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Prologue 

 

In the halls of the Biomedical Research Foundation of the Academy of Athens 

(BRFAA), where the sound of equipment hums and researchers scurry about, a 

journey began, a journey fueled by curiosity, collaboration, and guidance. 

Under the supervision of Apostolos Klinakis, this dissertation thesis found its footing. 

His expertise and encouragement provided a steady hand through the complexities of 

research. 

But it wasn't a solo expedition. Dimitris Karagiannis played a pivotal role, offering 

guidance and friendship in equal measure. Together, we navigated the challenges and 

celebrated the victories of scientific inquiry. 

In the lab, amidst the controlled chaos of experiments, a warm atmosphere prevailed. 

It was a place where questions were welcomed, and collaboration thrived. 

As these pages unfold, they tell the story of teamwork, resilience, and the vibrant 

community within BRFAA, a community dedicated to advancing knowledge and 

pushing the boundaries of scientific understanding. 
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A. Introduction 

 

A.1 Chromatin 

 

The complexes between eukaryotic DNA and proteins are called chromatin, which 

typically contains about twice as much protein as DNA. The major proteins of 

chromatin are named histones. They are small proteins containing a high proportion 

of basic amino acids (arginine and lysine) that facilitate binding to the negatively 

charged DNA molecule. There are five major types of histones, called H1, H2A, H2B, 

H3, and H4, which are very similar among different species of eukaryotes. Histones 

are abundant in eukaryotic cells with their combined mass nearly equaling that of the 

cell's DNA. Chromatin also includes a diverse array of nonhistone chromosomal 

proteins, involved in various activities such as DNA replication and gene expression. 

Histones are absent in eubacteria like E. coli, although these bacteria associate their 

DNA with other proteins mimicking histones. On the other hand, archaebacteria do 

contain histones, packaging their DNA in structures akin to eukaryotic chromatin. 

The nucleosome, described by Roger Kornberg in 1974, serves as the basic structural 

unit of chromatin (Figure 1). Kornberg's nucleosome model emerged from 

experiments using micrococcal nuclease, revealing 200-base-pair DNA fragments 

protected by histone binding. Electron microscopy further confirmed the beaded 

appearance of chromatin fibers, with these beads, or nucleosomes, spaced at 

approximately 200 base pairs intervals. This model provides a captivating insight into 

how DNA is organized and protected within the cell. 
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Figure 1. The organization of chromatin in nucleosomes. The DNA is wrapped around 

histones in nucleosome core particles and sealed by histone H1. Nonhistone proteins bind to 

the linker DNA between nucleosome core particles. Figure by The Cell: A Molecular 

Approach. 2nd edition. Cooper GM. Sunderland (MA): Sinauer Associates; 2000. 

 

Throughout the cell's life cycle, the level of chromatin condensation undergoes 

variations. In non-dividing cells during interphase, the majority of chromatin, termed 

euchromatin, is in a relatively relaxed state, dispersed throughout the nucleus. During 

this phase, genes undergo transcription, and DNA replication occurs in preparation for 

cell division. The euchromatin observed in interphase nuclei is mainly in the form of 

30-nm fibers, organized into large loops containing approximately 50 to 100 kb of 

DNA (Figure 2). Around 10% of euchromatin, which encompasses actively 

transcribed genes, takes on a more open and decondensed state referred to as the 10-

nm conformation, facilitating the transcription process. This intricate interplay 

between chromatin structure and the regulation of gene expression is a pivotal aspect 

of eukaryotic cellular dynamics. 
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Figure 2. Chromatin fibers. The packaging of DNA into nucleosomes yields a chromatin fiber 

approximately 10 nm in diameter. The chromatin is further condensed by coiling into a 30-nm 

fiber, containing about six nucleosomes per turn. Photographs courtesy of Ada L. Olins and 

Donald E. Olins, Oak Ridge National Laboratory. 

 

In contrast to euchromatin, about 10% of interphase chromatin is in a very highly 

condensed state that resembles the chromatin of cells undergoing mitosis and it is 

called heterochromatin. Heterochromatin is transcriptionally inactive and contains 

highly repeated DNA sequences, such as those present at centromeres and telomeres. 

As cells transition into mitosis, their chromosomes go through substantial 

condensation to enable efficient distribution to daughter cells. The loops created by 

30-nm chromatin fibers are believed to undergo additional folding, resulting in the 

formation of tightly compacted metaphase chromosomes in mitotic cells. This 

condensation leads to a drastic 10.000-fold reduction in the DNA volume. However, 

the extensively condensed chromatin in mitosis is no longer suitable for RNA 

synthesis, resulting in the halting of transcription during this phase. (Chromosomes 

and Chromatin - The Cell - NCBI Bookshelf, n.d.) 
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A.2 Regulation of transcription 

 

Transcriptional regulation is a fundamental biological process enabling cells and 

organisms to respond to internal and external signals, determine cell identity during 

development, maintain it over time, and coordinate cellular activities. This dynamic 

mechanism involves numerous molecules orchestrating biophysical events, forming 

intricate networks, and progressing through multiple temporal and functional stages. 

These stages encompass specific DNA-protein interactions, recruitment, and assembly 

of nucleoprotein complexes (Casamassimi & Ciccodicola, 2019).  

At its essence, transcriptional regulation involves several key steps: recruitment and 

assembly of the transcription machinery, initiation, pause release, elongation, and 

termination of transcription. These steps are intricately connected to chromatin 

accessibility, modulated by processes like histone modification and chromatin 

remodeling, as well as other epigenetic mechanisms like enhancer-promoter looping, 

crucial for successful gene transcription. Additionally, RNA maturation processes 

such as splicing contribute to the complexity. 

A diverse array of molecules and molecular factors participate in transcriptional 

regulation, including transcription factors, coactivators, corepressors, and chromatin 

regulators (Lee & Young, 2013). The basal transcription machinery consists of the 

RNA polymerase II holoenzyme, general initiation transcription factors (TFIIA, -IIB, 

-IID, -IIE, -IIF, and -IIH), and the Mediator complex. The Mediator complex plays a 

pivotal role in bridging transcription factors bound at upstream regulatory elements, 

such as nuclear receptors, with the remaining transcription apparatus at the promoter 
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region. It also collaborates closely with factors involved in epigenetic modifications, 

facilitating processes like DNA looping alongside cohesin (Schiano et al., 2014). 

Moreover, the intricate nature of transcriptional regulation stems from the 

involvement of non-coding RNAs (ncRNAs). Over the past two decades, research has 

unveiled novel classes of ncRNAs, including microRNAs (miRNAs), small nucleolar 

RNAs (snoRNAs), long ncRNAs (lncRNAs), circular RNAs (circRNAs), and 

enhancer RNAs (eRNAs). Each of these ncRNAs serves specific regulatory roles, 

collectively contributing to a broader RNA communication network that ultimately 

governs protein production. (Casamassimi et al., 2017) 

It's common knowledge that a variety of human disorders are marked by broad 

transcriptional dysregulation, as most signaling pathways ultimately impact the 

transcription machinery. In fact, numerous syndromes, genetic conditions, and 

complex diseases, including cancer, autoimmune diseases, neurological and 

developmental disorders, as well as metabolic and cardiovascular conditions, can 

result from mutations or changes in regulatory sequences, transcription factors, 

cofactors, chromatin regulators, non-coding RNAs, and other elements of the 

transcription apparatus (Casamassimi & Ciccodicola, 2019). 

 

A.3 Histone marks 

 

The fundamental unit of chromatin is the nucleosome, composed of a histone octamer 

containing two copies each of H3, H4, H2A, and H2B, around which 146 base pairs 

of DNA are wound. The unstructured N-terminal histone tails extend outward from 

the nucleosome and undergo various post-translational modifications, known as 
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histone marks (Gates et al., 2017). The concept of histone marks' potential functional 

significance was initially proposed by Allfrey in 1964 (Allfrey et al., 1964) and 

further elaborated into the histone code hypothesis (Strahl & Allis, 2000). Histone 

marks are regulated by a balance of enzymatic activities, with their precise functions 

still not fully elucidated. In metazoans, histone protein genes are clustered together 

(Sierra et al., 1982), complicating direct experimentation on specific histone 

modification sites in cells or in vivo. Consequently, most investigations rely on cell-

free systems or manipulate the expression or activity of enzymes involved in histone 

modification to infer their functions. The enzymes responsible for adding histone 

marks, known as 'writers,' utilize various cofactors such as ATP, acetyl-CoA, or S-

adenosylmethionine (SAM) to catalyze phosphorylation, acetylation, and methylation, 

respectively. Conversely, 'erasers' enzymes remove histone modifications, while 

'readers' proteins directly bind to modified histones, often as components of larger 

protein complexes that regulate downstream functions through additional enzymes 

and scaffolds (Gates et al., 2017). 

Epigenetic reader proteins contain specific domains that interact with modified 

histone residues (Musselman et al., 2012). Notably, many reader proteins possess not 

just one, but often multiple reader domains, suggesting their ability to recognize 

combinations of various histone marks concurrently. Consequently, the presence or 

absence of adjacent marks may influence the binding affinity of a reader domain to a 

specific residue. Among histone proteins, lysine residues are notably abundant (Tan et 

al., 2011) and more prone to modification compared to other residues. These lysine 

residues undergo diverse modifications, with methylated and acetylated lysines being 

the most extensively studied. Specific lysine residues on histone proteins are marked 

within distinct genomic regions, correlating with different transcriptional states, a 
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pattern conserved across species. Techniques like Chromatin Immunoprecipitation 

assays coupled with microarrays (ChIP-chip) and sequencing (ChIP-seq) have 

provided comprehensive insights into various histone modifications and their genomic 

locations (Heintzman et al., 2007). Promoters of actively transcribed genes typically 

exhibit trimethylation on histone H3 lysine 4 (H3K4me3) and acetylation on histones 

H3 and H4, while actively transcribing genes often display elevated levels of 

H3K36me3 and H3K79me3 within their gene bodies. Cis-regulatory enhancer 

elements associated with active transcription are characterized by both H3K27ac and 

high levels of H3K4me1 relative to H3K4me3 (Figure 3). Conversely, repressed 

genes tend to have denser nucleosome packing and may bear marks like H3K9 

methylation, H3K27me3, and H4K20me3 (Gates et al., 2017). 

 

 

Figure 3. Genomic Localization of Histone H3 Modifications Associated with Active 

Transcription. Simplified illustration of histone modification occupancy as defined by 

chromatin immunoprecipitation and sequencing (ChIP-seq) assays is presented. Regions in 

color represent what a typical ChIP signal would look like at a given eukaryotic gene [teal, 

acetylation on H3 lysine 27 (H3K27ac); purple, monomethylation on H3 lysine 4 

(H3K4me1); light blue, acetylation on H3 lysine 9 (H3K9ac); green, trimethylation on H3 

lysine 4 (H3K4me3); yellow/orange, di- and trimethylation on H3 lysine 79 (H3K79me2/3); 

pink/red, trimethylation on H3 lysine 36 (H3K36me3)]. H3K4me3 and H3K9ac are 

associated with transcriptionally active gene promoter regions, while H3K36me3 and 
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H3K79me3 are localized to gene bodies of actively transcribing genes. H3K27ac localizes to 

both active gene promoters and enhancer regions, and H3K4me1 is predominantly enriched at 

enhancers. By contrast, repressed genes have different methylation marks and lack histone 

acetylation (not shown). Arrow denotes the transcription start site (TSS). Abbreviations: 

NDR, nucleosome-depleted region; TTS, transcription termination site. Figure by: Gates et 

al., 2017. 

 

 

A.4 Chromatin regulation enzymes mutated in cancer 

 

In recent years, there has been a growing fascination with how epigenetics influences 

tumor biology. Epigenetic changes can influence the expression of genes in tumors 

without directly altering the DNA sequence. These changes, including DNA 

methylation, modifications to histones, and alterations in nucleosome composition, 

are pivotal in tumor development and progression. They can be influenced by 

environmental factors and conditions within the tumor microenvironment. As our 

understanding of epigenetic processes in cancer has evolved, attention has turned back 

to the DNA of the tumor itself. Certain genes responsible for regulating chromatin 

structure and DNA modifications, known as chromatin regulatory factors (CRFs), as 

well as genes encoding histone proteins, frequently carry mutations in human cancers. 

These mutations disrupt tumor chromatin and DNA structure, ultimately leading to 

changes in the epigenetic landscape and gene expression patterns that contribute to 

cancer development. These mutated CRFs have now been identified across various 

cancer types and are increasingly considered as promising targets for cancer therapies 

(Koschmann et al., 2017). 
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It's not surprising that proteins so integral to gene expression patterns can profoundly 

disrupt cellular behavior when mutated. Changes in genes encoding chromatin 

regulatory factors (CRFs), such as point mutations, amplifications, deletions, and 

fusions, can trap cancer cells in an abnormal epigenetic state, fostering continuous 

self-renewal without differentiation (Shen & Laird, 2013). Some mutations in CRFs 

act as driver mutations of many human malignancies, sometimes being the sole 

driving force behind tumor growth. Furthermore, mutations in enzymes that produce 

metabolites utilized by CRFs can also fuel cancer development. For instance, various 

human cancers exhibit gain-of-function point mutations in isocitrate dehydrogenase 1 

(IDH1), leading to the production of the metabolite 2-hydroxyglutarate instead of α-

ketoglutarate. This inhibits α-ketoglutarate-dependent demethylases, resulting in 

increased methylation of H3K9 and H3K27, hypermethylation of DNA, and 

suppression of tumor cell differentiation (Lu et al., 2012). Additionally, recurrent 

gain-of-function point mutations in histone variants HIST1H3A (H3.1) and H3F3A 

(H3.3) cause significant downstream epigenetic changes, contributing to tumor 

growth in pediatric glioblastoma, chondroblastoma, and undifferentiated sarcoma 

(Schwartzentruber et al., 2012). 

 

A.5 DNA damage response 

 

Genomic damage can occur as a side effect of DNA metabolic processes, including 

replication errors, uncontrolled recombination, off-target mutations induced by 

somatic hypermutation during antigen production, and inaccurate VDJ recombination 

(Liu & Schatz, 2009). However, the most significant genomic burden arises from 
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processes that directly damage DNA. These DNA lesions come from three primary 

sources (Lindahl, 1993): environmental agents such as ultraviolet light, ionizing 

radiation, and various genotoxic chemicals; reactive oxygen species (ROS) produced 

by respiration and lipid peroxidation; and the spontaneous hydrolysis of nucleotide 

residues, leading to abasic sites and deamination of C, A, G, or 5methyl-C. It is 

estimated that each cell faces approximately 10.000 to 100.000 lesions daily, 

highlighting the challenging task of clearing genomic injuries to maintain proper 

genome function. Critical genome processes, including transcription and replication, 

are significantly disrupted by DNA lesions. When replication occurs over damaged 

DNA, it can lead to mutations that may initiate and promote carcinogenesis. Acute 

effects emerge when lesions obstruct transcription, leading to cellular senescence or 

apoptosis, which can result in damage-induced accelerated aging (Akbari & Krokan, 

2008; Mitchell et al., 2003; Sinclair & Oberdoerffer, 2009). Cells have developed 

numerous pathways to recognize and repair DNA damage while coordinating a 

cellular response to minimize the impact of genomic lesions and support effective 

repair. 

 

A.5.1 Base Excision Repair (BER) 

 

Bases with minor chemical modifications that do not significantly disrupt the DNA 

double-helix structure are substrates for Base Excision Repair (BER) (Almeida & 

Sobol, 2007; Hegde et al., 2008). These lesions are targeted by lesion-specific DNA 

glycosylases, which recognize and remove the damaged base from the sugar-

phosphate backbone. The resulting abasic (AP) site is then incised by AP-
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endonucleases, and the resulting single nucleotide gap is filled by the BER-specific 

DNA polymerase β and sealed by the XRCC1/Ligase III complex. Single-strand 

breaks (SSBs) are repaired by a specialized BER mechanism known as single-strand 

break repair (SSBR). The abundant nuclear protein Poly-ADP-Ribose-Polymerase 

(PARP) is rapidly activated by SSBs, leading to auto-poly-ADP-ribosylation. This 

process recruits the XRCC1/Ligase III complex and end-processing enzymes such as 

aprataxin (Gueven et al., 2004) and TDP1 (tyrosyl-DNA-phosphodiesterase) to create 

ligatable DNA ends (Caldecott, 2007; El-Khamisy et al., 2009). 

 

A.5.2 Nucleotide Excision Repair (NER) 

 

Nucleotide Excision Repair (NER) removes a wide range of single-strand lesions that 

cause local helix destabilization. NER is a complex, multi-step process involving the 

coordinated action of at least 25 different polypeptides (Gillet & Schärer, 2006; 

Hoeijmakers, 1993). There are two distinct modes of damage detection in NER: 

transcription-coupled NER (TC-NER) and global genome NER (GG-NER). TC-NER 

efficiently removes lesions that stall transcription, allowing transcription to resume 

quickly (Bohr et al., 1986; Hanawalt, 1994), while GG-NER detects lesions 

throughout the genome. 

In TC-NER, the stalled RNA polymerase senses the damage, and the Cockayne 

syndrome factors A and B (CSA and CSB) are crucial for assembling the TC-NER 

complex (Fousteri et al., 2006; Fousteri & Mullenders, 2008). In GG-NER, lesion 

recognition is carried out by the XPC/hHR23B (Masutani et al., 1994) and UV-DDB 
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(DDB1 and DDB2/XPE) complexes (Chu & Chang, 1988; Keeney et al., 1994; 

Sugasawa et al., 2009). 

The subsequent steps of TC-NER and GG-NER converge into a common pathway 

where the NER/basal transcription factor TFIIH is first recruited (Volker et al., 2001; 

Yokoi et al., 2000). The bi-directional helicase activity of TFIIH unwinds the 

damaged DNA segment over approximately 30 nucleotides (Sugasawa et al., 2009). 

The unwound DNA is stabilized by XPA and RPA (Replication Protein A), which 

also help position the two structure-specific endonucleases, XPG and the ERCC1-

XPF complex (Figure 4). These endonucleases make incisions on the damaged strand 

3′ and 5′ to the lesion, respectively (O’Donovan et al., 1994; Sijbers et al., 1996). 

The resulting 25–30 nucleotide single-strand gap is then filled in by standard DNA 

replication proteins, including replication factor C (RFC), PCNA, RPA, and DNA 

polymerases δ, ε, or κ (Ogi et al., 2010). Finally, the gap is sealed by DNA ligases I or 

III, depending on the cell's proliferation status (Moser et al., 2007). 

 

 

Figure 4. Molecular mechanism of nucleotide excision repair (NER). Figure by Giglia-Mari et 

al., 2011. 
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A.5.3 DNA Double-Strand Break (DSB) Repair 

 

Lesions that are substrates for NER and BER are located on one of the DNA strands 

and are removed through a "cut-and-patch" mechanism. In both processes, the 

undamaged complementary strand serves as a template for repairing the damaged 

strand. However, some damaging agents affect both strands, such as ionizing 

radiation, which induces DNA double-strand breaks (DSBs), and agents that produce 

inter- and intra-strand cross-links. These lesions are highly cytotoxic because they are 

more challenging to repair, as the cell cannot simply copy information from an 

undamaged strand (Giglia-Mari et al., 2011). 

Two distinct pathways repair the majority of DSBs: homologous recombination (HR) 

and non-homologous end-joining (NHEJ) (Cahill et al., 2006; Helleday et al., 2007; 

Wyman & Kanaar, 2006). The choice between these repair mechanisms is primarily 

determined by the cell cycle phase. HR, which requires a homologous sister 

chromatid, operates exclusively in the S and G2 phases. In contrast, post-mitotic cells 

and cycling cells in the G1 phase must repair DSBs using NHEJ. 

In NHEJ, breaks are quickly recognized by the Ku70/Ku80 heterodimer, which 

activates the PI3-kinase DNA-PK and facilitates the recruitment of the Artemis 

nuclease and the MRE11/Rad50/NBS1 (MRN) protein complex. These proteins are 

involved in DNA end-processing, which precedes ligation by the XRCC4/Ligase IV 

complex (Burma et al., 2006; Van Gent & Van Der Burg, 2007; Weterings & Van 

Gent, 2004). During this end-processing, minor nucleotide losses or changes may 

occur, making NHEJ an error-prone repair process despite its rapid action. 
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When cells have a homologous template available, such as during the S and G2 

phases, DSBs can be repaired by HR. Homologous recombination begins with the 

binding of the MRN complex to a DSB, which helps hold the broken ends together 

(De Jager et al., 2001) and provides the structural basis for the CtIP nuclease. The 

MRN-CtIP complex, along with exonuclease I (EXO1), catalyzes end resection at the 

break (Limbo et al., 2007; Sartori et al., 2007; Takeda et al., 2007). RPA then binds to 

the newly formed single-strand region, and through a complex handoff mechanism, 

the RPA filament is replaced by a RAD51 nucleoprotein filament. This RAD51 

filament is essential for strand invasion into the homologous sister chromatid, creating 

a temporary triplex DNA structure where strand exchange occurs (Wyman et al., 

2004). Alternative pathways for repairing double-strand breaks (DSBs), such as 

alternative end-joining (a-EJ) and single-strand annealing (SSA), are error-prone 

mechanisms used when primary repair pathways fail. a-EJ relies on microhomologies 

to align DNA ends, often causing small insertions or deletions, while SSA uses longer 

homologous sequences, leading to large deletions (Caracciolo et al., 2021). Both 

pathways contribute to genomic instability and are associated with tumorigenesis, 

particularly in HR-deficient cells. 

 

A.5.4 BRCA genes 

 

Individuals who carry harmful heterozygous germline mutations in the BRCA1 and 

BRCA2 genes face a significantly higher risk of developing breast, ovarian, and other 

types of cancer (King, 2014; Miki et al., 1994; Wooster et al., 1995). These genes are 

classified as classical tumor suppressors because the loss of the normal BRCA1 and 
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BRCA2 alleles occurs during tumor development (Lord & Ashworth, 2017). The 

BRCA1 and BRCA2 proteins play a crucial role in repairing double-strand DNA 

breaks through a process called homologous recombination repair (HRR), a DNA 

repair mechanism that uses a homologous DNA sequence to accurately restore the 

original DNA at the site of damage (Moynahan & Jasin, 2010). When cells lose HRR 

functionality due to defects in BRCA1, BRCA2, or other related components, non-

conservative DNA repair mechanisms, such as Non-Homologous End Joining 

(NHEJ), become dominant. These alternative processes either join broken DNA ends 

without using a homologous sequence or fuse nearby DNA regions with short 

sequence homology, often leading to the deletion of intervening genetic material. The 

increased reliance on these error-prone repair mechanisms in the absence of HRR 

often results in DNA alterations, including deletions, which can contribute to cancer 

initiation or progression (Moynahan et al., 2001; Tutt et al., 2001). This may help 

explain why mutations in BRCA1 and BRCA2 elevate cancer risk. Additionally, the 

roles of BRCA1 and BRCA2 in chromatin remodeling and transcriptional regulation 

could also be relevant to the development of cancer (Dhillon et al., 2016). 

 

A.5.5 Poly(ADP-Ribose) Polymerases 

 

Healthy cells protect themselves from the harmful effects of DNA damage through a 

network of interconnected molecular pathways known as the DNA damage response 

(DDR). These pathways detect DNA damage, halt the cell cycle, and facilitate DNA 

repair, thereby preserving the integrity of the genome. Central to the DDR are the 

enzymes Poly(ADP-ribose) Polymerase 1 and 2 (PARP1 and PARP2), which act as 
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DNA damage sensors and signal transducers. They function by synthesizing 

negatively charged, branched poly(ADP-ribose) (PAR) chains on target proteins, a 

post-translational modification process called PARylation (Satoh & Lindahl, 1992). 

When PARP1 binds to damaged DNA, such as single-strand breaks (SSBs) and other 

lesions, it undergoes structural changes that activate its catalytic function (Dawicki-

McKenna et al., 2015; Satoh & Lindahl, 1992). This activation leads to the 

PARylation and recruitment of DNA repair proteins like XRCC1, as well as the 

remodeling of chromatin around the damaged site to facilitate DNA repair. PARP1 

eventually undergoes auto-PARylation, where the PAR chains' negative charge likely 

prompts its release from the repaired DNA (Dawicki-McKenna et al., 2015; Satoh & 

Lindahl, 1992). 

 

A.5.6 Synthetic Lethality (SL) 

 

In 2005, two research groups reported a Synthetic Lethal (SL) interaction between 

PARP inhibition and mutations in BRCA1 or BRCA2, proposing a new approach for 

treating patients with BRCA-mutant tumors (Bryant et al., 2005; Farmer et al., 2005). 

SL is a concept first introduced by geneticists nearly a century ago to describe a 

situation where a defect in either of two genes has minimal effect on the cell or 

organism, but a combination of defects in both leads to cell death (Figure 5). It was 

shown that BRCA-mutant tumor cells were up to 1000 times more sensitive to PARP 

inhibitors (PARPi) than BRCA-wild type cells, depending on the specific PARPi and 

experimental conditions used (Farmer et al., 2005). This finding motivated the testing 

of PARPi in clinical trials as standalone treatments. The initial hypothesis was that 
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PARP inhibition caused persistent single-strand breaks (SSBs) which, when 

encountered by a replication fork, could lead to fork collapse and potentially double-

strand breaks (DSBs) (Farmer et al., 2005). However, this model has recently been 

revised based on evidence suggesting that some PARPi, particularly rucaparib, 

olaparib, niraparib, and talazoparib, "trap" PARP1 on DNA. This trapping prevents 

auto-PARylation and the release of PARP1 from the site of damage, thereby 

disrupting the catalytic cycle of PARP1 (Murai et al., 2012, 2014; Pommier et al., 

2016). The trapped PARP1 protein is thought to be the relevant cytotoxic lesion for 

some PARPi, similar to how certain cancer drugs that inhibit Topoisomerase II trap a 

DNA repair protein on the double helix. Supporting this idea, cells lacking PARP1 

appear to be resistant to PARPi (Murai et al., 2012; Pettitt et al., 2013). Clinically 

used PARPi vary in their ability to trap PARP1. For instance, talazoparib is 

approximately 100 times more potent than niraparib in this regard, and niraparib is 

more potent than olaparib and rucaparib (Murai et al., 2014). 

 

Figure 5. The concept of using synthetic lethality as a therapeutic strategy in cancer. (A) 

Synthetic lethality: The loss of gene A or gene B in isolation is compatible with cellular 

viability, whereas loss of both genes together leads to cellular lethality. (B) Synthetic dose 

lethality: Overexpression or overactivation of gene B leads to cellular dependence on gene A. 

Figure by Thompson et al., 2017.  
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A.6 Non-Small Cell Lung Cancer 

 

Lung cancer ranks as the primary cause of cancer-related deaths in both men and 

women, with non-small cell lung cancer (NSCLC) constituting approximately 85% of 

all lung cancer cases. Typically, at the time of diagnosis, the tumor has progressed to 

a locally advanced or metastatic stage, leading to unfavorable disease outcomes. 

NSCLC encompasses adenocarcinoma, squamous cell carcinoma, and large cell lung 

carcinoma. There is a pressing need to identify new therapeutic targets due to the 

limited efficacy of platinum-based therapy and the targeted therapies developed over 

the past decade. The latter is primarily attributed to the absence of detectable 

mutations in approximately half of all NSCLC cases. Additionally, there is a necessity 

for novel therapeutic approaches to enhance the effectiveness of immunotherapy in 

NSCLC. The identification of molecular signatures within NSCLC subtypes, 

including genetic and epigenetic variations, is essential for the selection of appropriate 

therapy or combinations of therapies. Epigenetic dysregulation plays a pivotal role in 

tumor development, heterogeneity, and resistance to conventional anti-cancer 

treatments. Consequently, epigenomic modulation has emerged as a promising 

therapeutic strategy in NSCLC (Bajbouj et al., 2021). 

 

A.6.1 DNA methylation in lung cancer 

 

DNA methylation is the most studied epigenetic regulatory mechanism. CpG island 

methylation is completed by different DNA methyltransferases (DNMTs) that can 

lead to gene silencing. Three active DNMTs (DNMT1, DNMT3a, and DNMT3b) 
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mediate the transfer of a methyl group from S-adenosyl-L-methionine to the CpG 

islands 5’-cytosine carbon (Forde et al., 2014). DNMT1 binds essentially to 

hemimethylated DNA and is primarily involved in the maintenance methylation after 

DNA replication. DNMT3a and b bind preferentially to unmethylated or 

hemimethylated DNA, and are responsible of de novo DNA methylation (Fabbri et 

al., 2007) 

DNMT overexpression plays a significant role in the development of lung cancer. 

Elevated levels of DNMT in lung cancer can stem from several factors, including 

increased expression of transcriptional activators, the loss of microRNAs that 

normally suppress DNMT expression, and/or impaired degradation of DNMT by 

hsp90 within the proteasome (Damiani et al., 2008). Clinically, there is evidence 

linking DNMT1 overexpression to poorer survival rates in surgically treated lung 

cancer patients (Kim et al., 2006). Consistent with these findings, various tumor 

suppressor genes (TSGs) are silenced through promoter hypermethylation in lung 

cancer. These TSGs regulate critical cellular functions such as cell cycle progression 

(p16), DNA repair (MGMT), apoptosis (DAPK, caspase-8), Wnt signaling (APC), 

cell adhesion, invasion (E-cadherin, H-cadherin, tissue inhibitor of metalloproteinase-

3), and invasion suppression (CDH13, TIMP-3). For instance, Brock et al. (Brock et 

al., 2008) observed that methylation of CDK2, CDKN2A, CDH13, RASSF1A, and 

APC correlated with cancer recurrence following surgical resection of stage I non-

small cell lung cancer (NSCLC), irrespective of histology, stage, gender, or smoking 

history. Similarly, another study reported that methylation of CDKN2A, accompanied 

by loss of p16 expression, was associated with reduced survival rates after early-stage 

NSCLC resection (Sterlacci et al., 2011). Additionally, methylation of IGFBP-3 is 

linked to cisplatin resistance in NSCLC (De Caceres et al., 2010). 
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A.6.2 Histone modifications in lung cancer 

 

Over the past decade, numerous studies have illuminated epigenetic irregularities 

involving histone modifications in lung cancer. Miyanaga et al. (Miyanaga et al., 

2008) examined 16 NSCLC cell lines using HDAC inhibitors such as TSA and 

vorinostat, both of which exhibited anti-tumor effects in half of the NSCLC cell lines 

tested. They also conducted gene expression profiling and developed a nine-gene 

classifier capable of predicting the sensitivity of NSCLC cell lines to HDAC inhibitor 

drugs (Miyanaga et al., 2008). Van Den Broeck et al. (Van Den Broeck et al., 2008a) 

demonstrated the pivotal role of histone epigenetic modifications in lung 

carcinogenesis. Lung cancer cells exhibited aberrant patterns of histone H4 

modification compared to normal lung cells, characterized by hyperacetylation of 

H4K5/H4K8, hypoacetylation of H4K12/H4K16, and loss of H4K20 trimethylation. 

These findings underscore the significance of histone H4 modifications and suggest 

H4K20me3 as a potential biomarker for early detection and therapeutic strategies in 

lung cancer (Van Den Broeck et al., 2008a). Seligson et al. (Seligson et al., 2009) 

showed that decreased global levels of histone modifications predict a more 

aggressive cancer phenotype in lung AdC. Moreover, the distinct expression patterns 

of HATs and HDACs in tumor samples, compared to normal tissues, may have 

therapeutic implications, including early tumor detection, prognosis assessment, and 

guiding epigenetic-targeted therapies (Özdaǧ et al., 2006). HDAC1 gene expression 

appears to correlate with the progression of lung cancer, with elevated HDAC1 and 

HDAC3 gene expressions associated with poor prognosis in patients with pulmonary 

AdC (Sasaki et al., 2004). HDAC3 was also found to be elevated in 92% of tumors 

with SqCC histology using antibody microarrays for protein detection (Bartling et al., 
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2005). NSCLC cells treated with HDIs showed decreased TNF-receptor-1 mRNA and 

protein levels, as well as reduced surface protein expression, resulting in attenuated 

NF-B nuclear translocation and DNA binding in response to TNF treatment. Thus, 

HDIs may offer beneficial contributions to tumor treatment by reducing tumor cell 

responsiveness to TNF-mediated activation of the NF-B pathway (Imre et al., 2006). 

 

A.6.3 Epigenetic biomarkers in lung cancer 

 

Recent research has intensively investigated epigenetic alterations as potential 

biomarkers for early detection, diagnosis, prognosis, and guiding therapeutic 

strategies in lung cancer. This research has predominantly concentrated on DNA 

cytosine methylation, miRNA alterations, and histone modifications (Balgkouranidou 

et al., 2013a; Brzeziańska et al., 2013a; Jones & Baylin, 2002a; Van Den Broeck et 

al., 2008b). Each of these epigenetic changes requires specific testing methods and 

varies in its clinical relevance. Currently, most epigenetic biomarkers for lung cancer 

are still in the developmental stage and are unlikely to be clinically applicable for 

several years (Liloglou et al., 2014). 

 

A.6.4 DNA hypermethylation 

 

DNA 5'-cytosine hypermethylation emerges as an early event in the development of 

lung cancer (Balgkouranidou et al., 2013b; Brzeziańska et al., 2013b; Jones & Baylin, 

2002b). Numerous genes undergo hypermethylation in lung cancer, including PAK3, 
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NISCH, KIF1A, OGDHL, BRMS1, FHIT, CTSZ, CCNA1, NRCAM, LOX, MGMT, 

DOK1, SOX15, TCF21, DAPK, RAR, RASSF1, CYGB, MSX1, BNC1, CTSZ, and 

CDKN2A (Shames et al., 2006a; Wang et al., 2007). The extent of hypermethylation 

varies for each gene, with some, like CDKN2A and MGMT, exhibiting 

hypermethylation in 100% of pulmonary SqCC patients up to 3 years before cancer 

diagnosis (Weinberg, 1995). Functionally, p16 acts to inhibit cyclin-dependent 

kinases 4 and 6, which, upon binding to cyclin D1, phosphorylate and deactivate the 

retinoblastoma tumor suppressor gene, thereby halting cell cycle progression 

(Weinberg, 1995). In approximately 70% of lung cancer cases, p16 loss occurs, often 

through promoter methylation, facilitating the transition from G1 to S phase 

(Shackelford et al., 1999; Weinberg, 1995). Notably, CDKN2A methylation is 

observed in seemingly normal epithelium from smokers and precursor lesions, with its 

frequency increasing with the advancement of the carcinogenic process (Belinsky et 

al., 1998). The precise mechanisms underlying each gene's hypermethylation event in 

promoting cancer vary, but generally involve the suppression of tumor suppressor 

genes alongside the activation of genes promoting cell growth and cycle progression 

(Shames et al., 2006b; Toyota et al., 1999a). 

Numerous studies have consistently shown that changes in cytosine hypermethylation 

hold diagnostic (J. Li et al., 2017; Ozsolak et al., 2008a; Shames et al., 2006c; Toyota 

et al., 1999b) and prognostic significance in lung cancer, and in certain instances, they 

may even forecast responses to treatment (Cross et al., 1994; Ehrich et al., 2005; Goll 

& Bestor, 2005; Korch & Hagblom, 1986; Rauch & Pfeifer, 2005; Zhang et al., 2011). 

For instance, Zhang et al. (Y. Zhang et al., 2011) investigated the methylation patterns 

of 20 tumor suppressor genes (TSGs) in 78 cases of non-small cell lung cancers 

(NSCLCs) in comparison to 50 plasma samples from cancer-free individuals. They 
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identified a set of five genes (APC, RASSF1A, CHD13, KLK10, and DLEC1) 

exhibiting significantly higher methylation levels in lung cancer patients, with a 

sensitivity of 83.64% and specificity of 74.0% for cancer diagnosis within the Chinese 

population. Additionally, in a subset of 64 lung cancer patients, those with four or 

more concurrently methylated genes from a panel of 15 genes had a poorer 

progression-free two-year survival (13.8 months) compared to those with fewer 

methylated genes (17.8 months). Furthermore, a study conducted by Salazar et al. 

(Salazar et al., 2011) revealed that lung cancer patients with an unmethylated plasma 

CHFR gene showed significantly better responses to EGFR tyrosine kinase inhibitors 

than those with a methylated CHFR gene. This finding underscores the potential 

utility of gene methylation patterns in predicting responses to therapy. 

 

A.6.5 MicroRNA and microRNA silencing in lung cancer 

 

MicroRNAs (miRs) are short, naturally occurring RNA molecules, typically 

consisting of 20–22 nucleotides, that play a crucial role in regulating gene expression. 

With over 1000 miRs identified so far, they govern the activity of more than one-third 

of protein-coding messenger RNAs (mRNAs), with each miR capable of controlling 

the expression of hundreds of target mRNAs (He & Hannon, 2004). Consequently, 

the suppression of miRs through methylation can significantly impact the 

development and progression of tumors (Ozsolak et al., 2008b). In their research, 

Heller et al. (Heller et al., 2012) demonstrated that treatment with demethylating 

agents led to the increased expression of 33 miRs in A549 cells, a type of lung 

adenocarcinoma (lung AdC). Furthermore, specific miRs such as miR-9-3, miR-34b, 
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and miR-126 exhibit methylation patterns associated with non-small cell lung cancer 

(NSCLC) prognosis alteration. Additionally, miR-487b is frequently silenced by 

methylation in primary lung tumors, and its levels are diminished in respiratory 

epithelial cells and lung tumor-derived cell lines following exposure to tobacco smoke 

(Xi et al., 2013). This discovery underscores previous findings indicating the 

influence of smoking on methylation processes, thereby promoting lung cancer 

development. 

 

A.6.6 Treatment of early-stage lung cancer 

 

Surgery is recommended for early-stage (I-II) NSCLC, with 5-year survival rates 

varying by stage. Video-assisted surgery offers better quality of life and outcomes 

than open surgery, and perioperative chemotherapy provides a survival benefit for 

stages IB-IIIA. Targeted therapies like EGFR TKIs have shown no significant benefit 

in unselected patients, but ongoing studies are investigating their role in specific 

mutations. For stage I patients who can't undergo surgery, stereotactic body radiation 

therapy (SBRT) is effective. For locally advanced stages (IIIA-B) not suitable for 

surgery, a combination of chemotherapy and thoracic radiotherapy is the standard 

treatment, with median survival times over 2 years and 5-year survival rates of 15-

20% (Hirsch et al., 2017). 
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A.6.7 Treatment of advanced lung cancer 

 

Therapeutic advancements in specific subgroups of NSCLC are primarily due to the 

accumulation of molecular insights gained through emerging technology platforms, 

such as next-generation sequencing and other omics technologies. These 

advancements, along with the development of new drugs targeting molecular 

abnormalities, have greatly benefited patients with tumors that have specific genomic 

alterations. As many as 69% of patients with advanced NSCLC may have molecular 

targets that could be addressed by these therapies (Tsao et al., 2016). Progress in 

molecular targeted therapies has been most notable among younger patients with 

adenocarcinoma, particularly those who have never smoked. For advanced NSCLC 

patients who do not qualify for an approved molecular targeted therapy, platinum-

based doublet therapy, with or without bevacizumab, remains the standard first-line 

treatment, though bevacizumab is not suitable for squamous cell histology. 

Additionally, understanding the immune landscape of tumors and their immune-

evasion mechanisms has led to significant therapeutic breakthroughs and established a 

foundation for future treatment developments (Hirsch et al., 2017). 

 

A.6.8 Immunotherapy 

 

Lung cancer progression is influenced by both the genetic and molecular 

characteristics of cancer cells and their interaction with the immune system. 

Traditional immune-based therapies, like vaccines, have largely been ineffective, 

likely due to inadequate immune activation. Immunotherapy now focuses on 
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inhibiting or stimulating immune checkpoints, such as PD-1 and PD-L1, which 

regulate immune responses. Antibodies targeting these checkpoints (e.g., nivolumab, 

pembrolizumab) have shown promising results, particularly in patients with PD-L1-

positive tumors, leading to improved survival rates. However, the variability in PD-L1 

testing methods and expression levels complicates predicting which patients will 

benefit. Current trials are exploring these therapies in different settings and patient 

groups (Hirsch et al., 2017). 

 

A.6.9 Maintenance therapy for patients with advanced NSCLC 

 

The ideal duration of treatment for patients with advanced NSCLC has been explored 

in numerous studies. Administering 4-6 cycles of combination chemotherapy 

followed by observation has become the standard approach for first-line treatment 

(Ramalingam et al., 2011). To date, strategies involving either switch therapy (using a 

different treatment than the initial one) with pemetrexed and erlotinib, or continuation 

maintenance with pemetrexed, have shown improvements in outcomes, including 

overall survival and progression-free survival. Multiple meta-analyses have confirmed 

the positive impact of maintenance treatments on both efficacy and toxicity. Overall, 

these studies have demonstrated that maintenance therapy significantly improves 

progression-free survival and, to a lesser extent, overall survival, while introducing 

some clinically relevant toxicities but preserving patients' quality of life. In practice, 

switch maintenance strategies are less commonly used than continuation maintenance, 

as both physicians and patients often prefer to maximize the benefit from a given 

therapy before moving to an alternative. Maintenance therapy with an EGFR inhibitor 
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is recommended for patients with activating EGFR TKI-sensitizing mutations who, 

for any reason (such as delayed EGFR mutation profiling), receive first-line 

chemotherapy (Zhao et al., 2015). Several factors influence the decision to pursue 

maintenance therapy, including tumor histology (with pemetrexed recommended only 

for non-squamous NSCLC), genomics, response to induction therapy, patient health 

status, and, importantly, patient preference. From the patient's perspective, a survival 

benefit of several months or better symptom control is expected to outweigh mild-to-

moderate side effects (Hirsch et al., 2017). 

 

A.6.10 Adjuvant and neoadjuvant systemic therapies 

 

Lung cancer continues to be a leading cause of cancer-related deaths globally. The 

majority of lung cancers are non-small cell lung cancers (NSCLC), with about one-

third of cases being surgically resectable. Over time, there have been gradual 

improvements in survival rates. However, even after complete tumor removal, up to 

60% of patients experience recurrence, often as distant metastases, leading to poor 

overall survival (OS). This highlights the need for additional therapy beyond surgery. 

Perioperative systemic therapy aims to target micrometastases to prevent distant 

spread and can be administered either before surgery (neoadjuvant) or after surgery 

(adjuvant). Currently, adjuvant chemotherapy is the standard treatment for surgically 

resected stage IB-IIIA NSCLC. Neoadjuvant chemotherapy, though once considered, 

showed only modest benefits and was not established as a standard care approach, 

despite similar OS outcomes between neoadjuvant and adjuvant chemotherapy. 

Recent advances in understanding cancer biology, particularly the immune system's 
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role and the development of immune checkpoint inhibitors (ICIs), have renewed 

interest in neoadjuvant therapy. ICIs have demonstrated durable responses and longer 

survival in 20%-30% of patients with advanced NSCLC, prompting their 

consideration in early-stage NSCLC. Studies on neoadjuvant ICIs have shown 

promising pathological response rates and progression-free survival (John & 

Ramnath, 2023). 

 

A.7 Modern epigenetics methods in biological research 

 

As the field of epigenetics continues to grow, there's a rising curiosity about exploring 

new technologies to unravel the epigenetic markers linked to both health and disease. 

This surge in interest has led to the development of numerous novel techniques within 

the epigenetics realm. These cutting-edge methods can discern chromatin states across 

various dimensions, ranging from specific loci analysis to comprehensive genome-

wide sequencing. Progress in epigenetics methodologies employs diverse approaches, 

including the use of top-tier antibodies, chromatin functional assays, imaging 

techniques, high-throughput sequencing technologies, and integrated bioinformatics 

pipelines (Y. Li, 2021). 

 

A.7.1 DNA methylation 

 

DNA methylation stands as a pivotal epigenetic mechanism under thorough scrutiny. 

Within this domain, distinct DNA methylation modifications emerge, including 5-
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methylcytosine (5mC), N6-methyladenine (6mA), and 4-methylcytosine (4mC) (Chen 

et al., 2016; G. Zhang et al., 2015). While 6mA and 4mC predominantly inhabit 

prokaryotic genomes, 5mC reigns as the most prevalent methylation form across 

eukaryotes, garnering extensive study and understanding as the foremost DNA 

modification pattern overall (Jones & Takai, 2001). Various conventional techniques 

exist for analyzing DNA methylation levels, with bisulfite modification serving as the 

cornerstone for most assays. This process transforms cytosine to uracil in single-

stranded DNA while leaving 5mC unaffected (Frommer et al., 1992). Alternatively, 

other methods rely on the enzymatic digestion of genomic DNA by specific 

endonucleases with varying methylation sensitivities to estimate overall DNA 

methylation levels (Melnikov et al., 2005). These modifications enable the assessment 

of DNA methylation status at specific loci or on a global scale through multiple 

techniques. Over recent decades, significant advancements have revolutionized DNA 

methylation analysis methodologies. For instance, emerging third-generation 

sequencing-based technologies now facilitate lengthy sequence readings, presenting 

exciting avenues for studying an array of base modifications, including 5mC, 6mA, 

and 4mC, without necessitating bisulfite treatment (Schadt et al., 2010). Moreover, 

techniques capable of identifying oxidized forms of 5mC, such as 5-

hydroxymethylcytosine (5hmC), have been developed, further expanding the 

analytical toolkit in this field (Yu et al., 2012). 
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A.7.2 Histone modification 

 

Regarding another significant aspect of the epigenetic code, a multitude of 

technologies has emerged to probe the functions and dynamics of histone 

modifications. Primarily, these advancements stem from the chromatin 

immunoprecipitation (ChIP) assay platform (Bannister & Kouzarides, 2011; Gade & 

Kalvakolanu, 2012). Particularly valuable is the antibody-directed ChIP assay, which 

enables the examination of DNA-protein interactions, thereby permitting the analysis 

of chromatin structure surrounding specific DNA sequences. This assay can also be 

amalgamated with other techniques to delve into the interaction of histone 

modifications with additional chromatin regulators at specific loci (Davies et al., 

2017). Moreover, the three-dimensional (3D) spatial organization of chromatin, which 

links chromatin structure to biological functionalities, can be deciphered using 

chromosome conformation capture (3C) technology (Qi & Zhang, 2019). When 

coupled with ChIP-sequencing and 3C-based methodologies like Hi-C, these 

approaches facilitate the prediction of epigenetic landscapes within 3D chromatin 

architecture. Such predictions unveil the interplay between patterns of histone 

modifications and the 3D spatial disposition of chromosomes, elucidating their roles 

in regulating biological functions within eukaryotic cells (Di Pierro et al., 2017). 
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A.7.3 CUT&RUN 

 

Chromatin immunoprecipitation with sequencing (ChIP-seq) and its derivatives 

encounter challenges such as diminished signals, elevated background noise, and 

epitope concealment induced by cross-linking, alongside low yields necessitating a 

substantial quantity of cells (Policastro & Zentner, 2018; Teytelman et al., 2013). 

Options beyond ChIP involve enzyme-tethering techniques applicable to non-fixed 

cells, like DamID (Van Steensel et al., 2001), ChEC-seq (Zentner et al., 2015), and 

CUT&RUN (Skene et al., 2018; Skene & Henikoff, 2017). These methods entail the 

direct targeting of a particular protein of interest within its cellular context, followed 

by genome-wide profiling. As an illustration, CUT&RUN, derived from Laemmli’s 

Chromatin ImmunoCleavage (ChIC) strategy (Schmid et al., 2004), delineates 

chromatin proteins through a series of steps. It involves the sequential binding of a 

specific antibody followed by anchoring a Protein A/Micrococcal Nuclease (pA-

MNase) fusion protein in permeabilized cells, all without cross-linking (Skene & 

Henikoff, 2017). Activation of MNase with calcium liberates fragments into the 

supernatant for subsequent DNA extraction, library preparation, and paired-end 

sequencing. CUT&RUN delivers specific chromatin component resolution at the 

base-pair level with significantly reduced background levels compared to ChIP-seq, 

thereby lowering genome-wide profiling costs considerably. Despite its capability to 

yield high-quality data from as few as 100–1000 cells, CUT&RUN necessitates 

additional steps such as DNA end polishing and adapter ligation for library 

preparation, thereby augmenting the time, cost, and effort of the overall procedure. 

Furthermore, the release of MNase-cleaved fragments into the supernatant in 
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CUT&RUN renders it unsuitable for integration into single-cell platforms (Mezger et 

al., 2018; Zheng et al., 2017). 

 

A.7.4 CUT&Tag 

 

Kaya-Okur et al. overcame the limitations of ChIP-seq and CUT&RUN using a 

transposome that consists of a hyperactive Tn5 transposase (Picelli et al., 2014; 

Reznikoff, 2003) fused with Protein A (pA-Tn5) and also loaded with sequencing 

adapters (Kaya-Okur et al., 2019). Through in situ tethering followed by pA-Tn5 

activation, factor-targeted tagmentation occurs, producing fragments primed for PCR 

enrichment and DNA sequencing. With an initial step involving live cells, this 

method, termed Cleavage Under Targets and Tagmentation (CUT&Tag), yields 

amplified, sequence-ready libraries within a day, either at the benchtop or in a high-

throughput setup. CUT&Tag allows profiling of various chromatin components with 

remarkably low backgrounds, using minimal cell numbers and even single cells. This 

straightforward, cost-effective approach promises to revolutionize epigenetic 

investigations across diverse realms of biological research (Kaya-Okur et al., 2019). 
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B. Aim of the study 

 

Cancer is a leading cause of death in the Western world, second only to 

cardiovascular diseases. Lung cancer (LC), including non-small cell lung cancer 

(NSCLC, which makes up 85% of LC cases, with around 480.000 new cases annually 

in the EU) and small cell lung cancer (SCLC, representing the remaining 15%), is the 

most lethal form of cancer across both men and women (European Cancer 

Information System). Currently, a significant number of lung cancer patients are 

treated with platinum-based chemotherapy, which often leads to severe side effects 

and limited success. The discovery of new therapeutic targets and treatments for 

NSCLC, and especially SCLC, is critically important in the era of precision medicine. 

The homologous recombination repair (HRR) pathway is essential for protecting cells 

from genomic damage caused by both internal and external factors. Homologous 

recombination deficiency (HRD) is common in cancer due to various genetic and 

epigenetic alterations and is associated with increased sensitivity to platinum-based 

chemotherapy and the inhibition of PARP1/2 with PARP inhibitors (PARPi). 

BRCA1/2 mutations are well-established as predisposing factors for tumor sensitivity 

to PARP inhibitors (PARPi) due to their critical role in DNA repair processes. 

However, it is noteworthy that over 40% of patients exhibit resistance to PARPi 

treatment. The primary resistance mechanisms include the restoration of homologous 

recombination repair, protection of DNA replication forks, reversion mutations, and 

epigenetic modifications. Thus, addressing these obstacles is imperative to enhance 

the efficacy of PARPi therapy.  
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This study is divided into two primary objectives: (1) the optimization of advanced 

chromatin profiling techniques (CUT&Tag, ATAC-seq), and (2) the assessment of 

cisplatin and olaparib (PARPi) response in patient-derived lung cancer cell lines. 

Achieving these objectives will enable the design and execution of a new series of 

experiments that will uncover novel resistance mechanisms to PARP inhibition and 

platinum-based chemotherapy and identify several candidate biomarkers for these 

treatments. Specifically for PARPi, these experiments will identify mechanisms 

beyond those associated with homologous recombination repair, thereby broadening 

the current understanding of PARPi resistance. 
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C. Materials & Methods 

 

C.1 Bacterial transformation 

 

We thawed 10 µL of NEB #C3013 cells, mixed them gently, and carefully pipetted 

them into a tube on ice. We then added 1 µL containing 1 pg-100 ng of plasmid DNA 

to the cell mixture and carefully flicked the tube 4-5 times to mix the cells and DNA, 

being careful not to vortex. We placed the mixture on ice for 30 minutes without 

mixing. Next, we performed a heat shock at exactly 42°C for 10 seconds, ensuring we 

did not mix the contents. Afterward, we placed the tube on ice for 5 minutes without 

mixing. We then pipetted 950 µL of room temperature SOC into the mixture. While 

warming the selection plates to 37°C, we spread 50 µL of each dilution onto a 

selection plate and incubated them overnight at 37°C. 

 

C.2 pA-Tn5 purification 

 

We transformed HIS-tagged pA-Tn5 plasmids (addgene, #171871) into NEB C3013 

competent cells, which were plated on LB plates and incubated overnight at 37°C. 

The next day, we scraped some cells and started a 30 mL 2x YT-Amp culture, which 

was incubated at 37°C overnight. We then transferred the 30 mL culture to 300 mL of 

fresh medium and grew it at 37°C for 1-2 hours, until the culture reached an OD600 
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of about 0.6. Afterward, we chilled the culture to 10°C on ice and added IPTG to a 

final concentration of 0.25 mM. We continued to grow the culture at 18°C for 

approximately 4 hours, until the OD600 reached about 2.0. Next, we spun down the 

cells, washed them with PBS, and transferred the pellets into two 50-mL tubes. We 

resuspended the pellets in 12 mL of Lysis Buffer*, supplemented with 1 mM PMSF, 

and incubated the mixture on ice for 15 minutes. We ensured the solution was 

completely resuspended to achieve a homogeneous mixture. The cells were then 

sonicated 20 times, each cycle lasting 15 seconds on and 15 seconds off at 25% 

amplitude, with the probe reaching the 7.5 mL mark. We spun down the pellet twice 

at 2.000 g for 30 minutes at 4°C, and transferred the supernatant into new 50-mL 

tubes. We added 40 µL of pre-washed Ni-NTA beads to the supernatants and rotated 

the mixture at 4°C overnight. After incubation, we washed the beads three times with 

Lysis Buffer and resuspended them in 30 μL of ice-cold Elution Buffer**. We rotated 

the suspension at 4°C for 10 minutes and carefully transferred the supernatants into a 

new tube. The elution step was repeated twice, and the eluates were collected into 

separate tubes. We then took a small sample of the eluent or beads for SDS-PAGE to 

check the pA-Tn5 expression (123 kDa). If necessary, we combined the eluates and 

measured the protein concentrations. Finally, we added an equal volume of 100% 

glycerol, supplemented with protease inhibitor cocktail (PIC) and 1 mM DTT, to the 

eluates, aliquoted the samples, and stored them at -20°C or -80°C for long-term 

storage. 

 

* Lysis Buffer 

50 mM Tris-HCl, pH=8 
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1 M NaCl  

20 mM Imidazole (I202, Sigma Aldrich)  

0.1% Triton X-100  

1 mM PMSF (A0999, BioChemica) 

 

** Elution Buffer  

50 mM Tris-HCl, pH=8.0  

1 M NaCl  

125 mM Imidazole 

0.1% Triton X-100  

Complete PIC 

 

C.3 Cell culture splitting 

 

We aspirated the DMEM medium from the cell culture plates. We then washed the 

cells with 3 mL of phosphate-buffered saline (PBS) to remove any residual media and 

serum. After aspirating the PBS completely from the plates, we added 2 mL of 

trypsin-EDTA solution to the plate to detach the adherent cells. We incubated the 

plate at 37°C for 2 minutes to allow for cell detachment. Once the cells were 
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detached, we carefully collected the trypsinized cells by pipetting and transferred the 

cell suspension into a centrifuge tube. To collect any remaining cells, we washed the 

plate surface with 2 mL of fresh DMEM medium and added this wash to the tube 

containing the trypsinized cells. We gently mixed the cell suspension to ensure 

homogeneity. Finally, we plated 200 μL of the cell suspension into a new culture plate 

and added 10 mL of DMEM for a 1:20 dilution. We labeled the new plate with the 

appropriate cell line information, passage number, and date. 

 

C.4 Cell freezing 

 

We aspirated the DMEM medium from the cell culture plates and added 3 mL of 

sterile PBS to the plate, gently swirling to wash the cells. After removing the PBS 

completely, we added 2 mL of Trypsin-EDTA solution to detach the adherent cells. 

We incubated the plate at 37°C for 2 minutes to allow cell detachment, then aspirated 

the trypsinized cells into a centrifuge tube. We rinsed the plate with 2 mL of DMEM 

and transferred the rinse to the same centrifuge tube, mixing thoroughly to ensure 

complete cell collection. The cell suspension was centrifuged at 0.4 g for 4 minutes, 

after which we discarded the supernatant without disturbing the cell pellet. We 

resuspended the cell pellet in 2 mL of freezing medium (10% DMSO in DMEM) and 

divided the suspension evenly into 4 cryovials. Finally, we stored the cryovials at -

80°C for long-term preservation. 

 

 



42 
 

C.5 CUT&Tag 

 

Tn5-adapter complex formation: 

We annealed each of the Mosaic end - adapter A (ME-A) and Mosaic end - adapter B 

(ME-B) oligonucleotides with the Mosaic end - reverse oligonucleotides by mixing 

them in a 1:1 ratio and incubating the mixture at 92°C for 2 minutes, followed by a 

slow cooling to 4°C. We then mixed 16 µL of the 100 μM equimolar mixture of pre-

annealed ME-A and ME-B oligonucleotides with 100 µL of the 5.5 µM protein A - 

Tn5 fusion protein. The mixture was incubated on a rotating platform for 1 hour at 

room temperature, and afterward, we stored it at -20°C. 

 

Harvest and bind cells to beads: 

We dissociated the cells using Trypsin and counted them. After determining the 

required number of cells, we centrifuged the sample at 600 g for 3 minutes. We 

discarded the supernatant and resuspended the pellets in Wash Buffer before 

centrifuging again at 600 g for 3 minutes. We then discarded the supernatant once 

more and resuspended the cells in 1 mL of Wash Buffer (for up to 2.5 million cells, 

scaling up as needed for larger cell numbers) in a 1.5 mL tube, gently. Next, we added 

pre-washed ConA-coated magnet beads (10 µL beads for up to 0.25 million cells, 

scaling up for higher cell numbers), which we had prepared while waiting for the 

centrifugation. We mixed the sample well and allowed it to rotate at room temperature 
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for 10-20 minutes. Finally, we placed the tubes on a magnet stand to discard all the 

supernatant. 

 

Bind 1st antibody: 

We resuspended the beads in 100 µL of ice-cold Antibody Buffer (fresh-made, which 

we prepared while waiting for the beads incubation) gently. Then, we added the 

appropriate amount of primary antibody (at a dilution of 1:100-1:200, depending on 

the antibody concentration). After mixing well, we placed the mixture on a nutator at 

4℃ overnight. 

 

Pre-bind 2nd antibody to Tn5: 

We mixed the 2nd antibody, Tn5, and 50% glycerol up to a total volume of 8 μL per 

sample. For anti-rabbit, we added 1 μL per sample, and for anti-mouse, we used 2 μL 

per sample. The amount of Tn5 was determined based on the enzyme activity, 

typically using 1-2 μL per sample. Afterward, we incubated the mixture at room 

temperature for 1 hour. 

 

Bind 2nd antibody and pA-Tn5 adaptor complex: 

We made fresh Dig-wash buffer (1 mL per sample) and Dig-300 buffer (1 mL per 

sample per wash, performing 3-4 washes in total). The Dig-wash buffer was prepared 

by adding digitonin to the wash buffer, with the concentration depending on the cell 
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type. For the Dig-300 buffer, we mixed the wash buffer with 5M NaCl (300 μL per 10 

mL) and digitonin at 0.01%. Afterward, we placed the tubes on a magnet stand to 

discard all the supernatant. The beads were washed once with 1 mL of Dig-wash 

buffer. Once we removed all the supernatant, we resuspended the beads in 100 μL of 

Dig-300 buffer. We then added 8 μL of pre-mixed second antibody and Tn5 to each 

sample. The samples were placed on a nutator for 1 hour at room temperature, 

ensuring the beads were well-resuspended. 

 

Tagmentation: 

We placed the tubes on a magnet stand to discard all the supernatant. Then, we 

washed the beads with 1 mL of Dig-300 buffer three times, inverting the tubes 10 

times for each wash and allowing the beads to remain in the Dig-300 buffer for 3 

minutes per wash. Afterward, we resuspended the beads in 250 µL of Tagmentation 

buffer and incubated them at 37℃ on a Thermo-mixer at 850 rpm for 1 hour. We 

added 10 µL of 0.5 M EDTA, 3 µL of 10% SDS (final concentration of 0.1%), and 

2.5 µL of 20 mg/mL proteinase K (Macherey-Nagel) to each sample at room 

temperature, mixing well to stop the tagmentation. Finally, we incubated the samples 

at 50℃ for 1 hour or at 37℃ overnight on the Thermo-mixer to digest. 

 

DNA extraction: 

We added 300 µL of phenol-chloroform-isoamyl alcohol (PCI) to the 

beads/supernatant mixture and vortexed at full speed for 10 seconds. We then 
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centrifuged the mixture at 16.000 g at room temperature for 3 minutes. Next, we 

added 300 µL of chloroform, inverted the tube 10 times, and centrifuged again at 

16.000 g at room temperature for 3 minutes. After this, we carefully transferred the 

aqueous layer to a fresh tube containing 750 µL of 100% ethanol, pipetting up and 

down to mix well. We chilled the mixture on ice and centrifuged it at 16.000 g at 4°C 

for 15 minutes. After centrifugation, we carefully poured off the liquid and drained 

the tube on a paper towel. We then added 1 mL of 100% ethanol to the tube and 

centrifuged at 16.000 g at 4°C for 1 minute. Again, we carefully poured off the liquid 

and drained the tube on a paper towel, allowing it to air dry until no liquid remained. 

Finally, we dissolved the pellet in 23 µL of low EDTA TE buffer containing 1/400 

RNase A and incubated it at 37°C for 10 minutes, after which the CUT&Tag DNA 

was in solution. 

 

PCR amplification and purification: 

We mixed 21 µL of DNA, 2 µL of universal primer (10 µM), and 2 µL of unique 

index primer (10 µM) in a PCR tube. We then added 25 µL of NEBNext (New 

England Biolabs) 2× PCR mix. Following this, we ran the PCR program with the lid 

heat on: 

● 72℃, 5 min 

● 98℃, 30 sec 

● 98℃, 10 sec 

● 63℃, 10 sec                              

 13 cycles 
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● 72℃, 1 min 

● 10℃, hold 

We added 1.1 volume (55 μL/sample) of pre-warmed NucleoMag beads (Macherey-

Nagel, cat#744970) to the samples after the PCR was completed. We mixed the 

samples well and incubated them at room temperature for at least 10 minutes. Then, 

we placed the samples on the magnetic rack and waited for about 5 minutes for the 

beads to sediment. We carefully discarded the supernatant and washed the beads 

twice with 80% ethanol. After the last ethanol wash, we air-dried the tubes for 5 

minutes. We then resuspended the beads in 25 µL of 10 mM Tris-HCl pH 8 and 

incubated them at room temperature for 5 minutes. Once again, we placed the tubes 

on the magnetic rack and waited for about 5 minutes for the beads to sediment. 

Finally, we carefully transferred the supernatant (20 μL) to a fresh tube, and the 

library was now in the solution, ready for quantification and sequencing. 

 

Buffers and reagents (prepared fresh every time): 

5% w/v Digitonin (Sigma-Aldrich, cat#D141):  

We dissolved 5 mg in 100 µL of DMSO by mixing the solution using a vortex, and 

we prepared it freshly each time it was used. 

 

10 mL Binding Buffer (storage at 4℃ for 6 months): 

HEPES•KOH, pH=7.9, 20 mM, 200 μL of 1 M 
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KCl 10 mM, 100 μL of 1 M   

CaCl2 1 mM, 10 μL of 1 M 

MnCl2 1 mM, 10 μL of 1 M (J63150.AD, Thermo Scientific Chemicals) 

 

50 mL Wash Buffer (fresh, less than 1 week): 

HEPES•NaOH, pH=7.5, 20 mM, 1 mL of 1 M 

NaCl 150 mM, 1.5 mL of 5 M 

Spermidine 0.5 mM, 12.5 μL of 2 M 

Protease inhibitor cocktail: 1 tablet /50 MI (mini 1 tablet of 10 mL) 

 

Dig-Wash Buffer (fresh): 

We added 5% Digitonin to the Wash Buffer, making the final concentration 1X-

0.05%. 

 

Antibody Buffer (fresh): 

We added 4 µL of 0.5 M EDTA, 3.3 µL of 30% BSA, and Digitonin (at the required 

concentration) to 1 mL of Dig-Wash Buffer. 
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10 mL Dig-300 buffer:  

We prepared it by combining the wash buffer with 300 μL of 5M NaCl and adding 

0.01% digitonin. 

 

Tagmentation buffer: 

We mixed 5 mL of Dig-300 buffer with 50 µL of 1 M MgCl2 to achieve a final 

concentration of 10 mM MgCl2. 

 

C.6 Finding the optimal concentration of cells 

 

We prepared a 1 mL suspension of the cell culture and took 15 μL of this suspension, 

mixing it 1:1 with Trypan Blue. We then placed 10 μL of the mixture onto a 

Neubauer slide and counted the live cells. To calculate the number of cells in 1 mL, 

we multiplied the counted number by 2*10⁴. Next, we calculated the volume of the 

initial suspension containing 400.000 cells and added DMEM to achieve a new 

suspension of 400.000 cells in 2 mL, aiming for a starting concentration of 20.000 

cells/100 μL. In a 96-well plate, we filled the peripheral wells with PBS to maintain 

optimal humidity. We added 200 μL of the second suspension to the three consecutive 

wells in the first row and placed 100 μL of DMEM into the wells directly below. 

From each of the three wells in the first row, we took 100 μL and diluted it by adding 

this volume to the wells directly below, which already contained 100 μL of DMEM. 

We repeated this process down the rows until we reached the final row of wells, then 
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discarded the last 100 μL of the suspension, preparing serial dilutions of cells starting 

from 20.000 cells/100 μL. Over the following days, we observed the plate under the 

microscope and marked the date when the wells in a row were 100% covered by cells. 

Finally, we determined the optimal starting concentration of cells to ensure the wells 

reached full coverage by day 5. 

 

C.7 Treatments and CCK-8 viability assay 

 

We filled the peripheral wells of the 96-well plate with PBS to maintain optimal 

humidity levels. We then filled the wells in triplicate with 100 μL of cell suspension 

at the previously calculated optimal concentration, starting from the first row and 

moving downstream to the last row. We filled six wells per row for each cell line and 

allowed them to settle for one day. In the first three wells of the first row, we added 

100 μL of 20 μM cisplatin, and in the next three wells, we added 100 μL of 100 μM 

olaparib. In subsequent rows, we performed serial dilutions of cisplatin and olaparib 

treatments. On the final day (Day 5), we measured cell viability using the CCK-8 

assay. 

 

CCK-8 assay: 

We pre-incubated the plate in a humidified incubator at 37 °C with 5% CO2. 

Afterward, we added 10 μL of the CCK-8 solution to each well of the plate, ensuring 

no bubbles were introduced, as they could interfere with the O.D. reading. We 
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incubated the plate for 1 hour in the incubator and then measured the absorbance at 

450 nm using a microplate reader. 

 

C.8 Omni-ATAC 

 

Buffers and Reagents: 

ATAC-Resuspension Buffer (RSB) (1.1 mL/reaction): 

We prepared a 50 mL solution by adding 500 μL of 1M Tris-HCl (pH 7.4), 100 μL of 

5M NaCl, and 150 μL of 1M MgCl2 to a container. Then, we added 49.25 mL of 

distilled water to bring the final volume to 50 mL. 

 

ATAC-Lysis buffer (50 μL/reaction): 

We prepared it by combining ATAC-RSB with 0.1% NP40, 0.1% Tween-20, and 

0.01% Digitonin. 

 

ATAC-Wash buffer (1 mL/reaction): 

We prepared the ATAC-Wash buffer by combining 1 mL of ATAC-RSB with 0.1% 

Tween-20, ensuring that neither NP40 nor Digitonin were included in the mixture. 
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Transposition buffer (50 μL/reaction): 

First, we mixed 2x TD buffer, which contained 20 mM Tris HCl (pH 7.5), 10 mM 

MgCl2, and 20% Dimethyl Formamide. We then added 1.25 μL of transposase, 

achieving a final concentration of 50 nM, followed by 16.5 μL of PBS. To this, we 

included 0.5 μL of 1% Digitonin and 0.5 μL of 10% Tween-20. Finally, we topped up 

the volume with 5 μL of H2O. 

 

Tn5-adapter complex formation: 

As described in C.5. 

 

Optimized Transposition Reaction: 

We pelleted 25.000 viable cells at 500 rcf, 4ºC for 5 minutes in a fixed-angle 

centrifuge. Then, we added 50 µL of cold ATAC-Lysis Buffer and pipetted up and 

down three times. We incubated the mixture on ice for 3 minutes, followed by a wash 

with 1 mL of cold ATAC-Wash Buffer, inverting the tube three times to mix. 

Afterward, we pelleted the nuclei at 500 g, 4ºC, for 10 minutes. We carefully 

aspirated all the supernatant down to the visible pellet using two pipetting steps. Next, 

we resuspended the pellet in 50 µL of Transposition Buffer, pipetting up and down six 

times. Finally, we incubated the sample at 37ºC for 30 minutes in a thermomixer at 

1000 rpm. 
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Pre-amplification of transposed fragments: 

We cleaned up the reaction using the Zymo DNA Clean and Concentrator-5 Kit (cat# 

D4014). To avoid cross-contaminating post-amplification products into pre-

amplification samples, we made sure to use a separate kit for pre- and post-

amplification steps. If we were unable to perform the cleanup immediately after 

transposition, we resuspended the ATAC reaction in 250 μL (5 volumes) of DNA 

Binding Buffer and stored it at -20°C. The DNA remained stable for at least two 

weeks in this buffer at that temperature. When ready to proceed, we allowed it to 

warm to room temperature and mixed thoroughly before loading the sample onto the 

column. Next, we eluted the DNA in 21 μL of elution buffer and stored it at -20°C 

until we were ready to amplify. This typically resulted in approximately 20 μL of 

product, which we used entirely in the following PCR. We amplified for 5 cycles 

using NEBNext 2x MasterMix. Each reaction contained 2.5 μL of 25 μM i5 primer, 

2.5 μL of 25 μM i7 primer, 25 μL of 2x NEBNext master mix, and 20 μL of the 

transposed/cleaned-up sample. The thermocycler conditions were set as follows: 72ºC 

for 5 minutes, 98ºC for 30 seconds, followed by 5 cycles of [98ºC for 10 seconds, 

63ºC for 30 seconds, 72ºC for 1 minute], and then held at 4ºC. After completing the 

amplification, we removed the tubes from the thermocycler and stored them on ice 

before proceeding immediately with the next steps. 

 

qPCR amplification to determine additional cycles: 

We used 5 μL (10%) of the pre-amplified mixture to run a 15 μL qPCR in order to 

determine the number of additional cycles needed. For this, we added 3.76 μL of 
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sterile water, 0.5 μL of 25 μM i5 primer, 0.5 μL of 25 μM i7 primer, 0.24 μL of 25x 

SYBR Gold (in DMSO), 5 μL of 2x NEBNext master mix, and 5 μL of the pre-

amplified sample. The cycling conditions we used were 98ºC for 30 seconds, 

followed by 20 cycles of 98ºC for 10 seconds, 63ºC for 30 seconds, and 72ºC for 1 

minute. After amplification, we manually assessed the amplification profiles to 

determine the required number of additional cycles for further amplification. 

 

Final amplification and cleanup: 

We used the remainder of the pre-amplified DNA and ran the required number of 

additional cycles. We placed the pre-amplified tubes, now containing 45 μL, back into 

the thermocycler without adding any more reagents. Afterward, we purified the final 

PCR reaction using a Zymo DNA Clean and Concentrator-5 Kit (cat# D4014) and 

eluted the DNA in 20 μL of H2O. 
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D. Results 

 

D.1 In-house Tn5 production 

 

To reduce costs and gain greater control over the quality of reagents used in our 

epigenetic assays, we aimed to produce the pA-Tn5 transposase enzyme in-house. 

Tn5 is essential for preparing sequencing libraries in protocols such as CUT&Tag and 

ATAC-seq, where it facilitates the insertion of sequencing adapters into accessible 

regions of the genome. Commercially available Tn5 is often expensive, and producing 

it ourselves was expected to improve cost-efficiency while ensuring a consistent 

supply tailored to our experimental needs. 

To achieve this, we expressed the pA-Tn5 enzyme in Escherichia coli C3013, a high-

efficiency strain optimized for protein expression. This strain, known as T7 Express 

lysY/Iq, minimizes basal expression of T7 RNA polymerase through the lysY gene 

and other regulatory elements, enhancing protein stability and yield. The pA-His6-

Tn5 plasmid was used, which encodes the Tn5 transposase enzyme fused with an N-

terminal His6-tag for efficient purification via nickel affinity. Following 

transformation of the plasmid into E. coli C3013, expression of Tn5 was induced 

through IPTG, and the protein was purified as described in the methods section. 

Figure 6 shows a Coomassie Blue-stained gel, with arrows indicating the bands 

corresponding to pA-Tn5, confirming the successful production of the enzyme. 
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Figure 6. Confirmation of Tn5 protein expression and purification. The gel image shows the 

result of SDS-PAGE analysis of protein samples obtained after Tn5 expression and nickel 

affinity purification. A distinct band at 123 kDa corresponds to the expected size of the His6-

tagged Tn5 transposase, confirming successful production. Lysate (without His6-tag 

purification), beads (remaining protein on Ni-NTA beads after elution), eluate (no IPTG 

induction), IPTG eluate (after IPTG induction). 

 

D.2 CUT&Tag optimization 

 

CUT&Tag optimization was conducted on a non-small cell lung cancer (NSCLC) cell 

line. This cell line was derived from a patient-derived xenograft (PDX), which was 

established from a tumor sample by members of the Klinakis lab. Use of such cancer 

models ensures clinical relevance. For the CUT&Tag protocol, we utilized two 

batches of pA-Tn5 that we produced in-house as well as pA-Tn5 enzyme from Cell 

Signaling Technology, as a positive control. 
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Figure 7. Agilent Bioanalyzer analysis of the CUT&Tag procedure in collaboration with the 

Genome Center of BRFAA. (A) commercial pA-Tn5, (B) 1st in-house batch pA-Tn5, 

(C) 2nd in-house batch pA-Tn5. 

 

 

The quality of the CUT&Tag libraries is assessed by bioanalyzer analysis, which 

shows the distribution and integrity of the tagged DNA fragments following the 

CUT&Tag procedure. The x-axis shows the fragment size (in base pairs) and the y-

axis indicates the fluorescence intensity. This analysis confirms the successful 

cleavage and size distribution of the DNA fragments, which are indicative of the 

efficiency and specificity of the CUT&Tag technique. Presence of peaks at multiples 
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of approximately 146 bp, which is the size of DNA wrapped around nucleosomes, 

suggest successful tagmentation at nucleosome-free DNA regions, while the absence 

of unwanted fragments confirms high purity in the assay. Sample A, obtained with the 

commercial pA-Tn5 enzyme, shows clear peaks at multiples of 146 bp, indicating 

successful tagmentation of the DNA regions (Figure 7, A). However, samples B and 

C, generated using batches from the in-house pA-Tn5 enzyme, display no discernible 

pattern and show low-quality signal, suggesting that the in-house enzyme did not 

function properly (Figure 7, B & C). This discrepancy emphasizes the importance of 

enzyme quality in the CUT&Tag protocol, as improper tagmentation can lead to poor 

fragment coverage and reduced assay efficiency. The commercial Tn5 enzyme likely 

ensured optimal tagmentation, facilitating proper sequencing and reliable data 

interpretation. In contrast, the lack of specific fragmentation patterns in samples B and 

C highlights the need for troubleshooting and optimization of the in-house enzyme 

preparation, possibly addressing issues such as enzyme activity, storage conditions, or 

contamination. Future experiments will require a careful evaluation of the in-house 

enzyme to improve reproducibility and data quality. 
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D.3 omni-ATAC optimization 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Agilent Bioanalyzer analysis of the omni-ATAC procedure in collaboration with the 

Genome Center of BRFAA. (A) Sample 1, 3.5 μL enzyme, (B) Sample 2, 5 μL 

enzyme. 

 

To assess genome-wide chromatin accessibility we chose to test the efficiency of the 

omni-ATAC protocol in our patient-derived NSCLC cell line. We utilized a 

commercial Tn5 enzyme (Recombinant Tn5 Transposase protein, 10 μg, 81286, 

Active Motif), prepared the required buffers and reagents and executed the protocol as 

described in the methods section. We assessed the quality of the resulting libraries 

using the Agilent Bioanalyzer, in collaboration with the Genome Center of BRFAA 

(Figure 8).  The x-axis shows the fragment size (in base pairs) and the y-axis indicates 
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the fluorescence intensity. The Omni-ATAC analysis reveals a discernible pattern, 

indicating successful tagmentation, but the overall data quality is suboptimal as 

indicated by the presence of high background signal. As a result, there is a need for 

further optimization by adjusting the number of cells. 

 

D.4 Determining the optimal seeding density for cancer cell lines 

 
  

 

             

       

 

 

 

 

 

Figure 9. Graphs illustrating the daily progression of confluency levels of cells from patient 1 

(A), patient 2 (B) and patient 3 (C). Red line indicates 1500 cells. 
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Only negligible differences were observed in the cell number required to achieve 

confluency by day 5 across the cell lines (Figure 9). Therefore, we selected a seeding 

density of 1500 cells for all cell lines, as indicated by the red line in the graphs. 

 

D.5 Olaparib and cisplatin treatments followed by CCK-8 viability assay 

 

To assess the sensitivity of NSCLC cell lines to PARP inhibition and platinum 

chemotherapy we performed a series of in vitro viability experiments. Three cancer 

cell lines, each derived from a different patient, were treated with olaparib and 

cisplatin (Figures 10,11,12). Of these, two cell lines (patient 2 and patient 3) were 

identified as homologous recombination deficiency (HRD)-positive based on their 

Genomic Scar Score (GSS) determined using the AmoyDx kit*, whereas the cell line 

derived from patient 1 was classified as HRD-negative, by other members of the 

Klinakis laboratory. Each graph below illustrates the effects of a specific treatment 

(olaparib, cisplatin) on a distinct cell line derived from the patient identified in the 

graph's title. The experiments were performed in triplicates or quadruplicates to 

ensure reliability and reproducibility. 

*The AmoyDx HRD Kit uses next-generation sequencing (NGS) to detect genomic 

alterations linked to homologous recombination deficiency (HRD), a condition where 

cells struggle to repair double-strand DNA breaks. It identifies BRCA1/2 mutations 

and other biomarkers associated with HRD, including loss of heterozygosity (LOH), 

telomeric allelic imbalance (TAI), and large-scale state transitions (LST). 
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Figure 10. Graphs showing the viability (%) of cancer cells derived from patient 1 following 

treatment with different concentrations of olaparib (A-D) and cisplatin (E-H). 
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Figure 11. Graphs showing the viability (%) of cancer cells derived from patient 2 following 

treatment with different concentrations of olaparib (A-D) and cisplatin (E-H). 
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Figure 12. Graphs showing the viability (%) of cancer 

cells derived from patient 3 following treatment with 

different concentrations of olaparib (A-C) and cisplatin 

(D-I). 
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From the viability-concentration curves, we calculated the IC50 values for olaparib 

and cisplatin for each cancer cell line. Some experiments were excluded from the 

analysis due to low reproducibility and outlier measurements (Figure 10B, E, Figure 

11B, F, Figure 12E, F). The variability observed (e.g., Figure 12E, F) is likely 

attributed to the change in the cisplatin stock, as the new stock showed a more 

pronounced effect on cell viability. As a result, we adjusted the experimental 

conditions by using a lower starting concentration of cisplatin (Figure 10F-H, Figure 

12G-I). Graph generation and statistical analysis were performed using GraphPad 

Prism. 

 

                                                         

 

 

 

 

 

 

 

 

 

 

Figure 13. Column graphs displaying the IC50 values of olaparib (A) and cisplatin (B) on 

three distinct cancer cell lines derived from patients 1, 2, and 3. Each bar represents the IC50 

concentration (in micromolar units) required to reduce cell viability by 50%. 
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E. Discussion 

 

The experiments conducted thus far provide a solid foundation for future experiments 

and studies aiming to understand epigenomic reprogramming in the context of cancer 

treatment. Key methodological optimizations, such as the CUT&Tag and Omni-

ATAC assays, were successfully achieved, ensuring high-quality data in subsequent 

stages of the study. The determination of optimal seeding densities for three cancer 

cell lines, including two HR-deficient lines, was essential to ensure uniform growth 

conditions, minimizing variability in viability assays. 

IC50 values for both drugs were calculated based on the CCK-8 viability assay, 

highlighting differences in drug response between the cell lines. However, during the 

cisplatin treatments, we encountered a critical experimental variable: the depletion of 

the initial cisplatin stock and the subsequent use of a new stock. Despite using the 

same starting concentration (10 μM) and performing four serial dilutions, the new 

stock displayed a more pronounced cytotoxic effect, as evidenced by a dramatic 

decrease in cell viability, even at lower concentrations. This observation, likely due to 

differences in potency between the two cisplatin batches, necessitated the 

recalibration of experimental conditions, including using a lower starting 

concentration in follow-up experiments. 

This adjustment highlights the inherent challenges in ensuring batch-to-batch 

consistency in chemical reagents and underscores the importance of proper chemical 

storage, use of aliquots and validation of each stock's potency. Despite these 

challenges, the recalibrated experiments produced consistent data, allowing for the 



66 
 

determination of IC50 values. These findings emphasize the need for careful 

monitoring of experimental variables, particularly when working with highly sensitive 

assays and treatments. By overcoming these challenges, we have established a reliable 

platform for studying the interplay between treatment-induced cytotoxicity and 

epigenetic reprogramming. 

In this panel, we observe that HR-deficient cancer cell lines are not more sensitive to 

olaparib or cisplatin treatments compared to the HR-proficient cell line. This finding 

contrasts with in vivo experiments performed in patient-derived xenografts (PDXs) 

from the same patients. One possible explanation is the difference in treatment 

response between in vivo and in vitro conditions. Alternatively, the cell lines may not 

fully recapitulate the genetic and/or epigenetic characteristics of the PDXs from 

which they were derived, potentially due to the selection of specific clones during 

derivation and long-term in vitro culture. In any case, more cell lines are needed in 

order to assess statistical significance and draw conclusions. 

Building on the results obtained thus far, the next phase of this study will focus on 

temporal epigenomic profiling following drug treatments. Cancer cell lines will be 

treated with IC50 concentrations of olaparib and the recalibrated cisplatin 

concentrations. Samples will be collected at 0 hours, 8 hours, 3 days, and 7 days to 

capture dynamic epigenetic changes. Comprehensive analyses will be performed 

using RNA-seq to identify transcriptional changes over time, ATAC-seq to assess 

alterations in chromatin accessibility and CUT&Tag to map histone modifications that 

regulate gene expression and repression. By integrating RNA-seq, ATAC-seq, and 

CUT&Tag data, we aim to uncover key pathways and regulatory networks involved 

in drug response and resistance mechanisms. Key genes and pathways identified will 
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undergo validation through functional studies, such as CRISPR-based knockdown or 

overexpression experiments, to confirm their roles in treatment resistance. Insights 

from these studies could reveal biomarkers for predicting therapeutic outcomes and 

identify novel targets for combination therapies aimed at overcoming resistance. This 

research holds potential for advancing personalized therapeutic strategies in oncology. 
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