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1. Introduction 

1.1 The Colon 

The colon is a crucial part of the digestive system in higher multicellular organisms, 

including humans [1]. It is located between the small intestine and the rectum. 

Primarily, the large intestine absorbs water and electrolytes from undigested food, 

consolidates waste materials, and facilitates the elimination of solid waste from the 

body [2,3]. The tube-like colon typically measures about 1.5 to 1.6 meters in length in 

adults. It is subdivided into the following functional parts: the cecum (including the 

appendix); the colon; the rectum; and the anal canal [4].  

The cecum and the appendix are two distinct anatomical structures located at the 

lower right quadrant of the abdomen (Fig. 1). The cecum is the pouch-like structure 

that designates the start of the large intestine [5]. It receives undigested food material 

from the small intestine. The cecum serves as the reservoir for the arriving material, 

allowing for further absorption of water and electrolytes and the fermentation of certain 

vegetable fibers by the resident gut microbiota [6]. The appendix, on the other hand, is 

a small, finger-like projection that extends from the cecum. Although often considered 

a vestigial organ with no apparent function, studies suggest the appendix plays an 

important role in the immune system [7]. The appendix has been shown to have high 

concentrations of lymphatic cells and, therefore, is believed to constitute a part of the 

gut-associated lymphoid tissue [8]. It is also hypothesized that the appendix serves as 

a reservoir for gut bacteria, allowing for the recolonization of the intestine after 

infections or disruptions during an immune reaction [6]. 

The colon, which constitutes the largest portion of the large intestine, plays a 

prominent role in the reabsorption of water and vital nutrients from fecal matter. The 

mucosa, the innermost layer of the colon, consists of a surface lined with enterocytes, 

specialized epithelial cells that possess microvilli, increasing the absorptive and 

secretory surface area [9]. These cells collectively form a crypt-like macrostructure, 

further expanding the colon's surface area. Overlying the epithelial cell layer is a mucus 

layer primarily composed of densely packed glycoproteins called mucins. Goblet cells 

secrete mucins, which form a gel-like matrix that aids in the movement of intestinal 

contents. The closely packed epithelial cells and the mucus layer act as a physical 

barrier, safeguarding the interstitial space and neighboring organs from direct contact 

with luminal contents and microorganisms [10]. Beneath the mucosa lies the 
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submucosa, a layer of connective tissue housing blood vessels, lymphatic vessels, and 

nerves. These elements innervate the colon and ensure an adequate supply of 

nutrients. The muscularis layer is a vital component of the digestive system responsible 

for the rhythmic contractions of the large intestine. Comprising two distinct layers of 

smooth muscle, the muscularis plays a crucial role in the peristaltic movements that 

facilitate the efficient absorption of water and electrolytes while consolidating fecal 

matter for elimination [5]. 

The rectum serves as a temporary storage reservoir for fecal matter and plays a 

crucial role in the regulated elimination of waste from the body. Its ability to sense rectal 

fullness, coordinate defecation, and facilitate water reabsorption contributes to the 

overall efficiency of the digestive system. 

Figure 1: Structural schematic of the large intestine as part of the digestive system. The large 
intestine is structured in roughly 4 sections: ascending colon, transverse colon, descending colon, and 
sigmoid colon (upper right corner). Additionally, the large intestine is further subdivided into functional 
units with their own corresponding task (left image). From a histological point of view, the intestine’s 
interior is spanned by so-called microvilli, which are filamentous protrusions of the cell membrane. 
These structures are mainly responsible for nutrition uptake. Due to the dense arrangement and strong 
cell-cell contacts, these cells form an impermeable barrier for noncorporeal particles and 
microorganisms (bottom right corner). This figure was created with BioRender. 
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Despite its vital functions, the colon is susceptible to various disorders and diseases. 

Common conditions affecting the colon include colorectal cancer, diverticulosis, 

inflammatory bowel disease (such as Crohn's disease and ulcerative colitis), and 

irritable bowel syndrome [11]. Regular screenings, such as colonoscopies, are 

recommended to detect early signs of abnormalities and prevent the progression of 

serious conditions [12,13]. 

 

1.2 Colorectal Cancer 

Globally, colorectal cancer (CRC) ranks as the third most frequently diagnosed cancer 

(1.93 million/year) and the second leading cause of cancer-related deaths 

(935,173/year) worldwide [14]. The development of CRC occurs via three primary 

pathways, namely the adenoma-carcinoma sequence, serrated pathway, and 

inflammatory pathway [15]. It may arise from different etiology and molecular and 

genetic alterations (Fig. 2) [16]. Most cases are sporadic and largely influenced by 

environmental factors associated with Western lifestyle, including obesity, sedentary 

behavior, unhealthy diets, alcohol consumption, and smoking. The consequence of 

harmful environmental stimuli is the accumulation of induced mutations, which in turn 

promote the emergence and development of CRC [17].  

During CRC progression, cancer cells usually pass four stages: initiation, promotion, 

progression, and metastasis [18]. Initiation is triggered by irreversible genetic damage, 

such as DNA adducts, which make the affected cells more susceptible to cancer 

development. The promotion stage is characterized by higher proliferation rates, 

resulting in abnormal cell growth (neoplasm). Subsequently, cancer cells progress 

through further genetic and epigenetic alterations and attain selective growth 

advantages. At this point, benign tumors usually transform into cancer cells and obtain 

aggressive metastatic potential. Metastasis represents the last and most dangerous 

stage, defined by the cell’s ability to detach from the original tissue and spread into 

other organs through the blood or lymphatic system [18]. Colorectal cancer cells are 

known for their genetic instability, which is one of the primary reasons for CRC's 

aggressiveness and fast progressiveness. The three major genetic and epigenetic 

abnormalities include chromosomal instability (CIN), CpG island methylator phenotype 

(CIMP), and microsatellite instability (MSI) [19]. 



Introduction 

9 
 

CIN emerges from alterations in the structure and the copy number of chromosomes. 

These abnormalities arise from processing errors during mitosis [20]. CIMP refers to 

hypermethylation at specific regions of the DNA, called CpG islands, mainly located in 

promoter regions. Especially CpG-hypermethylation of tumor suppressor genes leads 

to the silencing of tumor suppressive abilities [21]. MSI is characterized by alterations 

in the DNA microsatellite length, often caused by the functional loss of genes 

responsible for DNA mismatch repair [22].  

Due to these abnormal cellular processes, accumulation of mutations is often observed 

in specific genes. For instance, the initial stages of the sporadic CRC progression 

pathway often involve a loss of the Adenomatous-polyposis-coli (APC) gene. 

Disruption of the APC gene through genetic alterations or hypermethylation of its 

promoter region leads to the activation of the Wnt/β-catenin signaling pathway [23]. 

This activation is considered a crucial event in the initiation of adenomas [24,25]. 

Mutant APC protein stabilizes β-catenin, resulting in its accumulation within the 

cytoplasm and subsequent translocation into the nucleus. Consequently, this process 

Figure 2: Causes and progression of colorectal cancer (CRC). Initiation und progression of CRC is 
a multi-stage process involving the aberrant transformation of healthy tissue into pathological tissue. 
The initiation and progression of CRC can be facilitated by multiple factors, including genetic 
instabilities, random or induced gene mutations, and etiological environmental factors. This illustration 
was created using BioRender. 
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activates a set of genes involved in cell proliferation and growth [26]. Furthermore, the 

observation that many CRCs (50%) exhibit intact APC genes but a high frequency of 

activating mutations in β-catenin demonstrates the significance of Wnt/β-catenin 

signaling in CRC development [27].  

The KRAS pathway is another significant genetic pathway contributing to chromosomal 

instability in CRC. The KRAS gene belongs to the RAS family of oncogenes and is 

mutated in approximately 30-50% of CRC cases [28]. RAS proteins play critical roles 

in cellular processes, including cell division, differentiation, and apoptosis. A well-

characterized pathway regulated by the RAS family is the Raf-mitogen-activated 

protein kinase (MAPK)-extracellular signal-regulated kinase (ERK) pathway, which 

mainly governs cell cycle progression [29]. Mutations in the KRAS gene impair its 

inherent GTPase activity, causing its accumulation in the active, GTP-bound 

conformation, consequently leading to the constitutive activation and stimulation of 

downstream pro-proliferative signaling pathways [30].  

Another gene frequently mutated in all types of cancer is the tumor suppressor gene 

TP53, which is diagnosed specifically for CRC in about 60 % of all cases [31]. These 

mutations predominantly occur in exons 5 to 8, which comprise the DNA binding 

domain. Different types of p53 mutations play a pivotal role in determining the biological 

behavior of CRC, including factors such as invasive depth, metastatic sites, and patient 

prognosis. p53 mutations are associated with lymphatic invasion in proximal colon 

cancer and significantly correlate with lymphatic and vascular invasion in distal 

CRC[32]. In an international collaborative study on TP53 in colorectal cancer, it was 

observed that patients with mutant p53 in exon 5 had worse outcomes, specifically in 

proximal colon cancer [32]. Furthermore, inactivating mutations of p53 occurred more 

frequently in advanced-stage tumors and were negatively associated with 

survival [33,34].  

As Westernization progresses, the burden of CRC is increasingly shifting towards low- 

and middle-income countries. For 2040, the CRC burden is predicted to increase to 

3.2 million new cases per year, approximately twice the current incidence rate [35]. 

Therefore, new therapeutic strategies are urgently required to prevent the associated 

mortality rates from rising along with the yearly increasing incidences. 
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1.3 Therapeutic Strategies 

Due to advances in primary and adjuvant therapy, the survival rates for CRC have 

shown progressive improvement [36]. Ideally, the primary approach for CRC treatment 

provides complete tumor and metastasis removal, typically requiring surgical 

intervention [37]. However, approximately 25% of all cases are diagnosed at advanced 

stages with metastases. Additionally, 20% of the remaining cases may experience 

metachronous metastases, posing challenges for curative surgical control and leading 

to tumor-related deaths [15,38,39]. For patients with unresectable lesions or ineligible 

for surgery, the primary objective is to aim for tumor size containment and inhibition of 

proliferation. Radiotherapy and chemotherapy are the predominant therapeutic 

strategies for these patients with unresectable lesions [40,41].  

Chemotherapy options for CRC include single-agent- or combined-agent therapy 

(Fig. 3) [36]. Single-agent treatment, mainly based on fluoropyrimidine (5-FU), remains 

the first-line therapeutic strategy. However, combined-agent strategies with additional 

chemotherapeutics have shown significant benefits in terms of overall survival [42,43]. 

Most commonly used chemotherapeutic regimens are drug combinations such as 

FOLFOX (folinic acid (FOL), 5-FU, and oxaliplatin (OX)), FOXFIRI (5-FU, OX, and 

irinotecan (IRI)), CAPOX (capecitabine (CAP)+OX), and CAPIRI (CAP+IRI) [36,44]. 

Further multiple agent regimens, including FOLOXIRI (folinic acid, 5-FU, OX, and IRI), 

are infrequently administered since increasing numbers of combined 

chemotherapeutics may lead to higher toxicity [45,46]. Multiple studies have 

demonstrated that the utilization of chemotherapy, particularly in patients with CRC 

and metastases, has significantly extended their overall survival (OS) time to nearly 20 

months [47,48]. However, these treatments show severe drawbacks, including 

systemic toxicity, insufficient response rates, emerging therapeutic resistance, and low 

tumor-specificity [18,49]. Moreover, the chemosensitivity of CRC to 5-FU and OX 

highly depends on the cellular p53 status [50–52].  

Targeted therapies affect cancer cells by directly impeding cell proliferation, 

differentiation, and migration. Additionally, these therapies have the potential to modify 

the microenvironment of the tumor. Targeted therapies can induce structural 

remodeling of local blood vessels or even stimulate immune cells to recognize the 

aberrant nature of tumor cells. Small molecules, such as monoclonal antibodies, play 

a crucial role in targeted therapies [53,54]. These molecules possess a molecular 
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weight of less than 900 Da, usually allowing to permeate cell membranes and 

predominantly exert their effects within the cell. By selectively inhibiting specific 

enzymes, small molecules can disrupt tumor cell growth or even trigger 

apoptosis [36,55,56]. 

The EGFR pathway belongs to the ErbB (erythroblastosis oncogene B)/HER (human 

epidermal growth factor receptor) family that comprises four members, namely ErbB1 

(EGFR/HER1), uErbB2 (Neu/HER2), ErbB3 (HER3), and ErbB4 (HER4) [36]. These 

receptors require ligand-dependent homo- or heterodimerization to activate 

Figure 3: Treatment strategies of CRC. The establishment of a multi-sequence strategy for 
addressing CRC historically required numerous clinical studies to develop the optimal sequence of 
chemotherapeutic agents and targeted therapies. Depending on the genetic predisposition, different 
treatment strategies can be pursued. Often, dual combinations of chemotherapeutic agents along with 
EGF/R or VEGF/R inhibitors are used as initial therapy. In cases where patients exhibit suboptimal or 
refractory responses to first-line therapeutic modalities, a hierarchical succession of second line, third 
line, and fourth line therapeutic regimens is deployed. These therapeutic modalities were predicated 
upon empirically determined by the maximal probability of therapeutic responses. This illustration was 
created using BioRender. 
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subsequent intracellular signaling pathways. These include the RAS/RAF/MEK/ERK, 

PI3K/AKT, and JAK/STAT3 (Janus kinase/signal transducer and activator of 

transcription 3) pathways, which induce several cellular processes such as cell growth, 

cell survival, and cell migration [57,58]. There are several approaches to prevent the 

initiation or propagation of growth signals. Most commonly, receptor-targeted 

monoclonal antibodies or kinase inhibitors are applied in clinics [36]. Cetuximab, a 

chimeric immunoglobulin G (IgG) antibody, for instance, binds to the external domain 

of EGFR and induces its internalization and degradation [59]. Previous studies 

confirmed cetuximab treatment to prolong OS in patients who previously had received 

and failed first-line therapies, including 5-FU, IRI, and OX [60]. Due to the potential 

antibody-dependent and subsequent cell-mediated toxicity of murine-human chimeric 

antibody cetuximab, the fully humanized antibody panitumumab has been developed. 

Panitumumab targets EGFR and occupies its ligand-binding sites to prevent receptor 

dimerization . Both anti-EGFR agents are FDA-approved first-line therapeutics for CRC 

treatment. However, these drugs did not demonstrate any significant superior effects 

concerning OS of patients, which is why the chemotherapeutic regimens are still 

preferentially administered [61]. Furthermore, these anti-EGFR drugs have only 

beneficial effects in patients with RAS- and BRAF-wild-type tumors [62].  

The VEGF/VEGFR pathway is another commonly targeted pathway for CRC and 

metastatic CRC treatment. Vascular endothelial growth factors (VEGFs) and vascular 

endothelial growth factor receptors (VEGFRs) are involved in the angiogenesis of the 

proximal tissue, which describes the reformation and neoformation of blood vessels. 

The VEGF family encompasses five members, namely VEGF-A, -B, -C, -D, and 

placental growth factor (PIGF), which can be considered ligands of the tyrosine kinase 

VEGF receptors. VEGFRs are categorized into VEGFR-1, -2, and -3, alongside the 

non-tyrosine kinase coreceptors neuropilin-1 (NP-1) and NP-2. VEGF receptors are 

homo- and heterodimerized upon ligand-binding on the extracellular receptor domain, 

activating the intracellular kinase domain [63]. Pivotal clinical trials evaluating the 

potential of antiangiogenic therapy for CRC started in 2004.  

The first FDA-approved and, by now, the most efficacious therapeutic agent is the 

humanized IgG monoclonal antibody bevacizumab, which specifically targets VEGF-A 

and has demonstrated significant improvements in both progression-free survival 

(PFS) and overall survival (OS) in metastatic CRC. Several trials investigating 
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bevacizumab in combination with mono-chemotherapy or FOLFOX/FOXFIRI 

double-regimens exhibited only partial significant improvements in either OS or 

PFS [64–67]. In addition to its first-line application, the efficacy of bevacizumab has 

been validated in various trials for the second-line treatment. There are higher PFS-, 

OS-, and higher response rates when combining FOLFOX with bevacizumab 

compared to FOLFOX alone [68]. 

To date, the FDA has solely approved bevacizumab as a first- and second-line VEGF-

targeted agent for CRC. However, many novel agents are currently emerging, with 

some obtaining approval for CRC's second-line treatment [36]. Aflibercept, for 

instance, is a recombinant fusion protein of the extracellular domain of VEGFR-1 and 

VEGFR-2. Thus, aflibercept acts as a ligand trap for VEGF-A, VEGF-B, and PIGF 

ligands, intercepting the ligand binding to their corresponding receptors [69]. In the 

first-line setting, the combination of aflibercept and FOLFOX did not yield significant 

benefits in terms of PFS and OS. The administration of aflibercept and FOLFOX after 

OX or bevacizumab first-line treatment demonstrated better response rates and longer 

PFS and OS. Therefore, aflibercept is recommended as the second-line CRC 

agent [70].  

Ramucirumab, an FDA-approved drug for second-line treatment of metastatic CRC, is 

a fully-humanized monoclonal IgG antibody that targets VEGFR-2. The combination of 

ramucirumab and FOLFIRI significantly prolonged PFS and OS [71].  

Tyrosine kinase inhibitors (TKIs) have emerged as an effective therapeutic option for 

patients with non-small cell lung cancer (NSCLC) resistant to anti-EGFR treatment. 

Concerning colorectal cancer (CRC), only a few drugs have demonstrated 

effectiveness. Regorafenib, a TKI with broad inhibitory effects, targets VEGFR, 

PDGFR (platelet-derived growth factor receptor), FGFR (fibroblast growth factor 

receptor), and BRAF [36]. It has received FDA-approval for the treatment of metastatic 

CRC. While first-line studies investigating the combination of regorafenib with FOLFOX 

treatment in CRC did not show any improvements compared to FOLFOX with 

placebo [72], regorafenib alone demonstrated superior median OS and PFS in 

refractory CRC compared to placebo [73]. 

The HGF/c-MET pathway comprises the hepatocyte growth factor (HGF) and its 

corresponding receptor, the mesenchymal-epithelial transition factor (c-MET or MET). 

Both factors are pivotal in governing various aspects of tumor biology, including 



Introduction 

15 
 

proliferation, cell survival, metastasis, and the development of acquired drug 

resistance [74,75]. Mesenchymal tissues predominantly secrete HGF. It was shown 

that patients with advanced CRC exhibit elevated HGF levels, which subsequently 

decrease after tumor resection [36].  

The initiation of MET signaling begins upon HGF binding to the plasma membrane-

resident MET receptor. Ligand binding induces the formation of an intracellular 

multifunctional docking site via phosphorylation of two tyrosine residues, subsequently 

facilitating the recruitment of downstream factors. The activated HGF/MET pathway 

triggers a cascade of signal transduction events involving the MAPK/ERK, PI3K/AKT, 

STAT/JAK pathways, and NF-κB signaling. These signaling pathways collectively 

govern crucial physiological processes, such as hematopoiesis, organ regeneration, 

and wound healing [76]. Over 50 % of the CRC samples analyzed demonstrated a 

significant overexpression of HGF/c-MET, identifying this pathway as highly promising 

for targeted therapies [77–79]. Several strategies have been explored to impede the 

maturation process of pro-HGF or block its interaction with its respective receptors. 

One effective method involves the application of a humanized monoclonal antibody 

known as rilotumumab. This specific antibody has proven to prevent the binding of pro-

HGF to its corresponding receptors, thus offering a potential avenue for therapeutic 

intervention [80]. 

Immune checkpoint inhibition recently crystallized as a novel targeting pathway to 

enhance immunorecognition and initiation of immune responses to cancer cells. 

Neoplastic malignancies characterized by a multitude of genetic and epigenetic 

alterations lead to the expression of aberrant antigens. These neo-antigens are 

processed and loaded on major histocompatibility complexes (MHC), which are 

recognized by T-cells of the host immune system. Secondary signaling events are 

orchestrated through the engagement of costimulatory or inhibitory receptors, which 

critically influence the activation and tolerance of T-cells [81,82]. This two-step 

verification serves as a pivotal control-mechanism in both physiological settings to 

avoid excessive immune responses and in pathological conditions, enabling the 

targeted elimination of abnormal cells [83].  
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"Immune escape" describes cancer cells' ability to evade this immune recognition. This 

behavior has been extensively observed across various types of cancer [84]. Immune 

evasion is attributed to several cellular response-reactions, including the secretion of 

immunosuppressive factors, such as TGF-β and IL-6, the recruitment of 

immunosuppressive cells, and the downregulation of MHC-I with the associated loss 

of immunogenicity [85,86]. Another significant mechanism contributing to immune 

escape involves T-cells' tumor-related inactivation and exhaustion, which is mediated 

by activating coinhibitory receptors, commonly known as immune checkpoint 

receptors. Such receptors located at the surface of T-cells include programmed cell 

death protein-1 (PD-1) and cytotoxic T lymphocyte antigen 4 (CTLA-4). PD-1 binds to 

its ligand PD-L1, representing a peripheral immune checkpoint on tumor, stromal, and 

immune cells [82,87]. CTLA-4 binds to its ligands CD80/CD86, depicting a central 

immune checkpoint on antigen-presenting cells (APCs). CTLA-4 activation 1. leads to 

decreased IL-2 secretion, and 2. competes for binding with B7-1/B7-2, thus reducing 

the stimulatory effect of CD28 on T cells. The activation of PD-1 results in the inhibition 

of downstream pathways, including the PI3K/AKT pathway, causing 1. an absence in 

T-cell proliferation and 2. an eventual development of immune anergy [88].  

The objective of immune checkpoint targeted therapy is to support the immune 

system's ability to suppress and block the evasion of cancer cells. Current checkpoint 

inhibitors have been extensively investigated in various solid tumors. The first FDA-

Figure 4: Timeline of approved targeted therapies for the treatment of colorectal cancer. Next to 
the preexisting chemotherapeutic agents, the FDA approved targeted therapies in 2004 as efficacious 
interventions for colorectal cancer. From 2004 to 2014, two strategies were primarily pursued, namely 
the antibody-based inhibition of EGFR and VEGFR. Subsequent to the revelation of tumor cells' capacity 
for checkpoint inhibition of the immune system, novel antibody-based therapies were developed and 
first authorized in 2017 to suppress this checkpoint inhibition, thereby, sensitizing the body's own 
immune response against tumor cells. This illustration was created by using BioRender. 
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approved therapeutic ipilimumab is a CTLA-4 inhibitor [89]. Further immune checkpoint 

inhibitors blocking PD-1/PD-L1 interaction are nivolumab and pembrolizumab [90–94]. 

The humanized IgG4 antibodies pembrolizumab and nivolumab were approved by the 

FDA in 2017 for metastatic CRC treatment (Fig. 4). Current first-line therapy 

approaches involve the utilization of either immunotherapies or combinational 

chemotherapy. The choice of the appropriate therapy depends on whether the tumor 

exhibits high/low microsatellite instability (MSI-H/L) and deficiencies in mismatch repair 

(MMR) mechanism. If CRC tumors exhibit high microsatellite instability (MSI-H) and 

deficient mismatch repair (dMMR), pembrolizumab alone or a combination of 

nivolumab and ipilimumab are administered first-line. Vice versa, low MSI (MSI-L) and 

proficient MMR (pMMR) CRC patients receive chemotherapy regimens [95]. 

Nowadays, medicine is increasingly embracing personalized approaches, which is 

exemplified by the extended first-line therapeutic options. In the case of 

chemotherapeutic administration, these therapies are often associated with severe 

drawbacks, including systemic toxicity, insufficient response rates, emerging 

therapeutic resistance, and low tumor specificity [18,49]. Moreover, the 

chemosensitivity of CRC to 5-FU and OX highly depends on the genetic p53 

status [50,51]. For this reason, there is a greater need for p53-tailored and 

personalized medicine. 

1.4 Tumor suppressor p53 

The tumor suppressor p53, often referred to as the "guardian of the genome" [96], 

plays a crucial role in regulating cellular metabolism, proliferation, and viability [97–

100]. Cellular abundance and activity of p53 are precisely regulated by its E3 ubiquitin-

protein ligase Mdm2, which responds to a spectrum of intrinsic and extrinsic cellular 

stressors [101]. Under physiological conditions, Mdm2 binds to p53 and covalently 

transfers ubiquitin units designating p53 for proteasomal degradation. The suppression 

of Mdm2 activity (due to stress signals) leads to an extension in the half-life of p53 and 

triggers its transcriptional activation [97]. Activated p53 orchestrates the transcription 

of a large repertoire of genes involved in tumor suppression (Fig. 5). It encompasses 

activation of pathways shutting down proliferative and metabolic activity in case of 

pathophysiological changes and cellular damages [102]. Moreover, p53 activation 

triggers cell cycle arrest in response to DNA damage and initiates apoptosis [103] by 

either directly interacting with pro- (Bax, Bak) and anti-apoptotic BCL-2 family 
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members (Bcl2, Bcl-xL) [104] or stimulating the transcription of downstream pro-

apoptotic target genes (PUMA, APAF1) [105–107].  

Contrarily, p53 also has the potential to induce pro-survival pathways by 

transcriptionally activating downstream target genes that counteract apoptosis [108]. 

Cell fate and the predominantly activated pathway highly depend on the differentially 

expressed p53 protein isoforms and their respective cellular ratios [109,110].  

Traditionally, the scientific community adhered to the notion that one gene corresponds 

to one protein product. However, human genome sequencing disrupted this long-held 

dogma, revealing that approximately 98% of human genes undergo alternative splicing 

and harbor multiple transcriptional products [111]. TP53 is located on the human 

chromosome 17p13.1 and comprises 13 exons, with the first exon being non-coding. 

The subsequent exons are coding sequences that additionally underlie differential 

exon usage. Due to multiple alternative splicing events, alternative promoter usage, 

and alternative translation start sites, TP53 expression results in 13 different p53 

protein isoforms, including Full Length (FL)p53α, FLp53β, FLp53γ, p53Ψ, Δ40p53α, 

Δ40p53β, Δ40p53γ, Δ133p53α, Δ133p53β, Δ133p53γ, Δ160p53α, Δ160p53β, and 

Δ160p53γ. p53α-, p53β-, p53γ-, and p53Ψ-isoforms originate from alternative splicing 

events. FLp53, Δ40p53, Δ133p53, and Δ160p53 differ in their N-terminal length and 

are generated through alternative promoter usage and alternative translation start 

sites [110]. The subsequent sections focus on the N-terminally varying isoforms 

FLp53, Δ40p53, Δ133p53, and Δ160p53. These specific isoforms and their cellular 

ratio have been established to serve as the principal determinants in differential 

pathway initiation and subsequent cell fate determination [111–114]. 

FLp53 consists of three functional domains: 1. transactivation domain (subdivided into 

TAD I and TAD II), 2. conserved DNA binding domain (DBD), and 3. oligomerization 

domain (OD) encompassing a nuclear localization signal (NLS) [115]. FLp53 induces 

transcription of downstream genes responsible for cell cycle arrest, apoptosis, and 

metabolic regulation [16]. Δ40p53 is an N-terminally truncated isoform lacking TAD I 

(1–40 aa), thus representing a transcriptionally inactive protein isoform [116]. Elevated 

Δ40p53:FLp53 ratios are linked to increased apoptosis and lower tumor recurrence 

rates [117,118]. Δ133p53 and Δ160p53 are N-terminally truncated isoforms lacking 

TAD I and II. Both isoforms are known for their pro-survival abilities [119,120]. 
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Precise prediction of a treatment-dependent clinical outcome is challenging, 

particularly in tumors in which the genetic status of p53 exhibits substantial variability. 

Depending on the tumor type, the p53 mutational rate can be up to 50 % [121]. Most 

mutations are silent or missense mutations, not altering p53’s transcriptional activity. 

Notably, approximately 30 % of all missense mutations mainly affect 5 residues 

(Arg273, Arg248, Arg175, Arg282, and Gly245), suggesting their functional 

significance for the regulatory role of p53 [122]. The residual mutations may not directly 

affect the functional integrity of p53 but can manifest within intronic regions, 

subsequently influencing alternative splicing or affecting promoter regions. These 

alterations often lead to imbalances in the expression of the p53 isoforms, 

Figure 5: The tumor suppressor p53 is subject to rigorous regulation due to its capability to 
govern a multitude of pivotal cellular processes. The activation of p53 is triggered by DNA damage 
stimuli or oncogene-activating stimuli, which in turn decrease the interaction capability between p53 and 
its E3 ubiquitin ligase MDM2. p53 has a multitude of modalities. It can either function as a nuclear 
transcription factor to target and promote various downstream genes, or directly bind protein interaction 
partners that are either involved in DNA damage recognition and DNA repair or in the initiation of intrinsic 
apoptosis. This illustration was created by using BioRender. 
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consequently influencing the regulation of essential cellular pathways [123]. Tumors 

with high genetic instabilities, such as colorectal cancer (CRC), demonstrate increased 

p53 alterations [124]. Consequently, we employ CRC as the tumor model for exploring 

the intricacies of p53 isoform regulation. To this aim, we stably integrated an exon 

resident and intein-luciferase reporter system to measure the differential exon usage 

during TP53 expression. The process of stably integrating exogenous DNA 

(e.g., coding for reporter systems) into a host genome is called “gene editing.”  

1.5 Gene Editing  

Biotechnologists have long been focused on the development of tools for effective 

gene targeting and manipulation. Over the past decade, genome editing has made 

rapid advancements [125]. The first category of genome editing enzymes executed in 

prokaryotes is referred to as homing endonucleases, also known as 'meganucleases.’ 

These proteins can recognize specific double-stranded DNA motifs of 20 to 30 base 

pairs through specific protein-DNA interactions [126]. Another notable development 

involves the successful editing of eukaryotic genomes using synthetic fusion proteins 

that combine the dsDNA recognition of zinc finger domains (3 base pairs per ZF 

domain) and the dsDNA cleavage activity of the catalytic domain of FokI, a type IIS 

restriction enzyme [127]. These engineered zinc finger nucleases (ZFNs) have 

demonstrated their efficacy in cleaving specific target sites and performing subsequent 

edits in the genomes of eukaryotic model organisms such as animals, plants, and 

human stem cells[128]. A similar approach involves the use of transcription activator-

like enhancer nucleases (TALENs), where the FokI nuclease domain is fused to the 

TALEN protein, which typically possesses an 11-domain dsDNA recognition 

domain [129,130]. Both ZFNs and TALENs generate dsDNA cleavage and function as 

dimeric nucleases. Despite their long-lasting success, ZFNs, TALENs, and homing 

endonucleases have a practical drawback, as their DNA-binding domains must be 

adjusted according to the target sequence. This procedure is an elaborate process that 

requires multiple steps in protein engineering.  

The first instance of utilizing guide molecules consisting of nucleic acids that target 

their complementary nucleic acid sequences was accomplished using Argonaute 

proteins. As part of the eukaryotic RNA interference (RNAi) pathway, the eukaryotic 

Argonaute (eAgo) proteins harbor short RNA guides to locate a matching mRNA 

sequence. This process can lead to the binding or cleavage of the mRNA transcript, 
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resulting in the silencing of gene expression [131,132]. Gene editing has reached a 

new era with the discovery of clustered regulatory interspaced short palindromic 

repeats (CRISPR) and the associated nuclease (Cas). The CRISPR/Cas system is the 

most efficient tool for direct dsDNA targeting and gene engineering. The first instances 

of programmable DNA cleavage by the Cas9 nuclease [133,134], as well as 

subsequent early demonstrations of its ability to achieve targeted genome 

modifications in living eukaryotic cells, sparked a significant increase in exploring, 

developing, and using CRISPR-Cas as a genome editing tool [135–139].  

CRISPRs were first identified in Escherichia coli (E. coli) in 1987 when scientists 

accidentally cloned an unusual series of repeated sequences interspersed with spacer 

sequences [140]. The same sequences were found in numerous other bacterial and 

archaeal genomes. For the first time, these sequences were referred to as 

CRISPRs [141]. During the early 2000s, scientists observed the similarity between the 

spacer sequences found in bacteria to those in bacteriophages, viruses, and other 

bacterial plasmids. Further investigation revealed that bacteria carrying these 

homologous spacer sequences were resistant to infection by corresponding viruses. 

This finding strongly suggested the involvement of CRISPR in the adaptive immune 

system of prokaryotes [142]. Upon viral infection, the CRISPR spacer sequences 

undergo transcriptional activation, producing short CRISPR RNA (crRNA) molecules 

directing Cas protein to cleave viral DNA or RNA sequences complementary to the 

crRNA. Consequently, the CRISPR/Cas system serves as a robust defense 

mechanism, preventing recurrent infections by the same virus [143]. CRISPR-Cas 

systems have been categorized into two main groups: class 1, which utilizes 

multiprotein complexes for nucleic acid cleavage, and class 2, which employs single-

protein effector domains for cleavage [144,145]. Due to the advantages offered by 

single-protein effector domains, class 2 systems are the most widely used CRISPR 

tools in biological research and translational applications [146]. Among class 2 

proteins, the Cas9 protein has found the highest utilization in laboratory settings. Cas9 

exhibits RNA-guided endonuclease activity, which enables the generation of double-

stranded breaks (DSBs) at target DNA sequences [147]. In their original environment, 

Cas9 nucleases are guided by CRISPR RNAs (crRNAs) that form base-pair 

interactions with trans-activating crRNAs (tracrRNAs), facilitating the assembly of 

ribonucleoprotein complexes [148]. However, for most Cas9 genome editing 

applications, single guide RNAs (sgRNAs) are employed. These sgRNAs are artificially 



Introduction 

22 
 

engineered RNA molecules by combining the crRNA and tracrRNA sequences into a 

single RNA molecule [133]. A protospacer adjacent motif (PAM) subsequently 3’ of the 

protospacer sequence is obligatory for the Cas9 nucleases to generate a targeted DNA 

double-strand break (DSB). In general, DNA-DSB caused by Cas9 is blunt-ended and 

occurs 3 bp upstream of the PAM within the protospacer sequence. As a result of DNA 

damage, various cellular repair mechanisms are activated within the cell. DNA can be 

repaired either by non-homologous end-joining or homology-directed repair.  

Non-homologous end joining (NHEJ) is referred to as “non-homologous” due to the 

indiscriminate ligation of the broken DNA ends with minimal DNA reference (Fig. 6). 

Inaccurate DNA repair may lead to the deletion or insertion of a small number of 

nucleotides (INDELs), capable of generating frameshift mutations and premature stop 

Figure 6: CRISPR/Cas9-mediated gene-editing. The Cas9 endonuclease is directed by a sgRNA to 
a complementary target sequence. Once directed, Cas9 generates a sequence-specific double strand 
break (DSB) and initiates cellular DNA repair mechanisms. In this context, two distinct repair 
mechanisms can be activated: 1. Non-Homologous End-Joining (NHEJ) is referred to as “non-
homologous” due to the indiscriminate ligation of the broken DNA ends with minimal DNA reference. 
Without providing an appropriate template DNA, the cell shifts towards NHEJ and often generates gene 
knockouts (KO). 2. Homology-directed repair (HDR) is an intrinsic DNA repair mechanism that relies on 
DNA sequence homology to perform precise repair of double-strand break (DSB) damage at the 
accurate genomic site. In contrast to NHEJ, this repair mechanism requires a DNA template. This repair 
strategy is used by many researchers for generating gene-knock-ins (KI) with exogenous DNA 
sequences. This illustration was created by using BioRender. 
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codons, resulting in the effective knockout (KO) of a specific gene. Therefore, DSBs 

conducted by Cas9 to initiate NHEJ is best used by scientists to induce gene KO [149].  

Homology-directed repair (HDR) is an intrinsic DNA repair mechanism that relies on 

DNA sequence homology to precisely repair double-strand break (DSB) damage at the 

accurate genomic site. In contrast to non-homologous end joining (NHEJ), which 

rejoins any two broken DNA ends, HDR pathway proteins identify homologous DNA 

sequences (from a sister chromatid, a donor homology plasmid, single-stranded 

oligonucleotides, etc.) in the vicinity of the DSB region and utilize these homologous 

regions as a template for the accurate "correction" of the damage. Taking advantage 

of these circumstances, exogenous DNA sequences with specified homology arms 

(identical to the host DNA subsequently upstream and downstream of the DSB) can 

be used to stably integrate any DNA of interest at any specific DNA locus within an 

organism's genome. This procedure, called gene knock-in (KI), is now feasible without 

significant effort [150].   

Due to the high gene-editing efficiency of CRISPR/Cas technology, it has become a 

firmly established tool for diagnostic and therapeutic procedures. Similarly, this applies 

to cancer research, where CRISPR-based approaches elucidated novel facets of 

cancer biology that were previously challenging to investigate. These include the 

identification of coding and noncoding cancer drivers, comprehension of tumor 

heterogeneity and evolution dynamics, and improvements in cancer diagnosis and 

therapeutic strategies [151]. As already stated, we aim to explore the regulative nature 

of p53 protein isoforms in response to various CRC therapeutics. By comprehending 

the mechanisms of action of the individual p53 protein isoforms, we can study their 

impact on distinct cellular pathways and systematically search for therapeutics that 

induce differential p53 isoform expression to trigger cell death in tumor cells efficiently. 

Using CRISPR/Cas9, we successfully integrated several exon-specific isoform 

expression reporter systems (EXSISERS) into TP53. This novel reporter system allows 

for easy and fast luminescence-based protein isoform quantification while the reporter 

systems post-translationally excise out of the nascent p53-polypeptide, leaving behind 

unaffected and fully functional p53 protein isoforms [152]. 



Introduction 

24 
 

1.6 The Triple-EXSISERS Reporter System 

The exon-specific isoform expression reporter system (EXSISERS) generally consists 

of a luciferase flanked by self-excising split-intein units. Genetic integration of 

EXSISERS into coding sequences of TP53 results in the co-expression of the reporter 

together with the host protein (Fig. 7a, b). To simultaneously analyze multiple p53 

protein isoforms, we expanded the subset of different EXSISERS reporters with three 

compatible luciferases, each flanked by distinct split-inteins. The following section 

delves deeper into the biology of luciferases and split inteins: 

Bioluminescence, which refers to the emission of visible light by living organisms, 

involves a biochemical reaction requiring at least three key components: a luciferin 

substrate, an oxygen derivative, and a specialized luciferase enzyme. At the molecular 

level, bioluminescence arises due to the oxidation of the luciferin substrate catalyzed 

by the luciferase enzyme. The electronically excited product, oxyluciferin, emits light 

as it undergoes relaxation to its lower energy ground state [153]. The ability of emitting 

light due to a biochemical reaction has evolved in multiple organisms simultaneously. 

Consequently, there is a huge diversity of luciferase enzymes, each catalyzing 

individual luciferin substrates. Upon their discovery, scientists have capitalized on their 

usability and, since then, have been developing various optogenetic reporter systems 

to elucidate the cell’s molecular biology.  

For our purpose, we used both naturally occurring and artificially engineered 

luciferases. The Firefly luciferase (FLuc), for instance, was the first luciferase 

identified and isolated by Raphaël Dubois from the organism Photinus pyralis (click 

beetle) [154]. FLuc is an enzyme catalyzing the hydrolysis of ATP and the 

decarboxylation of its corresponding substrate. For its bioluminescent activity, FLuc 

uses D-luciferin substrate (D LH2) containing a carboxylic acid residue, ATP, and 

oxygen [155]. The substrate conversion into oxyluciferin promotes the emission of 

photons at a specific wavelength, which, in the case of FLuc, corresponds to 565 nm. 

Another widely used luciferase, Cypridina luciferase (CLuc), was first identified and 

characterized by Osamu and Akemi Shimomura in 1966 from the organism Vargula 

hilgendorfii, a Japanese sea firefly [156]. CLuc is a naturally secreted luciferase and 

inherently stable due to multiple disulfide bonds [157]. CLuc oxidizes its corresponding 

luciferin Vargulin to the energetically lower oxyluciferin product and, during this 

catalytic process, emits photons at a wavelength of 465 nm.  
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The third luciferase for creating the triple EXSISERS reporter system is the artificially 

designed Nano Luciferase (NLuc) by Promega in 2012 [158]. NLuc originates from 

the deep-sea shrimp Oplophorus gracilirostris, and its luminescence output was 

enhanced through three successive rounds of mutagenesis. With a molecular weight 

of 19.1 kDa, this enzyme depends on the substrate furimazine, converted to the 

energetically lower furimamide to generate intense, glow-type luminescent signals at 

460 nm [159].  

The choice of these three luciferases was dependent on their substrate specificities. 

Similarities in structural motifs among the substrates often give rise to crosstalk 

reactions, obscuring luciferase differentiation [160]. However, FLuc, CLuc, and NLuc 

each employ distinct substrates (D-Luciferin, Vargulin, and Furimazine) to avert cross-

reactivity. This makes the luciferases viable candidates for incorporation into 

EXSISERS reporters, enabling unambiguous differentiation of the three p53 isoform 

groups: FLp53, Δ40p53, and Δ133+Δ160p53. To complement the EXSISERS 

reporters, the selected luciferases need to be embedded into so-called split inteins. 

Inteins mediate a biological process called protein trans-splicing, wherein two protein 

fragments interact to create a catalytically active enzyme, eventually catalyzing their 

excision and the ligation of their surrounding protein sequences. Since their 

identification, chemists and biologists have used split inteins in exogenous settings for 

various biotechnological applications [161]. Originally, inteins or rather protein splicing 

was first observed in the baker's yeast (Saccharomyces cerevisiae) in 1990, 

discovering the VMA1 gene to be translated into one protein, but post-translationally 

being separated into two proteins by auto-catalyzation [162]. Since then, such trans-

splicing events have consistently been discovered in various proteins and organisms, 

substantially expanding the intein-toolbox for protein engineering [163]. The idea of 

split-inteins arose when researchers found that inteins can be artificially split into two 

protomers that can spontaneously reassemble to catalyze their own protein trans-

splicing. As for the luciferases, there are either naturally occurring or artificially 

engineered split-inteins, each having distinct splicing efficacies [163].  

For instance, the split-intein gp41-1 is a naturally fragmented intein originating from a 

functional replication helicase of bacteriophage T4 [164]. It was found as a result of 

metagenomic sequencing [165]. This intein, which is noted as one of the smallest 

reported  split-inteins,  displays  a  remarkably  fast  trans-splicing  activity  (k  =  2.2  ±  
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Figure 7: Integration into TP53 and stable co-expression of the triple EXSISERS reporter system in 
HCT116 cells. a) Schematic representation of the tumor suppressor gene TP53 with its corresponding 
domains (color-coded). b) Schematic representation of CRISPR/Cas9 meditated knock-in of EXSISERS-
reporters IMPDH-1 Cypridina Luciferase (IMPDH-1-CLuc), gp41-1 Nano Luciferase (gp41-1-NLuc), and 
NrdJ-1 Firefly Luciferase from Photinus pyralis (NrdJ 1 PpyFLuc) into exon 2, 4, or 7 of the tumor 
suppressor gene TP53. c) Conservation of the p53 reading frame upon EXSISERS knock-in allows co-
translation of corresponding reporter proteins in combination with p53. Depending on which p53 protein 
isoform is expressed (full length p53α/β/γ, Δ40p53α/β/γ, Δ133p53α/β/γ, Δ160p53α/β/γ), either three 
reporters (IMDPH 1 CLuc, gp41 1 NLuc, NrdJ 1 FLuc), two reporters (gp41 1 NLuc, NrdJ 1 Fluc), or one 
reporter (NrdJ 1 FLuc) are co-transcribed. d) Translation of the corresponding p53 mRNA which includes 
EXSISERS-reporters. Associated split-inteins (e.g., gp41-1-N-intein and gp41-1-C-intein) interact with each 
other to place the flanking p53 sequences (exteins) into close proximity and initiate intein-luciferase 
excision as well as p53-extein ligation. Subsequently, two EXSISERS-reporters (gp41 1 NLuc and NrdJ 1 
FLuc) remain in the cytosol, while IMPDH 1 CLuc is transported and anchored to the plasma membrane. 
After protein-splicing, p53 is transported into the nucleus. Of note, the integrity of the p53 protein isoforms 
is completely conserved.  
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0.7 x 10-4 s) [166]. It comprises an 88-residue N-terminal and a 37-residue C-terminal 

fragment. Due to its compact size and robust protein splicing, it is an attractive 

split-intein candidate for protein engineering purposes. Notably, the gp41-1 intein 

employs serine as its catalytic residue found on position +1 as the first extein residue 

subsequently following the intein sequence. The significantly higher frequency of 

serines over cysteines allows a broader spectrum of recombinant insertion of gp41-1 

split-intein into pro- and eukaryotic protein sequences [167].  

NrdJ-1 is another naturally occurring split-intein that was also found as a result of 

metagenomic sequencing [165]. It originates from the catalytic subunit of the class II 

ribonucleotide reductase (RNR) of Streptomyces avermitilis [165]. The N-terminal 

fragment of NrdJ-1 consists of 103 residues, while the C-terminal fragment 

encompasses 40 residues. Like gp41-1, NrdJ-1 employs serine as a catalytic residue 

for the initial intein-rearrangement and subsequent intein-splicing. NrdJ-1 shows 

remarkably high splicing rates (k = 2.4 ± 0.1 x 10-4 s), making it suitable for protein 

engineering [166].  

The third split-intein we considered for designing the triple EXSISERS reporter system 

is IMPDH-1. As part of a nucleotide metabolism enzyme, namely inosine-5′-

monophosphate dehydrogenases (IMDPH), the split-intein was found as an event of a 

self-fracturing IMPDH enzyme [165]. The N-terminal fragment of NrdJ-1 consists of 

101 residues, while the C-terminal fragment encompasses 40 residues. IMPDH-1 also 

uses serines as catalytic intein-splicing residues and demonstrates relatively fast 

splicing-rates (k = 7.7 ± 1.6 x 10-4 s) [166].  

Incorporating each luciferase into a specific split-intein creates three functional reporter 

units capable of scarless excision from any target host protein, providing a serine 

residue essential for catalyzing the active splicing process. 

EXSISERS describes a reporter system genetically integrated into the coding 

sequence of a specific protein of interest to be co-translated and autocatalytically 

spliced out of the host protein. Depending on the locus in which EXSISERS is stably 

incorporated, it quantitatively reflects the exon usage of an expressed gene. In the 

case of alternative mRNA-splicing events, and depending on the number of integrated 

EXSISERS reporters, this method can simultaneously capture the expression of 

multiple protein isoforms (Fig. 7c, d). Given the fact that the expression of the TP53 

gene results in multiple protein isoforms and since their respective cellular ratio can 
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determine the activation of crucial pathways [109,117], EXSISERS constitutes the 

ideal method for investigating p53 isoform-dependent signaling pathways under the 

influence of diverse exogenous stimuli, such as CRC therapeutics. Here, we integrated 

an individual EXSISERS-reporter into each domain: TAD I (representing FLp53), TAD 

II (FLp53 + Δ40p53), and DBD (all p53 isoforms) of p53. Depending on the specific 

p53 isoform expressed, either all three luciferases for FLp53, gp41-1-NLuc, and NrdJ-

1-FLuc for FLp53+Δ40p53 or NrdJ-1-FLuc alone for total p53 are co-translated. The 

quantity of the Δ40p53 isoform is determined by subtracting the relative luminescence 

signals of IMPDH-CLuc from those of gp41-1-NLuc. Correspondingly, the amounts of 

Δ133+Δ160p53 are calculated by subtracting the relative signals of gp41-1-NLuc from 

those of NrdJ-1-FLuc. The combined detection of three EXSISERS luciferase signals 

provides a method for non-invasive and longitudinal quantification and differentiation 

of constitutive expressed p53 protein isoforms (FLp53, Δ40p53, Δ133p53 + Δ160p53) 

in living cells.  

Advantages over state-of-the-art methods 

Luminescence-based protein isoform analysis with EXSISERS allows for 1. 

translational quantification of the target protein, 2. differentiation of specific protein 

isoforms, 3. acquisition of time-series data, 4. measurement in living cells, and 5. high 

scalability with high-throughput screening applicability. EXSISERS stands as an 

innovative and revolutionary technique for relative protein quantification, concurrently 

complementing pre-existing mRNA (RT-qPCR, smFISH, RNAseq [168]) and protein-

based single time-point strategies (immunoblot analysis, immunofluorescence). 

Transcriptional and translational regulation of genes does not necessarily coincide, as 

protein production is also influenced by several factors, including translationally 

arrested mRNA[169], ribosomal frameshift regulation [170], and local mRNA 

translation [152,171,172]. Current protein-based methods are highly dependent on the 

availability of exon-specific antibodies, while mRNA-based methods are usually 

elaborate and prevent longitudinal and large-scale experiments. The non-invasive, 

longitudinal live-cell analysis with EXSISERS allows for differential p53 protein isoform 

detection in CRC cell lines exposed to clinically established chemotherapeutics. 

Understanding the tumor suppressor’s regulative mechanisms is paramount for 

drugging p53 [121], especially in cancer cells with different p53 mutational 

backgrounds [173]. This study introduces a novel method for detecting and quantifying 
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p53 isoforms. We aim to provide a better understanding of the intricacies of p53 isoform 

regulation and function to enhance therapeutic strategies for CRC. 

1.7 Objectives  

This doctoral thesis aims to elucidate the fundamental principles governing the 

regulation of p53 protein isoforms. As emphasized multiple times, the cellular ratio of 

isoforms — FLp53, Δ40p53, Δ133p53, and Δ160p53 — is crucial for triggering 

fundamental pathways. Under the influence of specific therapeutics used for treating 

colorectal carcinoma, the existing isoform ratio can decisively influence the response 

to therapy and, ultimately, the patient's survival. 

To quantitatively measure the expression of p53 protein isoforms—FLp53, Δ40p53, 

Δ133p53, and Δ160p53—in real-time and live cells under the influence of therapeutics 

already established in clinical practice (e.g., 5-Fluorouracil, oxaliplatin, etc.), we have 

integrated and significantly advanced the novel method EXSISERS into the tumor 

suppressor gene TP53. Understanding the basic principles of p53 isoform regulation 

is imperative to develop novel therapeutic strategies for tumor treatment. 

This thesis has achieved the following milestones, which will be elaborated in-depth in 

the "Results" section:  

Ø Advancement of the EXSISERS technology allows for multiplexing 

luminescence screenings of Nano luciferase, Firefly luciferase, and Cypridina 

luciferase and, therefore, quantification of up to three protein isoforms 

simultaneously.  

Ø Stable integration of EXSISERS reporters into tumor suppressor p53 for live-cell 

and real-time quantification of p53 protein isoforms including FLp53, Δ40p53, 

and Δ133+ Δ160p53. 

Ø Study of the dynamic regulation of p53 isoforms and their respective activated 

signaling pathways: FLp53: cell-cycle arrest, Δ40p53: cell death induction, 

Δ133p53, and Δ160p53: negative regulators of FLp53 and acceleration of 

Δ40p53-mediated cell death. 

Ø Non-invasive high-throughput screening of p53 isoform expression in response 

to 4,863 anti-cancer compounds. Identification of deubiquinase inhibitor 

SJB2-043, which strongly enhances tumor suppressive properties of p53. Thus, 
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it represents a potential treatment option for tumors encompassing wild-type 

p53. 

Ø Identification of mitochondrial respiratory chain complex I inhibitor IACS-010759 

amplifying tumor suppression in p53-mutated cells. Thus, IACS-010759 

represents a potential treatment option for tumors displaying p53 mutations or 

deletions. 

Ø Verification of IACS-010759 as a highly effective and tumor-specific therapeutic 

for treating colorectal cancer (CRC). 
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2. Material and Methods 

2.1 Molecular Cloning  

Primer- and gene-fragment design. DNA oligo primer and gBlocks gene fragments 

were obtained from Integrated DNA Technologies (IDT). Primers for sequencing or 

molecular cloning, gene fragments, and DNA plasmids were designed using the 

Geneious Prime Software. Lyophilized DNA oligo primers were dissolved in nuclease-

free water (Carl Roth) to a stock concentration of 100 µM. Lyophilized gBlocks gene 

fragments were dissolved in nuclease-free water to a stock concentration of 10 ng µl-1. 

DNA plasmids used for molecular cloning were dissolved in nuclease-free water, 

whereas DNA plasmids used for mammalian cell culture experiments were dissolved 

in elution buffer (EB-buffer, QIAGEN).  
 

PCR for molecular cloning. Single-stranded oligo-primer deoxyribonucleotides 

(Integrated DNA Technology, IDT) were diluted in nuclease-free water to a stock 

concentration of 100 μM. Fifty microliter PCR reactions with plasmid- and genomic 

DNA templates were performed using Q5 Hot Start High-Fidelity 2× Master Mix (New 

England Biolabs, NEB). PCR conditions were used according to the manufacturer's 

protocol for PCR amplification from plasmid DNA templates (1 ng). For PCR 

amplification from genomic DNA templates (500 ng), initial denaturation was set to 

98°C for 2 min, and the cycle number to 40 cycles. Samples were purified by DNA 

agarose gel electrophoresis followed by gel extraction purification using the QIAquick 

Gel Extraction Kit (QIAGEN). 

 

DNA digestion with restriction endonucleases. According to the manufacturer's 

protocol, samples were digested with NEB restriction enzymes in a total reaction 

volume of 40 µl and 3 µg of plasmid DNA. Digested fragments were separated 

according to their molecular weight by DNA agarose gel electrophoresis followed by 

gel extraction purification using the QIAquick Gel Extraction Kit (QIAGEN). The 

concentration of eluted and purified DNA fragments was determined using a 

Nanophotometer with LG100-UV-G quartz cuvette (IMPLEN). 

 

DNA agarose gel electrophoresis. Depending on the expected fragment size, gels 

were prepared with 0.5 % agarose (> 8 kb), 1 % agarose (between 1 and 8 kb), and 
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2 % agarose (< 1 kb). Agarose powder (Biozym LE Agarose) was dissolved in 1x TAE 

buffer and 1:10.000 SYBR Safe stain (Thermo Fisher Scientific) was added. Gels were 

left running for 1 h at 120 V. 6 μl GeneRuler 1 kb DNA-ladder was used for analysis. 

Samples were mixed with 6x Purple Loading Dye (NEB) in a 1:6 ratio before loading 

on gel. 

 

DNA ligation and Gibson assembly. Digested plasmid-backbone and DNA 

fragments with appropriate overhangs were mixed and ligated equimolarly for DNA 

ligation. We used the Quick Ligation Kit (NEB) and conducted ligation according to the 

manufacturer's protocol. After incubation, DNA ligase was heat-inactivated at 65°C, 

and the ligase-DNA mix was transformed into 10-beta competent E. coli (NEB). For 

Gibson assembly, digested DNA fragments and a plasmid-backbone with double-

stranded overlap sequences (Tm ~ 65°C) were mixed on ice in an equimolar manner. 

NEBuilder HiFi DNA Assembly (NEB) was used according to the manufacturer's 

protocol. Subsequently, after incubation, 7 µl of DNA assembly master mix was 

dialyzed against distilled water for 10 min. 5 µl was transformed into NEB Turbo 

electrocompetent E. coli (NEB). 

 

Bacterial transformation and cultivation. DNA plasmids ligated or assembled with 

the corresponding reaction mix, intended to be transformed into NEB Turbo 

electrocompetent E. coli via electroporation, were first dialyzed against distilled water 

for 10 min. After that, 1-5 µl of dialysate was mixed with 50 µl of thawed 

electrocompetent cells (on ice) and transferred into precooled electroporation cuvettes 

(2 mm, Merck). Cuvettes containing plasmid - E. coli mix were pulsed at 2.5 kV with 

the Gene Pulser II (Bio-Rad) and immediately mixed with 950 µl SOC-medium (NEB) 

and incubated for 1 h at 37°C with mild agitation (300 rpm). Ligated or assembled DNA 

plasmids (1-5 µl), intended to be transformed into 10-beta competent E. coli, were 

directly mixed with thawed chemocompetent cells and incubated for 30 min on ice. 

Subsequently, heat shock was conducted at 42°C for 30 s and incubated for another 

5 min on ice. Transformed cells were mixed in 950 µl 10-beta stable outgrowth medium 

(NEB) and incubated for 1 h at 37°C with mild agitation (300 rpm). Transformed and 

incubated cells were plated on prewarmed agar plates containing the appropriate 

concentration of corresponding antibiotics. LB Agar plates were incubated overnight at 

37°C or for 48 h at room temperature. 
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Bacterial strains used for DNA plasmid transformation. Ligated DNA plasmids for 

mammalian expression systems were transformed into 10-beta competent E. coli 

(NEB). Gibson assembled DNA plasmids were transformed into NEB Turbo 

electrocompetent E. coli (NEB). These plasmids contained an autonomously driven 

ampicillin resistance gene. 100 µg ml-1 carbenicillin, dissolved in lysogeny broth 

medium (LB medium) or LB agar, was used as a selection agent. Assembled or ligated 

plasmids for bacterial protein expression were transformed into BL21 (DE3) competent 

E. coli (NEB). These plasmids contained an autonomously driven kanamycin 

resistance gene. 100 µg ml-1 kanamycin was used as a selection agent. 

 

Plasmid DNA purification and Sanger sequencing. After overnight incubation of 

transformed chemocompetent or electrocompetent E. coli on agar plates, grown 

bacterial clones were picked and transferred into 2.5 ml LB medium with appropriate 

antibiotics and incubated for 7 h (NEB Turbo competent E. coli) or overnight (10-beta 

competent E. coli). Plasmid DNA from 2 ml transformed bacterial culture, intended for 

sequencing or molecular cloning, was purified via QIAprep Plasmid MiniSpin 

(QIAGEN) according to the manufacturer's protocol. Purified plasmids were sent for 

Sanger sequencing (Eurofins, GATC services) for sequential quality control and 

analyzed with Geneious Prime software. Plasmid DNA from transformed bacterial 

clones intended to be used in mammalian cell culture experiments was purified from 

200 ml of inoculated bacterial cell culture medium (containing appropriate antibiotics, 

16 h, 37°C, 180 rpm) with QIAfilter Plasmid Maxi Kit (QIAGEN) according to 

manufacturer's protocol.  

 

p53 protein isoform overexpression in BL21 E. coli. Bacterial strains containing the 

respective expression plasmids were inoculated into 50 mL LB medium containing 100 

µg ml-1 kanamycin and incubated at 37 °C and constant agitation (180 rpm) overnight. 

Main culture comprising 200 mL LB medium with 100 µg ml-1 kanamycin was 

inoculated with 4 mL of overnight culture and incubated at 37°C until optical density 

(OD 600) reached 0.5-0.7. Protein expression was induced by adding 1 mM IPTG. 

Main culture was then incubated for another 16 h at 16 °C and under constant agitation. 

Cells were pelleted and lysed with sonication in appropriate lysis buffer. 
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2.2 Mammalian Cell Culture.  

Cell lines and maintenance. HCT116 wild type (WT) (obtained from ATCC) and 

genetically modified cell lines were cultured in McCoy’s 5A Media (Gibco, Thermo 

Fisher Scientific) supplemented with 10 % fetal bovine serum (FetalClone™II, 

HyClone™) and 100 µg ml-1 of penicillin-streptomycin (Gibco, Thermo Fisher 

Scientific) and incubated at 37°C and 5 % CO2. HCT15 and SW480 cell lines (ATCC) 

were cultured in RPMI media (Gibco, Thermo Fisher Scientific) supplemented with 

10 % fetal bovine serum and 100 µg ml-1 of penicillin-streptomycin and incubated at 

37°C and 5 % CO2. Caco-2 cell line was cultured in Minimal Essential Media (Gibco, 

Thermo Fisher Scientific) supplemented with 10 % fetal bovine serum, 100 µg ml-1 of 

penicillin-streptomycin, and 1mM L-glutamine (Sigma Aldrich) and incubated at 37°C 

and 5 % CO2. All cell lines were cultured in T75 flasks (Corning). Cell passage was 

conducted at 90 % confluency by discarding conditioned cell culture media and 

washing once with DPBS (Gibco, Thermo Fisher Scientific) and, after that, detaching 

mammalian cells from the flask surface with 2 ml accutase solution (Gibco, Thermo 

Fisher Scientific). Cells were incubated at room temperature for 5 -10 min with 

accutase solution. Accutase solution was inactivated by adding 8 ml of corresponding 

media (prewarmed) and cells were transferred at an appropriate density. For follow-up 

experiments, the detached cell suspension was counted in a TC20 Automated Cell 

Counter (Bio-Rad) and seeded at an adequate density on 6-well, 24-well, 48-well, or 

96-well plates. 

 

Patient fibroblast isolation and maintenance. Fibroblasts were isolated from 

patient-derived colonic biopsies (ethical vote No: 00/14). Biopsies were transferred into 

a 15 ml Falcon tube pre-filled with 10 ml HBSS supplemented with 2 mM EDTA (Carl 

Roth) and incubated at 37°C at 300 rpm for 3 min. Biopsies were then transferred into 

a new tube and resuspended in digestion buffer (1 mg ml-1 collagenase I (Merck), 

0.3 mg ml-1 DNase I (Roche), 2 mg ml-1 hyaluronidase (Merck) dissolved in PBS 

containing Mg2+ and Ca2+). Biopsies were incubated at 37°C and 300 rpm agitation. 

Detached fibroblasts were pelleted by centrifuging at 300 x g and washing several 

times with PBS. Fibroblasts were cultured at 37°C and 10 % CO2 in DMEM high 

glucose medium (Thermo Fisher Scientific) supplemented with MEM non-essential 

amino acids (100x Master Mix, Merck), 100 µM sodium pyruvate, MEM vitamin solution 

(100x Master Mix, Merck), 100 µg ml-1 primocin (InvivoGen), 10 µg ml-1 fungin 
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(InvivoGen), and 10 % fetal bovine serum (Anprotec). Cell passage was conducted at 

80 to 90 % confluency, cells were detached and passaged as described in the above 

section. For follow-up experiments, the detached cell suspension was counted in a 

TC20 Automated Cell Counter (Bio-Rad) and seeded at an appropriate density on 6-

well, 24-well, 48-well, or 96-well plates.  

 

Mycoplasma test. All CRC cell lines, and genetically edited HCT116 cell lines were 

tested for mycoplasma contamination using the PlasmoTest Mycoplasma Detection Kit 

(InvivoGen) every 3 months according to the manufacturer's protocol.  

 

Seeding cell lines. Cell lines ready for passaging were detached from the flask 

surface and counted as described in the section above (cell lines and maintenance). 

All cell lines were seeded on corresponding cell culture plates as follows: For 

96-well-plates, 20,000 cells were seeded in 100 µl per well. For 48-well-plates, 75,000 

cells were seeded in 500 µl per well. For 24-well-plates, 100,000 cells were seeded in 

1 ml per well. For 6-well-plates, 400,000 cells were seeded in 3 ml per well. Plates 

were incubated for a minimum of 24 h at 37°C and 5 % CO2 before using them for 

follow-up experiments.  

 

Plasmid transfection. DNA plasmids were transfected into CRC cell lines via 

lipofection using X-treme GENE HP (Roche) according to the manufacturer’s protocol. 

For cells seeded onto a 96-well plate, 100 ng DNA per well was used. For 48-well 

plates, an amount of 500 ng DNA, for 24-well plates an amount of 1 µg DNA per well, 

and for 6-well plates, a total amount of 2.4 µg DNA per well was used to transfect the 

cells contained therein. Across all experiments, DNA amounts were kept constant for 

all transient transfections in the appropriate well plates. If possible, supernatant was 

discarded 24 h post-transfection and replaced with fresh media. 

 

Overview of generated cell lines. Genetically modified cells were exclusively 

generated from HCT116 wild-type (WT) cells (ATCC). Gene editing was conducted 

using expression plasmids with (CBh hybrid RNA polymerase II promoter-driven) 

mammalian codon-optimized Cas9 from Streptococcus pyogenes (SpCas9) with a 

tandem C-terminal SV40 nuclear localization signal (SV40 NLS) and (human U6 RNA 

polymerase III promoter-driven) single-guide-RNA (sgRNA) sequence. Therefore, we 
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used the scaffold sequence (F+E) designed by Chen et al. together with the 

corresponding spacer sequences for gene-directed knock-out and knock-in [174]. 

Starting from HCT116 WT, EXSISERS-reporters were sequentially integrated. 

HCT116 clone 2.A2 (EXSISERSTP53:7FLuc) contains stably integrated NrdJ-1-FireflyLuc 

into coding exon 7 of TP53 (conserved DNA-binding domain). Thereafter, HCT116 

clone 5.D6 (EXSISERSTP53:4NLuc-7FLuc), containing stably integrated gp41-1-NanoLuc 

within coding exon 4 of TP53 (transactivation domain II), was derived from clone 

HCT116 2.A2. Ultimately, HCT116 clone 3.E9 (EXSISERSTP53:2CLuc-4NLuc-7FLuc) carrying 

the third stable EXSISERS-reporter IMPDH-1-CLuc within coding exon 2 of TP53 

(transactivation domain I) was derived from clone HCT116 5.D6. Further, we created 

distinct p53-deficient HCT116 cell lines either continuously expressing p53 but missing 

essential parts of the DNA-binding domain (clone 3.C7) or completely lacking p53 

(clone 1.E8).  

 

Generation of stable EXSISERS cell lines with CRISPR-Cas9. To create stable cell 

lines carrying EXSISERS-reporters in the exon of interest (EOI), expression-plasmids 

coding for dCas9 protein and for corresponding sgRNAs (constructs are described in 

section: Overview of generated cell lines) were transfected into HCT116 WT cells to 

promote DNA-double strand breaks (DNA-DSB) and homologous direct repair (HDR) 

at the desired loci. Spacer sequences for directed DNA-DSB consisted of 20 bp (TP53 

exon 2 sgRNA 2 (between Phe19 and Ser20): AGGAAACATTTTCAGACCTA; TP53 

exon 4 sgRNA 2 (between Lys93 and Ser94): GACAGAAGATGACAGGGGCC; TP53 

exon 7 sgRNA 2 (between Asn239 and Ser240): CATGTGTAACAGTTCCTGCA) 

complementary sequence of the targeting locus. The efficiency of Cas9 nuclease 

activity depending on the sgRNA spacer sequence was determined by a T7 

endonuclease I assay (NEB) carried out according to the manufacturer's protocol. As 

indicated, the EXSISERS insertion site was set subsequently upstream of serine, 

which is needed for post-translational excision-processing of inteins. NetGene2 

(v.2.42) [175] was used to avoid inserting cryptic splice sites and deleting potential 

regulatory elements within the tumor suppressor gene TP53. In case of stable knock-

in events, an i53 protein (53bp1 inhibitor) [176] is also encoded on the Cas9 expression 

plasmid, driven by the same CBh promoter but translationally separated by a p2A 

peptide. Co-expression of i53 should optionally enhance homologous recombination 

after Cas9-mediated DNA-DSB at the EOI. For HDR and stable genomic integration, 
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a donor DNA plasmid carrying the EXSISERS construct, including an (EF1α promoter-

driven and mRNA self-processing) selection-cassette and two homology arms of at 

least 1000 bp flanking the integrable moiety are required to be co-transfected into the 

modifiable cell line. The selection-cassette contains coding sequences for puromycin-

N-acetyl-transferase (PuroR) and herpes simplex virus thymidine-kinase (HSVtk) 

driven by the same promoter but translationally separated by a p2A peptide. 48 h post-

transfection (6-well plate format), cell culture media were replaced by 50 µg ml-1 

puromycin-dihydrochloride (Merck) containing media. Selective media were repeatedly 

changed every 72 hours. The selection procedure was conducted for at least 1 to 2 

weeks. Surviving cells were detached with accutase solution (Gibco, Thermo Fisher 

Scientific) and monoclonalized by FACS sorting (BD FACS Aria III) into 96-well plates. 

Cells were cultured in conditioned media (50 % conditioned and sterile-filtered media 

from appropriate cells, 50 % fresh media supplemented with 20 % fetal bovine serum, 

and 100 units ml-1 Pen/Strep) for 1 week and thereafter supplemented with an 

additional 100 µl of fresh media per well and cultured for another week at 37°C and 

5 % CO2. As soon as colonies reached an accumulation of at least 100 cells, cells were 

detached with accutase solution and expanded onto a 48-well plate. As soon as a 

confluency of 90 % was reached, cells were carefully detached and passaged at a 1:5 

ratio into a new 48-well plate, while the remaining cell suspension was used for 

genotyping the corresponding colonies. Please refer to section Genomic DNA isolation 

and genotyping for a detailed genotyping procedure. Cell clones having integrated 

EXSISERS at the EOI in a homozygous manner were expanded and prepared to 

remove the co-integrated selection-cassette. Therefore, cells were seeded on a 6-well 

plate and transfected 24 h afterward with DNA expression plasmids coding for 

mammalian codon-optimized Flp-, Cre-, or Dre-recombinases. These  expression 

plasmids are designed to express a modified green fluorescent protein, Xpa H62Q, 

under the control of the CAG-promoter. The CAG-promoter is a synthetic promoter 

created by combining elements from different genes, including the cytomegalovirus 

(CMV) early enhancer element, the first exon and intron of the chicken beta-actin gene, 

and the splice acceptor from the rabbit beta-globin gene [177]. Importantly, the 

Xpa H62Q and other proteins coded on the plasmid are driven by the same promoter 

but translationally separated by a p2A peptide. After 48 hours following the transfection 

of these plasmids into cells, a process known as FACS pre-sorting is conducted. This 

method employs flow cytometry to identify and isolate cells that exhibit green 
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fluorescence, effectively increasing the proportion of cells that have successfully taken 

up and expressed the transfected plasmids. This is a common procedure used in 

molecular and cell biology to enhance the population of cells expressing the target 

gene, in this case, the Xpa H62Q green fluorescent protein. Thereafter, cells were 

cultured in selection media containing 100 µM ganciclovir and cultured for at least 2 

weeks. After ganciclovir selection, cells were FACS-sorted once more to 

monoclonalize into 96-well plates. Cells were then cultured in 100 µL conditioned 

media (composition as described above) for 1 week and thereafter supplemented with 

additional 100 µl fresh media per well. As soon as colonies reached an accumulation 

of at least 100 cells, cells were detached with accutase solution and expanded into a 

48-well plate. As soon as confluency of 90 % was reached, cells were carefully 

detached and passaged at a 1:5 ratio into a new 48-well plate, while the remaining cell 

suspension was used for genotyping the corresponding colonies. Cell clones that 

carried the EXSISERS-reporter stably integrated at the EOI and that had undergone 

successful homozygous exclusion of the selection-cassette were considered for 

expansion, further gene-editing, or live-cell luminescence quantification experiments. 

Homozygous targeting is not required in general, but we have previously shown that 

choosing homozygous clones is better for confirming minimal invasiveness without 

confounders from WT alleles [152]. 

 

p53-directed knock-out using CRISPR-Cas9. p53 KO was conducted by multiplexed 

Cas9-sgRNA targeting and functional deletion of the DNA-binding-domain (DBD) 

without altering the reading-frame and without evoking a complete loss of p53. Hence, 

p53 is still expressed but incapable of binding DNA-response elements (p53-RE) or 

establishing protein-protein interactions. HCT116 cells were transfected with 

mammalian codon-optimized expression plasmids for dCas9 protein and for 

corresponding sgRNAs to promote DNA-DSB and homologous direct repair (HDR) at 

the desired loci. For multiplexed gene targeting, we redesigned the U6 promoter-driven 

sgRNA transcripts (description in section: Overview of generated cell lines) by inserting 

a second sgRNA sequence with identical tracrRNA but different spacer sequence 

(TP53 exon 7 sgRNA 2 (between Asn239 and Ser240): 

G+ATGTGTAACAGTTCCTGCAT; TP53 exon 8 sgRNA 2 (between Gly302 and 

Ser303): G+CTCACCACGAGCTGCCCCCA), and sequentially separated by a tRNA 

scaffold spacer [178]. The sgRNA-tRNA-sgRNA transcript is post-transcriptionally 
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processed by RNase P (5' of tRNA) and RNase Z (3' of tRNA), causing a digestive 

release of one tRNA and two spatially separated sgRNA molecules, driven by the same 

U6 promoter. The efficiency of Cas9 nuclease activity depending on the sgRNA spacer 

sequences was determined by a T7 endonuclease I assay (NEB) carried out according 

to the manufacturer's protocol. i53 protein (53bp1 inhibitor) [176] is also encoded on 

the Cas9 expression plasmid, driven by the same CBh promoter but translationally 

separated by a p2A peptide. Co-expression of i53 should optionally enhance 

homologous recombination after Cas9-mediated DNA-DSB at the EOI. Before p53 

functional KO, we stably inserted an EF1α promoter-driven and mRNA self-processing 

selection cassette (consisting of the coding sequences for puromycin-N-

acetyl-transferase (PuroR) and mNeonGreen (mNG) translationally separated by p2A) 

by replacing the coding sequence for a part of the p53-DBD between Asn239 and 

Ser303. This co-transfected DNA-donor plasmid contained two homology arms 

flanking the selection cassette, each identical to the upstream or downstream 

TP53-insertion site sequence and at least 1000 bp in length. 48 h post-transfection 

(6-well plate format), cell culture media were replaced by 50 µg ml-1 

puromycin-dihydrochloride (Merck) containing media. Selective media were repeatedly 

changed every 72 hours. The selection procedure was conducted for at least 1 to 2 

weeks. Thereafter, surviving cells were detached with accutase solution (Gibco, 

Thermo Fisher Scientific) and monoclonalized by a FACS sorter (BD FACS Aria III) 

into 96-well plates. Cells were cultured in conditioned media (50 % conditioned) for 1 

week, supplemented with an additional 100 µl of fresh media per well, and cultured for 

another week at 37°C and 5 % CO2. As soon as colonies reached an accumulation of 

at least 100 cells, cells were detached with accutase solution and expanded into a 48-

well plate. As soon as a confluency of 90 % was reached, cells were carefully detached 

and passaged at a 1:5 ratio into a new 48-well plate, while the remaining cell 

suspension was used for genotyping the corresponding colonies. Cells that integrated 

the selection cassette in a homologous manner were expanded and prepared for 

Flp-recombinase-mediated excision. For this purpose, cells were seeded in a 6-well 

plate and transfected 24 h afterward with DNA expression plasmids coding for 

mammalian codon-optimized Flp-recombinase. 48 h post-transfection, cells were 

FACS-sorted (BD FACS Aria III) and monoclonalized into a 96-well plate. Cells were 

cultured in conditioned media (50 % conditioned) for 1 week, supplemented with an 

additional 100 µl of fresh media per well, and cultured for another week at 37°C and 5 
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% CO2. Cell colonies were screened via fluorescence microscopy. Colonies having lost 

their fluorescent property and consisting of at least 100 cells were detached with 

accutase solution and expanded into a 48-well plate. As soon as a confluency of 90 % 

was reached, cells were carefully detached and passaged at a 1:5 ratio into a new 48-

well plate while the remaining cell suspension was used for genotyping TP53. Cell 

clones missing the selection cassette and an essential part of the p53 DBD in a 

homozygous manner were considered for expansion and further experimental 

procedures. p53 DBD-deficient cells were additionally validated by immunoblot 

analysis.  

 

Gene expression manipulation using dCas9-VPR. Artificial gene induction of TP53 

in HCT116 cell lines was conducted by co-transfection of CAG-promoter-driven 

mammalian-codon optimized nuclease-defective S. pyogenes Cas9 (D10A, H840A) 

fused to a tripartite trans-activation domain VP64-p65-Rta (VPR) and SV40 NLS 

[152,179] and a plasmid mix expressing (human U6 promoter-driven) sgRNA 

molecules targeting the 5′ upstream region of the TP53 transcription start site 

(TP53 sgRNA 1: G+TTGCTACCCAGCACTGATAT; 

sgRNA 2: G+TAAATCTTATCAGAGTGATA; 

sgRNA 3: G+AACGTTAGGGTGTGATATTA; 

sgRNA 4: G+CTTCATATTTGACACAATGC; 

sgRNA 5: G+CAATTCTGCCCTCACAGCTC; 

sgRNA 6: G+AGTCAGGATTCTCGCCGACC).  

Control samples were transfected with a dCas9 expression plasmid and an empty 

sgRNA cloning plasmid. 

 

Organoid generation and maintenance. Colon cancer organoids PDM-46 (HCM-

SANG-0269-C18), PDM-47 (HCM-SANG-0270-C20), and PDM-50 (HCM-SANG-

0273-C18) were obtained from ATCC and cultured accordingly to the 

recommendations of the manufacturer. Patient-derived colonic biopsies (ethical vote 

No: 18-982-101) were cut into smaller pieces with surgery scissors and transferred into 

digestion buffer (0.5 mg ml-1 collagenase (Merck), 2 mg ml-1 collagenase IV (Merck), 1 

mg ml-1 hyaluronidase (Merck), 10 µM Y-27632 (Merck) dissolved in DMEM/F12 

media (Gibco, Thermo Fisher Scientific) and incubated at 37°C and 200 rpm for 45 min. 

Biopsies / detached cells were centrifuged at 300 x g for 5 min and carefully washed 
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twice with ice-cold PBS supplemented with 1 % BSA to stop the digestive reaction. 

Pelleted cells were resuspended in 100 µl Matrigel (Corning) and pipetted in 10 µl 

Matrigel domes onto a pre-warmed 24-well plate. Subsequent up-side down incubation 

at 37°C for 10 min was performed to harden the Matrigel. Plates containing 

cell-Matrigel domes were flipped and cultivated in 300 µl 3dGRO™ Human Colon 

Organoid Expansion Media (Merck) supplemented with 10 µM Y-27632, 100 µg ml-1 

primocin (invivogen), and 10 µg ml-1 fungin (invivogen) in each well (37 °C, 5 % CO2). 

After 24 h, media were replaced and cultivated with Human Colon Organoid Expansion 

Media without Y-27632. All our studies were conducted according to ethical guidelines 

at our institution as well as to the Helsinki Declaration and were approved by the ethics 

committee of the University Hospital of Regensburg. 

 

Seeding colon organoids. For most of the experiments, removing the Matrigel 

(Corning) and harvesting solely colon organoids to seed them onto appropriate 

96-well-round-bottom plates was necessary. Therefore, the media for culturing 

Matrigel-organoid domes was discarded and replaced by ice-cold Gentle Dissociation 

Reagent (Stemcell). After 2 min of incubation, domes were vigorously pipetted up and 

down and transferred into a reaction tube for 500 x g, 4 min centrifugation at 4°C. 

Supernatant was discarded, and organoids were washed twice with DMEM/F12 media 

to remove residual Matrigel. Organoids were seeded without Matrigel onto 

minimal-adherent 96-well bottom plates (Thermo Fischer Scientific) and cultured in 

3dGRO™ Human Colon Organoid Expansion Media at 37°C and 5 % CO2 for 24 h 

before continuing with further experiments. 

 

Therapeutic treatment of cell lines, fibroblasts, and organoids. For treatment, 

corresponding cell lines, primary colon fibroblasts, or colon organoids were seeded 

onto an appropriate well-plate at least 24 h in advance. Chemotherapeutics and 

targeted therapies used for this study were dissolved in DMSO (IACS-010759.HCl 

(MedChemExpress (MCE), stock conc.: 10 mM), JNJ-64619178 (MCE, stock conc: 

10 mM), BLM-IN-1 (MCE, stock conc.: 10 mM), SJB2-043 (MCE, stock conc.: 10 mM), 

bleomycin (TargetMol, stock conc.: 10 mM), doxorubicin (TargetMol, stock conc.: 

10 mM)) or ddH2O (5-Fluorouracil (MCE, stock conc.: 10 mM), oxaliplatin (intern, stock 

conc.: 5 mg ml-1)). For cell-viability experiments, HCT116 WT (ATCC), 

HCT116 p53-DBD-/-, HCT116 p53-/-, HCT15 WT (ATCC), SW480 WT (ATCC), and 
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Caco-2 WT (ATCC) cells were cultured in 96-well plates (20,000 cells per well in 100 

µl) for 24 h and afterwards treated with varying therapeutic concentrations ranging from 

0.05 nM to 5 µM. For treatment, the supernatant was discarded and replaced with fresh 

cell culture media supplemented with drugs in the appropriate therapeutic dilution. 

Cells were cultured at 37°C and 5 % CO2 for another 48 h before measuring cell 

viability. For peptide quantification via mass spectrometry, HCT116 WT cells were 

cultured in 6-well plates (400,000 cells per well in 3 ml) for 24 h and treated with either 

20 µM 5-FU or 20 µg ml-1 OX. The supernatant was discarded and replaced with fresh 

cell culture media supplemented with the appropriate therapeutic dilution. Cells were 

cultured at 37°C and 5 % CO2 for another 24 h before detaching with accutase solution 

and generating RIPA lysates. For p53 protein-isoform quantification, 

EXSISERSTP53:2CLuc-4NLuc-7FLuc cells were cultured in 96-well plates (20,000 cells per 

well in 100 µl) for 24 h and subsequently treated with either 20 µM 5-FU, 20 µg ml-1 

OX, 50 nM IACS-010759.HCl, 1 µM JNJ-64619178, 5 µM BLM-IN-1, 1 µM SJB1-043, 

20 µM bleomycin, or 100 nM doxorubicin. Supernatant was discarded and replaced 

with fresh cell culture media supplemented with appropriate therapeutic and luciferase 

substrate dilution. Cells were cultured at 37 °C and 5 % CO2 for 48 h with 3 h 

measuring intervals. For immunoblot analysis or flow-cytometry (FC)-based cell death 

assays, HCT116 WT, EXSISERSTP53:4NLuc-7FLuc, EXSISERSTP53:2CLuc-4NLuc-7FLuc, 

HCT116 p53-DBD-/-, HCT116 p53-/-, HCT15, Caco-2 cell lines and primary colon 

fibroblasts were cultured in 24-well plates (100,000 cells per well in 1 ml) for 24 h and, 

thereafter, treated with either 20 µM 5-FU, 20 µg ml-1 OX, 50 nM IACS-010759.HCl, or 

1 µM SJB1-043. The supernatant was discarded and replaced with fresh cell culture 

media supplemented with appropriate therapeutic dilution. Cells were cultured at 37°C 

and 5 % CO2 for 24 h or 48 h before generating RIPA lysates for immunoblotting or 

before staining cells with DAPI and Annexin-V-FITC for subsequent FC-based cell 

death assay. For LIVE/DEAD determination via fluorescent microscopy, patient-

derived primary colon organoids (ethical vote No:18-982-101) were cultured in 

BIOFLOAT FLEX coating solution (feCellitate, F202005, for low adhesion) treated 

96-well plates (Thermo Fisher Scientific) (3-4 colon organoids per well in 100 µl) for 24 

h. For drug treatment, 100 µl fresh cell culture media supplemented with appropriate 

therapeutic dilution (0.0005 % DMSO, 50 nM IACS-010759) were added without 

discarding supernatant. Cells were cultured at 37°C and 5 % CO2 for another 48 h 

before analysis by fluorescence microscopy. 



Material and Methods 

43 
 

 
2.3 Protein Biochemical Analysis.  

Immunoblot analysis. Cells were detached with accutase solution (Gibco, Thermo 

Fisher Scientific) or cell scraper (Sarstedt). Samples were centrifuged at 13,000 x g for 

30 sec to pellet cells and discard the supernatant. Approximately 1 million cells were 

lysed in 100 µl RIPA buffer (Merck) supplemented with protease inhibitors (c0mplete 

Tablets Mini EDTA free, Roche) and, if necessary, phosphatase inhibitors (PhosSTOP, 

Roche) according to the manufacturer's protocol. Samples were incubated for 20 min 

on ice and centrifuged at 13,000 x g for 20 min. Supernatant was transferred to new 

reaction tubes. Protein concentration of clear lysates was measured using Pierce 

Rapid Gold BCA Protein Assay Kit (Thermo Fisher Scientific) according to the 

manufacturer's protocol, and absorbance was measured at 492 nm in a transparent 

96-well plate with the EMax Plus Microplate Reader (Molecular Devices). Cell lysates 

were normalized to the lowest concentrated sample by the addition of RIPA buffer. 

Lysates were prepared for SDS-PAGE by mixing samples in 6x Laemmli SDS sample 

buffer (Thermo Fisher Scientific) supplemented with 50 µM DTT (Merck) and 

subsequently incubated at 95°C with mild agitation for 10 min. The SDS-PAGE 

chamber (Mini-PROTEAN Tetra System, Bio-Rad) was filled up with SDS buffer (25 

mM Tris (Carl Roth), 250 mM glycine (Carl Roth), 5 mL of 20 % SDS (Carl Roth) in 1 

L MilliQ water) and equipped with Mini-PROTEAN TGX gels (4-20 % gradient 10 wells, 

Bio-Rad). Samples were loaded on the gel and electrophoresis was run at 150 V for 

40 min. A protein marker (PageRuler Prestained Protein Ladder, Thermo Fisher 

Scientific) was also applied to the gel to compare the molecular mass. Subsequently, 

an immunoblot was generated by transferring the sample from the gel to a PVDF 

Transfer Membrane (Thermo Fisher Scientific) with a semi-dry blotting system 

(TE77XP, Hoefner). For this, PVDF membrane and Whatman paper (GE Healthcare) 

were cut to the size of the gel and placed on top of each other in the following order: 

1. Whatman paper wetted in buffer A (300 mM Tris base, 100 ml Methanol (Carl Roth), 

400 ml MilliQ water), 2. two Whatman papers wetted in buffer B (25 mM Tris base, 100 

ml methanol, 400 ml MilliQ water), 3. PVDF membrane wetted in methanol, 4. 

SDS-polyacrylamide gel with loaded samples, 5. three Whatman papers wetted in 

buffer C (25 mM Tris base, 40 mM aminocaproic acid, 100 ml methanol, 400 ml MilliQ 

water). Blots were run for 50 min at 80 mA per gel. Thereafter, PVDF membranes were 

blocked in blocking buffer containing 5 % skimmed milk (Carl Roth) dissolved in TBS-T 
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buffer containing 0.05 % Tween 20 (Merck) for 1 h at room temperature under mild 

agitation. Primary antibodies (ab) were diluted in blocking buffer with the indicated 

dilution factor and either incubated on the membrane for 2 h at room temperature or 

overnight at 4°C. After the appropriate antibody incubation time, blots were washed 

with TBS-T at room temperature for 5 rounds, each lasting for 5 min under mild 

agitation. Secondary HRP-conjugated antibodies were diluted in blocking buffer with 

the indicated dilution factors and incubated on the membrane for another 2 h at room 

temperature. HRP was detected using 0.01 % H2O2 mixed in ECL solution (1 mM 

luminol sodium salt (Merck), 0.36 mM p-coumaric acid (Merck), 100 mM Tris base in 

MilliQ water) directly applied on the antibody-treated membrane, and measured in a 

ChemiDoc XRS+ Imaging system (Bio-Rad). Primary and secondary antibodies were 

used as follows: M2 mouse anti-Flag (1:1,000, F3165-1MG, Merck), anti-VSV-G-tag 

(1:5,000, PA1-30138, Invitrogen), anti-OLLAS-tag (1:5,000, NBP1-06713, NovusBio), 

anti-Myc-tag (1:1,000, ab32, abcam), DO1 anti-p53 (1:1,000, sc-126, Santa Cruz), 

ab26 anti-p53 (1:1,000, ab26, abcam), DO-12 anti-p53 (1:1,000, 153403, ximbio), 

PAb421 anti-p53 (1:1,000, OP03, Merck), PAb240 anti-p53 (1:1,000, CBL404, Merck), 

anti-p53 phospho S15 (1:1,000, ab1431, abcam), anti-p53 phospho S315 (1:1000, sc-

135772, Santa Cruz) anti-p21 (1:1,000, ab188224, abcam), anti-PARP (1:1,000, 

46D11, Cell Signaling), anti-beta actin HRP-conjugated (1:10,000, ab49900, abcam), 

anti-mouse IgG HRP-conjugated (1:2,500, ab6728, abcam), anti-rabbit IgG 

HRP-conjugated (1:20,000, 31460, Thermo Fisher), anti-rat IgG HRP-conjugated 

(1:5,000, ab97057, abcam). Re-Blot Plus Strong Solution (MilliQ) was used for 20 min 

at room temperature and mild agitation to remove bound antibodies and re-use the 

PVDF membrane. Subsequently, the membrane was washed with MilliQ water, 

blocked in blocking solution for 1 h at room temperature, and retreated with a new 

primary antibody. Beta-actin signals were used for normalization purposes. 

Densitometric analysis was performed with ImageJ. 
 

Immunoprecipitation. Cell lysates were prepared as described for immunoblot 

analysis (see section Immunoblot analysis). If cleared cell lysate was still viscous, 

incubation at 95°C for 10 min and mild agitation was performed. Cell lysates were pre-

cleared by adding approximately 10 µg of isotope- and species-specific antibody 

control to 1 ml cell lysates and incubating samples for 1 h on ice. Thereafter, 100 µL 

of protein G-conjugated agarose bead (Merck) slurry was added to each sample and 
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incubated for another 30 min on ice. The cell lysate-antibody-agarose bead mix was 

centrifuged at 14,000 x g for 10 min, and supernatant was saved in a new reaction 

tube while the bead pellet was discarded. Preclearing is unnecessary, but we 

recommend this step as it may reduce background signal. 100 µl Protein G-conjugated 

agarose beads were mixed with 10 µl primary antibody at the recommended dilution 

factor and incubated at 4°C for 4 h. Antibody-coupled beads were centrifuged at 2,000 

x g for 2 min, and supernatant was discarded. The antibody-bead mixture was washed 

with RIPA lysis buffer twice before adding 10 - 50 µg of cell lysate and incubating at 

4°C overnight under rotatory agitation. Samples were centrifuged at 2,000 x g for 2 

min, and the supernatant was removed (stored at -80 °C for IP control). Bead pellets 

were washed with RIPA lysis buffer at least three times. Thereafter, specifically bound 

proteins were eluted in an appropriate volume of 0.2 M glycine (pH 2.6) by incubating 

beads for 10 min under mild agitation. This elution procedure prevents non-covalent 

antibody complexes from being co-eluted. Subsequently, eluted samples were 

neutralized with an equal volume of Tris (pH 8.0). Samples were analyzed via 

immunoblotting. 

 

p53 transcription factor binding assay. This assay was applied on HCT116 WT and 

genetically edited HCT116 p53DBD-/- and HCT116 EXSISERS cell lines. Cells were 

harvested from a 75 cm2 flask by scraping cells with a cell scraper (Sarstedt) and 10 

ml ice-cold PBS off the surface and pelleted in a reaction tube by centrifuging at 13,000 

x g for 30 sec. We isolated the nuclear extracts for HCT116 WT, EXSISERSTP53:7FLuc, 

EXSISERSTP53:4NLuc-7FLuc, HCT116 3.E7, and HCT116 p53 DBD-/- cells by adding 1 mL 

of ice-HB buffer, incubating for 15 min on ice and adding 50 µL of NP-40 (stock conc.: 

10 %, Merck). Cell lysates were centrifuged at 13,000 x g for 30 sec, and supernatant 

was discarded while nuclear pellets were lysed with 50 µL complete lysis buffer 

(provided by assay). p53 transcription factor binding assay (ab207225, Abcam) was 

conducted according to the manufacturer's protocol. Absorbance was measured at 450 

nm with EMax Plus Microplate Reader (Molecular Devices).  

 

p53 transcription factor activity assay. A transiently transfected reporter plasmid 

with fluorescent output measured the transcriptional activity of p53 in HCT116 WT and 

EXSISERSTP53:4NLuc-7FLuc cells. Therefore, corresponding cells were seeded into 

black 96-well plates with clear bottom (Berthold) for optimal fluorescent quantification. 
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After 24 h, cells were transfected with reporter plasmids consisting of the coding 

sequence for mNeonGreen (mNG) driven by the promoter sequence of the p53RFP 

gene. The promoter region reveals multiple p53 response elements (p53-RE), which 

can be targeted and induced by the transcriptional activation of p53. As a control 

plasmid, we created another reporter plasmid coding the same green fluorescent 

mNG, but this time driven by the upstream sequence of the LMF gene carrying none 

of the p53RE. Cells were either transfected with inducing constructs (dCas9-VPR + 

TP53 sgRNA 6: G+AGTCAGGATTCTCGCCGACC vs. empty sgRNA) or treated with 

p53 inducing agents (e.g., 5-FU). Fluorescent signals were measured with the TriStar2 

LB 942 Multimode Reader (Berthold).  

 

Mass spectrometry sample preparation. HCT116 WT cells were seeded into 6-well 

plates in triplicates at a cell density of 600,000 in 3 ml of appropriate medium per well. 

After 24 h of culturing, cells were either treated with DMSO (control), 20 mJ cm-2 

UV-light, 20 µM 5-FU, or 20 µg ml-1 oxaliplatin and cultured for another 24 h. 

Thereafter, cells were detached from the plate surface with a cell scraper (Sarstedt) 

and transferred into reaction tubes. Cells were pelleted by centrifugation (13,000 x g, 

30 sec), washed once with ice-cold PBS, and lysed with 200 µl RIPA buffer (Merck) 

supplemented with protease inhibitors (c0mplete Tablets Mini EDTA free, Roche). 

Protein concentration was determined using Pierce Rapid Gold BCA Protein Assay Kit 

(Thermo Fisher Scientific) according to the manufacturer's protocol, and absorbance 

was measured at 492 nm in a transparent 96-well plate with the EMax Plus Microplate 

Reader (Molecular Devices). For absolute p53 protein isoform quantification via 

multiple reaction monitoring (MRM) mass spectrometry, 5 µL of protein lysate was 

spiked with 80fmol 15N-labelled-recombinant p53 protein (PolyQuant GmbH). Protein 

digestion was performed according to the FASP protocol [180]. 

 

Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS analysis). 
Multiple reaction monitoring (MRM) analyses were performed on a triple quadrupole 

mass spectrometer with a nano-electrospray ion source (TSQ Vantage, Thermo 

Scientific). Chromatographic separation of the peptides was performed by liquid 

chromatography on a nano-UHPLC system (Ultimate 3000 RSLC, Dionex) using a 

nano-LC column (Acclaim PepMap100 C18, column i.d. 75 µm, column length 

500 mm, particle size 3 µm, pore size 100 Å, Dionex). Samples were injected from a 
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cooled autosampler (5 °C) and loaded onto a trap column (µPrecolumn cartridge, 

Acclaim PepMap100 C18, column i.d. 300 µm, column length 5 mm, particle size 5 µm, 

pore size 100 Å, Dionex) at 4 µg total protein digest using the µL-pickup method with 

0.1 % v/v formic acid as a transport liquid. Peptides were separated on the nano-LC 

column using a linear gradient from 3-60 % v/v acetonitrile plus 0.1% v/v formic acid in 

100 min at a flowrate of 300 nL/min.  

The mass spectrometer was operated in the positive mode at a spray voltage of 

1500 V, a capillary temperature of 270 °C, a half maximum peak width of 0.7 m/z for 

Q1 and Q3, a collision gas pressure of 1.2 mTorr and a cycle time of 1.2 ms. Optimal 

collision energies (CE) were predicted using the following linear equations: 

CE = 0.03 × m/z of precursor ion + 2.905 for doubly charged precursor ions, and 

CE = 0.03 × m/z of precursor ion + 2.467 for triply charged precursor ions. For each of 

the peptides, the optimal precursor charge and up to three optimal transitions were 

selected after screening with the concatemers. Isolation windows of 10 min were used, 

centered at the observed retention times of the peptide precursor. (This protocol was 

kindly provided by Dr. Florian Sigloch from Polyquant, Bad Abbach, Germany) 

 
2.4 DNA Design and Analysis.  

T7 Endonuclease assay. For analysis of genome targeting efficiency, HCT116 WT 

cells were seeded into 6-well plates (one well for each sgRNA with a different spacer 

sequence). Cells were transfected with expression plasmids coding for (CBh hybrid 

RNA polymerase II promoter-driven) mammalian codon-optimized Cas9 from 

Streptococcus pyogenes (SpCas9), including a tandem C-terminal SV40 nuclear 

localization signal (SV40 NLS) and a (human U6 RNA polymerase III promoter-driven) 

single-guide-RNA (sgRNA) sequence. 48 h post-transfection, cells were detached with 

1.5 ml PBS and cell scraper (Sarstedt) and centrifuged at 13,000 x g for 30 sec. 

Supernatant was discarded, and genomic DNA was purified with Wizard Genomic DNA 

Purification Kit (Promega) according to the manufacturer's protocol. Primer sequences 

were designed to bind 300 – 500 bp upstream and downstream of the DNA-DSB-site. 

PCR amplification was conducted with Q5 HS Polymerase Master Mix (NEB), and PCR 

amplicons (600 – 1000 bp) were purified using PCR Clean-Up Kit (NEB). T7 

Endonuclease Assay was performed according to the manufacturer's protocol using 

T7 Endonuclease I (NEB). Genome targeting efficiency for specific sgRNA spacer 

sequences was given in percent.  
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Genomic DNA isolation and genotyping. To sequence the gene-edited locus, 

corresponding cells were detached from the cell culture flask with accutase solution 

(Thermo Fisher Scientific) and split into a new cell-culture flask at a 1:5 ratio. The 

residual cell suspension was centrifuged at 13,000 x g for 30 sec, and supernatant was 

discarded. According to the manufacturer's protocol, genomic DNA was isolated using 

the Wizard Genomic DNA Purification Kit (Promega). Genomic DNA was resuspended 

into 30 – 50 µl nuclease-free water, and DNA concentration was measured using a 

Nanophotometer with the corresponding LG100-UV-G quartz cuvette (IMPLEN). 500 

ng of corresponding genomic DNA samples were used for PCR amplification. Primers 

were designed to bind 500 bp upstream and downstream of the modified genomic 

locus. Q5 HS polymerase Master Mix (NEB) was used to run the PCR amplification 

reaction. PCR reaction was loaded on an agarose gel for gel electrophoresis to verify 

the successful amplification of the desired locus. Agarose gels were analyzed using 

the ChemiDoc XRS+ Imaging system (Bio-Rad) before cutting out the desired bands 

and purifying the DNA amplicons with a gel extraction kit (QIAGEN). DNA 

concentration of DNA amplicons was measured and diluted to a final of 100 ng µl-1. 

Samples were sent for sequencing using the GATC-services from Eurofins genomics. 

 

Design of EXSISERS constructs. Plasmids and primers were designed with 

Geneious Prime software. All DNA-donor plasmids for HDR-mediated knock-in of the 

EXSISERS-reporters into p53 are provided in the supplement information as vector 

cards. EXSISERS-reporters consist of a central luciferase (either Firefly luciferase from 

Phytinus pyralis (PpyFLuc), Nano luciferase (NLuc, Promega), or Cypridina luciferase 

(CLuc)), flanked by antiparallel helices (either AP3 and AP4, AP5 and AP6, or helical 

domains of c-Jun and c-Fos), in turn, flanked by split-inteins (either N- and C-terminal 

NrdJ-1, N- and C-gp41-1, or N- and C-IMPDH-1). Split-inteins initiate co-translational 

excision of the EXSISERS-reporter out of the flanking amino acid sequences (exteins) 

of p53 in an auto-catalytical manner. In proximity to the split-inteins located antiparallel 

helices were shown by Truong et al. to accelerate the splicing process by efficiently 

guiding the split-inteins in spatial proximity [152]. IMPDH-1-CLuc additionally consists 

of a start-transfer signal (placed between N-IMPDH-1 intein and CLuc) and a stop-

transfer signal (placed between CLuc and C-IMDPH-1 intein). These transfer signals 

enable CLuc to be translocated into the lumen of the endoplasmic reticulum (ER) while 



Material and Methods 

49 
 

both split-inteins and p53 exteins remain in the cytoplasm. During intein-splicing, p53 

is spatially separated from ER membrane-anchored IMPDH-1-CLuc. Additional 

consecutive transport and export signals, including ER export signal, Golgi export 

signal, and plasma membrane trafficking signal (located between stop transfer signal 

and C-IMPDH-1 intein) enable efficient transport of IMPDH-1-CLuc to the plasma 

membrane. EXSISERS-reporters were placed upstream of a serine or cysteine to 

provide the requirements for co-translational processing of inteins and subsequent 

junction of the flanking p53 exteins. EXSISERS-reporters also carry recombinant tags 

to be efficiently detected in immunoblot and immunofluorescence analyses. These 

include an OLLAS-tag (gp41-1-AP6/5-NLuc), a c-Myc-tag (NrdJ-1-AP4/3-FLuc), and a 

VSV-g-tag (IMPDH-1-c-Jun/Fos-CLuc).  

 
2.5 RNA Analysis.  

Isolation of mRNA and generation of cDNA. HCT116 WT or gene-edited cell lines 

(EXSISERSTP53:7FLuc, EXSISERSTP53:4NLuc-7FLuc, and EXSISERSTP53:2CLuc-4NLuc-7FLuc) 

intended for p53 transcription analysis (either alone or including stable integrated 

EXSISERS-reporters), were detached from the cell culture flask with accutase solution 

and transferred to a reaction tube to be centrifuged at 13,000 x g for 30 sec. 

Supernatant was discarded while the remaining cell pellet was washed with PBS and 

centrifuged. PBS-supernatant was discarded, cell pellet was lysed and processed for 

mRNA isolation with Monarch Total RNA Miniprep Kit (NEB) according to the 

manufacturer's protocol. Total RNA was eluted in approximately 30 µl of nuclease-free 

water. Concentration was measured with a Nanophotometer using the LG100-UV-G 

quartz cuvette (IMPLEN). 1 µg of total RNA was used for reverse transcription into 

cDNA. Reverse transcription was conducted with Reverse Transcription System 

(Promega) according to the manufacturer's protocol. The concentration of reverse-

transcribed cDNA was measured with the nanophotometer. Depending on the 

subsequently applied method (e.g., PCR, gel-electrophoresis, RT-qPCR), 1 – 4 µl of 

the previously generated cDNA solution was utilized.  
 

Real-time quantitative PCR. 1 µl of cDNA generated from isolated and reverse 

transcribed mRNA was used for the follow-up real-time quantitative PCR. 1 µl of cDNA, 

0.5 µl of corresponding forward and 0.5 µl of the reverse primer (stock conc. 100 µM), 

5 µl Brilliant III Ultra-Fast SYBR Green qPCR Master Mix (Agilent), and 3 µl nuclease-
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free water were mixed in a LightCycler 480 Multiwell Plate 384 (Roche). The plate was 

centrifuged at 1,000 x g for 1 min to ensure the reaction mixture settled at the well's 

bottom. RT-qPCR reactions were run with a LightCycler 480 (Roche), and Ct-values 

were determined with the corresponding software. Additional RT-qPCR reactions were 

run as a normalization control to determine the Cp-values of housekeeping genes, 

including GAPDH and β2m (forward and reverse primer obtained from metabion). 

ΔΔCt values were calculated based on the double-cycle threshold method for each 

replicate.  

 

Analytical PCR. For analytical visualization of certain cDNA-transcripts via agarose 

gel electrophoresis, 2 - 4 µl of reverse-transcribed cDNA were mixed with 

corresponding forward and reverse primer (working conc.: 500 nM), and 25 µl Q5 

Polymerase Master Mix (NEB) and filled up with nuclease-free water to a total volume 

of 50 µl. PCR reactions were run on a non-quantitative ThermoCycler. PCR reaction 

was loaded on a 1 % agarose gel, and electrophoresis was conducted with 120 V and 

400 mA for 1 h. Gels were analyzed on a ChemiDoc XRS+ Imaging system. p53 

transcriptional activity was determined using the ΔΔCt method. Differential isoform 

expression of FLp53, Δ40p53, and Δ133+Δ160p53 was determined using the formula 

given in the section Computational differentiation of p53 isoforms. All primer 

sequences are included in the supplementary information. 

 

2.6 Cellular and Molecular Imaging.  

Cell viability assay. Colorectal cancer cell lines were seeded on black 96-well plates 

with clear bottom (Berthold) with a cell density of 20,000 in 100 µl per well. Seeded 

cells were cultured at 37 °C and 5 % CO2 for 24 h before replacing the supernatant 

with fresh cell culture media supplemented with specific therapeutic in an appropriate 

concentration. Therapeutic treatments were conducted for 48 h before adding an equal 

volume of CellTiter-Glo 2.0 (Promega) into each well. Cell viability assay was 

performed according to the manufacturer's protocol. A TriStar2 LB 942 Multimode 

Reader (Berthold) measured luminescent signals representing cell viability. Raw data 

was normalized to blank wells and relativized to non- or DMSO-treated cells.  

 

Cell death assay. Distinct CRC-cell lines and non-/inflamed fibroblasts were seeded 

into 24-well plates with a cell density of 100,000 in 1 ml per well. Seeded cells were 
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cultured at 37 °C and 5 % CO2 for 24 h before replacing the supernatant with fresh cell 

culture media supplemented with specific therapeutic in an appropriate concentration. 

Treatments were conducted for 24 h and 48 h before transferring supernatant and 

detached cells (with accutase solution) into new reaction tubes. Live and potentially 

dead cells were centrifuged at 500 x g for 3 min, and the supernatant was discarded 

while pelleted cells were resuspended into PBS. After repeated centrifugation and 

supernatant removal, cells were resuspended and incubated in 500 µl of Ca2+ and Mg2+ 

containing ice-cold PBS supplemented with 5 µl (1:100 dilution) FITC-Annexin V 

(556419, BD) and 100 nM DAPI (564907, BD). Thereafter, stained cells were pipetted 

through a cell strainer cap into round-bottom polystyrene tubes (Thermo Fisher 

Scientific) and were measured and analyzed with an LSRFortessa (BD) and the 

corresponding FACSDiva™ software (BD) concerning Pacific Blue and FITC 

fluorescent signal. Quadrant 4 (Q4) represents living cells, Q3 represents early 

apoptotic cells, and Q2 represents late-apoptotic or necrotic cells. Quadrant fractions 

were specified by using the FlowLogic software. Specific cell death was calculated 

using the following equation [181]:  

 
%	Cell	death	"#$%"$&	(Q2 + Q3) −	%	Cell	death	'()"#(*	(Q2 + Q3)

100 −%	Cell	death	'()"#(*	(Q2 + Q3)
 

 
Immunofluorescence microscopy of cell lines. Cells (either transfected HCT116 

WT or stable EXSISERSTP53:2CLuc-4NLuc-7FLuc) considered for immunostaining and 

fluorescence-microscopy were seeded onto black 24-well µ-plates (ibidi) with a cell 

density of 100,000 in 1 ml per well. Seeded cells were either cultivated for 24 h at 37 °C 

and directly prepared for immunostaining or first incubated for 24 h at 37 °C, then 

transfected with mammalian expression DNA plasmids and ultimately incubated for 

another 48 h before preparing cells for immunostaining. Therefore, the supernatant 

was discarded, and cells were washed with 1 ml of ice-cold PBS containing Mg2+ and 

Ca2+ (Thermo Fisher Scientific). For cell fixation, cells were incubated with 4 % 

paraformaldehyde solution (Thermo Fisher Scientific) for 5 min at RT. Cells were 

washed three times with 1 ml of ice-cold PBS (Mg2+ and Ca2+) and afterward incubated 

with 95°C prewarmed unmasking buffer (10 mM Tris base (Carl Roth), 1 mM EDTA 

(Carl Roth), 0.05 % Tween 20 (Carl Roth), pH 9.0) for 10 min. Cells were washed three 

times with PBS and incubated with permeabilization buffer (0.25 % Triton X-100 (Carl 
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Roth) dissolved in PBS) for 10 min at RT. Cells were washed three times with 1 ml of 

ice-cold PBS (Mg2+ and Ca2+) to be subsequently incubated with blocking buffer (either 

in 1 % bovine serum albumin (BSA, Carl Roth) or 1 % skimmed milk and 0.1 % 

Tween 20 dissolved in PBS) for 30 min. Primary antibodies were diluted in blocking 

buffer in a suitable concentration as specified by the manufacturer. Blocking buffer was 

replaced with a primary antibody-containing blocking buffer and incubated for 2 h at 

37°C. Cells were washed three times with ice-cold PBS and incubated with 

fluorophore-conjugated secondary antibody (diluted accordingly in blocking buffer) for 

2 h at 37°C. Cells were subsequently washed three times with ice-cold PBS again and 

incubated with a 300 nM DAPI solution (diluted in PBS) for 7 min at RT. Cells were 

washed three times with ice-cold PBS and stored in PBS (with Mg2+ and Ca2+) at 4 °C 

until further use. Fluorescence microscopic images were taken with a BZ-X800 

fluorescence microscope (Keyence) and analyzed with the corresponding software. 

Primary and secondary antibodies were used as follows: anti-VSV-G-tag (1:250, 

PA1-30138, invitrogen), DO1 anti p53 (1:250, sc-126, Santa Cruz), 

anti-calreticulin – ER marker (1:250, PA1-902A, Thermo Fisher Scientific), anti-

GM130-AF488-conjugated – Golgi marker (1:100, ab52649, abcam), anti-mouse-

AF488-conjugated (1:400, ab150117, abcam), anti-rabbit IgG-AF488, anti-chicken 

IgY-AF488 conjugated (1:250, A11039, Thermo Fisher Scientific). 
 

LIVE/DEAD staining/imaging of organoids. Organoids were generated from 

epithelial cells of patients’ colon biopsies (see section Organoid generation and 

maintenance). After successful expansion, a predetermined amount of colon organoids 

was extracted from Matrigel (Corning), seeded onto 96-well-round-bottom plates 

(Thermo Fisher Scientific), and cultured in 100 µl 3dGRO™ Human Colon Organoid 

Expansion Media (Merck) at 37 °C and 5 % CO2 for 24 h. Thereafter, an equal volume 

of 3dGRO™ supplemented with an appropriate concentration of therapeutic compound 

(IACS-010759.HCl working concentration on organoids: 500 nM) was added to the 

existing media and cultured for another 48 h. For LIVE/DEAD staining, 100 µl of the 

excess medium was discarded, and the remaining 100 µl, including the organoids were 

carefully transferred with wide bore filtered pipette tips (Merck) into a 96-well microtiter 

plate applicable for fluorescence microscopy. LIVE/DEAD staining Kit (R37601, 

Thermo Fisher Scientific) consisting of Calcein-AM (live-cell staining) and propidium 

iodide (dead-cell staining) was used to stain organoids according to the manufacturer's 
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protocol. Both staining solutions were thawed at RT and mixed to generate a 2X 

concentrated stock solution. Equal volumes of mixed staining solution (100 µl) were 

added to the 96-wells containing 3dGRO media and the corresponding colon 

organoids. Staining solution was incubated for 10 min, and organoids, including LIVE 

and DEAD fluorescent signals, were subsequently analyzed and quantified with a 

BZ-X800 fluorescence microscope (Keyence). Integration times (FITC-, Texas 

Red-channel) were defined for each organoid type (healthy: No.76, No.77, No.92; 

tumor: No.80, No.86, C18, C20) but kept constant between DMSO control and 

IACS-010759 treatment. Fluorescent signal intensities were quantified using the 

corresponding analysis software and set into ratio (LIVE (green fluorescence 

intensity): DEAD (red fluorescence intensity)). LIVE : DEAD ratios of DMSO control 

samples were set to 1, while LIVE : DEAD ratios of IACS-010759 treated samples were 

relativized to the DMSO control ratios. 

 

Live cell/real-time bioluminescence quantification. EXSISERS-reporters 

IMPDH-1-CLuc, gp41-1-NLuc, and NrdJ-1-FLuc convert their specific substrates 

vargulin (#305-10, NanoLight Technology), furimazine, and D-luciferin (E2920, 

DualGlo Assay, Promega), respectively, into the oxidated equivalent and, thereby, 

show emission maxima at specific wavelengths (CLuc λEm= 465 nm, 

NLuc λEm= 460 nm, FLuc λEm= 565 nm). These reporters reflect the cellular p53 protein 

isoform abundance and enable the relative quantification of individual p53 protein 

isoform groups. Applying membrane-permeable substrates such as D-luciferin ethyl 

ester (ab275489, abcam) and Endurazine (furimazine analogon, N2570, Promega) 

also allows quantitative measurements in a live-cell and real-time manner. 

IMPDH-1-CLuc is anchored and exposed to the plasma membrane and, therefore, 

accessible to membrane-impermeable vargulin. Since CLuc and NanoLuc display 

emission maxima at similar wavelengths, luminescence signals for each luciferase 

were measured on separate plates. For measuring, EXSISERSTP53:2CLuc-4NLuc-7FLuc cells 

were seeded on white 96-well plates with clear bottom (Berthold) with a cell-density of 

20,000 in 100 µl of appropriate media per well. Thus, at least three separate plates 

were seeded for each measurable condition. 96-well plates were cultured at 37 °C and 

5 % CO2 for 24 h. Thereafter, supernatant was discarded and replaced with fresh 

media, each supplemented with the appropriate luciferase-substrate (vargulin stock 

conc.: 50 mM in DMSO, working conc.: 50 µM; D-luciferin ethyl ester stock conc.: 
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100 mM in DMSO, working conc.: 100 µM; Endurazine working concentration 1:100 

dilution). IMPDH-1-CLuc luminescence was measured with a TriStar2 LB 942 

Multimode Reader (Berthold) immediately after substrate addition to record t0 values 

(normalization control). NrdJ-1-FLuc and gp41-1-NLuc luminescence were measured 

after 20 min of incubation at 37 °C to enable the internalization of luciferase substrates. 

After recording t0 values for all three luciferases, supernatant was discarded and 

replaced with fresh media, each supplemented with the appropriate luciferase 

substrate and the corresponding treatment (e.g., 20 µg ml-1 oxaliplatin, 20 µM 5-FU, 

50 nM IACS-010759.HCl, 1 µM SJB2-043, 1 µM JNJ-64619178, 5 µM BLM-IN-1, 

20 µM bleomycin, 100 nM doxorubicin). New D-luciferin-ethyl ester was added every 

12 h at the indicated concentration. Fresh vargulin was added before every 

measurement at the indicated concentration. Luciferase signals were recorded after 

3 h, 6 h, 9 h, 12 h, 24 h, and 48 h of treatment (Supplementary Fig. 8). Absolute values 

were normalized to t0 values and relativized to DMSO control recorded at the same 

timepoint. 

 

Computational differentiation of p53 isoforms. The three EXSISERS-reporters 

either represent individual p53 protein isoform groups or an association of several p53 

isoform groups. IMPDH-1-CLuc signals represent cellular FLp53 abundance. 

Gp41-1-NLuc signals represent all tumor suppressive isoforms, including FLp53 and 

Δ40p53. NrdJ-1-FLuc signals count for total cellular p53 (including FLp53, Δ40p53, 

Δ133p53, and Δ160p53). Accordingly, quantifying Δ40p53 and oncogenic isoforms 

(Δ133p53 + Δ160p53) are obtainable by subtracting the relative luminescence values 

of selected luciferases. Luminescence signals are calculated as follows: 

Rel. luminescence = 	
Luciferase	signal"#$%"$&	(",-)

Ø(Luciferase	signal'()"#(*	(",-)	replicates)
 

 

Consequently, the relative Δ40p53 quantity is calculated as follows: Rel. Δ40p53 =

ENLuc#$*.012. − CypLuc#$*.012.H +	NLuc#$*.012. 

 

And relative oncogenic p53 isoform (Δ133p53 + Δ160p53) quantity is calculated as 

follows: 

Rel. Δ133 + Δ160p53 = EFLuc#$*.012. − NypLuc#$*.012.H +	FLuc#$*.012. 
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Anti-cancer drug library screening. For the screening of differentially expressed p53 

protein isoforms (tumor suppressive vs. oncogenic), upon treatment with an anti-

cancer compound library comprising 4,863 different compounds (HY-L025, 

MedChemExpress, 2021), EXSISERSTP53:4NLuc-7FLuc cells (including gp41-1-NLuc 

within coding exon 4 and NrdJ-1-FLuc within coding exon 7 in TP53) were seeded into 

white 96-well plates with clear bottom (Berthold) at a cell density of 20,000 in 100 µl of 

appropriate media per well. Cells were cultured for 24 h before screening. As described 

in section Live cell/real-time bioluminescence quantification, t0 luminescence was 

determined for each seeded well in advance (normalization control). All compounds 

were diluted to a working concentration of 5 µM or 5 µg ml-1. Luminescent signal was 

measured on separate plates for each EXSISERS-reporter (gp41-1-NLuc and 

NrdJ-1-FLuc). Thus, an experimental setup was conducted twice. NrdJ-1-FLuc and 

gp41-1-NLuc signals were recorded with the TriStar2 LB 942 Multimode Reader 

(Berthold) after 3 h, 6 h, 9 h, 12 h, 24 h, and 48 h of treatment. New D-luciferin-ethyl 

ester was added every 12 h at the indicated concentration. In addition, DMSO 

control-wells were measured to relativize the luminescent data captured for the 

therapeutic compounds. Relative luminescence signals for each EXSISERS-reporter 

were calculated as indicated in the section above. In some cases, calculated Δ133p53 

and Δ160p53 abundances can fall below zero. Therefore, all relative p53 isoform 

values were converted and calculated in an exponential manner: 

 

Rel. FLp53 + Δ40p53 = e^	[NLuc#$*.012. − 1] 

Rel. Δ133 + Δ160p53 = e^	[EFLuc#$*.012. − NLuc#$*.012.H + FLuc#$*.012. − 1] 

 

The isoform ratio is calculated as follows: 

p53	isoform	ratio"34(#	0355#$0016$	60.		()'(2$)1' =	
Rel. FLp53 + Δ40p53	
Δ133p53 + Δ160p53	)

 

 

2.7 Software.  

Graphical plots and statistics were done using GraphPad Prism. Graphical figures 

were designed with Inkscape and Biorender.com. Densitometric analysis of 

immunoblots was conducted with ImageJ. Processing of immunoblots and agarose 

gels was done by ImageLab software. Plasmid maps were designed and viewed with 

Geneious Prime. Data collected by flow cytometry were analyzed with FlowLogic. 
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Mass spectrometry data obtained from Polyquant (Bad Abbach, Germany) were 

viewed and analyzed with Skyline software. Protein structures were loaded from the 

Protein Data Base (PDB) and viewed with PyMol. For pathway analysis, a Python script 

was created to count the pathway abundance for all drugs depicted either in the anti-

cancer compound library or in the Excel sheets created for the identified p53-TIEs and 

p53-OIEs. The Python script is shown in Supplementary Figure 5. 

 

2.8 Contribution 

The following “Result” section includes data, that were partially acquired with the 

assistance of the following persons: Elisabeth Aschenbrenner (Fig. 9, 10, 15, 16, 23, 

27, 28, 30, 31, 32, 33), Manuela Gunckel (Fig. 35), Kirstin Pollinger (Fig. 31, 32, 33), 

Barbara Volz (Fig. 12, 27, 28, 30), Katja Neumeyer (providence of the HCT116 p53-/- 

cell line, Fig. 27, 28, 30), Veruschka Albert (Fig. 11, 12), Kathrin Heider (Fig. 16), Mara 

Kießling (Fig. 16), Dr. Florian Sigloch (Polyquant) and Prof. Dr. Peter Oefner 

(Fig. 25, 26). Data was analyzed, edited, and plotted exclusively by me, Deniz Tümen. 
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3. Results 

3.1 Establishment and optimization of a novel triple EXSISERS reporter system. 

To establish, validate and optimize the triple-EXSISERS reporter system, we were 

obliged to identify the optimal pairing of split-inteins and luciferases since each 

combination can yield different splicing rates due to favourable or non-favourable steric 

factors. From previous studies, we already ascertained that gp41-1-NLuc and 

NrdJ-1-FLuc are optimal combinational reporters [152]. As we seek to broaden the 

scope of multiplexed quantitative measurements, we aspire to establish a new split-

intein-luciferase as an EXSISERS reporter to show robust protein splicing and good 

compatibility with the other luciferases regarding substrate-specificity. In conjunction 

with the previously introduced gp41-1 and NrdJ-1 split-inteins, we chose additional 

naturally occurring split-inteins candidates for expanding the EXSISERS reporter 

repertoire, namely gp41-8 and IMPDH-1. These split-inteins have small molecular 

sizes and show fast splicing rates [166]. In comparison to coherent inteins, split-inteins 

can be expressed spatially separated. Consequently, the N-terminal and C-terminal 

parts of the split-inteins were placed on either side of the selected luciferase reporters 

(Fig. 8a). Initially, we used gp41-8 split-intein to be combined with the artificially 

engineered Green Renilla luciferase (GreenRLuc8.6) [182]. 

We determined its protein-splicing efficiency by introducing the gp41-8-GreenRLuc8.6 

reporter system into a splitted fluorescent protein, namely split-mNeonGreen (mNG). 

For comparative analysis, we also incorporated gp41-1-NLuc and NrdJ-1-FLuc into 

split-mNeonGreen, each recombinantly designed in a separate mammalian expression 

plasmid. The EXSISERS reporters were positioned within the amino acid sequence of 

mNG, each preceding a serine or cysteine residue to ensure the catalytic prerequisites 

for protein splicing. As already described, a serine or cysteine subsequently after the 

EXSISERS reporter is obligatory for enabling the initial N-O or N-S acyl-shift to prepare 

for the subsequent intein-extein rearrangement.  

If the splicing-process has undergone successfully, N- and C-terminal split-inteins 

incorporating the luciferase reporter autocatalytically excise out of the mNG. Thereby, 

both mNG parts are ligated together and reconstitute the fluorescence activity. A strong 

fluorescent signal directly correlates with a strong protein expression and efficient 

intein splicing. Previous studies have shown that adding two complementary anti-
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parallel helices in proximity to each split-intein significantly increases the split-intein 

splicing-rates [152]. Therefore, we designed the EXSISERS reporters to carry anti-

parallel helices AP5 & AP6 in gp41-1-NLuc, AP3 & AP4 in NrdJ-1-FLuc, and 

interacting domains of the c-Jun & c-Fos leucine-zipper in gp41-8-GreenRLuc8.6 (Fig. 

8a). 

Compared to the control plasmid expressing mNG alone, intein-splicing of all 

EXSISERS reporters was able to reconstitute the fluorescence activity of mNG 

(Fig 8b). Since gp41-1 is known to possess the fastest splicing rates, EXSISERS 

reporters, including gp41-1-NLuc, reached the strongest mNG-fluorescence signals 

(up to 46 %) (Fig. 8c). The other EXSISERS reporters consisting of 

gp41-8-GreenRLuc8.6 and NrdJ-1-FLuc reached 9.0 and 10.5 % of reconstituted 

fluorescence activity. The lower signals are explainable by lower splicing rates of the 

gp41-8 and NrdJ-1 inteins and also by the larger protein sizes to be expressed by the 

cell (gp41-1-NLuc = 44.2 kDa; gp41-8-GreenRLuc8.6 = 62.6 kDa; NrdJ-1-FLuc 

= 88.7 kDa). Even though observing lower fluorescent signals for mNG, including the 

EXSISERS reporters, this experiment conclusively reveals the working autocatalytic 

excision of all EXSISERS reporters from  

Figure 8: Determination of splicing-efficiency of distinct split-intein/luciferase combinations for 
assembly into functional EXSISERS reporters. a) Test-construct gp41-1-NLuc incorporated into 
mNG visualizes the process of protein-splicing, EXSISERS reporter excision and ligation of the mNG-
extein halves. Split-mNG represents the two N- and C-terminal exteins flanking the central intein-
luciferase reporter system (EXSISERS). The two antiparallel helices (e.g. AP5 and 6) placed in close 
proximity to each split intein-halve, significantly accelerates the splicing rate. b) Fluorescence-
microscopy-images of cells overexpressing either functional mNG alone or one of three EXSISERS 
reporters embedded into split-mNG. Green fluorescence reveals working splicing process for the tested 
EXSISERS constructs. c) Fluorescent signals shown in b) were quantified with a Berthold TriStar2 
Fluorometer and absolute fluorescence values were normalized to the value measured for mNG alone 
and set to 100 %. 
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a protein of interest (POI), leading to the re-assembly of both extein-parts and 

consequently restoring full integrity of the POI. 

To ascertain the proper expression and intein-splicing of the EXSISERS reporters 

within the designated insertion sites in TP53, we engineered a recombinant full-length 

p53 (FLp53) variant harboring six specific mutations (R175H, R196H, R213H, R248H, 

R273H, and R282H) to prevent inadvertent apoptosis induction [183]. Into this inactive 

p53 variant, gp41-8 GreenRLuc, gp41-1 NLuc, and NrdJ-1 FLuc were inserted into 

coding exons 2, 4, and 7, respectively. We designed individual expression plasmids 

for each p53-EXSISERS combination. The EXSISERS reporters were, therefore, 

inserted either individually or in combination with the other reporters at their designated 

p53 integration sites. Furthermore, each EXSISERS reporter was equipped with a 

distinct recombinant tag, facilitating the quantification of expression levels and splicing 

rates by immunoblotting. 

Notably, gp41-1 NLuc exhibited the most robust expression and intein splicing either 

integrated alone in coding exon 4 of FLp53 or in tandem with the other EXSISERS 

reporters (Fig. 9a). A similar pattern was observed for NrdJ-1 FLuc when integrated 

either individually or in combination with gp41-1-NLuc (Fig 9b). However, the 

corresponding signals diminished upon the introduction of gp41-8 GreenRLuc. 

Intriguingly, gp41-8 GreenRLuc appeared to reduce the expression of itself (Fig. 9c) 

and the overall expression of p53 and all concomitant EXSISERS reporters (Fig. 9b, c). 

Figure 9: Introduction of EXSISERS reporters into the respective integration sites of 
recombinant FLp53. Each EXSISERS reporter was placed into a predetermined integration site of 
recombinant FLp53 to assess the suitability of these integration sites for the final and stable knock in 
of the EXSISERS reporters into the human TP53 gene. For each p53-EXSISERS combination, a 
distinct plasmid was designed, carrying either one, two, or three reporters at their designated 
integration sites simultaneously. Expression plasmids were transfected into HCT116 cells. Gp41-8 
GreenRLuc8.6 was placed prior to Ser6 of FLp53, gp41-1 NLuc was placed prior to Ser94, and NrdJ-
1 FLuc was placed prior to Ser240. a) The contents of each expression plasmid is indicated with a '+’, 
specifying the host protein (mNG or FLp53) carrying a variable quantity of EXSISERS reporters. 
Gp41-8 GreenRLuc8.6 is tagged with a VSV-G tag, b) gp41-1 NLuc contained an OLLAS tag and c) 
NrdJ-1 FLuc is tagged with a c-Myc tag. RIPA lysates were generated 48 h post-transfection and 
analyzed via immunoblot. d) As a result of the previous immunoblot experiments, distinct intein-
GreenRLuc8.6 alternatives were tested on an immunoblot concerning the expressed protein levels and 
intein-splicing efficacy. FLp53 was additionally tagged with a recombinant FLAG-tag. The alternative 
intein-GreenRLuc reporters encompassed either a different integration site within FLp53, inverted anti-
parallel helices (APH), or the substitution of the gp41-8 intein with the IMPDH-1 intein. e) Densitometric 
analysis of spliced FLp53 and the respective intein-GreenRLuc alternatives. f) Intein splicing rates 
were determined as the ratio of spliced and unspliced intein-GreenRLuc densitometric signals. Signal 
intensities were determined by Image J. g) To evaluate the luciferase activity of each EXSISERS 
alternative, a luminescence assay was conducted. Therefore, HCT116 cells were transfected with the 
respective expression plasmids. 48 h post-transfection, cells were treated with the Renilla-Glo 
Luciferase Substrate (Promega) and analyzed with a TriStar2 luminometer. 
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We postulate that an N-terminal insertion of gp41-8 GreenRLuc at positions Ser6 of 

FLp53 may disrupt protein folding, which leads to the rapid degradation of p53 and all 

concomitant EXSISERS reporters. Consequently, a downstream shift of the integration 

site within FLp53 for several amino acids can eliminate potential protein instabilities. 

Furthermore, enhancing splicing efficiency can also lead to increased protein stability. 

Therefore, we considered alternatively substituting gp41-8 with another split-intein, 

namely IMDPH-1.  

Besides the original construct, we validated three alternatives, including the following 

changes: 

1) Increasing the distance of the gp41-8 GreenRLuc insertion from amino acid 

position Ser6 to Ser15 of FLp53. 

2) Excluding the possibility of a wrong orientation of the anti-parallel helices.  

3) Substituting gp41-8 with IMPDH-1 intein to create an alternative 

IMPDH-1 GreenRLuc reporter. 

HCT116 cells transfected either with original or alternative constructs were incubated 

for 48 h and, after that, lysed with RIPA buffer to determine the protein expression and 

splicing efficiency of the respective EXSISERS reporters within FLp53 by 

immunoblotting (Fig. 9d).  

Exchanging gp41-1 with IMPDH-1 intein considerably increased p53 and 

intein-GreenRLuc  expression by 4 to 6 fold (Fig. 9e). Also, shifting the insertion site 

several amino acids away from the N-terminus slightly increased protein splicing and 

protein expression for both p53 and the EXSISERS reporter (Fig. 9e, f). Improved 

protein stability and higher expressional rates for the alternative EXSISERS reporter 

IMPDH-1 GreenRLuc were also reflected with increased outputs of luminescent 

signals (Fig 9g).  

As a result, we successfully identified the optimal insertion site in p53 and incorporated 

the split-intein system IMPDH-1 with higher splicing rates into the third EXSISERS 

reporter IMPDH-1 GreenRLuc. 

EXSISERS represents a highly adaptable technology. Owing to the pivotal role of intein 

splicing in preserving protein structure and function, these reporters can be seamlessly 

incorporated into any protein of interest (POI). Given the crucial role of the other p53 

family members, p63 and p73, in networking with p53 to execute their tumor 

suppressive role, we demonstrate that the EXSISERS reporters are integrable and 
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expressed individually. We individually integrated each EXSISERS reporter into coding 

exon 4 of recombinant FLp63 at amino acid position Ser154 and into coding exon 6 of 

recombinant FLp73 at Ser212. Determining the protein expression and splicing 

efficiency by immunoblot analyses, we intend to provide insights into the compatibility 

of the reporters incorporated in distinct host proteins. Regarding compatibility 

considerations, we aim to concurrently exclude any potential cross-reactivity of 

luciferases with non-specific luciferin substrates through a triple-EXSISERS reporter 

assay. Immunoblot analyses unveiled the protein abundance and proper intein-splicing 

of all EXSISERS reporters, regardless of the host protein they are embedded in 

(Fig. 10a). However, the triple EXSISERS reporter assay measuring the luminescent 

output of each reporter (each of which was supplemented with coelenterazine, 

furimazine, and D-luciferin), revealed an incompatibility between the quantitative 

measurement of GreenRLuc and NLuc (Fig 10b). Besides their specific luciferin 

substrate, GreenRLuc and NLuc co-accept and enzymatically convert furimazine and 

coelenterazine, respectively, making quantitative discrimination between these two 

luciferases impossible. That is because furimazine and coelenterazine exhibit a high  

Figure 10: Original, as well as optimized EXSISERS reporters were introduced into FLp63 and 
FLp73. a) Immunoblotting analyses revealed expressional and intein splicing rates for the individual 
EXSISERS reporters in FLp63 and FLp73. HCT116 cells were transfected with the respective 
expression plasmids. 48 h post-transfection, RIPA-lysates were generated. c) A triple-luciferase assay 
was conducted with HCT116 cells transfected with the respective expression plasmids. Prior to 
analysis, transfected cells were incubated for 48 h. Each FLp63/FLp73-EXSISERS construct was 
supplemented either with colelenterazine (specific luciferin substrate for GreenRLuc), furimazine 
(specific luciferin substrate for NLuc), and D-luciferin (specific luciferin substrate for FLuc). Quantitative 
luminescence measurements were conducted with a TriStar2 luminometer. 
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Figure 11: Design of a secretable and spatially separable IMPDH-1-CLuc reporter. a) Schematic of 
co-translation and translocation of IMPDH-1-CLuc to the ER membrane. Transmembrane domain 1 (TMD 
I, derived from Fcer2) and TMD II (derived from Glycophorin A) consist of a start transfer and a stop 
transfer signal, thus initiating and terminating the polypeptide-threading through the ER membrane into 
the ER lumen. IMPDH-1-inteins initiate p53-exsision into the cytosol. ER-membrane resident 
IMPDH-1-CLuc is first transported to the Golgi and, thereafter, to the plasma membrane to be membrane-
anchored and exposed to the exoplasm. b) Transfection of HCT116 WT cells with recombinant FLp53 
either missing (ctrl.) or including IMPDH-1-CLuc at coding sequence exon 2. Immunofluorescence 
microscopy 48 h post-transfection demonstrated spatial separation of p53 and IMPDH-1-CLuc as well as 
colocalization of IMPDH-1-CLuc reporter with the ER (marker: PDIA3I) and the Golgi (marker: GM130). 
p53, PDIA3I, and GM130 were detected with appropriate primary and AlexaFluor488-secondary 
antibodies. IMPDH-1-CLuc was detected with appropriate primary and AlexaFluor594-secondary 
antibodies. Fluorescent images were acquired using a 20x objective lens. Scale bars represent 50 µm. 
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degree of structural similarity. Due to this circumstance, we substituted GreenRLuc 

with the Cypridina Luciferase (CLuc), in which we were highly confident that its specific 

substrate vagulin would have the requisite structural distinctions to prevent any cross-

reactivity with the other luciferases, NLuc and FLuc. Unlike ordinary luciferases like 

NLuc and FLuc, which convert their substrate in the cytosol, CLuc is a secreted protein 

exclusively working in oxidative environments [184].  

If we used CLuc, NLuc, and FLuc simultaneously as a triple-EXSISERS reporter 

system, we would mark the first instance in which these three luciferases are employed 

for multiplexed measurements. Nevertheless, it poses a challenge to integrate a 

secreted protein like CLuc into a nuclear protein like p53 that is expressed from the 

same promoter and initially undergoing translation as a single contiguous polypeptide. 

Intein splicing initially triggers spatial segregation into two functional proteins. While 

p53 is naturally endowed with a nuclear localization signal (NLS) and transported to 

the nucleus, IMPDH-1 CLuc is meant to be translocated into the ER and transported 

to the plasma membrane to be either anchored and exposed on the plasma membrane 

or to be secreted into the exoplasm. Therefore, we constructed IMPDH 1 CLuc to carry 

additional start- and stop-transfer signals. The recognition of these sites results in the 

translocation of CLuc into the ER lumen [152] (Fig. 11a). CLuc is anchored to the ER 

membrane and protrudes into the interior. It is then transported to the plasma 

membrane and exposed to the exoplasm. FLp53 IMPDH-1 CLuc was transformed into 

HCT116 wild-type (WT) cells, demonstrating efficient intein splicing. This is evident 

due to spatial separation of p53 and CLuc, which we could confirm by the colocalization 

of IMDPH-1-CLuc with ER and Golgi and the colocalization of p53 with the nucleus 

(Fig 11b). Furthermore, the translocation of p53 into the nucleus suggests the structural 

and functional integrity of p53 and CLuc since only structurally intact proteins can pass 

the interconnected compartment protein quality control [185,186]. 

Now the question arises: which system is the more suitable reporter for quantifying the 

FLp53 protein isoform? Due to membrane-resident protein recycling 

mechanisms [187], we postulate that plasma membrane-anchored IMPDH-1-CLuc 

represents a better approach to reflect the dynamic and tightly regulated expression of 

FLp53. In contrast to the secretory IMPDH-1-CLuc, which accumulates in the 

supernatant (Fig. 12a), the membrane-anchored reporter is susceptible to time-
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dependent internalization and degradation (Fig. 12a, b, c, d) and thereby allows for a 

more sensitive readout. Furthermore, supplementing EXSISERS-transfected HCT116 

cells with either vargulin, furimazine, or D-luciferin demonstrates that only the 

respective luciferases can respond to their specific luciferin substrates (Fig. 12e). 

Thus, we have shown the three luciferases CLuc, NLuc, and FLuc, to be combinable. 

In summary, combining IMPDH-1-CLuc with gp41-1-NLuc and NrdJ-1-FLuc completes 

the triple-EXSISERS-reporter system and allows for the simultaneous quantification of 

FLp53, ∆40p53, and ∆133+∆160p53 in living cells.  

Figure 12: Comparison of Furin-protease cleavable and plasma membrane-anchored IMPDH-1-
CLuc. a) Comparison between 1. IMPDH-1-CLuc carrying furin cleavage sites for digestive membrane 
anchor-release and secretion into exoplasm, and 2. novel plasma membrane anchored IMPDH-1-CLuc 
without furin cleavage sites. b) Normalized luminescence measurements (n=3) 48 h post-transfection of 
1. secretable and 2. membrane-anchored IMPDH-1-CLuc reporter transfected into HCT116 WT cells. 
Quantifications were conducted for cell lysate + supernatant, c) cell lysate only or d) supernatant only. 
Group means between cleavable and membrane-anchored IMPDH-1-CLuc were compared by 
Student’s t-test (****p<0.0001). e) Immunofluorescence microscopy of genetically modified HCT116 
(EXSISERSTP53:2CLuc-4NLuc-7FLuc) cell lines comprising three EXSISERS in p53 at their corresponding locus 
in TP53 to localize plasma membrane anchored IMPDH-1-CLuc. Fluorescent images were taken with a 
40x lens. Scale bars represent 100 µm. c) Transient transfection of recombinant p53-EXSISERS into 
HCT116 WT cells. Each reporter was cloned into a p53 expression plasmid at its designated integration 
site (see Fig 1b). 48 h post-transfection, luminescence was measured for each expression system, 
having been individually exposed to each luciferase substrates (varguline, furimazine, and D-luciferin) 
(n=3). Statistical significances were calculated using one-way ANOVA (***p<0.0005; ****p<0.0001). 
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3.2 Creation of a stable HCT116 triple-EXSISERS cell line by CRISPR/Cas9. 

 For all experiments conducted thus far, we employed recombinant expression 

plasmids introduced transiently into the cells. Now that we have validated the integrity 

and compatibility of all intein luciferases, we have proceeded with stable genomic 

integration into TP53 using CRISPR/Cas9 technology. 

The first stable knock-in involved the integration of NrdJ-1 FLuc into TP53 coding exon 

7. Since exon 7 is consistently expressed and available in all p53 protein isoforms, the 

readout from NrdJ-1 FLuc enables the detection and quantitative determination of the 

entire p53 population. To achieve stable integration of the EXSISERS reporters into 

TP53, we previously identified appropriate sgRNA sequences (complementary to the 

Cas9 targeting sequence) that induce sufficient Cas9 nuclease activity to create 

sequence-specific DNA-DSB efficiently (Fig. 13). These DNA damages initiate two 

distinct repair mechanisms within the cell. The repair mechanism we aim to activate is 

homology-directed repair (HDR), in which the second allele acts as the template for 

the damaged DNA. This repair mechanism can be exploited by introducing a 

recombinant DNA fragment containing exogenous sequences flanked by 1 kb long 

endogenous homology sequences. These homology arms (HAs) are identical to the 

genomic DNA and are located upstream (5’ HA) and downstream (3’ HA) of the 

generated DSB. 

In addition to the 5'HA and 3'HA sequences and the coding sequences for the 

EXSISERS reporters, each recombinant DNA template also includes a selection 

cassette containing coding sequences for Hepatitis Simplex Virus thymidine kinase 

(HSVtk) and puromycin-N-acetyltransferase (PuroR) (Fig. 14a). Both genes are under 

the control of the same EF1α promoter and are translationally separated by a 2A 

peptide. A concentration of 50 µg ml-1 puromycin was employed for the 'positive 

selection' of cells that had successfully integrated the EXSISERS reporters into the 

designated integration site in a homologous manner. 

We flanked these sequences with distinct recombinase recognition sites to remove the 

stably co-integrated selection cassettes. The DNA template carrying NrdJ-1 FLuc was 

equipped with FRT sites (recognized by flippase recombinase), flanking the selection 

cassette. The DNA template containing gp41-1 NLuc utilized the Cre/LoxP system for 
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removing the selection cassette. The IMPDH-1 CLuc DNA template encompassed the 

Dre/RoxP system (Fig. 14a). Consequently, the transfection of the expression 

plasmids encoding the respective recombinase led to the excision of EF1α-PuroR-

P2A-HSVtk-bpA selection cassette and joining of the EXSISERS reporters. Only cells 

lacking the HSVtk gene could survive the subsequent ‘negative selection’ with 

25.5 µg ml-1 ganciclovir. The systematic integration of the EXSISERS reporters and 

selection of the genetically engineered HCT116 cells led to the creation of a modified 

TP53 gene carrying IMDPH-1 CLuc in coding exon 2, gp41-1 NLuc in coding exon 4, 

Figure 13: Determination of sgRNA dependent gene targeting efficiency by T7 endonuclease 
assay. Before conducting Cas9 mediated DNA double strand breaks for stable integration of 
EXSISERS-reporters into human TP53 locus of HCT116 WT, sgRNA dependent gene targeting 
efficiencies (evoked by the variable spacer sequences within the sgRNA molecules) were determined 
with T7 endonuclease I assay. Gene targeting efficiencies were specified for different sgRNAs either 
targeting a) TP53 coding exon 2, b) TP53 coding exon 4, c) TP53 coding exon 7, or d) TP53 coding 
exon 8. Each sgRNA specific gene targeting efficiency was normalized to the corresponding negative 
ctrl. (sgRNA with empty spacer sequence) and given into percentage, which was calculated according 
to the manufacturers protocol. 
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and NrdJ-1 FLuc in coding exon 7 (Fig. 14b and Fig. 16a). For this generated cell line, 

we use the terminology EXSISERSTP53:2CLuc-4NLuc-7FLuc. 

The availability of the EXSISERS technology for TP53 allows for the quantitative 

distinction between the three isoform groups FLp53, ∆40p53, and ∆133+∆160p53. 

Depending on the specific p53 isoform expressed, either all three luciferases for 

Figure 14: Generation of a HCT116 cell line two-step selected and stably expressing EXSISERS. 
a) Schematic representation of CRISPR/Cas9 meditated knock-in of EXSISERS-reporters IMPDH-1 
Cypridina Luciferase (IMPDH-1-CLuc), gp41-1 Nano Luciferase (gp41-1-NLuc), and NrdJ-1 Firefly 
Luciferase from Photinus pyralis (NrdJ-1-PpyFLuc) into exon 2, 4, or 7of the tumor suppressor gene 
TP53. The donor plasmids containing coding sequences for the EXSISERS-reporters also harbor an 
autonomous selection cassette consisting of a constitutive EF1α promoter, a puromycin-N-
acetyltransferase gene (PuroR), and a herpes simplex virus-thymidine kinase gene (HSV-tk) 
translationally separated by a p2A peptide. After knock-in, the modified HCT116 cells were treated with 
50 µg/ml puromycin. Thereafter, cells were transfected with expression plasmids coding for Flp-, Cre-, 
or Dre-recombinase to remove the selection cassette by genomic recombination. Subsequent negative 
selection with 100 µM ganciclovir ensured homozygote knock-in of EXSISERS-reporters without the 
selection cassette. b) Visualization of CRISPR/Cas9-mediated integration of EXSISERS-reporters into 
their respective TP53 loci. 
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FLp53, gp41-1-NLuc, and NrdJ-1-FLuc for FLp53+Δ40p53 or NrdJ-1-FLuc alone for 

total p53 are co-translated. The quantity of the Δ40p53 isoform is determined by 

subtracting the relative luminescence signals of IMPDH-1 CLuc from those of 

gp41-1 NLuc. Correspondingly, the amounts of Δ133+Δ160p53 are calculated by 

subtracting the relative signals of gp41-1 NLuc from those of NrdJ-1 FLuc (Fig. 7c).  

Stable integration of EXSISERS reporter NrdJ-1 FLuc into TP53 exon 7 resulted in the 

generation of two distinct HCT116 clones. Clones EXSISERSTP53:7FLuc 1.A10 and 2.A2 

were initially identified through genotyping (PCR amplification of the genetically 

modified locus). The exclusive presence of bands at 3171 bp, without accompanying 

by-products, indicated successful and homozygous knock-in of NrdJ-1 FLuc (Fig. 15a). 

These clones were selected for further analysis. The PCR amplicons were purified and 

sequenced to exclude potential mutations. Nevertheless, integrating exogenous DNA 

fragments into a coding sequence may inadvertently disrupt post-transcriptional 

maturation processes. Therefore, we isolated and reversely transcribed total mRNA 

from clone EXSISERSTP53: 7FLuc 1.A10 and 2.A2 HCT116 into cDNA. Subsequent PCR 

amplification of the cDNA-converted transcript revealed a non-fragmented and NrdJ-1 

FLuc-containing FLp53 species for both clones (Fig. 15b, c). These amplicons 

appeared at 3569 bp. As a control, FLp53 lacking NrdJ-1 FLuc displayed a PCR 

amplicon length of 1299 bp. Clone EXSISERSTP53: 7FLuc 2.A2 exhibited a consistent 

lane with minimal by-products. 

Immunoblot analysis of both EXSISERSTP53: 7FLuc clones demonstrated robust protein 

production for endogenous FLp53 and EXSISERS reporter NrdJ-1 FLuc (Fig. 16b). In 

comparison to HCT116 WT, cell lysates from EXSISERSTP53:7FLuc 1.A10 and 2.A2 cells 

revealed spliced NrdJ-1 FLuc product (c-myc tagged) with clone EXSISERSTP53:7FLuc 

2.A2 displaying significantly stronger signals. Consequently, clone EXSISERSTP53:7FLuc 

2.A2 was chosen for subsequent gp41-1 NLuc integration into TP53 coding exon 4.  

Therefore, we transfected these cells with expression plasmids coding for Cas9 and 

the appropriate sgRNA. Moreover, we provided a donor plasmid carrying the 

respective sequences for gp41-1 NLuc harboring the two selection markers PuroR and 

HSVtk (Fig. 14a). Passing the necessary selection procedures, we created the stable 

EXSISERSTP53:4NLuc-7FLuc HCT116 cell line including NrdJ-1 FLuc and gp41-1 NLuc in 

a homozygous manner. Genotyping of clone EXSISERSTP53:4NLuc-7FLuc 5.D6 revealed a 

strong and consistent band at 1752 bp (Fig. 15d). Also, re-transcription of total mRNA 
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into cDNA and subsequent PCR amplification of FLp53 showed a non-fragmented 

transcript at 5106 bp, now carrying gp41-1 NLuc as well as NrdJ-1 FLuc (Fig. 15e, f). 

In an immunoblot experiment, clone EXSISERSTP53:4NLuc-7FLuc 5.D6 displayed robust 

protein expression for EXSISERS reporters gp4-1 NLuc, NrdJ-1 FLuc. With these two 

stably integrated EXSISERS reporters, it is now possible to quantitatively determine 

and differentiate tumor suppressive p53 protein isoforms FLp53+Δ40p53 from anti-

apoptotic p53 protein isoforms Δ133p53+Δ160p53. For the subsequent 

IMPDH-1 CLuc integration into TP53 coding exon 2, clone EXSISERSTP53:4NLuc-7FLuc 

5.D6 was chosen.  



Results 

71 
 

To distinguish FLp53 from ∆40p53, we stably integrated IMPDH-1 CLuc into coding 

exon 2 of TP53. Genetic modification of EXSISERSTP53:4NLuc-7FLuc 5.D6 cells was, 

again, conducted by CRISPR/Cas9-mediated DNA-DSB. First, IMPDH-1 CLuc was 

jointly integrated with a selection cassette. Genotyping of successfully modified cell 

lines resulted in bands at 6.500 bp (Fig. 15g). EXSISERSTP53:2CLuc-4NLuc-7FLuc 3.E9 cells 

were transfected with plasmids expressing the Dre-recombinases to ultimately remove 

the selection cassette. The excision of PuroR and HSVtk, the homologous 

recombination of IMDPH-1 CLuc, and the selection with 25.5 µg ml-1 ganciclovir 

resulted in the final creation of the triple-EXSISERS reporter cell line 

EXSISERSTP53:2CLuc-4NLuc-7FLuc. Genotyping of these cells revealed consistent bands at 

3050 bp (Fig. 15h). Immunoblot analysis of the triple EXSISERS reporter cell line 

revealed two bands representing spliced IMPDH-1 CLuc and unspliced 

FLp53-IMPDH-1 CLuc (Fig. 16d). Also FLp53 blotting displayed two bands, one for 

spliced FLp53, and the other for unspliced FLp53-IMPDH-1 CLuc. All other EXSISERS 

reporters still demonstrate consistent expression and efficient intein splicing. The fact,  

 

Figure 15: Genotyping TP53 after stable EXSISERS knock-in. a) Agarose gel electrophoresis of 
PCR amplification product from genomic DNA at TP53 coding exon 7. Identified clones carry stably 
integrated NrdJ-1-FLuc after positive (puromycin) and negative (ganciclovir) selection. Clones still 
including the selection cassette show a PCR product at 6654 bp, while clones carrying final 
NrdJ-1-FLuc EXSISERS show a PCR amplicon at 3171 bp. TP53 exon 7 without any genetic 
modification shows a PCR amplicon at 677 bp. Clone HCT116 2.A2 (EXSISERSTP53:7FLuc) was 
considered for integration of further EXSISERS-reporters. b) Agarose gel electrophoresis of PCR 
amplification product from cDNA of HCT116 WT and genetically edited EXSISERSTP53:7FLuc. c) 
Schematic of p53 cDNA of WT and genetically modified HCT116 cells (NrdJ-1-FLuc in TP53 exon 7). 
d) Agarose gel electrophoresis of PCR amplification product from genomic DNA at TP53 coding exon 
4. Identified clones carry stably integrated gp41-1-NLuc and successfully passed positive (puromycin) 
and negative (ganciclovir) selection. Clones carrying final gp41-1-NLuc EXSISERS reveal a PCR 
amplicon at 1752 bp. TP53 exon 4 without any genetic modification shows a PCR amplicon at 492 bp. 
Clone 5.D6 (EXSISERSTP53:4NLuc-7FLuc) was considered for integration of further EXSERS reporters. 
e) Schematic of p53 cDNA of WT and genetically modified HCT116 cells (w/ gp41-1-NLuc at exon 4 
and NrdJ-1-Fluc at exon 7 of TP53). f) Agarose gel electrophoresis of PCR amplification product from 
cDNA of HCT116 WT and selected clones genetically edited and carrying two EXSISERS. g) Agarose 
gel electrophoresis of PCR amplification product from genomic DNA at TP53 coding exon 2. Identified 
clones carry stably integrated IMPDH-1-CLuc and successfully passed positive (puromycin) selection. 
So far, clones were not transfected with Dre-recombinase and have not excluded the selection cassette. 
These clones (especially EXSISERSTP53:2CLuc-4NLuc-7FLuc) show a PCR amplicon at 6500 bp. h) 
Genotyping of HCT116 clones after transfection with Dre-Recombinase. EXSISERSTP53:2CLuc-4NLuc-7FLuc 
cell line was considered for further experiments. 
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Figure 16: Establishment of stable triple EXSISERS reporter cell lines and validation of p53 
functionality. a) Overview of sequentially generated stable cell lines carrying EXSISERS-reporters 
after first knock-in (NrdJ-1-FLuc in TP53 exon 7), second knock-in (gp41-1-NLuc in TP53 exon 4), and 
third knock-in (IMPDH-1-CLuc in TP53 exon 2). b) Western blot (WB) analysis of HCT116 1.A10 and 
2.A10 (EXSISERSTP53:7FLuc) cell lines carrying NrdJ-1-FLuc (cMyc-tagged) within TP53 exon 7. 
c) Second EXSISERS cell line generation obtained by modifying EXSISERSTP53:7FLuc cells and stably 
integrating gp41-1-NLuc into TP53 coding exon 4. WB analysis of clones 5.D6 and 5.E6 
(EXSISERSTP53:4NLuc-7FLuc) revealed stable integration of NrdJ-1-FLuc and gp41-1-NLuc (OLLAS-
tagged) in TP53, robust expression, and correct splicing of p53. Third EXSISERS cell line generation 
obtained by modification of EXSISERSTP53:4NLuc-7FLuc cells and stable integration of IMPDH-1-CLuc into 
TP53 coding exon 2 (EXSISERSTP53:2CLuc-4NLuc-7FLuc). d) HCT116 WT and the genetically modified 
EXSISERSTP53:2CLuc-4NLuc-7FLuc cell line consisting of three EXSISERS reporters within TP53 
were compared by Westen blot (WB) analysis.IMPDH-1-CLuc (VSV-G tag), gp41-1-NLuc (OLLAS tag), 
and NrdJ-1-FLuc (cMyc tag) were visualized with antibodies directed against the corresponding 
recombinant tags (see Fig. 7b). p53 was detected with DO1-anti-p53 antibody. e) Immunofluorescence 
microscopy of genetically modified HCT116 (EXSISERSTP53:2CLuc-4NLuc-7FLuc) cell lines comprising three 
EXSISERS in p53 at their corresponding locus in TP53 to localize plasma membrane anchored 
IMPDH-1-CLuc. Fluorescent images were taken with a 40x lens. Scale bars represent 100 µm. 
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that integration of IMPDH-1 CLuc resulted in reduced intein splicing, did not affect the 

expression of p53 and the other two EXSISERS reporters. Regardless of the IMPDH-1 

intein splicing efficacy, as long as all EXSISERS reporters and all p53 protein isoforms 

were properly expressed, quantitative measurement of the p53 protein isoform groups 

FLp53, Δ40p53, and Δ133p53+Δ160p53 was still practicable. In addition, 

immunofluorescence microscopy of EXSISERSTP53:2CLuc-4NLuc-7FLuc cells demonstrated 

persistent expression and effective segregation of p53 and IMPDH-1 CLuc into their 

predetermined cellular compartment. 

3.3 Functional integrity of tumor suppressor p53 and the EXSISERS reporters.  

We postulate that intein splicing-mediated excision of EXSISERS out of p53 does not 

influence the tumor suppressor's structural and functional integrity. Therefore, we 

tested the transcriptions factor’s capability of binding to corresponding p53 response 

elements (p53-RE) and to be phosphorylated by kinases. These two experiments 

would conclusively demonstrate that genetic modification of TP53 does not hinder p53 

from executing its respective cellular tasks as a transcription factor.  

An additional cell line was established to compare the behavior of non-functional p53 

in a p53 transcription factor binding assay. This cell line contains a modified version of 

p53 in which the conserved DNA-binding domain (DBD) is absent, rendering it 

incapable of binding to the corresponding p53 RE (Fig. 17b). Of note, p53 continues 

to be expressed, albeit with entirely deactivated function. By deleting a selected portion 

of the DBD (amino acids 240-302), we not only effectively disrupted its interaction with 

genomic p53-RE, the DBD deletion also disrupted the direct interaction with members 

of the Bcl-2 protein family [104].  

The targeted knockout of TP53 in HCT116 cells was achieved through multiplexed 

sgRNA-mediated genome editing (Fig. 17a). Two sgRNA molecules carrying the 

spacer sequences 5’ CATGTGTAACAGTTCCTGCA 3’ (targeting TP53 coding exon 

7) and 5 ’TTACCTCGCTTAGTGCTCCC 3’ (targeting TP53 coding exon 8), were 

driven by a single U6-promoter and post-transcriptionally separated by an endogenous 

tRNA sequence. Typically, tRNA precursors undergo cleavage by RNase P and RNase 

Z to eliminate additional sequences at their 5' and 3' ends [188]. We placed an 

endogenous tRNA sequence between both sgRNA sequences, resulting in post-

transcriptional maturation and segregation of the two TP53-targeting sgRNA 

molecules. 
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The respective donor plasmid for replacing the DNA-binding domain with a PuroR and 

mNG-containing selection cassette enables antibiotic-based and visual selection of 

TP53-DBD knock-out cell lines. A subsequent transfection with expression plasmids 

Figure 17: Multiplexed Cas9-mediated knockout of the p53 DNA-binding domain. a) Schematic 
of multiplexed knockout procedure of the p53 DNA-binding domain (DBD) in HCT116 cell lines. b) p53 
protein structure shows amino acids within p53 DBD, involved in the interaction with specific DNA 
consensus patterns (p53 RE). c) Agarose gel electrophoresis of PCR amplification product from 
genomic DNA at TP53-spanning coding exon 7 and 8. Identified clones carry a p53 DBD knockout 
after positive (puromycin) and negative (ganciclovir) selection. Clones without excluded selection 
cassette show a PCR amplicon at 5938 bp. Clones with WT genotype, show a PCR amplicon at 2795 
bp. HCT116 clones carrying the desired p53 DBD knockout show an amplicon product at 2265 bp. 
Clone HCT116 3.C7 was used for further experiments. p53 DBD knockout did not impair the reading 
frame and d) cells further produced p53 protein missing DBD. Clone HCT116 2.A2 
(EXSISERSTP53:7FLuc) was considered for integration of further EXSISERS-reporters. e) Sequence 
alignment of homozygote p53 DBD sequencing to TP53 reference sequence. 
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coding for the flippase recombinase (targeting the two flanking FRT sites on either end 

of the selection cassette) finalized the TP53 DBD KO cell line.  

Genotyping of TP53 DBD KO cells resulted in 500 bp truncated PCR amplicons of 

approximately 2265 bp fragment size (Fig. 17c). In contrast, PCR amplicons generated 

from HCT116 WT cells displayed a band at 2797 bp. Immunoblot analysis of TP53 

DBD KO clone HCT116 3.C7 revealed a signal at 36 kDa representing a truncated 

FLp53 protein (Fig. 17d, e).  In contrast to a complete gene knockout, we created a 

p53 protein with a loss-of-function mutation. The presence of an emerging immunoblot 

signal indicates the ongoing cellular expression of p53 despite the DBD KO. 

We have previously demonstrated that stable integration of EXSISERS reporters into 

TP53 did not influence the structural integrity of p53. Since all co-translated EXSISERS 

reporters (IMPDH-1 CLuc, gp41-1 NLuc, and NrdJ-1 FLuc) contain self-excising split-

inteins, we postulate that after post-translational processing, p53 remains in its native 

form and fulfills its task as a transcription factor. Therefore, we conducted a p53 

transcription factor binding assay by isolating nuclear extracts from HCT116 WT and 

distinct EXSISERS cell lines, including EXSISERSTP53:7FLuc, EXSISERSTP53:4NLuc-7FLuc, 

and EXSISERSTP53:2CLuc-4NLuc-7FLuc. Isolated nuclear extracts from these cell lines were 

loaded and incubated onto 96 well plates, carrying immobilized p53 RE on their plate 

surface. Structurally and functionally unaffected p53 proteins can bind these 

sequences. A subsequent ELISA using antibodies directed against p53 allows the 

spectrophotometric detection of the relative abundance of DNA-binding p53 within the 

nuclear extracts (Fig. 18a). HCT116 WT nuclear extracts with supplementation of 

mobilized p53 RE (DNA oligos), as well as nuclear extracts from HCT116 p53 DBD 

KO cells both yielded the lowest amounts of immobilized endogenous p53 (Fig. 18b). 

EXSISERSTP53:7FLuc and EXSISERSTP53:4NLuc-7FLuc revealed similar amounts of p53 as 

for the positive control with nuclear extracts from HCT116 WT cells. 

EXSISERSTP53:2CLuc-4NLuc-7FLuc showed the lowest relative abundance of immobilized 

endogenous p53 besides the two negative controls. As seen before (Fig. 16d), 

integration of the third EXSISERS reporter caused lower splicing efficiencies, so p53 

requires more time to be transported to the nucleus. Furthermore, a gene enlargement 

with three additional EXSISERS reporter sequences may also reduce overall p53 

expression. However, the p53 protein isoforms are continuously expressed, allowing a 

relative isoform discrimination by EXSISERS. We further conducted 
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an immunoblot experiment of RIPA-cell lysates derived from HCT116 WT and the 

distinct EXSISERS cell lines, including EXSISERSTP53:7FLuc, EXSISERSTP53:4NLuc-7FLuc, 

and EXSISERSTP53:2CLuc-4NLuc-7FLuc, which were either treated with 0.4 % DMSO or 

20 µg ml-1 oxaliplatin (OX) for 48 h (Fig. 18c). We first analyzed the responsiveness of 

stimulated p53 through phosphorylation of Ser15. While HCT116 WT, 

EXSISERSTP53:7FLuc, and EXSISERSTP53:4NLuc-7FLuc revealed robust p53 inducibility, 

EXSISERSTP53:2CLuc-4NLuc-7FLuc showed only minor signals in response to OX treatment. 

Other than HCT116 WT, EXSISERSTP53:7FLuc, EXSISERSTP53:4NLuc-7FLuc, the Ser15 

phosphorylation status of EXSISERSTP53:2CLuc-4NLuc-7FLuc is highly dependent on the 

IMPDH-1 CLuc intein-splicing efficiency. IMPDH-1 CLuc was stably integrated 

between Lys14 and Ser15. Moderate IMPDH-1 intein-splicing may result in restricted 

accessibility for serine/threonine kinases and reduced Ser15-phospho-dependent p53 

induction. For that reason, we additionally analyzed the phosphorylation inducibility of 

Ser315 to exclude any steric hindrance of EXSISERS reporters. In contrast to Ser15, 

Ser315 remains amenable to phosphorylation across all cell lines. Given that our 

primary focus lies in investigating the differential expression of the p53 protein isoforms 

Figure 18: Preservation of p53 functional integrity with integrated EXSISERS reporters. 
a) Schematic representation of p53 transcription factor binding to specific DNA consensus sequences 
(p53 response elements, p53 REs). Bound p53 proteins were detected by primary anti-p53 antibodies 
and horseradish peroxidase (HRP)-conjugated secondary antibodies. b) Measured relative absorption 
at 450 nm represents p53 binding capacity of nuclear extracts derived from different HCT116 
EXSISERS or HCT116 WT cell lines. Sample measurements were conducted in triplicates (n=3). 
Normalization of data points to previously measured protein concentrations (nuclear extracts). c) WB 
analysis of HCT116 WT, EXSISERSTP53:7FLuc, EXSISERSTP53:4NLuc-7FLuc, and EXSISERSTP53:2CLuc-4NLuc-

7FLuc RIPA cell lysates. Prior to cell lysis, cells were either treated with DMSO control (0.4 %) or with 
20 µg ml-1 oxaliplatin. Phosphorylation of serine 15 and serine 315 confirmed induction of p53 activity 
upon drug-induced cell death. 
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under the influence of distinct CRC therapeutics, the absence of p53 Ser15 inducibility 

is of non-essential significance to us.  

 

3.4 Experimental setup of the triple EXSISERS reporter system for real-time and 
live-cell quantitative measurements. 

Mentioning the investigation of the differential p53 protein isoform expression under 

the influence of distinct therapeutics, we first had to set up the experimental procedure 

of the triple EXSISERS reporter system. To enable real-time and live-cell luminescent 

measurements, we had to deviate from our previous approach of lysing the cells to 

make the EXSISERS reporters accessible to their specific substrates. Instead, we 

employed alternative plasma membrane-permeable luciferin substrates. 

D-luciferin-ethyl-ester, for instance, is a D-luciferin derivate that acquires the capacity 

to penetrate the plasma membrane due to the addition of hydrophobic ethylester 

residues (Fig. 19a). Endurazine was developed by Promega to be a 

membrane-permeable and highly thermostable NLuc substrate which allows the 

quantitative measurement of cytosolic gp41-1 NLuc. Vargulin, on the other hand, does 

not need to be membrane-permeable since IMPDH-1 CLuc was designed to be 

transported and exposed to the plasma-membrane. The special 

translocation-mechanism of IMDPH-1 Cluc during spatial segregation from p53 makes 

the luciferase accessible to its specific substrate. After adding the respective luciferin 

substrates and therapeutics, the luminescent signals of CLuc are measured at 465 nm, 

the luminescent signals of NLuc are measured at 460 nm, and those of FLuc are 

measured at 564 nm. Since CLuc and NLuc emit luminescence at similar wavelengths, 

respective luciferin substrates have to be administered on different plates but have the 

same drug treatment (Fig. 19a). As already mentioned, the NLuc substrate Endurazine 

is reported to be highly thermostable and, therefore, has a half-life of approximately 

72 h. We measured the signal decay of FLuc starting from the time point of substrate 

addition and, thus, estimated the half-life of D-luciferin-ethylester to be approximately 

6 h (Fig. 19c). Therefore, it is advisable to renew the D-luciferin-ethylester substrate 

every 12 hours (Fig. 19d). Conversely, Vargulin is characterized by its thermolability, 

resulting in a rapid decline of the CLuc luminescent signal within a few minutes after 

substrate addition (Fig. 19b). Consequently, luminescence measurements for CLuc 
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must be promptly conducted, with replenishment of fresh substrate before each 

successive measurement (Fig. 19d). 

 

3.4 Comprehensive analysis of the mutual interplay of FLp53, Δ40p53 and 
Δ133p53+ Δ160p53 in response to clinically established CRC-therapeutics. 

As already stated, p53 is referred to as one of the most important proteins in tumor 

recognition and tumor suppression, capable of shutting down whole proliferative and 

metabolic activities [102]. p53 induces cell-cycle arrest or apoptosis [103] by either 

interacting with pro-apoptotic BCL-2 family members (Bax, Bak, Bcl-xL) [104] or 

stimulating the transcription of downstream genes (PUMA, APAF1) [105–107,189]. 

Contrarily, p53 also activates pro-survival pathways by transcriptionally activating 

downstream genes that efficiently counteract apoptosis [108]. Thus, cell fate and the 

predominantly activated pathways highly depend on the differentially expressed p53 

Figure 19: Experimental setup and evaluation of luciferase substrate stability. a) Schematic of 
experimental setup (including EXSISERSTP53:2CLuc-4NLuc-7FLuc cell seeding, luciferase substrate addition, 
therapeutic drug treatment, and luminescence measurement) for relative p53 protein isoform 
quantification with EXSISERS-reporters. b) Determination of the stability of CLuc substrate vargulin 
either solved in Butanol or DMSO. Vargulin was applied on EXSISERSTP53:2CLuc-4NLuc-7FLuc cells at the 
indicated concentrations (10 µM, 50 µM, 100 µM). Absolute CLuc luminescent signal was measured 
immediately after substrate addition for a total of 50 min in 5 min intervals. c) Determination of FLuc 
substrate stability D-luciferin-ethyl-ester solved in DMSO. FLuc-substrate was applied on 
EXSISERSTP53:2CLuc-4NLuc-7FLuc cells at the indicated concentrations (100 µM). Absolute FLuc luminescent 
signal was measured immediately after substrate addition for a total of 12 h in 1 h intervals. d) 
Recommended time-points of new luciferase-substrate addition (determined from b and c; substrate 
stability) for the corresponding luciferase measurements. 
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protein isoforms and their respective cellular ratios [116,117]. Especially the 

FLp53:Δ40p53 ratio is especially known to govern crucial tumor-suppressive 

pathways. Elevated FLp53 levels mainly influence the cell cycle and metabolism [190]. 

Δ40p53, on the other hand, lacks substantial parts of the TAD I domain (1 – 40 aa) and 

therefore represents a transcriptionally inactive isoform. Elevated Δ40p53:FLp53 ratios 

are linked to increased apoptosis and decreased tumor recurrence rates [117,118]. In 

light of successfully establishing the triple-EXSISERS reporter system in TP53, we can 

now efficiently investigate whether distinct tumor therapies with known mechanisms of 

action on tumor cells can induce the expected shifts in the p53 protein isoform ratio. 

Defined concentrations of bleomycin (20 µM) and doxorubicin (100 nM) are known to 

induce cell-cycle arrest in HCT116 cells efficiently. Real-time luminescence 

measurements with administration of 20 µM bleomycin onto 

EXSISERSTP53:2CLuc-4NLuc-7FLuc cells showed a slight increase in FLp53 and Δ133+ 

Δ160p53 at all measured time points (Fig. 20a). However, Δ40p53 is decisively 

downregulated at early treatment time points (3, 6, 9 h), which causes a significant 

FLp53:Δ40p53-ratio-shift towards FLp53. In conjunction with the modest upregulation 

of the anti-apoptotic Δ133+Δ160p53 isoforms throughout the entire treatment time, the 

induction of apoptosis is hindered while concurrently influencing a cell's proliferative 

and metabolic activity. The same was observed for the treatment with 100 nM 

doxorubicin. However, Δ133+Δ160p53 exhibited a higher upregulation (Fig. 20b). 

When predominantly considering the FLp53:Δ40p53 ratio, there is a pronounced shift 

Figure 20: Study of the differential p53 isoform expression in EXSISERSTP53:2CLuc-4NLuc-7FLuc cells 
in response to cell-cycle arresting agents. a) Real-time and live-cell quantification of p53 protein 
isoforms (FLp53, Δ40p53, and Δ133p53+Δ160p53) using EXSISERSTP53:2CLuc-4NLuc-7FLuc cells. Relative 
p53 protein isoform quantification was performed for cell cycle arrest-inducing compounds bleomycin  
[20 µM] and b) doxorubicin  [100 nM] at timepoints 3 h, 6 h, 9 h, 12 h, 24 h, and 48 h. t=0 was used as 
a normalization control. Luminescent signals in b) and c) were normalized to 0.2 % DMSO treatment. 
DMSO control was set to y=1 and displayed as a dashed line (y=1). Measurements were conducted 
in triplicates (n=3). 
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towards FLp53. By employing defined concentrations of bleomycin and doxorubicin, 

we identified FLp53 as the predominant protein isoform responsible for the induction 

of cell-cycle arrest, emphasizing its interaction with anti-apoptotic p53 protein isoforms.  

To verify whether Δ40p53 is the protein isoform predominantly responsible for the 

induction of apoptosis, we sought to identify appropriate in vitro doses for 

chemotherapeutics 5-fluorouracil (5-FU) and oxaliplatin (OX), which are clinically 

applied for the treatment of CRC. Conducting a viability assay with varying 

drug-concentrations, we identified 20 µM 5-FU and 20 µg ml-1 OX to induce only mild 

cytotoxic effects to provide optimal screening conditions for the quantification of p53 

while minimizing the potential adverse impact of too intense treatment (Fig 21a,b). The 

utilization of multiple cell lines concurrently revealed that the therapeutic effects of 5-FU 

and OX are predominantly cell-type-specific. 

We treated EXSISERSTP53:2CLuc-4NLuc-7FLuc cells with 20 µM 5-FU and 20 µg ml-1 OX and 

investigated the differential expression of FLp53, ∆40p53, and ∆133+160p53 isoforms. 

Following both treatments, we observed a temporary reduction in oncogenic 

∆133+160p53 levels, accompanied by a significant shift in the FLp53:∆40p53 ratio 

towards the pro-apoptotic ∆40p53 isoform after 24 and 48 h (Fig. 22f, g). Moreover, 

OX treatment led to an initial increase in FLp53 expression. To elucidate the 

relationship between the changes in p53 isoform ratios and the correspondingly 

activated signaling pathways, we assessed an immunoblot analysis with specific 

Figure 21: Clinically established chemotherapeutics induce moderate cell-death in CRC cell 
lines. Luciferase-based cell viability assay using clinical-relevant chemotherapeutics a) 5-Fluorouracil 
(5-FU) and b) oxaliplatin (OX) for the treatment of distinct CRC cell lines for 48 h (n=3). Drug 
concentrations were spanning from 50 nM to 50 µM or 50 ng ml-1 to 50 µg ml-1, respectively. Cell 
viability of selected CRC cell lines was normalized to 0.5 % DMSO control, which was set to 100 % 
cell viability (dashed line at y=100 %). Luminescence values of respective therapeutical concentrations 
were measured in triplicates (n=3). 
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protein markers for cell cycle arrest (p21) and apoptosis induction (PARP cleavage) in 

5-FU- and OX-treated HCT116 WT cells (Fig. 22a, b). While p21 levels steadily 

increased over time (Fig. 22d), PARP cleavage was minimally detected after 5-FU 

treatment but clearly evident after OX treatment (Fig. 22e), corresponding to the 

Figure 22: The triple EXSISERS reporter system reliably differentiates and quantifies p53 protein 
isoforms in living cells and in real-time. a) Western blot analysis of cell lysates from 5-FU   [20 µM] 
and b) OX   [20 µg ml-1] treated HCT116 cells detecting cellular FLp53 and relevant markers for cell 
cycle arrest (p21) and apoptosis (PARP cleavage) at t=0, 3 h, 6 h, 9 h, 24 h, and 48 h. All Western blots 
were conducted in triplicates (n=3). Densitometric analyses of relative c) FLp53 expression, d) p21 
expression, and i) PARP cleavage in percent. e) Real-time and live-cell quantification of corresponding 
p53 protein isoforms using EXSISERS. Relative p53 protein isoform quantifications were detected for 
f) 5-FU   [20 µM] and g) OX   [20 µg ml-1] treatment at timepoints 3 h, 6 h, 9 h, 12 h, 24 h, and 48 h. t=0 
was used as a normalization control. DMSO treated cells were used to normalize luminescent signals 
from treated cells. Measurements were conducted in triplicates (n=3).  
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increasing ∆40p53 expression measured by EXSISERS at 24 and 48 hours of 5-FU 

and OX treatment. Hence, we can affirm that the upregulation of Δ40p53 and the 

consequent alteration in FLp53:Δ40p53 isoform ratio can serve as potential 

mechanisms underlying p53-dependent induction of apoptosis.  

Noteworthy, the time-dependent increase in FLp53 levels and the concurrent increase 

in p21 expression demonstrate that EXSISERS exclusively registers de novo p53 

expression and does not detect post-translational stabilization effects that are common 

for p53 (Fig. 22c, g). EXSISERS is a potent tool for accurately assessing short- or 

long-term alterations in p53 isoform ratios and reflecting their associated cellular 

consequences, where conventional methods may fail. 

 

3.5 Established protein analysis methods face challenges in detecting and 
quantifying the specific p53 protein isoforms. 

To highlight the merits of the EXSISERS technology, we have applied diverse gold 

standard techniques for identifying and measuring protein isoforms for comparative 

analysis. Antibody-based methods, including immunoblotting analysis, allow for a 

straightforward and cost-effective way of visually detecting proteins and their 

respective protein isoforms. For low-abundance proteins, there is the potential to 

initially enrich these proteins via immunoprecipitation before subsequently analyzing 

them in a qualitative or quantitative manner. Starting with immunoblot analysis, we 

employed four distinct pan-tropic antibodies to detect all p53 protein isoforms 

(Fig. 23a). These antibodies apparently recognize the DNA-binding domain (DBD) of 

p53. This conserved domain is available in all p53 protein isoforms. Using the 

antibodies PAb240, ab26, DO-12, and PAb421 resulted in the detection of multiple 

unspecific bands (Fig. 23b), which, except for FLp53, did not correspond to the 

expected size of the protein isoforms (Fig. 23c). Since it is known for all p53 protein 

isoforms, except for FLp53, to be significantly underrepresented, we attempted to 

enrich Δ40p53, Δ133p53, and Δ160p53 through immunoprecipitation.  

Immunoprecipitation is a technique that involves the initial capture of the target protein 

through specific antibody-bead interactions. Subsequently, these proteins are 

separated from the heterogenous protein lysate by distinct precipitation procedures 

encompassing multiple centrifugation steps, gravity flow, or magnetic separation. 
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Therefore, we crosslinked magnetic beads with ab26 pantropic antibodies. Again, cell 

lysates were isolated from HCT116 WT cells either treated with DMSO or 20 µM 5-FU 

(24 h). These cell lysates were incubated with crosslinked ab26-crosslinked magnetic 

Figure 23: Western blot analyses (WB) display distinct limitations in detecting and quantifying 
specific p53 isoforms. a) Representation of the human TP53 locus with the respective coding exons 
(blue bars) and the epitopes (red lines) for specific pantropic p53 antibodies. b) WB analysis of RIPA 
lysates derived from HCT116 WT cells, either 1) non-treated, 2) treated with 5-fluorouracil (5-FU) 
[30 µM], or 3) oxaliplatin (OX)  [20 µg ml-1]. p53 protein isoforms were analyzed with distinct pantropic 
primary antibodies, including ab26, PAb240, DO-12, and PAb421. HCT116 cells were lysed 24 h after 
treatment. p53 protein isoforms were detected using primary monoclonal mouse antibodies and 
secondary HRP-conjugated anti-mouse secondary antibodies. These data highlight the limitations of 
analyzing p53 isoforms by WB. The detected signals do not correspond to the molecular size of the 
distinct isoforms. The deviations in molecular weight are due to post-translational modifications and 
make it challenging to assign the signals to the corresponding isoforms. c) Overexpression of 
recombinant p53 protein isoforms in E. coli and validation of their molecular mass by SDS-PAGE. 
d) Immunoprecipitation of p53 protein isoforms using magnetic beads. RIPA lysates from HCT116 WT 
cells either non-treated or treated with 5-FU  [20 µM] (24 h) were used as input. e) Immunoprecipitation 
of p53 protein isoforms using the Nanobead p53 C-term trap technology is shown. RIPA lysates from 
HCT116 WT cells either non-treated or treated with 5-FU  [20 µM] (24 h) were used as input. p53 protein 
isoforms were immobilized with a Nanobead p53-term trap and blotted with the indicated primary 
antibodies. 
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beads and were magnetically separated from the heterogenic protein lysates. 

Thereafter, specifically bound proteins were eluted and detected with DO-12 p53-

antibodies on western blot (Fig. 23d). We further excluded the chance of unspecific 

binding of p53 to non-crosslinked magnetic beads (additional pre-clearing step). We 

only detected signals for FLp53, mainly in the “input” and “flowthrough” fractions, which 

indicates a weak interaction between the ab26 antibody and p53. Vice versa, 

immobilizing DO-12 on magnetic beads and detecting precipitated p53 with ab26 

resulted in larger quantities of p53, but again, exclusively FLp53 was detectable on 

western blot. 

Subsequently, we applied another promising immunoprecipitation approach. The p53-

C-term-Trap from chromotek utilizes single variable domains on a heavy chain (VHH), 

also referred to as “Nanobodies,” directed against the C-terminal chain of p53. These 

single-chain Nanobodies are commercially available as pre-coupled antibody-agarose 

beads. The p53-C-term-Trap chromotek kit conveniently precipitates and detects 

FLp53, ∆40p53, ∆133p53, and ∆160p53 protein isoforms. On this account, we 

immunoprecipitated cell lysates from HCT116 WT cells treated with either DMSO or 

20 µM 5-FU. Thereafter, all fractions (input, wash, flowthrough, and 

immunoprecipitation) were analyzed by western blot (Fig. 23e). Again, pan-tropic ab26 

antibodies could not detect any conclusive p53 protein isoform signals. Exclusively, 

DO-1 antibodies from Santa Cruz, directed against the N-terminal TA-domain, could 

detect FLp53α, FLp53β, and FLp53γ. Strong signals only occurred for the input- and 

flowthrough-fractions of 5-FU pretreated HCT116 WT cells. In conclusion, all 

antibodies that we have commercially obtained and tested could not establish a 

specific antibody-p53 interaction.  

Therefore, we found it helpful to stably insert a recombinant sequence tag with a high 

affinity to specific commercial antibodies. We decided to integrate a recombinant 

FLAG tag (amino acid sequence: DYKDDDDK) into the conserved DNA binding 

domain (DBD) of p53. The inserted sequence also contained an autonomous selection 

cassette with the PuroR- and the HSVtk-gene (Fig. 24a). The selection cassette itself 

did not affect p53’s translation or functionality since, due to the flanking splice donor 

and splice acceptor sites, the selection cassette is post-transcriptionally spliced out as 

an intron but acting in an autonomous way (Fig. 24a, b). The recombinant FLAG-tag 

was then allocated in exon 6 between amino acid positions 198 and 199 (Fig. 24b). 

Genotyping of these genetically modified HCT116 cells resulted in two monoclonal cell 
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lines (HCT116 3.E6 and 3.G9) carrying the inserted FLAG tag (Fig. 24c). The 

PCR-amplicons were loaded onto agarose gels showing a band at 1,200 bp for isolated 

DNA from HCT116 WT cells and 4,756 bp for isolated DNA from stable cell lines with 

integrated FLAG tag. We isolated cell lysates of HCT116 3.G9 monoclonal cells, either 

treated with 20 µM 5-FU or 20 µg ml-1 OX. Now that p53 contained the additional 

FLAG-tag, all corresponding protein isoforms visualized on western blot were shifted 

upwards for approximately 5.2 kDa (Fig. 24d). FLp53, representing the most abundant 

protein isoform, appeared at 60 kDa. ∆40p53, ∆133p53, and ∆160p53 all showed 

comparably weak signals and appeared at 55 kDa, 35 kDa, and 30 kDa, respectively. 

Conclusively, we increased the binding affinity of specific antibodies to FLAG tag 

carrying p53 protein isoforms, which markedly facilitated their antibody-based 

detection on western blot. One could continue with immunoprecipitation to enrich the 

underrepresented Δ40p53, Δ133p53, and Δ160p53 isoforms. However, to 

demonstrate the complexity of antibody-based detections without proper antibody 

specificity, we decided not to follow this strategy further. There is another antibody-

Figure 24: Stable integration of a recombinant FLAG into p53 for enhanced antibody-based 
detection. a) Scheme of the human TP53 locus and the integration site of a recombinant FLAG-tag into 
coding exon 6. Template DNA and Cas9 coding sequence (with corresponding sgRNA sequence) were 
transfected into HCT116 WT cells as separate plasmids. b) Schematic of all p53 isoforms, carrying a 
recombinant FLAG tag within coding exon 6. The FLAG-tag was used for the detection of total p53 
isoforms via WB. c) Agarose gel electrophoresis of PCR amplicons from genomic TP53 locus is shown. 
Monoclonal HCT116 cells displayed stable integration of the FLAG-tag, proven by a 4756 bp fragment. 
TP53 exon 6 PCR amplicons without genetic modification showed an amplification lane at 1200bp. 
Clone HCT116 3.G9 was chosen for p53 WB analysis. d) WB analysis of RIPA lysates from HCT116 
3.G9 cells either treated with 20 µM 5-FU or 20 µg ml-1 OX for 24 h. Anti-FLAG antibody (M2) was used 
to detect the specific p53 protein isoforms. 
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independent gold-standard method for protein isoform detection made possible by the 

broad applicability of mass spectrometry. 

 

3.6 Detection and quantification of p53 isoforms via multiple reaction monitoring 
mass spectrometry 

Mass spectrometry-based assays hold great promise in replacing protein 

immunoassays, especially in basic science and clinical research. Previous 

investigations have demonstrated the efficacy of assays employing multiple-reaction 

monitoring mass spectrometry (MRM-MS) for quantifying proteins in biological 

samples [191]. Targeted proteomic experiments, exhibited with MRM-MS, a technique 

with a longstanding clinical history in quantifying small molecules, offer the potential 

for accurate relative quantification of established proteins within complex mixtures. In 

the realm of targeted proteomics, peptides generated through protease digestion, 

typically utilizing trypsin, function as surrogate markers reflecting the specific protein 

abundance. MRM-MS assays provide distinct advantages over conventional 

immunoassays, including the ability to swiftly develop and validate MRM-based 

methods. Furthermore, these assays readily support multiplexing for the concurrent 

quantification of numerous proteins in a single analysis, spanning a broad range of 

relative concentrations, without encountering the cross-reactive interferences we often 

observe in our immunoassays [192].  

To setup the quantitative measurement of the desired p53 protein isoform groups 

(FLp53, Δ40p53, and Δ133+Δ160p53), 0.7 fmol of 15N-labeled and trypsin digested 

recombinant FLp53 protein were spiked into the mass spectrometer. Seven p53-

related peptides were identified as suitable for quantifying their respective protein 

isoforms in a multiplexed manner (Fig. 25). Peptide 1, spanning from 1-24 aa, was the 

representative peptide for FLp53. Peptides 2, 3, and 4, spanning from 103-111 aa, 

112-121 aa, and 122-133 aa, respectively, were representatives of FLp53 and 

Δ40p53. Peptides 5, 6, and 7 spanning from 183-197 aa, 204-210 aa, and 269-274 aa 

laying in the conserved domain of p53, therefore, were representatives of all p53 

isoforms (Fig. 26a). For the actual isoform quantification, HCT116 WT cells were 

treated with either 0.4 % DMSO (control), 20 µM 5-FU, or 20 µg ml-1 OX for 24 h. 

Treated cells were then lysed with RIPA buffer, and cell lysates were sent to Polyquant 

(Bad Abbach, Germany) for sample preparation and measurement. Measurement of  
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these heterogeneous cell lysates resulted in differential peptide quantification in 

response to the chemotherapeutics 5-FU and OX. Since peptide 1 is the only 

representative of FLp53, its low detection-specificity prevented the quantification of 

FLp53 in any sample (Fig. 25). Nevertheless, absolute peptide quantification of 

peptides 2, 3, and 4 (FL+∆40p53, tumor suppressive isoforms) and peptides 5, 6, and 

7 (∆133+160p53, oncogenic isoforms) allowed for quantitative discrimination of two 

p53 isoform groups (tumor suppressive vs. oncogenic) (Fig. 26b, c, d). The individual 

peptide quantifications (Fig. 26b) were averaged according to their respective p53 

isoform assignment (Fig. 26c). On the one hand, these data demonstrate significant 

upregulation of p53 as a response to the 24 h treatment with both 5-FU and OX. On 

the other hand, the averaged values from peptides 2, 3, and 4 (representing tumor 

suppressive isoforms) and the values from peptides 5, 6, and 7 (representing all p53 

isoforms) are at the same level. The in silico estimation of the relative FLp53+Δ40p53 

(tumor suppressive) and Δ133+Δ160p53 quantities revealed a significant 

underrepresentation of the truncated isoforms Δ133+Δ160p53 (Fig. 26d). 

Consequently, the quantification of these protein isoforms proves to be nontrivial. Only 

after excessive upregulation due to OX treatment minimal amounts of Δ133+ Δ160p53 

could be detected. Given the uniform amounts of peptide 2-7, none of the newly 

synthesized Δ133+Δ160p53 isoforms accumulate but rather degrade rapidly. Further, 

the low specificity of peptide 1 can be attributed to its unusually long sequence. Larger 

peptides are more likely to be subjected to post-translational modifications. In the case 

Figure 25: Supplementary figure 4: MRM-Mass spectrometry chromatograms of p53 
representative peptides. All mass spectrometry experiments and computational analyses as well as 
recombinant 15N-isotope-labelled p53 expression and purification were conducted by Polyquant 
(Bad Abbach, Germany). Bacterial expression vector for recombinant FLp53α as well as HCT116 WT 
cell treatment and cell lysis (with RIPA) were generated and provided by our laboratory. All samples 
were measured in targeted MRM mode. Differentially treated HCT116 cell lysates and 15N-isotope (150 
mM NaCl, 1,0 % IGEPAL® CA-630, 0,5 % Natriumdesoxycholat, 0,1 % SDS, 50 mM Tris, pH 8,0) 
labelled p53 were pre-digested with trypsin and analyzed via MRM-mass spectrometry. Seven p53 
representative peptides were chosen for quantitative analysis. Representative peptides were measured 
in light channel (endogenous p53 from HCT116 WT cell lysates) and heavy channel mode (spiked 
15N-isotope labelled p53). Left column shows chromatograms of RIPA lysates from 0.2 % DMSO treated 
HCT116 WT cells (light channel) and 15N-isotope labelled p53 as reference (heavy channel). Right 
column of chromatograms shows RIPA lysates from oxaliplatin-treated  [20 µg ml-1] HCT116 WT cells 
(light channel) and 15N-isotope labelled p53 as reference (heavy channel). Quantitative measurements 
were conducted with cell lysates from 1,000 HCT116 cells, in which 0.7 fmol of 15N-isotope labelled p53 
were spiked. Peptide 1 revealed low detectability in DMSO-, as well as in OX-treated cells and, thus, 
could not be quantified. Measurements were conducted in triplicates (n=3). 
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of p53, there are multiple phosphorylation sites, including Ser6, Ser9, Ser15, and 

Thr18. Depending on the activation status of p53, these amino acids are either 

phosphorylated or not. The varying molecular mass makes it challenging to choose a 

consistent detection window and, thus, to precisely quantify peptide 1. To some extent, 

the quantification of peptide 1 can be improved by optimizing peptide preparation or 

measurement settings. Chemotrypsin and Glut-C, for instance, are peptidases that 

generate a different peptide-digestions pattern. Therefore, the length of peptide 1 could 

be reduced to mitigate its susceptibility to potential post-translational effects by 

Figure 26: p53 protein isoform discrimination and absolute quantification via multiple reaction 
monitoring – mass spectrometry (MRM-MS). a) Protein sequence of p53 including the distinct 
translation start sites for FLp53, Δ40p53, Δ133p53, and Δ160p53. Black triangles show potential trypsin 
digestion sites and resulting peptides. Sequences marked in red represent tryptic peptides 
concatenated for the synthesis of a heavy isotype-labelled protein internal standard for absolute 
quantification via multiple reaction monitoring on a triple quadrupole mass spectrometer. b) Absolute 
quantification of corresponding p53 peptides [amol per 1000 cells] for different treatment conditions, 
namely DMSO ctrl. (grey), 20 µM 5-FU (green), and 20 µg ml-1 OX (orange), respectively, at timepoint 
24 h. Measurements were conducted in triplicates (n=3). Horizontal bars indicate mean values. 
Peptide 1, representing FLp53 was not detectable. Quantification of peptides 5-7 is a measure of the 
total expression of p53. Quantification of peptides 2-4 is a measure of expression of FLp53+Δ40p53. 
c) Absolute quantification of p53 protein isoforms  [amol per 1000 cells] from HCT116 WT cell lysates 
measured via mass spectrometry for different treatment conditions (n=3). Dots represent mean values 
of the corresponding peptides. Peptides 2-7 show equimolar levels, indicating that FLp53 and/or Δ40p53 
are predominantly expressed, while Δ133p53+Δ160p53 isoforms are strongly underrepresented. d) 
Relative p53 protein isoform abundance of FLp53+Δ40p53 (calculated means from peptide-
quantification 2-4) and Δ133p53+Δ160p53 (calculated means from peptide-quantification 5-7 and 
subtracted from the means of peptide 2-4) (n=3). HCT116 cells were treated 48 h with DMSO  [0.025%], 
5-FU  [20 µM], or OX  [20 µg ml-1] prior to cell lysis. FLp53+Δ40p53 values were normalized to the 
DMSO control. Δ133p53+Δ160p53 values were normalized to the DMSO control and subsequently 
subtracted from the relative FLp53+Δ40p53 values. For distinct treatments with DMSO (ctrl.), 5-FU, and 
OX we did not detect considerable amounts of Δ133p53+Δ160p53. 
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minimizing or eliminating their impact. Nevertheless, it remains unaltered that the 

cellular levels of Δ133p53 and Δ160p53 are minimal, making their detection and 

quantification via mass spectrometry extremely challenging. Hence, we further rely on 

p53 isoform quantifications via EXSISERS. Although the measured values provide 

relative protein isoform amounts, EXSISERS accurately determines temporal changes 

in protein expression. In addition, the following advantages should be considered: 

1) EXSISERS allows for translational quantification of any target protein, 

2) differentiation of specific protein isoforms,  

3) acquisition of time-series data,  

4) measurement in living cells, and  

5) high scalability with high-throughput screening applicability. 

All listed EXSISERS characteristics would be elaborate or not feasible with mass 

spectrometry.  

 

3.7 High-throughput screening of differential p53 isoform expression in 
response to 4,863 anti-cancer compounds. 

Most commercial kits provide luciferase substrates dissolved in cell lysis buffer, making 

cytosolic luciferases accessible for measurements. Due to the cell membrane 

permeable character of endurazine (NanoLuc specific substrate) and D-luciferin 

ethylester (FireflyLuc specific substrate), cell lysis is not required. Therefore, 

EXSISERS applies to real-time protein quantification measurements in living cells. We 

used EXSISERS on a high-throughput drug screening to identify therapeutic agents 

that enhance p53-mediated tumor suppression and cell death induction while inhibiting 

p53 isoforms with oncogenic properties. To this end, we chose the dual-luciferase 

reporter cell line EXSISERSTP53:4NLuc-7FLuc, which showed minor benefits in terms of p53 

inducibility (Fig. 18b, c). This cell line primarily differentiates between tumor 

suppressive FLp53+Δ40p53 and oncogenic Δ133+Δ160p53 isoforms (Fig. 27a, b). 

Calculating the ratio (tumor suppressive isoforms:oncogenic isoforms) allowed us to 

rank all drugs according to their p53-isoform-inducing properties. Cells were treated 

with an anti-cancer compound library (HY-L025) comprising 4,863 drugs. For each 

compound, p53 isoform ratios were measured and calculated as an average of six 
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measured time points (3, 6, 9, 12, 24, 48 h) and plotted on an exponential scale (Fig. 

27c). Based on this, we identified the 121 most significant drugs highly upregulating 

tumor suppressive p53 isoforms (p<0.025), also referred to as p53-Tumor suppressor 

Isoform Enhancers (p53-TIEs; Fig. 27d). For the sake of completeness, we also 

included the 121 most significant drugs highly upregulating pro-oncogenic p53 protein 
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isoforms (p<0.025), also referred to as p53 Oncogenic Isoform Enhancers (p53-OIEs; 

Fig. 28). But either highly upregulating tumor suppressive or oncogenic p53 protein 

isoforms, does not necessarily harm the tumor cell. Out of the 4,863 anti-cancer 

compounds, we selected 108 compounds with the highest anti-tumor efficacy by 

studying their effect on cell morphology (phase-contrast microscopy) and cell viability 

(LIVE/DEAD staining; Fig. 29. The differential p53 isoform inducibility of these 108 

drugs was set into ratio (tumor suppressive : oncogenic). The significance of being 

among the top 3 compounds that either most efficiently upregulate tumor suppressive 

(p53-TIE) or upregulate oncogenic p53 (p53-OIE) while still exhibiting high toxicity to 

tumor cells was calculated using the Anderson-Darling equation. The respective 

probabilities were reported as z-values (Fig. 30a). 

As the top 3 most toxic p53-TIEs (z ≥ 1.962, p<0.025), we identified the ubiquitin-

specific peptidase 1 (USP1) inhibitor SJB2-043, bloom syndrome protein inhibitor 1 

(BLM-IN-1), and inhibitor of the anti-apoptotic Bcl-2 protein family, namely gambogic 

acid (Fig. 30b, c, d). Under the top 3 most toxic p53-OIEs (z ≤ -1.962, p<0.025), on the 

other hand, we identified Foxo1 inhibitor AS1708727, mitochondrial respiratory chain 

complex I inhibitor IACS-010759 hydrochloride (HCl), and protein arginine 

methyltransferase 5 (PRMT5) inhibitor JNJ-64619178 (Fig. 30b, c, d). 

Given the information associated with each compound within the anti-cancer 

compound library, such as the cellular pathways influenced by the individual 

compounds, we conducted a comparative pathway analysis. Specifically, we sought to 

compare the pathway abundance and the percentage weighting of the identified p53-

TIE (Fig. 27d) and p53-OIE (Fig. 28d) lists concerning the total anti-cancer compound.  

Figure 27: Identification of anti-cancer compounds significantly inducing tumor suppressive p53 
protein isoforms (p53-TIEs). a) Ratio between tumor suppressive and oncogenic isoforms were 
translated into color-codes. b) Schematic of all twelve p53 protein isoforms expressed in 
EXSISERSTP53:4NLuc-7FLuc cell line. Luminescent measurements of stably integrated gp41-1-NLuc (exon 
4) and NrdJ-1-FLuc (exon 7) enabled discrimination and quantification of tumor suppressive 
(FLp53+Δ40p53) and oncogenic (Δ133p53+Δ160p53) p53 protein isoforms. c) p53 protein isoform ratio 
(tumor suppressive : oncogenic) was calculated for 4,863 different anti-cancer compounds (provided by 
the anti-cancer compound library HY-L025, June 2022). Ratios for all timepoints (3 h, 6 h, 9 h, 12 h, 
24 h, 48 h) were averaged and plotted on an exponential scale. These ratios were subjected to the 
Anderson-Darling test. All compounds significantly upregulating tumor suppressive p53 (p53-TIEs) are 
located in the green area above the z-value of 1.962 (highest 2.5 %). Top-three p53-TIEs are indicated 
as green dots. d) Heatmap represents multiple timepoint measurements, displaying p53 protein isoform 
ratios (tumor suppressive / oncogenic) in color codes for 121 compounds significantly upregulating 
tumor suppressive p53 protein isoforms (determined by Anderson-Darling test with z-values above 
1.962).  
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Figure 28: Identification of anti-cancer compounds which significantly induce oncogenic p53 protein 
isoforms (p53-OIEs). a) Ratio between tumor suppressive and oncogenic isoforms were translated into 
color-codes. b) Schematic of all twelve p53 protein isoforms expressed in EXSISERSTP53:4NLuc-7FLuc cell line. 
Luminescent measurements of stably integrated gp41-1-NLuc (exon 4) and NrdJ-1-FLuc (exon 7) enable to 
distinguish tumor suppressive (FLp53+Δ40p53) and oncogenic (Δ133p53+Δ160p53) p53 protein isoforms. 
c) p53 protein isoform ratio (tumor suppressive : oncogenic) was calculated for 4,863 different anti-cancer 
compounds (provided by the anti-cancer compound library HY-L025, June 2022). Ratios for all timepoints 
(3 h, 6 h, 9 h, 12 h, 24 h, 48 h) were averaged and plotted on an exponential scale. These ratios were 
subjected to the Anderson-Darling test. All compounds significantly upregulating tumor oncogenic p53 (p53-
OIEs) are located in the red area below the z-value of -1.962 (lowest 2.5 %). Top-three p53-OIEs are 
indicated as red dots. d) Heatmap represents multiple timepoint measurements, displaying p53 protein 
isoform ratios (tumor suppressive : oncogenic) in color codes for 121 compounds significantly upregulating 
tumor oncogenic p53 protein isoforms (determined by Anderson-Darling test with z-values below -1.962). 
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library. The drug-related, absolute pathway-counts were determined using a custom-

created Python script and converting the values into percentage quantities (Fig. 31a). 

This transformation allowed us to standardize pathway contributions across three 

distinct groups: the total library, p53-TIEs, and p53-OIEs. Notably, these percentages 

assume varying weightings across the different groups. For ease of comparison, we 

standardized all values and compared them with the normalized values of the "total 

library" (Fig. 31b). For the sake of simplicity, we excluded the last three pathways from 

the standardization process, given their absence in both p53-TIE and p53-OIE lists, 

resulting in absolute, percentage, and relative values of zero. Our analysis unveiled a 

remarkable pattern: compounds exhibiting a substantial upregulation of tumor 

suppressive p53 protein isoforms (p53-TIEs) predominantly engaged two specific 

pathways: apoptosis and the NF-κB pathway. p53-TIEs related to apoptosis revealed 

a prevalence exceeding 6 % compared to both the “total library” and the “p53-OIE 

library” (Fig. 31a). The relative difference is approximately 0.4 (Fig. 31b). p53-TIEs 

related to the NF-κB pathway exceeded 3.5 % compared to both the “total library” while 

this pathway no longer plays a crucial role for the p53-OIEs (Fig. 31a). In contrast, the 

identified p53-OIEs exhibited a prevalence in primarily influencing these three 

pathways: Protein Tyrosine Kinase/RTK, PI3K/Akt/mTOR, and JAK/STAT signaling. 

Surprisingly, the abundance significantly decreased in all three pathways within the 

p53-TIE library (Fig 31a, b). It becomes evident that the percentage disparity is mostly 

pronounced for the Protein Tyrosine Kinase pathway (5 %) when compared to the “total 

library” (Fig. 31a). Additionally, it is worth mentioning that all of these aforementioned  

 

Figure 30: The most potent cell death-inducing anti-CRC compounds were identified by phase 
contrast and calcein AM/PI fluorescence microscopy analysis. a) Phase contrast, Calcein AM- 
(LIVE-staining), and PI-fluorescence (DEAD-staining) microscopic images of DMSO (control), β-calcein-
IN-2, and CHIR-99021 treated HCT116 WT cells (48 h). This section includes one representative of anti-
cancer compounds each significantly upregulating tumor suppressive or oncogenic p53 protein isoforms  
without any cell death-inducing effects on HCT116 WT cells. b) Phase contrast, Calcein AM-, and PI-
fluorescence microscopic images of SJB-043, BLM-IN-1, and Gambogic acid treated HCT116 WT cells. 
These compounds represent the top three anti-cancer compounds significantly upregulating tumor 
suppressive p53 protein isoforms (see Fig. 31d) while showing high cell death-inducing effects on 
HCT116 WT cells. c) Phase contrast, Calcein AM-, and PI-fluorescence microscopic images of JNJ-
64619178, IACS-010759, and AS1708727 treated HCT116 WT cells. These compounds represent the 
top three anti-cancer compounds significantly upregulating oncogenic p53 protein isoforms (see 
Fig. 31d) while showing high cell death-inducing effects on HCT116 WT cells. All drugs were applied 
with a working concentration of 5 µM. Scale bar represents 200 µm. 
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Figure 30: High-throughput screening of an anti-cancer compound library with EXISERS identifies new potential CRC 
therapeutics. a) The ratio of the p53 protein isoforms (tumor suppressive vs. oncogenic) was calculated for 4,863 different anti-
cancer compounds (provided by the anti-cancer compound library HY-L025 from MCE) at multiple timepoints (3 h, 6 h, 9 h, 12 h, 
24 h, 48 h), averaged and plotted on an exponential scale. Drug candidates of interest exhibiting high expression of either tumor 
suppressive or oncogenic p53 protein isoforms are indicated as green or red dots, respectively. b) Additionally we evaluated the 
toxicity of each compound by selecting according to their effects on the phenotype (phase-contrast) and cell viability (LIVE/DEAD-
staining, fluorescence microscopy). Previously calculated ratios from in total 108 selected compounds were z-transformed. 
Significance (z = +/-1.962; p < 0.025) was calculated to identify the most significantly drugs upregulating tumor suppressive (p53-
Tumor suppressive Isoform Enhancers = p53-TIEs) or oncogenic p53 isoforms (p53-Oncogenic Isoform Enhancers = p53-OIEs) 
that additionally displaying high toxicity on CRC cells. c) Overview of the anti-cancer compound library and its high-throughput 
profiling using EXSISERS and microscopic selection to identify TIEs (n = 121), OIEs (n = 121), and highly toxic compounds 
(n =108). Among these, 21 p53-TIEs and 6 p53-OIEs overlap, additionally displaying significant toxicity to CRC cells. d) Heatmap 
represents time-dependent p53 protein isoform ratios (tumor suppressive vs. oncogenic) of the 108 compounds most efficiently 
inducing cell death in HCT116-EXSISERSTP53:4NLuc-7FLuc cells. 
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pathways predominantly represent signaling transduction pathways that are more 

frequently modulated by p53-OIEs. This pathway analysis elucidates intriguing 

Figure 31: Pathway abundance of the total anti-cancer compound library compared to those of 
the identified p53-TIEs and p53-OIEs. a) Percentual abundance of the pathways in which the drugs 
(listed in total library, p53-TIEs = Fig. 27 and p53-OIEs Fig. 28) are interfering in. Total pathway counts 
were analyzed with a Python script showed in Supplementary Fig. 5. Total pathway counts were 
converted into percentual abundances. b) For comparative purposes, all pathway abundances 
determined for “total library” were normalized to 1. p53-TIE and p53-OIE pathway abundances were 
relativized. This perspective facilitates a more rigorous comparison of the individual pathways. TGF-
beta/Smad, PROTAC and Antibody-drug Conjugate/ADC Related pathways were excluded in this 
context due to their absence either in the p53-TIE and p53-OIE lists (otherwise resulting in a calculated 
value of 0). 
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interrelationships between the pathways and the p53 family. Specifically, it highlights 

potential associations between specific p53 isoforms and distinct pathways, thereby 

broadening the scope of p53 as a target for future therapeutic strategies. The 

'Discussion' section will revisit and thoroughly discuss these interrelationships. 

 

3.8 Identification of toxic anti-cancer compounds acting in an opposite p53-
dependent manner. 

USP1 is one of the best-characterized human deubiquitinases. It plays an important 

role in the cellular response to DNA damage and has been suggested as a target in 

cancer therapy [193]. USP1 inhibition through SJB2-043 has been shown to revert 

chemotherapeutic resistance in non-small cell lung cancer (NSCLC) cells [194].  

BLM has been reported to be directly recruited to DNA-double strand breaks 

(DNA-DSB), promoting an accumulation of RAD51 and regulating the homologous 

directed repair [195]. BLM inhibition with BLM-IN-1 potentially amplifies p53-dependent 

cell-cycle arrest and apoptosis.  

Gambogic acid has been reported to exhibit toxicity against tumor cells through the 

efficient activation of caspases. Gambogic acid displays varying levels of inhibition 

against all six human Bcl-2 family proteins, with the most pronounced inhibitory effects 

observed on anti-apoptotic Mcl-1 and Bcl-B [196]. 

From the top 3 toxic p53-TIEs, it becomes apparent that all compounds exert an anti-

tumoral effect through their direct or indirect activating effects on tumor suppressive 

p53. Of note, the top 3 p53-OIEs also show strong toxic effects on cancer cells despite 

their strong activating influence on oncogenic p53 isoforms. Therefore, it is also 

important to take a closer look at their mechanisms of action. 

JNJ-64619178, which is also referred to as Onametostat, is a selective PRMT5 type II 

methyltransferase inhibitor. PRMT5 symmetrically di-methylates arginine residues on 

proteins involved in signal transduction and cellular transcription. An elevated PRMT5 

activity is known to promote the epithelial-mesenchymal transition of tumors, which has 

been correlated with poor survival of patients [197]. Therefore, PRMT5 inhibition with 

Onametostat (JNJ-64619178) has anti-tumoral effects by exhibiting anti-proliferative 

activity. 

IACS-010759 is a selective mitochondrial respiratory chain complex I inhibitor. By 

blocking complex I, the regular electron flux is interrupted, which results in retrograde 



Results 

99 
 

electron transport, during which electrons are transferred to oxygen species. At 

moderate ROS levels, we postulate for p53 to activate antioxidant genes, including 

hydrogen peroxidases, that preserve cell survival [198,199].  

AS1708727 is a potent inhibitor of the forkhead transcription factor Foxo1. Foxo1, in 

turn, has an important role in regulating glucose and triglyceride metabolism. Its 

inhibition was shown to exert both anti-hypertriglyceridemic and anti-hyperglycemic 

effects. Originally meant to treat hyperglycemia in diabetes type II patients, AS1708727 

also has anti-tumoral effects.  

At first glance, these top 3 toxic p53-OIEs do not directly interfere with the p53 pathway. 

However, our data unequivocally demonstrate that the tumor cells likely initiate a 

compensatory effect by upregulating oncogenic p53 in response to the perturbation of 

metabolism and signal transduction. Therefore, we transitioned back to the 

triple-EXSISERS reporter system to conduct a more detailed study of p53-TIEs and 

p53-OIEs on the differential p53 protein isoform induction.  

SJB2-043 and BLM-IN-1, which were found to be highly toxic p53-TIEs, effectively 

induced tumor suppressive p53 protein isoforms, revealing a higher FLp53:Δ40p53 

ratio (first 12 h of treatment) for the induction of cell cycle arrest just to transition into a 

higher Δ40p53:FLp53 ratio at later time points (24 and 48 h) for the induction of 

apoptosis (Fig. 32a, b). The oncogenic p53 protein isoforms remained moderately 

(BLM-IN-1) to strongly (SJB2-043) downregulated over the entire treatment period. In 

contrast, IACS-010759 and JNJ-64619178 induced predominantly oncogenic p53, 

while tumor suppressive p53 protein isoforms remained low (Fig. 32c, d). 

Nevertheless, it should not be disregarded that the FLp53: Δ40p53 ratio was shifted 

towards pro-apoptotic ∆40p53 throughout the entire treatment period with both 

compounds, IACS-010759 and JNJ-64619178. However, we do not believe that 

∆40p53 induction is the predominant mechanism for initiating cell death in colorectal 

cancer cell lines.  

We further studied the effects of SJB2-043 and BLM-IN-1 as p53-TIEs and 

IACS-010759 and JNJ-64619178 as p53-OIEs on various CRC-cell lines with 

differential p53 status. Corresponding compounds were titrated (concentration range: 

0.2 nM – 5 µM), and the viability of the different CRC cell lines in response to the 

varying dosages was measured  with  a  luminescence-based  assay.  SJB2-043  and  
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Figure 32: Differential effects of p53-TIEs and p53-OIEs on CRC tumor cell lines. a) Real-time and live-
cell quantification of p53 protein isoforms (FLp53, Δ40p53, and Δ133p53+Δ160p53) using the 
EXSISERSTP53:2CLuc-4NLuc-7FLuc cell line. Relative p53 protein isoform expression was determined for the USP1 
inhibitor SJB2-043  [1 µM], b) BLM-IN-1  [5 µM], c) OXPHOS inhibitor IACS-010759 (HCl)  [50 nM], and d) 
PRMT5 inhibitor JNJ-64619178 treatment  [1 µM] at 3 h, 6 h, 9 h, 12 h, 24 h, and 48 h. t=0 was used as a 
normalization control. DMSO-treated cells were used to normalize luminescent signals from treated cells 
(n=3). e) Luciferase-based cell viability assay using identified p53-TIE compounds SJB2-043 and f) BLM-IN-
1, and the p53-OIE compounds g) IACS-010759 (HCl) and h) JNJ-64619178 for the treatment of distinct 
colorectal cancer cell lines (48h). Drug concentrations ranged from 0.5 nM to 5 µM (n=3). Black arrows 
indicate the drug concentrations which were statistically evaluated using one-way ANOVA (P>0.05 = n.s.; 
****p<0.0001) for all, SJB2-043  [1 µM], BLM-IN-1  [5 µM], IACS-010759 (HCl)  [2 nM], and JNJ-64619178  
[1 µM] treatment. Cell viability was normalized to luminescent measurements obtained with 0.05 % DMSO 
control (dashed line). HCT116 p53-/- cells were generated and kindly provided by Katja Neumeyer. 
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BLM-IN-1 showed significant differences in efficacy depending on the genotypic status. 

In contrast to p53 WT cell lines, p53 mutated and p53 KO cell lines required higher 

doses to achieve the same or similar toxic effects (Fig. 32e, f). IACS-010759 and 

JNJ-64619178 revealed the opposite p53 dependency. In particular, p53 KO cell lines 

showed stronger susceptibility to these p53-OIEs. In the case of JNJ-64619178 

treatment, this effect was not as pronounced as with IACS-010759 treatment, however 

it exhibited a clear tendency towards improved therapeutic response in p53-KO tumor 

cells (Fig. 32g). During IACS-0107509 treatment, the differential therapeutic response 

between wild-type and p53-KO tumor cells showed highest significance at a 2 nM 

concentration (Fig. 32h). 

However, it's important to note that cell viability does not necessarily equate to cell 

vitality. We also conducted a flow cytometric cell death assay to confirm the differential 

anti-tumoral effect of p53-TIEs and p53-OIEs on genotypically distinct CRC cell lines. 

As a result, we calculated the specific cell death induced by the respective 

therapeutics. Furthermore, we focused on one compound of each p53-TIE and 

p53-OIE group, namely SJB2-043 and IACS-010759. 

Cell death assay of SJB2-043 treated HCT116 WT cells was conducted by 

Annexin-V-FITC and DAPI staining. Annexin-V-FITC preferentially binds to 

phosphatidyl serine exposed on the cell surface of early and late apoptotic cells. DAPI 

internalizes and interacts with the cell’s genomic DNA as soon as the plasma 

membrane integrity is disrupted. Higher FITC and DAPI signals, therefore, indicate 

increased cell death rates. 

SJB2-043 treatment [1 µM] induced high cell death rates in HCT116, SW480 

(TP53 WT), and HCT15 (TP53 S241F). In other p53-mutated or p53 knock-out cell 

lines, we observed deterioration to complete ineffectiveness (e.g., HT29, Caco-2) 

(Fig. 33a, Fig. 34a). This circumstance of differential SJB2-043 effect is due to the 

strong tumor suppressive p53 isoform induction leading to p53-dependent cell death.  

Figure 33: Flow cytometry analysis of distinct CRC cell lines upon SJB2-043 and IACS-010759 
treatment. Annexin-FITC and DAPI signals were measured via flow cytometry to determine cell death 
rates of a) SJB2-043  [1 µM] and b) IACS-010759.HCl  [50 nM] treated CRC cell lines (HCT116 WT, 
SW480, HT29, HCT15, Caco-2, HCT116 p53 DBD-/-, and HCT116 p53-/-) after 24 h and 48 h of 
treatment. DMSO was used as a control treatment at the respective therapeutic dilution. Q4 quadrant 
represents viable cells, Q3 represents early apoptotic cells, Q1 and Q2 represent late apoptotic and 
necrotic cells. Each measurement was conducted in triplicates (n=3). HCT116 p53-/- cells were 
generated and kindly provided by Katja Neumeyer. 
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Contrarily, 50 nM IACS-010759 showed no additional effect on SW480 cells but 

maximized cell death rates in all other CRC-cell lines, especially including p53 KO cells 

(Fig. 33b, Fig. 34b). Here, oncogenic p53 isoform induction by IACS-010759 and other 

p53-OIEs caused tolerance to higher therapeutic concentrations in p53 WT cells. 

When p53 integrity is lost (loss-of-function mutations or KO), respective cells have an 

overall higher susceptibility to IACS-010759 treatment. We believe the two 

therapeutics acting in different p53-dependent manners have expanded the 

therapeutic opportunities for treating CRC.  

Figure 34: USP1 inhibitor SJB2-043 and OXPHOS inhibitor IACS-010759.HCl oppositely affect 
colorectal cancer cells depending on their genetic status of p53. a) Cell death rates were 
measured by flow cytometry to calculate the specific cell death of different CRC cell lines, treated with 
SJB2-043  [1 µM] and b) IACS-010759 (HCl)  [50 nM] for 24 h and 48 h. Statistical significance was 
calculated using Brown-Forsythe and Welch ANOVA (p>0.05 = n.s., *p<0.05; **p<0.005; ***p<0.0005; 
****p<0.0001). HCT116 p53-/- cells were generated and kindly provided by Katja Neumeyer. 
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3.9 Complex-I inhibitor IACS-010759 specifically targets colon cancer and is 
innoxious to healthy and surrounding colon tissue. 

Lower drug concentrations are a strategic approach for minimizing the therapeutic 

burden and potential side effects in CRC patients. Thus, it is always the highest priority 

in medicine and research in drug development. Since the complex I inhibitor IACS-

010759 exhibits anti-tumoral effects on various CRC cell lines, even at very low 

concentrations (2-50 nM), we expanded our experiments to include primary colonic 

cells from patients. Our primary emphasis was to assess the compound's efficacy in 

heterogeneous and 3-dimensional tumor structures and elucidate its tumor-specific 

effect.  

In general, IACS-010759 is a mitochondrial respiratory chain complex I inhibitor 

blocking the forward electron flux [200] and promoting the release of reactive oxygen 

species (ROS) [201,202]. This reduces hypoxia-stimulated tumor progression and 

proliferation and increases induction of apoptosis [199,203]. Since blockage of the 

mitochondrial respiratory chain and the resulting energy depletion can potentially 

damage non-tumorigenic cells, we investigated the effect of IACS-010759 on healthy 

peripheral tissue, namely colonic fibroblasts. We isolated fibroblasts from patients with 

ulcerative colitis or Crohn’s disease biopsies. Here, we also differentiated between 

inflamed (extracted from inflamed tissue) and non-inflamed tissue (extracted from non-

inflamed/healthy tissue). These fibroblasts with distinct origins were treated with up to 

50 nM IACS-010759 as a maximum tolerable dose for 2D cell culture. After 48 hours 

of treatment, fibroblasts were double stained with Annexin V-FITC/DAPI and analyzed 

by flow cytometry (Fig. 35a). Treatment with IACS-010759 for a total of 48 hours did 

not affect cell viability (Fig. 35b), nor did it result in increased specific cell death 

(Fig. 35c). Thereof we conclude, that up to 50 nM IACS-010759 treatment has minimal 

to no influence on healthy or chronic inflamed colonic fibroblasts at all.  

Next, we investigated the tumor-specific effect of IACS-010759 on 3-dimensional 

colonic cell culture systems. Colon cancer organoids (PDM-46, PDM-47, PDM-50, 

No.80) and healthy colon organoids (induced pluripotent stem cells – iPSC, No.77, 

No.101, No.103, No.108) were seeded and cultivated in 3dGRO™ Human Colon 

Organoid Expansion Media and treated with 50 nM IACS-010759 for 48 h. Thereafter, 
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organoids were double stained with calcein-AM (LIVE stain) and propidium iodide 

(DEAD-staining) to determine the relative therapeutic effect on organoids. In metabolic 

active cells, calcein-AM, a substrate of esterases, is converted into fluorogenic calcein 

(green fluorescence). Propidium iodide intercalates with the genomic DNA and only 

passes the plasma membrane of damaged cells. 

LIVE/DEAD-staining revealed that 50 nM IACS-010759 treatment marginally affected 

healthy colonic organoids. Fluorescent signals for LIVE- and DEAD-staining barely 

differed between control and IACS-010759 treatment (Fig. 36b). Colon cancer 

organoids, on the other hand, were strongly affected by 50 nM IACS-010759 

treatment.  

Figure 35: Flow cytometric analysis of primary colonic fibroblasts after treatment with IACS- 
010759 demonstrate minimal effects on non-tumor tissue. Annexin-FITC and DAPI signals were 
measured via flow cytometry to determine cell death rates of DMSO vs. IACS-010759.HCl  [50 nM] 
treated primary fibroblasts. Cells were treated for 48 h prior to analysis. Fibroblasts were derived from 
patients with Crohn’s disease (CD) or ulcerative colitis (UC). Q4 quadrant represents viable cells, Q3 
represents early apoptotic cells, Q1 and Q2 represent late apoptotic and necrotic cells. Biopsies were 
either obtained from inflamed or non-inflamed tissue. Each condition was measured in triplicates (n=3). 
b) Cell viability and c) specific cell death rates of DMSO control and IACS-010759.HCl treated primary 
fibroblasts (48 h) were obtained by flow cytometry analyses. Differences in cell viability were statistically 
evaluated using Student’s t-test (*p<0.05). 
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Figure 36: LIVE/DEAD staining of IACS-010759.HCl-treated healthy vs. colon cancer organoids 
reveals high tumor-specific effects. a) Colon cancer organoids (No. 80 obtained from colonic cancer 
biopsies at our clinics; PDM-46, PDM-47, PDM-50 obtained from ATCC) and b) healthy colon organoids 
(No. 76, 77, and 108 obtained from colonic biopsies at our clinics) were treated with DMSO ctrl. vs. 
IACS-010759.HCl  [50 nM] for 48 h. After treatment, cells were stained with calcein-AM (LIVE-staining) and 
propidium iodide (DEAD-staining) and subsequently analyzed via fluorescence microscopy for life/death 
differentiation. Fluorescent images were taken with a 20x lens. Scale-bar indicates 100 µm. 
c) Fluorescence intensities of the LIVE/DEAD fluorescence images (see a and b) with calcein-AM (green; 
LIVE) and propidium-iodide (red; DEAD) were quantified by fluorescence histograms and set into ratio. 
Fluorescence intensities obtained with IACS-010759 treatment were normalized to DMSO controls (set to 
y=1. Measurements and ratio calculations were conducted in triplicates (n=3). 
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In contrast to the DMSO-treated control, fluorescent signals derived from LIVE-staining 

markedly decreased, whereas fluorescent signals derived from DEAD-staining 

significantly increased during IACS-010759 treatment (Fig. 36a). Furthermore, the 

fluorescence microscopic quantification and determination of the respective 

LIVE/DEAD-ratios demonstrated the tumor-specific potency of IACS-010759 in 

treating colon cancer organoids (Fig. 36c). 
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4. Discussion 

Today, colorectal carcinoma (CRC) stands out as one of the most severe pathological 

progressions. Its high degree of malignancy and limitations of available therapeutic 

interventions contribute to its ranking as the third most prevalent neoplasm, 

accompanied by the second-highest mortality rate [14]. It is estimated that both the 

incidence and mortality rates will double by the year 2040. Certainly, it is imperative to 

consider the escalating population numbers. However, etiological environmental 

factors also substantially influence CRC's initiation and pathological progression. To 

prevent these incidence rates from continuously increasing, there is a pressing need 

to better understand and act on findings that elucidate this disease's onset and 

potential therapeutic strategies [35].  

Current therapeutic regimes for treating CRC mainly involve the use of combinational 

chemotherapeutics, including folinic acid (FOL), oxaliplatin (OX), 5-fluorouracil (5-FU), 

and irinotecan (IRI). However, these treatments have severe drawbacks, including 

systemic toxicity, insufficient response rates, emerging therapeutic resistance, and low 

tumor-specificity [18,49]. Since p53 is the best-characterized tumor suppressor actively 

preventing tumor occurrence and further progression, it is reasonable to explore new 

compounds that induce the expression and stabilization, particularly of p53 isoforms 

with tumor-suppressive properties. This requires the precise quantification of the p53 

protein isoforms to at least differentiate between the upregulation of tumor suppressive 

and oncogenic isoform species. 

The precise regulatory mechanism of the expression of various p53 isoforms has been 

poorly defined. In general, most isoform networks harbor great complexity regarding 

their regulation and abundance in the cell. From a biological and medical point of view, 

it is essential to understand the regulatory mechanism between tumor suppressive and 

oncogenic p53 protein isoforms. Clarification of the regulatory mechanism is 

mandatory for the development of further targeted cancer therapies. Therefore, we 

introduced EXSISERS into TP53. As already stated, EXSISERS is an innovative intein-

luciferase-based tool that allows for 1. translational quantification of target proteins, 2. 
differentiation of the specific protein isoforms, 3. acquisition of time-series data 4. 
measurement in living cells, and 5. high scalability with high-throughput screening 

applicability. By introducing EXSISERS into TP53 for the first time, we implemented a 

real-time and live-cell study of the mutual interplay between FLp53, Δ40p53, Δ133p53, 

and Δ160p53, where conventional non-/antibody-based protein detection methods 
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quickly reach their limits. Through luminescent readout of the EXSISERS-reporters, 

we monitored the expression of p53 isoforms in response to distinct CRC-therapeutics. 

Understanding the tumor suppressor’s regulative mechanisms is paramount for 

drugging p53 [121]. Especially in cancer cells carrying a p53 mutational background, 

EXSISERS elucidated the particular reliance of a therapeutic agent on functional p53. 

This, in turn, enabled the identification of p53-independent drugs to implement a p53-

tailored therapy.  

 

4.1 The journey towards an optimized triple-EXSISERS reporter system in TP53 

One of the fundamental principles of the EXSISERS technology is the rapid and 

reliable measurement of luminescent signals, enabling the precise quantification of one 

or multiple proteins simultaneously. In contrast to contemporary gold-standard protein 

quantification methods, EXSISERS promises to preserve the structural and functional 

integrity of the protein of interest. The non-invasive character of EXSISERS ensures a 

natural and physiologically intact cell state. 

The establishment of the novel triple-EXSISERS reporter system ultimately settled with 

choosing the proper split-intein and luciferase combination. The choice of the three 

split-inteins is predicated on their remarkable ultra-fast excision kinetics [166]. Notably, 

the split-inteins gp41-1 and NrdJ-1, in conjunction with their respective luciferase were 

previously described as optimized reporter systems [152] and, together with the third 

reporter, have additionally proven in our experiments the most substantial expression 

and splicing rates (Fig. 9). 

The three luciferases, NanoLuc, FireflyLuc, and CypridinaLuc, firstly exhibit high 

substrate specificity with minimal cross-reactivity and, secondly, have never been 

described in that combination in a reporter system before.  

Some approaches involve combining CLuc, FLuc, and Gaussia Luciferase 

(GLuc) [204]. GLuc is a naturally occurring and secreted protein isolated from the 

deep-sea copepod Gaussia princeps, which served as the basis for the development 

of NLuc. The discovery of new luciferases (such as hLuz - human codon-optimized 

luciferase originating from the mushroom Neonothopanus nambi) also contributed to 

the development of innovative triple-luciferase reporter assays [205]. Recently, even 

the possibility of a plasma membrane-anchored CLuc has been demonstrated [206].  
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As the trend toward investigating increasingly complex phenomena continues, so does 

the demand for a growing number of concurrently measurable reporter systems. 

Although numerous approaches have been presented, the combination of NLuc, FLuc, 

and a membrane-anchored CLuc has never been considered before. 

In contrast to cytosolic-resident luciferases, CLuc is typically secreted into the 

extracellular milieu and operates exclusively under oxidative conditions. Given that 

IMPDH-1-CLuc forms an integral component of the cytosolically synthesized p53, we 

devised a strategy for the co-translational introduction of CLuc into the endoplasmic 

reticulum (ER) while maintaining p53 within the cytosol (Fig. 11a). The integrated start- 

and stop-transfer sequences, which enabled the translocation of CLuc through the 

ER-translocon, also served as transmembrane domains anchoring IMDPH-1-CLuc to 

the ER-membrane. The subsequent transport to the plasma membrane led to the 

exposure of IMDPH-1-CLuc on the cell surface accessible for its specific luciferin 

substrate vargulin. The immunofluorescent labeling of p53 and IMDPH-1-CLuc in 

HCT116 cells transfected with recombinant FLp53-IMPDH-1-CLuc demonstrated 

efficient intein-splicing as evident from the spatial segregation of FLp53 (nucleus) and 

IMPDH-1-CLuc (ER) (Fig. 11b). Given the interconnected compartment protein quality 

control in mammalian cells [185,186], FLp53 had to retain structural integrity to be 

transported into the nucleus, which at least we have proven for recombinant FLp53. 

And stable EXSISERSTP53:2CLuc-4NLuc-7FLuc cells lastly demonstrated successful spatial 

segregation of nuclear p53 and plasma membrane resident IMPDH-1-CLuc as well.  

The CRISPR/Cas9-mediated knock-in of the EXSISERS reporters into TP53 entailed 

a dual-selection strategy. Therefore, all EXSISERS reporters were integrated 

alongside a selection-cassette comprising two genes encoding the 

puromycin-N-acetyltransferase (PuroR) and the Herpes Simplex Virus thymidine 

kinase (HSVtk). Puromycin is a naturally derived amino nucleoside antibiotic that can 

interrupt protein synthesis. Puromycin is incorporated by ribosomes into the elongating 

amino acid chains, leading to the premature termination of translation. This antibiotic 

is widely used as a selection marker in cell lines that have undergone genetic 

modification [207]. As for the initial selection, we used puromycin as a selective 

antibiotic neutralized by PuroR in genetically modified HCT116 cell lines. The selection 

cassette was equipped with recognition sequences for DNA recombinases to facilitate 

the subsequent removal of the additionally integrated selection markers. NrdJ-1-FLuc 
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was equipped with a selection cassette flanked by FRT sites, which are recognized by 

flippase recombinases. Gp41-1-NLuc was equipped with a selection cassette, having 

incorporated the Cre/LoxP system. Lastly, IMPDH-1-CLuc carried a selection cassette 

flanked by RoxP sites, which are recognized by Dre recombinases. Transfection of the 

respective recombinase-coding expression-plasmids ultimately led to the excision of 

the selection cassettes. The second selection step considered using ganciclovir, a 

nucleoside analog that is only phosphorylated and incorporated into DNA replication 

in the presence of HSV thymidine kinase [208]. The replication process is terminated 

once ganciclovir is incorporated into the DNA. For that reason, the HSVtk gene is also 

referred to as the suicide gene [209]. EXSISERS cells not having excised the selection 

cassette are selectively eliminated through the application of ganciclovir. Cells that 

have undergone positive selection with puromycin (after EXSISERS reporter knock-in) 

and negative selection with ganciclovir (after recombinase-mediated excision of the 

selection cassette) were considered for quantitative p53 isoform measurements. We 

have also ensured the EXSISERS reporters to be integrated in a homozygous manner. 

Thus, we sought to prevent a compensatory effect of unmodified over modified TP53, 

for example, due to differential gene strength. 

The rapid splicing rates of the selected split-inteins, namely gp41-1, NrdJ-1, and 

IMDPH-1, result in the excision of the EXSISERS reporters occurring concomitantly 

with the translation of p53. Consequently, we hypothesize that protein folding of p53, 

and thereby the structure and function of p53 are unaffected by EXSISERS. 

For the stable precursor cell lines EXSISERSTP53:7FLuc and EXSISERSTP53:4NLuc-7Fluc, 

which exhibit efficient intein-splicing and robust protein expression (Figure 16b, c), we 

indeed demonstrated the integrity of p53 as a transcription factor. After IMPDH-1-CLuc 

knock-in and generation of the final EXSISERSTP53:2CLuc-4NLuc-7FLuc cell line, however, 

only a moderate splicing efficiency was observed (Fig. 16d). Of note, all EXSISERS 

reporters, inclusively p53, were expressed continuously.  

However, insufficient intein splicing of IMPDH-1-CLuc may reduce the abundance of 

functional p53 transcription factors (Figure 18b). Furthermore, the phosphorylation of 

p53, especially at the N-terminus, is highly dependent on the IMPDH-1 splicing 

efficiency (Figure 18c). Given that IMPDH-1-CLuc is stably integrated between lysine 

14 (Lys14) and serine 15 (Ser15), moderate IMPDH-1 intein splicing may result in 

restricted accessibility for serine/threonine kinases and reduced serine15-phospho-

dependent p53 induction. 
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However, Ser15 is not the only amino acid phosphorylated by kinases upon activation. 

The phosphorylation of residues Ser15, Thr18, and Ser20 leads to diminished p53 

interaction with its specific E3 ubiquitin ligase Mdm2 [210]. In addition to numerous 

other phosphorylation sites (Ser33, Ser37, Ser46, Ser55, Thr81, Thr155, Ser276), the 

C-terminal amino acids, notably Ser278, Ser315, and Ser392, have vital regulatory 

roles, enabling p53 tetramerization [211,212]. In its tetrameric form, p53 functions as 

a transcription factor [213]. Despite moderate intein splicing hindering Ser15 from 

phosphorylation, numerous other sites within the p53 sequence evoke similar or 

related regulatory functions. 

Protein expression does not appear to be impaired by this integration. Since 

EXSISERS reflects the quantity of newly expressed p53 isoforms rather than the 

stability or activation of p53, EXSISERSTP53:2CLuc-4NLuc-7FLuc can be safely employed for 

quantitative purposes. However, protein quantification is concurrently conducted with 

phenotypic studies (e.g., in response to specific drugs). We recommend the use of the 

EXSISERSTP53:4NLuc-7FLuc precursor cell line. The data clearly demonstrated that 

integrating gp41-1-NLuc and NrdJ-1-FLuc did not impact p53’s function and 

activatability. For this reason, we utilized EXSISERSTP53:4NLuc-7FLuc cells for high-

throughput screening of the anti-cancer compound library while exclusively employing 

EXSISERSTP53:2CLuc-4NLuc-7FLuc cells for the analysis of differential p53 protein 

expression (FLp53, Δ40p53, Δ133+Δ160p53) in response to selected drugs. 

 

4.2 Established protein analysis methods are challenging in terms of detection 
and quantification of the specific p53 isoforms. 

p53 is reasonably referred to as the "guardian of the genome." The extensive functional 

repertoire of the tumor suppressor arises from the intricate post-translational 

modifications, accompanied by the diversity of its protein isoforms. The p53 isoforms 

remain inadequately explored, largely owing to the inherent challenges posed by 

certain limitations in today’s protein detection methodologies. We integrated 

EXSISERS into TP53 to investigate the intricacies of three essential p53 isoform 

subgroups (FLp53, Δ40p53, and Δ133+Δ160p53). Given that the N-terminal-variant 

isoforms are particularly attributed to distinct cellular functions, we aimed to examine 

their expression patterns in response to specific CRC drugs with known modes of 
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action. Cellular signaling pathways that were activated by these drugs may then be 

associated with the upregulation of specific p53 protein isoforms. 

The non-invasive character of EXSISERS allows for 1. the translational quantification 

and 2. differentiation of the specific target protein isoforms. 3. Since our methodology 

does not require cell-lysis, luminescence signals can be acquired for a specific time 

interval with multiple measurement time points 4. in the same living cells. 5. The high 

scalability of genetically engineered tumor cells also offers high-throughput 

applicability. EXSISERS does not replace but complements existing gold-standard 

protein detection and quantification methods. For instance, real-time quantitative PCR 

(RT-qPCR) enables the relative quantification of short (50-200 bp long) amplicons from 

reverse-transcribed cDNA. Hence, using RT-qPCR allows for investigating a multitude 

of genes in terms of their transcriptional activity. As already stated, the transcriptional 

and translational regulation of genes do not necessarily coincide, as protein expression 

is also influenced by several factors, including translationally arrested mRNA [169], 

ribosomal frameshift regulation [170], and local mRNA translation [152,171,172]. It is 

worth mentioning that RT-qPCR is considered one of the more elaborate methods. 

Due to the highly invasive nature of sample preparation, each time point in a time series 

measurement has to be prepared separately. Additionally, increasing individual 

preparation steps raises the likelihood of bias, such as artificially induced cell stress 

reactions, that may reflect onto the (within seconds adjustable) RNA transcription. 

The opportunity of visually detecting p53 protein isoforms by antibody-based methods, 

including immunoblotting (Western blot) and immunofluorescence microscopy, heavily 

relies on the specificity of available antibodies. We have demonstrated that, to date, 

there are no commercial pan-tropic antibodies capable of specifically detecting all p53 

protein isoforms. Furthermore, the cellular abundance of these isoforms strongly 

varies. Compared to FLp53 and Δ40p53, the anti-apoptotic isoforms Δ133p53 and 

Δ160p53 are minimally represented. Even the attempt to enrich these isoforms by 

immunoprecipitation did not increase protein signals. In summary, p53 protein isoforms 

cannot be enriched or visualized using antibody-dependent techniques, while RT-

qPCR, although capable of quantifying at the transcriptional level, is usually elaborate 

and prevents longitudinal and large-scale experiments. 
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Quantifying isoforms using mass spectrometry represents an antibody-independent 

approach, specifically when employing the selected reaction monitoring (SRM) or 

multiple reaction monitoring (MRM) technique. SRM/MRM uses the liquid-

chromatography tandem mass spectrometry (LC-MS/MS) in which ions of a particular 

mass are selectively filtered by a liquid-chromatogram and two consecutively linked 

quadrupoles, which are finally detected in a quantitative manner. MS/MS offers the 

advantage of a high-resolution representation of peptide ions within a heterogeneous 

protein mixture. First attempts in distinguishing representative peptides for FLp53, 

Δ40p53, and Δ133+Δ160p53 only worked to a limited extent. The trypsin protease 

digestion of cell lysates from DMSO (control), 5 FU-, or OX-treated cells yielded a 

cleavage pattern that generated a single peptide representative for FLp53. Considering 

the p53 amino acid sequence, it becomes evident that peptide 1 (spanning from amino 

acid position 1 to 24, representing FLp53) is significantly larger than the other 

generated peptides (peptide 2-7, Fig. 26), which, in turn, exhibit an average length of 

10 amino acids. Longer peptides are challenging to detect. The probability of a post-

translational modification (e.g., acetylation, methylation, phosphorylation, 

glycosylation, etc.)  increases with the length of a peptide. Especially, p53 becomes 

phosphorylated at Ser15, Thr18, and Ser20 upon activation. Additionally, 

alternative/non-consistent phosphorylation patterns make adjusting the setting for 

detecting peptides with varying masses nearly impossible. Consequently, 

MRM-MS/MS measurements with trypsin-digested lysates were able to detect peptide 

2-7, which allowed differentiation between tumor suppressive (FLp53+Δ40p53) and 

anti-apoptotic protein isoforms (Δ133p53 + Δ160p53). However, we started another 

attempt using two proteases during sample preparation: trypsin and GluC 

endoproteinases. The rationale behind this approach was the generation of an 

N-terminal peptide, which is significantly shorter and less likely influenced by post-

translational modifications. In addition, the cell lysates were treated with lambda 

phosphatases to ensure consistent peptide masses. Instead of a 24 aa long peptide, 

the double treatment with trypsin and gluC could generate a 7 amino acid long peptide 

spanning from Thr18 to Lys24.  

Henceforth, we still have to ascertain whether the enhanced detection of a 

FLp53-representative peptide can be achieved through modified peptide preparations 

involving alternative proteases and an additional phosphatase step. The differentiation 

of the three isoform groups via mass spectrometry may underscore the significance of 
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the data acquired with EXSISERS while concurrently elucidating the similarities and 

disparities between absolute and relative isoform quantification. 

Mass spectrometry offers the significant advantage of quantifying absolute peptide 

quantities. Analyses employing MRM-MS/MS have unequivocally revealed that, with 

proper sample preparation, the three p53 protein isoform groups FLp53, Δ40p53, and 

Δ133+Δ160p53 are also differentiable. Nonetheless, given the attainment of absolute 

quantities, the data demonstrated an almost negligible underrepresentation of 

Δ133+Δ160p53. Very low amounts often prevent the comparison of isoform quantities 

between samples with distinct treatment conditions. Also, the sample preparation for 

mass spectrometry requires cell lysis. Its high invasiveness, therefore, does not allow 

for continuous time-series measurements of the same sample.  

High-throughput screening, involving the screening of thousands of compounds, 

continues to be the primary approach for identifying active chemical substances. Mass 

spectrometry for high-throughput screenings, especially for differentiating the p53 

protein isoforms, is a complex endeavor. Although recent technological advancements, 

such as automatization, have revolutionized the high-throughput character of mass 

spectrometry [214], these instruments generally entail substantial costs. They may not 

be financially feasible for every research facility. EXSISERS, in contrast, offers a cost-

effective approach, facilitating high-throughput studies with minimal logistical 

overhead. 

 

4.3 Enhancing insights into p53’s expressional behavior through high-
throughput screening of over 4,863 anti-cancer compounds with EXSISERS 

The minimal invasiveness and high-throughput character of EXSISERS enable the 

classification of an unlimited number of drug compounds regarding their influence on 

the p53 isoform expression. This is made possible by the remarkable expandability of 

all genetically modified CRC cell lines. Through internal normalization to prior time 

points (before drug treatment, t=0), EXSISERS allows a continuous quantitative p53 

isoform screening in the same living cells. This approach significantly reduces bias 

effects evoked by inter-cell variabilities (differences in seeded cell density, sample 

purification, etc.).  

We deliberately chose to use the precursor cell line EXSISERSTP53:4NLuc-7FLuc for 

screening the Anti-Cancer Compound library. For a massive number of diverse assay 
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conditions, the dual-luciferase reporter system offers several advantages. Firstly, the 

NLuc substrate Endurazine (a plasma membrane-permeable derivative of Furimazine) 

and FLuc substrate D-luciferin-ethyl-ester exhibit significantly greater thermostability 

than the CLuc substrate vargulin. Secondly, the primary focus is on the entire tumor 

suppressive and oncogenic p53 protein isoforms. This reduces both experimental and 

computational efforts and facilitates a rapid and reliable categorization of the analyzed 

compounds regarding their p53 inducibility. 

The Anti-Cancer Compound Library (HY-L025, MCE) we have used for the EXSISERS 

screening comprises a compilation of thoroughly characterized compounds. Each 

compound is accompanied by precisely defined biological targets, the respective 

cellular pathways, and the biological activity of the individual agents. Therefore, we 

conducted simple pathway-analyses for each compound using simple bioinformatic 

assessments. Accordingly, we performed simple bioinformatic assessments to 

elucidate the type of pathways primarily modulated by the induction of tumor 

suppressive or oncogenic p53 isoforms. 

p53 stands out as the most critical and efficient inducer of apoptosis. Therefore, it is 

not surprising that the apoptosis pathway predominates in the p53-TIE library (Fig. 31). 

In brief, p53 exhibits the capacity to initiate an irreversible induction of apoptosis 

through two distinct mechanisms: The first way of p53-mediated apoptosis induction is 

known as the BCL-2-regulated pathway, alternatively referred to as the intrinsic, 

mitochondrial, or stress pathway. It is activated in response to stress-inducing 

conditions such as cytokine depletion, endoplasmic reticulum (ER) stress, or DNA 

damage [215–217]. Conversely, the death receptor pathway, also known as the 

extrinsic pathway, is triggered by ligand binding to specific members of the tumor 

necrosis factor receptor (TNFR) superfamily, favoring the assembly of the intracellular 

death domain [215,216]. We found numerous drug candidates influencing the Bcl-2 

pathway (Gambogic acid, UMI-77) [196,218], the TNFR- (extrinsic) pathway (R-7050, 

Cynaropicrin) [219–221], or saponin-like compounds suppressing the p53 specific E3-

ubiquitin ligase Mdm2 and eventually activating p53 (Formosanin C, Pulsatilla 

saponin D, Dioscin, Tubeimoside II, Terrestrosin D, Raddeanin A) [222,223]. Indeed, 

numerous compounds within the p53-TIE library intervene in direct correlation with the 

p53-mediated apoptosis pathway. 

Another pathway influenced by compounds prevalently upregulating tumor 

suppressive p53 protein isoforms is the NF-κB pathway. Numerous studies have 
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consistently demonstrated that p53 and NF-κB frequently exert inhibitory effects on 

each other's capacity to activate gene expression, with this regulatory interplay being 

modulated by the relative abundance of each transcription factor [224–226]. In this 

context, we have identified a multitude of candidate compounds that exhibit inhibitory 

effects on NF-kB signaling (Cynaropicrin, IMD-0560, Ginsenoside Rk1, Brusatol, 

(1S,2S)-Bortezomib) [221,227–232]. We postulate that inhibiting NF-kB may increase 

the expression of transcriptionally active (tumor suppressive) p53. Consequently, our 

pathway analysis reaffirms the well-established hypothesis of the robust reciprocal 

regulation between these two pathways [224–226]. Of note, these confirmative findings 

provide substantial validation for the utility of high-throughput screening conducted with 

EXSISERS.  

Based on our pathway analysis, p53-OIE compounds exhibit predominant involvement 

in signaling pathways such as Protein Tyrosine Kinase, JAK/STAT, and 

PI3K/Akt/mTOR. Emerging evidence from various studies indicates potential 

interconnections to the p53 pathway. The JAK/STAT signaling and the p53 pathway 

have been recurrently associated [233]. However, these interactions are increasingly 

implicated with oncogenic effects in distinct tumor types [234,235]. Also, for 

PI3K/Akt/mTOR, there was a close association with p53, since p53 can transactivate 

mTOR expression [236]. However, as already known, mTOR signaling promotes 

cellular proliferation and metabolic processes that contribute to the initiation and 

progression of tumors [237]. Additionally, a multitude of tyrosine kinases have been 

linked to p53 [238–240]. Remarkably, p53 appears to exert inhibitory effects on some 

tyrosine kinases while transducing others, thus leaving the precise characterization of 

p53's role (tumor suppressive or oncogenic) undecided. However, it is essential to 

acknowledge that the extensive regulatory range of p53 across various cellular 

signaling pathways underscores the intricate nature of this tumor suppressor. 

Expanding our knowledge about the interrelationships of p53 and other crucial 

signaling pathways broadens the scope of developing new tumor targets that directly 

or indirectly induce p53-mediated cell death in tumor cells. Concurrently, this pathway 

analysis also has elucidated signal transduction pathways to avoid, as their activation 

may lead to unfavorable outcomes in cancer development. In summary, this correlation 

was established using EXSISERS, which identified key drugs that significantly 

upregulated p53 and unveiled the relationship between p53 and other cellular 

pathways. 
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The main scope of this study was the identification of pharmaceutical agents that 

effectively elicit cell death, particularly through the induction of tumor suppressive p53 

protein isoforms.   Notably, Gambogic acid, BLM-IN-1, and SJB2-043, all of which are 

known to have a strong impact on the p53-dependent pathway [194–196], exert their 

full efficacy in the presence of functional, non-mutated p53 (Fig. 32 and 34). With 

AS1708727, IACS-010759, and JNJ64619178 (Onametostat) being involved in either 

metabolism or signal transduction, these drugs exert their higher efficacy in the 

presence of mutated, non-functional p53. Our hypothesis suggests that p53-OIE 

compounds specifically lead to elevated cellular stress levels. p53 may partially 

mitigate the lethal cellular stress caused by upregulating oncogenic p53 isoforms. 

Loss-of-function mutations in p53, especially within its conserved domains, would 

impact all p53 isoforms, including the oncogenic ones. Consequently, we posit that the 

effect of p53-OIEs is potentiated when p53 is absent.  

Aside from immunotherapy, which is increasingly finding its way into clinical use, the 

treatment sequence for CRC heavily relies on chemotherapy. Many studies focus on 

alternative combinations of chemotherapeutic agents to determine the optimal 

approach for patients based on their RAS or BRAF genotype [36]. However, in the 

case of p53, no individualized therapy is available, as virtually all chemotherapy 

treatments depend on p53 functionality [50–52]. Thus far, there has been no reference 

to a p53-tailored therapy. Identifying p53-TIEs and p53-OIEs and their contrasting p53 

dependencies could pave the way for expanding the current therapeutic regimen.  

Our primary focus was placed on one individual drug candidate from each group of 

toxic p53-TIEs and p53-OIEs, namely SJB2-043 and IACS010759. For the following 

reasons, we believe these compounds would constitute the best choice for CRC 

therapy. 

 
4.4 USP1 specific inhibitor SJB2-043 as a therapy for tumors with wildtype p53. 

The preservation of genomic integrity is essential to avoid oncogenesis in mammalian 

organisms. This relies on a complex network of DNA repair mechanisms [241]. 

Emerging research highlights the pivotal role of ubiquitin and SUMO modifications in 

regulating DNA repair processes [242,243]. Deubiquitinating enzymes like the 

ubiquitin-specific protease 1 (USP1) play a crucial role in removing ubiquitin from 

proteins involved in DNA repair, such as FANCD2 and PCNA [244,245] (Fig. 37). 

Inhibition of USP1, for example by the specific USP1 inhibitor SJB2-043, leads to the 
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higher ubiquitinated FANCD2 and PCNA levels. In general, ubiquitinated proteins are 

more likely to be degraded by the proteasome. Lower levels of DNA-repair-recruiting 

factors like  FANCD2 and PCNA enhance cellular vulnerability to DNA-damaging and 

crosslinking agents [246]. As most chemotherapeutic agents used in clinics cause 

severe DNA damage, we believe the simultaneous application of USP1 inhibitor SJB2-

043 could potentiate the chemotherapeutic effect, which may evoke higher cell death 

rates with elevated tumor-specificity. However, SJB2-043 treatment requires wild-type 

p53. According to our data, inactivating mutations or a complete loss of p53 are 

associated with reduced SJB2-043 efficacy. Notably, up to 50 % of all tumor types 

come with a p53 mutation, of which approximately 30 % are miss-sense mutations 

mainly affecting 5 residues involved in DNA-binding (Arg273, Arg248, Arg175, Arg282, 

and Gly245) [122]. For this exact reason, we provide an alternative strategy for treating 

CRC. 
 

Figure 37: Inhibitory mechanisms of 
SJB2-043 a) The ubiquitin specific 
protein 1 (USP1) inhibitor SJB2-043 
interferes with the DNA repair 
mechanism and obstructs the formation 
and association of the Fanconi Core 
Complex with damaged DNA. Over time, 
spontaneous or induced DNA damages 
accumulate, primarily leading to the 
induction of tumor-suppressive p53. The 
tumor suppressor either counteracts on 
the accumulation of the DNA damages 
by recruiting Rad51C and other DNA-
repair factors, or induces cell-cycle 
arrest, cellular metabolic changes or 
apoptosis. This illustration was created 
with BioRender. 
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4.5 Mitochondrial respiratory chain complex I inhibitor IACS-010759 as a therapy 
for p53-mutated tumors. 

In contrast, IACS-010759 exploits the status of mutated and non-functional p53. 

IACS-010759 is a selective inhibitor of complex-I of mitochondrial oxidative 

phosphorylation (OXPHOS). Inhibition of complex-I promotes ROS release. Under 

moderate ROS levels, p53 is known to activate antioxidant genes to preserve cell 

survival [247,248]. Consequently, blocking OXPHOS in tumor cells bearing mutant p53 

may enhance cellular ROS levels, leading to greater mitochondrial oxidative damage 

[249]. Further, cancer cells cover their energy needs by OXPHOS and not only by 

anaerobic glycolysis [250]. In summary, IACS 010759 is capable of inducing cell death 

in a p53-independent way (Fig. 34b). However, p53 loss-of-function mutations may 

also affect the anti-oxidative compensatory effect of Δ133p53 and Δ160p53. Therefore, 

ROS-elevation in concert with IACS-010759-mediated energy depletion represents a 

promising way to exploit p53-deficient and high-energy dependent tumor cells.  

In recent years, IACS-010759 has received great attention due to its high targeting 

efficacy on solid tumors [199]. To our knowledge, IACS-010759 was not associated 

with CRC treatment before. Therefore, we evaluated its drug efficiency on patient-

derived colon cancer organoids and further demonstrated its tumor-specific effect.  

The tumor-specific effect of IACS-010759 may be attributed to various factors: High 

proliferative rates require high energy consumption. Moreover, rapid growth pushes 

the tumor to invade poorly vascularized tissue. The lack of nutrition and oxygen 

activates hypoxia-induced processes that further promote tumorigenic behavior.  

These metabolic turnovers generate a higher intolerance to ROS-elevation and 

OXPHOS-related energy depletion [249,250]. Mitochondrial dysfunction through 

complex I inhibition also reduces hypoxia-derived tumor characteristics by 

destabilizing Hypoxia-inducible factor 1-alpha (HIF1-α) and the expression of its 

downstream targets [251]. IACS-010759 may address all these factors.  

In vivo, IACS-010759 has demonstrated remarkable effects. In murine models, 

treatment with IACS-010759 robustly suppressed proliferation and induced apoptosis 

in brain cancer and acute myeloid leukemia (AML) models [199]. However, phase 1 

clinical trials involving patients with AML and various solid tumors revealed that IACS-

010759 could not be translated to clinical practice due to its significant neurotoxicity 

[252]. Scientists suspect an inadequately high dose was required to achieve anti-
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tumoral effects [253]. Given that IACS-010759 can exert its full potential in p53-

mutated tumors, thereby allowing for a significantly reduced effective dose, it may 

regain relevance for future clinical use. 

Figure 38: The OXPHOS complex I inhibitor IACS-010759 specifically targets highly 
proliferating and, thus, energy (ATP)-dependent colon cancer cells. Scheme of the 
mitochondrial respiratory chain under physiological condition (upper picture) and upon complex I 
inhibition with IACS-010759.HCl (lower picture). This image was created with BioRender. 
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4.6 Future perspectives  

EXSISERS has revolutionized the multiplexed, quantitative determination of distinct 

proteins or protein isoforms. The use of plasma-permeable luciferin substrates 

additionally facilitates measurements with viable tumor cells. This minimal-invasive 

and high-throughput character of EXSISERS enabled the classification of a large 

number of anti-cancer compounds regarding their influence on p53. However, this 

represents just one of the many potential applications that EXSISERS can manage.  

A large number of cellular stress signals induces activation of p53. However, the tumor 

suppressor gene TP53 can also undergo transcriptional regulation by other gene 

regulators [254]. Studies that aim to identify additional master regulators of TP53 (e.g., 

through whole-genome CRISPR/Cas9 gene-knockout or gene-induction libraries, 

siRNA libraries, etc.) could be easily conducted using EXSISERSTP53:2CLuc-4NLuc-7FLuc 

cells. Beyond the scope of this particular thesis, EXSISERS holds huge potential for 

diverse applications in fundamental scientific research.  

EXSISERS offers versatile applicability by being integrable into every protein of 

interest. Moreover, its adaptability extends to various tissue types and tumor cell lines. 

In light of our clinical department’s hepatological orientation, we also plan to stably 

integrate EXSISERS into hepatocellular carcinoma (HCC) cell lines with wildtype p53. 

Given that HCC is one of the most prevalent and deadliest tumor types worldwide [14], 

with progressively increasing incidences and cancer-related deaths (55 % increment 

by 2040) [255], it is paramount to investigate novel therapeutic strategies. We believe 

that EXSISERS can significantly contribute to that.  

In recent years, medicine has increasingly embraced personalized approaches. 

Returning to CRC, advancements in individualized strategies are exemplified by the 

approval of several immunotherapies (e.g., pembrolizumab) to especially address 

tumors with microsatellite instability [256].  

With SBJ2-043 and IACS-010759, we believe to contribute to further individualized 

treatment strategies by providing a p53-genotype-tailored approach to current 

systemic therapies. Apart from these two therapeutics, our library has identified a 

multitude of agents acting in a p53-dependent manner. Especially concerning the 

neurotoxicity of IACS-010759 [252], it is advisable to avoid focusing on only a few drug 

candidates. Our future plans encompass broadening the clinical relevance of SJB2-

043 and IACS-010759 and assessing the efficacy and tumor specificity of additional 

compounds cataloged in the drug library processed by EXSISERS.
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5. Zusammenfassung 

Heutzutage stellt das Kolorektale Karzinom (KRK) eines der schwerwiegendsten 

Erkrankungen dar. Um zu verhindern, dass die Inzidenzen kontinuierlich ansteigen, 

besteht ein dringender Bedarf an neuen therapeutischen Strategien zur effektiveren 

und individualisierten Behandlung dieser Erkrankung.  

Das derzeitige therapeutische Regime sieht hauptsächlich den Einsatz verschiedener 

Kombinationen an Chemotherapeutika vor, darunter Folsäure (FOL), Oxaliplatin (OX), 

5-FU (F) und Irinotecan (IRI). Allerdings sind diese Therapien oftmals mit systemischer 

Toxizität und unzureichenden Ansprechraten verbunden. Zudem hängt der 

therapeutische Erfolg stark vom der Aktivierbarkeit von Tumorsuppressor Proteinen 

wie z.B. p53 ab. 

Der Tumorsuppressor p53, auch bekannt als „der Wächter des Genoms“, ist aufgrund 

seiner weitreichenden Regulationspanne eines der wichtigsten Proteine zur 

Erkennung und Bekämpfung pathogener Zell-Entartungen. 

Die zelluläre Aktivität von p53 unterliegt einem präzisen Regulationsmechanismus und 

reagiert auf eine Vielzahl intrinsischer und extrinsischer Stressfaktoren. Als Reaktion 

darauf löst p53 entweder den Zellzyklusarrest aus, oder initiiert Apoptose. Andererseits 

kann p53 auch überlebens-fördernde Signalwege aktivieren. Der vorherrschende 

aktivierte Signalweg und das daraus resultierende Zellschicksal hängen somit stark 

von den differentiell exprimierten p53-Protein-Isoformen und ihren jeweiligen 

Verhältnissen in der Zelle ab. 

Wir haben ein neuartiges EXon-Spezifisches ISoform-Expressions Reporter System 

(EXSISERS) in TP53 in einer Modellzelllinien des Kolorektalen Karzinoms (HCT116) 

etabliert, um eine umfassende Analyse des Zusammenspiels der einzelnen Protein-

Isoformen FLp53, ∆40p53 und ∆133+∆160p53 durchzuführen. EXSISERS verwendet 

ein Triple-Intein-Luziferase Reporter System, das die simultane Quantifizierung und 

Unterscheidung der vorliegenden p53-Isoformen über Lumineszenz-Signale in 

Echtzeit und lebenden Zellen ermöglicht. Unter Verwendung von EXSISERS konnten 

wir mithilfe klinisch bewährter Chemotherapeutika (5-Fluorouracil, Oxaliplatin) FLp53 

als vorwiegend Zellzyklus-Arrest-induzierende Isoform und Δ40p53 als Apoptose-

induzierende Isoform identifizieren. EXSISERS ermöglichte zudem die systemische 

Studie neuer Tumor-Therapeutika in Bezug auf die differenzielle Induktion der p53-

Isoformexpression im Hochdurchsatz-Verfahren. Das Hochdurchsatz-Screening einer 

Wirkstoff-Bibliothek mit 4.863 verschieden Anti-Tumor-Substanzen führte zur 
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Identifizierung von zwei hocheffizienten Wirkstoffkandidaten, die gegensätzliche p53-

abhängige toxische Effekte hervorrufen: 

Der Ubiquitin spezifische Protease 1 (USP-1) Inhibitor SJB2-043 erhöht 

hochsignifikant die Expression der tumorsuppressiven Isoformen FLp53 und ∆40p53 

sowie den Zelltod in p53-wildtypischen Zellen.  

IACS-010759 hingegen, ist ein selektiver Komplex 1 Inhibitor der mitochondrialen 

Atmungskette. IACS-010759 verstärkt die Expression von onkogenen ∆133p53 und 

∆160p53 Isoformen und führt zu gesteigerten Zelltodraten in Zellen mit mutiertem p53. 

 

Die erreichten Ziele lassen sich wie folgt stichpunktartig zusammenfassen: 

Ø Ausbau EXSISERS-Technologie, die auf Lumineszenz-basierte Messungen die 

Quantifizierung von bis zu drei Protein-Isoform-Gruppen gleichzeitig ermöglicht. 

Ø Stabile Integration von 3 EXSISERS-Reporter (IMPDH-1-CLuc, gp41-1-NLuc, 

NrdJ-1-FLuc) in das Tumorsuppressor-Gen TP53 für die Echtzeit-

Quantifizierung der Isoformen FLp53, ∆40p53 und ∆133+∆160p53. 

Ø Untersuchung der dynamischen Regulation der p53-Isoformen als Reaktion auf 

die Behandlung mit klinisch etablierten Chemotherapeutika. Untersuchung der 

Isoform-spezifischen Aktivierung p53-typischer Signalwege: FLp53: Zellzyklus-

Arrest, ∆40p53: Induktion des Zelltods, ∆133p53 und ∆160p53: negative 

Regulatoren von FLp53 und Beschleunigung des ∆40p53-vermittelten Zelltods. 

Ø Nicht-invasives Hochdurchsatz Screening von 4.863 Anti-Tumor Substanzen in 

Bezug auf die differenzielle p53-Isoform-Expression. Identifizierung des 

Deubiquitinase-Inhibitors SJB2-043 als potenzielle Behandlungsoption für 

Tumore mit wildtypischem p53. 

Ø Identifizierung von IACS-010759 als Komplex 1 Inhibitor der mitochondrialen 

Atmungsketteals potenzielle Behandlungsoption für Tumore mit 

deaktivierenden p53-Mutationen oder -Deletionen. 

Ø IACS-010759 zeigt Tumor-spezifische Wirkungen bei der Behandlung von 

gesunden und tumorösen Darmepithel-Organoiden.  

Mithilfe von EXSISERS konnten wir im Hochdurchsatz-Verfahren eine Vielzahl von 

Anti-Tumor Substanzen in Bezug auf die Hochregulation der p53 Protein-Isoformen 

identifizieren und somit wertvolle Erkenntnisse für die p53-personalisierte 

Krebstherapie liefern.
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6. Abbreviations 

Δ40p53  N-terminally (40 amino acid) truncated p53 protein isoform 

Δ133p53  N-terminally (133 amino acid) truncated p53 protein isoform 

Δ160p53  N-terminally (160 amino acid) truncated p53 protein isoform 

3’HA 3 prime homology arm (downstream of the DNA double-strand 
break) 

5’HA 5 prime homology arm (downstream of the DNA double strand 
break) 

5-FU   5-fluorouracil 

aa   amino acid 

ab   antibody 

Ago   Agonaute 

APAF1  Apoptotic protease-activating factor 1 

APC   adenomatous-polyposis-coli 

APCs   antigen-presenting cells 

Bak   BCL2-antagonist/killer 1 (member of the Bcl-2 family) 

Bax   Bcl-2-associated X protein (member of the Bcl-2 family) 

Bcl-2   B-cell lymphoma 2 

Bcl-Xl   B-cell lymphoma-extra-large (member of the Bcl-2 family) 

BLM IN 1  bloom syndrome protein inhibitor 1 

BLU   bioluminescent light unit 

CAPIRI  capecitabine + irinotecan 

CAPOX  capecitabine + oxaliplatin 

Cas9   CRISPR-associated protein 9 

CD   Crohn’s Disease 

CIN   chromosomal instability 

CIMP   CpG island methylator phenotype 

crRNA   CRISPR RNA 

CLuc    Cypridina luciferase 

CRC   Colorectal carcinoma 

CRISPR  Clustered regulatory interspaced short palindromic repeats 
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CTLA-4  cytotoxic T lymphocyte antigen 4 

DBD   DNA-binding domain  

DBS   double-strand break 

dCas9   dead Cas9 (nuclease inactive Cas9 protein) 

DMSO  Dimethyl sulfoxide 

DNA   deoxyribonucleic acid 

ER   endoplasmic reticulum 

ErbB   erythroblastosis oncogene B 

ERK   extracellular signal-regulated kinase 

EXSISERS  exon-specific isoform expression reporter system 

FANCD2  Fanconi anemia group D2 protein 

FDA   Food and Drug Administration 

FGFR   fibroblast growth factor receptor 

FLp53   full-length p53 

FLuc   Firefly luciferase  

FRT   Flippase-Recognition-Target 

FOLFOX  folinic acid + 5-fluorouracil + oxaliplatin 

FOLFOXIRI  folinic acid + 5-fluorouracil + oxaliplatin + irinotecan 

FOXFIRI  5-fluorouracil + oxaliplatin + irinotecan 

Foxo   forkhead transcription factor 

GLuc   Gaussia luciferase 

HDR   homologous direct repair 

HER   human epidermal growth factor receptor 

HGF   hepatocyte growth factor 

HIF1α   hypoxia-inducible factor 1 alpha 

hLuz   human codon-optimized luciferase 

HSVtk   Herpes Simplex Virus thymidine kinase 

IgG   immunoglobulin G 

iPSCs   induced pluripotent stem cells 

JAK/STAT3  Janus kinase/signal transducer and activator of transcription 3 

KI   Knock-in 
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KO   Knock-out 

LC-MS/MS  Liquide chromatography-tandem mass spectrometry 

MEK   Raf-mitogen-activated protein kinase 

MET   mesenchymal-epithelial transition factor 

MHC   histocompatibility complexes 

(d)MMR   (deficient) miss match repair  

mNG   mNeonGreen 

MRM   Multiple Reaction Monitoring 

mRNA   messenger RNA 

MSI   microsatellite instability 

NHEJ   Non-homologous end joining 

NLuc    Nano luciferase  

NLS   nuclear localization factor 

NP-1/2  neuropilin-1/2 

NSCLC  non-small cell lung cancer 

OD   Oligomerization domain 

OS   overall survival 

OX   oxaliplatin 

OXPHOS  oxidative phosphorylation 

p21   CDK-inhibitor 1 

p53   tumor suppressor protein p53 

p53α/β/γ/ Ψ C-terminally varying protein isoforms resulting from alternative 
splicing 

p53-RE  p53-response element 

p53-OIE  p53-oncogenic isoform enhancer 

p53-TIE  p53-tumor suppressor isoform enhancer 

P2a   peptide 2a 

PARP   Poly ADP-Ribose Polymerase 

PCNA   Proliferating-Cell-Nuclear-Antigen 

PCR   polymerase chain reaction 

PD-1   programmed cell death protein 1 
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PDIA3   protein disulfide-isomerase A3 

PDGFR  platelet-derived growth factor receptor 

PFS   progression-free survival 

PIGF   placental growth factor 

POI   protein of interest 

PRMT5  protein arginine methyltransferase 5 

PUMA p53 upregulated modulator of apoptosis (member of the Bcl-2   
family) 

PuroR   puromycin resistance (puromycin-N-acetyltransferase)  

RNA   ribonucleic acid  

RNAi   RNA interference 

ROS   reactive oxygen species 

rpm   rounds per minute 

RT-qPCR  Reverse transcriptase – quantitative Polymerase Chain Reaction 

sgRNA  single guide RNA 

SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SRM   Selective Reaction Monitoring 

SV40   Simian virus 40 

TAD   Transactivation domain 

TALEN  transcription activator-like enhancer nuclease 

TKI   Tyrosine kinase inhibitors 

TP53   Tumor suppressor gene p53 

Tracr RNA  trans-activating crRNA 

tRNA    transfer RNA 

UC   Ulcerative colitis 

USP1   Ubiquitin-specific peptidase 1 

VHH   heavy chain 

VPR   VP64-p65-Rta (composition of three transactivation factors) 

WB   Western blot 

WT   wild type 

ZNF   zinc finger nuclease
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8. Appendix  

Table 1: Sequences of PCR- and analytical primer 

 

 

T7 Endonuclease Assay  
Locus  Forward primer Reverse primer 
TP53 coding exon 2 AAGAAGTGCATGGCTGGTGAG CCTTACCAGAACGTTGTTTTCAGG 
TP53 coding exon 4 AAGACCCAGGTCCAGATGAAG TAGAGACGAGGTTTCATCATGTTACC 
TP53 coding exon 7 ATCGAGACCATCCTGGCTAAC ATGTGATGAGAGGTGGATGGG 
TP53 coding exon 8 TAGGCTCCAGAAAGGACAAGG TTGTCTTTGAGGCATCACTGC 
 
Genotyping 
TP53 exon 2 
(IMPDH-1-CLuc 
insertion) 

AGTCAGATCCTAGCGTCG 
 

ATCCACTCACAGTTTCCATAG 
 

TP53 exon 4 (gp41-1-
NLuc insertion) 

AAGACCCAGGTCCAGATGAAG 
 

CAAAAGCCAAGGAATACACGTGG 
 

TP53 exon 6 (FLAG-
tag insertion) 

TCCTTCCTCTTCCTACAGTACTC 
 

ATGTGATGAGAGGTGGATGGG 
 

TP53 exon 7 (NrdJ-1-
FLuc insertion) 

GCAAAGTAAATGGGTTTAACTATTGC ATGTGATGAGAGGTGGATGGG 
 

TP53 exon 7 to 8 
(p53 DBD KO 
validation) 

AAGACCCAGGTCCAGATGAAG 
 

TTGTCTTTGAGGCATCACTGC 
 

 
cDNA genotyping (transcript validation) 
TP53 exon 2 to 11 AGTCAGATCCTAGCGTCGAG TGGTTAGTACGGTGAAGTGG 

 
Real-time quantitative PCR (RT-qPCR) 
TP53 Ex2 - Ex4 
(FLp53) 

AGTCAGATCCTAGCGTCGAG ATCATCCATTGCTTGGGACG 

TP53 Ex4 - Ex5 
(FLp53+Δ40p53) 

TTCTGTCCCTTCCCAGAAAAC AACATCTTGTTGAGGGCAGG 
 

TP53 Ex5 - Ex6  
(Total p53) 

ATCTACAAGCAGTCACAGCAC TCGGATAAGATGCTGAGGAGG 

 
Homology arm amplification 
TP53 exon 2 
(IMPDH-1-CLuc 
insertion) 

  

5'HA AAGTATCAGACAATGTAAGTGCTATG CAGAGGGGGCTCGACG 
3'HA AGTCAGGAAACATTTTCAGACCTATG TGAAACAGGCTGGACACGC 
TP53 exon 4 (gp41-1-
NLuc insertion) 

  

5'HA AGTTGTTCTTCCAGAAGCTTTGC CAGGGGCCAGGAGGG 
3'HA TCATCTTCTGTCCCTTCCCAG CCTTCCACTCGGATAAGATGC 
TP53 exon 6 (FLAG-
tag insertion) 

  

5'HA TTCCATGAGACTTCAATGCC TTCCACTCGGATAAGATGCTG 
3'HA GGAAATTTGCGTGTGGAGTATTTG AGTAAGGAAATCAGGTCCTACC 
TP53 exon 7 (NrdJ-1-
FLuc insertion) 

  

5'HA TCCTTCCTCTTCCTACAGTACTC GTTACACATGTAGTTGTAGTGGATG 
3'HA AGTTCCTGCATGGGCGGC TAACACCATCGTAAGTCAAGTAGC 
TP53 exon 7 to 8 
(p53 DBD KO 
validation) 

  

5'HA TCCTTCCTCTTCCTACAGTACTC GTTACACATGTAGTTGTAGTGGATG 
3'HA AGCACTAAGCGAGGTAAGC GGAGGGTATAATGAGCTATGATCAC 
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Table 2: Sequences of the sgRNA sequences consisting of crRNA, loop and tracrRNA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Locus 
(sgRNA) 

                 crRNA                                 loop                                        tracrRNA 

TP53 Exon 2 
sgRNA 1 

CGTCGAGCCCCCTCTGAGTCGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAA
TAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT 
 

TP53 Exon 2 
sgRNA 2 

GAAAATGTTTCCTGACTCAGGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAAT
AAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT 
 

TP53 Exon 4 
sgRNA 1 

GAAGGGACAGAAGATGACAGGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAA
ATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT 
 

TP53 Exon 4 
sgRNA 2 

GGGAAGGGACAGAAGATGACGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAA
ATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT 
 

TP53 Exon 6 
sgRNA 1 

CAGCATCTTATCCGAGTGGAGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAA
TAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT 
 

TP53 Exon 7 
sgRNA 1 

CCGGTTCATGCCGCCCATGCGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAA
TAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT 
 

TP53 Exon 7 
sgRNA 2 

CATGTGTAACAGTTCCTGCAGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAAT
AAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT 
 

TP53 Exon 7 
sgRNA 3 

ATGTGTAACAGTTCCTGCATGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAAT
AAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT 
 

TP53 Exon 8 
sgRNA 1 

CTCACCACGAGCTGCCCCCAGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAA
TAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT 
 

TP53 Exon 8 
sgRNA 2 

TTACCTCGCTTAGTGCTCCCGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAAT
AAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT 
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Supplementary Fig. 1: Schematic of the donor plasmid carrying the coding sequence for the 
EXSISERS reporter NrdJ1-FLuc (PpyFLuc = Photinus pyralis firefly luciferase). The EXSISERS 
reporter is disrupted by the selection cassette consisting of puromycin-N-acetyltransferase (PuroR) 
and Herpes simplex virus thymidine kinase (HSVtk) driven by eF1α promoter. Green annotations 
depict the 5’ and 3’ homology arms containing the upstream and downstream sequences of the TP53 
exon 7 loci (obligatory for knock-in via Cas9-mediated DNA-double strand break and subsequent 
homologous direct repair). Lighter green = promoter, darker green = genome locus, lighter blue = 
transcription termination site, grey = functional domains and proteins, orange = open reading frame, 
darker blue = origin of replication, darker grey = ampicillin resistance gene.  
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Supplementary Fig. 2: Schematic of the donor plasmid carrying the coding sequence for the 
EXSISERS reporter gp41-1-NLuc. The EXSISERS reporter is disrupted by the selection cassette 
consisting of puromycin-N-acetyltransferase (PuroR) and Herpes simplex virus thymidine kinase 
(HSVtk) driven by eF1α promoter. Green annotations depict the 5’ and 3’ homology arms containing 
the upstream and downstream sequences of the TP53 exon 7 loci (obligatory for knock-in via Cas9-
mediated DNA-double strand break and subsequent homologous direct repair). Lighter green = 
promoter, darker green = genome locus, lighter blue = transcription termination site, grey = functional 
domains and proteins, orange = open reading frame, darker blue = origin of replication, darker grey 
= ampicillin resistance gene.  
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Supplementary Fig. 3: Schematic of the donor plasmid carrying the coding sequence for the 
EXSISERS reporter IMPDH-1-CLuc, also including the start- and stop-transfer signals for ER-and 
plasma membrane anchoring, as well as an ER-export-, golgi-export- and plasma membrane 
trafficking-signal. The EXSISERS reporter is disrupted by the selection cassette consisting of 
puromycin-N-acetyltransferase (PuroR) and Herpes simplex virus thymidine kinase (HSVtk) driven by 
eF1α promoter. Green annotations depict the 5’ and 3’ homology arms containing the upstream and 
downstream sequences of the TP53 exon 7 loci (obligatory for knock-in via Cas9-mediated DNA-
double strand break and subsequent homologous direct repair). Lighter green = promoter, darker 
green = genome locus, lighter blue = transcription termination site, grey = functional domains and 
proteins, orange = open reading frame, darker blue = origin of replication, darker grey = ampicillin 
resistance gene.  
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Supplementary Fig. 4: Schematic of the mammalian expression plasmid coding Streptococcus 
pyogenes Cas9 protein and the HDR-enhancer i53 protein, which both are translationally separated 
by a p2A peptide. The constitutive transcription is driven by a CBh promoter. Furthermore, this 
plasmid contains a transcription unit for the corresponding sgRNA, which is driven by a U6 promoter 
and terminated by 6xT.  Lighter green = promoter, lighter blue = transcription termination site, grey 
= functional domains of proteins and RNA molecules, pink = chimeric guide RNA scaffold, orange = 
open reading frame, darker blue = origin of replication, darker grey = ampicillin resistance gene. 
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import openpyxl 
# Function to split and count pathways in a cell 
def process_cell(cell_value, pathway_counts): 
    pathways = cell_value.split(";") 
    for pathway in pathways: 
        pathway = pathway.strip()  # Remove leading/trailing spaces 
        pathway_counts[pathway] = pathway_counts.get(pathway, 0) + 1 
 
 
# Function to analyze an Excel file 
def analyze_excel(input_file_path, output_file_path): 
    workbook = openpyxl.load_workbook(input_file_path) 
    sheet = workbook.active 
 
    # Initialize pathway counts 
    pathway_counts = {} 
 
    row = 8  # Start from row 8 in column F 
    while True: 
        cell = sheet.cell(row=row, column=6)  # Column F 
 
        if cell.value is None or cell.value == "": 
            break  # Stop when an empty cell is encountered 
 
        process_cell(cell.value, pathway_counts) 
        row += 1 
 
    # Create a new Excel file to store the results 
    result_workbook = openpyxl.Workbook() 
    result_sheet = result_workbook.active 
    result_sheet.append(["Pathway", "Abundance"]) 
 
    # Write the pathway counts to the new file 
    for pathway, count in pathway_counts.items(): 
        result_sheet.append([pathway, count]) 
 
    # Save the new file 
    result_workbook.save(output_file_path) 
 
 
if __name__ == "__main__": 
    input_file_path = input("Enter the path and name of the Excel file to 
be analyzed: ") 
    output_file_path = input("Enter the path and name for the new Excel 
file: ") 
 
    analyze_excel(input_file_path, output_file_path) 
    print(f"Analysis completed. Results saved to '{output_file_path}'") 
 

Supplementary Fig. 5: Python script that counts the pathway abundance for all compounds listed 
within an Excel sheet. For comparative purposes, we counted the pathway abundance for the whole 
anti-cancer compound library and for two Excel sheets that list either the p53-TIE or p53-OIEs 
compounds. Prerequisite for a working count with this specific script is the first compound starting in 
row 8 and the pathways listed in column F of an Excel sheet. This script creates a new Excel sheet 
showing all pathways with their respective absolute abundance. 
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