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 Abstract 

1. Abstract 

Bioactive small molecules are used in many research areas as important tools to 

uncover biological pathways, interpret phenotypic changes, deconvolute protein 

functions and explore new therapeutic strategies in disease relevant cellular model 

systems. To unlock the full potential of these small molecules and to ensure reliability 

of results obtained in cellular assays, it is crucial to understand the properties of these 

small molecules. These properties encompass their activity and potency on their 

designated target(s), their selectivity towards unintended off-targets and their 

phenotypic effects in a cellular system. Approved drugs often engage with multiple 

targets, which can be beneficial for some applications such as treatment of cancer 

where several pathways need to be inhibited for treatment efficacy. However, 

targeting multiple key proteins in diverse pathways also increases the possibility for 

unspecific or unwanted side effects. For many drugs the entire target space that they 

modulate is not known. This makes it difficult to use these drugs for target 

deconvolution or functional assays with the aim to understand the underlying 

biological processes. In contrast to drugs, for mechanistic studies, a good alternative 

are chemical tool compounds so called chemical probes that are usually exclusively 

selective as well as chemogenomic compounds, that inhibit several targets but have 

narrow selectivity profiles. Because they are mechanistic tools, chemical tool 

compounds must meet stringent quality criteria and they are therefore well 

characterized in terms of their potency, selectivity and cellular on-target activity. To 

ensure that an observed phenotypic effect caused by a compound can be attributed 

to the described target(s), it is essential to study also properties of chemical tools 

leading to unspecific cellular effects. There are a variety of unspecific effects that can 

be caused by physiochemical compound properties that can interfere with phenotypic 

assays as well as functional compound evaluations. One of these effects is low 

solubility causing toxicity or intrinsic fluorescence potentially interfering with assay 

readouts. But unanticipated cellular responses can also arise from unspecific binding, 

accumulation in cellular compartments or damage caused to organelles such as 

mitochondria or the cytoskeleton that can result in the induction of diverse forms of 

cell death.  
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 Abstract 

In this study, we investigated the influence of a variety of small molecules on distinct 

cell states, by establishing and validating high-content imaging assays, which we called 

Multiplex assay. This assay portfolio enabled us to detect different cellular responses 

using diverse fluorescent reporters, such as the influence of a compound on cell 

viability, induction of cell death programs and modulation of the cell cycle. 

Additionally, general compound properties such as precipitation and intrinsic 

fluorescence were simultaneously detected. The assay is adaptable to assess other 

cellular properties of interest, such as mitochondrial health, changes in cytoskeletal 

morphology or phospholipidosis. A significant advantage of the assay is that we are 

using live cells, so we can capture dynamic cellular changes and fluctuations that can 

be crucial for the understanding of cellular responses. 

Further, I present in this thesis, how we used the assay to annotate different 

compounds that have been developed in diverse projects of our research team as well 

as our general effort characterizing chemical tool collections. For instance, in order to 

evaluate the impact on cellular viability and phenotypic changes of chemogenomic 

compounds identified by the EUbOPEN project, we performed a two-step viability 

assessment, consisting of a primary viability assessment based on brightfield 

microscopy, followed by the high-content Multiplex assay for compounds that induced 

significant cell death or growth retardation. With the established work flow, we 

contributed to the generation and annotation of the larges available set of high-quality 

chemical modulators targeting the human proteome, by evaluating the properties of 

over 1000 diverse chemical compounds. We also enhanced data availability by 

providing all generated data through open science repositories and helped with the 

reproducibility of the data by publishing detailed protocols and two step-bye-step 

method based book chapters.  

In one project we examined 150 chemical probes and controls provided by the 

donated chemical probe (DCP) program assessing the cell viability and phenotypic 

effects across different standard cancer cell lines. The data generated in 2D tissue 

culture can be now compared with phenotypic data measured in more complex 

organoid models. In two probe development projects, we annotated the macrocyclic 

scaffold compound CK156 and the compound SR-302 with respect of their influence 

on cell viability and phenotypic changes, which contributed to their approval as 
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chemical probes for the Serine/threonine kinase 17A (STK17A) (SK156) and for SR-302 

as a dual Discoidin domain receptor (DDR)/p38 chemical probe. In another project, we 

evaluated the effect of Cyclin-dependent kinase 16 (CDK16) on the cell cycle, testing 

different compounds targeting the PCTAIRE kinase family.  

Lastly, one of my main projects was to establish high content assays detecting the 

poorly understood phenotypic response that causes accumulation of lipids in the 

endoplasmic reticulum (ER) and lysosomes called phospholipidosis (PL). After the 

assay was validated, I used a test set of 290 small molecules to generate a high quality 

data set for the development of a machine-learning based algorithm to identify 

structural features, critical for a PL induction and can be used further to validate 

various chemical tool compounds.  

In conclusion, my work was mainly focused on the development of high content 

imaging assays that can now be used for the annotation of chemical tool compounds 

in a diverse arrange of assays. The established assay portfolio enabled us to improve 

quality, availability and reproducibility of small molecule data, which is a small, yet 

significant step towards improving the drug development process and understanding 

of the underlying biological functions.  
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Zusammenfassung (German Summary)  

2. Zusammenfassung (German Summary) 

Die Verwendung bioaktiver Verbindungen, in der Regel kleinmolekularer Substanzen, ist ein 

wesentlicher Bestandteil der menschlichen Kultur. Diese Verbindungen stellen wichtige 

Werkzeuge bei der Behandlung von Krankheiten dar und spielen gleichzeitig eine bedeutende 

Rolle bei der Entschlüsselung biologischer Hintergründe verschiedener Gesundheitszustände1. 

Krankheiten können diverse Ursprünge haben, darunter Infektionen, genetische Faktoren oder 

Funktionsstörungen des Immunsystems2. Seit den frühesten menschlichen Aufzeichnungen 

wurden Substanzen, die als Bestandteile in Pflanzen oder Materialien aus der Umgebung 

gefunden wurden, genutzt um Krankheitssymptome zu behandeln. Oft führte dieses 

Ausprobieren jedoch zu erheblichen Nebenwirkungen, in vielen Fällen sogar zum Tod3. Seit 

dem 19. Jahrhundert hat die „Pharmazie“ als Disziplin, was die Untersuchung und Erforschung 

von Substanzen für die Behandlung verschiedener Krankheiten an geht, weiter an Bedeutung 

gewonnen. Maßgeblich dazu beigetragen hat auch, dass in dieser Zeit bedeutende Fortschritte 

in der organischen Synthese und in der Isolierung von Verbindungen zum Beispiel aus Pflanzen, 

gemacht wurden, was das Wissen über molekulare Strukturen von bioaktiven Verbindungen 

vergrößerte und den Einsatz der Substanzen als Werkzeuge zur Erforschung wichtiger 

biologischer Funktionen weiter voran trieb1. Darüber hinaus haben die Zugänglichkeiten von 

aktiven Verbindungen und die Möglichkeit, ihre Struktur zu modifizieren, erheblich zur 

Entwicklung der heutigen Pharmakotherapie beigetragen1.  

Neben der Entwicklung von Arzneistoffen, werden bioaktive Kleinmoleküle in verschiedenen 

Forschungsbereichen unter anderem eingesetzt um biologische Signalwege aufzudecken, 

phänotypische Veränderungen zu interpretieren oder Proteinfunktionen zu entschlüsseln. Um 

hierbei die korrekte Interpretation der resultierenden Ergebnisse zu gewährleisten, ist es 

entscheidend, eine genaue Kenntniss über die Eigenschaften der Verbindungen zu haben. Dazu 

gehören das Wissen über die biologische Aktivität der Verbindungen gegenüber ihrem vorher 

definierten Zielprotein („Target“), die Selektivität gegenüber anderen, ungewollten 

Zielproteinen und ihre phänotypischen Effekte in biologischen Systemen, wie zum Beispiel in 

Zellen4. Die meisten bereits zugelassenen Arzneistoffe interagieren oft mit mehreren 

Zielproteinen, was vorteilhaft sein kann in Indikationsgebieten wie der Onkologie, wo erst die 

Inhibierung diverser Signalwege zum erhofften Ergebnis führt. Die Ausrichtung auf 
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 Zusammenfassung (German Summary) 

verschiedene Zielproteine vergrößert jedoch auch die Möglichkeit für unerwünschte 

Nebenwirkungen oder unspezifische Effekte der Kleinmoleküle. 

Für die meisten Arzneistoffe sind die Zielproteine, die von den Substanzen moduliert werden, 

nicht einmal bekannt. Das erschwert die Nutzung dieser Verbindungen, um neue 

Krankheitsbilder zu therapieren oder funktionelle experimentelle Versuche, zum 

tiefergehenden Verständnis der zugrundeliegenden biologischen Prozesse, durchzuführen. 

Eine gute Alternative zur Durchführung solcher mechanistischen Studien ist die Verwendung 

von so genannten „chemical tool compounds“5. Diese chemischen Modulatoren sind zellaktive 

Kleinmoleküle, die eingeteilt werden können in „chemical probes“, mit besonders hoher 

Selektivität oder „chemogenomic compounds“, die mehrere Proteine gleichzeitig modulieren 

können6-8. Damit solche Kleinmoleküle als mechanistische Werkzeuge eingesetzt werden 

können, müssen sie  bestimmte Kriterien erfüllen und daher basierend auf ihrer Potenz, 

Selektivität und Aktivität in Zellen gut charakterisiert werden9, 10. Um sichzustellen, dass  die 

nach Behandlung beobachteten phänotypischen Effekte, die durch diese Verbindungen in 

späteren experimentellen Versuchen ausgelöst wurden, Rückschlüsse auf das Zielprotein 

erlauben, ist es wichtig unspezifische Effekte der Verbindungen, auf die in den Experimenten 

verwendeten Zellen, vorher zu untersuchen. 

Es gibt eine Vielzahl unspezifischer Effekte, die nicht nur phänotypische Versuche, sondern 

auch funktionelle Validierungen der Verbindungen beeinträchtigen können. Unter anderem 

können physikochemische Eigenschaften der Kleinmoleküle, wie eine geringe Löslichkeit oder 

intrinsische Fluoreszenz, verschiedene zelluläre Funktionen beeinträchtigen oder die 

Auswertung der Ergebnisse stören11-13. Außerdem können ungewollte zelluläre Reaktionen, die 

zu einer Induktion diverser Zelltotformen führen können, auch aufgrund unspezifischer 

Bindungen, einer Akkumulation in zellulären Kompartimenten oder einer Schädigung von 

Zellorganen, wie Mitochondrien oder dem Cytoskelett, entstehen14, 15.  

In dieser Doktorarbeit, habe ich den Einfluss verschiedener chemischer Verbindungen auf 

verschiedene Zellzustände untersucht, indem wir ein Hochdurchsatz-Bildgebungsverfahren 

namens „Multiplex“ etabliert und validiert haben. Diese Methode ermöglichte es uns 

verschiedene zelluläre Reaktionen, wie den Einfluss der chemischen Verbindungen auf die 

Viabilität der Zellen, die Induzierung unterschiedlicher Formen des Zelltodes oder 

Modulationen des Zellzyklus, zu detektieren, indem wir verschiedene Zelllinien mit 
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fluorezierenden biologischen Reportern behandelt haben. Gleichzeitig können Eigenschaften 

der Verbindungen, wie eine Präzipitation in den Zellen oder eine intrinsische Fluoreszenz 

erfasst werden. Die Methode ist außerdem einfach anzupassen, um andere interessante 

zelluläre Eigenschaften zu detektieren, wie beispielsweise den Einfluss auf Mitochondrien, 

Veränderungen in der Morphologie des Cytoskeletts oder die Akkumulation von 

Phospolipiden.  

Ein wesentlicher Vorteil dieser Methode besteht darin, dass lebende Zellen untersucht 

wurden. Dies ermöglichte die Untersuchung dynamischer zellulärer Veränderungen, die für 

das Verständnis zellulärer Reaktionen entscheidend sein können. Selbst geringfügige 

Veränderungen in der Konzentration einer chemischen Verbindung oder in der Expositionszeit, 

können bereits einen Einfluss auf die zelluläre Antwort haben. Durch die Messung zu 

verschiedenen Zeitpunkten und bei verschiedenen Konzentrationen ist es möglich zu 

unterscheiden ob ein phänotypischer Effekt durch unspezifische Zellschädigungen verursacht 

wurde oder ob Zellschädigungn durch einen phänotypischen Effekt, wie etwa eine Inhibierung 

des Mikrotubulin-Aufbaus entstanden ist.  

Mit Hilfe eines machine-learning basierten Algorithmus, teilen wir die Zellen in einer 

Einzelzellanalyse nach einer Baumstruktur, in verschiedene Gruppen, ein. Mit dieser Methode 

werden nur Zellen auf phänotypische Eigenschaften untersucht, die in der Analyse vorerst als 

gesund erkannt wurden. Das trägt dazu bei, die Effekte, die durch Aktivitäts-Eigenschaften der 

chemischen Verbindung hervorgerufen wurden, von solchen zu unterscheiden, die aufgrund 

einer unspezifischen Zellschädigung entstanden sind. 

Weiterhin beschreibe ich in dieser Arbeit, wie wir das Multiplex Testsystem verwendet haben, 

um verschiedene Verbindungen, die innerhalb unserer Arbeitsgruppe entwickelt oder 

aufgrund unseres Arbeitsgruppen-weiten Hauptprojekts zusammengestellt wurden, auf ihre 

Eigenschaften in Zellen hin zu untersuchen. Wir haben den Einfluss 1000 chemischer 

Modulatoren auf ihre Effekte in verschiedenen Zelllinien untersucht, indem wir eine Zwei-

Schritt Evaluierung etabliert und durchgeführt haben. Der erste Schritt umfasst eine 

mikroskopie-basierte Analyse des Einflusses der Kleinmoleküle auf das Zellwachstum. Alle 

Kandidaten, die zu einer signifikanten Wachstumsverzögerung geführt haben, welche durch 

eine Wachstumsrate kleiner 0.5 angezeigt wurde, oder die phänotypisch auffällig waren, 
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wurden im zweiten Schritt mit der Druchführung des Multiplex Testsystems charakterisiert. 

Mit dieser Vorgehensweise haben wir innerhalb des Arbeitsgruppen-weiten EUbOPEN 

Projekts, zur Generierung und Beschreibung des größten Sets an Daten für hochwertige 

chemische Modulatoren des menschlichen Proteoms beigetragen.  

Weiterhin haben wir dazu beigetragen, die Verfügbarkeit und Reproduzierbarkeit von Daten 

für die Wissenschaft im Allgemeinen zu verbessern, indem wir die von uns generierten Daten 

in einer öffentlich zugänglichen Datenbank bereitgestellt haben, sowie ein detailiertes 

Protokoll und zwei methodische Schritt-für-Schritt Anleitungen in Fachbuchkapiteln 

veröffentlicht haben.  

In einem weiteren Projekt haben wir 150 chemische Modulatoren des „Donated chemical 

probes“-Programmes mit den dazugehörigen Kontrollen, auf ihren Einfluss auf die Viabilität 

von Zellen, sowie phänotypische Veränderungen in diversen Krebszelllinien, untersucht16. 

Diese Daten, die in 2D-Zellkulturen aufgenommen wurden, konnten anschließend genutzt 

werden, um sie mit komplexeren 3D-Modellen, wie Organoid-Studien, zu vergleichen.  

In zwei Projekten haben wir den Einfluss von Kandidaten für die Zulassung als „chemical probe“, 

auf ihren Einfluss auf die Zellviabilität und phänotypische Veränderungen mit Hilfe des hier 

entwickelten Multiplex Testsystems untersucht. Diese Evaluierung hat dazu geführt, dass die 

makrozyklische Verbindung CK156 für die Serine/Threonin-Kinase 17 A (STK17A) und die 

Verbindung SR-302 als dualer Discoidin-Domänen-Rezeptor (DDR) und p38 Binder als 

„chemical probe“ zugelassen werden konnte.  

Das Multiplex Testsystem kann in einfacher Weise angepasst werden, um andere zelluläre 

Reaktionen auf verschiedene Verbindungen zu untersuchen, die für den zu untersuchenden 

Forschungsbereich von bedeutenderer Rolle sind. Ich habe daher das Multiplex Testsystem 

unter anderem mit dem „fluorescent ubiquitin cell cycle indicator“ (FUCCI) verbunden, um 

Veränderungen im Zellzyklus, hervorgerufen durch chemische Verbindungen, zu erkennen17-

19. Mit Hilfe dieses Versuchsaufbaus konnte dann der Einfluss der cyclin-anhängigen Kinase-16 

(CDK16) auf den Zellzyklus untersucht werden, indem wir verschiedene Inhibitoren der 

PCTAIRE Kinase-Familie getestet haben.  

Weiterhin konnten wir das Multiplex Testsystem dahingehend anpassen, dass Verbindungen 

detektiert werden können, die zu einer Akkumulation von Phospholipiden in Geweben, 
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vornehmlich in Lysosomen, führen. Dieses Phänomen der sogenannten Phospholipidose, kann 

zu der Zerstörung normaler lysosomaler Funktionen führen und geht mit morphologischen 

Veränderungen einher, die potentiell Krankheiten der Leber, Lunge und anderer Organe 

hervorrufen können20, 21. Der Mechanismus hinter Phospholipidose ist sehr komplex und bis 

heute nicht vollständig verstanden. Da Verbindungen, die zu Phospholipidose führen, oft mit 

Sicherheitsproblemen und Nebenwirkungen für Patienten verbunden sind, ist es wichtig 

potenzielle Arzneistoffkandidaten daraufhin zu untersuchen. Nachdem das Testsystem 

etabliert war, haben wir daher 290 Verbindungen getestet, um ein Datenset zu generieren, 

welches anschließend genutzt wurde, um einen machine learning Algorithmus zu etablieren, 

der strukturelle Eigenschaften von Verbindungen erkennt, die dazu führen, dass eine 

Verbindung eher zu einer Phospholipidose-Induktion führt. Sowohl der Algorithmus, als auch 

der das etablierte Testsystem kann nun genutzt werden, um diverse chemische Verbindungen 

auf Phospholipidose hin zu untersuchen. 

Zusammenfassend konnte ich zeigen, dass eine Charakterisierung von chemischen 

Verbindungen hinsichtlich ihrerer Eigenschaften im zellulären Kontext, nicht nur für chemische 

Modulatoren, sondern für alle chemischen Verbindungen, von großer Bedeutung ist, wenn 

man diese für mechanistische Studien und Signalweg-Analysen verwenden möchte. Das hier 

vorgestellte Hochdurchsatz-Bildgebungsverfahren, welches wir als Multiplex Testsystem 

etabliert haben, ist eine gute Methode, um verschiedene Zellzustände und zelluläre 

Reaktionen, induziert durch chemische Verbindungen, auf einfache und schnelle Weise zu 

erkennen. Es bietet zudem breite Anwendungsmöglichkeiten und lässt sich mühelos anpassen, 

um projektspezifische oder krankheitsbilderbezogene Fragestellungen gezielt zu beantworten. 

Die Annotierung der Verbindungen und Bereitstellung der Daten trägt maßgeblich dazu bei die 

Qualität, Verfügbarkeit und Reproduzierbarkeit von Daten zu verschiedenen chemischen 

Verbindungen zu verbessern, was ein kleiner aber bedeutender Schritt zur Verbesserung des 

Arzneimittelprozesses und des Verständnisses der zugrundeligenden molekularen 

Mechanismen der Medikamentenkandidaten ist.  
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3. Introduction 

3.1. Biological targets in drug development 

Bioactive small molecules are a fundamental components of human culture, as they are our 

most important tools for the treatment of human diseases, and also play a significant role in 

deciphering biological pathways underlying various health conditions1. Diseases can occur 

through a variety of mechanisms, including infections, genetic factors or immune system 

dysfunctions2. Since the earliest record, substances which derived from plants or materials 

found in the surroundings of early humans, were used to treat disease symptoms. These trial-

and-error attempts often resulted in significant side effects or in many cases even led to 

death3. Since the 19th century, the discipline of pharmacy emerged, encompassing the 

examination and study of substances intended for the treatment of various diseases. At this 

time, significant advancements were made in organic synthesis and in the field of isolation of 

compounds, including the capability to extract active substances from natural products such 

as plants1. The knowledge about chemical structures significantly promoted the use of small 

molecules as research tools for understanding biological functions and dysfunctions. 

Additionally, the accessibility of active substances and the ability to modify their structure have 

greatly contributed to the development of the pharmacotherapy as we know it today1. The 

identification and optimization of active substances for the development of a new drug to treat 

diseases, without harming the organism as a whole, is one of the most crucial scientific 

challenge facing humanity. The optimization of a small molecule to a drug takes on average 15 

years from start to the final clinical phase and costs around 2 billion US dollars4, 22. Even after 

this considerable investment of time and resources, the final approval of the drug candidate 

as a drug remains uncertain, because the drug discovery process is associated with a high risk 

of attrition23. Out of 20.000 drug candidates entering the lead optimization phase of the drug 

discovery process, only one will ultimately be successfully being approved for the treatment of 

a specific disease4, 24. To optimize and enhance the entire drug development process, it is of 

utmost importance to understand the biological origin of the disease one intends to treat. 

Specific molecules or biological entities (such as proteins, receptors or genes), that are 

associated with a particular disease or pathological condition are commonly referred to as 

“targets”4. Frequently, drug molecules are designed to have a primary target being responsible 
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for the therapeutic effect. However, most times, drug molecules also influence diverse other 

proteins or processes, which is a common phenomenon in the field of pharmacology, referred 

to as “polypharmacology”. This potentially leads to additional therapeutic benefits or, in some 

cases, unwanted side effects. Understanding a drug’s target interaction is therefore crucial to 

minimize unanticipated side effects, rationally optimizing the compound and to uncover new 

uses for existing medications. If the disease-specific biological target is already known, a 

chemical modulator can be identified using screening efforts or developed by structure-activity 

relationship approaches. In the drug development process, this target-oriented approach is 

referred to as the “reverse approach” (Figure 1). The opposing approach, called “forward 

approach”, starts with a compound, which has been identified in a disease relevant phenotypic 

screen25. The compound is then tested in various systems such as in vitro or in vivo analyses to 

identify the target(s) modulated by it. Such compounds are usually found by screening large 

libraries of compounds5, 7, 13, 26.  

 

  

Figure 1: Drug-target identification approaches. Schematic overview of “forward” and 
“reverse” approach in the drug development process1. This figure was created using Adobe 
Illustrator v26.5. 

 

3.1.1. Target identification via phenotypic screening 

In the forward approach, phenotypic screening has regained interest in the field of drug 

development in recent years25, 27. Rather than focusing on specific molecular targets or 

substrates, this approach evaluates desired observable changes or phenotypes caused by a 

compound in a biological system. The number of drugs approved by the Food and Drug 

Administration (FDA) in recent decades was higher for drugs discovered by phenotypic 



 

 

 

 13 

Introduction  

screening compared to target-based approaches28. If disease-relevant systems are available 

for compound screening, phenotypic screening is often the method of choice7. A critical aspect 

of phenotypic screening is the choice of the disease-relevant cellular model system used. Over 

the past decades, comprehensive collections of cellular model systems were curated by so 

called “cellbanks” with thousands of choices for immortalized cell lines relevant in different 

diseases or disease states29. Each cell line exhibits a unique protein expression profile and 

signaling pathways based on tissue types, different diseases or relevant mutations, resulting in 

a variety of phenotypic responses when exposed to different small molecules. To obtain a 

comprehensive understanding of the potential interactions of a compound within the cellular 

system, it is essential to test them in multiple cell lines representing different tissues. For more 

disease-related inquiries, using specific patient-derived cells, that are more likely to be clinically 

relevant, can further enhance the accuracy and applicability of the screening approach30, 31.  

Furthermore, compounds that were identified using phenotypic screening technologies, often 

demonstrate the effect of the most phenotypically relevant target in the pathway which means 

the protein they bind with the highest potency. They are also more likely to act on multiple 

targets (polypharmacology), leading to off-target effects, which can result in diverse adverse 

events32. Therefore, a retrospective identification of the responsible target or a deconvolution 

of multiple targets is often limited1.  

A simpler approach to identify targets responsible for a physiological response is the use of 

highly selective and well validated tool compounds called chemical probes33, 34 or a recently 

emerged strategy called chemogenomics35. 

3.1.2. Target deconvolution using chemical tool compounds 

Approved drugs often have multiple targets, which can be beneficial when target modulation 

results in a broader spectrum of efficacies, either affecting multiple proteins important for the 

same disease or allowing a drug to address other diseases as well. On the other hand, these 

different protein-target interactions often lead to safety problems of the drug. In most cases, 

the primary target leading to the desired pharmacological effect is not known (Figure 2 A). 

Many clinical trials have failed and wrong conclusions about biological processes have been 

drawn from approved drugs that lack characterization data33. For example the v-raf murine 

sarcoma viral oncogene homolog B1 (BRAF) kinase inhibitor Dabrafenib, approved by the FDA 
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for the treatment of unresectable or metastatic BRAF-mutated melanoma, advanced non-

small cell lung cancer and anaplastic thyroid cancer36, 37, was shown to also have activity on 

other kinases such as ALK5 (Activin receptor-like kinase 5), LIMK1 (LIM domain kinase 1), 

NEK11(NIMA-related kinase 11) and SIK1(Salt-inducible kinase 1) enhancing the probability for 

adverse events37, 38. Another example is Crizotinib, originally developed as cMET 

(mesenchymal-epithelial transition factor) inhibitor, which has been approved by the FDA and 

EMA for the treatment of metastatic non-small cell lung cancer (NSCLC) with anaplastic 

lymphoma kinase (ALK) rearrangements, as this inhibitor was shown to also target ALK and ROS 

proto-oncogene1 (ROS1) that are deregulated in a subtype of NSCLC39-41.  

In contrast to drugs that inhibit multiple targets, chemical tool compounds offer a versatile 

strategy to understand the specific target functions at the mechanistic level5. Chemical probes 

are cell-active small molecules that selectively modulate the function of a specific protein8 

(Figure 2 B). The modulation of a protein function for an enzyme would be an inhibition of its 

biochemical reaction. The affinity of a potential inhibitor is a measure of the strength of this 

inhibition effect and is measured in the dissociation constant. The dissociation constant of the 

enzyme-inhibitor system is defined as the concentration of inhibitor that inhibits the enzymes 

function to 50 % of its maximal effect42. Hence, the lower the dissociation constant, the less 

inhibitor is needed to inhibit the enzyme or the more potent the inhibitor is. Chemical probes 

are highly validated and should meet stringent criteria for potency, selectivity and toxicity. 

Precisely, they need an in vitro potency lower than 100 nM in a biochemical or biophysical 

assay or lower than 1 µM in cells, a 30-fold higher activity over related proteins and must not 

be cytotoxic at 10 µM8, 10, 43. When well profiled, chemical probes can be used for mechanistic 

and phenotypic studies to decipher the biology of their target at the appropriate 

concentration5, 10, 44. Complementary to genetic tools such as Clustered Regularly Interspaced 

Short Palindromic Repeats (CRISPR) and ribonucleic acid (RNA) interference, they can rapidly 

alter a specific protein’s function and improve the knowledge about the connection between 

genomic target identification and druggability of a target7, 45, 46.  

When using chemical probes, it is good practice to use them at the recommended 

concentrations and to use a structural closely related inactive control, to confirm that the 

observed effect is caused by the main target and not due to unspecific binding or off-target 

effects beyond the 30-fold selectivity window. The non-existence of certain characteristics 
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such as selectivity or unknown binding to cellular structures may cause misleading results and 

result in conflicting data about the function of a target and its role in biology43. It is therefore 

important that compounds are profiled comprehensively and that this data is made available47. 

In the last decade, academic laboratories in close collaboration with pharmaceutical companies 

have joined forces and have helped to systematically enlarge the number of available chemical 

probes e.g. for the target family of protein kinases7, 34. Initiatives such as the Chemical Probes Portal 

(www.chemicalprobes.org)10, an online resource for sharing data and reviewing various 

compounds9, 48 and the chemical probes website of the Structural Genomics Consortium (SGC) 

(https://www.thesgc.org/chemical-probes), a public-private consortium of academical 

institutes and pharmaceutical companies that offer access to diverse sets of chemical probes 

as well as the Donated Chemical Probes (DCP) program (https://www.sgc-ffm.uni-

frankfurt.de/)43, have helped to significantly improve the quality of tool compounds and their 

availability to the global research community43, 49. As it is often challenging to develop 

inhibitors targeting one specific protein, a new approach, called chemogenomics, has gained 

interest in recent years. 

In contrast to chemical probes, chemogenomic compounds target often more than one protein 

and preferably represent different chemotypes6, 49, 50. The compounds included in 

chemogenomic libraries should have known selectivity profiles and distinct mode of actions 51. 

Compounds with overlapping target spectra are tested in parallel. Based on the observed 

phenotypic effect and these tight target spectra, deconvolution conclusions can then be drawn 

about the responsible target (Figure 2 C). For building such a library and being able to connect 

a specific chemotype to a target it is crucial to evaluate a compound on diverse criteria like 

selectivity, potency as well as their effect in a cellular context44. Using diverse chemogenomic 

libraries thus enlarges the targetable space, which is needed due to the unavailability of 

chemical probes for every target. 

  

http://www.chemicalprobes.org/
https://www.thesgc.org/chemical-probes
https://www.sgc-ffm.uni-frankfurt.de/
https://www.sgc-ffm.uni-frankfurt.de/
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Figure 2: Graphical Illustration of target-effect relationship of pharmacological drugs, chemical 
probes and chemogenomic compounds. A. Approved drugs are frequently identified through 
phenotypic screening. These drugs often interact with multiple proteins and their target might be 
unknown. B. Chemical probes are highly validated, cell active small molecules that selectively target 
one specific protein. The resulting phenotypical effect can be traced back to the main target 
protein. C. Chemogenomic compounds have more than one target. They are used within a set of 
well-validated and characterized compounds. By examining the observed phenotypical effect of 
diverse compounds, conclusions can be drawn about the responsible target for the mode of action. 

This figure was created using Adobe Illustrator v26.5. 
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3.2. Quality and Properties of small molecules in cellular systems 

Small molecule modulators play a crucial role in drug discovery and target identification. They 

are more versatile than genetic tools as they can be applied in a dose-and–time dependent 

manner, and be used in cell models that are more difficult to address with genetic tools49. 

Moreover, specific protein domains can be targeted enabling modulation of a protein’s 

function without removing the protein and its interactome. However, small molecule 

modulators need to be well-characterized to allow linking the phenotype to a specific target or 

group of targets. Unfortunately, in the past decades, a large number of chemical compounds 

were published that were not properly validated. Often, the global research community 

retrospectively reported these chemical compounds to be non-selective, to contain chemical 

or physical properties interfering with different assays5 or to have off-target activities leading 

to cytotoxic and other effects on various cellular compartments that could not be linked to the 

intended target44, 52.  

In 2010, Baell et al.11 highlighted inherent flaws of certain compounds, which interfered with 

biological assays, making it challenging to accurately assess the true activity of the compounds. 

These Pan-Assay Interference Compounds (PAINS) often exhibit different effects such as 

toxicity, reduced efficacy and unwanted side effects through off-target or unspecific binding53. 

For example, these compounds were often characterized by their propensity to exhibit 

promiscuous binding behavior to various targets11. Also chemical substances could show 

biological effects through diverse mechanisms, such as non-specific aggregation, redox activity 

or fluorescence interference. Certain compounds are also classified as PAINS based on the 

structural properties of the compound itself12, 52. It is therefore crucial to validate compounds 

at both, the chemical and cellular effect level and make this data available to the public. 

Although computational PAINS filter are available to help the researchers, ultimately, PAINS 

have to be determined for each assay used12.  

3.2.1. Chemical quality of a compound can influence cell reactions 

An underappreciated problem is that commercially available compounds are not always what 

they are supposed to be. This ranges from different salt forms to different compound identities 

such as different isomers, which may be inactive on the supposed target or a complete mix of 

different impurities or heterogeneities. Moreover, the purity of the compounds may not be 
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sufficiently high and influence a cellular readout as the impurities may influence cell viability 

or interfere with the assay. Therefore, ideally the identity of compounds should be confirmed 

and verified through appropriate analytical techniques such as spectroscopy, chromatography, 

or mass spectrometry54, 55. Also chemical and metabolic stability under common storage and 

handling conditions should be guaranteed56, 57. The compounds shouldn’t undergo 

degradation, decomposition, or reaction with environmental factors such as water or oxygen 

under standard light or temperature conditions. One significant aspect of chemical stability 

also includes the solubility of a compound, which refers to the compound's capacity to dissolve 

in a specific solvent or solvent system58. Additionally, solubility can influence the safety and 

toxicity profile of compounds, as poorly soluble ones may tend to accumulate within cells or 

tissues.  

3.2.2. Methods to assess cell viability 

One of the prevalent effects exhibited by compounds is their impact on viability. It is crucial to 

differentiate between the desired effect, based on the compound's on-target activity and its 

off-target activity. For instance, in cancer treatment, the standard therapy relies on selectively 

killing dangerous, uncontrollably growing cells while preserving normal cells59. Viability refers 

to the overall health and functionality of cells or organisms. It indicates whether cells are alive 

and capable of normal physiological processes60. Therefore, standard viability assays assess 

properties such as metabolic activity and other indicators of cellular activity.  

Assessing the impact of a compound on cell viability or proliferation can be conveniently and 

rapidly done using a variety of end-point and commercially available viability assays. These 

assays operate through diverse mechanisms, so it is advantageous to perform a combination 

of them. One commonly employed mechanism is the assessment of the metabolic activity of 

cells using different reagents that can be detected via a spectrometer or luminescence reader. 

A frequently used assay involves the utilization of tetrazolium salts, such as MTT (3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay61 or XTT (2,3-bis[2-methoxy-4-

nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide)62-65. In this approach, the activity of 

mitochondrial dehydrogenase in metabolic active cells is assessed, which converts the yellow 

tetrazolium salt to a visually detectable purple formazan product (Figure 3 A)66. The amount of 

formazan product can be quantified using a spectrophotometer, and correlates with the 

viability of the cells63. A similar information regarding proliferation, with less incompatibility 
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problems such as color interferences of the used compounds or toxicity of the salt67 can be 

obtained using the more sensitive alternative AlamarBlue , also known as resazurin68-70 

(Figure 3 B). Metabolically active cells are able to reduce the non-fluorescent resazurin to a 

highly-fluorescent red product called resorufin, which can be detected spectrophotometrically 

and allows conclusions regarding the metabolic activity of the cells67. Another mechanism is 

based on the measurement of cellular adenosine triphosphate (ATP), which is present in 

metabolically active cells and a widely accepted marker of viable cells71. These assays for 

example the CellTiter-Glo® assay (Promega) take advantage of the firefly luciferase enzymatic 

reaction, which requires ATP present in viable cells to generate a luminescence signal 

(Figure 3 C)72, 73. The intensity of the luminescent signal can be detected using a luminometer, 

with higher luminescent signal indicating higher ATP levels and higher viability of the cells71.  

Viability assays based on spectrometers or luminescence read-out provide a rough estimate of 

the impact of compounds on cell proliferation. Nevertheless, they do not encompass the full 

complexity of the underlying cellular mechanisms or distinguish between viability and 

cytotoxicity74.  
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Figure 3: Graphical illustration of end-point viability and cytotoxicity assessment. A. MTT assay. 
The yellow tetrazolium salt MTT is reduced by metabolic active cells to formazan (purple). B. 
AlamarBlue  assay. The non-fluorescent resazurin is reduced by metabolic active cells to red 
fluorescent resorufin. C. CellTiter-Glo® assay. Based on ATP, which is present in living cells, 
Luciferin can be oxidized to oxyluciferin which generates a luminescence signal. This figure was 
created using Adobe Illustrator v26.5. 

 

3.2.3. Target associated and non-specific cytotoxicity 

Specific cytotoxicity refers to the selective destruction of specific cells or tissues while sparing 

others. This approach is commonly employed in cancer therapy, where the goal is to eliminate 

cancer cells without harming healthy, normal cells75. Target-specific cytotoxicity is achieved by 

using therapies that specifically target molecular markers or vulnerabilities unique to the 

cancer cells. Unspecific cytotoxicity, on the other hand, refers to the non-selective destruction 

of cellular functions without a specific focus on any cell type where unintended damage to 



 

 

 

 21 

Introduction  

both diseased and healthy cells can occur76, 77. This type of cytotoxicity is often associated with 

the side effects of certain drugs or therapies, particularly chemotherapy and is caused by toxic 

effects of compounds78. Cell death is a highly complex and dynamic process involving several 

different mechanisms. Each cell death mechanism has distinct molecular and morphological 

features and serves different fundamental biological processes. Understanding the influence 

of a compound on each mechanism is crucial for unraveling the compounds’ profile and gaining 

further target related insights. The best studied forms of cell death include apoptosis, the 

programmed cell death, and necrosis, the uncontrolled cell death form. However, in recent 

years several other forms of cell death have been discovered for example autophagy, 

necroptosis and oncosis77.  

3.2.3.1. Programmed cell death: Apoptosis 

Apoptosis, also known as programmed cell death, is a highly regulated and controlled process 

to eliminate unwanted or damaged cells to regulate cellular growth, differentiation and 

homeostasis (Figure 4 A). It is characterized by distinct morphological changes of the cells, 

starting with shrinkage of the cells and condensation of the cytoplasm combined with nuclear 

fragmentation and formation of apoptotic bodies79, 80. Apoptotic cells are subsequently 

phagocytosed or cleared by neighboring cells without inducing inflammation80, 81. To initiate 

apoptosis, frequently a series of proteases known as caspases is activated. Caspases are 

aspartate-directed cysteine proteases that are able to cleave diverse intracellular substrates. 

They are synthesized as inactive precursors and can be grouped into initiator caspases 

(caspase 8 and caspase 9), that transduce various signals into proteolytic activity and 

executioner caspases (caspase 3, caspase 6 and caspase 7), which cleave most of the more 

than 400 substrates that are degraded in cells undergoing apoptosis77, 82, 83. They are activated 

as a consequence of signaling induced by a wide range of physiological and pathological stimuli 

and contribute to various manifestations of apoptosis83. Apoptosis can be initiated by two 

different pathways: the intrinsic pathway and the extrinsic pathway. The intrinsic pathway is 

characterized by mitochondrial membrane changes due to positive or negative signals77. 

Negative signals result from the lack of various cytokines, hormones, or growth factors. Within 

non-apoptotic cells, these factors inhibit the activation of pro-survival or pro-apoptotic factors 

such as puma, noxa, or bax84. Once triggered, these elements have the potential to initiate 

apoptosis. The positive signals include external influences such as hypoxia, different toxins, 
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radiation, viruses or toxic agents77. Upon exposure to an apoptotic stimulus, the mitochondrial 

membrane changes to open a mitochondrial permeability transition (MPT) pore and pro-

apoptotic proteins such as cytochrome c, second mitochondria derived activator of 

caspases/direct IAP binding protein with low PI (Smac/Diablo) or the high-temperature 

requirement family member HtrA2/Omi can leak into the cytoplasm, where they can activate 

executioner caspases84, 85.  

The extrinsic pathway or death receptor (DR) pathway is initiated by patrolling natural killer 

cells or macrophages. So called death ligands bind to death receptors (DR) which are 

transmembrane proteins and members of the tumor necrosis factor (TNF) superfamily86. By 

means of their death-inducing domain (DED), they can activate pro-caspase 8 to caspase 8, 

thereby forming a death-inducing signal complex (DISC). This complex includes various other 

proteins, that contribute to the autocatalytic activation of caspase 880, 82. Additionally, it leads 

to the subsequent activation of executioner caspases either directly or in conjunction with 

proteins released from mitochondria, which counteract the inhibitors of apoptosis proteins 

(IAPs) from inhibiting caspase 880. This non-inflammatory, highly regulated form of cell death 

is for example important to clear damaged or infected cells in order to maintain surrounding 

healthy cells. Nevertheless, in some cases, for example for more selective cell depletion or 

when a broader area of cells should be removed, other cell death mechanisms are preferred.  

3.2.3.2. Energy-independent cell death: Necrosis and Necroptosis 

In contrast to the programmed cell death form apoptosis, necrosis is an energy independent 

form of cell death (Figure 4 B). It is an uncontrolled mechanism, induced by external damaging 

conditions such as physical trauma, toxins, hypoxia, or sudden inflammation86. Necrosis is 

characterized by leakage of cellular compartments and nucleosides into the surrounding 

environment, membrane rupture, cellular swelling (often referred to as oncosis) and triggers 

inflammatory processes77. After cell damage occurs, various pro-inflammatory proteins such 

as nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) are upregulated, 

triggering the inflammatory response to remove harmful components. A specific form of 

necrosis is necroptosis, which is a partially regulated process. It is assumed, that necroptosis 

happens in an apoptosis deficient environment, controlled by the two receptor-interacting 

proteins (RIPK) RIPK1 and RIPK377. Necroptosis is mediated by death receptors (DR) such as 

TNFR1 (tumor necrosis factor receptor 1), which recruits the survival complex 1, containing 
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TNFR1-associated death domain protein (TRADD), polyubiquinated RIPK1 and several E3 

ligases. After deubiquination of RIPK1 it recruits and phosphorylates RIPK3, forming the 

ripoptosome87. This complex recruits and activates the mixed lineage kinase domain such as 

pseudokinase (MLKL) to form the necrosome, leading to membrane permeabilization and cell 

death77, 86.  

3.2.3.3. Autophagy 

Another mechanism to maintain cellular homeostasis and promoting overall cell health is the 

self-digestion called autophagy (Figure 4 C)88. It is a highly conserved cellular process through 

which cellular compartments or whole cells are degraded by lysosomal enzymes. After 

digestion, the components can be recycled or even used as a source of energy, which plays an 

important role during times of nutrient scarcity, which is next to other internal and external 

signals, one of the main autophagy triggers89.  

The literature distinguishes between three forms of autophagy: macroautophagy, 

microautophagy and chaperone-mediated autophagy. The most described form is 

macroautophagy90. Here, the cargo is enclosed in a double-membrane vesicle 

(autophagosome) and later fused with a lysosome to the autophagolysosome, where the cargo 

is released into the lysosomal lumen, followed by degradation by lysosomal proteases. The 

resulting breakdown products, such as amino acids, nucleotides, or fatty acids are released 

back to the cytoplasm, where they can be reused by the cell for energy production or the 

synthesis of new cellular components88. The more specific microautophagy is so far not fully 

understood. It is characterized by an incorporation of cytoplasmic content into the lysosome 

by an invagination of its surface91, 92. The most selective form of autophagy is called chaperone-

mediated autophagy. It is dependent on cytosolic chaperones, which can bind specific target 

proteins of interest carrying KFERQ-like motifs and transfer them via the lysosomal-associated 

membrane protein (LAMP) receptor 2A to lysosomes where they are degraded92. All forms of 

autophagy are highly regulated and influenced by different proteins93. 

Autophagy has often been shown to be induced by chemical compounds. Furthermore, it was 

also shown to play a crucial role in diverse pathologies including neurodegeneration, cancer 

and infectious diseases, thus representing as an interesting leverage point for therapeutic 

strategies93. In cancer therapy, autophagy was shown to both suppress and promote cancer 
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progression and metastasis, dependent on the patient and cancer form93. While 

pharmacological inhibition of autophagy has demonstrated the potential to enhance the 

effectiveness of cancer therapies and reduce drug resistance, it is important to note that 

certain types of cancer rely on autophagy for their survival. Additionally, there are instances 

where boosting autophagy serves as a strategy to improve the efficacy of cancer treatments94. 

The first FDA-approved agent capable of inhibiting autophagy was chloroquine, which blocks 

autophagy by disrupting lysosomal acidification93, 95. Originally developed as a treatment for 

malaria, this drug garnered significant interest, particularly during the coronavirus pandemic 

of 2019 (COVID-19), when it became a subject of research and was discussed for potential 

antiviral therapy96, 97. The exact mechanism of this drug, however, are complex and not yet 

fully understood. In addition to compounds that disrupt lysosomal function, over the years a 

wide array of compounds has been developed to specifically target essential proteins of the 

autophagy machinery to either inhibit or induce autophagic functions. An example is the 

immunosuppressant drug Rapamycin, which targets mammalian target of rapamycin (mTOR), 

an important serine/threonine kinase and key regulator of the autophagy pathway. Inhibition 

of mTOR by Rapamycin leads to autophagy induction as active mTOR inhibits autophagy 

through the inhibitory phosphorylation downstream of unc-51 like autophagy activating kinase 

1 (ULK1)98-100. Later, the drug was also shown to have potential in different other therapeutic 

areas such as cancer therapy and aging100. Effectively targeting autophagy without causing 

harm to other essential cellular processes remains a significant challenge in this field. 

Additionally, it is important to acknowledge that while the design of many compounds focuses 

on specifically targeting autophagy-related proteins, there are also compounds that can induce 

autophagy or general cytotoxic effects through mechanisms that are not yet fully understood. 

Therefore, it is desirable to characterize the impact of a compound on autophagy or cell 

viability in general, during the early stages of drug discovery.  
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Figure 4: Overview of cell death mechanisms. Figure adapted from Asadzadeh et al.101 A. 
Apoptosis is a highly regulated and controlled process, characterized by distinct morphological 
changes of the cells, including cell shrinkage and condensation of cytoplasm, nuclear 
fragmentation and membrane blebbing and the formation of apoptotic bodies. B. Necrosis is 
an energy-independent form of cell death, characterized by cell and organelle swelling 
(oncosis), membrane rupture, inflammatory processes and leakage of the cellular components 
into the cytoplasm. It is often induced by external stimuli such as trauma, toxins or sudden 
inflammation. C. Autophagy is a highly conserved process to degrade and recycle cellular 
components or whole cells. The here shown macroautophagy is characterized by a cargo 
engulfment in an autophagosome, a fusion of this autophagosome with a lysosome and the 
release and degradation of the cargo by lysosomal enzymes in the resulting 
autophagolysosome. This figure was created using Adobe Illustrator v26.5. 

 

3.2.5. Cell cycle dependent effects 

Next to inducing different cell death types, some compounds can influence cell viability by 

impacting the cell cycle. The cell cycle is a highly regulated and precisely controlled process in 
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cells to ensure accurate progression from one cell cycle phase to another, leading to cell 

division and proliferation. It consists of four main phases with specific functions and 

checkpoints, to govern cell growth, development and reproduction of the cell, and maintaining 

the integrity of the genetic material. The gap 1-phase (G1 phase) is the interval phase between 

mitosis (M phase) and Deoxyribonucleic acid (DNA) synthesis (S phase)102 (Figure 5 A). Here, 

the cell is growing and prepares itself for DNA replication. Cellular proteins, organelles and RNA 

that are important for the division are synthesized. Regular functions and metabolic activities 

of the cell continue unaffected103. A pivotal moment in this phase involves a decision point at 

which the cell either enters the cell cycle and proceeds with division or enters the non-dividing 

state, known as quiescence or G0 phase. This decision is highly regulated and influenced by 

various factors, such as nutrients, growth factors and the overall cell health. Upon choosing to 

move forward with the cell cycle progression, the following phase is called DNA synthesis or S 

phase. Here, the genetic material, which is stored in the form of DNA, is duplicated to form 

two identical copies of each chromosome. Followed by a second gap phase (G2), where the 

cell undergoes final preparations for cell division and when a second decision point takes 

place102. It is a critical checkpoint, to ensure that the cell has successfully completed DNA 

replication and is ready to enter mitosis (M phase). During mitosis, the duplicated DNA is 

separated and the entire cellular content is divided into two new daughter cells (cytokinesis). 

Afterwards, the cell cycle returns to G1 phase.  

The whole cell cycle progress is controlled by a complex network of regulatory mechanisms 

and diverse proteins. Key regulators are cyclin-dependent kinases (CDKs)104, 105. They interfere 

and regulate the cell cycle progression by binding to specific cyclins, which are present at 

different cell cycle phases. Binding to the corresponding cyclin leads to CDK activation and 

phosphorylation of proteins, triggering specific events of the cell cycle105, 106.  

In many cancer types, cell cycle proteins are frequently overexpressed, leading to uncontrolled 

proliferation107. Inhibition of proteins such as CDKs has demonstrated to block initiation and 

progression of specific cancer types, without harming healthy tissues. In some instances, cell 

cycle arrest even triggered apoptotic cell death or senescence of tumor cells107. Some 

compounds exhibit their mode of action effectively within a specific phase of the cell cycle108. 

Overall, this renders proteins engaged in the cell cycle as promising targets for drug 
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development and highlights the need to assess the impact of compounds on the cell cycle 

during the drug development process.  

There are various techniques to detect the cell cycle such as using nucleotide analogs 5-bromo-

2'-deoxyuridine (BrdU) and 5-ethynyl-2'-deoxyuridine (EdU), which are incorporated into 

newly synthesized DNA, immunostaining of replication proteins such as Ki-67 or proliferating 

cell nuclear antigen (PCNA), or the usage of flow cytometry17, 109-111. Nevertheless, in all of 

these methods the cells are not viable, as they are either stained or rely on immunofluorescent 

detection, requiring cell fixation.  

An alternative method, which was introduced in 2008 by Sakaue-Sawano et al.17 revolutionized 

the cell cycle analysis, as it allows to monitor the cell cycle phases in living cells19. The 

Fluorescent Ubiquitination-based Cell Cycle Indicator (FUCCI) allows to distinguish different 

cell cycle phases using a dual-color imaging system19 (Figure 5 B). It takes advantage of the 

opposing effects of the licensing factor Cdt1 (chromatin Licensing and DNA Replication 

Factor 1) and its inhibitor Geminin19. In eukaryotic cells, Cdt1 accumulates only during G1 

phase and prevents that DNA is replicated more than once during the cell cycle. It is degraded 

in the absence of Geminin, through ubiquitin-dependent proteolysis during the S-phase of the 

cell cycle. Geminin binds to Cdt1 and prevents MCM (mini chromosome maintenance) 

chromatin loading. It starts accumulating when Cdt1 levels decrease during S-phase and G2 

phase112. Geminin levels are low during late mitosis and G1 phase. In the FUCCI assay, each of 

these proteins is fused to a different fluorescent protein113. Usually, Ctd1 is tagged to red 

fluorescent protein (RFP) and Geminin is tagged to green fluorescent protein (GFP)114. When 

either of the proteins is targeted for degradation upon entry into a specific cell cycle phase, 

the respective other fluorescent tag is detectable. Cells in S/G2/M are labeled green as GFP-

tagged Geminin is expressed, cells in G1 are labeled red as a result of the presence of the RFP-

tagged Ctd1 and all cells in the transition state between G1 and S phase, show both GFP and 

RFP-labeled cells, appearing as yellow. During a short period between M and G1 phase, a small 

fraction of non-labeled cells are appearing19, 113, 114.  
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Figure 5: General introduction into the cell cycle and the FUCCI system. A. Cell cycle scheme. 
Figure adapted from Matthews et al.102. The Interphase represents the longest cell cycle phase. 
It is divided in three sub-phases (G1-phase, S-phase and G2-phase). Here, the cell prepares 
itself for cell division. Afterwards the cells are dividing during mitosis into two new daughter 
cells. B. The FUCCI-system allows to distinguish the different cell cycle phases using a dual-
color imaging system. Cells in S/G2/M will appear green as GFP-tagged Geminin is expressed, 
cells in G1 will appear red as a result of the presence of the RFP-tagged Ctd1. Cells in the 
transition state between G1 and S phase, show both GFP and RFP-labeled cells, and therefore 
appear yellow. Cell of the period between M and G1 phase are colorless. This figure was 
created using Adobe Illustrator v26.5. 

 

The FUCCI system has the ability to detect the different cell cycle phases in living cells, which 

sets it apart from the traditionally used methods19. The dynamic changes of the cell cycle 

progression over a long time-period can be detected in a non-invasive way115. The markers are 

expressed within the cells and no external substances such as dyes, that can harm the cells are 

used. Also, the dual-color system is easy to visibly observe. The FUCCI system is based on single 

cell analysis which means that also the heterogeneity of the cells can be taken into account116.  

3.2.6. Impacting cell states by affecting specific cellular compartments 

In general, any impact on cell health can influence numerous cellular functions and can also 

significantly affect cellular compartments such as microtubules or mitochondria. However, this 

also means that affecting these compartment may result in cell death.  

Mitochondria are responsible for producing the majority of the cellular energy in form of 

adenosine triphosphate (ATP) through oxidative phosphorylation and contribute to many 
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important cell mechanisms such as different cell death forms. Mitochondrial changes play an 

essential role in apoptosis induction, and other mechanisms. The mitochondrial outer 

membrane permeabilization (MOMP) contributes to the release of soluble proteins, leading to 

apoptotic cell death85. Mitochondrial membranes are highly dynamic structures undergoing 

structural changes every 10 minutes117, 118. Mitochondria are also the main source of reactive 

oxygen species (ROS), which are formed during the energy production process as byproducts. 

If ROS production becomes excessive due to the influence of certain compounds or an 

imbalance in cellular antioxidant defenses, it can result in oxidative stress, which can be 

harmful to the cells. Some substances lead to cell damage by elevating ROS levels in cells. It is 

crucial to understand the interplay between a compound and ROS production to minimize any 

interference with cellular energy production and homeostasis15.  

Next to mitochondria, another fundamental structure of eukaryotic cells are microtubules. 

Microtubules serve as dynamic organizations containing of α- and β-tubulin subunits and play 

an integral role in maintaining cell shape, facilitating intracellular transport. They are key 

components of the mitotic spindle during cell division14. Due to their central role in many 

cellular processes, microtubules have garnered a significant interest in the drug development 

field. Especially in cancer research, microtubule modulating compounds have been extensively 

employed using their ability to inhibit tumor growth. There is thus a possibility of 

misinterpretation presumed target-specific effects due to unspecific or unrecognized tubulin 

binding of a chemical substance. One example to demonstrate the importance of the validation 

on tubulin binding is, is the compound TH588, which was published to be an mut-T homolog-

1 (MTH1) inhibitor by Gad et al. in 2014119. The compound showed promising cytotoxic effects 

in a wide range of human cancer cell lines and even advanced to preclinical studies as a 

promising candidate for cancer therapy. However, Gul et al.120 proposed in 2019, that the 

underlying mechanism for the compounds antiproliferative effect was its ability to modulate 

microtubules rather than targeting MTH1120. Firstly, they found, that the concentration 

required for the anti-cancer effect was higher than needed for MTH1 inhibition. Secondly, 

when they performed a CRISPR-mediated knockout of MTH1, they couldn’t observe the same 

effect in cells, indicating that MTH1 is not responsible for the observed phenotype. 

Furthermore, the compound displayed a concentration-dependent effect on centrosome 

separation, prolonged mitotic duration, and mitotic slippage120. These finding showed the 
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importance of identification of tubulin-binding to avoid misdirected interpretations of drug-

target effects. It also highlights the need for comprehensive studies to uncover the precise 

molecular mechanism of action of compounds.  

3.2.7. Phospholipidosis 

Sometimes, it remains uncertain whether an observed phenotypic effect is attributed to a 

specific target or if the structure of the compound and its physicochemical properties are 

responsible for the resulting phenotypic response. Here, the phenomenon called 

phospholipidosis serves as an example.  

Phospholipidosis (PL) is a condition characterized by an accumulation of phospholipids in cells 

and tissues, particularly in lysosomes21. Phospholipids are essential components of cell 

membranes and play a critical role in maintaining the integrity and function of cells. However, 

in certain circumstances, such as exposure to specific drugs or chemicals, phospholipids can 

accumulate excessively within the lysosomes, leading to the formation of characteristic 

lamellar bodies121. This occurrence is called drug-induced phopsholipidosis (DIPL) and can 

result in the disruption of normal lysosomal function, leading to cellular damage and 

potentially contribution to the development of various diseases. DIPL is a significant concern 

in drug development and toxicology, as it can interfere with the efficacy and safety of 

therapeutic agents and chemical compounds. The mechanisms underlying phospholipidosis 

are complex and not fully understood. There is an ongoing debate whether phospholipidosis is 

a target-specific process, or a result of non-specific effects caused by the chemical properties 

of small molecules. One proposed mechanism is that an accumulation of small molecules in 

lysosomal membranes can trigger the release of lysosomal hydrolases and sphingolipid 

activator proteins from the surface of intralysosomal luminal vesicles121. Another proposed 

mechanism emphasizes an interference with normal trafficking of lysosomal enzymes, 

resulting in an accumulation of phospholipids and other cellular components. Furthermore, 

several targets have been suggested as potential DIPL mediators, including lysosome-specific 

phospholipase A2 (PLA2G15)122, or the sphingomyelinase (Asm)-ceraminde system123. 

However, as of now, there are still uncertainties as no single target has been able to fully 

explain all observed DIPL cases124. Regularly, DIPL is linked to structural characteristics of small 

molecules, especially to cationic amphiphilic drugs (CADs). They contain hydrophobic and 

hydrophilic domains and carry a positively charged moiety at physiological pH121. These 
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chemical properties provide small molecules with the capacity to passively diffuse through lipid 

bilayers of lysosomes, in which they will become ionized and trapped due to the acidic pH 

values125, 126. Hence, it is generally accepted that this condition is associated with disturbances 

in the normal catabolism and turnover of phospholipids.  

 

3.3. Biological Reporters used to assess different cellular processes 

Cellular responses to a chemical compound are diverse and complex, which is why it is 

important when annotating compounds to assess a large number of diverse biological effects, 

ideally in different cell systems. Next to orthogonal or plate-reader based systems, the use of 

biological reporters, also known as biomarkers or biosensors, is a good alternative127. Biological 

reporters are molecular entities that can be used to assess and report diverse cell states by 

interacting with cellular compartments or proteins and translate this binding into a detectable 

signal such as fluorescence, chemiluminescence or colour-based reactions127. Biological 

reporters encompass different tools, ranging from genetically encoded fluorescent proteins 

such as GFP or RFP, Luciferase Reporter Assays, pH-sensible indicators to small molecules with 

light-exciting capabilities.  

One group of biological reporters are fluorescent staining dyes that can be applied to diverse 

cell systems. By using fluorescent staining of cells, different cellular mechanisms can be 

visualized and cellular processes can be quantified with exceptional precision. As of today, a 

wide array of organelle-staining fluorescent dyes are commercially available128. The choice of 

the fluorescent dye depends on the cellular structure or process of interest, but also the 

compatibility with the organism and imaging equipment. However, when using several dyes, a 

major problem for imaging in different channels is so called bleed through or spectral overlap 

of the different dyes as they often have broad excitation and emission spectra129. This should 

always be kept in mind, when setting up multiple staining protocols. A versatile tool to image 

specific molecules of interest is the use of small-molecule fluorescent probes. These should 

not be confused with selective chemical probes mentioned earlier, as they are highly selective 

and specific probes for cellular imaging, which can be easily used in diverse set ups128, 130. They 

act via different mechanisms, interacting with biomolecules, accumulating via transporters, or 

participating in metabolism131. For example, MitoTracker  probes have let to major insights, 
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visualizing mitochondria in diverse cellular systems128. MitoTracker  probes are commercially 

available with different fluorescent tags for example MitoTracker  red, passively diffuse across 

the plasma membranes and accumulates in mitochondria or MitoTracker  green, which is 

membrane potential insensitive and represents the mitochondrial mass. They contain an 

additional reactive moiety such as a benzyl chloride group and cationic properties, which make 

them cell permeant and mitochondria selective, resulting in their high immobilization in 

mitochondria132. As they are often easily adaptable and applicable for live-cell imaging, they 

can be used for high-content imaging.  

3.3.1. High-content imaging 

High-content imaging (HCI) or alternatives such as high content analysis (HCA) or high content 

screening (HCS) are used to describe automated microscope-based assays, to assess the 

biological activity in cells or organisms after treatment with thousands of agents such as 

compounds or siRNAs, in a multi-well format129, 133. Typically, the cells or organelles are stained 

with one or more fluorescent dyes and imaged to detect multiple characteristics (Figure 6). 

The aim is to identify and measure essential features from the captured image under a 

particular treatment condition in a short and effective manner133. For time- and cost-

effectiveness, this can be done simultaneously, using a fast and simple way that provides as 

much information as possible. Hence, image acquisition is performed using automated 

microscopes such as confocal microscopes with lower magnification ranges, that allow to 

capture a larger number of cells for statistically meaningfulness129.  

To extract information from this “high content” set-up, modern, fast and sophisticated image-

analysis software is used. An image generated by a confocal microscope contains a large 

amount of data. Depending on the experimental setup and the analysis software used, the 

output will differ from a basic object identification to more sophisticated machine learning 

based validations up to morphological profiling using deep learning. Typically, first a threshold 

is applied to the images to identify all objects different from the background. Depending on 

the cell staining dyes used, individual objects can be detected as either part of the main objects 

e.g. nucleus as part of the cell body or as an individual object for example dust in the well.  
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Figure 6: Example for a high content imaging workflow. Starting with the preparation of the 
cells, including staining of the cells using fluorescent biological reporters and seeding them on 
a multi-well plate. Afterwards, the cells are treated with compounds of interest and incubated 
over a distinct time point e.g., 24 hours. Image acquisition is performed using an automated 
microscope detecting multiple different channels. Images are then analyzed using 
sophisticated image analysis software that detects different objects, parting them from the 
background or confounding factors such as dust in the well. Each cell is the profiled using an 
implemented machine learning based algorithm that was trained using different reference 
compounds. Dataset is generated and then evaluated based on background information such 
as target potency and selectivity. This figure was created using Adobe Illustrator v26.5. 

 

3.3.2. Live-cell imaging as a versatile tool to detect time-dependent cellular changes 

A significant advantage of fluorescent probes is their usability in living cells. The choice 

between fixed samples and live cells involves balancing the impact and potential damage of 

the cells with a high signal-to-noise ratio134. Fixed cells can be exposed to a much higher light 

capacity than living cells. Additionally, when using living cells, environmental conditions such 

as temperature, humidity and CO2-levels have to be kept constant134. Therefore, one has to 

determine if an assay is amenable to live cell imaging conditions. A time-course study on the 

environmental conditions as well as the fluorescent probe influence on cell viability should be 

tested beforehand. Also, photobleaching or phototoxicity of cells should be kept in mind, 

particularly in the presence of fluorophores, as they can generate free radicals129, 134.  
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Nevertheless, especially for compound annotations, live-cell imaging is desired, as dynamic 

changes and fluctuations can be crucial for the understanding of the cellular response. 

Monitoring kinetic changes also allows to capture the full compound effect starting from early 

responses to a potential recovery of the cells. It also helps to verify the optimal time point for 

the usage of the compound, as off-target effects can occur after extended exposure. This is 

also crucial for follow up validation of the compound.  

 

3.4. Objectives and Outlook 

In this study, various cellular responses to chemical compounds were explored using high-

content imaging techniques in living cells. We established a multiplex staining method, which 

is feasible to be used in live-cells to capture dynamic cellular effects without harming the cells. 

In an easy and fast way, this method can be used to detect the influence of compounds on cell 

viability, capture diverse forms of cell death and determine any cell cycle effects. The assay is 

adaptable to different cell lines and can be used in combination with other assays to assess 

effects, such as mitochondrial health, changes in cytoskeletal morphology or phospholipidosis 

(Figure 7). We thus were able to annotate newly developed kinases inhibitors and investigate 

their effect on different cell states. 

The establishment and suitability of the assay was tested on a small compound library 

containing 215 compounds in three different cell lines (section 4.1.1. and Appendix A). To allow 

diverse users to reproduce the assay and to make it accessible, we published an exceptionally 

detailed protocol (section 4.1.2. and Appendix B).  

As part of a EUbOPEN, I contributed to generate and annotate the largest freely available set 

of high-quality chemical modulators targeting the human proteome. Within this innovative 

medicine initiative (IMI)-funded project, I evaluated over 1000 diverse chemical compounds 

for their effects on cellular quality, performing a two-step viability assessment. To ensure 

reproducibility and visibility of the data generated, both steps of this characterization pipeline 

have been described and published as step-bye-step protocols in the book “Chemogenomics” 

(section 4.2. and Appendix C and Appendix D). Additionally, all data generated during that 

process was made available to the public to provide a comprehensive understanding of the 

cellular quality of the compounds (section 4.2.). 
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Using the assay, I also validated the impact of 150 selective chemical probes and controls 

provided by the donated chemical probes (DCP) set regarding their cell viability and phenotypic 

characteristics across different standard cancer cell lines (section 4.3.1. and Appendix E). This 

annotation in model cell lines was used as a basis to compare the effect of these probes to 

sophisticated human organoids of colorectal cancer. In other projects, I characterized off-

target activity of different chemical probes such as the macrocyclic scaffold compound CK156, 

which selectively targets Serine/threonine kinase 17A (STK17A) (section 4.3.2. and Appendix F) 

or the dual Discoidin domain receptor (DDR)/p38 chemical probe, SR-302 (section 4.3.2. and 

Appendix G). Additionally, I evaluated the effect of Cyclin-dependent kinase 16 (CDK16) 

inhibitors on the cell cycle, by assaying different compounds targeting the PCTAIRE kinase 

family (section 4.4. and Appendix H).  

Lastly, I tested two diverse compound sets in an optimized assay, enabling the evaluation of 

time-dependent phospholipidosis (PL) induction. Within this collaboration, I analyzed two 

training sets, containing a total of 290 compounds, which were used to develop a precise 

machine learning (ML) algorithm for the prediction of PL inducers. Leveraging the algorithm’s 

capabilities, we made exciting discoveries regarding the structural influence on PL. On the 

other hand, by evaluating different chemical probes from the chemical probes portal and their 

matching negative control, we found that closely related molecules, can differ in their ability 

to induce PL (section 4.5. and Appendix I).  
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Figure 7: Graphical illustration of the connection between the here presented publications. 
This figure was created using Adobe Illustrator v26.5. 

 

 

  



 

 

 

 37 

Results  

4. Results 

4.1. Compound annotation in living cells using high-content imaging 

As part of the characterization process of small molecules, testing their influence on cell health 

especially at different concentrations, represents a crucial step. To conduct this cellular quality 

control efficiently and to generate a large set of data about a compound’s influence on 

different cell states and cellular responses, high-content imaging is a suitable method.  

4.1.1. Development of a Multiplex high-content imaging approach 

I developed a high-content assays platform to characterize compounds in a multi-dimensional 

way compounds for their cellular response in live-cells (Appendix A), which will be presented 

in the following section. 

 “Image-Based Annotation of Chemogenomic Libraries for Phenotypic Screening”114 

In this work I developed a high-content assay in living cells to annotate compound libraries. 

The assay was originally based on a single time point protocol called “High-Via”, published by 

Howarth et al. in 202074, which described an image-based detection of different cell death 

forms. In comparison to the High-Via protocol, where the cells are categorized into 4 different 

groups (“healthy”, “early/late apoptotic”, “necrotic” and “lysed”), we observed that the 

nuclear phenotype alone, when categorized into “healthy nuclei”, “fragmented nuclei” or 

“pyknosed nuclei”, resulted in similar cytotoxicity profiles, compared to the overall phenotype 

(Figure 8 A). To identify cell nuclei, the DNA-staining dye Hoechst33342 was used. This allowed 

us to make an equivalent statement about cell viability, using only one of the five distinct 

channels of the microscope.  

Relying solely on a single channel, however, increased the risk of assay interference from 

compounds sharing similar fluorescent characteristics or from poorly soluble compounds, 

which tend to produce a significant fluorescent background. Hence, I introduced a preliminary 

categorization in “Hoechst High Intensity objects”. These objects correspond to either a 

precipitation or auto fluorescent activity of a compound (Figure 8 B and C). With four other 

channels available, the assay was now expandable and could be adapted to investigate diverse 

cellular responses. I evaluated and optimized the protocol to be used in different cell lines. The 
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main cell lines used in this publication were human embryonic kidney cells (HEK293T), 

osteosarcoma cells (U2OS) and untransformed human fibroblasts (MRC-9). 

To identify next to primary effects also secondary cellular changes, I adapted the protocol for 

a continuous usage over 72 hours. When conducting live-cell imaging, it is essential to employ 

the optimal dye concentration. This concentration should strike a balance between the dye not 

interfering with cellular functions while at the same time providing a sufficient fluorescent 

signal for a robust detection. I therefore validated the influence of the cell staining dyes on 

their effect on cell viability using AlamarBlue  (Figure 8 D).  

 

 

Figure 8: Viability assessment using nuclear morphology in comparison to overall cell 
morphology. This figure is adjusted from Figure 1 and 2 of Tjaden et al.114. A. Normalized 
healthy cell count in comparison to normalized healthy nuclear count of U2OS cells exposed to 
different concentrations (0.01 µM, 0.05 µM, 0.1 µM, 0.5 µM, 1 µM, 5 µM, 10 µM) of 
camptothecin with calculated IC50 values after 14h, 28h and 42h. B. Hoechst High Intensity 
objects after 24h of compound exposure (itraconazol 10 µM, berzosertib 1 µM) to U2OS cells 
in comparison to cells exposed to DMSO 0.1 %. Error bars show SEM of three technical 
replicates. Statistical evaluation shows two-way ANOVA analysis calculated using Graph Pad 
Prism 8.4.3. (*=0.0332, **=0.0021). C. Brightfield confocal image of stained (blue: DNA/nuclei) 
U2OS cells after 24h of compound exposure (itraconazol 10 µM, berzosertib 1 µM). 
Precipitation of 10 µM itraconazol and fluorescence of 1 µM berzosertib exposure shown as 
Hoechst High Intensity objects are highlighted. D. AlamarBlue  viability assessment of U2OS 
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cells. Graphs show normalized viability after 90h of exposure to different cell staining dyes at 
six different concentrations in comparison to cells exposed to 10 µM of staurosporine. Vertical 
lines show optimal concentration used in subsequent assays (Hoechst33342 60 nM, 
MitoTracker  red 75 nM, MitoTracker  far red 75 nM, YoPro3 1 µM, BioTracker  Microtubul 
3 µM). Error bars show SEM of four technical replicates. 

 

In the publication, the assay was expanded, to detect in addition to diverse cell death forms, 

additional effects on membrane integrity, mitochondrial health and influences on tubulin 

integrity. Therefore, the cells were additionally stained with MitoTracker  red to investigate 

changes in mitochondrial mass, the taxol-derived tubulin dye BioTracker 488 Green to 

observe microtubule effects, as well as Annexin V to identify apoptosis. This expanded protocol 

was subsequently verified by testing 21 reference compounds, each having well documented 

cellular responses. These references were also used to establish criteria for compound flagging, 

determining their suitability to be included in a chemical tool compound library. A workflow of 

the resulting assay can be found in Figure 9. This assay structure will be further referred to as 

the “Multiplex assay”. The applicability of the assay in a medium throughput format was 

demonstrated by testing a small library, comprising 215 chemogenomic compounds. The 

compounds were tested at two different concentrations (1 µM and 10 µM) in three different 

cell lines (HEK293T, U2OS, MRC-9) over 24 h.  
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Figure 9: Multiplex assay tree with property thresholds. This figure is adjusted from Figure 4 of 
Tjaden et al.114. Tree-based workflow of Multiplex assay protocol showing possible comments 
for compound annotation and the criteria for a compound to be “flagged”. 

 

To show the adaptability of the Multiplex assay protocol, I also tested the protocol in 

combination with the fluorescent ubiquitination-based cell cycle indicator (FUCCI), that allows 

to distinguish different cell cycle phases using a dual-color imaging system. Within this 

adaptation of the protocol, the effects of 18 different test compounds in human colorectal 

cancer cells (HCT116) was examined and the influence on both cell viability as well as the cell 

cycle over 70h was validated. 

4.1.2. Step by step protocol to improve data availability and reproducibility 

In order to make the developed assay accessible to the community and provide all necessary 

information to reproduce our results, we published a detailed step-by-step protocol (Appendix 

B). In the following section, I want to elaborate on the significant insights that can be gained 

by using the protocol, how it facilitates the reproducibility of the Multiplex assay described 

above and the advantages of sharing such a protocol with the scientific community.  
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“High-Content Live-Cell Multiplex Screen for Chemogenomic Compound Annotation based on 

Nuclear Morphology”135 

The protocol describes the workflow to test 135 test compounds in the Multiplex assay at two 

different concentrations in U2OS cells on one 384 well-microplate. First there is an elaboration 

on all measures and procedures that need to be taken before the start of the experiment. It 

showes a detailed description of the preparation of the cells, as well as the compounds and 

how to set up all instruments that will be used. The user can also find a table indicating all 

reagents that were used and where they have been sourced from. A large portion of the 

protocol is allocated to the analysis of the images. The analysis was performed applying the 

CellPathfinder software from Yokogawa. A general workflow is shown in Figure 10 A. Here, first 

we defined two objects called “Cellbody” and “Nucleus” (Figure 10 B). The Nuclei are defined 

to be included in the cellbodies, one nucleus per cell. Afterwards a machine learning based 

algorithm, implemented in the software, was trained to gate all cells into different categories 

(Figure 10 C). The categories were based on the tree principle, shown in Figure 9. All analysis 

files and additional information were included in the protocol, ready to use, to ensure 

reproducibility and easy access to the methods.  

To train the algorithm, a test set comprising 21 compounds was used114. The protocol 

recommends to always add 6 of these reference compounds to every experimental setup, to 

assess whether the algorithm performs as desired and yields statistically significant results. 

Here, staurosporine is proposed for apoptotic cell death and pyknosed nuclei, paclitaxel to 

indicate structural changes of tubulin, milciclib for an increase in mitochondrial mass, 

daunorubicin to train the software on fragmented nuclei, apoptotic cells and an increase in 

mitochondrial mass, digitonin as a detergent for cell membrane permeabilization and 

berzosertib for Hoechst High Intensity objects. 
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Figure 10: Multiplex assay analysis using CellPathfinder software. This figure is adjusted from 
figure 6 and figure 9 of Tjaden et al.135. A. Scheme of the general workflow of machine learning 
based analysis. First detection of “Cellbody” und “Nucleus”, then training of machine learning 
based algorithm using distinct references. B. Processed image of stained (blue: DNA/nuclei, 
green: microtubule, red: mitochondria content, magenta: Annexin V apoptosis marker) U2OS 
cells after 24h of exposure to Itraconazol (1 µM) and detection of nuclei and cell bodies after 
analysis using the CellPathfinder software. C. Gating of U2OS cells in tubulin effect or tubulin 
normal using the CellPathfinder analysis after exposure to 1 µM of Itraconazol after 24h. Pie 
charts show the ratios of the different gating steps. 

 

To further help scientific progress and enabling drug development, an open access to data is 

desirable. Particularly, a high amount of diverse data and easy data accessibility can 

significantly improve compound characterization. Therefore, the protocol shows additionally 

to the analysis and evaluation of the data, how the data can be made readily available to the 

entire scientific community in a straightforward manner. It explains a detailed process to 

swiftly and easyly upload the image data into a public database, along with the essential 

information relevant to the experiment. It describes how to deposit all acquired images for the 

compound annotation on the European Molecular Biology Laboratory (EMBL) European 

Bioinformatics Institute’s (EMBL-EBI) repository website BioImage Archive 

(https://www.ebi.ac.uk/bioimage-archive/). 

https://www.ebi.ac.uk/bioimage-archive/
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At the end of the protocol, there is also a detailed troubleshooting section, where 

comprehensive explanations of various problems, that may arise during the execution of the 

protocol, are described, alongside with multiple solutions to address them.  

 

4.2. A versatile pipeline to characterize compounds on their cellular quality within the 

EUbOPEN project 

The Europe-wide project called EUbOPEN (Enabling and Unlocking Biology in the OPEN), is an 

innovative medicine initiative (IMI) funded project, which aims to generate the largest freely 

available set of high quality chemical modulators for human proteins49. All compounds within 

this set have to undergo comprehensive profiling, including assessments of their selectivity, 

potency and cellular activity. One integral aspect of the project is the development of novel 

technologies to discover and characterize compounds. For this, within our working-group we 

implemented a two-step pipeline to assess both cell viability as well as the overall cellular 

quality of compounds. Both steps of this versatile pipeline were reported in the following 

publications (Appendix C and D). In the subsequent section, I will provide a brief overview of 

the key steps involved in the characterization process using this pipeline.  

“Characterization of Cellular Viability Using Label-Free Brightfield Live-Cell Imaging”136 and 

“Annotation of the Effect of Chemogenomic Compounds on Cell Health Using High-Content 

Microscopy in Live-Cell Mode”137 

In the established workflow, all compounds that were potential candidates for inclusion in the 

set of high quality chemical modulators of the EUbOPEN project, underwent a comprehensive 

two-step cellular quality assessment. First, the general influence on viability of the compounds 

was tested using a label-free brightfield live-cell imaging approach (Appendix C). Here the 

growth rate and phenotypic appearances were assessed. Noteworthy compounds, identified 

in the first screen, were subsequently tested in the second screen (Appendix D). This involved 

the Multiplex assay, a high-content live-cell imaging approach, which has been explained in 

section 4.1. and 4.2. Following this, compounds that showed specific threshold values of the 

different phenotypic characteristics were evaluated based on their specific targets, leading to 

either their inclusion in the set or a compound flag (see Figure 9). Moreover, all data generated 
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through this process were made accessible to the public via the BioImage Archive as described 

by Tjaden et al.135.  

The initial evaluation step has been explained by Elson et al.136 (Appendix C). In this report, a 

brightfield live-cell imaging approach using the IncuCyte (Satorius) live cell imaging system has 

been presented. The protocol described a workflow to test 304 compounds (including controls) 

in a 384-well format. The compounds were tested at a relatively high concentration (10 µM) in 

human embryonic kidney cells (HEK293T), osteosarcoma cells (U2OS) and untransformed 

fibroblasts (MRC-9).  

Their influence on cell viability was assessed by validating effects on the confluence using the 

growth rate. The growth rate (GR) is a normalized parameter, which was introduced by Hafner 

et al.138 in 2016. It includes the initial cell confluence and is insensitive to the proliferation rate 

of the cells. It therefore allows the characterization of compounds regarding a partial 

inhibition, cytostatic properties, cytotoxicity or a healthy outcome (Figure 11). The protocol 

comprises a detailed description of all procedures, which included cell culture and treatment, 

image acquisition and analysis and a comprehensive guide on how to calculate the growth rate, 

illustrated through an example. Compounds with a growth rate smaller than 0.5 were tested 

in the second Multiplex assay. In addition to the growth rate, compounds exhibiting 

exceptional phenotypes, obtained by visual inspection, were marked for further evaluation. 

 

 

Figure 11: Conditions for testing compound in second Multiplex assay. This figure is adjusted 
from Hafner et al.138 and Elson et al.136. A. Simplified representation of growth rate calculation 
of healthy, partial inhibition, cytostatic or cytotoxic outcome. B. Example images (brightfield, 
Incucyte®S3) of different phenotypes observed in U2OS cells after confluence analysis using 
Incucyte®Base analysis software. 
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The second screening step has been described in Tjaden et al.137 (Appendix D). In this book 

chapter, the process for evaluating 135 compounds in the Multiplex assay has been outlined. 

They were examined in the same three cell lines (HEK293T, U2OS and MRC-9) and at the same 

concentration used in the initial primary screening (10 µM), as well as at a concentration that 

is ten times lower (1 µM). This ready-to-use protocol is an easy to use step-by-step guide to 

perform the Multiplex assay in different cell lines for a distinct purpose.  

The whole pipeline aimed to characterize compounds for potential inclusion in a 

chemogenomic compound set. Furthermore, it served as a means to validate the cellular 

quality of various diverse compounds across multiple projects. Within the EUbOPEN initiative, 

over 1000 compounds were characterized so far. The generated characterization data was 

shared through various open-source databases, including the database of bioactive drug-like 

small molecules of the EMBL called ChEMBL (https://www.ebi.ac.uk/chembl/) and the 

EUbOPEN’s own database platform gateway (https://gateway.eubopen.org/). All data can be 

found here: https://www.ebi.ac.uk/biostudies/bioimages/studies/ including the studies #S-

BIAD730, #S-BIAD733, #S-BIAD145 and # S-BIAD568. 

 

4.3. Application of the high-content assay called “Multiplex assay” to characterize 

chemical probes 

For a compound to be considered as a probe and potentially be included in a probe set, it must 

meet stringent criteria und undergo comprehensive profiling. One of the requirements that 

compounds must satisfy is that they should not exhibit cytotoxicity at a concentration of 

10 µM, unless it is related to the inhibition of the target. A significant advantage of using 

chemical probes, is the assurance that the compounds are well-annotated and a link between 

a phenotype and a target can be made with some confidence. This helps minimizing the 

possibility of inaccurate results due to unspecific or unknown events. Therefore, the 

compounds presented in the following were annotated based on their cellular viability and 

unspecific phenotypic effects using the Multiplex assay. 

https://www.ebi.ac.uk/chembl/
https://gateway.eubopen.org/
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4.3.1. Annotation of compounds included in the donated chemical probes library 

To date, the donated chemical probes set comprised at 97 chemical probes 

(https://www.thesgc.org/donated-chemical-probes). It originated in an exceptional project, 

where a consortium of pharmaceutical companies including AbbVie, Bayer, Boehringer 

Ingelheim, Janssen, MSD, Pfizer and Takeda have worked together with the Structural 

Genomics Consortium (SGC) to provide highly selective, potent and broadly characterized tool 

compounds to the research community43. The collaboration not only supplied the compounds 

with accompanying selectivity and potency data, but also consistently recommended a 

concentration at which the probe molecule should be used and, if available, provided an 

inactive control compound16. The DCP set comprised well-validated chemical probes for a 

broad range of targets including protein kinases, G-protein-coupled receptors (GPCR), ion 

channels and many more. In the following publication (Appendix E), Tredup et al. introduced 

the DCP project and presented the progress and developments of the recent years. The 

publication showed a variety of in vitro and cellular characterization data of the compounds, 

such as kinome wide profiling from KINOMEScan at DiscoverX (Eurofins)139 containing 468 

kinases or in-cell target engagement data using NanoBRET. The compounds were annotated 

based on their cellular quality to reduce the risk of inappropriate use and any potential 

misinterpretation of results. The authors additionally characterized the set in relevant human 

primary models, such as hepatotoxicity screening in primary human liver spheroids and in 

patient-derived colorectal cancer organoids and matched normal-adjacent epithelium. In the 

following section, I want to highlight the cellular annotation of the DCP library using the 

Multiplex assay (Figure 12 A).  

“Deep Annotation of Donated Chemical Probes (DCP) in Organotypic Human Liver Cultures and 

Patient-Derived Organoids from Tumor and Normal Colorectum”16 

As mentioned above, the DCP collection, comprised highly-selective, openly available tool 

compounds, that can be used to study a wide range of biological processes and targets. In total, 

150 compounds compiling chemical probes and matching negative controls, were tested in 

three different cell lines (HEK293T, U2OS, MRC-9) at their recommended concentration (1x), 

as well as at a 10-fold higher (10x) concentration using the Multiplex assay. We found, 

increased probability of unwanted toxic or phenotypic events at the ten-fold higher 

concentration, highlighting the importance of appropriate dosing. However, at their 

https://www.thesgc.org/donated-chemical-probes
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recommended concentration, just a few compounds showed unexpected toxicities or cellular 

effects (Figure 12 B). Only three compounds decreased the healthy cell count in HEK293T cells 

to less than 40 % comprising a bromodomain (BRD2/3/4/T) targeting compound GSK046, the 

negative control of the ƴ-secretase complex inhibitor MRK-560 (GSI-NC) and the MALT1 probe 

compound NVS-MALT1 (Figure 12 C).  
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Figure 12: Annotation of Donated Chemical Probes set in cells. This figure is adjusted from 
Tredup et al.16. A. Overview of the DCP set, which includes 97 chemical probes and display of 
their target categories. Additionally, outline of the process of annotating them in cells and in 
primary human organoids. B. Cell count ratio of different nuclei gating in U2OS cells after 24h. 
Compounds shown at their recommended concentration. Healthy nuclei count at 50% (viability 
threshold) is marked with a red line. C. Compound structures of compounds that showed less 
than 50% of healthy nuclei in HEK293T cells after treatment at recommended concentration 
(1x). Structures were used from the SGC DCP website (https://www.thesgc.org/donated-
chemical-probes) D. Heat map of phenotypic properties (increase in mitochondrial mass, 
tubulin effect, membrane permeabilization) and growth rate values after 24h of “flagged” 
compounds with their distinct target in HEK293T, U2OS and MRC-9. Values are calculated from 
mean of two biological duplicates. 

 

Furthermore, at the recommended concentration, only 17 compounds showed phenotypic 

effects higher than 50 % after 24h (Figure 12 D). 70 % of these compounds were negative 

controls. Negative controls are structurally similar compounds with less or no activity on the 

target. Often they are less characterized, resulting in a higher probability to cause unspecific 

or toxic side effects. The five probes that were flagged due to a phenotypic event, were the ƴ-

secretase complex probes MRK-560 and GSM1, the BRD2/3/4/T inhibitor GSK046, the MAPK14 

inhibitor FS-694 and the LRRK1 inhibitor MLi-2. Based on these results, the authors stressed 

the importance of using probe compounds at their recommended concentration and 

highlighted the need to annotate compounds in diverse systems. 

4.3.2. Characterisation of chemical probe candidates for the Serine/threonine kinase 17A 

(STK17A) and the dual DDR/p38 chemical probe 

In the following sections I would like to highlight two projects (Appendix F and G) in which we 

characterized probe candidates, which were evaluated by a team of scientific experts und 

received approval to be classified as a chemical probe.  

 “Illuminating the Dark: Highly Selective Inhibition of Serine/Threonine Kinase 17A with 

Pyrazolo[1,5-a]pyrimidine-Based Macrocycles”140 (Appendix F) 

After many years of ongoing research in the field of biological target identification, and 

although many proteins have been extensively studied and well characterized, there are still 

numerous proteins that have not yet been fully explored and are not liganded141. Nevertheless, 

these “untargeted” or “dark” proteins may play important roles in maintaining cellular 

functions, but remain undiscovered141. In the case of kinases, approximately three quarter of 

https://www.thesgc.org/donated-chemical-probes
https://www.thesgc.org/donated-chemical-probes
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the human kinome consists of proteins that have not yet been studied in detail142, 143. In most 

cases the identification of these “dark kinases” and the determination of their biological 

function seems to be more challenging and requires comprehensive screening efforts144. This 

is in part due to the conserved ATP-binding site of kinases, which is often the most druggable 

part of this protein family. Using highly selective tool compounds, targeting dark kinases, can 

gradually improve the knowledge about these proteins.  

For this, Kurz et al.140 developed an exclusively selective inhibitor called CK156 for the dark 

kinase death-associated protein kinase-related apoptosis-inducing protein kinase 1 (DRAK1) 

(Figure 13 A). DRAK1 is part of the death-associated protein kinase (DAPK) family which 

includes also DRAK2, DAPK1, DAPK2 and DAPK3. It is also known as serine/threonine kinase 

17A (STK17 A) and regulates many different cellular processes, such as autophagy and 

apoptosis145, 146. As a starting point for the compound CK156, Kurz et al. did a structure-based 

optimization of the casein kinase 2 (CK2) inhibitor IC19, which was first introduced by Krämer 

et al. in 2020147 (Figure 13 B). They used the promising hinge binding motif, a pyrazolo[1,5-

a]pyrimidine structure, present in this compound, for the development of a macrocyclic 

structure. Macrocyclization can be favorable for alteration of the biological and physiochemical 

properties and can improve the selectivity in comparison to acyclic analogues148. The 

compound was further optimized by improving the back pocket interactions by introducing 

space-filling benzylamide derivates. A kinome wide selectivity screen (KINOMEscan) confirmed 

the remarkable selectivity of CK156 with exclusive affinity for DRAK1. Target engagement was 

also confirmed in cells using NanoBRET target engagement assay. Additionally, a crystal-

structure of DRAK1 revealed a classical type Ӏ binding mode of the compound.  

To assess the effect of the compound on general cell viability, I performed the high-content 

Multiplex assay which was introduced in section 4.1 and 4.2. in HEK293T, U2OS and MRC-9 

cells (Figure 13 C-E). At 10 µM, the compounds showed a decrease in healthy cells 

(Figure 13 C). The highest impact was observed for U2OS cells, where almost 50 % of the cells 

showed effects on cell viability. For HEK293T and MRC-9 cells the effect was not as severe 

(Figure 13 D). At 1 µM, no cytotoxic effects were observed in all three cell lines. Additionally, 

no notable effect on microtubule or mitochondrial damage was detected at both 

concentrations (Figure 13 E).  
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DRAK1 has been described to be highly overexpressed in glioblastoma cells and knock down of 

this kinase by shRNA resulted in an alteration of cell shape and cell proliferation149. To test if 

an inhibition of DRAK1 results in the same phenotype, the compound was tested in four 

different glioblastoma cells. However, no correlation between DRAK1 expression and the 

influence on cell viability or morphological changes was detected.  

 

Figure 13: Viability assessment for compound CK156 using Multiplex assay. This figure is 
adjusted from Kurz et al.140. A. Chemical structure of CK156 with EC50 value on DRAK1, which 
was confirmed using NanoBRET target engagement assay. B. Schematic overview of the 
development of DRAK1 inhibitors by exploring the back pocket. Optimization of interactions in 
the solvent pocket resulted in the highly selective CK2 inhibitor IC19. Modification of the back 
pocket interaction in this study identified the lead structure (14), which lead to selective DRAK1 
inhibitors. C. Healthy cell count after 36 h of 10 and 1 μM compound exposure [CK156] 
normalized to healthy cells exposed to DMSO (0.1%) in HEK293T, U2OS, and MRC-9 cells. Error 
bars show standard error of the mean of quadruplicates. Significance was calculated using a 
two-way ANOVA analysis. D. Fraction of healthy, apoptotic and dead cells after 18 h of 10 and 
1 μM compound exposure [CK156] in HEK293T cells. E. Brightfield confocal image of stained 
HEK293T cells after 18 h of 10 and 1 μM compound exposure [CK156] in comparison to 0.1% 
DMSO control (blue: DNA/nuclei, green: microtubule, red: mitochondria, and magenta: 
Annexin V apoptosis marker). 
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 “Development of a Selective Dual Discoidin Domain Receptor (DDR)/p38 Kinase Chemical 

Probe”150 (Appendix G) 

In another project lead by Sandra Röhm, we developed and characterized a cell-active dual 

inhibitor for the discoidin domain receptors 1 and 2 (DDR1/2) together with p38, which was 

accepted as a dual chemical probe. DDR kinases are members of the receptor tyrosine kinase 

(RTK) family and play a pivotal role in fibrotic disorders, atherosclerosis and divers forms of 

cancer151. Röhm et al.150 optimized the recently published p38 mitogen-activated protein 

kinase inhibitor 7, which originally derived from compound VPC-00628152, to a series of potent 

DDR1/2 kinase inhibitors. After extensive characterization using DSF screening and 

crystallization, their work resulted in a kinome-wide selective (tested against 468 kinases) 

compound called SR-302 (Figure 14 A). Employing a NanoBRET target engagement assay, the 

compound displayed EC50 values of 0.023 and 0.018 μM for DDR1/2, respectively and 0.125 

and 0.196 μM for p38α/β, respectively indicating a high potency of the compounds in cells. 

Additionally, a negative control compound called SR-301 was proposed and characterized 

(Figure 14 A). To investigate their dose-and time-dependent effect on cell viability, the probe 

compound (SR-302) and the negative control (SR-301) were tested in the high-content 

Multiplex assay (see section 4.1 and 4.2) (Figure 14 B-C). At the lower concentration (1 µM), 

none of the compounds affected cell viability after 24h. However, at 10 µM there was a 

pronounced effect detectable in all three cell lines, especially for the negative control 

(Figure 14 B). Negative controls are often less thoroughly characterized and chemically 

optimized and can therefore results in more unspecific cellular responses. Both compounds 

had no impact on microtubule structures or cell membrane permeabilization (Figure 14 C). 

They represent a versatile set of tool compounds to investigate DDR1/2 and p38 function.  
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Figure 14: Live-cell high-content viability assessment of DDR/p38 probe compound SR-302 and 
corresponding negative control SR-301. This figure is adjusted from Röhm et al.150. A. Chemical 
structure of SR-302 and SR-301. Structures were used from the SGC DCP website 
(https://www.thesgc.org/donated-chemical-probes) B. Healthy cell count after 24 h of 10 µM 
and 1 μM compound exposure [SR-302, SR-301] normalized to healthy cells exposed to DMSO 
(0.1%) in HEK293T, U2OS, and MRC-9 cells. Error bars show standard error of the mean of 
quadruplicates. Significance was calculated using a two-way ANOVA analysis. Pie charts show 
fraction of healthy, apoptotic, lysed and dead cells after 24 h of 10 µM and 1 μM compound 
exposure [SR-302, SR-301] in HEK293T cells. C. Brightfield confocal image of stained (blue: 
DNA/nuclei, green: microtubule, red: mitochondria, and magenta: Annexin V apoptosis 
marker) HEK293T cells after 24 h of 10 µM and 1 μM compound exposure [SR-302, SR-301]).  

 

4.4. Profiling compounds targeting dark kinase PCTAIRE on their impact on the cell cycle 

Certain compounds exhibit their mode of action by effectively inhibiting their target protein 

within a specific phase of the cell cycle108. For example, some members of the cyclin-

dependent kinases (CDKs) such as CDK2, CDK4 and CDK6, have been shown to play a pivotal 

role in cell cycle progression. Inhibition of these specific proteins can be used to block initiation 

and progression of specific cancer types, without harming healthy tissues105, 153. One subfamily 

of the CDKs is the PCTAIRE subfamily. So far, CDK16 is relatively understudied when compared 

to other kinases within this family154. Still, it was shown that CDK16 contributes to various 

https://www.thesgc.org/donated-chemical-probes
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diseases such as breast, prostate and cervical cancer155. Thus, it is crucial to develop and 

characterize tool compounds and selective inhibitors targeting CDK16.  

In the following publication, Amrhein et al.156 (Appendix H) developed a series of 3-amino-1H-

pyrazole-based kinase inhibitors, resulting in two highly potent compounds against CDK16 (42d 

and 43d), a member of the PCTAIRE subfamily. One of the compounds (43d) even exhibited 

exceptional selectivity against the PCTAIRE and the PFTAIRE subfamily against 100 other 

kinases. 

 “Discovery of 3-Amino-1H-pyrazole-Based Kinase Inhibitors to Illuminate the Understudied 

PCTAIRE Family”156 

Until now, there is limited knowledge regarding the impact of the PCTAIRE family on the cell 

cycle. So far, it has been shown that the expression of CDK16 is highest during the S-phase of 

the cell cycle157 and a knockdown in different cancer cells revealed a G2/M phase arrest 

followed by a p27 dependent apoptotic cell death158. Using the developed compounds, the 

influence of the PCTAIRE subfamily on the cell cycle using the fluorescent ubiquitination-based 

cell cycle indicator (FUCCI), was assessed. This system allows to distinguish between different 

cell cycle phases, using the licensing factor Cdt1 (chromatin Licensing and DNA Replication 

Factor 1) and its inhibitor Geminin19. Cells in S/G2/M will appear in green, cells in G1 in red and 

all cells in the transition state between G1 and S phase, show both GFP and RFP-labeled cells, 

so they will appear as yellow. As shown by Tjaden et al.114, the FUCCI system can be combined 

with the viability assessment used in the Multiplex assay, which is based only on the nuclear 

morphology. I therefore additionally tested the influence of the compounds on cell viability. 

Compounds with high potency on CDK16 (21i, 42d, and 43d) (Figure 15 A) led to a 

concentration-dependent accumulation of cells in the G2/M phase over 24 hours (Figure 15 B). 

Compound (43d), exhibiting the highest selectivity for CDK16, produced the most impact in the 

cell cycle progression, which is consistent with the genetic knockout studies of Yanagi et al.158 

(Figure 15 C). The CDK2 inhibitor, Milciclib was used as a reference for G1 phase arrest159. They 

further explain a p57 dependent apoptotic cell death after a CDK16 knockout. There also was 

a decrease in cell viability found over time (Figure 15 D).  
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Figure 15: Cell cycle analysis and viability assessment using fluorescent ubiquitination-based 
cell cycle indicator (FUCCI) in HCT116 cells. This figure is adjusted from Amrhein et al.156. A. 
Chemical structure of N-(1H-pyrazole-3-yl)pyrimidine-4-amine-based inhibitors against CDK16 
(21i, 42d and 43d) B. Fractions of red (G1), green (G2/M) or yellow (S) cells after 24 h of 
compound exposure (21i [1 µM, 5 µM, 10 µM], 43d [1 µM, 5 µM, 10 µM], 42d [1 µM, 5 µM, 
10 µM], milciclib [1 µM, 10 µM]) in comparison to cells exposed to 0.1 % DMSO. Error bars 
show SEM of two biological replicates. C. Fluorescence image of HCT116-FUCCI cells after 48h 
of compounds exposure (43d [10 µM]) in comparison to cells exposed to 0.1 % DMSO. D. 
Normalized cell count of HCT116-FUCCI cells after 0h, 6h, 12h, 24h, 48h and 72h of compound 
exposure (43d [1 µM, 5 µM, 10 µM]) in comparison to cells exposed to 0.1 % DMSO. Error bars 
show SEM of two biological replicates. 
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4.5. Enhancing the detection of compounds inducing phospholipidosis through a 

computational approach and identifying chemical probes that trigger phsopholipidosis 

A phenomenon impacting cell states is phospholipidosis (PL), which was recently brought into 

focus due to a perceived correlation of inhibitors to an antiviral activity against COVID-19160. 

Phospholipidosis is induced by an exposure of cells to external substances such as chemical 

substances. Due to an accumulation of phospholipids in acidic compartments such as 

lysosomes, the cell undergoes morphological changes and forms distinct structures such as 

lamellar bodies21. Given that compounds, capable of inducing PL, can interfere with diverse 

biological processes, developed drugs may lead to profound adverse effects including toxicity 

in liver and lungs. During drug development, drug candidates are therefore tested for their 

capability to induce PL20, 161. However, most current assays employed are endpoint assays and 

therefore do not assess this phenomenon in a kinetic manner. Therefore in Hu et al.162 

(Appendix I), I aimed to establish a live high-content cellular assay, which helped to develop a 

machine learning based algorithm to identify structural features critical for a PL induction and 

utilized this algorithm to validate various chemical probe compounds.  

“A machine learning and live-cell imaging tool kit uncovers small molecules induced 

phospholipidosis”162 

Several attempts have been undertaken to predict molecules that can induce phospholipidosis. 

The most commonly employed approach involves the analysis of the physicochemical 

parameters LogP and pKa163. Additionally, properties such as the net charge164 or the volume 

of distribution (Vd) were considered165. To experimentally determine PL, electron microscopy 

(EM) has long been used as the gold standard166. Nevertheless, due to a low throughput, high 

costs and long timescales, the utilization of EM is limited. Consequently, diverse imaging 

techniques have recently gained popularity. Here, the most commonly used detection 

techniques are the use of fluorescently-labelled phospholipids such as (1-acyl-2-(12[(7-nitro-2-

1-,3-benzoxadiazol-4-yl)amino]dodecanoyl) NBD-PE staining167, nile red lipid stains168 or the 

fluorescence microscopy-based lysosomal perturbation assay developed by Coleman et al. in 

2010169. Unfortunately, a kinetic evaluation over an extended time period has not been 

adopted. In the presented publication (Appendix I), I developed a high-content assay to detect 

compounds that induce phospholipidosis in living cells. We optimized the LipidTox  red 
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reagent21, 170, where a PL induction enhances the fluorescent signal of the dye that is 

conjugated to phospholipids. I also incorporated this assay with the viability assessment of the 

Multiplex assay (see section 4.1. and 4.2.) to simultaneously validate the compounds impact 

on cell growth (Figure 16 A). To ensure an accumulation within the lysosomes, a LysoTracker  

probe was additionally added to the experimental setup. LysoTracker  probes consist of a 

fluorophore linked to a weak base, which is trapped in acidic organelles171 (Figure 16 B). The 

assay was validated using six known drugs that induce PL (Figure 16 C) and thresholds for 

compounds to be either categorized as “inducers” or “non-inducers” were defined. For U2OS 

cells, a compound was defined as inducer when showing a normalized PL intensity larger than 

2, additional to a visual assessment of the images. Testing various other cell lines such as 

HEK293T and hepatoblastoma (HepG2) cells revealed, that under identical conditions the 

morphological differences are too substantial to establish a general analysis for all cell lines. 

Therefore, each cell line should be individually validated when it comes to PL.  

To establish the machine learning algorithm, three datasets of different origin were used 

(Figure 16 D). The chemogenomic compound set comprised 213 diverse compounds targeting 

proteins of different families, including GPCR’s (G-protein coupled receptors), kinases, 

epigenetic modulators and diverse others. The second set, introduced as the lysosomal 

modulation set, consisted of 99 compounds. While in this set less tool compounds were 

included, all of them are recognized to play a role in interfering with lysosomal processes. Both 

sets were tested for their ability to affect phospholipidosis in U2OS cells. Within the 

chemogenomic compound set 33 % and withinthe lysosomal modulation set 41 % of 

compounds were defined to be PL inducers. The third set resulted from a literature search, 

encompassing substances reported in nine articles representing PL inducing compounds. 

Following data curation, this third set was named curated data set. This set included in total 

2308 compounds with 1683 being non-inducers and 625 being inducers. The curated data set 

was used to evaluate the effectiveness of a simple physicochemical property model (Ploemen’s 

criteria using pKa and cLogP values)163. This resulted in 74 % of inducers and non-inducers that 

were correctly predicted. However, only 35 % of all PL inducers were identified, highlighting 

the limitation of this model.  

To improve this prediction four distinct ML algorithms, namely k-nearest neighbor (KNN), 

support vector machine (SVM), random forest (RF), and eXtreme Gradient Boosting (XGBoost), 
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using MACCS and ECFP4 fingerprints as molecular representations were explored and 

evaluated on all three compound sets. The RF model using MACCS fingerprint exhibited 

superior performance over the others. As there is an ongoing debate about whether the cause 

of PL is related to the structural of substances, we investigated whether compounds with 

similar structures behave alike in their capability to induce PL. Our analysis suggests that even 

minor structural adjustments with minimal impact on physicochemical properties (pKa/cLogP) 

can lead to a different PL outcome. This was confirmed by testing chemical probe compounds 

with structurally close negative controls. This was highlighted by the three probes PPTN (an 

antagonist of the GPCR family member P2RY14), MS023 (targeting PRMT1, PRMT3, PRMT4, 

PRMT6, and PRMT8) and TP-472 (targeting BRD7 and BRD9) showed different PL outcomes 

than their negative control compounds (Figure 16 E).   

These results demonstrated the need of investigating a time- and concentration-dependent 

phopholipidosis activity when it comes to compound annotation in cells. 

  



 

 

 58 

 Results 

 

Figure 16: Phospholipidosis annotation in living cells to implement machine learning algorithm 
for PL detection. This figure is adjusted from Hu et al.162 . A. Schematic representation of live-
cell phospholipidosis protocol. B. Fluorescent images of stained (blue: DNA/Nuclei, green: 
lysosomes, red: phospholipidosis dots) U2OS cells and the detection of the cellbody area and 
phospholipidosis (PL) dots in Lysosomes after Cellpathfinder analysis. C. Normalized PL total 
intensity of U2OS cells exposed to 0.5 µM, 1 µM, and 10 µM of reference compounds 
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(amiodarone, chloroquine, chlorpromazine, sertraline, tamoxifen, and haloperidol) in 
comparison to cells exposed to 0.1 % DMSO after 48h. Error bars show standard error of mean 
(SEM) of four biological replicates. D. Bar diagram of different datasets used in this study 
(curated dataset, chemogenomic compound set, lysosomal modulation set). Bars with a blue 
color are showing the number of compounds defined as non-inducer, while orange bars show 
the number of PL-inducers of every compound set. E. Three analog pairs consisting of chemical 
probes and their corresponding negative controls are presented. Each pair is accompanied by 
the compound name and two calculated physicochemical properties (cLogP and pKa). The 
primary target gene names corresponding to each probe are provided in the center. Structural 
modifications between pairs are highlighted in red. Additionally, fluorescent stained image 
(blue: DNA/Nuclei, red: phospholipidosis dots) of U2OS cells for each compound is provided.  
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5. General Discussion and Outlook  

Many small molecules used in disease models including cellular systems, are not fully 

characterized or validated, resulting in numerous misleading results and a large amount of false 

positive data33. This leads to data with poor reproducibility and considerable time and money 

being invested in follow-on projects that ultimately have no meaningful outcome. 

Unfortunately, this is affecting not only researchers in the field of chemical biology or the 

medicinal chemistry community, but also has strong impact on the whole drug development 

process7. A powerful tool to overcome this limitation, was the defining of guidelines for 

chemical tool compounds, with stringent criteria for selectivity and cellular potency172. Over 

the years, these criteria were continuously optimized by experts to enhance data generated 

with these compounds in diverse disease areas and to accommodate new compound 

modalities besides reversible inhibitors. In addition to assessing selectivity, potency and activity 

on the main target(s) of chemical tool compounds, off-target assessment plays a crucial role 

when it comes to compound characterization. An essential component of evaluating off-

targets is the assessment of the impact of a compound on cell health. Especially, for oncological 

diseases where the main readout is based on impacting cell growth, it is crucial to distinguish 

if the resulting phenotype is connected to the main target or non-related cytotoxicity. For this 

purpose, easy-to perform and commercially available assays, that operate through the 

assessment of metabolic activity (MTT or alamarBlue®) or ATP production (CellTiter-Glo® 

assay) of the cells, are commonly used61, 65, 66, 72. They are widely used as they are easy to apply 

to different cells and are less expensive than more complex systems173. However, they have 

some disadvantages when it comes to cell health assessment. First, most of them are end-

point methods, which is why they are often not suitable for the detection of small differences 

in proliferation rates. They don’t have the ability to distinguish between cytostatic and 

cytotoxic effects of a compound, as cytostatic compounds show a more subtle growth 

inhibition, which may be missed using end-point methods173, 174. Second, they are frequently 

constrained in their sensitivity and as they rely on detection with a spectrophotometer or 

luminometer, there also is a risk of fluorescence interference by the compound to be tested, 

potentially leading to false results173.  
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The most significant drawback, however, is that these assay systems cannot detect more 

complex cellular effects or distinguish between different cell death forms. They can only 

provide a straightforward assessment of the cell’s metabolic activity, to make a quick 

statement about the impact of a compound on the overall cell viability. The impact of a 

compound on cell health is not trivial and can affect various cellular processes while also being 

influenced by them, which is why there is an urgent need to enhance the testing of cell viability 

in a more detailed manner. This can be obtained by using cell imaging techniques such as high-

content imaging, to truly capture changes of the cells such as morphological changes, behavior 

of single cells or effects on cellular compartments175.  

The best strategy is to utilize a combination of different assays or to include diverse detection 

methods in one assay to comprehensively assess various aspect at the same time173, 174. The 

choice of assays should align with the specific purpose of the study, the conditions, or the cell 

types under investigation. Our purpose was to develop a strategy to test compounds in a high-

throughput manner on their effects on cell health of different model cell lines to provide a 

basic assessment of these compounds on cell health and to enhance data quality of individual 

compounds and thereby reduce false positive or misleading data, aiming to improve the drug 

development process. I therefore established a pipeline consisting of a primary viability 

assessment followed by a high-content assay called Multiplex assay, with minimal impact on 

the exposed cells and a simple and fast protocol that can be adapted to detect diverse cellular 

features (see section 4.2.). In the following, I want to highlight the advantages and 

disadvantages of using the introduced pipeline, based on the EUbOPEN project, where we so 

far evaluated close to 1000 (925) compounds for their effects on cell health. Additionally, I 

want to elaborate on the reason, why most of the compounds resulted in a “flag” indicating, 

that they are not feasible to be used for target deconvolution alone or that specific phenotypic 

effects should be considered when testing them further (Figure 17 A). In the end I want to give 

an outlook on how the Multiplex assay can be further optimized and used for mechanistic 

studies.  

The primary viability assessment included a label-free brightfield live-cell imaging approach, 

based on cell confluence detection (see section 4.2.). This assay was performed to exclude 

candidates that, compared to the negative control (DMSO), showed no influence on cell 

proliferation and are neither cytostatic nor cytotoxic. Conducting a primary screening 
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approach to reduce the amount of compounds that enter the second, more expensive and 

time intensive high-content screen, saves time and resources, as the probability that they exert 

unspecific effects are less likely. In this assay, however, only the effect on the general viability 

was tested, no phenotypic effects such as unspecific tubulin binding, which can also influence 

a follow up validation of a compound and force misleading compound data. To minimize the 

risk to miss out on compounds, that would be interesting to test in the second screen, we set 

the threshold relatively low, which resulted for the 925 compounds in over 65 % that were 

tested in the second screen, as they either resulted in a growth rate <0.5 or showed 

‘interesting’ phenotypes after visual evaluation. The high ratio of compounds that were 

noticeable, might also be explained by the fact that many of them targeted kinases, such as 

Aurora kinase A (AURKA) which is important for mitotic cell proliferation176 or DDR which is 

involved in the regulation of cell growth, differentiation and metabolism177. Kinase inhibitors 

are more likely to inhibit important signaling pathways resulting in cell death, in particular as 

many of these inhibitors have been developed as potential tools for oncological kinase targets. 

Additionally, the compounds were tested at a relatively high concentration of 10 µM. The 

purpose of this approach was to avoid categorizing the compounds as suitable for a compound 

set such as a chemogenomic library, despite the potential for inducing phenotypic changes at 

higher concentrations. Furthermore, in subsequent phenotypic studies, compounds are 

frequently employed at concentrations exceeding the recommended doses. Testing them at 

higher concentrations therefore enhances the reproducibility and comparability of different 

phenotypic data. All noticeable compounds were afterwards measured in the second screen, 

the Multiplex assay. High-content image-based methods such as the Multiplex assay, are 

excellent tools to discover different cell state changes. Each feature tested represents a 

compound characteristic that can influence diverse cellular reactions, can interfere with follow 

up validation of a compound and should be considered when using this compound in all kinds 

of applications. Out of these 600 tested compounds, 158 compounds were detected to 

influence different cell states with more than 50 % in more than one cell line. These so called 

“flagged” compounds represented 17 % of all compounds tested within the pipeline. 3 % of 

the compounds were flagged due to Hoechst High Intensity objects indicating a precipitation 

of the compounds or intrinsic fluorescence (Figure 17 B). Due to the reliance on fluorescence 

in most of the selectivity readouts, it is possible that the intrinsic fluorescence of compounds 
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would lead to falsely identified or unidentified targets. Another reason for Hoechst High 

Intensity objects is the precipitation of compounds in the cellular systems. This can result in 

diverse unspecific cellular reactions and also could lead to adverse events harming cells over 

time. One example of a compound showing these Hoechst High Intensity is Enzastaurin. 

Enzastaurin was initially identified as protein kinase C (PKC)-β selective inhibitor178. Later it was 

shown, that is also inhibits diverse other isoforms of protein kinase C (PKC)178, 179, the glycogen 

synthase kinase 3 (GSK3) and ribosomal protein S6 phosphorylation, resulting in a lower 

vascular endothelial growth factor (VEGF) expression180. So far, it has been tested in diverse 

clinical trials with promising activity on a wide range on different cancers such as colon cancer 

and glioblastoma and showed pro-apoptotic growth-inhibitory effects179-181. In 2005, it was 

granted orphan designation for the treatment of glioblastoma. Nevertheless, there are 

multiple adverse events known such as high cytotoxicity and prolonged QT interval in guinea 

pig hearts and increased the action potential duration (APD) in a dose-dependent manner182. 

The initial failure to identify the main targets of the compound and even falsely identified 

targets of the compound, as well as the observed multiple side effect in different cell systems, 

may in part be attributed to the compound precipitation or intrinsic fluorescence. If the 

compound had been tested earlier for characteristics such as Hoechst High Intensity objects, 

it may have resulted in earlier abortion of the clinical studies, saving money, time and 

resources.  

Interestingly, 6 % of the flagged compounds were negative controls. They are used as structural 

closely related controls to chemical tool compounds, with inactivity or less activity (100-fold 

less) on the main target. They are typically used to verify that an observed phenotype is driven 

by the target protein of the matching chemical probe183. To abrogate binding to the main 

target, often just small chemical modifications are engineered into the negative controls. The 

change of the structure by a single atom can already change the activity against a target up to 

80 %183. This occurrence is not limited to the main target but also extends to the off-target 

profile of a compound. As negative controls are typically used to confirm a phenotype induced 

by a chemical tool compound, rather than to explore its own target space, they are often less 

characterized than their matching probe compound in terms of selectivity and potency. This 

can influence the resulting phenotype and can lead to wrong gene-phenotype associations. It 

is therefore not surprising that negative controls exhibit more non-specific effects on cells. For 



 

 

 

 65 

General Discussion and Outlook  

example RL2578, the negative control for the AKT1/2 inhibitor Borussertib, affected 

microtubule integrity at 1 µM184, 185 or BAY-294, the negative control of the SOS1 inhibitor BAY-

293186 precipitated after 24h in HEK293T cells.  

  

Figure 17: Viability assessment pipeline resulting in 158 “flagged” compounds. A. This figure 
shows the workflow of the viability assessment pipeline used to characterize cellular quality of 
diverse compounds. Out of 925 compounds tested in the primary viability assessment, 600 
compounds were “noticeable” with a GR < 0.5 or interesting phenotypic appearance. They 
were tested in the Multiplex assay and “flagged” when they influenced different cell states 
after 24h to more than 50 % in more than one cell line. B. Distribution of features for a 
compound to be “flagged” after Multiplex assay evaluation. This figure was created using 
Adobe Illustrator v26.5. 

 

As it was already shown, that just by counting of the cell nuclei alone is the most accurate 

method to detect cell viability174, we implemented this in our assay setup. We were able to 

demonstrate that a gating of the cells based on their nuclear morphology results in similar IC50 

values compared to the gating based on the whole cell morphology. For maximum efficiency 

in utilizing one channel, we further optimized the gating protocol for the cell nuclei. Next to 

the detection of precipitation or intrinsic fluorescence and the influence on cell viability, we 

can make predictions about the cell death mechanism leading to the viability decrease and 

even detect mitotic cell cycle arrest. However, as one of the main readouts of the assay is based 

on one distinct channel, it is important to use the right concentration of Hoechst33342, as it 
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was shown to be toxic at concentrations higher 1 µM187, 188. Additionally, compounds that 

interfere with this channel, showing intrinsic fluorescence at the same wavelength or 

destroying cellular DNA can be much harder to evaluate as they can result in false positive 

results. A major advantage of using just one distinct channel for multiple cellular investigation 

was that it, enabled us to simultaneously assess additional cell health parameters in the same 

assay setup. For the Multiplex assay we decided to implement the detection of cytoskeletal 

changes, increase of the mitochondrial mass, membrane permeabilization and apoptotic cell 

death.  

Assessing diverse features at the same time, enabled us to observe, that only 3 % of all 

compounds tested in the Multiplex assay, affected the viability without influencing the other 

examined phenotypic effects such as tubulin structures or mitochondrial damages. Viability 

and phenotypic effects such as affecting tubulin structures or mitochondrial health are 

influenced by each other. If a compound affects the overall cell viability or if different cell death 

mechanisms such as apoptosis or necrosis are triggered, diverse cell organelles are naturally 

affected and can undergo structural changes. The majority of the flagged compounds 

therefore affected the overall cellular health (68 %), which included different phenotypic 

effects such as mitochondrial changes and tubulin interference. Additionally, a strong 

dependence between phenotypic effects and cell viability was also shown as none of the 

compounds were flagged due to an influence on mitochondria without decreasing the overall 

cell viability. Mitochondria are essential for various cell functions, consequently most of the 

compounds that affect mitochondrial health will also impact the overall cell health.  

To distinguish if a phenotypic effect results from an effect on cell viability or viability is 

influenced due to an effect on cell organelles, such as microtubules or mitochondria, 

compounds could be tested in a dose-dependent manner over time. To illustrate this 

dependency, I want to introduce a project initiated by Martin Schwalm, where I tested, among 

other things, potential proteasome inhibitors in HEK293T cells over 24h in a concentration-

dependent manner, using the Multiplex assay (Figure 18). In the Multiplex assay, I tried to 

distinguish between phenotypic effects and cell viability by including the tree-based principle, 

where cells were grouped as “healthy” before being gated in different phenotypic groups. This 

approach allowed me for example to detect changes in tubulin structures that are not 

undergoing cell death, as identified by a pyknosed or a fragmented nucleus. For example, 
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Bortezomib, a proteasome inhibitor that was approved by the FDA for the treatment of 

multiple myeloma and mantle cell lymphoma189, 190, reversible inhibits the chymotrypsin-like 

activity of the 20S proteasome191, 192. It was shown that Bortezomib induces endoplasmic 

reticulum (ER) stress and leads to cytochrome c release and activation of effector caspases, 

resulting in apoptotic cell death191. Another compound, RA190 has originally been published 

to bind cysteine 88 of the ubiquitin receptor RPN13 in the 26S proteasome193, but later found 

to rather be a very unspecific chemical compound targeting diverse proteins194. We compared 

the concentration and time-dependent effect of both compounds on the cell count against two 

phenotypic properties, including the influence on mitochondrial mass and tubulin integrity. For 

Bortezomib, I observed an impact on both mitochondria and microtubules at concentrations, 

at which overall cell viability was comprised as well (Figure 18 A). This highlights that there is a 

mutual influence between the effect on cell viability and phenotypic changes of the cells and 

that it is often difficult to distinguish which of these characteristics is the primary cause of the 

observed phenotype. In case of the second tested compound, RA190, I observed that 

alterations of microtubule and mitochondria occurred at earlier time points and lower 

concentrations than impacting cell viability (Figure 18 B). At 1 µM RA190 influenced tubulin 

integrity and impacted the mitochondrial mass already after one hour. At the same 

concentration, however, a decrease of the cell count on the same extend was only observed 

after 6 hours.  
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Figure 18: Evaluating time and concentration dependent influences on cell states. This figure 
was adjusted from Schwalm et al. (to be published soon). A. Normalized cell count, effect on 
mitochondrial mass and tubulin integrity after 1h, 4h, 6h and 24h of HEK293T cells exposed to 
Bortezomib (25 nM – 10 µM). Data was normalized against cells exposed to 0.1 % DMSO. Error 
bars show standard error of mean (SEM) of biological duplicates. The overall cell count and the 
phenotypic properties are comparably affected at the same concentrations and time points. B. 
Normalized cell count, effect on mitochondrial mass and tubulin integrity after 1h, 4h, 6h and 
24h of HEK293T cells exposed to RA190 (25 nM – 10 µM). Data was normalized against cells 
exposed to 0.1 % DMSO. Error bars show standard error of mean (SEM) of biological duplicates. 
The phenotypic properties are influenced at earlier time points and lower concentrations than 
the overall cell count. This figure was created using Graph Pad Prism v8.4.3. 

 

Using end-point methods or testing the compounds only after a specific time-points at single 

concentrations, we could not be able to distinguish if the phenotypic effect was the cause of 

harming the cells or the reason for it. The Multiplex assay serves as a versatile tool to 

distinguish these small differences in the same cell after different time points and include the 

impact on cell viability when it comes to phenotypic characterization. We were therefore able 

to see that almost a quarter of the compounds (24 %) affected tubulin structures before they 

affected the overall cell viability. It can therefore be concluded that for these compounds cell 

death was a consequence of the compound’s effect on tubulin. As tubulin binding can also be 

a desired effect of a compound, especially in cancer therapy to disrupt cellular functions, for 

some of the compound the observed effect was already known. For example, CGP-60474, a 

potent inhibitor of cyclin-dependent kinases and protein kinase C (PKC), had an impact on 

tubulin structure higher 50 % in more than one cell line and was therefore “flagged” after 

Multiplex assay assessment195, 196. As CDKs have been described to influence diverse cellular 

processes such as regulation of the cell cycle, splicing, transcription or DNA repair, this effect 

is due to the inhibition of the targets. However, for some compounds the impact on 

microtubule was so far not known, such as for the chemical probe BAY-784. BAY-784 selectively 

targets the gonadotropin releasing hormone receptor (GNRHR)197, 198. Maybe the observed 

effect was a result of affecting tubulin within a signaling complex known as the signalosome, 

consisting of GNRHR, diverse kinases and tubulin199. However, for some compounds the impact 

on microtubules was not known, such as for the chemical probe BAY-784. BAY-784 selectively 

targeted the gonadotropin releasing hormone receptor (GNRHR)197, 198. Maybe the observed 

effect was a result of affecting tubulin within a signaling complex known as the signalosome, 

consisting of GNRHR, diverse kinases and tubulin199. However, it could also stem from non-
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specific binding to a segment of microtubules. The assay relies on an implemented machine 

learning algorithm, that detects changes of tubulin in comparison to “normal” looking cells. 

Consequently, it can detect that the tubulin structure is affected but at the chosen 

magnification for the assay a precise determination of how the tubulin structure is influenced 

was difficult. Changes of microtubule structures can manifest itself in diverse ways. 

Compounds can either inhibit the disassembly or the assembly or bind to different parts of 

microtubules, as there is a complex interplay between various molecules200, 201. Compounds 

without a known indication regarding their effect on microtubules, whether related to the 

target or known off-targets, were therefore not directly be excluded from the chemogenomic 

set. Instead, these findings were shared with the community via BioImage Archive 

(https://www.ebi.ac.uk/biostudies/bioimages/studies/) and the Gateway 

(https://gateway.eubopen.org/) providing valuable information for other researchers to 

compare their data when observing similar effects. For a more in-depth understanding of a 

compound’s impact on microtubule, higher magnifications or alternative biochemical methods 

such as electron microscopy prove to be a more efficient tool202. Hence, a next step would be 

to further investigate these compounds to offer a more comprehensive assessment about their 

precise influence on microtubules and the underlying functionality.  

Live cell imaging allows the detection of kinetic changes and better comparability of compound 

characterization. So far, most of the well-established high-content assays, which examine 

cellular changes from a multiplex perspective, are based on fixed samples, detecting only one 

distinct time point. One prominent example is the cell painting assay, which was introduced in 

2013203. Here, eight components (DNA, cytoplasmic RNA, nucleoli, actin, Golgi apparatus, 

plasma membrane, endoplasmic reticulum and mitochondria) are detected utilizing six cellular 

stains, imaged on five fluorescent channels. It is a high-throughput method to capture various 

cellular features, which are then used to generate morphological profiles of each compound204-

206. In contrast to the Multiplex assay, this assay provides many more cellular features and 

multiparametric information. However, using fixed samples limits the ability to capture 

dynamic, real-time cellular processes and do not encompass compound effects at different 

time-points.  

Next to the time-dependence another crucial aspect of compound characterization and to 

distinguish a phenotypic effect from an unspecific effect, is the use of the correct 

https://gateway.eubopen.org/
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concentration, particularly when testing chemical tool compounds. Chemical tool compounds 

selectively target one or more proteins at one specific concentration range. They are used for 

mechanistic and phenotypical studies to interpret the biology of their target(s). To decipher a 

target-phenotype relationship or use them in general for mechanistic studies, it is therefore 

crucial to use them at their recommended concentration5, 10, 44. When used at the wrong 

concentration, even selective compound will interact with different targets or result in diverse 

unspecific or toxic effects5. Therefore, chemogenomic compounds are annotated at their 

recommended concentration and additionally at a 10-times higher than the recommended 

concentration16. For the chemical quality pipeline, all compounds are tested at the same two 

concentrations for better comparison, easier execution and robustness. However, to evaluate 

if the resulting effects are on-target or off-target related, one should always consider the target 

affinity and therefore test the compound rather at their recommended concentration. For 

example, if the concentration of a compound against its main target is in the low nanomolar 

range, the cellular annotation of this compound should also be performed at this concentration 

range. This was especially visible, when evaluating chemical probes and their matching 

negative control on phospholipidosis induction (section 4.5.). Six compounds out of 31, showed 

a phospholipidosis induction at their recommended concentration162, which is an unspecific 

side effect that can lead to a variety of phenotypic changes or clinical adverse events125. A study 

of Sterling et al.5 in 2023 also revealed that chemical probes are frequently used incorrectly. 

They examined 662 publications in which chemical probes were used. Surprisingly, 22 % 

employed these chemical probes at concentrations higher than recommended and 58 % 

neglected to include an inactive control or an orthogonal compound in addition to the probe 

compound. Therefore, such studies cannot be used to determine whether the resulting effect, 

such as a specific phenotype, is due to the primary target or some off-target. 

The effect of a compound on cell health is an important parameter when it comes to 

compound annotation in cells. Nevertheless, other unspecific compound characteristics such 

as the influence on the cell cycle, phospholipidosis or more complex cell death mechanisms 

such as autophagy can influence compound activities as well. Depending on the research 

question asked, the purpose of the assay and the available characterization data of a 

compound, the specific cell system relevant for the disease or biological functional of the 

compound should be tested. The Multiplex assay protocol is a useful tool in these different 
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scenarios as it is easy adaptable to include other fluorescent biological reporters or to test 

diverse cell systems. By assessing a range of cell lines, more potential effects and cell-type 

specific responses can be detected and compared. In the Multiplex assay standard setup, 

therefore three different cell lines (HEK293T, U2OS and untransformed MRC-9 fibroblasts) are 

tested. This was decided, as they are often used as a standard in the field of medicinal 

chemistry, enhancing the comparability of different assays207. Additionally, these cell lines are 

often already used in diverse laboratories, which therefore enables an easy set-up of the assay 

in a different laboratory. As each cell lines possesses unique genetic properties they can 

respond to external stimuli, such as chemical compounds, in different manners208. Testing 

these three cell lines, already allowed us to observe variations in the cellular responses to a 

given compound. This was not surprising, as the cell lines naturally differ in their morphology 

and proliferation rate. This is also important for the image-based evaluation of the cells, as the 

algorithm incorporates morphological features when gating the cells into different groups. 

Therefore, every cell line needs to have their own, individual image analysis, that was 

specifically trained using cell images of the distinct cell line. I could also observe that cell lines 

having a similar proliferation rate are more likely to cluster together, which was demonstrated 

as the cancer-based cells HEK293T and U2OS were more likely to induce similar characteristics 

in comparison to the untransformed fibroblasts. Ideally, one would select for every compound 

(group of compounds) a cell system that is the most relevant for the target space, such as a 

potential disease model and compare this data to standard cell lines. If the protocol is used to 

investigate other features or cell lines of interest it must be adapted accordingly. An important 

aspect is that the dyes should not interfere with the cellular responses and viability itself. 

Especially in applications with living cells, it is crucial to determine the optimal concentration 

of the biological reporter used, such as different fluorescent dyes, that ensures a robust signal-

to-noise ratio with minimal impact on the cells134. This means, when the protocol is adapted 

to other dyes or other cell lines, the impact of the biological reporters on the new system has 

to be evaluated. 

As an intriguing direction for the future, it would also be fascinating to explore whether the 

setup of the Multiplex assay could be adapted to more complex systems such as patient 

derived cell systems or three-dimensional (3D) cell cultures. In comparison to two-dimensional 

(2D) cell cultures, which have many limitations and cannot represent a physiological response, 
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more complex systems such as spheroids or organoids, are used to better mimic in vivo 

conditions209, 210. Although, with these complex systems, cell-cell interactions, tumor 

characteristics, metabolic processes and other cell environmental factors can be investigated, 

they are still more time consuming, require more complex assay setups and often have limited 

throughput, especially when it comes to cell imaging209-211. 

In various projects, I could demonstrate the significance of compound annotation in a cellular 

context and how high-content imaging serves as a valuable tool for examining these diverse 

effects of compounds on cell states. With the growing importance of high-throughput 

screening methods and computational approaches, more complex data can be generated in a 

faster and easier way. However, as these methods are based on automated analysis protocols 

with high demands on computational power, such assays are often associated with high costs 

and expensive and high-maintenance equipment. So far the images are evaluated using the 

CellPathfinder software (Yogogawa)212. This software has a wide range of functions, such as 

machine learning detection and in newer versions even deep learning functions. However, the 

software is not publicly accessible and does not have the most intuitive user interface. To make 

such an assay and the analysis wider accessible, it would be desirable to implement the analysis 

using open-source software such as Image J (https://imagej.net/) or Cell profiler 

(https://cellprofiler.org/). To enable people to utilize the generated data in an open science 

context, we have uploaded all data via freely accessible platforms such as ChEMBL 

(https://www.ebi.ac.uk/chembl/) and the BioImage Archive (https://www.ebi.ac.uk/bioimage-

archive/). This allows users to obtain necessary information about a compound of interest and 

utilize the data for their own analyses. Data availability is also important to enhance the data 

landscape of the compounds. It can be utilized not only by scientists in the field of biology and 

chemistry but also by computational scientists. The recent emergence of artificial intelligence 

(AI)-based data analysis plays a significant role in accelerating and simplifying the drug 

development process. Often, computational scientists can use the already available data to 

evaluate diverse features and enhance compound knowledge. Nevertheless, these approaches 

require high computational power and extensive knowledge of the available data and usage 

and it is often hard to make these algorithms applicable and comparable. The data used for 

such AI-based analysis need to be highly reproducible and robust. Therefore, it would be 

desirable to use standardized equipment and standardized analysis protocols, which is often 

https://www.ebi.ac.uk/chembl/
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challenging when especially for example machine learning algorithms that were trained using 

different example images. For future directions a combination of computational approaches 

together with experimental data would be desirable. For this, computational experts and 

researches should combine forces to improve the drug development process.  

To use small molecules, such as chemical tool compounds for the development of a new drug 

or to decipher biological signaling pathways, it is crucial to annotate them regarding their 

selectivity for different proteins and their potency on the main target, and on their diverse 

cellular properties and off-target profiles. For this, it is crucial to test a compound in diverse 

cell systems over different time points and at a meaningful concentration range. The here 

introduced pipeline, serves as a versatile tool, to annotate diverse cellular compound 

characteristics using an easy and fast protocol that can be adapted to diverse research 

questions and cell systems. It enhances the characterization process of compounds, as it can 

be used in a middle-throughput manner, testing hundreds of compounds at the same time. In 

order to promote the use of this pipeline within the scientific community, as a fundamental 

method for evaluating the effect of small molecules on their cellular effect, I have made all 

protocols and analysis setups utilized available and uploaded all data regenerated so far, for 

people all over the world to be used.  
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6. Appendix  

Appendix A: Image-Based Annotation of Chemogenomic Libraries for Phenotypic 

Screening 

Reprinted with permission from: Menge, A.; Chaikuad, A.; Kowarz, E.; Marschalek, R.; Knapp, 
S.; Schröder, M.; Müller, S. Image-Based Annotation of Chemogenomic Libraries for Phenotypic 
Screening. Molecules 2022, 27, 1439. https://doi.org/10.3390/molecules27041439 Copyright 
2022 by MDPI. 

Notice that further permission related to the material excerpted should be directed to the 
publisher. 

Contribution Menge, A.: Conceptualization, methodology and formal analysis, validation, data 
curation, writing—original draft preparation, writing, review and editing. 

 

https://doi.org/10.3390/molecules27041439
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Appendix B: High-Content Live-Cell Multiplex Screen for Chemogenomic 

Compound Annotation Based on Nuclear Morphology 

Reprinted with permission from: Amelie Menge, Robert T. Giessmann, Stefan Knapp, 
Martin Schröder, and Susanne Müller. "High-Content Live-Cell Multiplex Screen for 
Chemogenomic Compound Annotation Based on Nuclear Morphology." STAR 
Protocols 3, no. 4 (2022/12/16/ 2022): 
https://www.sciencedirect.com/science/article/pii/S2666166722006712.  

doi: 10.1016/j.xpro.2022.101791. Copyright 2022 by the authors. 

Notice that further permission related to the material excerpted should be directed to 
the publisher. 

Contribution Menge, A.: Conceptualization, Methodology, Investigation, Validation 
and Formal Analysis, writing – Original Draft, writing, review and editing. 

  

https://doi.org/10.1016%2Fj.xpro.2022.101791
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Appendix C: Characterization of Cellular Viability Using Label-Free Brightfield 

Live-Cell Imaging 

Reprinted with permission from: Lewis Elson, Amelie Menge, Stefan Knapp, and 
Susanne Müller. "Characterization of Cellular Viability Using Label-Free Brightfield 
Live-Cell Imaging." In Chemogenomics: Methods and Protocols. Edited by Daniel Merk 
and Apirat Chaikuad. New York, NY: Springer US, 2023. https://doi.org/10.1007/978-
1-0716-3397-7_6. Copyright 2023 The Author(s), under exclusive license to Springer 
Science+Business Media, LLC, part of Springer Nature. 

Notice that further permission related to the material excerpted should be directed to 
the publisher. 

Contribution Menge, A.: Conceptualization, Original Draft, Writing – Review & Editing 

https://doi.org/10.1007/978-1-0716-3397-7_6
https://doi.org/10.1007/978-1-0716-3397-7_6
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SEM Standard error of mean 
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Smac Second mitochondria derived activator of caspases 
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TNFR1 Tumor necrosis factor receptor 1 
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