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Development of novel high-throughput assays to measure compound binding to transcription 
factors in cells 
CLARA JOHNSSON 
 

Department of Life Sciences 
Chalmers University of Technology  
 

Abstract 

Transcription factors (TFs) are proteins possessing domains that recognizes and bind to specific 

DNA sequences. These proteins also possess domains that recruit various collaborator proteins 

and the transcriptional regulatory machinery, thus regulating the rate of transcription in nearby 

genes. Dysregulations of gene expression mediated by TFs is associated with numerous diseases, 

making them attractive targets for research. However, the understanding of the intricate 

mechanisms governing TF-DNA binding remains limited. This lack of knowledge complicates the 

study of TF-DNA binding, making it both labour-intensive and costly. To overcome these 

challenges, there is a need for high-throughput screening (HTS) methods that can efficiently 

identify TF-DNA interactions, characterize functional binding site motifs, and evaluate the 

impact of compounds on the TF-DNA binding. This thesis project thereby aimed to develop a 

novel cell-based assay to measure TF-DNA interactions in high throughput by leveraging the 

split-reporter system NanoBiT®. This system comprises two subunits: the Large BiT (LgBiT) and 

Small BiT (SmBiT), that upon proximity forms an active enzyme that produces luminescence. 

The concept involved tagging dead Cas9 (dCas9) with a LgBiT, tagging various TFs with SmBiTs, 

and providing single guide RNA (sgRNA), directing dCas9 to target DNA sites. The study focused 

on two disease related TFs: signal transducers and activators of transcription 3 (STAT3) and 

androgen receptor (AR). Two distinct cell models were used: HEK-293 for STAT3 and LNCaP for 

AR. Plasmids expressing dCas9 linked to N- or C-terminus of the LgBiT were designed and 

synthesized. Following transfections with these constructs, the work of generating stable pools 

using geneticin antibiotic selection was initiated. Subsequently, TF-SmBiT plasmids were 

designed and synthesized, along with a range of sgRNAs. These guides were designed to target 

promoter sequences of downstream genes associated with the TF. The established cell lines 

expressing dCas9-LgBiT were then transiently transfected with the TF-SmBiT plasmid and 

various sgRNAs, enabling subsequent measurement of the TF-DNA interactions. In this project, 

stable pools of HEK-293 cells expressing dCas9-LgBiT-N/C-terminus were established and 

validated through western blots. Despite several attempts, generation of LNCaP cell lines stably 

expressing these constructs was never achieved. After generating the assay reagents, the 

NanoBiT® assay was developed and tested. Specific interactions were not evident in the initial 

testing phase, when testing the first set of sgRNAs. By designing and testing more sgRNAs, the 

developed system holds potential for evaluating TF-DNA binding in a high-throughput manner, 

identifying transcription factor binding sites (TFBSs), and assessing the impact of compounds 

on TF-DNA interactions. Nonetheless, further validation of the assay is imperative to ensure its 

reliability and applicability in future studies. 
 

Keywords: Transcription factor, High-throughput screening, Cell-based assay, Split-reporter 
system, dCas9, sgRNA, STAT3, AR, HEK-293, LNCaP 
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 1  

Introduction 

In this chapter, the thesis begins with an introductory overview. Initially, a project background 

is presented. Following this, are chapters outlining the aim, research questions, project scope, 

disposition of the thesis, and author contribution.  

 

1.1 Project Background  

Transcription factors (TFs) are DNA-binding proteins that can modulate gene expression by 

regulating the transcription rate of genes. Dysregulation of gene expression mediated by TFs is 

implicated in various diseases, with approximately 19% of the 1,600 TFs identified in the human 

genome associated with disease phenotypes [1, 2]. Despite substantial efforts, the targeting of 

these proteins has remained limited [1, 3]. Conventional approaches for modulating TF activity 

have primarily focused on compounds mimicking endogenous ligands, often lacking the desired 

specificity. Nevertheless, direct targeting of TFs could offer unique potential for highly specific 

modulation, surpassing the selectivity of commonly targeted upstream signalling proteins like 

G-protein-coupled receptors (GPCRs) or kinases. Furthermore, direct targeting of TFs holds 

promise for reducing toxicity and enhancing drug efficacy by selectively regulating transcription 

driven by specific TFs. This approach of regulation could potentially avoid interference with 

unrelated signalling pathways of the disease [1, 2]. Therefore, TFs constitutes a significant class 

of potential therapeutic targets. [1, 2, 4] 

 

Traditionally, TFs have been deemed as “undruggable” by small molecule ligands due to their 

involvement in protein-protein interactions (PPIs) and lack of structural properties, including 

well-defined ligand binding pockets [1]. However, recent decades have witnessed progress in 

targeting TFs, revitalizing confidence in pursuing further research of this class of proteins. 

Various approaches to modify TFs activity have been demonstrated, both preclinically and, in 

some cases, clinically. This includes compounds inhibiting TF-cofactor PPIs and compounds 

inhibiting TF-DNA binding [5]. Furthermore, degrader molecules targeting TFs, such as 

monomeric degraders, molecular glues and PROTACs (proteolysis targeting chimera) are also 

being developed. [1] 

 

To understand the intricate mechanisms of TFs and develop novel drugs targeting these 

proteins, it is important to study TFs and determine the direct binding of TFs to DNA. Several 

promising methods for studying protein-DNA interactions exist. A widely utilized in vivo 

technique is the antibody-based assay known as chromatin immunoprecipitation (ChIP). ChIP 

has proven to be a powerful analytical tool for investigating endogenous protein-DNA 
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interactions and identifying TFs DNA binding sites (DBSs) [6]. Moreover, techniques such as 

Protein Binding Microarrays (PBMs), Electrophoretic Mobility Shift Assay (EMSA) and 

Systematic Evolution of Ligands by Exponential Enrichment (SELEX) have all been proven useful 

in studying TF-DNA interactions in vitro [7, 8]. Despite the emergence of many promising 

methods to study TF-DNA interactions, several of these techniques have inherent limitations, 

and prior knowledge of expected DBSs and structural properties of TFs are often preferable. 

Furthermore, many techniques are not compatible for measuring TF-DNA interactions and 

assessing compounds effects in high throughput.  

 

Successful targeting has been achieved for only a small fraction of the approximately 300 TFs 

associated with disease phenotypes. This challenge arises from various obstacles associated 

with targeting TFs, including the difficulty in directly monitoring TFs activity in cells and 

understanding their structural properties, such as the lack of well-defined ligand binding 

pockets and intrinsically disordered regions (IDRs) [1, 3]. Another bottleneck in targeting these 

proteins is predicting functional TF DBSs throughout the genome, as the genome-wide 

abundance of non-specific DBSs and the three-dimensional structure of chromatin can 

complicate this process [1]. Furthermore, the promoter regions of TFs are not always well-

known, especially for poorly characterized TFs. In such cases, identifying and characterizing 

DBSs becomes crucial in comprehending the regulatory role of TFs [9]. Understanding the 

molecular modalities of highly dynamic interactions between TFs, genomic DNA, and their 

protein partners remains limited [9]. Consequently, establishing high throughput screening 

(HTS) systems for TFs, understanding their mechanism of action (MoA) and identifying novel 

drugs for this protein class, have proven challenging [1]. Understanding how TFs specifically 

bind to genomic DNA and how this specificity relates to the regulation of transcription are 

paramount in efforts to target TFs.  

 

Due to their inherent properties, small molecules have been a dominant modality in drug 

discovery. With a low molecular weight and ability to penetrate cell membranes to reach targets 

intracellularly, small molecules constitute promising therapeutics. However, developing small 

molecule drugs is a complex and time-consuming process. HTS methods for drug candidates 

plays a vital role in expediting this process [10]. Presently, there are limited options for directly 

measuring TF-DNA interaction and compound binding to TFs, in high throughput and in complex 

in vitro and cellular environments. These systems are necessary to represent the disease in a 

relevant setting. In addition, indirect functional cellular responses can be influenced by 

interactions with co-regulators and other components in associated pathways, rather than 

directly impacting the intended target. The low success rates of these indirect cellular responses 

highlight the urgent need for disease-relevant screening assays. [11] 
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1.2 Aim 

Currently, there exist a gap in available assays to assess the direct binding of TFs to DNA, 

particularly in high throughput in cells, which the pharmaceutical industry heavily relies on. The 

master’s thesis project thereby aimed to develop a novel cell-based assay for measuring the 

binding of TFs to DNA. Furthermore, the study aimed to explore how the assay could be 

optimized for a 384-well plate configuration. Another key objective, if the time allowed, was to 

understand signal changes upon different compound treatments. The hypothesis was that using 

a split-reporter system, could facilitate high-throughput and high-sensitivity readouts of TF-

DNA binding. Another potential outcome was that the search for TF binding regions, could be 

expedited.   
 

1.3 Research Questions 

The overarching goal of this project was to develop an assay for studying TF-DNA interactions 

in cells. In pursuit of the aims of this study, four research questions were outlined:   

  

1. Can stable cell lines expressing dead Cas9 (dCas9) tagged with Large BiT (dCas9-LgBiT) 

be established? 

2. Can a cell-based NanoBiT® assay accurately measure TF-DNA interactions with high 

specificity? 

3. After establishing proof of concept (PoC), can the assay be optimized for a 384-well plate 

format? 

4. Will the assay allow sensitive detection of small molecule modulation on TF-DNA 

interactions? 
 

1.4 Project Scope 

This project was defined by the Cell Engineering- and Cellular Assay Development Teams at 

AstraZeneca. The project was scoped to address the existing gap in available DNA-binding assays 

for HTS of TFs. To achieve this, the split-reporter system NanoBiT® was employed to develop a 

novel cell-based assay. Various cell models were transfected with plasmids expressing dCas9 

tagged with a LgBiT, plasmids expressing TFs tagged with a Small BiT (SmBiT), and single guide 

RNA (sgRNA). In the assay, synthetic sgRNA will guide the dCas9-LgBiT to the region where the 

TF binds. If the dCas9-LgBiT and TF-SmBiT complexes get in proximity, an active enzyme will 

form, producing a bright luminescent signal that can be quantified. Additionally, the TFs can be 

treated with various compounds, and changes in the signal can be detected. The project was 

limited and focused on investigating two disease implicated TFs, androgen receptor (AR) and 

signal transducers and activators of transcription 3 (STAT3). To create relevant disease models 

for each TF, two different cell lines were used: LNCaP for AR and HEK-293 for STAT3. Well-

characterized TFs were selected for this project to establish PoC, optimize the assay for a 384-

well plate format and assess the ability of small molecules to modulate TF-DNA interactions.  
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1.5 Disposition of the Thesis 

The thesis comprises six themed chapters. After the introduction, chapter two initiates by 

delineating the theoretical framework of the research. Thereafter, the third chapter delves into 

the methodology employed throughout this project, followed by section four presenting the 

study’s results. Chapter five, the discussion, deliberates and analyzes the projects findings. 

Finally, the sixth chapter encapsulates the thesis conclusion. Additional materials, 

supplementing the thesis, are available in the appendices.  

 

1.6 Author Contribution 
 

This project was conducted in the Cell Engineering Team within the Cell Sciences Department at 

AstraZeneca. The project was supervised by associate principal scientists Anna-Lina Cavallo and 

Sandra Stefanovic-Barrett. Before the project start and the authors engagement in the project, 

the dCas9-LgBiT plasmids had been designed by Anna-Lina Cavallo. These plasmids were then 

generated in-house by the Protein Expression and Molecular Biology Team. Furthermore, the 

different TF-SmBiT plasmids were designed by Anna-Lina Cavallo and outsourced for generation 

by the company VectorBuilder. The cell lines used throughout the project were provided by the 

Cell Banking Teams at AstraZeneca. Additionally, ranges of sgRNAs for each TF were designed 

with support from the Target Identification and Validation Informatics Team within 

AstraZeneca.  

  

The experiments throughout this project were collaboratively planned by the author of this 

thesis and the supervisors. The laboratory work was conducted by the author who played a key 

role in producing project reagents, involving the expansion and purification of plasmids, cell 

culturing, and generating genetically engineered cell lines. Additionally, the author conducted 

tests to validate the correctness and functionality of the constructs. In the second part of the 

project, the author’s focus shifted towards developing and optimizing an assay to measure TF-

DNA binding. The projects results were analyzed and interpreted by the author, with support 

from the supervisors.  
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2 

Theory 

In this chapter, a theoretical background to the master’s thesis project is presented. An extensive 

background to TFs is described followed by the concepts and methods underpinning this study 

to facilitate the comprehension of the results. The chapter is divided into two parts where the 

theoretical background will be presented first, followed by the experimental theory.  

 

2.1 Theoretical Background 

2.1.1 TFs Function in Eukaryotes  

Transcription and translation constitute fundamental processes in which cells transcribe genetic 

information from DNA into mRNA, followed by the translation of mRNA into proteins. The 

regulation of transcription serves as a crucial mechanism, enabling cells to respond to signals, 

establish and sustain cell identity during development, and coordinate overall cellular activity 

[12]. In this context, TFs have a pivotal role and represent one of the most significant classes of 

proteins [1, 7]. One key function of TFs is to selectively engage the transcriptional regulatory 

machinery at specific genomic locations. The targeted binding of TFs to DNA allows for the 

precise control and modulation of the expression of nearby genes [1]. By recruiting various 

domains including co-activators/repressors, chromatin remodelers, histone acetylases, 

deacetylases, kinases, and methylases, and RNA polymerase II to target genes, TFs can regulate 

transcription [1, 2, 7, 13]. Depending on the recruited domains, TFs can function as either 

transcriptional activators or repressors [1]. Moreover, TFs play extensive roles in various 

signalling pathways, both intrinsically and extrinsically, thereby influencing cellular pathways 

such as growth, proliferation, metabolism, apoptosis, immune responses, and differentiation. [1, 

3, 7] 

 

TFs can be categorized into two groups: general and specific TFs. General TFs form the pre-

initiation complex (PIC), initiating mRNA synthesis [14]. The PIC involves collaboration between 

RNA polymerase II and the general TFs: TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH [12, 14]. 

Specific TFs participate in the transcription elongation process and represent the majority of 

TFs, with their DBSs being more diverse. While general TFs exhibit highly conserved expression 

across all cell types, specific TFs show more variability in expression across different cell types 

[14]. A central paradigm asserts that TFs interact with regulatory elements to selectively govern 

the activity states of target promoters based on cell type [15]. Furthermore, TFs have been 

demonstrated to play a crucial role in differentiating stem cells into various cell types and 

directly reprogramming somatic cells into pluripotent stem cells. [2, 16] 
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The TF-DNA interaction can be either specific or non-specific. Specific interactions involve non-

covalent bonds, mainly hydrogen bonds or Van der Waals forces, between TFs and specific DNA 

sites. The non-specific interactions are mediated by electrostatic interactions between TFs and 

the negatively charged DNA phosphate backbone [17]. Furthermore, TFs typically function as 

homodimers or multimers rather than in a monomeric state, and besides interacting with DNA 

independently, TFs commonly interact through conformational changes of DNA and as 

heterodimers with other proteins through PPIs. [2]   

 

2.1.2 Anatomy of a TF 

A TF comprises two distinctive components: a DNA-binding domain (DBD) and an effector 

domain, as illustrated in Figure 1. The DBDs role is to identify a specific genomic locus and 

subsequently bind to the DNA. This interaction between TFs and DNA is fundamental for 

regulation, gene organization, and the cells state [18]. The specific DNA sequences recognized 

by TFs are typically short, ranging between 4-20 base pairs in length [19]. Given the small and 

flexible nature of most TF DBSs, a human gene (typically exceeding 20 kb) may contain several 

potential binding sites [7]. A fundamental challenge for targeting TFs is locating DBSs within a 

vast array of non-specific DNA sequences [17]. The compaction of DNA into nucleosomes and 

chromatin allows the two-meter-long genome to fit into the nucleus while maintaining 

accessibility of genes and their regulatory elements within the chromatin landscape [18]. 

Gaining an understanding of how motifs are accessed in chromatin and the resulting 

transcriptional responses is crucial [20, 21]. Moreover, determining the TF DNA binding motifs 

is a crucial step in providing information about the TFs function.  

 

The effector domain of TFs exhibits transcriptional activation potential by recruiting various 

collaborators [1, 2, 13]. The domain recruits various entities to form the transcriptional complex, 

including chromatin remodeling enzymes, co-activators/repressors, and the general 

transcriptional machinery. Transcriptional activators utilize a transactivation domain to recruit 

chromatin remodeling enzymes, histone-modifying enzymes, transcriptional co-activators, and 

other general TFs. These components synergistically enhance the accessibility of target genes, 

epigenetically marking them as active, and facilitating the recruitment of RNA polymerase II. 

Conversely, TFs acting as repressors employ a transrepression domain to recruit chromatin 

remodeling and epigenic enzymes, thereby attenuating the accessibility of target genes and 

marking them as inactive [1]. In addition, transrepression can involve more diverse mechanisms 

such as steric hindrance, roadblock, deformation, anti-activation, and promoter clearance [2]. 

Furthermore, TFs can contain regulatory domains, encompassing dimerization, nuclear 

transport, and autoinhibition domains, which further contributes to the complexity of the 

transcriptional complex. [1] 
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Figure 1: The structure of a TF comprises a DBD and an effector domain, enabling sequence-specific recognition and recruitment 
of various collaborative molecules. Additionally, many TFs also feature regulatory domains, which e.g., regulates functional 
activity and the localization of TFs. Adapted from [1]. Created with BioRender.com.  

 

TFs in eukaryotes exhibit diverse characteristics and functions, leading to their classification 

into several classes. A few primary classes include C2H2 zinc fingers, homeodomains, basic-

helix-loop-helixes, basic leucine zippers, and nuclear hormone receptors [2, 7, 22]. Among these, 

nuclear receptors play a pivotal role in embryonic development, the maintenance of 

differentiated cellular phenotypes, metabolic processes, and apoptotic pathways [23]. Notably, 

nuclear receptors are considered the most druggable group of TFs due to their possession of a 

ligand binding domain (LBD), enabling them to enlist the transcriptional apparatus upon binding 

to a small-molecule ligand. Examples of nuclear receptors include oestrogen receptor (ER) 

implicated in breast cancer and AR linked to prostate cancer [24]. TFs including e.g., nuclear 

receptors and the STAT family possess nuclear localization signals (NLS). These signals are 

recognized by importins, which are proteins involved in nuclear import, and facilitate the 

transport of the TFs into the nucleus. For instance, STAT3, associated with various cancers, 

inflammatory, and autoimmune diseases, features a domain known as SH2 [25]. This SH2 

domain plays a crucial role in localizing the TF into the nucleus by regulating homo- and 

heterodimerization with other STAT TFs. [1] 

 

2.1.3 TFs Regulatory Role in Gene Expression 

Regulating transcription is a fundamental process for controlling and modulating gene 

expression [26]. TF-mediated gene regulation in eukaryotic cells is a highly intricate mechanism, 

given the transcription of numerous genes into protein-coding and noncoding RNA. The human 

genome, for instance, is estimated to contain 20,000 protein-coding genes and a similar number 

of non-coding genes. While protein-coding genes are well understood, the functions of non-

coding genes, many of which modulate transcriptional or post-transcriptional processes, remain 

less known [12]. There are indications suggesting deep conservation of TFs, with similar 
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regulatory regions, and physiological roles, despite a high turnover in individual sequences. 

Moreover, a single TF can regulate several genes in different cell types, highlighting the dynamic 

nature of regulatory networks within the same organisms. [7] 

 

The functionality of a TF at a specific DBS depends on numerous factors, including 

thermodynamic stability, DNA/chromatin accessibility, TF interaction with co-activators, and 

the kinetics of TF-DNA binding [1]. The TFs activity can be regulated by modulating its 

abundance in the active form or the accessibility of its binding sites [27]. Additionally, gene 

expression can be regulated through various cis-regulatory components such as core promoters, 

promoter-proximal elements, and elements located at a greater distance from the transcription 

start site (TSS), including enhancers, silencers, insulators, and tethering elements [28]. A TFs 

promoter region typically contains a TSS and a TATA-box, facilitating the formation of the PIC 

and activating RNA polymerase II [1]. In contrast, enhancers lack a TSS and can be situated 

several kilobase pairs away from a TSSs.  Conversely, they bind to TFs and activate transcription 

when positioned in proximity to a promoter. Due to this distance disparity, understanding how 

gene regulation is influenced by enhancers is an area of intense study [1]. Moreover, DNA loop 

formation and maintenance is crucial for proper gene control, occurring during transcription 

initiation between enhancers and core promoter elements, stabilized by cohesin. The 

recruitment of chromatin remodelers is vital for mobilizing nucleosomes and facilitating the 

access of the transcription apparatus to DNA [4]. Figure 2 below provides an illustration of 

transcriptional regulation in eukaryotic cells. 

 

 
 

 

Figure 2: Illustration of the regulation process of transcription in eukaryotic cells. The figure captures how the process is 

influenced by the 1. chromatin environment, 2. nucleosome occupancy, 3. Histone modifications, 4. transcription factor 

availability and 5. cis-regulatory elements, such as enhancers. Adapted from “Regulation of Transcription in Eukaryotic Cells”, 

by BioRender.com (2024). Retrieved from https://app.biorender.com/biorender-templates.  

https://app.biorender.com/biorender-templates
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Regulation of TF activity can also be achieved through post-translational modifications (PTMs). 

Similar to other proteins, TFs are affected by PTMs, influencing their activity, cellular location, 

and interaction with other proteins. Several types of PTMs, such as phosphorylation, 

ubiquitination, sumoylation, and acetylation, have been recognized to affect various aspects of 

TF functionality. The impact of these modifications heavily relies on the protein sequence of TFs, 

contributing to an extra level of complexity to the control of gene expression by TFs [8]. 

Furthermore, TFs consists of both structured DBDs and long IDRs [29]. These IDRs are 

embedded with motifs controlling transcription. Although these regions were previously 

overlooked in standard structure-function paradigms, recent insights suggest that they play a 

crucial role in transcriptional regulation. Another behaviour identified in gene regulation is 

liquid-liquid phase separation (LLPS). The hypothesis of LLPS proposes that substantial levels 

of TF binding at super-enhancers may result in elevated concentrations of cofactors and other 

constituents of the transcriptional machinery, culminating in the formation of transcriptional 

condensates. A single proteins transitions into and out of a condensate can be facilitated by PTMs 

altering IDR properties. The formation of these transcriptional condensates has shown to 

influence and regulate gene expression, although exactly how is not fully understood and it has 

become an area of intense research. [1] 

 

2.1.4 Dysregulation of TFs 

Dysregulation of gene expression mediated by TFs, that lead to abnormal gene expression, are 

increasingly being linked to various human diseases [4, 5, 7, 30]. The occurrence of mutations 

affecting TFs and their DBSs can result in the misregulation of gene expression, contributing to 

the onset of various diseases [2]. Several types of gene expression dysregulations exist, including 

upregulation, downregulation, and alterations in target genes, all of which can contribute to 

disease pathology. Upregulation may involve amplification, gain of function, and pathway 

overactivation. Downregulation can result from loss of function and overactivation of 

repressors. Additionally, changes in target genes may encompass shifts in chromatin 

architecture, gene translocations, and fusion TFs [1]. Given the direct involvement of TFs in 

transcriptional dysregulation and disease causation, they are considered appealing therapeutic 

targets for disrupting disease processes. [1, 3] 

 

Aberrant TF activity, often resulting from elevated levels of translocations, gene amplification or 

deletion, and point mutations, plays a significant role in several types of cancers [3, 5]. The 

dysregulation of transcription is considered one of the hallmarks of cancer, with TFs acting as 

fundamental catalysts of oncogenic transformation, proliferation, and survival [1, 5]. Although 

chemotherapies have been longstanding cornerstones in anticancer treatments, they can be 

highly toxic, leading to numerous side effects and there is a risk of relapse with resistant 

tumours. This development of resistance against drugs is a major challenge in todays cancer 

treatments [9]. Given that certain TFs are more active in human cancer cells, TFs have become 

appealing targets in the development of anticancer drugs. A small set of TFs with wide 
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expression is indicated to drive tumour growth, with tumour-driving master TFs typically 

expressed in a limited number of cell types [31]. Compared to the numerous oncogenes in 

different signalling pathways, the number of oncogenic TFs is limited, making them potentially 

easier to target. Moreover, modulating oncogenic TFs activity with small molecules has shown 

immense potential for some TFs. [5] 

 

Apart from TFs roles in various cancers, transcriptional dysregulation is implicated as a 

contributing factor in many other diseases, including autoimmune and inflammatory diseases, 

diabetes, and cardiovascular diseases, among others. In the context of the immune response to 

infection, TFs are often activated at the end of signalling pathways, and their involvement is 

crucial in mediating immune responses. In the context of diabetes, the condition typically 

involves concurrent alterations in numerous genes. Nonetheless, certain types of monogenic 

diabetes have been associated with mutations in individual TFs. For instance, activating STAT3 

mutations have been identified as linked to early-onset diabetes. Similarly, cardiovascular 

diseases encompass a spectrum of conditions influenced by multiple interconnected genetic risk 

factors, rather than being solely driven by singular proteins. TFs are indispensable for both the 

formation and maintenance of the cardiovascular system, thus playing crucial roles in specific 

cardiovascular conditions. Furthermore, loss-of-function mutations in particular TFs have been 

recognized as causative factors in various cardiovascular diseases. [1, 4]  

 

2.1.5 Progress in Targeting TFs  

Various approaches to modulate TF activity have been demonstrated in preclinical studies, and 

in certain instances, in clinical settings as well. These include inhibiting TF-cofactor PPIs, 

inhibiting TF-DNA binding, and modulating TF activity by altering ubiquitylation levels and 

subsequent proteasome degradation or inhibiting regulators of TF expression. Emerging 

approaches include modulation of auto-inhibition, PROTACs, use of cysteine-reactive inhibitors, 

targeting IDRs of TFs, and combining TF inhibitors with kinase inhibitors to block resistance 

development. [5] 

  

The potential of TFs as targets for cancer therapy was first highlighted by James Darnell in an 

article published in 2002 [32]. The most successful small molecules that have been developed to 

target oncogenic TFs are the AR and ER antagonists. Several second-generation AR antagonists 

have been clinically approved since 2018, including enzalutamide, apalutamide and 

darolutamide, to treat patients with castration-resistant prostate cancer (CRPC). Furthermore, 

ER modulators including tamoxifen, raloxifene and toremifene are well-established endocrine 

therapies. Utilizing small molecules to treat diseases caused by TF abnormalities in expression 

levels is appealing due to TFs crucial importance in various diseases [33]. The aforementioned 

targeted TFs, AR and ER are nuclear receptors which possess a LBDs and can bind to a small-

molecule modulator, altering its activity to regulate gene expression. The advantage of nuclear 

receptors lies in having a LBD where a small molecule already binds, facilitating agent 
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development. By far, this have been the most successfully group of TFs to target [5]. When a 

ligand binds to the LBD, it usually triggers activation of the receptor. This process exposes a 

hydrophobic groove for co-activator binding, thereby increasing the receptors affinity for 

nuclear localization factors and other nuclear receptor molecules. This activation allows 

multiple forms of modulation: agonism, antagonism, and inverse agonism for individual 

receptors, providing diverse approaches to modulate aberrant transcriptional programs in drug 

discovery efforts. [1] 

 

Additionally, degraders molecules targeting TFs have been developed including PROTACs, 

molecular glues, and monomeric degraders [1]. The intracellular ubiquitin-proteasome system 

is a highly controlled process in cells where misfolded proteins can be destructed. PROTACs 

were developed by hijacking E3 ligase, involved in this ubiquitin-proteasome machinery, to 

degrade a protein of interest (POI) [33]. PROTACs are ligands binding to the POI, linked to a 

ligand recruiting ubiquitin E3 ligase. This initiates a neo-interaction between the target protein 

and E3 ligase, ultimately resulting in the degradation of the target protein [1]. The potential of 

PROTACs lies in their ability to bind to a protein and modulate its function through degradation 

[33]. Moreover, molecular glues and monomeric degraders represent a similar approach, in 

which all are based on degradation of targeting proteins. [1]  

 

PTMs such as ubiquitination, hydroxylation, methylation, acetylation, and phosphorylation offer 

additional avenues for targeting TFs [34]. Targeting TF PTMs could effectively alter DNA binding 

activity and cofactor interactions. PTMs include phosphorylation of serine, threonine, and 

tyrosine, methylation of lysine and arginine, acetylation of lysine, and ubiquitylation, 

sumoylation, and ADP ribosylation. Another potential strategy involves targeting IDRs of TFs. 

Although traditionally ruled out due to lack of structure and binding pockets, recent analysis 

suggests that folded IDRs bound to partners have a higher proportion of potential cavities for 

small molecules to bind. Their inherent flexibility may enable conformational adjustments to 

complement small molecules more easily [5].  Furthermore, phase-separated condensates, 

which compartmentalize biochemical reactions within cells, could offer valuable insights into 

targeting TFs [35]. Studies show that drug candidates targeting TFs are more likely to enter 

transcriptional phase-separated condensates. Understanding how partitioning into condensates 

affects the ligands ability to reach the target could be helpful when developing novel drugs 

targeting TFs.   

 

2.1.6 Advancements in Studying TFs 

Studying TFs has generated significant interest, driven by the desire to explore potential 

applications for this group of proteins. The development of novel technologies for identifying 

and characterizing TFs is crucial, and various cross-cutting areas should be explored to fully 

understand the versatility and potential of TFs as drug targets [2]. To fully comprehend the 

function of a TF, determining the DBSs is usually the first step, as it provides a gateway for 
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further examination [7]. Even though TFs can regulate transcription of genes through various 

mechanisms, most of them relies on their interactions with their DBSs [2]. As a single TF can 

converge multiple signalling pathways with few possible targets, understanding the DNA 

binding of TFs is dependent on factors such as the DNA sequence, TF concentration, chromatin 

accessibility, and cofactors [36]. To comprehensively study TFs and target all classes of TFs, it is 

essential to develop methods for measuring the binding of TFs and DNA in cells. [8] 

 
A plethora of innovative techniques for studying and characterizing TF-DNA interactions have 

been developed. These include both in vivo, in vitro, and in silico techniques, and no single 

universal solution may address all challenges. An approach considering trade-offs based on 

specific requirements may be the most pragmatic. In vivo technologies focus on studying TF-DNA 

interactions in their natural context but have limitations in achieving substantial enrichment of 

binding fragments and conducting biophysical quantification and characterization of protein-

DNA interactions. In vivo assays encapsulate the collective impacts of variations in both TF and 

DNA attributes, influenced by factors like non-coding RNA. Furthermore, in vivo methodologies 

offer distinct advantages, as it provides information directly related to binding occurrences in 

cells, contributing to a better understanding of transcription regulation mechanisms. In contrast, 

in vitro methods offer valuable insights but might not fully reflect the true regulatory role of TFs 

when studied solely in vitro or in heterologous systems. In vitro systems involve simplified 

settings and study TF-DNA interactions between TFs and synthesized DNA molecules. [2] 

 

ChIP is a promising and useful in vivo method for studying TF-DNA interactions, allowing the 

identification of TF DBSs throughout the genome [37]. This technique is based on a cross-linking 

reaction, forming covalent bonds between TF and bound DNA. Next, the chromatin is sheared 

into protein-DNA fragments of certain lengths. A TF specific antibody is then added and 

incubated along with the sheared chromatin. Then the cross-linkage is reversed, and the DNA is 

purified [2]. The enriched fragments of DNA can then be detected using e.g., qPCR microarray 

(ChIP-chip) or sequencing (ChIP-seq) [7]. ChIP allows for studying TF-DNA binding in the 

endogenous environment. For example, the technique has been used to identify many TFs DBSs 

in yeast and the STAT3 DBSs in human B cells. [2] 

 

The aforementioned in vivo technique comes with several advantages. However, there exist 

challenges of achieving substantial enrichment of binding fragments and capturing the 

quantitative nature of TF-DNA binding events. To quantitatively assess TF-DNA binding, 

relevant in vitro-based assays can offer valuable insight [2, 8]. PBMs, EMSA, and SELEX, can all 

be useful to study TFs binding to DNA [7, 8]. PBM is an experimental method where a purified 

and epitope-tagged TF can bind directly to a double-stranded DNA microarray. The protein-

bound array is then labelled with a fluorophore-conjugated antibody that is specific to the 

epitope. The technique provides signals that can be quantified, and which are relative to the 

amounts of protein bound to each of the probe sequences on the array [38]. EMSA is a technique 

where the binding of a target protein to DNA can be evaluated through observing shifts in the 
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electrophoretic migration of DNA [7]. Lastly, SELEX-based methods are based on the incubation 

of a purified TF with a DNA pool which contains a multitude of randomized sequences. The oligos 

that bound to the TF are selected and amplified using PCR. The oligos are then re-incubated 

repeatedly in order to identify high-affinity binders or determine the TF DBSs. [7, 8] 
 

In the era of increasing biodata, in silico methods based on machine learning and artificial 

intelligence are gaining prominence for solving biological problems. These methods could be 

useful in predicting TF DBSs and lead to increasing hit rates for PPIs such as TF-DNA 

interactions. [9, 39] 

 

2.1.7 Current Limitations Associated with Targeting TFs 

TFs absence of enzymatic activity and easily identifiable binding pockets for small molecules, 

make the development of chemical probes challenging [3]. Additionally, many TFs contain a 

significant degree of IDRs, complicating targeting efforts that heavily rely on structural 

information for ligand optimization. Modulating TF activity with small molecules is an appealing 

therapeutic goal. Yet, outside nuclear receptors, there are few drugs or thoroughly validated 

chemical probes that directly target TFs [1]. Furthermore, while some small-molecule degraders 

can efficiently target TFs, certain proteins may be resistant to this approach. [40] 
 

Despite extensive studies of the DBDs of TFs, predicting functional TF binding sites remains 

challenging due to difficulties in understanding three-dimensional chromatin architecture and 

the abundance of non-specific binding sites. Studying TFs is challenging due to this chromatin 

structures covering a larger fraction of DNA, hindering protein binding to regulatory sequences. 

Additionally, when purifying these proteins, they are intrinsically disordered, making them hard 

to study by X-ray crystallography and cryogenic electron microscopy. [1, 21] 
 

Despite some advances, there is still a gap in measuring the direct binding of TFs to DNA, in high-

throughput, and understanding how they translocate and bind to DNA in live cells [1]. To address 

these challenges, there is a pressing demand for cellular assays that assess direct target 

engagement within disease-relevant contexts, particularly in high-throughput settings. 

Furthermore, this could be important in facilitating a more predictive translation into clinical 

efficacy. [11]   

 

2.1.8 AR and STAT3 

AR is a ligand-binding TF belonging to the family of steroid hormone nuclear receptors [41]. 

Upon ligand binding, a NLS escorts AR into the nucleus, where it exerts its transcriptional 

regulatory functions. Conversely, upon ligand withdrawal, a nuclear export signal facilitates the 

export of AR to the cytoplasm [42]. AR orchestrates pivotal roles across diverse cellular systems, 

governing the development and maintenance of the immune, cardiovascular, neural, 

reproductive, musculoskeletal, and hematopoietic systems. Particularly significant is its 
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mediation of male sex androgens effects, such as testosterone and dihydrotestosterone, through 

AR signalling, critical for the development of the male reproductive system and secondary sexual 

characteristics. 

  

Maintaining precise AR signalling is imperative, as aberrations in AR function may underlie 

tumorigenesis in various organs, including the prostate, bladder, liver, kidneys, and lungs [41]. 

Notably, AR stands out as a key driver in prostate cancer, underscoring the importance of 

unravelling its mechanisms and devising targeted therapies to advance prostate cancer 

treatment [11]. Prostate cancer stands as the most prevalent cancer in men, with AR playing a 

pivotal role in its pathogenesis. Current therapeutic strategies often revolve around depriving 

AR of testosterone, supplemented with AR antagonists to achieve AR blockade. However, a 

formidable challenge in prostate cancer management lies in the emergence of resistance to 

antiandrogen therapies [42, 43]. Notably, in 2019, enzalutamide, an AR antagonist effective in 

CRPC treatment, received FDA approval. Enzalutamide competitively inhibits androgen binding 

to the TF receptor, offering a promising avenue in combating advanced prostate cancer. [2] 

 

STAT TFs are activated through tyrosine phosphorylation. This phosphorylation event is 

succeeded by dimerization through reciprocal SH2 phosphotyrosine interaction. Upon 

dimerization, STAT proteins bind to importin and translocate into the nucleus, where they 

induce the transcription of specific genes. The STAT family have crucial roles in mediating 

cellular responses to extracellular signals, particularly cytokines and growth factors [25]. These 

TFs also play pivotal roles in various physiological processes and are implicated in numerous 

diseases, including autoimmune disorders, inflammatory conditions, cancer, and diabetes. 

Overactivation of STAT activity is often associated with autoimmune diseases, while activating 

mutations in STAT3 have been linked to early-onset type 1 diabetes, Crohn's disease, psoriasis, 

and multiple sclerosis. Conversely, inactivating STAT members can lead to immunodeficiencies 

and heightened susceptibility to infections. Targeting STAT proteins has emerged as a promising 

therapeutic strategy for intervening in diseases characterized by dysregulated STAT activity [1]. 

Figure 3 illustrates examples of signalling pathways of the two TFs, AR and STAT3.  
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DHT: Dihydrotestosterone, Hsp: Heat-shock proteins, JAK: Janus kinase, TYK: Tyrosine kinase, P: Phosphorylation 
 

Figure 3: Examples of signalling pathways of the two TFs: STAT3 and AR. The TFs undergo dimerization and expose NLS on the 

protein complex, facilitating their translocation into the nucleus. Adapted from [44, 45]. Created with BioRender.com.  
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2.2 Experimental Theory 

2.2.1 Plasmid Design  

Figure 4 illustrate the different vectors designed for this project. More detailed plasmid maps 

are provided in Appendix A. The first vector contains sequences encoding the CMV 

(cytomegalovirus) promoter and dCas9 in connection to either N- or C-terminus of the LgBiT. 

These plasmids also include a neomycin resistance cassette, to enable later selection of the cells 

expressing the plasmid. Furthermore, the figure shows the design of two vectors expressing the 

elongation factor 1-alpha (EF-1α) promoter and distinct TFs tagged with a SmBiT. These 

plasmids included a marker encoding puromycin resistance.  

 

 
 
Figure 4: In total 4 different plasmids were designed for this project. The first plasmids encode the CMV promoter and the dCas9 

in connection to either N- or C-terminus of the LgBiT. The other two plasmids encode the EF-1alpha promoter, distinct TFs and 

a SmBiT. Created with BioRender.com.  

 

2.2.2 In Vitro Cell Models 

Limited options exist for directly measuring the binding of TFs to DNA within a complex, in vitro, 

and cellular environment. Such systems are crucial for accurately representing diseases in 

relevant settings [11]. In this project, in vitro cell models will be employed because they provide 

natural DNA context and cofactors, and the transcriptional regulatory machinery are available. 

More specifically, immortalized cell lines will be used. Immortalized cell lines are derived from 

either tumorous cells or genetically modified cells, allowing for continuous propagation in 

culture and indefinite proliferation.     

 

The Lymph Node Carcinoma of the Prostate (LNCaP) cell line was initially documented by 

Horoszewicz et.al. It originates from a metastatic lymph node lesion of human prostate cancer 

and is characterized by its adherence and epithelial nature, along with being AR-positive, 

indicating it exhibit AR-sensitive growth. Few well-characterized cell models are available for 

preclinical studies of prostate cancer that effectively recapitulate the disease. Nonetheless, 

LNCaP stands out as a commonly used in vitro model in prostate cancer research. [46] 
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Established in 1973, Human Embryonic Kidney 293 cells (HEK-293) are adherent and epithelial 

cells derived from primary embryonic kidney cell cultures of an aborted embryo. They were 

created by introducing DNA fragments of adenovirus type 5 into these cultures. HEK-293 cells 

have since become widely recognized and extensively utilized in cell biology and biotechnology 

research. [47] 

 

2.2.3 Stable and Transient Transfection  

Transfection of eukaryotic cells serves as a potent analytical tool for the incorporation of foreign 

DNA. This technique allows for the modification of the cells genetic content, facilitating the study 

of cellular processes, disease mechanisms, and gene function and expression in cells [48]. There 

exist three main types of transfections: biological, chemical, and physical, as shown in Figure 5. 

Additionally, transfection can be categorized as stable or transient. Stable transfection refers to 

the continuous and long-term expression of a transgene, which is accomplished by either 

integrating the DNA into the host genome or keeping it within an episomal vector in the host 

nucleus. This allows the transgene to be constitutively expressed as the cells proliferate. 

Conversely, transient transfection does not integrate into the host genome and is expressed for 

a limited time, eventually being lost as the cells proliferate [49]. In this project, cells will be 

transfected with the dCas9-LgBiT-N/C-terminus plasmids to generate stable expression of the 

plasmids. The stable transfection is preferable over the transient transfection since they provide 

a higher run-to-run reproducibility which could be critical when developing a HTS assay [50]. 

For the TF-SmBiT-N/C-terminus constructs and sgRNAs, transient transfection of the stable cell 

lines will be employed.   

 

Electroporation, a widely employed gene edit methodology for both transient and stable 

transfections, involves the use of high-voltage electric shocks, creating temporary pores in cell 

membranes, enabling random integration of DNA and other substances into the cells. This 

physical transfection method is compatible with various cell types and is valued for its simplicity, 

requiring few steps [51]. Electroporation will be utilized in this project to perform transfections 

and generate both stably and transiently transfected cells.   
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Figure 5: Image illustrating different transfection approaches: biological, chemical, and physical. Created with BioRender.com.  

 

2.2.4 Western Blotting 

Western blotting is a widely used technique for identifying proteins within complex mixtures. It 

involves three main steps: separation by size through gel electrophoresis, transfer to a solid 

support, and labelling the POI using primary and secondary antibodies. During gel 

electrophoresis, proteins are separated based on their molecular weight. The separated proteins 

are then transferred to a membrane, generating individual bands for each protein. Next, the 

membrane is incubated with antibodies specific to the POI, and any unbound antibodies are 

washed away. The antibodies bound to the POI are detected by developing a film. Ideally, only 

one band representing the POI should be visible, and the size of the protein can be determined 

using a protein standard. [52] 

 

2.2.5 Cell-Based Assay 

2.2.5.1 dCas9 and sgRNAs 

The field of genome engineering has undergone a revolution with the advent of the clustered 

regularly interspaced short palindromic repeats (CRISPR) and the Cas9 endonuclease system. 

Originating from the bacteria Streptococcus pyogenes, where it serves as a defence mechanism 

against infections caused by viruses, this system can be programmed by single guide RNA 

(sgRNA) to induce a double-stranded break in the DNA at a genomic locus following a 

protospacer adjacent motif (PAM) sequence [53]. Extensively utilized, the CRISPR/Cas9 system 

has been adapted and engineered for various applications. A mutated form of the wild-type Cas9 

protein, known as dead Cas9 or dCas9, lacks endonuclease activity, rendering it incapable of 

cleaving DNA. Unlike its active counterpart, dCas9 is employed for binding to DNA and 

modulating gene expression without introducing a double-stranded break. Guided by sgRNA and 
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recognizing the PAM sequence, dCas9 can be harnessed for various applications [54]. CRISPR 

activation is one such method in which dCas9-sgRNA complexes bind to DNA to initiate 

transactivation of genes. On the contrary, CRISPR interference, can cause steric hindrance that 

halts transcription elongation and represses the expression of the target gene [55]. In this 

project, dCas9 was not used to modulate gene expression but was utilized to bring the LgBiT 

subunit in proximity of the TFBSs.   

 

Within the CRISPR/Cas9 system, sgRNA plays a pivotal role as it guides the Cas9 protein to 

specific sequences of the DNA. sgRNA is a chimeric molecule composed of crRNA (CRISPR RNA) 

and tracrRNA (Trans-activating CRISPR RNA), linked together by a loop. The spacer region, a 17-

20 nucleotide sequence, is complementary to the promoter region of the target gene. The 

scaffold region, housing tracrRNA, acts as a binding scaffold for the dCas9 protein. By selecting 

or synthesizing appropriate sgRNAs, the dCas9-sgRNA complexes can be guided to the target 

gene, facilitating the regulation of gene expression. For activation, sgRNAs are typically designed 

to target regions approximately -400 to -50 base pairs upstream of the TSS, while for repression, 

they are designed for regions -50 to +300 base pairs from the TSS [54]. In this assay, ranges of 

synthetic sgRNAs will be designed and synthesized to guide the dCas9-LgBiT in proximity to the 

TFBSs, while ensuring that the dCas9 protein does not block and interfere with the TF-DNA 

binding.  

 

2.2.5.2 Split-Reporter System NanoBiT® 

NanoBiT® Promega employs a split-reporter system to tag proteins and monitor molecular 

interactions within living cells. This system utilizes NanoLuc®, which is an engineered luciferase 

derived from deep-sea luminous shrimp. The luciferase comprises two subunits: the Large BiT 

(LgBiT) and the Small BiT (SmBiT). The SmBiT is a 11 amino acid subunit, which together with 

the 17.6 kDa LgBiT subunit, forms an active enzyme. When two target proteins tagged with these 

subunits are in close proximity, and a substrate is added, the subunits form the active enzyme, 

producing a bright luminescent signal, that can be detected. The high dissociation constant, 

KD=190 μM, and low catalytic activity of the NanoBiT® complementation reporter system 

subunits, results in that the subunits need to be brought into close proximity to reassemble the 

full-length NanoLuc® active enzyme [56]. The split-reporter systems schematic view and its 

application in this study is illustrated in Figure 6. Detection of TF-DNA binding in this assay will 

be enabled by pairing split-nanoluciferase with various TFs and dCas9, guided by synthetic 

sgRNAs. The dCas9, incapable of cleaving DNA, will bind specifically to the DNA along with the 

sgRNA. The TFs tagged with SmBiTs will bind to specific TFBSs and when the subunits get in 

proximity, and a substrate is provided, a bright luminescent signal will be produced. If a 

compound is added to the TF, changes in the TF-DNA binding and the subunits proximity may 

occur, leading to a detectable change in signal.  
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Luciferase enzyme split reporter systems offer advantages such as reversible reporter 

formation, low background luminescence due to inactive subunits, and weak affinity between 

split luciferase subunits. However, certain fusion partner orientations may be limited due to 

steric effects [50]. Therefore, testing multiple expression construct combinations is 

recommended to achieve optimal fusion orientations. Spontaneous association between split 

luciferase subunits can reduce the assay window for compound treatment or lead to false 

positives. Without proper controls, signals resulting from spontaneous association of LgBiT-

SmBiT could be misinterpreted as specific protein interaction. In this assay various negative 

controls will be implemented including parental untransfected cells, cells only expressing the 

dCas9-LgBiT, cells transfected with dCas9-LgBiT and TF-SmBiT without sgRNAs, and the use of 

scrambled sgRNA. Moreover, tool compounds, which modulate PPIs in a dose-response manner, 

can be used during assay development. These compounds may act as direct inhibitors of PPIs or 

alter PPI status directly or indirectly. Their use as controls can validate assay functionality and 

enhance its performance. Specific interaction can be confirmed if the expected change in 

luminescence occurs upon treatment with a tool compound, whether it leads to an increase or 

decrease in signal. [57] 

 

 
 

Figure 6: An overview of how the split-reporter system, NanoBiT®, employed in this project functions. The figure manifests how 

the system will allow for detection of TF-DNA interaction both with and without compound treatment. The blue signal display 

the luminescence. Here, compound treatment is shown to have an inhibitory effect on TF-DNA binding. A high detected signal 

upon substrate addition will indicate strong interaction between the TF and DNA. Conversely, a low signal will indicate weak 

TF-DNA interaction. Created with BioRender.co
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3 

Methodology 

In the following section, the methodology of the thesis project is summarized. The chapter is 

divided into two parts: reagent generation, and assay development and optimization. 

Supplementary methodology and more detailed standard protocols are found in Appendix B. 

Moreover, the safety-, ethical- and environmental disclosures of this study are found in Appendix 

C. 

 

3.1 Reagent Generation 

3.1.1 Design, Generation and Amplification of Plasmids 

The dCas9-LgBiT-N-terminus and C-terminus plasmids for this project were designed by Anna-

Lina Cavallo. The plasmids were designed containing coding sequences of the CVM promoter and 

dCas9, in connection to either N- or C-terminus of the LgBiT. These constructs also included a 

marker encoding neomycin resistance. Furthermore, different plasmids expressing the EF-1α 

promoter, the TF of interest, connected to either N- or C-terminus of the SmBiT were designed 

by Anna-Lina Cavallo. These plasmids included a puromycin resistance cassette. The generation 

of these TF-SmBiT plasmids were outsourced to the company VectorBuilder. In total, 4 different 

vectors were created for this project: dCas9-LgBiT-N-terminus, dCas9-LgBiT-C-terminus, 

STAT3-SmBiT-C-terminus, and AR-SmBiT-N-terminus. Vector maps displaying positions of 

major elements of the sequence including promoters, POI, terminators, selectable markers, and 

origins of replication, together with the plasmid lengths can be found in Appendix A.   

 

The dCas9-LgBiT-N-terminus and C-terminus plasmids were generated and provided in-house 

by the Protein Expression and Molecular Biology Team. In brief, the amino acid sequence of the 

constructs was backtranslated to DNA sequence and codon optimized to Homo Sapiens using 

GeneArt’s algorithm. The outcomes were then fragmented into shorter fragments, ranging 

between 0.5-2 kb. Golden gate cloning was conducted in a thermal cycler by mixing the 

fragments, a pIRESneo backbone, the restriction enzyme BsaI, and T4 ligase. The assembled 

plasmids were then transformed into competent bacterial cells. Minipreps of the plasmids were 

conducted and after that correct clones could be confirmed by Sanger sequencing.  
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To amplify the plasmids, they were first transformed into One Shot™ TOP10 Chemically 

Competent E. coli (Invitrogen™, cat#C404003), according to the protocol in Appendix B section 

B.2.1. Next, the transformed bacteria were grown on LB-agar plates containing 1000X 

carbenicillin (stock 50 mg/mL). The following day, a single colony of bacteria was picked and 

inoculated overnight in Lysogeny broth (LB) media containing 1,000X carbenicillin (stock 50 

mg/mL) to expand the plasmids. After expansion the plasmids could be purified using the 

GenScript AmMag™ Quatro system. This is an automated system for plasmid purification. 

Alternatively, the QIAGEN® Plasmid Plus Maxi Kit (QIAGEN, cat#12963) was used. To quantify 

the yield of the purified plasmid DNA, the Implen NanoPhotometer® instrument was used. 

Appendix B.2 provide a more detailed protocol of the bacterial transformation and plasmid 

purification. Furthermore, the plasmid concentrations, together with the optical density (OD) 

ratios, OD260/280 and OD260/230, can be found in Appendix D.1.   

 

3.1.2 Culturing and Maintenance of Cell Lines 

For each TF that was studied, an appropriate cell line was selected with consideration to disease 

to fit the biological model. The HEK-293 cell line was chosen to study STAT3 and LNCaP was 

chosen to study AR. The two cell lines HEK-293 and LNCaP utilized in this project were provided 

internally by the Cell Banking Teams at AstraZeneca. Prior to usage, the cell banks had been 

quality controlled, including confirmed to be mycoplasma free and had passed STR (short 

tandem repeat) fingerprint analysis. The HEK-293 cell line was cultured and maintained in 

DMEM/F-12, GlutaMAX™ (Gibco™, cat#10565018) supplemented with 10% fetal bovine serum 

(FBS). Furthermore, the LNCaP cell line was cultured and maintained in RPMI-1640 medium 

(Gibco™, cat#21875034) supplemented with 10% FBS. A detailed protocol of how the 

mammalian cell lines were handled in vitro can be found in Appendix B.1. This includes protocols 

for general maintenance, thawing, passaging, and cryopreservation of cells. The cells were 

routinely cultured in a humidified incubator at 37°C, 5% CO2, and 95% relative humidity (RH).  

 

3.1.3 Transfection of Cell Lines with dCas9-LgBiT-N/C-Terminus 
Constructs Using MaxCyte® 

To genetically engineer the cell lines and incorporate the plasmids into the different cell models, 

electroporations were conducted. One day prior to the transfection, cells were plated in an 

appropriate flask to reach ~70% confluency on the day of the transfection. First, the media was 

aspirated from the flask and the cells were washed with phosphate buffered saline (PBS) pH 7.4 

(Gibco™, cat#10010015). Next, the PBS was aspirated and StemPro™ Accutase™ Cell 

Dissociation Reagent (Gibco™, cat#10565018) was added, and the flask was placed in an 

incubator at 37°C for 5-10 min to detach the cells from the wall of the flask. Media, specific for 

the cell type, was added to the cells and the cell suspension was transferred to a conical tube. An 

aliquot was taken to measure the cell density using the ChemoMetec NucleoCounter® NC-3000™. 

The required volume of cell suspension to get 1,000,000 cells for each transfection was 
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calculated and transferred to conical tubes for centrifugation at 250 × g for 5 min, to harvest the 

cells. The supernatants were discarded, and the cells were washed with 5 mL of PBS by 

centrifugation at 250 × g for 5 min. Next, the cell pellets were resuspended in 200 μL of 

Electroporation Buffer (MaxCyte®, #cat EPB-1) for each transfection. Thereafter, 2.5 μg of 

plasmid DNA was prepared in 1.5 mL microcentrifuge tubes. The cell suspensions were added 

to the tubes containing plasmid DNA, and the mixtures were transferred to OC-400 RUO™ 

processing assembly (MaxCyte®, cat#SOC-4) cuvettes. The electroporations were conducted 

using the MaxCyte® ExPERT STx™ and selecting a program specific for the cell type. Next, the 

suspensions of transfected cells were transferred to small plates and incubated for 15 min at 

37°C.  After incubation, an appropriate volume of media was added to the cells and the cells were 

transferred to a suitable flask format. The flasks were then placed in the incubator at 37°C, 5% 

CO2, and 95% RH.  

 

3.1.4 Generation of Stable Cell Lines 

After the cells were transfected and had been growing for a couple of days to recover from the 

electroporations, the work of generating stable cell lines was initiated. The plasmids contain a 

sequence encoding antibiotic resistance of neomycin, so a selection pressure in the form of 

Geneticin™ Selective Antibiotic (G418 Sulfate) (50 mg/mL) (Gibco™, cat#10131027), was 

applied to the cells to inhibit the growth of untransfected cells. The selection pressure was kept 

by continuously adding 700 μg/mL of G418, when maintaining the cells in culture. This enabled 

selection of the cells, that stably expressed the plasmid. Untransfected cells died off and were 

removed when changing the media. After a couple of weeks, when visible colonies of transfected 

cells had start to form in the flask, the cells were dissociated and cultured together in a flask to 

generate a stable pool of transfected cells.  For the LNCaP cell line, a dose response experiment 

was conducted prior to treating the cells with antibiotics to determine the optimal concentration 

for selection. This experiment is described in Appendix B.3.  

 

3.1.4.1 Expansion, Banking and Quality Control of Cell Lines 

A frozen cell stock is important and gives an opportunity to go back to early passaged cells and 

thaw more if necessary. Therefore, the stable cell lines generated in this project were first 

expanded prior to cryopreservation. Expansion of the cells involved serial passages of the cell 

lines from smaller volumes and flasks to larger ones to ultimately reach a high number of 

cells.  Then the cells were cryopreserved according to the protocol in section B.1.3 in Appendix 

B. Three different types of banks were established for the HEK-293-dCas9-LgBiT-N- and C-

terminus cell lines: archival-, master-, and working banks. After banking, frozen cell pellets of 

the genetically engineered cell lines were sent to IDEXX for quality control. The quality control 

involved mycoplasma testing and STR profiling for cell line authentication.   
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3.1.5 Troubleshooting of Transfecting LNCaP Cells 

LNCaP cells were first transfected using the same protocol as described in 3.1.3. However, no 

cells survived the later antibiotic selection. Once repeated, using 1 μg of plasmid DNA, selection 

failed again. Troubleshooting of transfecting the LNCaP cells was done, and the transfection 

efficiency was evaluated by using a plasmid encoding green fluorescent protein (GFP), serving 

as a control. After determining the transfection efficiency, some adjustments were made in the 

protocol. Firstly, the number of cells to transfect were increased. Secondly, the amount of DNA 

was decreased to lower DNA toxicity. The final adjustment was that the culturing flasks were 

exchanged to culturing flasks with Poly-D-Lysine coating, to enhance cell attachment. The 

MaxCyte® electroporations were then repeated with these adjustments for the LNCaP cells as 

described in Appendix B section B.4.1. In parallel to this, another electroporation method, the 

Neon™, was also tested for the LNCaP cells. The method of this electroporation method is 

described in the next paragraph and a more detailed protocol of the experiment can be found in 

Appendix B section B.4.2.   

 

3.1.5.1 Neon™ Electroporation 

LNCaP cells were plated the day before electroporation to reach a confluency of approximately 

70% on the day of transfection. The cells were detached according to the dissociation protocol 

in Appendix B.1.2, diluted in RPMI 1640 Medium + 10% FBS (Gibco™, cat#21875034), and the 

cell density was measured. The required volume of cell suspension was calculated and 

transferred to a conical tube for centrifugation at 250 × g for 5 min, to harvest the cells. The 

supernatant was discarded, and the cells were washed with PBS (cat#10010015, Gibco™) by 

centrifugation at 250 × g for 5 min. The supernatant was discarded. Next, a Nunc™ Poly-D-Lysine 

Coated 24-well plate (Thermo Scientific™, cat#152025) was prepared by adding 490 μL of media 

to each well, and it was placed in the incubator. The Neon™ Transfection System 10 μL Kit 

(Invitrogen™, cat#MPK1025) was used to conduct the electroporations. Tubes with 3 mL of 

electrolytic buffer E was prepared and one was placed in the electroporator (use for a maximum 

of five reactions). The pellets were resuspended in 80 μL of buffer R. Calculated amounts of DNA 

was prepared in Eppendorf tubes. Then, 20 μL of cell suspension and varying volumes of buffer 

R was added to the tubes with DNA. The 10 μL pipette tips were used to electroporate the 

samples using the following protocol: Pulse voltage: 950V, pulse width: 30 ms and pulse number: 

2 pulses. After successful electroporation the cells were immediately seeded into the 

corresponding wells of the Poly-D-Lysine plate.  
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3.1.5.2 Stop Decision of Generating Stable LNCaP Cell Lines Expressing dCas9-
LgBiT 

The transfected LNCaP cells were not successfully selected after implementing these 

adjustments, or when testing a different electroporation method. Therefore, it was decided to 

only continue with the HEK-293 genetically engineered cell lines. Further optimization is needed 

in the electroporation protocol of LNCaP cells in order to select and generate stable cell 

lines. With consideration of the time frame of this project and the aim being to establish PoC of 

a system, the project was proceeded without LNCaP cell lines stably expressing dCas9-LgBiT.   

 

3.1.6 Western Blotting of HEK-293-dCas9-LgBiT-N/C-Terminus 

A western blot was conducted in this project to confirm that the dCas9-LgBiT-N and C-terminus 

constructs had been correctly integrated into the transfected cells, and that the fused dCas9-

LgBiT was being expressed. In this western blot the primary antibody, Anti-LgBiT Monoclonal 

Antibody (Promega, cat#N710A), was used to detect the LgBiT subunit. Furthermore, an 

antibody of the housekeeping protein, tubulin, was used as an additional primary antibody, as 

an internal positive control. Parental HEK-293 cells were used as a negative control. The 

secondary antibody used in the western blot was IRDye® 800CW Goat anti-Mouse IgG Secondary 

Antibody (LI-COR, cat#926-32210). Furthermore, a protein standard was included in the 

analysis as a reference.   

 

To prepare the samples for western blot analysis, cells in culture were first detached according 

to the dissociation protocol in Appendix B.1.2. Next, the cells were diluted in media and the cell 

density was measured. The amount of cell suspension to get 5M cells was transferred to a conical 

tube. The tube was the centrifuged at 250 × g for 5 min. The supernatant was discarded, and the 

pellet was resuspended in 1 mL of PBS. The tube was centrifuged at 250 × g for 5 min, and once 

again the pellet was resuspended in 1 mL of PBS. The suspension was transferred to a 1.5 mL 

Eppendorf tube and centrifuged at 250 × g for 5 min. The supernatant was removed, and the 

pellet was stored in -20°C until further usage.   

 

Day one 
 

The pellets were kept on ice and were suspended in 80 μL of Laemmli lysis buffer. The lysates 

were then incubated on ice for 15 min and was vortexed from time to time. Next, the tubes were 

centrifuged in a tabletop microcentrifuge at 4°C and 13.3 rpm (maximum speed) for 20 min. The 

supernatants were transferred to new 1.5 mL Eppendorf tubes. 12 μL of NuPAGE™ Sample 

Reducing Agent (10X) (Invitrogen™, cat#NP0009) and 30 μL of NuPAGE™ LDS Sample Buffer 

(4X) (Invitrogen™, cat#NP0007) was mixed in a tube.  8 μL of the mixture was added to 30 μL of 

each lysate, in new tubes. The samples were incubated at 95°C for 8 min on a termoblock. Next, 

the electrophoresis system was assembled, the NuPAGE™ 4 to 12%, Bis-Tris, 1.0–1.5 mm, Mini 

Protein Gel (Invitrogen™, cat#NP0322BOX) was inserted, and MOPS SDS running buffer was 
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added. 10 μL of the samples, together with 3 μL of the Novex™ Sharp Pre-stained Protein 

Standard (Invitrogen™, cat#LC5800) were loaded. The gel was run at 200V for 40 min. After gel 

electrophoresis, the gel was gently removed, and the Nitrocellulose/Filter Paper Sandwich, 0.45 

μm, 8.3 x 7.3 cm (Invitrogen™, cat#LC2001) was assembled. Next, the membrane transfer was 

run in 1L of transfer buffer overnight at 30V and at 4°C.   

 

Day two 
 

After the protein transfer, the membrane was removed from the transfer apparatus. To block 

nonspecific sites, Intercept® (PBS) Blocking Buffer (LI-COR, cat#927-70001) was added and the 

membranes were incubated with gentle rocking for 1 hour at room temperature. Next, the 

primary antibodies, anti-LgBiT monoclonal antibody and anti- tubulin monoclonal antibody, 

were diluted to 1 μg/mL in blocking buffer. The buffer was removed and replaced with the 

solution containing blocking buffer and the primary antibodies. Incubation occurred overnight 

at 4°C with gentle rocking.  

 

Day three 
 

The membrane was washed three times, 10 min per wash, in PBS containing 0.1% tween. The 

secondary antibody, goat anti-mouse IgG, was diluted in blocking buffer and was incubated for 

1 hour at room temperature with gentle rocking. The membrane was washed once again, three 

times, 10 min per wash, in PBS with 0.1% tween. Lastly, the membrane was imaged using the LI-

COR Odyssey® CLx Imaging System.  

 

3.1.7 Design and Synthesis of sgRNAs 

The sgRNAs synthesized for this project were designed with support from the Target 

Identification and Validation Informatics Team at AstraZeneca. For STAT3, two downstream 

target genes were identified: IL-23A and NFKB1. For these downstream target genes, ranges of 

sgRNAs were designed with respect of targeting the promoter sequence and dCas9 recognizing 

the PAM sequence 5’-NGG-3’. Moreover, the design of these sgRNAs were in the format (N)20. The 

purpose of the analysis was to provide guides matching the PAM sequence within the target 

region window of 2 kb upstream from a TSS. In addition, the sgRNAs were designed targeting 

downstream genes of a TF while preserving the TFs binding activity. 

 

The sgRNAs were designed using bioinformatic tools, in this case by using R. First, a region of 2 

kb upstream of the TSS of the target gene was selected. Then the JASPAR2024 R package was 

used to select the binding profile of the TF in human. TFBSTools R package was used to search 

and identify TFBSs within the 2 kb region. Next, all TFBSs that were <50 nucleotides away from 

the guides were filtered away. This was done to select sgRNAs targeting sites that were non-

overlapping with the identified TFBSs. Hence, not affecting the TFs ability to bind to its 

regulatory elements. The p-value and relative score for each TFBS was calculated using 
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TFBSTools. The p-values were then adjusted for multiple testing using the Benjamini-Hochberg 

method. The set of obtained Padjust-values were then ranked from lowest to highest Padjust-value, 

and the relative scores from highest to lowest. Then, ~5 sgRNAs were selected for each 

downstream gene associated with the TFs, with consideration of the Padjust-value and the relative 

score. Furthermore, a randomized sgRNA sequence, scrambled sgRNA, was also designed, to 

serve as a control in the assay. The synthesis of the sgRNAs were outsourced to the company 

Sigma-Aldrich.  The sequences of the designed sgRNA are provided in Appendix D.2. 

 

To prepare the sgRNAs upon arrival, RNaseZap™ RNase Decontamination Solution (InvitrogenTM, 

cat#AM9780) was used to wipe the pipette and other surfaces to destroy any RNases. The 

sgRNAs were then suspended in 30 μL Tris-EDTA Buffer 10 mM Tris, 1 mM EDTA, pH 8.0 

(Synthego) to a concentration of 100 μM and stored in -20°C until further usage.   

 

3.1.8 Transient Co-Transfection with TF-SmBiT Constructs and sgRNAs 

Transient co-transfections of the dCas9-LgBiT cell lines with TF-SmBiT plasmid and various 

sgRNAs was done to enable measurement of the luminescence. Cells were seeded one day before 

transfection to reach ~70% confluency on the day of transfection. The cells were dissociated 

according to the protocol in Appendix B.1.2. Next, the cells were diluted to a volume of 10 mL in 

media.  The cell suspension was transferred to a conical tube and an aliquot was taken to 

measure the cell density. The volume to get 500,000 cells for each transfection was calculated. 

The volumes of cells were transferred to 15 mL conical tubes. The tubes were centrifuged for 5 

min at 250 × g to harvest cells. The supernatant was discarded and washed with ~5 mL of PBS 

by centrifugation for 5 min at 250 × g. The supernatants were discarded. Subsequent, the cell 

pellets were resuspended in 20 μL MaxCyte® reagent. The calculated volumes of DNA and sgRNA 

were prepared in Eppendorf tubes. When working with the sgRNAs, they were kept on ice to 

prevent degradation. RNaseZap™ RNase Decontamination Solution was also used to wipe 

surfaces and eliminate RNAses. For the STAT3-SmBiT plasmid with a concentration of 1193 

ng/μL, amounts of 500 ng and 1 μg was prepared. Furthermore, 2 μL of the various sgRNAs (100 

mM) was used. The resuspended cells were then added to the tubes with the reagents. A control 

transfected with the STAT3-SmBiT plasmid but without sgRNA was also included. The cell 

mixtures were then transferred to cuvettes (OC-25 x 3), and the transfections were conducted 

using the MaxCyte® electroporator. After electroporation, the transfected cells were added to a 

24-well plate and were incubated for 15 min at 37 °C. Approximately 1 mL of media was added 

to the transfected cells. An aliquot was taken, and the cell concentration was determined. Each 

of the transfected cell suspensions was diluted to a concentration of 100,000 cells/mL, to get 

4,000 cells per well when plating 40 μL cell suspension/well. The cells were then plated in CELL 

CULTURE F-BOTTOM, WHITE, TC, STERILE (Greiner, cat#781073) plates. Negative controls, 

including parental HEK-293 cells and HEK-293 cells stably expressing dCas9-LgBiT were also 

included. The plates were centrifuged for 30 sec at 100 × g, to spin down all reagents in the wells. 

The plates were then incubated at 37°C, 95% RH for 24-48 h.  
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3.2 Assay Development and Optimization 

3.2.1 NanoBiT® Assay with dCas9-LgBiT, sgRNA and TF-SmBiT Reagents 

The assay was performed within 24-48 h after the transient co-transfection. The Nano-Glo® Live 

Cell Assay System (Promega, cat#N2011) was conducted following the vendor’s instructions 

[57]. Nano-Glo® LCS Dilution Buffer was equilibrated to ambient temperature if using it for the 

first time. The Nano-Glo Live Cell Substrate was removed from the freezer and was mixed. The 

assay reagent was prepared by diluting 1 volume of Nano-Glo® Live Cell Substrate with 19 

volumes of the Nano-Glo® LCS Dilution Buffer to make the Nano-Glo® Live Cell Reagent. The 

Nano-Glo® Live Cell Reagent was made fresh for each experiment with accordance to the 

manufacturer’s instructions. 10 μL of Nano-Glo Live Cell Reagent was added to each well of a 

384-well plate. The plate was spun down in a centrifuge at 100 × g for 30 sec. Immediately after, 

the luminescence was measured using the PHERAstar® FSX HTS microplate reader (BMG 

Labtech).   

 

3.2.2 NanoBiT® Assay of a Previously Developed System 

A NanoBiT® assay with HEK-293 cells co-transfected with a LgBiT and SmBiT 64/66 plasmids, 

previously tested by Anna-Lina Cavallo, was conducted. One of these two SmBiT plasmids served 

as a negative control, having a point mutation in the gene expressing the SmBiT, hindering 

complementation of the LgBiT-SmBiT subunits. Furthermore, untransfected parental HEK-293 

cells and HEK-293 cells only transfected with LgBiT also served as negative controls in the assay. 

 

3.2.3 NanoBiT® Assay with IL-6 Stimulation 

Cell lines expressing dCas9 fused to either the N-terminus or C-terminus of LgBiT were 

transfected with 1 μg of STAT3-SmBiT plasmid. Additionally, different sgRNAs (g1-5) targeting 

the downstream target gene IL-23A were included in the transfections. To aid in interpreting 

specific interactions, HEK-293-dCas9-LgBiT-N/C terminus cells transfected with STAT3-SmBiT 

but without sgRNA were included. Negative controls, comprising LgBiT-N and C-terminus cells, 

as well as parental HEK-293 cells, were also included in the assay. The assay was conducted 

where cells were stimulated with 100 ng/mL interleukin 6 (IL-6) (stock 100 µg/mL). The IL-6 

used in this experiment was kindly provided by Mei Ding. 30 min prior to running the assay the 

cells were treated with IL-6. The controls and transfected cells were plated in duplicate, with 

one well left unstimulated and one well stimulated with IL-6. Then the luminescence was 

measured at different timepoints: 0, 1.5, and 3 h.
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4 

Results 

In this paragraph, the findings of the thesis project are presented. Supplementary results of this 

master’s thesis project can be found in Appendix D. The supplementary results are not necessary 

for the conclusion of the paper but can provide a comprehensive understanding of the study.  

 

4.1 G418 Titration of the LNCaP Cells 

In Figure 7 below, the results obtained from the geneticin (G418) titration experiment of the 

LNCaP cells are presented, as described in Appendix B.3. The curves in Figure 7a were generated 

by plotting the confluence against the time after antibiotic treatment. The deviance in confluency 

that can be observed at the timepoint of three days, is due to a media replacement. It can be 

observed that untreated cells and cells treated with concentrations of antibiotic ranging from 

50-300 μg/mL are showing similar profiles in confluency. Concentrations of G418 in the span 

400-600 μg/mL respectively 700-900 μg/mL, also exhibit similar profiles. At the concentration 

of 1,000 μg/mL, the end point was similar to the profiles of concentrations ranging from 700-

900 μg/mL G418, however, the confluency decreases more rapidly. In Figure 7b the confluency 

was plotted against the ranging concentrations of G418, at the timepoint 5 days and 18 hours 

after starting antibiotic treatment. It can be observed that almost all LNCaP cells are dead within 

5 days and 18 hours of treating the cells with G418, with concentrations ranging from 700-1,000 

μg/mL.  

 

Figure 7: Titration of G418 for LNCaP cells. a, Time-kill curves of the LNCaP cells. The growth rate confluence was quantified 

every 6 hours for 5 days and 18 hours. Each curve represents different concentrations of G418, spanning from 50-1,000 μg/mL. 

After three days the media was replaced. b, Confluency versus concentration of G418, 5 days and 18 hours after antibiotic 

treatment. The graphs were created in GraphPad Prism version 10.01.2.  
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Next, imaging of the cells, 5 days, and 18 hours after treatment of G418, is presented in Figure 8. 
The figure display microscopy images a-f with increasing amounts of added G418 spanning from 
0-1,000 μg/mL. It can be observed that between 400 and 800 μg/mL of G418, the confluency 
changes exceedingly. In the microscopy images of the cells, the profiles of confluency over time 
in Figure 7a, and the curve in Figure 7b, the antibiotic concentrations ranging from 700-1,000 
μg/mL exhibit the highest decline in confluency after G418 treatment.   
 

 

Figure 8: Monitoring of the LNCaP cells in the Incucyte® S3 instrument, 5 days, and 18 hours post antibiotic treatment. a, The 

untreated cells. b-f, Treatment of cells with increasing amounts of G418, ranging from 200-1,000 μg/mL. The microscopy images 

were obtained using the Incucyte® S3 Software (v2022B).  

 
From these results presented of the G418 titration of the LNCaP cells, a concentration of 700 

μg/mL G418 was selected to be an appropriate and effective concentration for later antibiotic 

selection of transfected LNCaP cells. The concentration was chosen to prevent any cell growth 

of untransfected cells after applying the selection pressure and enable generation of stable pools 

expressing the dCas9-LgBiT plasmids.  
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4.2 Evaluation of Transfection Efficiency of LNCaP Cells  

4.2.1 MaxCyte® 

Herein, the results from transfecting LNCaP cells with a GFP plasmid using the MaxCyte® 

transfection system is presented. The experiment was conducted to evaluate the transfection 

efficiency in LNCaP cells. The protocol of the experiment is found in Appendix B.4.1. Varying 

concentrations of plasmid DNA was tested to assess the transfection efficiency and potential 

DNA induced toxicity of the LNCaP cells. The presented results were obtained by monitoring the 

LNCaP cells in the IncuCyte instrument for 48h post transfection. In Figure 9 and 11, different 

graphs displaying transfection efficiency and confluency of the LNCaP cells and microscopy 

images of the cells are presented. After transfection the cells failed to be evenly distributed. 

Therefore, the number of cells in each well was varying, and generally exhibited a higher density 

at the centre of each well. For this reason, the mean confluency only reached about 30%. This 

was not ideal; however, this was similar for all the wells.   

 

 
 

 

Figure 9: a, Graph of the GFP transfection efficiency at each concentration from 0-48 hours after transfection. b, The GFP 

transfection efficiency for each concentration at the timepoint 48 hours post transfection. c, Graph of the confluency at each 

concentration from 0-48 hours after transfection. d, The confluency at each concentration at the timepoint 48 hours after 

transfection. Graphs were created in GraphPad Prism version 10.01.2. 
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It could be observed that the highest concentration of plasmid DNA resulted in the highest 

transfection efficiency (Fig. 9). However, 48 hours post transfection, a concentration of 100 μg 

DNA/mL showed higher viability. At the lowest concentration of DNA, the efficiency was very 

low, although the viability was much higher 48h post transfection. At the 100 μg DNA/mL 

concentration the efficiency was high; however, the cell death was also high. These results 

suggest that a concentration between 20 μg DNA/mL cells and 100 μg DNA/mL would be the 

optimal concentration to get a high efficiency while still reducing the toxicity causing cell death.  

 

 
 

Figure 10: Transfection efficiency analysis of LNCaP cells 48 hours following transfection. a-c, Fluorescence and brightfield 

microscopy images of the cells at the different concentration of DNA. d, Untransfected control of parental cells. The microscopy 

images were obtained using the Incucyte® S3 Software (v2022B).  

 

From the microscopy images in Figure 10 it can be observed that the 100 and 200 μg DNA/mL 

concentrations exhibit similar transfection efficieny of GFP plasmid, while the 20 μg DNA/mL 

concentration is exeedingly lower and that the untransfected negative control of parental cells 

do not express any GFP. 
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4.2.2 Neon™  

Presented below are the results from the experiment described in Appendix B.4.2, where LNCaP 

cells were transfected using the Neon™ Transfection System (cat#MPK5000, Invitrogen™). The 

LNCaP cells were transfected with the dCas9-LgBiT plasmids. A GFP control and an 

untransfected control was also included in the experiment to evaluate the transfection 

efficiency.   

 

 
 

Figure 11: a, Charts of the confluency for the transfected LNCaP cells with the dCas9-LgBiT plasmids and the two controls. b, 

Graph of the transfection efficiency of the GFP control. Graphs created in GraphPad Prism version 10.01.2.  

 

The results in Figures 11 and 12 indicate that the two plasmids are toxic to the LNCaP cells, 

which can be observed from the decreased confluency and amount of dead cells in the 

microscopy images. The dead cells had deatached from the surface of the flasks and were floating 

around in the media. Compared to the GFP control with a confluency of ~80% the dCas9-LgBiT-

N-terminus and C-terminus exhibit a confluency of ~40% (Fig. 11). So, in comparison to the GFP 

control, transfections with the two dCas9-LgBiT plasmids lead to a high cytotoxicity on the 

LNCaP cells. Therefore, the evaluation of the transfection efficiency of the two dCas9-LgBiT 

plasmids is difficult to estimate. It is believed to be much lower considering the experienced 

difficulties of selecting cells stably expressing the constructs. 
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Figure 12: 72 hours post transfection analysis of LNCaP cells. a-b, Microscopy image of the GFP control with fluorescence and 

phase contrast and the untransfected control in brightfield. c, Brightfield microscopy images of the transfected LNCaP-LgBiT-

dCas9-N-Terminus and LNCaP-LgBiT-dCas9-C-Terminus. The microscopy images were obtained using the Incucyte® S3 Software 

(v2022B).  

 

From the microscopy images, it becomes evident that the confluency of the cells transfected with 

dCas9-LgBiT-N or C-Terminus have decreased excedingly 72 hours post transfection compared 

to the control of parental cells and the GFP control (Fig.12). With the transfection conditions 

described in Appendix B.4, the electroporations using the Neon™ transfection system showed 

higher efficiency in comparison to the MaxCyte® when comparing the GFP controls. For the 

Neon™ transfections, the efficiency was around 65% and for the MaxCyte® transfections, the 

efficiency was approximately 50%.  
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4.3 Generation of Cell Lines Stably Expressing dCas9-LgBiT  
 

The generated HEK-293 cell lines stably expressing dCas9-LgBiT in connection to N- or C-
terminus were negative for mycoplasma, and both showed >80% identity match for the STR 
profiling. An identity matching score above 80% indicate that the tested sample is consistent 
with the cell line of origin.   
  
In Figure 13 below, the results from the western blot of the untransfected HEK-293 cells and the 
HEK-293 cell lines stably expressing dCas9 fused to either N- or C-terminus of the LgBiT is 
presented.  
 

 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

Figure 13:  Western blot of the HEK-293, HEK-293-dCas9-LgBiT-N and C-terminus cell lines using anti-LgBiT and anti-Tubulin 

primary antibodies. The first lane contains the protein standard. The second lane contains parental HEK-293 cell lysate. The 

third and fourth lane contains cell lysates of HEK-293-LgBiT-dCas9 connected to C and N-terminus, respectively. The first range 

of bands around 50 kDa represents the tubulin protein and the second range of bands show the LgBiT fused dCas9.  The figure 

was created in GraphPad Prism version 10.01.2.  

 
The result from the western blot confirmed that the LgBiT fused dCas9 is being stably expressed 

in the genetically engineered HEK-293 cell lines (Fig. 13). Furthermore, the housekeeping 

protein tubulin, serving as a positive control, is being expressed in both the genetically 

engineered and the parental samples. 
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4.4 Initial Tests of the Developed NanoBiT® System 

Figure 14 a-c displays the outcomes of assays conducted using various combinations of reagents 

for the transient transfections. Cell lines where dCas9 was fused to either N- or C-terminus of 

the LgBiT were transfected using different amounts of STAT3-SmBiT plasmid, either 500 ng or 

1 μg. Furthermore, different sgRNAs g1-5 designed for the downstream target gene IL-23A was 

also included in the transfections. HEK-293-dCas9-LgBiT-N/C terminus cells transfected with 

STAT3-SmBiT without sgRNA were included to aid in the interpretation of specific interactions. 

Negative controls including LgBiT-N and C-terminus cells and parental HEK-293 cells were 

included in all assays. In assay c, all transfections were made in transient to assess if the cell lines 

stably expressing dCas9-LgBiT-N/C-teminus had any effect on the signal. This assay also 

included transfections with the AR-SmBiT plasmid to determine the level of nonspecific 

background noise. 

 

 
C= HEK-293-dCas9-LgBiT-C-terminus cells, N= HEK-293-dCas9-LgBiT-N-terminus cells, 500= 500 ng STAT3-SmBiT plasmid, 

1=1 μg STAT3-SmBiT plasmid, 1 AR= 1 μg AR-SmBiT plasmid, g1-5= sgRNAs designed for the downstream target gene IL-23A, 

Parental cells= HEK-293 cells. RLU: Relative light units. 

 

Figure 14: The measured luminescence of three NanoBiT® assays a-c. a, Measurements of the HEK-293-dCa9-LgBiT-C-terminus 

cell transfections with a measurement interval time of 0.1 s. b, Assay including the HEK-293-dCas9-LgBiT-N-terminus cells to 

see if any interaction could be detected using the N-terminus tagging strategy. A measurement interval time of 0.5 s. c, All 

transfections were made in transient. A measurement interval time of 0.5 s. Graphs created in GraphPad Prism version 10.01.2.  
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All measurements obtained during the initial system test are considered as background signal, 

indicating the absence of specific PPI interactions and LgBiT-SmBiT complementation. The lack 

of discernible signals suggests that TF-SmBiT did not bind in close proximity to or interact with 

dCas9-LgBiT. However, it remains uncertain whether a signal higher than background is 

anticipated when transfecting with both LgBiT and SmBiT subunits due to the fact that 

spontanous association of subunits can occur. 
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4.5 Transient Transfection Efficiency, 0-48h 

For further exploration into the absence of detected interaction or complementation of LgBiT-

SmBiT during testing of the developed NanoBiT® system, a GFP control was incorporated to 

assess transfection efficiency. The outcomes of these tests are presented in Figures 15 and 16. 

 

 
 
Figure 15: Microscopy images of HEK-293 cells transiently transfected with GFP plasmid. a, 500 ng GFP plasmid b, 1 μg GFP 

plasmid. c, Untransfected control of parental HEK-293 cells. The microscopy images were obtained using the Incucyte® S3 

Software (v2022B).  

 

From the microscopy images in Figure 15, the cells transfected with 500 ng respectively 1 μg of 

GFP plasmid show similar expression of fluorescence, while the negative control of parental cells 

show no fluorescent expression. 
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Figure 16: a, Graph of the transfection efficiency plotted against time after transfection. b, Graph of the confluency against hours 

post transfection. Graphs created in GraphPad Prism version 10.01.2.  

 

 

After transfecting with 500 ng and 1 μg of GFP plasmid, the transfections demonstrate relatively 

low efficiency, ranging from 15% to 20% (Fig. 16). Further refinement of the transfection 

protocol is advisable. In Figure 16a, both the 500 ng and 1 μg quantities exhibit similar 

transfection efficiencies. In Figure 16a it can also be observed that the cells reach their peak 

transfection efficiency around 24 to 32 hours after transfection, suggesting this timeframe as 

optimal for conducting the NanoBiT® assay. 
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4.6 Test of a Previously Developed NanoBiT® System 

It was decided to evaluate a previously established NanoBiT® system to determine if any specific 

signal could be detected. This system comprised a LgBiT plasmid and two SmBiT plasmids: 64 

and 66. One of these plasmids harbours a mutation in the SmBiT gene, which hinders the 

complementation of LgBiT-SmBiT and serves as a negative control. Additionally, these SmBiT 

plasmids included a reporter gene encoding GFP, allowing for the monitoring of transfection 

efficiency. Figures 17 and 18 illustrate the monitoring of the SmBiT transfection efficiency. 

 
 

500= HEK-293 cells transfected with 500 ng LgBiT and 64/66-SmBiT, or GFP plasmid, 1= HEK-293 cells transfected with 1 μg 

LgBiT and 64/66-SmBiT plasmid, Parental cells= HEK-293 cells. 

 

Figure 17: Monitoring of the HEK-293 cells transiently transfected with the LgBiT, SmBiT 64 and 64 constructs. a, Graph over 

the transfection efficiency b, Transfection efficiency at the timepoint 24h. c, The confluency monitored over time. Graphs created 

in GraphPad Prism version 10.01.2.  

 

The results presented in Figure 17 demonstrate that the peak transfection efficiency occurs 

between 24 to 32 hours post-transfection, suggesting that a measurement of the NanoBiT® assay 

at 24 hours post-transfection is appropriate. This corroborates the findings presented in section 

4.5. 
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500= HEK-293 cells transfected with 500 ng LgBiT and 64/66-SmBiT, or GFP plasmid, 1= HEK-293 cells transfected with 1 μg 

LgBiT and 64/66-SmBiT plasmid, Parental cells= HEK-293 cells. 

 

Figure 18: Monitoring of the transfection efficiency of the SmBiT 64 and 66 plasmids. Transfection with a GFP plasmid was also 

included. a-d, SmBiT 64 and 66 transfection efficiency. e, GFP transfection efficiency. f-g, Negative controls including HEK-293 

cells only transfected with the LgBiT and parental cells. The microscopy images were obtained using the Incucyte® S3 Software 

(v2022B).  

 

In Figure 18, the three negative controls show no fluoresent expression. The GFP control exhibit 

the highest fluorescent expression, while all the combinations of LgBiT-SmBiT shows similar, 

but a bit lower expression of fluorescence. The decreased transfection efficiency observed, in 

contrast to the previous experiment described in section 4.5, may be partially due to the cells 

being plated three days prior to transfection, instead of the typical one-day interval. This 

deviation from the standard protocol was implemented due to time constraints associated with 

the project, emphasizing the testing, and troubleshooting of the system to confirm the detection 

of LgBiT-SmBiT complementation signals. Moreover, the GFP plasmid demonstrates greater 

transfection efficiency in comparison to the SmBiT plasmids. This is likely due to the larger size 

of the SmBiT plasmids, which typically results in reduced transfection efficiency. Next, Figure 19 

illustrates the luminescent readout of the assay. 
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500= HEK-293 cells transfected with 500 ng LgBiT and 64/66-SmBiT plasmid, 1= HEK-293 cells transfected with 1 μg LgBiT 

and 64/66-SmBiT plasmid, Parental cells= HEK-293 cells. RLU: Relative light units. 

 

Figure 19: Luminescence readout of the assay. Graphs created in GraphPad Prism version 10.01.2.  

 

Despite the low transfection efficiency, a luminescent signal around 6,000-7,000 RLU was 

detected in cells transfected with 1 μg of the LgBiT and SmBiT 66 plasmids. These results 

indicate an interaction and complementation of the LgBiT and SmBiT subunits.   
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4.7 NanoBiT® Assay After Stimulating the Cells with IL-6 

Herein the results from the assay where cells were stimulated with 100 ng/mL of IL-6 (stock 

100 µg/mL) are presented. The cells were treated with IL-6 for 30 min prior to measuring the 

luminescence. The controls and transfected cells were plated in duplicate, with one well left 

unstimulated and one stimulated with IL-6. Next, the luminescence was measured at three 

different timepoints: 0h, 1.5h and 3h which can be observed in Figure 20. 

 
 

C= HEK-293-dCas9-LgBiT-C-terminus cells, N= HEK-293-dCas9-LgBiT-N-terminus cells, 1=1 μg STAT3-SmBiT plasmid, g1-5= 

sgRNAs designed for the downstream target gene IL-23A, Parental cells= HEK-293 cells. RLU: Relative light units. 

 

Figure 20: The cells were treated with IL-6 100 ng/mL. The measured luminescence at three different time points b-d. a, 

Overview of the timelines for treatment and measurements. b, Assay at the timepoint 0 h. Each sample have measured 

luminescence for unstimulated cells followed by cells stimulated with IL-6. A measurement interval time of 0.5 s. c, Assay at the 

timepoint 1.5 h. Each sample have measured luminescence for unstimulated cells followed by cells stimulated with IL-6. A 

measurement interval time of 0.5 s. d, Assay at the timepoint 3 h. Each sample have measured luminescence for unstimulated 

cells followed by cells stimulated with IL-6. A measurement interval time of 0.5 s. Graphs created in GraphPad Prism version 

10.01.2.  

 

The IL-6 stimulation did not show any notable effect on the signal. The measurements are 

interpreted as background signal, indicating the absence of specific protein-protein interactions 

and LgBiT-SmBiT complementation.  
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5 

Discussion 

5.1 Interpretation of Results 

5.1.1 Generation of Assay Reagents 

After unsuccessful antibiotic selections of LNCaP cells that stably express the dCas9-LgBiT, the 

transfection conditions and efficiency were investigated. The results from the transfection 

efficiency of LNCaP cells using the Neon™ electroporation method showed that the prostate 

cancer cells experienced higher DNA-induced toxicity from the dCas9-LgBiT plasmids than of 

the GFP plasmid. Electrotransfer of DNA into cells is an efficient method, but integration of larger 

plasmids can result in low viability and low transfection efficiency of the cells. However, the 

lengths of the GFP and dCas9-LgBiT plasmids are similar, so the toxicity issue is believed to be 

with the specific plasmids expressing dCas9-LgBiT. It is possible that the expression of the 

transgene is toxic to cell type. Overexpression of certain proteins can disrupt cellular processes 

and cause cytotoxicity. Studies in E. coli have shown that overexpression of the protein dCas9 

can be toxic and can cause morphological defects of the cells. [58, 59] 

 

Some adjustments in the transfection protocol were made and two different electroporation 

methods were evaluated. Some cells survived the selection pressure and eventually a few 

colonies formed. However, this was not enough to expand the LNCaP cells. Once the cells were 

replated, and grew sparsely, they became unhealthier the longer they were cultured. Once 

selection of edited cells failed again, it was decided to continue the project using the HEK-293-

dCas9-LgBiT stable cell lines. The transfection conditions, such as amount of DNA and 

transfection reagents, need to be further optimized for the prostate cancer cell line LNCaP. 

Furthermore, different approaches of integrating the DNA into the cells could be assessed. While 

some cell types are more sensitive to electroporations, other methods might be more efficient. 

The following review underscores the importance of considering cell type when choosing 

transfection method, as variations in cellullar properties directly influence transfection 

efficiency [48]. Biological methods such as viral transduction or chemical transfection such as 

lipofectamine could be evaluated. However, due to the time limitation of this project, it was 

decided to not continue with generating LNCaP cell lines stably expressing dCas9-LgBiT. In 

addition, the NanoBiT® assay could be assessed by transiently transfecting the LNCaP cells with 

all the constructs.  
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HEK-293 cell lines stably expressing the dCas9-LgBiT-N/C-Terminus was successfully 

established. By western blot, it could be confirmed that cell lysates of these stable pools express 

LgBiT fused dCas9. These lines were also consistent with the cell line of origin and were negative 

for mycoplasma. Having these cell lines authenticated and validated is valuable when proceeding 

with developing the assay. 

 

5.1.2 Development of the NanoBiT® Assay 

Following several cell-based assays testing different combinations of dCas9-LgBiT plasmid, TF-

SmBiT plasmid, and sgRNAs, no specific luminescent signal was detected. All measurements in 

these assays were interpreted as background signal. The absence of a luminescent signal suggest 

that the TF does not bind in close proximity to where the sgRNA guides the dCas9-LgBiT, hence 

no interaction was detected.  

 

Since this is development of a new system, which lack positive controls, troubleshooting is 

challenging. Therefore, a previously established system featuring LgBiT and two SmBiTs, serving 

as a positive and negative controls, was examined to understand what type of signals could be 

anticipated for specific interactions. One of the SmBiT plasmids contains a point mutation in the 

gene expressing SmBiT, hindering LgBiT-SmBiT complementation and thereby serving as a 

negative control. The outcome from this assay was measured luminescent signals around 6,000-

7,000 RLU in cells transfected with 1 μg of the LgBiT and SmBiT 66 plasmids. This implies an 

interaction and complementation between the LgBiT and SmBiT subunits. Based on these 

results, it is inferred that the initial tests of the developed system did not demonstrate any 

specific interactions, suggesting the need for additional testing with more sgRNAs and/or 

sgRNAs targeting promoter regions of other downstream target genes.  

 

It was decided to evaluate the assay after pre-stimulating the cells with IL-6, using a similar 

approach as described in the following study [60]. In this study they found that when IL-6 binds 

to its receptor, the IL-6R forms a complex with the epidermal growth factor receptor. This 

interaction prolongs the activation of STAT3. They quatified phosphorylated STAT3 levels using 

western blotting to demonstrate that the IL-6R and epidermal growth factor receptor 

interaction leads to sustained STAT3 activation. So, upon IL-6 binding to its receptor, it triggers 

a signalling cascade that leads to the phosphorylation and activation of STAT3. Exposing the cells 

to IL-6 results in STAT3 activation, facilitating its dimerization and translocation into the 

nucleus. This ensures that the TF of interest is in its active state, ready to bind to its target DNA 

sequences. Therefore, stimulating the cells was anticipated to increase the likelihood of 

detecting STAT3-DNA interactions. However, this assay did not show any specific interactions 

based on the assay readout. These results indicate that the TF does not bind close to the sgRNAs 

designed targeting the promoter region of the downstream target gene IL-23A.  
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5.2 Limitations 

While cell-based assays are powerful in drug discovery and in understanding cellular 

mechanisms, there are several challenges associated with these types of assays [61]. One such 

challenge is cell line variability, where cells may respond differently to the same stimulus, 

leading to variability in assay results. This variability can arise from factors such as the passage 

number. Additionally, varying cell culture conditions such as temperature, humidity, and 

nutrient availability when maintaining cells in culture can affect cell behaviour and assay 

outcomes. The assay-to-assay reproducibility, where achieving consistent and reproducible 

results across different experiments can be challenging due to inherent variability in cell culture, 

reagents, and experimental conditions. Ensuring the purity of cell lines is also crucial for reliable 

assay results and contaminations of cell lines can compromise assay outcomes. Developing cell-

based assays can be resource-intensive in terms of time, labour, and cost.  

 

Some cell-based assays are intricate, making them technically challenging to develop and 

interpret. In such instances, the inclusion of positive and negative controls is valuable and can 

assist in the result interpretation. Controls are essential for distinguishing specific interactions 

from background signals in assays. Several negative controls including parental cells, cells only 

expressing the dCas9-LgBiT construct, and cells transfected with dCas9-LgBiT and TF-SmBiT but 

without sgRNA, were included in the assays. However, the assays lacked positive controls. 

Without them, it becomes challenging to assess whether the assay is functioning correctly and 

is detecting the intended signal.  

 

The parameters for genetically modifying cell lines typically vary, and transferring the same 

conditions between different cell lines could be challenging. In certain cell types, it might be 

necessary to amplify the promoter driving the expression of the constructs. In addition, cell lines 

like LNCaP used in this project, may pose challenges for transfection. Achieving successful 

transfection in such cell models often requires careful optimization of transfection conditions 

and reagents. Preparing these necessary reagents for the assay can be a time-consuming and 

labour-intensive process, particularly when dealing with cell lines that exhibit high sensitivity 

to transfection. These considerations highlight the importance of tailoring transfection protocols 

to suit the cell line being studied. As a result, some cell lines may prove to be more difficult to 

study using the developed system. Furthermore, developing an assay based on overexpression 

of TFs pose a risk regarding preservation of the biological function. Representative cell lines 

with natural levels of TFs rather than engineered cell lines with overexpression of protein might 

be crucial in understanding and modelling disease.  

 

Another limitation of the developed system is that the design of sgRNAs targeting downstream 

target genes of the TFs can be challenging, especially if the promoter regions are not well-known. 

The endogenous promoter region of downstream targets associated with the TFs needs to be 

identified. Furthermore, TFBSs are often located in regions of the genome with high sequence 
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complexity, making it difficult to identify suitable sgRNA target sites with high specificity. 

Designing sgRNAs targeting TFBS requires an understanding of both the TF binding motifs and 

the genomic context, along with the use of computational tools to predict sgRNA efficacy and 

specificity. Today there exist several predictive tools for designing sgRNAs, ensuring high 

specificity and efficiency, while minimizing off-target effects [62-64]. Nevertheless, testing of 

only 5 guides per downstream target gene within a rather narrow range might not be successful. 

Additional testing of guides could be required to find and identify regions close to where the TF 

bind. Ideally, an identified promoter region of a downstream target gene could be scanned with 

sgRNAs covering this whole region.  

 

Utilizing luciferase enzyme split reporter systems poses challenges due to susceptibility to false 

positives and false negatives when testing compounds effect. False positives may arise from 

interference caused by luciferase inhibitors or enzymatic activity, while false negatives can 

result from compound autofluorescence. Also, spontaneous association between luciferase 

subunits can diminish the assay window for compound treatment, potentially leading to false 

positives. Additionally, once measuring the luminescent signal, it is crucial to recognize that RLU 

are not standardized across instruments, requiring caution when comparing RLU values 

between different setups. To ensure high accuracy, subtracting background from raw RLU values 

is recommended upon identification of specific interactions. 
 

5.3 Outlook 

The NanoBiT® assay could enable live cell measurements of TF-DNA interactions in real-time, 

providing dynamic insights into the kinetics and dynamics of transcriptional regulation. This 

split complementation assay is also fully reversible. In contrast, methods like ChIP typically 

provide snapshots of TF binding events. ChIP assays, notably ChIP-seq, provide valuable insights 

into TF interactions with DNA, offering moderate to high throughput. However, their practical 

throughput is constrained by the complexity of protocols and the need for sequencing. Despite 

their effectiveness, ChIP assays are costly due to reagents, antibodies, and labour-intensive 

procedures [37]. In contrast, split-reporter system assays, like split-luciferase, are highly 

adaptable to HTS, accommodating hundreds to thousands of compounds simultaneously. These 

assays are also often compatible with automated liquid handling systems, making them efficient 

and less labour-intensive. The costs associated with split-reporter assays are comparatively 

lower, primarily covering reporter constructs, cell culture, and detection reagents. These 

advantages could make split reporter systems a valuable complement to traditional methods 

like ChIP, SELEX, EMSA and PBMs in the study of TF-DNA interactions. 

The NanoBiT® technology has been applied in numerous studies, demonstrating its versatility 

and sensitivity across various biological applications. One study employs a CRISPR-Cas9-based 

split luciferase biosensor with NanoBiT® to image unique DNA sequences in individual cells, 

enabling precise, real-time visualization of genetic elements [65]. Another study uses NanoBiT® 
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to track membrane protein trafficking, essential for drug discovery and development, by 

monitoring protein movement and localization in response to drug candidates [66]. 

Additionally, the technology has been used to study the localization and interaction of AR and its 

splice variant AR-V7. Tagging these proteins with split luciferase fragments allows researchers 

to observe homo- and heterodimer formation, providing insights into their physiological and 

pathological roles [67]. Split NanoLuc technology has also been employed in research that 

quantifies interactions between the PII protein and its partners, revealing transient interactions 

with unprecedented sensitivity [68]. Another study demonstrated that optimization of 

NanoBiT® enhances its ability to measure protein interactions within cells, detecting even 

transient and weak interactions with high sensitivity and quantitative accuracy [69]. The 

NanoBiT® technology can significantly advance biological research and therapeutic 

development and holds potential for additional applications that have yet to be explored. 

 

In the development of the system in this study the next step should be to test more sgRNAs and 

sgRNAs targeting promoter regions of different downstream target genes. Subsequently, the TF-

SmBiT plasmids should be verified. By using e.g., sanger sequencing it can be confirmed that the 

constructs are correct and that the assay reagents are accurate.  

 

Once specific interactions of TF-DNA binding are identified, it is advisable to incorporate tool 

compounds that modulate PPIs in a dose-response fashion during assay development. 

Employing these compounds as controls can confirm the functionality of the assay and improve 

its efficacy. Confirmation of a specific interaction can be achieved by observing the anticipated 

change in luminescence following treatment with a tool compound.  

 

The developed assay is anticipated to be applicable using different cell models and TFs. Further 

cell models and TFs should be evaluated to confirm that the assay can be adapted for different 

cell lines and TFs. In addition, any DNA binding protein, like scaffolding proteins, could also be 

compatible with this assay which can be explored in future studies.  
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6 

Conclusion 

This project was undertaken to develop a novel assay for quantifying TF-DNA interactions 

levering a split-reporter system and luminescence measurement. Stable HEK-293 cell lines 

expressing dCas9 in connection to either the N- or C-Terminus of the LgBiT were established 

and confirmed through western blots. After all assay reagents were generated the NanoBiT® 

assay was developed. Specific interactions were not demonstrated during initial testing with the 

first range of sgRNAs. However, despite its exploratory nature, this study provides some insight 

into the potential applications of the developed system. By designing and testing more sgRNAs 

and sgRNAs targeting other downstream target genes, the developed system holds promise for 

efficiently assessing TF-DNA binding in high throughput, identifying TFBSs, and evaluating 

compound effects on TF-DNA interactions. Nevertheless, additional validation is crucial to 

ensure the assays reliability and suitability for future studies. Future research should focus on 

exploring the assays versatility and compatibility with various cell models and TFs. 

Furthermore, testing tool compounds is essential to confirm the systems functionality and 

sensitivity in identifying compound effects on TF-DNA binding. These steps will contribute to 

enhancing the understanding and utility of the developed assay. 
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A 

Plasmid Maps 

This appendix provides detailed maps of the vectors constructed for this project. 
 

A.1 dCas9-LgBiT 

A map of the 6,237 bp cloning vector used to generate the dCas9-LgBiT-N/C-terminus plasmids 

is provided in Figure A.1 below. The plasmid was constructed using the mammalian expression 

pIRES backbone. The final dCas9-LgBiT-N/C-terminus plasmids contain sequences encoding the 

CMV promoter, dCas9, the LgBiT and a neomycin resistance cassette. The plasmid also encodes 

motifs such as an ampicillin resistance cassette, terminators, the pUC origin of replication, and 

contain a Kozak sequence, initiating protein translation of mRNA transcripts.  

 

                                  

 

Figure A.1: Map over the dCas9-LgBiT cloning vector. The final plasmid contains coding sequences for the CMV promoter, dCas9, 

the LgBiT and a neomycin resistance. Vector created in Geneious version 2023.1 created by Biomatters. Available from 

https://www.geneious.com.   

https://www.geneious.com/
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A.2 TF-SmBiT 

In Figure A.2.1 the 7,864 bp AR-SmBiT vector with the pRP expression vector backbone is 

shown. It was designed to include a sequence encoding the EF-1α promoter which drives 

expression of the gene of interest, in this case the SmBiT connected to AR via a GGGS linker. The 

vector also includes a Kozak consensus sequence which facilitates translation initiation. 

Following the coding sequence is the SV40 late pA which terminates transcription of the 

upstream ORF (open reading frame). Then the CMV promoter drives expression of a 

downstream marker gene, in this case an antibiotic resistance gene for puromycin. Next is the 

BGH pA motif which terminates transcription of the upstream ORF. Lastly, the vector includes 

the pUC origin of replication enabling a high copy number and replication in E. coli and a 

sequence expressing the ampicillin resistance gene.  

 

 
 

Figure A.2.1: Plasmid map overviewing the elements of the AR-SmBiT plasmid. The plasmid contains coding sequences for the 

EF-1α promoter, SmBiT, AR, terminators, CMV promoter, a puromycin resistance cassette, pUC origin of replication and an 

ampicillin resistance marker. Vector created in Geneious version 2023.1 created by Biomatters. Available from 

https://www.geneious.com. pRP[Exp]-Puro-EF1A>hAR, was constructed and packaged by VectorBuilder. The vector ID is 

VB231017-1379qcd, which can be used to retrieve detailed information about the vector on https://www.vectorbuilder.com.     

https://www.geneious.com/
https://www.vectorbuilder.com/
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In Figure A.2.2, an overview of the STAT3-SmBiT-C-Terminus with a pRP expression vector 

backbone can be observed. The plasmid is 7,411 bp and contains sequences expressing the EF-

1α and CMV promoters, puromycin and ampicillin resistance cassettes, a Kozak sequence, and 

the pUC origin of replication. The vector also contains coding sequences of STAT3, a linker and 

the SmBiT. Further, the vector includes expression of SV40 late pA and BGH pA, responsible for 

termination of transcription and addition of a PolyA tail to the mRNA transcripts.  

 

 
 

Figure A.2.2: Plasmid map overviewing the elements of the STAT3-SmBiT plasmid. The plasmid contains coding sequences for 

the EF-1α promoter, SmBiT, STAT3, terminators, CMV promoter, a puromycin resistance cassette, the pUC origin of replication, 

and an ampicillin resistance marker. Vector created in Geneious version 2023.1 created by Biomatters. Available from 

https://www.geneious.com. pRP[Exp]-Puro-EF1A>hSTAT3, was constructed and packaged by VectorBuilder. The vector ID is 

VB231024-1317vkw, which can be used to retrieve detailed information about the vector on https://www.vectorbuilder.com.  

https://www.geneious.com/
https://www.vectorbuilder.com/
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B 

Additional Laboratory Protocols and Reagents 

In this appendix, general protocols, and detailed laboratory procedures for different 
experiments throughout this project are presented.  
  

B.1 Techniques for Culturing and Maintaining Mammalian Cells 
in Vitro  

Herein, general guidelines that were used for maintaining and handling mammalian cells in vitro, 

are presented. This includes thawing, dissociation, passage, and cryopreservation of cells. All 

laboratory work for growing mammalian cells was according to aseptic techniques to prevent 

any contaminations. Personal protective equipment (PPE) was used, which includes usage of 

gloves, safety goggles, lab coats, and shoe covers. The experimental work was conducted in 

laminar-flow (LAF) hoods. These are biohazard cabinets certified for Level II handling of 

biological material. All reagents and equipment that might encounter cells were wiped with 70% 

ethanol prior to bringing them into the sterile environment in the LAF-bench. In the LAF-bench, 

a vacuum pump with an aspiration inlet was used to aspirate reagents and cell suspensions. To 

monitor the cells, an inverted microscope with a magnitude of 10-100X was used. Moreover, to 

measure the cells density, viability, diameter, and number of cells in aggregates, the automatic 

cell counter ChemoMetec NucleoCounter® NC-3000™ was used. For long-time cryopreservation, 

cells were stored in -150°C liquid nitrogen freezer. For storing sensitive reagents, a -80°C freezer 

was used and for storing media and other reagents, a refrigerator 2-8°C was used.  

  

When growing mammalian cells, a complex media for the cell type is required to achieve an 

optimal combination of nutrients, growth factors, hormones, and attachment factors. For the 

HEK-293 cells, DMEM/F-12, GlutaMAX™ (Gibco™, cat#10565018) supplemented with 10% FBS 

was used. For the LNCaP cells, RPMI 1640 Medium (Gibco™, cat#21875034) supplemented with 

10% FBS was used. The cells were grown in Corning®Costar® Cell Culture Flasks (T-25-225) 

(Costar®, cat#430639, 430641U, 431080, 431082) for optimal cell attachment. This adherence 

to a surface provides optimal cell division and growth. The flasks come in a variety of sizes and 

some general guidelines for flask volumes of different reagents and flask sizes can be found in 

Table B.1. The cells were grown in incubators, which provided a sterile environment. The 

incubators were set to 37°C, 5% CO2, and 95% RH for optimal pH levels and growth conditions. 

To pre-heat media and other reagents water baths filled with Lab Armor Beads at 37°C were 

used. A media change of cultivated cells is done to replenish nutrients and keep the correct pH 

level. Generally, the media was changed every 2-3 day for cells in cultivation.  
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Table B.1: List of reagents and the optimal volumes used for culturing and maintaining mammalian cells in different flask 
formats, varying from 25-225 cm2.  
  

Flask size 

(cm2) 

PBS volume 

(mL) 

Accutase volume 

(mL) 

Media volume 

(mL) 

Culturing volume 

(mL) 

T-25 5 0.5 4.5 5 

T-75 10 1 9 15 

T-175 15 3 12 40 

T-225 20 4 16 50 

  

B.1.1 Thawing of Cells  

Medium, specific for the cell type, supplemented with 10% FBS and a 50 mL conical tube with 

Milli-Q® water were pre-heated at 37°C. Next, the cryo-vial with cells were taken from the -150°C 

freezer and was instantly placed in the conical tube with warmed Milli-Q® water for about 1 

minute until about 80% thawed. The vial was wiped with 70% ethanol and brought into the LAF-

bench. 1 mL of cells were transferred to 9 mL of warm medium in a conical tube. The cryo-vial 

was rinsed with medium to ensure all cells were transferred. Next, the cell density was measured 

using the ChemoMetec NucleoCounter® NC-3000™. The conical tube was centrifuged at 250 × g 

for 5 min, to remove any dimethyl sulfoxide (DMSO). The supernatant was discarded, and the 

pellet was resuspended in the appropriate amount of medium according to the flask type and 

seeding density.   

  

B.1.2 Dissociation and Passaging of Cells  

When the cells have reached a confluency of approximately 70%, the cells should still be in the 

log phase of growth and need to be passaged to maintain health and propagation. To detach the 

cells from the adherence of the flask enzymatic methods can be utilized. First, the media was 

aspirated, and the cells were washed with PBS pH 7.4 (Gibco™, cat#10010015) to remove any 

access FBS. The PBS was aspirated and StemPro™ Accutase™ Cell Dissociation Reagent (Gibco™, 

cat#10565018) was added. The flask was rolled to ensure all cells were covered, and then 

incubated at 37°C, under 5% CO2, and 95% RH for 5-10 min. A microscope was used to visualize 

if all cells had properly detached. The flask was gently tapped on a solid surface to further detach 

the cells If needed. The dissociation reagent was neutralized by adding media containing FBS. 

After cell dissociation the cells were transferred to a conical tube. An aliquot was taken to 

measure the cell density using the ChemoMetec NucleoCounter® NC-3000™. Based on the 

measured number of cells, the volume of cells required to get the appropriate seeding density 

for the flask size was calculated. A new flask was seeded with the number of cells and fresh 

media. The passage number was written on the flask to keep track of the numbers of sub-

cultures the cells have gone through.  

  



 
 

 
B. Additional Laboratory Protocols and Reagents 

 

VI 
 

B.1.3 Cryopreservation of Cells  

Freezing media was prepared according to the following ratio: 8% DMSO (Sigma-Aldrich, 

cat#D2438), 10% FBS and 82% media (supplemented with 10% FBS) and was placed in the 

fridge. Labels containing the name of the cell line, number of cells in each vial, passage number 

and the date of cryopreservation were also prepared. The cells were detached according to the 

cell dissociation protocol B.1.2. Next, the cell density was determined using the ChemoMetec 

NucleoCounter® NC-3000™. The volume of cells to be cryopreserved was calculated and added 

to a conical tube. Next, the conical tube was centrifuged at 250 × g for 5 min to harvest the cells. 

The supernatant was aspirated, and the pellet was resuspended in the calculated volume of 

chilled freezing media. 1 mL of cells were aliquoted in each Nunc™ Biobanking and Cell Culture 

Cryogenic Tube (Thermo Scientific™, cat#374081). Next, the cryovials were stored in a freezing 

container, ensuring a controlled freezing rate of approximately -1°C/min, and placed in the -80°C 

freezer overnight. The next day, the cryovials were transferred to the liquid nitrogen -150°C 

freezer, for long-time storage.    
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B.2 Plasmid Preparation  

B.2.1 Bacterial Transformation and Plasmid Expansion  

One Shot™ TOP10 Chemically Competent E. coli (Invitrogen™, cat#C404003) was transferred 

from the -80°C freezer to ice for 15 min until thawed. 50-100 ng of plasmid DNA was added 

directly to the cells, and they were incubated for 30 min on ice. Next, the cells were heat chocked 

for 30 sec at 42°C. The cells were transferred back on ice for a 2 min incubation. 200 μL of LB 

media was added to the transformed cells and the starter culture was placed in a shaking heating 

bock at 37°C and 225 rpm for 60 min. After incubation, the starter culture was added to a pre-

heated LB agar plate containing carbenicillin. The cells suspension was spread using 

ColiRollers™ Plating Beads (Novagen®, cat#71013). The plate was incubated over night at 37°C, 

facing downwards to avoid desiccation of the agar. Next morning, a single colony was picked and 

inoculated in 5 mL LB media supplemented with 1,000X carbenicillin (stock 50 mg/mL) to make 

a mini culture. After 8 hours, 1 mL of mini culture and LB media supplemented with 1,000X 

carbenicillin was used to prepare a 130 mL culture. The flask was placed in a shaking incubator 

overnight at 37°C and 225 rpm. The next day, the plasmid DNA had been expanded and was 

ready for isolation.  

  

B.2.2 Plasmid Purification   

B.2.2.1 AmMagTM Quatro System  

Some of the plasmids were purified using the automated AmMagTM Quatro System (GenScript, 

cat#D00019) and the AmMagTM Quatro Plasmid Purification Kit Maxi 24 prep (GenScript, 

cat#L00943-24). First, the GeneScript Quatro tube was pre-weighed. The overnight E. coli 

culture was transferred to the GeneScript Quatro tube and was centrifuged at 4000 × g for 15-

20 min. The supernatant was discarded, and the tube was weighed again to get the weight of the 

pellet, that should be within the range of 1-1.5 g. 1 mL of Milli-Q® was added to the tube, and it 

was vortexed to fully resuspend the bacterial pellet. The tube was then loaded into the 

automated AmMagTM Quatro system together with the other reagents, following the vendors 

manual [70]. When the program was finished, the collecting tube was centrifuged at 4000 × g for 

20 min. The column inside of the collecting tubes was discarded and the purified plasmid was 

transferred to a 1.5 mL microcentrifuge tube and stored in the fridge prior to measuring the 

plasmid concentration.  

  

B.2.2.2 QIAGEN® Plasmid Plus Maxi Kit  

The QIAGEN® Plasmid Plus Maxi Kit (QIAGEN, cat#12963) was used for purification of the 

plasmids. The purification was conducted according to the protocol QIAGEN® Quick-Start 

Protocol [71]. First, the cells were harvested by centrifugation for 15 min at 6000 × g and 4 °C. 

Subsequently, the bacterial pellet was resuspended in 5 mL of Buffer P1.  5 mL of Buffer P2 was 
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added and mixed by vigorously inverting the tubes 4-6 times. The tubes were incubated at room 

temperature for 3 min. 5 mL of Buffer S3 was added to lysate the cells and the tubes was mixed 

immediately by vigorously inverting the tubes 4-6 times. Next, the lysate was transferred to the 

QIAfilter cartridge, and was incubated at room temperature for 10 min. During incubation, the 

QIAGEN Plasmid Plus spin columns were placed into the QIAvac 24 Plus (QIAGEN, cat#19413). 

Then the tube extenders were inserted into each of the columns. The plunger was gently inserted 

into the QIAfilter cartridge, and the cell lysate was filtered into a new tube, that allowed for the 

addition of Buffer BB. 5 mL of Buffer BB was added to the tube to clear the lysate and the tube 

was mixed by vigorously inverting it 4-6 times. Next, the lysate was transferred to a QIAGEN 

Plasmid Plus spin column with a tube extender attached on the QIAvac 24 Plus. Approximately 

300 mbar of vacuum was applied until the liquid had been drawn through the columns. The 

vacuum was then switched off. 700 μL of Buffer ETR was added to wash the DNA and vacuum 

was applied until all liquid had been drawn through. 700 μL of Buffer PE was then added to the 

columns and vacuum was applied until all liquid has been drawn through. The vacuum was then 

switched off. To completely remove the residual wash buffer, the QIAGEN Plasmid Plus Maxi spin 

column was placed into a 2 mL collection tube and was centrifuged at 10,000 × g for 1 min in a 

tabletop microcentrifuge. Lastly, to elute the DNA, the QIAGEN Plasmid spin column was placed 

into a clean 2 mL tube. 50-400 μL of Nuclease-Free Water (Ambion™, cat#AM9937) was added 

to the centre of the spin column, it was set to stand for >1 min, and was then centrifuged at 

10,000 × g for 1 min.   

  

B.2.2.3 Plasmid Quantification  

The day after the plasmid purification, the plasmid concentration was quantified using the 

Implen NanoPhotometer® N50. First a blank sample was measured using 1 μL of Nuclease-Free 

Water (Ambion™, cat#AM9937). Next, the plasmid concentration was quantified by adding 1 μL 

of DNA onto the pedestal.  
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B.3 Geneticin™ Titration of LNCaP Cells   

Mammalian cell lines vary in sensitivity of antibiotics. Therefore, it is always preferred to 

conduct a dose response experiment in which cells are subjected to increasing amounts of 

antibiotics, when working with new cell lines and different types of antibiotics. The dose 

response experiment is performed to determine the minimum concentration of antibiotics 

needed to kill off untransfected cells efficiently and generate stable cell lines. In this project an 

antibiotic killer curve was conducted for the LNCaP cells to determine the concentration of 

antibiotic for later selection of the transfected cells.  

  
The cells were transfected with a vector containing a marker for neomycin resistance, so the 

antibiotic G418 was used in this experiment. LNCaP cells were harvested at ~70% confluency, 

according to the dissociation protocol B.1.2, a day prior to antibiotic addition. The cell density 

was determined using the ChemoMetec NucleoCounter® NC-3000™. Next, the cells were plated 

to 30,000 cells/cm² in a 24-well (1.9 cm²/well) Corning® Costar® TC-Treated Multiple Well Plate 

(Corning®, cat#3524). The cells were diluted in RPMI 1640 medium (Gibco™, cat#21875034) 

supplemented with 10% FBS, to plate 0.5 mL of cell suspension per well. The plate was placed 

in the incubator at 37°C, under 5% CO2, and 95% RH. The next day, RPMI 1640 medium 

supplemented with 10% FBS, containing increasing amounts of Geneticin™ Selective Antibiotic 

(G418 Sulfate) (50 mg/mL) (Gibco™, cat#10131027), was prepared in 1.5 mL microcentrifuge 

tubes according to Table B.3.   
 

Table B.3: Presented is the dilution of the G418 stock-solution (50 mg/mL) with RPMI 1640 medium. From this 1,000 µg/mL 
solution, further dilutions were made to generate different concentrations of G418, ranging from 50-1,000 µg/mL.  
  

G418 Stock (50 mg/mL) 

(µL) 

Media (µL) Final Volume (µL) Final G418 concentration 

(µg/mL) 

200 9,800 10,000 1,000 

G418 (1 mg/mL) (µL) 
Media (µL) Final Volume (µL) 

Final G418 concentration 

(µg/mL) 

1,200 0 1,200 1,000 

1,080 120 1,200 900 

960 240 1,200 800 

840 360 1,200 700 

720 480 1,200 600 

600 600 1,200 500 

480 720 1,200 400 

360 840 1,200 300 

240 960 1,200 200 

120 1,080 1,200 100 

60 1,140 1,200 50 

0 1,200 1,200 0 
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The media from the wells were aspirated and 0.5 mL of fresh RPMI 1640 media containing 

increasing amounts of G418 was added. The range of concentrations were plated in duplicates 

and a non-antibiotic control containing only RPMI 1640 media and cells was also plated. The 24-

well plate was placed in the Sartorius Incucyte® S3 instrument for live-cell monitoring. After 3 

days the media was replaced with new fresh media with increasing concentrations of antibiotic 

with accordance to Table B.2. After a few more days, approximately a week after antibiotics 

treatment, the antibiotic kill-curve was terminated using the Incucyte® S3 Software (v2022B).  
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B.4 Transfection Efficiency Evaluation of LNCaP Cells   

The transfected LNCaP cells was not successfully selected after G418 treatment, when using the 

same transfection protocol as for the HEK-293 cells. Once repeated, using lower amounts of 

plasmid DNA, the selection failed once again. Therefore, some experiments were conducted to 

determine the transfection efficiency. A GFP plasmid was used at varying concentrations and 

electroporations were performed using the MaxCyte®.  In parallel, another electroporation 

method, the Neon™, was also tested in order to generate stable LNCaP-dCas9-LgBiT-N/C-

Terminus cell lines. The GFP plasmid used in these experiments were kindly gifted by Susanna 

Engberg. 

  

B.4.1 MaxCyte® Electroporation 

The MaxCyte® transfections with the GFP plasmids were conducted following the protocol 

described in section 3.1.3.1 of the thesis, with some minor adjustments. In this experiment, 

smaller electroporation cuvettes, OC-100, were used. The cells were therefore resuspended in 

50 µL of MaxCyte® buffer. Furthermore, different concentration of GFP plasmid (1.6 µg/mL) was 

used for the transfections: 20, 100 and 200 µg/mL of cell suspension. An untransfected control 

was also included in the analysis.  

  

After the 15 min incubation of the transfected cells and dilution in media, 0.5 mL cell suspension 

were plated in each well of a 24-well plate according to Table B.4.1. The plate was then placed 

in the IncuCyte for live-cell analysis and the fluorescence was measured every sixth hour for 72 

hours.  

  
Table B.4.1: Plating of the cells in a 24-well plate to evaluate the transfection efficiency of the LNCaP cells using the MaxCyte®. 
Electroporator  
   

1 2 3 4 5 6 

A 

20 μg/mL cells 20 μg/mL cells 20 μg/mL cells 20 μg/mL cells 20 μg/mL cells 20 μg/mL cells 

B 100 μg/mL 

cells 

100 μg/mL 

cells 

100 μg/mL 

cells 

100 μg/mL 

cells 

100 μg/mL 

cells 

100 μg/mL 

cells 

C 200 μg/mL 

cells 

200 μg/mL 

cells 

200 μg/mL 

cells 

200 μg/mL 

cells 

200 μg/mL 

cells 

200 μg/mL 

cells 

D Untransfected 

control 

Untransfected 

control 

Untransfected 

control 

Untransfected 

control 

Untransfected 

control 

Untransfected 

control 
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B.4.2 Neon™ Electroporation 

Prior to transfection, the LNCaP cells were plated to reach ~70% confluency on the day of 

transfection. The cells were detached according to the dissociation protocol, diluted in RPMI 

1640 Medium + 10% FBS (Gibco™, cat#21875034), and the cell density was measured. The 

required volume of cell suspension was calculated and transferred to a conical tube for 

centrifugation at 250 × g for 5 min, to harvest the cells. 400,000 cells were prepared for each 

transfection. The supernatant was discarded, and the cells were washed with PBS (Gibco™, 

cat#10010015) and once again centrifuged at 250 × g for 5 min. A Nunc™ Poly-D-Lysine Coated 

24-well plate (Thermo Scientific™, cat#152025) was prepared by adding 490 μL of media to each 

well, and it was placed in the incubator. The Neon™ Transfection System 10 μL Kit (Invitrogen™, 

cat#MPK1025) was used to conduct the electroporations. The pellets were resuspended in 80 

μL of buffer R. Next, DNA, Buffer R, and cell suspension was prepared in tubes according to Table 

B.4.2.1 below. The tubes were prepared with reagents for four electroporations: Three reactions 

to plate triplicates, including one extra reaction to account for dead volumes.   

  
Table B.4.2.1: Calculated volumes of reagents for four reactions using the Neon™ electroporator. 
  

Cells DNA (μL) Buffer R (μL) Cell suspension (μL) Total volume (μL) 

Untransfected 

Control 

0 20 20 40 

dCas9-LgBiT-N-

Term 

5.4 14.6 20 40 

dCas9-LgBiT-C-

Term 

4.2 15.8 20 40 

GFP Control 1.2 18.8 20 40 

  
Next, 3 mL of electrolytic buffer E was prepared in a tube and placed in the electroporator. The 

10 μL pipette tips were used to electroporate the controls and samples using the following 

protocol: Pulse voltage: 950V, pulse width: 30 ms and pulse number: 2 pulses. After successful 

electroporation the cells were immediately seeded into the corresponding wells of the Poly-D-

Lysine plate according to Table B.4.2.2.   
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Table B.4.2.2: Plating of the cells in a 24-well plate to evaluate the transfection efficiency of the LNCaP cells using the Neon™ 
electroporator. 
   

1 2 3 4 5 6 

A 
   

dCas9-LgBiT-

N-Term 

dCas9-LgBiT-

N-Term 

dCas9-LgBiT-

N-Term 

B 
   

Untransfected 

Control 

Untransfected 

Control 

Untransfected 

Control 

C GFP Control GFP Control GFP Control 
   

D dCas9-LgBiT-

C-Term 

dCas9-LgBiT-

C-Term 

dCas9-LgBiT-

C-Term 
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C 

Safety-, Ethical- and Environmental Disclosures 

In this appendix, the safety-, ethical- and environmental aspects of this master’s thesis project 

are addressed. AstraZeneca have identified internal policies, standards and procedures for 

safety, health, and environment, called SHE, which have been used as guidelines throughout this 

thesis project.  

 

C.1 Safety Aspects 

Safety routines at AstraZeneca are updated with accordance to the Swedish legislation, EU 

directives and regulations from the Swedish Work Environment Authority. All researchers and 

other personal working in the labs at AstraZeneca must undergo mandatory trainings prior to 

working in the labs with biosafety levels 1 and 2. Personal are also obligated to undergo 

additional individual courses depending on the laboratory work that will be performed.  

 

In all labs where experimental work was performed throughout this project, PPE were 

obligatory, which protects all personal from the potentially hazardous agents. The safety 

equipment of the laboratory work included a combination of primary barriers such as LAF 

benches, PPE, and enclosed containers for potentially contagious waste. The liquid biological 

waste was disposed by using the vacuum system in the LAF-benches. This vacuum system in the 

LAF benches is connected to a liquid waste bin. When assembling new liquid waste bin, 20 mL 

of Pursept® (Schülke) is added. Additionally, 20 mL of Pursept® is added prior to disposing of 

the liquid waste, to eliminate any biological materials. All biological waste from the cell labs is 

disposed of as risk class 2, and all solid waste that have been in contact with cells must be 

enclosed inside a LAF-bench prior to disposing of it in the biological waste bins. Furthermore, 

all wastebins are labelled as contagious material.  

 

A general risk assessment for the laboratory work in this project was outlined. The risk 

assessment covers handling of hazardous chemicals and biological agents, and handling of 

laboratory equipment and instruments. In Table C.1, potentially hazardous chemical agents used 

in the experimental work throughout this project are listed. Furthermore, risk assessments were 

outlined in this project for the established genetically engineered cell lines. 
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Table C.1: List of potentially hazardous chemical agents used in the laboratory work throughout this project. The table lists the 

reagents followed by risk declaration, reference, and additional safety precautions. 

 

Reagent Risk Declaration Reference Additional Safety Precautions 

 

Pursept® 

 

Pursept® can 

cause irritation to 

the skin, eyes, and 

respiratory 

system upon 

contact or 

inhalation. 

 

SDS Sigma-

Aldrich 

 

Wear PPIs, including lab coat, 

gloves, and safety goggles. Avoid 

inhalation and contact with skin 

and eyes. Work with Pursept® in 

a well-ventilated area or under a 

fume hood to minimize 

exposure to vapours. 

 

DMSO 

 

DMSO can cause 

irritation to the 

skin, eyes, and 

respiratory 

system upon 

contact or 

inhalation. 

 

SDS Sigma-

Aldrich 

 

 

Wear PPIs, including lab coat, 

gloves, and safety goggles. Avoid 

inhalation and contact with skin 

and eyes. Work with DMSO in a 

well-ventilated area or under a 

fume hood to minimize 

exposure to vapours. 

 

C.2 Ethical Aspects 

The immortalized cell lines used in this project are commonly used and no ethical approval was 

required for working with them. The cell lines were genetically engineered; however, this did 

not add any additional aspects regarding ethical approval.   

 

C.3 Environmental Aspects 

In this project, single-use plastic was frequently used in the laboratory work and was one of the 

major contributors affecting the environment. This included the usage of e.g., plastic tubes, 

pipette tips, and culturing flasks/plates. It is not possible to eliminate this usage of plastics in the 

laboratory work. However, careful planning of experiments in advance helps to minimize the 

single-use plastics. Further environmental aspects are the high energy- and water consumptions 

associated with the experimental work. One way to decrease this consumption is to, if possible, 

turn off instruments when they are not in use. Another important environmental aspect is the 

waste handling and disposal of material that have been in contact with hazardous biological and 

chemical agents, to ensure these are not released into the environment.   
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D 

Supplementary Results 

In this appendix, supplementary data of the thesis project is presented, providing additional 

results, which were not included in the main text.  

 

D.1 Plasmid Concentrations and OD Ratios 

High-quality DNA is characterized as having an OD260/280 ratio between 1.8-2.2, and an OD260/230 

ratio of 1.8–2.2. In Table D1 below, the measured value of plasmid concentrations and different 

OD ratios of the plasmids generated in this project are presented.   

  
Table D.1: The measured plasmid concentrations (ng/μL), and OD260/280 and OD260/230 ratios of the different plasmids.   

  

Plasmid Concentration (ng/μL) OD260/280 OD260/230 

dCas9-LgBiT-N-Term 369.2 1.868 1.719* 

dCas9-LgBiT-C-Term 470.8 1.900 1.786* 

STAT3-SmBiT-C-Term 1193 1.947 2.363* 

AR-SmBiT-N-Term 675.3 1.947 2.411* 

  

All the OD260/230 ratios were outside the range to be considered as high-quality DNA. An OD260/230 

below 1.8 could suggests contamination with organic compounds such as phenol, carbohydrates, 

or salts. Furthermore, a ratio above 2.2 could indicate the presence of RNA contamination or 

other substances like guanidine thiocyanate. Another potential reason for the ratios falling out 

of the range could be residual contaminants on the surface of the pedestal, leading to inaccurate 

measurements. 
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D.2 sgRNA Design 

After identifying the downstream target genes and conducting the bioinformatical analysis in R, 
the following sgRNAs presented in Table D.2 were chosen for this project. The two identified 
downstream target genes of STAT3 were: IL-23A and NFΚB1. For each downstream target gene, 
5 sgRNAs were designed. The sgRNAs were selected based on the relative scores and adjusted 
p-values. These sgRNAs, together with a scrambled sgRNA were then ordered to be synthesized 
by Sigma-Aldrich.  
  
Table D.2: Identified downstream target genes associated with STAT3, retrieved sgRNA sequence, followed by the PAM 

sequence. 

  

Guide Guide sequence PAM 

IL23A:1 5’-CACUCGAUGUUGCAUCAUGG-3’ 5’-AGG-3’ 

IL23A:2 5’-UUCGACUACCCAGAACUCCU-3’ 5’-GGG-3’ 

IL23A:3 5’-GGAGACGUUGUACACAAGUA-3’ 5’-AGG-3’ 

IL23A:4 5’-ACUCGAUGUUGCAUCAUGGA-3’ 5’-GGG-3’ 

IL23A:5 5’-GCCCGUUUAUUCCUAAUAGG-3’ 5’-GGG-3’ 

NFΚB1:1 5’-GUAUGCUCUCUCGACGUCAG-3’ 5’-UGG-3’ 

NFΚB1:2 5’-UGCGUUCCCCGACCAUUGAU-3’ 5’-UGG-3’ 

NFΚB1:3 5’-CCCUUAGGGGCUAUGGACCG-3’ 5’-CAU-3’ 

NFΚB1:4 5’-CCCGTTGTAAGCTGTTCAGT-3’ 5’-CGG-3’ 

NFΚB1:5 5’-UAUGCUCUCUCGACGUCAGU-3’ 5’-GGG-3’ 

Scramble        

sgRNA 

5’-GAUCCGCUGGGCGGUGUUCAGCU-3’ - 

 
In Figure D.2 the localizations in the genome of the sgRNAs designed targeting the promotor 
region of the downstream gene IL-23A are presented. The sgRNAs are located within a 1.5 kb 
region, with three of the guides situated close in the genome. Two of the guides, sgRNA1 and 
sgRNA4, are also overlapping and only differs in one nucleotide. 

 

 

 
 

Pink: sgRNA1, Orange: sgRNA2, Green: sgRNA3, Yellow: sgRNA4, Blue: sgRNA5 

 

Figure D.2: An overview of the sgRNAs 1-5 localization in the genome. sgRNA 1 and 4 are overlapping. These guides were 

designed targeting the promoter region of the STAT3 downstream target gene IL-23A. NCBI Reference Sequence: NC_000012.12. 
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