and proliferation.  
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Table 1: The most relevant networks 

Identified DEGs in AC16 CMs exposed to DOX (5µM) for 24 hours was involved in three unique networks. The most 
significant network (Network 1) included the core genes KLF4, Oct-3/4, SOX2, NANOG and CDX2. Dominant GO 
processes of this network related to embryonic development and cell fate commitment. Network 2 included the 
core genes TRAF6, IKK-alpha, TLR4, I-kB, IRF7, and GO processes associated with inflammatory responses involving 
NFκB, interleukin 1 and pattern recognition receptors. Network 3 included the core genes Shc, G protein alpha i 
family, SOS, PLC beta3, MEK1(MAP2K1), and was associated with the GO processes cell surface receptor signalling 
pathway, cellular response to growth factor stimulus, cellular response to organic substance, response to growth 
factor, and regulation of cell population proliferation. The networks are presented with size (number of nodes), 
targets (number of objects from the uploaded gene set), pathway fragments (the number of canonical pathway 
fragments included in the network) and p-value. CDX2: Caudal Type Homeobox 2, DEG: Differentially expressed 
gene, DOX: Doxorubicin, GO: Gene ontology, IKK-alpha: I-Kappa-B Kinase-Alpha, I-kB, IRF7: Interferon Regulatory 
Factor 7, KLF4: Krüppel like factor 4, MEK1(MAP2K1): mitogen-activated protein kinase kinase 1, Oct-3/4: Octamer-
binding protein-3/4, PLC-beta3: phospholipase C beta 3, Shc: SHC adaptor protein 1, SOS: SOS Ras/Rac guanine 
nucleotide exchange factor 1, SOX2: SRY-Box Transcription Factor 2, TLR4: Toll-like receptor 4, TRAF6: TNF Receptor 
Associated Factor 6. 

Most relevant networks 

Name Network 1 Network 2 Network 3 

Core genes in 
network 

KLF4, Oct-3/4, SOX2, 
NANOG, CDX2 

TRAF6, IKK-alpha, TLR4, 
I-kB, IRF7 

Shc, G-protein alpha-i family, 
SOS, PLC-beta3, 
MEK1(MAP2K1) 

GO Processes cell fate commitment 
(57.9%),  
cell fate commitment 
involved in formation 
of primary germ 
layer (36.8%),  
gastrulation (52.6%), 
formation of primary 
germ layer (47.4%), 
embryonic 
morphogenesis 
(63.2%) 

pattern recognition 
receptor signalling 
pathway (69.6%), I-kappaB 
kinase/NF-kappaB 
signalling (56.5%),  
toll-like receptor signalling 
pathway (58.7%),  
cellular response to 
interleukin-1 (63.0%),  
positive regulation of 
NF-kappaB transcription 
factor activity (58.7%), 

cell surface receptor 
signalling pathway (81.4%), 
cellular response to growth 
factor stimulus (52.5%),  
cellular response to organic 
substance (81.4%),  
response to growth factor 
(52.5%),  
regulation of cell population 
proliferation (71.2%) 

Size 50 50 65 

Target 47 29 39 

Pathway 
fragments 27 15 9 

P-value 7.14e-65 2.10e-29 3.01e-40 
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The most significant network (Network1) includes the core genes KLF4, Oct-3/4, SOX2, NANOG and CDX2 (encircled 
in black), and associated downstream targets. KLF4 was identified as a hub gene in the network. Enriched GO 
processes for the network was related to embryonic development and cell fate commitment. Arrows with thick cyan 
lines indicate fragments of canonical pathways. Green arrows indicate activation, while red arrows indicate 
inhibition. Upregulated genes (positive log2FC) are marked with red circles, downregulated genes (negative log2FC) 
are marked with blue circles. The brightness of the colour (red and blue) increases with increased Log2FC-value 
(positive and negative direction). Log2FC for network objects in Network 1 range from 7.3 (Lefty-2) to -3.6 
(LOC283440). CDX2: Caudal Type Homeobox 2, FC: Fold change, GO: Gene ontology, Oct-3/4: Octamer-Binding 
Protein 3/4, SOX2: SRY-Box Transcription Factor 2.    

 

Figure 16: The most significant network 
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5 Discussion  

Increased understanding of the mechanisms contributing to DOX-induced cardiotoxicity is 

necessary to reduce morbidity and mortality among cancer survivors. The present study aimed 

to investigate the effect of DOX on cell death in AC16 CMs, and to explore the transcriptional 

changes following DOX treatment. The main findings include previously discussed pathological 

mechanisms, such as apoptosis, oxidative stress, inflammation, and DNA damage, but also less 

explored and novel pathways and processes related to development.   

 

5.1 Cell Death 

The great increase in LDH release from DOX-treated AC16 CMs provide evidence for increased 

acute cell death, an observation done in numerous studies (40, 53, 54). The differences in caspase 

3/7 activity imply that a significant amount of cell death is caused by apoptosis. Further, the 

enrichment analysis showed DEGs to be enriched in pathways related to p53/p73-dependent cell 

death, suggesting that these contribute to the observed apoptosis. P53 is an established activator 

of the intrinsic pathway of apoptosis and activation of this pathway in response to DOX is 

observed in several studies (55-57). Even though the expression of pro-apoptotic mediators were 

significantly upregulated (Bik, Bim, NOXA), the expression of the apoptosis inducers Bax and Bak 

were significantly downregulated. This is somewhat surprising considering the central role of Bax 

and Bak in the induction of apoptosis. However, the current understanding is that Bax and Bak 

activation occurs through induction of conformational changes in the inactive protein (58). 

Therefore, it is a reasonable comprehension that the intrinsic pathway of apoptosis is activated 

in response to DOX, despite the decreased gene expression of Bak and Bax.  

The p53 protein has also been linked to the extrinsic pathway of apoptosis through p53-dependet 

transcriptional activation of death receptor genes (59). Death receptors (DR4, DR5, FasR) were 

significantly upregulated in our gene set, an observation also recently reported at both mRNA 

and protein levels in human-induced pluripotent stem cell CMs (2, 47). Furthermore, p53 has 

been implicated as an important regulator of the DOX-response in silico (47), and to promote 
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cardiac mitochondrial dysfunction in mouse models exposed to DOX (60). Both cardiotoxic and 

cardioprotective effects have been described, and the outcome seem to depend on dose and 

duration of DOX treatment (21). It should be mentioned that the gene expression of p53 itself 

was not significantly altered in our analysis. However, this is in accordance with previous 

observations reporting DNA damage-induced p53-activation to occur independent of increasing 

its transcription (61). Taken together, our data therefore suggest a role of p53 in DOX-induced 

cardiotoxicity.  

 

5.2 Oxidative Stress and Inflammation 

The most significantly enriched pathway was Oxidative stress: ROS-induced cellular signalling, 

thereby giving evidence for significant ROS generation. The general upregulation of HIF-induced 

transcripts further supports the presence of oxidative stress. ROS generation has been 

recognized as a central aspect of DOX-induced cardiotoxicity for years (8), and the mitochondria 

is the major cellular ROS generator (62). Furthermore, DOX have shown to accumulate in the 

mitochondria (63), making its actions especially interesting in the highly metabolic heart. 

However, it has been questioned whether ROS accumulation is a cause or consequence of 

cardiotoxicity (64). Zhang et. al suggests that excessive ROS generation is a result of 

transcriptional changes caused by DOX (65), while a recent study by Helal et.al supports the view 

that redox cycling of DOX cause ROS-induced ROS-release (66). Despite the different views on 

ROS’ role in cardiotoxicity, it is evident that ROS accumulation cause oxidative stress and 

subsequent inflammation, two conditions that are closely associated with development of heart 

failure (67).  

DEGs included in the pathway of ROS-induced cellular signalling were related to inflammation, 

hypoxia, and cell death. Furthermore, the enriched processes of Network 2 (Table 1) give 

indications of IL1 activation, transcription of NFκB targets and alterations in the TLR-signalling 

pathway. Cell damage and necrotic cell death cause release of DAMPs. Further, DAMPs binds to 

PRRs, such as TLR2 and TLR4, which has been extensively studied in the heart (34). TLR2 and TLR4 

was included in Network 2, where the former was significantly upregulated, and the latter was 
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significantly downregulated. Ma et.al (68) also observed distinct roles of TLR2 and TLR4 in their 

study of DOX-induced cardiomyopathy in mice. They found that inhibition of TLR2 led to 

reduction of left ventricle dysfunction and fibrosis, while inhibition of TLR4 exacerbated cardiac 

damage and inflammation, thereby suggesting a damaging role of TLR2, and a beneficial role of 

TLR4 in DOX-induced cardiotoxicity (68). However, the latter interpretation was contradicted by 

Riad et.al (69) who found that knock-out of TLR4 attenuated DOX-induced cardiomyopathy 

through reduction of oxidative stress, inflammation and apoptosis (69). Nevertheless, 

upregulation of TLR’s downstream pro-inflammatory target genes IL6, IL8 and TNFα in our gene 

set gives evidence for an ongoing inflammatory response.  

Sustained release of the abovementioned pro-inflammatory cytokines leads to recruitment of 

immune cells, causing chronic inflammation, remodelling of cardiac tissue and eventually 

development of heart failure (35, 67). Furthermore, TNFα and IL6 has shown to negatively affect 

the contractility of CMs in cell culture and animal models (35). TNFα has also shown increased 

expression in heart failure patients, thereby indicating an important link (70, 71). However, 

treatment with TNFα-antagonists have not shown clinically relevant effects, thereby questioning 

the direct effects of this mediator in heart failure development (72).  

Both acute and progressive cell death is associated with development of cardiovascular diseases, 

such as heart failure (25). Due to the heart’s limited ability to regenerate, even low rates of 

apoptosis and myocardial damage is detrimental (25). Previous observations prove unambiguous 

clues that cell death is evident in the hours and days following DOX treatment. However, it has 

been questioned whether acute cell death can explain the late onset of DOX-induced 

cardiomyopathy (16, 73). As previously mentioned, heart failure can manifest months, years or 

even decades after receiving DOX treatment. The late onset of heart failure indicates that DOX 

cause alterations in cellular functions that progress over time. Our RNA sequencing data point in 

several directions that can contribute to explain this late onset of disease. These include 

accumulation of genetic alterations, cellular senescence, and reactivation of embryonic 

pathways.  
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5.3 Altered DDR and Senescence 

DEGs were highly enriched in pathways and processes related to the cell cycle, DNA damage and 

DNA repair, where the vast majority of genes were downregulated. Such downregulation of DNA 

repair genes has also been observed in DOX-treated human-induced pluripotent stem cell CMs 

(47, 74). This is surprising, considering that DOX is believed to induce DNA breaks in CMs through 

inhibition of TOP2β (65, 75), and that such DNA damage normally initiates the DDR through ATR- 

and ATM-pathway activation (30). Conversely, gene expression of several important mediators 

(ATR, Brca1, Chk1, Chk2, MRN-complex members) of these responses were significantly 

downregulated in our gene set. This is suggested to be part of the cascade of events following 

apoptosis initiation (23), however, it may also indicate a dysfunctional DDR. Impaired DNA repair 

cause accumulation of genetic alterations and may lead to aging-associated genomic instability 

(76). Premature aging has been described as a consequence of treatment with 

chemotherapeutics in several tissues (77), and after DOX treatment in rat CMs (78, 79). 

Therefore, our data may indicate that DOX accelerates genomic instability and aging in cardiac 

tissue, potentially explaining the early onset of heart failure in DOX-treated patients (79).  

General downregulation of DNA damage repair genes has also been linked to cellular senescence 

(80). DOX have shown to induce senescence in human colon cancer cells in vitro (81) and in rat 

CMs in vivo (73). Stress-induced premature senescence can be induced by oxidative stress, 

prolonged DNA damage, and mitochondrial dysfunction (29, 30), all of which are discussed as 

potential contributors to DOX-induced cardiotoxicity. Furthermore, senescence-associated 

secretory phenotype CMs secretes TNFα, transforming growth factor (TGF)-β, IL6 and IL8, which 

are known promoters of cardiac inflammation and fibrosis (29). These inflammatory mediators 

were significantly upregulated in our gene set, and together this suggests a vicious combination 

of inflammation, senescence, and eventually premature cardiac tissue death in DOX-induced 

cardiotoxicity.  

These interpretations are especially noteworthy regarding the increased susceptibility of DOX-

induced cardiotoxicity in children and adolescents (3, 7). Similar to the associations made by 

McSweeney et.al  (47), the immortalized AC16 CMs resemble immature CMs, in that they both 
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can proliferate. Mature CMs are thought to be terminally differentiated, having a turnover of less 

than 1% per year (36). Interestingly, Bergmann et.al (82) found that the highest postnatal 

turnover of CMs occurs within the first 10 years of age. Our data indicate that DOX induce 

transient or prolonged dysfunction to the DNA damage repair system in CMs that still have 

capacity to divide. Further, this might reduce the CMs ability to prevent proliferation of damaged 

cells in the still maturing heart. This may form an unfavourable basis for normal tissue 

maturation, making the heart more fragile to stressors in the future (3). Together with 

senescence and premature cardiac aging, this may explain the observation that young cancer 

survivors develop progressive heart failure several years after treatment (4, 79).   

 

5.4 KLF4 and Endothelial-to-Mesenchymal Transition (EndMT)  

Several of the enriched pathways, processes and networks were related to development and 

embryogenesis. The network analysis identified KLF4 as a key hub in the most significant network, 

a transcription factor involved in proliferation, differentiation and apoptosis in various tissues 

(83). A role of KLF4 in cardiac tissue processes and DOX responses is also emerging, and in AC16 

CMs isolated TNFα stimuli revealed enhancers enriched in motifs for KLF4 (84), thereby 

suggesting that KLF4 activation is downstream of the inflammatory mediator TNFα. 

Zhou et.al have suggested a role of KLF4 in the determination of p53’s effects in response to DOX 

in cancer cells and HeLa cells (85). They found that the gene expression level of KLF4 was 

significantly decreased after apoptotic dose levels of DOX (5 µM/L), and that this was necessary 

for p53-mediated apoptosis. Further, they found that cytostatic levels of DOX (0.5 µM/L) caused 

cell cycle arrest through activation of p21. In contrast, we observed increased gene expression 

levels of KLF4, decreased gene expression levels of p21 and indications of p53 activation in 

response to 5 µM/L DOX. These distinct observations can be attributed to differences in 

treatment duration or cell type. As stated by Zhou et.al (85), KLF4 shows drastic cell context 

specific functions, making interpretation across cell types and environments speculative. 

However, despite the distinct observations, there are indications of KLF4 involvement in response 

to DOX.  
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In CMs, KLF4 is found to be important in adaption to hypertensive stress (86), to be a 

transcriptional regulator of mitochondrial homeostasis and directly regulate transcription of 

genes involved in autophagy (87). This is interesting, considering the observation that DOX 

accumulates in the mitochondria (9), and the indications that DOX treatment perturbs 

autophagic processes and induce mitochondrial dysfunction in cardiac tissue (88, 89).  

KLF4 is together with SOX2, Oct3/4 and c-Myc also known as the Yamanaka factors. These factors 

were significantly upregulated, and central members of Network 1. The Yamanaka factors can 

reprogram somatic cells, thereby inducing pluripotency (83). In osteosarcomas, Li et.al found that 

DOX induced cancer stem cells through activation of KLF4 (90). Furthermore, transient expression 

of the Yamanaka factors improved cardiac damage and function after myocardial infarction in 

mice (91). KLF4 and c-Myc have also shown to induce differentiation of cardiac mesenchymal 

progenitor cells into adipocytes (92). This suggests that DOX can induce reprogramming of CMs 

through activation of the Yamanaka factors, thereby substituting CM specific properties and 

functions.  

Similar alterations are seen in the developmental process of EndMT, where endothelial cells gain 

traits similar to mesenchymal cells, such as myofibroblasts and smooth muscle cells (93). 

Interestingly, KLF4 has shown to induce EndMT in cerebral endothelial cells (94, 95). 

Furthermore, EndMT has recently emerged as a potential contributor in the pathogenesis of 

several CVDs, including cardiac fibrosis, cardiomyopathy, heart failure, and DOX-induced 

cardiotoxicity (96-99). Xu et.al suggest that activation of the NFκB pathway is associated with 

induction of EndMT following DOX treatment in rats, and that this pathway could be a potential 

therapeutic target to prevent DOX-induced cardiotoxicity (99).  

Our finding that DEGs were enriched in processes and networks related to NFκB supports this 

proposal. Moreover, other suggested promoters of EndMT induction including hypoxia, oxidative 

stress, TGF-β, TLR2, and Hedgehog- and Wnt/βcatenin signalling (98, 100, 101), are also enriched 

in the present gene set. Even though EndMT do not occur in CMs itself during development (95), 

these findings may indicate that DOX-treated CMs affect other cell types to undergo EndMT.  
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5.5 Hedgehog- and Wnt/βcatenin-signalling  

The enriched Hedgehog- and Wnt/βcatenin-signalling pathways are evolutionary conserved and 

hold fundamental functions in human embryogenesis. Hedgehog-signalling participates in 

regulation of tissue patterning and angiogenesis (102-104), while Wnt/βcatenin-signalling is 

critical for development of the conduction system, valves and vessels of the heart (50, 105). 

Interestingly, both pathways have shown to be regulated by the Yamanaka factors (106), further 

underpinning an important role of the identified Network 1 and its core genes in DOX-induced 

cardiotoxicity.  

Wnt-signalling is latent in adult CMs (107), and its reactivation has been observed in hypertrophy 

and myocardial infarction, where it contributes to revascularization and tissue remodelling (107, 

108). Our enrichment analysis presented ambiguous indications of Wnt/βcatenin-pathway 

activation, in that DEGs were enriched in both positive and negative regulation of Wnt/βcatenin-

signalling in the cytoplasm. This may suggest contemporary activation of a negative feedback 

mechanism, and potential inhibition of Wnt/βcatenin-signalling effects. DOX-induced inhibition 

of Wnt/βcatenin-signalling has previously been reported to increase DOX-induced cardiotoxicity 

(109, 110), suggesting an important role of Wnt/βcatenin-signalling in response to DOX. 

Previous studies suggest that Hedgehog-signalling remains activated in adult CMs, serving 

important functions in maintenance of coronary vessels (103, 111). Our analyses strongly indicate 

activation of this pathway in response to DOX. Transient activation of Hedgehog-signalling has 

showed to protect against reperfusion injuries (51) and to decrease fibrosis formation and 

apoptosis in myocardial ischemia models (103). In contrast, sustained Hedgehog-signalling is 

associated with several malignancies (112). Hedgehog-signalling has also been associated with 

increased recruitment of bone-marrow derived endothelial stem cells believed to contribute in 

myocardial repair (103). However, similar to the initial reparative effect of tissue remodelling, 

exaggerated proliferation of endothelial stem cells in myocardial tissue might be detrimental 

(104). Therefore, the potential protective role of Hedgehog-signalling in cardiac tissue might 

depend on timing and duration. Hedgehog-signalling have, to our knowledge, not been 
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previously described in DOX-induced cardiotoxicity, making this observation especially 

interesting and a potential subject for further investigations. 

The ability to regenerate cardiac tissue has been proposed as a potential therapeutic approach 

to circumvent dysfunctional myocardium after cardiac tissue damage. To transiently reactivate 

embryonic processes, such as the Yamanaka factors or the Hedgehog- and Wnt/βcatenin-

signalling pathways, has been suggested as possible opportunities (38, 50, 51, 91). The 

enrichment of these mediators in DOX-treated CMs insinuate that these processes are in fact 

activated in response to DOX, and that potential therapeutic agents should aim at regulating 

these responses, instead of activating them. Nevertheless, regenerative medicine is still on the 

marks, and several aspects of this therapeutic approach remains to be elucidated  and assessed 

in vivo (38). 

As summarized in figure 17, the effects of DOX treatment may include acute responses such as 

oxidative stress, inflammation, acute cell death, and altered DDR, as well as activation of 

developmental processes and induction of senescence. These findings support previous 

comprehensions that the causes of DOX-induced cardiotoxicity are complex and multifactorial 

(3).  
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Figure 17: Proposed contributors to DOX-induced cardiotoxicity 

Cell-based assays and enrichment analysis of transcriptomic data indicate involvement of oxidative stress, 
inflammation, altered DDR, acute cell death, senescence, EndMT, KLF4 and reactivation of embryonic pathways in 
the pathogenesis of DOX-induced cardiotoxicity. The figure was created with BioRender.com. DDR: DNA damage 
response, DOX: Doxorubicin, EndMT: Endothelial-to-mesenchymal transition, KLF4: Krüppel-like-factor 4.  

 

6 Limitations and Future Perspectives 

There are several limitations in this study. The cell line AC16 CMs was mainly chosen due its 

possession of human genome and its ability to produce relatively large amounts of biological 

sample, but also because it easily can be genetically modified. The original project aimed at 

exploring the protective effects of a specific protein in response to DOX treatment. Therefore, 

the cells were transfected with either EV or protein overexpression vector prior to assay and RNA 

sequencing. This may to some extents have affected the results of this study. However, we 

believe that the interfering effect of the transfection is minor, since it was performed in both 

experimental groups.  

Cell culture arranges for close monitoring of the environment and high reproducibility and 

consistency of the data. However, there are limitations when it comes to using AC16 CMs as a 
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model for CM function, due to alterations of central functional properties, such as inadequate 

electric and contractile activity (39). This may influence the interpretation of the results. 

Furthermore, the lack of tissue heterogeneity will give an incomplete picture of the processes 

altered by DOX. Future studies should therefore evaluate the effect of DOX in vivo by studying 

isolated primary CMs, thereby enabling a more complete understanding of DOX exposure.  

The chosen concentration of DOX and treatment duration were based on experiences and 

findings by Berg et.al (40). However, these variables are not representative for the actual 

therapeutic regimens used in cancer treatment. Thus, these findings are questionable in terms 

of therapeutic DOX dose effects. However, they still draw a picture of the cardiac pathways and 

processes affected by DOX.  

The cell viability part of the multiplexed assay has shown to be influenced by high concentrations 

of DOX, due to its spontaneous emission of fluorescence (113). As such, the measured cell 

viability might be overestimated, thereby contributing to deviated interpretation. This problem 

could have been bypassed by measuring DOX-produced fluorescence prior to performing the 

assay. Despite this interfering factor, the high significance and consistent results nevertheless 

supports that DOX reduce cell viability.  

The enrichment analysis identifies potentially important pathways and processes in the gene set. 

The cut-off p < 0.01 was set to only include highly significant DEGs. As a result, less significant 

DEGs that could still be relevant were excluded from the analysis. This may have affected the 

resulting pathways and processes of the analysis.   

Bioinformatics approaches enables invaluable possibilities in terms of hypothesis generation. 

However, such findings will only be indications due to the potential influence of post-

transcriptional and post-translational modifications. Therefore, the indications given in this study 

should be further explored through more targeted approaches, including proteomics analyses. 

Furthermore, it is not possible to distinguish between primary effects caused by DOX and 

secondary effects caused by processes initiated by DOX. Therefore, future studies should also be 

aimed at exploring the dynamic changes across a longer period.  
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7 Conclusion  

In this project we assessed the effects of DOX treatment on cell death and the transcriptome in 

AC16 CMs. The findings of this study support the predominant role of ROS generation and DNA 

damage as major contributors to DOX-induced cardiotoxicity, but also sheds light on less 

explored participants, such as altered DDR, KLF4 and Wnt/βcatenin-signalling. Furthermore, the 

novel identification of Hedgehog-signalling activation is a curiosity that should be further 

assessed. As previously stated, DOX-induced cardiotoxicity is a complex and multifactorial 

condition. Accordingly, multiple aspects of the pathogenesis remain to be elucidated. 

Nevertheless, the findings of this study may contribute as a basis for future research aiming to 

combat DOX-induced cardiotoxicity in cancer survivors. Based on the initial aims of this project, 

the conclusions are that 24 hours of DOX treatment:  

1. Increase cell death and apoptosis and decrease cell viability in AC16 CMs.  

2. Induce significant transcriptional changes associated with apoptosis, oxidative stress, 

inflammatory responses, downregulation of DNA damage response genes, and 

reactivation of embryonic pathways. KLF4 appears as an important player in the DOX 

response, accompanied by the three additional Yamanaka factors, Wnt/βcatenin-

signalling, and the novel curiosity of Hedgehog-signalling activation. 
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Appendices 

Appendix I 

 

LDH activity after 12 vs 24 hours of DOX treatment 

AC16 CMs were treated with DOX (5 µM) for 12 hours and 24 hours, respectively. There was a significantly higher 

LDH activity in the AC16 CMs treated for 24 hours, compared to the AC16 CMs treated for 12 hours. We wanted a 

robust change in LDH activity to be basis for the analyses, leading to the decision of 24 hours of treatment. 

Absorbance was measured at 490 nanometres. CM: Cardiomyocyte, DOX: Doxorubicin, LDH: Lactate dehydrogenase.  

 

Appendix II 

Concentration and purity control of isolated RNA samples 

Samples 1-4 represents vehicle-treated AC16 CMs, while samples 5-8 represents DOX-treated AC16 CMs. Absorbance 

was measured at 260 nanometres and 230 nanometres, at which RNA and potential contaminants are absorbed, 

respectively. 260/230 and 260/280 ratio ~ 2 was considered pure. DOX: Doxorubicin, RNA: Ribonucleic acid.  

Treatment Samples Concentration 260/230 260/280 

 
Vehicle 
 

1 1163.0 ng/µl 2.14 2.04 

2.06 

2.01 

2.06 

2 758.1 ng/µl 2.10 

3 1235.9 ng/µl 2.11 

4 936.0 ng/µl 2.16 

DOX 

5 536.40 ng/µl 2.09 2.04 

2.06 

2.06 

2.06 

6 570.13 ng/µl 2.15 

7 475.93 ng/µl 2.12 

8 551.00 ng/µl 1.98 
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Appendix III 

 

 

Pathway map of Oxidative stress: ROS-induced cellular signalling 

DEGs induced by 24 hours of DOX treatment were enriched in ROS-induced cellular signalling, and participated in 

processes related to apoptosis and inflammation, amongst others. The figure is generated by Metacore. DEG: 

Differentially expressed gene, DOX: Doxorubicin, GPCR: G-protein coupled receptor, ROS: Reactive oxygen species.  
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Appendix IV 

 

Pathway map of Apoptosis: P53/P73-induced apoptosis  

DEGs induced by 24 hours of DOX treatment were enriched in P53/P73-induced apoptosis. DEGs involved in this 
pathway participates in the extrinsic (DR4, DR5, FasR, TRAIL) and intrinsic (Bax, Bak, Bcl-XL, Akt (PKB), Bim, Bik, NOXA) 
pathway of apoptosis. For legend explanations see Appendix III. The figure is generated by Metacore. DEG: 
Differentially expressed gene, DOX: Doxorubicin, DR: Death receptor, FasR: Fas-receptor, ROS: Reactive oxygen 
species, TRAIL: TNF-related apoptosis-inducing ligand.     
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Appendix V 

 

Pathway map of Transcription: HIF targets 

DEGs induced by 24 hours of DOX treatment were enriched in HIF targets, and participated in processes related to 
fibrosis, extracellular matrix remodelling, angiogenesis, and stem cell maintenance, amongst others. For legend 
explanations see Appendix III. The figure is generated by Metacore. DEG: Differentially expressed gene, DOX: 
Doxorubicin, HIF: Hypoxia inducible factor, ROS: Reactive oxygen species.  
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Appendix VI 

DEGs in the top 10 enriched pathways 

The pathways included Oxidative stress: ROS-induced cellular signalling, Apoptosis: p53 and p73-dependent 
apoptosis, Transcription: HIF-1 targets, DNA damage: ATR activation by DNA damage, Development: Hedgehog 
signalling, Development: Negative regulation of WNT/Beta-catenin signalling in the cytoplasm, DNA damage: 
Double-strand break repair via homologous recombination DNA damage: ATM/ATR regulation of G2/M checkpoint: 
cytoplasmic signalling, Development: Positive regulation of WNT/Beta-catenin signalling in the cytoplasm DNA 
damage: Intra S-phase checkpoint when sorted by p-value. Only DEGs with log2FC > 1 were included. DEGs are 
reported with Metacore annotations in alphabetical order. DEG: Differentially expressed gene, FC: Fold change.  

 

Oxidative stress: ROS-induced cellular signalling Apoptosis: p53 and p73-dependent apoptosis 

Positive Log2FC > 1 Negative Log2FC > 1 Positive Log2FC > 1 Negative Log2FC > 1 

Adrenomedullin 
Carbonic anhydrase 
IX 
COX-2 (PTGS2) 
Cyclin D1 
Cytochrome c 
EGLN3 
FTH1 
FTL 
GPX1 
GSTP1 
HES1 
HIF-prolyl 
hydroxylase 
IL-6 
IL-8 
JNK(MAPK8-10) 
NALP3 
NOTCH1 (NICD) 
NOXA 
PAI1 
PAX5 
PKC 
PLK3 (CNK) 
TfR1 
Thioredoxin 
TNF-alpha 
VEGF-A 
 
 
 
 
 
 
 

ACACA 
AKT(PKB) 
AMPK alpha subunit 
Bak 
Bax 
c-Abl 
Casein kinase II, alpha chains 
Chk2 
Cyclin B1 
FIH-1 
Heme oxygenase 1 
HIF1A 
IKK-alpha 
MDM2 
mTOR 
NF-kB 
NIK(MAP3K14) 
NRF2 
p21 
p38 MAPK 
p38alpha (MAPK14) 
PKA-reg (cAMP-dependent) 
PRKD1 
PTEN 
RelA (p65 NF-kB subunit) 
SAE2 
SENP1 
Sirtuin1 
TXNIP (VDUP1) 
 
 
 
 
 

ASPP1 
Bik 
Bim 
Cathepsin D 
Cathepsin L 
Cystatin C 
DR4(TNFRSF10A) 
DR5(TNFRSF10B) 
FasR(CD95) 
GPX1 
Maspin 
NOR1 
NOXA 
P53AIP1 
PIG3 
PML 
POU4F2 
 

Aif 
AKT(PKB) 
AMPK alpha subunit 
Apo-2L(TNFSF10) 
ASAP 
Bak 
Bax 
Bcl-XL 
c-Abl 
Caspase-1 
Caspase-2 
HUWE1 
iASPP 
Mcl-1 
MDM2 
MDM4 
Mitofusin 2 
p38 MAPK 
PTEN 
RanBPM 
Sirtuin1 
XAF1 
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Transcription: HIF-1 targets Development: Hedgehog signalling 

Positive Log2FC > 1 Negative Log2FC > 1 Positive Log2FC > 1 Negative Log2FC > 1 

Adipophilin 
Adrenomedullin 
Carbonic anhydrase 
IX 
c-Myc 
CX3CR1 
CXCR4 
DEC2 
Epo 
G3P2 
Galectin-1 
HXK2 
IBP3 
ID2 
LOXL2 
LOXL4 
Lysyl oxidase 
MMP-2 
MMP-9 
NANOG 
NOXA 
P4HA1 
PAI1 
PDGF-B 
PFKL 
PGK1 
PKM2 
PLAUR (uPAR) 
PLGF 
SLC9A1 
SOX2 
TfR1 
TGF-beta 1 
TGF-beta 3 
TGM2 
Thrombospondin 1 
Transferrin 
VEGF-A 
VEGFR-1 
WT1 
 
 
 
 
 
 
 
 

ARNT 
FGF2 
GLUT3 
Heme oxygenase 1 
HGF receptor (Met) 
HIF-1 
HIF1A 
HXK1 
LDHA 
Mcl-1 
MGF 
MSH2 
MSH6 
p21 
 

Adenylate cyclase 
ALPL 
BMP2 
BOC 
c-Fes 
Collagen X 
Cyclin D1 
DHH 
E2F2 
EGLN3 
FOXC1 
GLI-1 
G-protein beta/gamma 
HNF3-beta 
Ihh 
Nkx2.2 
Nkx2.8 
N-Myc 
PI3K reg class IA 
PTCH1 
PTCH2 
PTHrP 
SHH 
Smoothened 
SOX14 
SOX9 
TITF1 
 

AKT(PKB) 
CARD7 
CARD8 
Caspase-9 
KIF3A 
LGN 
Liprin-alpha1 
LKB1 
MED12 
PI3K cat class IA 
PKA-reg 
PLC-beta 
PRMT5 
ROCK 
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DNA damage: ATM/ATR regulation of G2/M 
checkpoint: cytoplasmic signalling 

DNA damage: Intra S-phase checkpoint 

Positive Log2FC > 1 Negative Log2FC > 1 Positive Log2FC > 1 Negative Log2FC > 1 

Histone H3 
 

14-3-3 
ATR 
Aurora-A 
Aurora-B 
beta-TrCP 
BORA 
Brca1 
Brca1/Bard1 
c-Abl 
CDC25A 
CDC25B 
CDC25C 
Chk1 
Chk2 
Cyclin B1 
DCK 
JAB1 
JIK 
MARKK 
MEK6(MAP2K6) 
MLCP (reg) 
Nek11 
p38 MAPK 
p38alpha (MAPK14) 
p38gamma (MAPK12) 
PARN 
PLK1 
PP1-cat 
PP2A regulatory 
UBE2C 

ATF-3 
c-Myc 
Cyclin A 
Histone H3 
 

ASF1A 
ASK (Dbf4) 
ATR 
beta-TrCP 
BLM 
Brca1 
BRIP1 
CDC18L (CDC6) 
CDC25A 
CDC7 
CDH1 
Chk1 
Chk2 
DTL (hCdt2) 
FANCD2 
FBXW11 
HBOA 
Histone H2AX 
HUWE1 
MCM3 
Mitotic cohesin complex 
MRN complex 
NFBD1 
Nibrin 
p21 
p38 MAPK 
p53BP1 
PCNA 
PP1-cat 
PP1-cat gamma 
RAD18 
Rad50 
RIF1 
RPA2 
Sirtuin1 
SMC3 
TLK1 
TOPBP1 
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DNA damage: ATR activation by DNA damage 
DNA damage: Double-strand break repair via 

homologous recombination 

Positive Log2FC > 1 Negative Log2FC > 1 Positive Log2FC > 1 Negative Log2FC > 1 

ATRIP 
EGLN3 

ATR 
Chk1 
CINP 
FANCM 
Histone H2AX 
HUWE1 
Kendrin 
LARG 
Microcephalin 
MRN complex 
MutYH 
NEK1 
NFBD1 
Nibrin 
NMP200 
p53BP1 
PP5 
PRMT5 
RAD17 
Rad50 
RBBP8 (CtIP) 
RPA2 
Sirtuin1 
SNIP1 
TLK1 
TOPBP1TTI2 

Histone H2A 
Histone H2B 
Histone H4 
USP20 (VDU2) 
 

BLM 
Brca1 
Brca2 
BRD9 
BRG1 
BRIP1 
CCDC98 (Abraxas) 
DNA polymerase eta 
DNA2 
EXO1 
FANCM 
FIGNL1 
Histone H2AX 
HROB 
MCM9 
MRN complex 
NARF 
NEK1 
NFBD1 
Nibrin 
NUCKS 
p53BP1 
PALB2 
PIR51 
PLK1 
RAD18 
Rad51 
RAD51C 
Rad52 
RAD54B 
RBBP8 (CtIP) 
REV1 
RIF1 
RING1 
RMI2 
RNF168 
RNF20 
SFR1 
SMARCA5 
SMARCAD1 
SPIDR 
SWI5 
TOPBP1 
USP4 
WDHD1 
WRN 
ZGRF1 
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Development: Negative regulation of WNT/Beta-
catenin signalling in the cytoplasm 

Development: Positive regulation of WNT/Beta-
catenin signalling in the cytoplasm 

Positive Log2FC > 1 Negative Log2FC > 1 Positive Log2FC > 1 Negative Log2FC > 1 

A20 
Axin 
Beclin 1 
Casein kinase I 
epsilon 
CXXC4 
Cyclin D1 
CYLD 
DACT1 
DACT3 
E-cadherin 
Frizzled 
G-protein 
beta/gamma 
KCTD1 
NKD1 
NOTCH1 receptor 
PEG3 
RIPK4 
Tcf(Lef) 
WNT 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ankyrin-G 
beta-TrCP 
Casein kinase I alpha 
c-Cbl 
DAB2 
Dsh 
FAF1 
GSK3 alpha/beta 
HECTD1 
HUWE1 
Itch 
KLHL12 
LATS1 
Malin 
NEDD4L 
Nucleoredoxin 
PI3K cat class III (Vps34) 
PKC-alpha 
PP1-cat 
Presenilin 1 
RACK1 
SENP2 
STK3 
STK4 
VHL 
WWP1 
 

Axin 
Bcl-9 
COX-2 (PTGS2) 
DACT1 
Frizzled 
GSKIP 
ITGB1 
JNK(MAPK8-10) 
NKD1 
RIPK4 
SET7 
Tcf(Lef) 
TGF-beta 1 
TGIF 
WNT 
 

14-3-3 
AKT(PKB) 
BIG1 
BIG2 
Casein kinase II, alpha 
chains 
DOCK4 
Dsh 
FAK1 
GSK3 alpha/beta 
HECTD1 
Jouberin 
PKA-reg type II 
PP1-cat 
PPP2R2A 
RNF146 
RNF220 
SMAD4 
Tankyrases 
TBL1X 
Trabid 
UBE2B 
USP25 
USP47 
USP9X 
ZBED3 
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Appendix VII 

 

 

 

The second most significant network 

Network 2 includes the core genes TRAF6, IKK-alpha, TLR4, I-kB and IRF7, and its interacting genes. Enriched GO 
processes of the network was associated with inflammatory responses involving NFκB, IL1 and PRRs. Arrows with 
thick cyan lines indicate fragments of canonical pathways. Core genes identified by the Metacore algorithm are 
encircled in black. Green arrows indicate activation, while red arrows indicate inhibition. Upregulated genes (positive 
log2FC) are marked with red circles, downregulated genes (negative log2FC) are marked with blue circles. The 
brightness of the colour (red and blue) increases with increased Log2FC-value (positive and negative direction).  A 
combination of red and blue circles indicates mixed expression for the gene between multiple Metacore-tags for the 
same gene. Log2FC for network objects in Network 2 range from 6.0 (TNFα) to -5.1 (TLR4). FC: Fold change, GO: Gene 
ontology, IL: Interleukin, IRF7: Interferon Regulatory Factor 7, NFκB: Nuclear factor kappa B, PRR: Pattern recognition 
receptor, TLR4: Toll-like receptor 4, TNFα: Tumour necrosis factor α, TRAF6: TNF receptor associated factor 6.  
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Appendix VIII 

 

 

 

The third most significant network 

Network 3 includes Shc, G protein alpha i family, SOS, PLC beta3, MEK1(MAP2K1), and its interacting genes. Enriched 
GO processes of the network included cell surface receptor signalling pathway, cellular response to growth factor 
stimulus, cellular response to organic substance, response to growth factor, and regulation of cell population 
proliferation. Arrows with thick cyan lines indicate fragments of canonical pathways. Core genes identified by the 
Metacore algorithm are encircled in black. Green arrows indicate activation, while red arrows indicate inhibition. 
Upregulated genes (positive log2FC) are marked with red circles, downregulated genes (negative log2FC) are marked 
with blue circles. The brightness of the colour (red and blue) increases with increased Log2FC-value (positive and 
negative direction). A combination of red and blue circles indicates mixed expression for the gene between multiple 
Metacore-tags for the same gene. Log2FC for network objects in Network 3 range from 4.5 (CXCR3) to -2.8 (SARA 
(ZFYV9)). CXCR3: C-X-C Motif Chemokine Receptor 3, FC: Fold change, GO: Gene ontology, MEK1(MAP2K1): mitogen-
activated protein kinase kinase 1, PLC beta3: phospholipase C beta 3, Shc: SHC adaptor protein 1, SOS: SOS Ras/Rac 
guanine nucleotide exchange factor 1, ZFVY9: Zinc Finger FYVE-Type Containing 9. 
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