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1 Abstract 

The use of reporter systems has become a central method for research in molecular 

biology. In these, a promoter that is sensitive to a biological process is coupled to an 

output gene whose expression is easy to detect. Since the molecular discovery of firefly 

luciferase and green fluorescent protein, luciferases as well as fluorescent proteins have 

become standard equipment in reporter systems. Often, such systems are employed to 

uncover the activity of signalling pathways, such as the Wnt, Hedgehog or Notch 

pathway. Additionally, specific constructs can be utilized to analyse processes in vivo, 

using imaging techniques. 

In this work, we develop reporter constructs for visualizing the activity of the three 

central developmental pathways Wnt, Hedgehog and Notch. For this, we design 

fluorescent as well as luminescent reporter constructs for each pathway. The generated 

single-pathway reporters are tested and compared to constructs already described in the 

literature. After their successful evaluation, we develop and clone a fluorescent and a 

luminescent multi-pathway reporter construct that each include reporters for all three 

pathways, and rigorously investigate their performance. In another project, we employ 

multimodal fluorescence and bioluminescence imaging to visualize the in vivo growth as 

well as the transfection efficiency of fluorescently labelled breast cancer metastases in 

the lung. Lastly, we develop and evaluate an approach to facilitate easy and reproducible 

generation of polyplexes, a non-viral gene delivery vehicle, for in vitro and in vivo 

purposes.  

The broad spectrum of reporter systems employed allows a detailed discussion of e.g. 

fluorescent proteins and luciferases as reporter genes, as well as the promotor 

performance in terms of specificity and sensitivity. Also, we discuss how to improve our 

reporter constructs in follow-up projects, and give an outlook on the future utilization of 

such constructs for the identification and evaluation of novel therapeutic substances.  
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2 Zusammenfassung 

Reportersysteme sind mittlerweile ein fundamentaler Bestandteil der 

molekularbiologischen Forschung. In solchen Systemen wird ein Promotor, der auf einen 

biologischen Prozess reagiert, mit einem Output Gen gekoppelt, dessen Expression leicht 

zu detektieren ist. Seit der Entdeckung der Firefly Luciferase und des Green Fluorescent 

Protein werden fluoreszente Proteine sowie Luciferasen sehr häufig in Reportersystemen 

verwendet. Oft werden solche Systeme eingesetzt, um die Aktivität von Signalwegen zu 

untersuchen. Ebenso können bestimmte Konstrukte auch zur Analyse von Prozessen in 

vivo mittels bildgebender Verfahren verwendet werden. 

In dieser Arbeit wurden Reporterkonstrukte generiert, um die Aktivität der drei 

entwicklungsbiologisch zentralen Signalwege Wnt, Hedgehog und Notch zu visualisieren. 

Hierfür wurden für jeden Signalweg fluoreszierende sowie lumineszierende 

Reporterkonstrukte erstellt. Die daraus entstehenden Reporter für einzelne Signalwege 

wurden dann mit bereits in der Literatur beschriebenen Konstrukten verglichen. Nach 

erfolgreicher Evaluierung wurden Multi-Signalweg-Reporter kloniert und evaluiert, 

welche alle drei Signalwege auf einmal detektieren können, und zwar jeweils einen aus 

fluoreszierenden Proteinen und einen aus Luciferase-Reportern. In einem weiteren 

Projekt wurde Fluoreszenz- und Biolumineszenzimaging eingesetzt, um das in vivo 

Wachstum und die Transfektion von fluoreszenzmarkierten Brustkrebszell-Metastasen in 

der Lunge zu visualisieren. Letztendlich wurde eine Methode, mit der einfach und 

reproduzierbar Polyplexe für nicht-virale Transfektion in vitro und in vivo hergestellt 

werden können, evaluiert. 

Das breite Spektrum der gesamt verwendeten Reportersysteme erlaubt eine 

detailreiche Diskussion, wie etwa einen Vergleich von fluoreszierenden Proteinen und 

Luciferasen, sowie die Eignung der benutzten Promotoren in Bezug auf Spezifität und 

Empfindlichkeit. Zuletzt wird diskutiert, wie die generierten Reporterkonstrukte in 

nachfolgenden Projekten optimiert werden können, und ein Ausblick auf die Nutzung 

solcher Konstrukte zur Identifizierung und Evaluierung neuer therapeutischer Wirkstoffe 

gegeben.  
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3 Introduction 

3.1 Part One: Reporter systems 

The observation of living systems is the driving force of biology. In molecular biology 

specifically, it is hard to observe most events directly, and scientists often resort to 

lysing, fixing or, more generally, sacrificing the object of study to investigate it further. A 

workaround for this challenge are so-called reporter systems. In a reporter system, a 

biological signal is re-routed to an output that can be more readily measured, for 

example a visible entity. As such, reporter systems offer a method of observing 

molecular processes, such as gene expression or regulation, often also in living specimen.  

On the molecular level, a reporter in molecular biology is a dedicated DNA construct 

that consists two parts. A signal receiver, such as a promotor that is sensitive to the 

process to be investigated, regulates expression of the output (1, 2). The second part, 

the output reporter gene, is matched to the organism of study, as it ideally should not 

appear endogenously (3), and should be closely tailored to the experimental setup. 

Often, genes with special optical properties are chosen, as we will see further below. 

 

3.1.1 Promoters in reporter constructs 

Comparing a reporter construct to a piece of computational code, a promoter acts like 

an “if” condition: it determines if the downstream reporter gene is expressed. As such, 

the choice of promoter is connected to the question of what is investigated. 

One method of obtaining such promoters is to use existing promoter regions that are 

involved in the process of interest, which is thought to approximate the native gene 

regulation (4). Examples for this are the PTCH1_WT (5) with a length of 1.3kb. To 

identically copy a promoter is often challenging. For example, transcriptional regulation 

in mammals is typically governed by core, proximal, and distal promoter sequences, 
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whose genomic distance can be considerable, often ruling out a complete replication of 

these structures for experimental approaches (6). 

As an alternative, promoters can also be designed. Normally, such synthetic 

promoters consist of a so-called minimal promoter, to which several repeats of relevant 

transcription factor (TF) or enhancer binding sites are added (7). Frequently used 

minimal promoters often show considerable expression strength on their own and 

possess characteristics that simplify experimental work, such as a short overall sequence. 

They include viral promoter elements, such as the simian virus SV40 promoter, 

mammalian promoter sequences such as the murine 3-phosphoglycerate kinase 

promoter (PGK), or engineered sequences (8, 9). 

Synthetic promoters thus offer a parsimonious approach to identify the action of 

specific TFs when used in a reporter construct. Also, the usage of multiple TF binding 

sites gives rise to comparatively sensitive systems. To give examples, the synthetic 

promoter of the Wnt pathway reporter construct TOPFlash consists of a TATA-Box as 

minimal promoter, with seven TCF/LEF binding sites, totalling around 170 base pairs (10). 

4xwtCBF1Luc, a synthetic Notch pathway reporter construct, incorporates a promoter 

consisting of four CBF1-binding sites and the basal simian virus-SV40-promoter, and has 

a total size of around 350 base pairs (11).  

In a study, the synthetic 12GLI-RETKO-luc reporter construct, consisting of twelve GLI-

binding sites and a basal thymidine kinase promoter, encompassing 500 base pairs, while 

the PTCH1 promoter fragment, which included two GLI-binding sites, contains about 4.3 

kilobase pairs (12). The performance of the synthetic promoter far exceeded that of the 

native promoter fragment in this publication. Additionally, small reporter gene sizes are 

preferable for some approaches, such as lentivirus generation, as we will see further 

below.  

For some applications, such as the permanent labelling of a subtype of cells for in vivo 

imaging, a continuous expression of the reporter gene may be desired. So-called 

constitutive promoters, such as the promoters of the immediate-early cytomegalovirus 

(CMV) or the human elongation factor 1α-subunit (EF1α), are often utilized. Varying in 

their expression strength, silencing profile and base pair length, they also need to be 

chosen carefully (13).  
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3.1.2 Bioluminescent and fluorescent protein reporter genes 

After choosing the process to be investigated by selecting a promoter, the choice of 

the reporter gene is related to the question how a process is investigated. The expressed 

protein will be the measured entity, and its properties and kinetics heavily influence the 

experimental methodology. The first reporter genes were mostly metabolic agents, 

facilitating enzymatic reactions that did not exist in the target cells. The research on the 

Escherichia coli lac operon gave rise to modified β-galactosidases, which can be 

considered to be the earliest reporter genes (14). Before today’s systems, 

chloramphenicol acetyltransferase (CAT) was widely employed. For its evaluation, 

chromatography, or extraction procedures needed to be applied (3). Harnessing the 

bioluminescence of the firefly Photinus pyralis by isolating its luciferase advanced the 

field considerably, enabling for example luminescence-based high-throughput methods 

(15, 16). 

Luciferases are enzymes which release a photon upon catalysing the oxidation of their 

substrate, generally called luciferins. As of now, several luciferases can be employed as 

reporter genes, varying in e.g. their needed substrates, kinetics, wavelength of emitted 

photons, and cellular localizations. Firefly luciferase (FLuc) uses D-luciferin, is ATP 

dependent, and displays a lasting glow kinetic in most assays when CoASH is added (17, 

18). Several luciferases originate from marine organisms, as bioluminescence is wide-

spread in oceanic ecosystems. There, it serves as rapid long-distance directional 

communication system, especially for small and/or deep-sea organisms (19). The 

crustacean Gaussia princeps’ Gaussia luciferase (GLuc) requires the substrate 

coelenterazine, which is the most frequently luciferin used in marine organisms. GLuc is 

ATP independent, and emits a more blue-shifted light, as do many marine luciferases of 

deep sea organisms. Also, GLuc is secreted by cells, and displays a rapid flash-kinetic (18). 

Natural luciferases have also been engineered to possess enhanced characteristics. For 

example, NanoLuc (NLuc), a modified version of the sea shrimp Oplophorus gracilirostris’ 

luciferase, shows exceptional brightness, uses furimazine as substrate, is blue-shifted, 

and requires no ATP. In contrast to GLuc, is shows glow kinetics (20). These different 

properties of luciferases allow parallel usage in one assay, so-called multiplexing. 
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Bioluminescent assays have a negligible background and thus a higher signal-to-noise 

ratio, a higher dynamic range, and are employed for in vivo imaging and reporter gene 

assay screens, for example in drug discovery (21). 

The palette of reporter genes was further considerably expanded with the discovery 

of green fluorescent protein (GFP) as fluorescent tag of the jellyfish Aequorea victoria 

(22). Today, a multitude of fluorophores exist, spanning from blue to far red emission, 

modified to enable diverse experimental techniques, and research is ongoing intensely 

(23). When choosing fluorophores, autofluorescence of the entity investigated has to be 

considered (24), which is generally negligible for luciferases. As especially the water and 

lipids in tissues absorb less light in the so-called “optical window” between 650 nm-950 

nm, far-red fluorophores such as iRFP720 can also be utilized for in vivo imaging (23, 25). 

The simultaneous use of several fluorescent proteins is possible, but care has to be taken 

to successfully combine the excitation and emission profiles. In flow cytometry, the 

method of spectral compensation is routinely used, but not without pitfalls (26), as will 

be discussed in detail further below. Fluorophores remain a standard tool for microscopy 

and flow cytometry, especially for subcellular and molecular investigations (27).  

Taken together, the choice of the reporter gene generally depends on the 

experimental method employed for signal readout. Combinations of reporter genes to 

track several biological processes at once are possible by utilizing different promoters 

and reporter genes, and special care has to be taken to combine reporter genes that can 

be experimentally well distinguished.  

 

3.1.3 Reporter systems for assessing protein-protein-interactions: BRET and FRET 

The special properties of bioluminescent and fluorescent proteins can also be used to 

investigate protein-protein interactions, for example in protein complexes or receptor-

ligand interactions. Such systems can be based on Resonance Energy Transfer (RET), 

normally requiring a two-component system. In short, a donor molecule emits photons 

in an emission wavelength which overlaps with the excitation wavelength of a second 

molecule, the acceptor (28). For this to happen, the two molecules need to be in close 
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proximity, generally considered to be 10-100 Å, and protein orientation needs to be 

suitable to facilitate proton transfer (29, 30).  

Bioluminescence-initiated RET (BRET) has been observed since the 1970’s in deep sea 

organisms, such as the cnidarian Renilla reniformis (31). In this naturally occurring 

system, the Renilla luciferase (RLuc) emits blue light, by which in turn the Renilla GFP is 

excited, giving off green light. In experimental molecular biology, RLuc is still used for 

BRET, and yellow fluorescent protein (YFP) is still widely used as acceptor (32).  

In fluorescence resonance energy transfer (FRET), two fluorophores are utilized. The 

first, more blue-shifted fluorophore is excited by external monochromatic light. Similar 

to BRET, this first molecule then gives off photons, which are able to excite a second 

fluorophore (28). 

What are the advantages of BRET and FRET? In FRET, the donor molecule needs to be 

excited with monochromatic light to emit photons, often complicating the evaluation of 

the donor and acceptor light signals (28). In contrast, the donor molecule generates 

photons by an enzymatic reaction in BRET; eliminating this challenge. Additionally, the 

monochromatic light used for excitation is potentially able to also excite the acceptor 

molecule directly, if wavelengths are not chosen carefully. Exogenous illumination of the 

specimen under investigation is also connected to the induction of autofluorescence, 

adding additional noise to the signal output. Still, for single-cell analysis, FRET has been 

the preferred approach, as experimental methods were not sensitive enough to detect 

luciferases in such circumstances. Novel systems are addressing this issue, for example 

using the bright NLuc as donor molecule (33, 34).  

 

3.1.4 Reporter assay normalization 

Signal normalization is a crucial part of many reporter systems. Especially in 

transfection assays, where cells are temporarily imbued with a reporter cassette, the 

total signal is e.g. influenced by the transfection efficiency, the number of cells 



 

11 

 

transfected, and the transgene expression. This can lead to considerable signal 

fluctuation between experiments if not controlled for, and complicates data evaluation. 

Several methods exist for signal normalization. The first method, a so-called vector 

normalization, is based on co-transfection. In early reporter assays, the combination of 

CAT as the reporter gene, and a co-transfected constitutive ß-galactosidase was for 

example utilized (3). Two different luciferases can be similarly employed (35). It is 

assumed that the ratio of expression of the constitutive transgene to the reporter gene 

should stay proportionally the same. Thus, if e.g. the transfection efficiency lowers, the 

absolute drop in constitutive transgene signal can be used to normalize the value of the 

reporter gene. Vector normalization is in theory able to control for all variables given 

above: transgene expression, transfection efficiency, and the number of transfected 

cells. Alternatively, reporter gene activity can also be normalized to the amount of viable 

cells, or surrogate markers, such as total protein content (36). Here, transfection 

efficiency and transgene expression are not controlled for. While it can be expected that 

the choice of the normalization method will influence experimental results, direct 

comparisons are lacking in the scientific literature. 

 

3.1.5 Construction and delivery of reporter systems 

In the previous sections, different reporter systems were discussed. If one has decided 

for a system, how is this subsequently delivered to the target cells or organisms? 

Conventionally, in a first step called cloning, the reporter construct of choice is normally 

integrated into a plasmid, circular DNA of historically bacterial origin. This plasmid then 

encodes for the individual components of the reporter system. In a second step, these 

plasmids are then delivered to the target by different means, often using viral or non-

viral gene delivery vehicles.  

 

3.1.5.1 Advanced reporter systems: LeGO and MuLE  

In the last decades, molecular biology has transgressed from single-gene plasmid 

reporters to increasingly complex tools. The easy generation of multi-cassette reporters, 
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as well as chance-driven multicolour marking strategies, have opened up new routes of 

scientific inquiry. 

The idea of using different colours for labelling of individual cells and their daughter 

cells was progressed greatly by the LeGO system (37, 38). Here, modified third-

generation lentiviruses with constitutive promoters and different fluorophores are 

designed. When labelling cells, lentiviruses encoding for different colours are added in 

non-saturating conditions. As such, some labelled cells only incorporate one colour 

transgene, while others incorporate several, or none at all. As the integration of the 

transgene is stable, the daughter cells of the labelled cell keep their maternal colour. As 

thus, this system enables cell marking and tracking. Initially thought to serve gene 

network studies, and thus termed Lentivirus Gene Ontology (LeGO), it has been 

successfully utilized to show clonal descent of cell populations. This method has, for 

example, been used for single-cell tracking in the brain (39), and disease states such as 

liver tumours (40). In a recent publication focussing on tumour heterogeneity, using six 

fluorescent proteins, up to 41 discrete cell clones could be distinguished and tracked 

(41). With the LeGO methodology as basis, which facilitates a constitutive labelling of 

cells in different colours, it should be similarly be possible to construct a system with 

conditional fluorophores. Here, depending on the chosen promoters, the detectable 

colour of a cell should enable deducing intracellular states.  

While a combination of different lentiviruses can be used to integrate several 

reporters in one cell, it is also possible to construct one plasmid containing several 

reporters. For such rather complex reporter constructs containing several expression 

cassettes, restriction enzyme-based cloning can be impractical. As alternative, site-

specific recombination tools, such as the Multiple Lentiviral Expression (MuLE) system, 

can be utilized (42). The MuLE (multiple lentiviral expression) system, in turn, is based on 

the MultiSite Gateway technology, which has its roots in the recombination system of 

the bacteriophage λ (43).The core of these methods are so-called att sites, 7-base pair 

core sequences that have the ability to recombine with specific other att sites. For 

example, attB1 recombines only with attP1 sites, but not with attP2 sites. As such, 

recombination specificity can be accomplished, even when processing several plasmids 

at once in one reaction.  
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For this, plasmids containing the individual reporter cassettes, called entry vectors, 

are designed. These reporter sequences are flanked both up- and downstream by att 

sites. In a recombination step, these plasmids are combined with the lentiviral 

destination vector, which contains fitting recombination sites. This leads to the 

integration of all entry vector cassettes into the same lentiviral plasmid. In the MuLE-

system, up to four individual entry vectors can be integrated into one destination vector. 

With the resulting expression vector, lentiviruses containing the genetic information for 

several included reporter genes can be produced, which can be subsequently used for 

gene delivery into the target cells. Using the MuLE system, several conditional reporter 

cassettes can be introduced into the same cell, enabling complex combinatorial 

approaches. 

 

3.2 Part Two: Developmental pathways in cancer research 

In cancer, healthy endogenous cellular mechanisms are often abused to benefit the 

survival and growth of the transformed cells. Cellular modules that are frequently 

modified in various cancers are signalling pathways, especially developmental pathways 

such as Wnt, Hedgehog and Notch (44). These three pathways have been highlighted as 

key players in cancer stem cells (CSC), a suspected subpopulation of cancer cells that 

shows stem cell-like characteristics, such as the ability to divide, and a relatively 

undifferentiated state (45). As CSC seem to play an important part in metastasis 

formation and tumour recurrence after treatment, great efforts are taken to identify and 

therapeutically target them, including leveraging their role in these three pathways in 

the search of novel therapies (46, 47).  
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3.2.1 The Wnt pathway 

In line with its importance in many human cancers, the first Wnt gene Wnt1 was 

identified as a proto-oncogene in murine virally induced breast tumours (48). Its role in 

animal organismal patterning is indicated by the fact that eleven of the twelve conserved 

Wnt subfamilies are already present in the Cnidarian Nematostella vectensis (49). Not 

being present in single-celled organisms, it is assumed that the Wnt gene family could 

have played an evolutionarily crucial part in the emergence of animal multicellularity.  

 

 

Figure 1: The canonical Wnt pathway. Adapted from Nüsse and Clevers, 2017 (48). 
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Chemically, the proteins of the Wnt family are glycoproteins with numerous, 

evolutionarily conserved cysteines. The Wnt proteins are covalently bound to lipid 

molecules, having importance for their bioactivity and complicating their isolation (50). 

Wnt proteins are secreted paracrine factors, meaning that they diffuse over small 

distances, and thus acts mostly locally (51). In the 1990’s, the importance for certain 

colon cancer types was discovered (52). Today, it is recognized not only as a key 

signalling pathway in embryonal development, but also for its role in adult stem cells, as 

well as cancer aetiology and CSC (53). At the heart of the canonical Wnt signalling 

pathway is the transcription factor β-catenin (Fig. 1). If Wnt signalling is off, β-catenin is 

phosphorylated by the destruction complex, a multi-protein complex, leading to its 

degradation by proteasomes. In Wnt producing cells, the protein Porcupine in the 

endoplasmatic reticulum processes Wnt by palmitoylation, thus leading to Wnt 

maturation. Upon secretion, Wnt in vertebrates binds to heterodimeric receptor 

complexes consisting of Frizzled (Fz) and the LRP5/6 protein. It has been shown that 

palmitoleic acid lipid interacts closely with the Fz receptor (84). Upon binding of Wnt to 

the receptor complex, LRP5/6 is phosphorylated by the kinases GSK3 and CK1. This 

enables binding of a part of the destruction complex to the heterodimeric receptor.: axin 

interacts with LRP5/6, and Dishevelled (Dvl) with Fz. As a consequence, the destruction 

complex is disbanded, and β-catenin is no longer destroyed. β-catenin accumulates in 

the nucleus, where it interacts with TCF or LEF proteins to modulate gene expression. In 

the last years, modified versions of the canonical pathway have been proposed, in which 

active Wnt signalling does not inhibit phosphorylation of β-catenin, but rather leads to 

the inactivation of the proteasome (48). Other Wnt pathways exist, with the non-

canonical pathway being pivotal for cytoskeletal regulation, and the Wnt/Ca2+ cascade 

being central for intracellular calcium homeostasis. Due to the relevance of this pathway 

for cancer therapy, there is a high interest in drug discovery of compounds that act on 

the Wnt pathway (21). 
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3.2.2 The Hedgehog pathway 

Similar to Wnt, Hedgehog (HH) proteins play vital roles in pattern formation of 

neighbouring cells (54). In mammals, three HH proteins exist: Sonic, Indian and Desert 

HH. They are responsible for diverse developmental mechanisms, ranging from limb and 

notochord organization to bone and cartilage development, as well as germ cell 

development. Its role in stem cells, and CSC, make it a highly attractive target for cancer 

drug development (55-57). The HH protein is processed by autoproteolysis, and modified 

twice by lipidation, with cholesterol and palmitoleic acid lipid, during its maturation. 

Similarly to the Wnt protein, the palmitoleic acid lipid is again crucial for proper 

biological function (58). In vertebrates, HH proteins are secreted by the transmembrane 

protein Dispatched in concert with the glycoprotein SCUBE2 (54). The cellular localization 

of the HH signalling components in the target cell is strongly associated with 

microtubules (Fig. 2). In the off state, phosphorylation of the transcription factors of the 

glioma-associated oncogene (GLI) family by the kinases casein kinase 1 (CKI), glycogen 

synthase kinase 3β (GSK3β) and protein kinase A (PKA) takes place at the cilial base. As a 

result, the GLI proteins then undergo proteolytic cleavage, inducing repression of 

downstream pathway signalling.  

Additionally, non-activated Patched receptor (PTCH) leads to the repression of the 

protein Smoothened (SMO) by mechanisms that are not fully elucidated yet. Upon HH 

pathway activation, secreted HH binds to PTCH. As a result, SMO repression is released, 

and SMO is transported to the cell membrane in the vicinity of a cilium. In short, this 

leads to the GLI proteins bypassing the proteases, and to their subsequent arrival in the 

nucleus, where they activate HH target genes by e.g. acting on GLI-binding sites (59).  
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Figure 2: The Hedgehog pathway. Adapted from Briscoe and Thérond, 2013 (54). 

 

3.2.3 The Notch pathway 

In contrast to the previously described signalling pathways, the Notch pathway is 

known to rely mostly on direct cell-to-cell contact (60). Interestingly, while the Notch 

signalling cascade is relatively straightforward and does not include protease-based 

signal amplification, the consequences of Notch signalling are highly cell context 

dependent. This pathway can for example lead to cell death or cell proliferation, or the 

differentiation of cells into various cell types. Similarly to the Wnt and HH pathways, 

Notch is also implicated in stem cell maintenance (61), oncogenic as well as tumour-

suppressive mechanisms (62), and CSC (63), making it again a target of high interest for 

cancer drug discovery. 

The central mechanism in Notch signal transduction is proteolysis of the Notch 

receptor, releasing a moiety called the Notch Intracellular Domain (NICD), which can 

directly act as a transcription factor (Fig. 3). In contrast to the already mentioned 

pathways, Notch signal transduction is not mediated by secreted proteins, but by 

receptor interactions of the signalling cell and receiving cell. At the signalling cell, the 

receptors Jagged, Serrate or Delta are present. Upon direct binding of these receptors by 
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the Notch receptor on the adjacent receiver cell, the Notch receptor partly unfolds, 

enabling processing by the proteases ADAM and β-secretase, releasing the NICD. The 

NICD then travels to the nucleus, where downstream signalling in mammals is initiated 

by binding to the transcription factor Epstein Barr virus C-promoter binding factor 1 

(CBF-1). The Notch pathway is tightly linked to inducing epigenetic modifications, such as 

histone acetylation (64, 65). Interestingly, mechanical forces seem to play a crucial role in 

Notch signalling, being able to directly trigger Notch proteolysis (66). 

 

 

 

 Figure 3: The Notch pathway. Adapted from Kopan and Ilagan, 2009 (60). 
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3.3 Part Three: Optical and imaging techniques - from single cell to 

multimodal in vivo methods 

Imaging methods have emerged as vital tool in molecular biology. In this work, the 

focus will be on fluorophores and luciferases. We relied heavily on single-cell 

measurements by flow cytometry, as well as screening approaches. One focus of our 

work was the design of suitable multi-colour reporter gene constructs for both 

fluorophores and luciferases, which will also be discussed in this section. As advanced in 

vivo technique, the combination of several imaging modalities enables the discovery and 

tracking of malignant cells and therapeutic transfection in the mouse. 

 

3.3.1 High-throughput single cell investigation: flow cytometry 

In traditional flow cytometry, the visual properties of single cells can be investigated. At 

its core, a flow cytometer consists of fluidics, through which cells from a sample are 

guided, and in which they are illuminated by at least one laser. As a result, the scattered 

light or fluorophore emission of the cell under scrutiny is received by sensors, and this in 

turn conveys information about the properties of the cell. Modern flow cytometers can 

feature up to five lasers, and can detect a maximum of 14 parameters (67). A 

tremendous advantage of this technique is the throughput: up to 10,000 cells per second 

can be investigated (68). Flow cytometry can not only be used for single cells, but also for 

cell lysates and biological liquids (69, 70). 

This method is possible with unstained cells, but dedicated dyes and antibodies 

augment the features that can be investigated. In an unstained cell, the incoming laser 

light is scattered. By this, the size and granularity of the cell can be determined, as well 

as the number of cells by counting the events that pass through the laser. The usage of 

lasers also facilitates usage of fluorescent dyes. Here, the laser light is not only scattered, 

but excites the fluorophore, resulting in light emission at a different wavelength, which 
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can be picked up by dedicated filters that detect fixed wavelength bands. With 

fluorescent dyes, features such as DNA or protein content can be explored. Additionally, 

flow cytometry has benefitted greatly from the design of specialized fluorescently 

labelled antibodies. These antibodies are tailored to the entity to be investigated, for 

example a cell surface receptor. If the receptor is present on the cell, the antibody will 

attach to it in a preceding experimental step. In flow cytometry, the fluorophore on the 

bound antibody emits a signal which can then be detected. At present, numerous 

antibody-fluorophore-combinations exist, enabling the isolation of previously elusive cell 

types. This ability is especially cherished in the area of immunology, where cell subtypes 

can be differentiated by the usage of various cell surface markers, in a process termed 

multiparameter flow cytometry (71).  

Multiparameter flow cytometry requires precautions. For one, the fluorophore 

excitation and emission wavelength is, in contrast to the laser light which operates at 

fixed nanometer values, spread over a spectrum. Instead of the targeted excitation by 

lasers, this can lead to cross-excitation between fluorophores. As an example, 

mTurquoise2 can be excited with light ranging from 350-480nm, with its highest 

sensitivity between 420-450nm. Its emission is from 460-600nm, with a peak at 470-

520nm (72). Given this information, it is intuitive that two fluorophores can also excite 

each other when their emission/excitation spectra overlap. Secondly, if a fluorophore 

has a broad emission spectrum that is picked up by several filters, signal spillover can 

occur. In the case of very bright fluorophores, it is possible that this signal spillover 

obstructs detection of another, less bright fluorophore. 

As such, it is of importance to negate or compensate such signal spillover in 

multicolour experiments. This can be facilitated by two means: First, fluorophores with 

compatible spectra should be chosen. Secondly, signal spillover that is present can be 

managed by a process called compensation. In compensation, spectral overlap is 

mathematically calculated out (26). While some instruments can have internal 

compensation mechanisms, post-processing via dedicated flow cytometry analysis 

programs is also possible. In short, the emission strength of each used fluorophore upon 

excitation in the different filters is determined. This matrix can then be used to subtract 

the fluorophore emission signal in the “off-target” filters accordingly. While manual 
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compensation is discouraged in the literature, which includes the drawing of gates and 

thresholds, it is still standard in programs such as FlowJo (26), leading to possible 

negative impacts on compensated results and data interpretation. 

In our work, we chose to combine four fluorophores: mTurquoise2, eGFP, tdTomato 

and iRFP720 to visualize activity of the developmental pathways Wnt, HH and Notch (Fig. 

4). 

 

3.3.2 Luciferase multicolour combinations 

For luciferases, combinations are also possible. Often, for signal normalization 

purposes, an additional, constitutively expressed luciferase is added to transfection 

assays as described in section 1.1.4. Simultaneous detection of two luciferases has also 

been described (73). In our work, aimed at visualizing the activity of three developmental 

pathways, and wanted to also develop a luciferase-based reporter construct for this. 

 

Figure 4: Selected fluorophores for the pathway reporter constructs. Excitation (dashed lines) 

and emission spectra (continuous lines) of mTurquoise2 (turquoise), eGFP (green), tdTomato 

(yellow) and iRFP720 (red). The lasers (405nm, 488nm, 635nm) and filters (V1 [450/50nm], V2/B1 

[525/50nm], B2 [585/40nm], B3/R1 [655-730nm], B4/R2 [750nm LP]) of the flow cytometer used 

are also indicated. Adapted from (74). 

 



 

22 

 

In contrast to fluorophores, where single cell measurement is the goal, we decided to 

utilize a standard well plate format in which either the supernatant (extracellular 

luciferases) or the cell lysate (intracellular luciferase) is measured. As thus, the signal 

intensity is not investigated per cell, but per well, in line with drug development 

screening approaches (16). Special scrutiny rests on the cross-reactivity of the luciferases 

and the substrates. Cross-reactivity between GLuc and NLuc and their respective 

substrates has been described (75). As such, we decided to restrict measurement of GLuc 

and NLuc to different compartments, and also set the aim to be vigilant towards 

potential signal spillover. In our work regarding developmental pathway reporter design, 

we chose FLuc, GLuc and NLuc as luficerases (Tab. 1). 

 

 

Luciferase Substrate Location 

Firefly luciferase (FLuc) Luciferin Intracellular 

Gaussia luciferase (GLuc) Coelenterazine Extracellular 

NanoLuc (NLuc) Furimazine Intracellular 

 

Table 1: Selected luciferases for the pathway reporter constructs. 

 

3.3.3 Multimodal in vivo imaging techniques 

Especially in animal experiments, it can be seen as ethical necessity to gain as much 

insight from one experimental animal as possible. In multimodal imaging, different 

visualization techniques such as for example magnet resonance imaging (MRI), 

bioluminescence imaging (BLI) and fluorescence imaging (FLI) are combined to maximize 

data output from one animal. Most often, an overlay of the resulting data is the aim. 

Multimodal imaging is also an emerging technique in cancer therapy, where e.g. a 

combination MRI and computer tomography variants can be used to more specifically 

determine the tumour phenotype (76). In mice, multimodal imaging enables the tracking 
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of cells, such as luciferase-labelled immune cells and their association with fluorescently 

labelled colon cancer cells (77). Also, the transfection potential of novel gene delivery 

methods can be assessed in vivo, using for example MRI, FLI and optical images (78). 

Gene delivery to the lungs, especially targeting diseases such as cystic fibrosis, is an of 

now experimental mode of application (79). While different methods exist, 

aerosolization of PEI is advantageous compared with intravenous injections or 

instillations (80-82). In our work, we used multimodal imaging to investigate the in vivo 

transfection potential of intratracheally administered polyplexes, carrying the 

information for a luminescent reporter, in a breast cancer metastasis model featuring 

fluorescent cells. Different imaging modalities such as CT, MRI, fluorescence and 

bioluminescent imaging methods were used to investigate the effectiveness of gene 

delivery. 

3.4 Part Four: Gene delivery 

In 1928, before the clarification of the molecular basis of inheritance, the first seminal 

study identifying gene delivery was published by Frederick Griffith, now famously called 

“Griffith’s Experiment” (83). He observed that virulent strains of pneumococci, which 

were heat-inactivated and thus apathogenic, could transfer their disease-inducing 

property to non-virulent strains when injected together subcutaneously into mice. 

Further investigations into the nature of this “transforming principle” within the next 

twenty years led to the experimental discovery that deoxyribonucleic acids, and not 

proteins, are the carriers of genetic information (84). As such, gene delivery has played a 

crucial part in uncovering one of the most significant findings in recent history. 

Nowadays, gene delivery is applied broadly in laboratory contexts, and attempts to 

harness its power in the clinics are accelerating. While DNA can directly be applied for 

gene delivery (“naked DNA”), it suffers from several disadvantages. Its half-life, due to 

the nucleases encountered in the body, is quite limited, and because of the lack of 

adequate transport into the nucleus, the gene transfer remains comparatively ineffective 

(85, 86). Nonetheless, naked DNA remains a method featured prominently in current 

clinical trials, also due to its high safety profile (87).  
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To ameliorate these shortcomings, other approaches utilize vehicles for gene delivery. 

They can be classified as either viral or non-viral approaches. Differences exist regarding 

their mechanism, effectiveness of gene delivery, their safety profile, and method of 

application. In this work, we use two methods of gene delivery, third generation 

lentiviruses and linear polyethylenimine (LPEI). We rely on gene transfer of reporter 

constructs, which we assess with current imaging techniques. 

 

3.4.1 Lentiviruses 

The gene delivery properties of viruses are central to their function as pathogens. For 

example, lentiviruses are able to also stably integrate their genetic payload into non-

dividing cells, and into the less risk-associated genomic locations of transcription units 

instead of, as gammaretroviruses, regulatory regions (88). For clinical as well as research 

settings, utmost care is taken to design lentiviruses that enable safe handling. One aspect 

of this the production of lentiviruses. This procedure utilizes a producer cell line to which 

plasmids, circular DNA of historically bacterial origin, encoding for the individual 

components of the lentivirus, are added. Similarly to a manual, the plasmid genetic 

information is read by the producer cells, and viral particles are produced. To minimize 

the dangers of accidentally producing virus with the possibility to replicate, or otherwise 

damage the target host, modifications to these plasmids have been made over time.  

In a seminal paper by Naldini et al., the first system, so-called first generation 

plasmids for lentivirus production, was generated. It is based on HIV-1 (89). Here, the 

genetic information required for a functional virus was split up on three plasmids: the 

transfer plasmid contains the provirus, and as such the genetic payload that is to be 

delivered. The other plasmids facilitate generation of the required viral structures and 

components, as well as packaging. Already, the genetic information of the virus was 

heavily modified: for example, the native viral envelope gene, which determines which 

cells can be targeted by the virus, was defective. Normally, HIV targets CD4+ cells, leading 

to the infection of various immune cells (90). Instead, a third plasmid codes for a new 
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functional envelope, for example the G protein of the vesicular stomatitis virus (VSV-G), 

enabling the produced virus to infect many different cell types. Also, several 

functionalities that would have led to the addition of other genomic information into the 

virus were abolished. For functional virus to be generated, all three plasmids needed to 

be transfected into the same packaging cell. The resulting virus is replication-deficient, 

due to the deletion of key sequences from the packaging plasmid. 

In the second generation system, additional viral sequences were removed, as they 

were found out to be non-essential for lentivirus generation (91). It thus further 

prevented unwanted reconstitution of replicating virus. Interestingly, the choice of 

producer cell line was relevant to this achievement, as HEK293T cells were found to 

produce virus even without the deleted vif and vpu sequences. HEK293T cells are a 

standard for lentivirus production to this day. Other proteins were dispensable because 

of the choice of VSV-G as envelope, which is still commonly used (92). The deletion of 

these sequences also reduced the pathogenicity of the constructs. 

A year later, the system was further improved to give rise to third generation plasmids 

(93), a system that is at the moment the standard in many laboratories. The viral LTR in 

the transfer plasmid was chimerized to include a strong regulatory unit, abolishing the 

need for tat, which was consequently deleted. By this, only three of the nine HIV-1 

proteins remained in this system. Biosafety was further enhanced by separating the 

genetic information of the packaging plasmid on two separate plasmids, leading to a 

total of four plasmids required for successful production of the virus. With the deletion 

of all non-essential genes, pathogenicity is largely prevented. Additionally, a modification 

of the LTR makes it unlikely that, upon transduction, full-length RNA of the vector can be 

generated, as well as reducing a possible unwanted enhancer effects on nearby 

endogenous genes after integration. A fourth-generation system has been introduced 

recently, in which the transfer plasmid design is further rationalized, reducing viral 

sequences that are transduced, and simplifying the design of longer transgene cassettes 

(94).  

Different methods exist for the transfection of the producer cell line with these 

plasmids, having in common that non-viral gene delivery methods are employed. 
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Lentivirus production itself takes several days. Virus is present in the supernatant, and 

can be either directly used, or purified, and can then be applied to the target cells (95). In 

a next step, the lentiviral machinery, together with recruited cellular factors of the host 

cell, effectively mediate stable integration of the genomic payload, and thus a successful 

transduction in the target cells (88).  

In the publication introducing the second generation lentivirus system, it is 

optimistically mentioned that the design of a stable producer cell line should be feasible, 

eliminating the need to transiently transfect a producer cell line. The need to transfect is 

a problem, especially for clinical applications, as the quality of the transfection and the 

resulting virus do change from batch to batch of transfected producer cell lines. In turn, 

this complicates the rigorous standardization required to approve new treatments (92). 

In search for a stable producer cell line, it became apparent that specific viral proteins, 

such as VSV-G, exert cytotoxicity that hinder such efforts (96). Current approaches follow 

different strategies, from inducible genes, to partly incorporating non-toxic viral proteins 

or generating less toxic protein variants, but each suffers from drawbacks, and research 

is ongoing (97, 98). 

After transduction of the target cells, an additional election of stably transduced cells 

is often made, for example by utilizing an introduced selection marker such as antibiotic 

resistance, or a fluorophore that can be sorted for (99). Selection pressure should be 

maintained, or the stability of the transduction checked, as silencing of the transgene is 

reported to occur over time (100). 

Taken together, gene transfer with lentiviruses results in a stable integration of the 

transgene into the host’s genome. Being very efficient, the duration from virus 

production to successful transduction of the target cells requires approximately two 

weeks. 
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3.4.2 LPEI 

While, as described above, naked DNA is used directly for gene transfer, nanocarriers 

are utilized to improve this process. Nanocarriers show some advantages in contrast to 

naked DNA, such as shielding of the DNA from endonucleases (101). The main carriers 

used are lipids in the form of liposomes or liposomal agents, which work by coating the 

DNA in spherical lipid bilayers (102), and cationic polymers, in which the negatively-

charged DNA aggregates around a polymer. Typically, plasmid DNA (pDNA) is added to 

these vehicles and interacts with them, and the resulting complexes are used directly for 

non-viral gene delivery. This is a stark contrast to virus production for viral gene delivery, 

where e.g. the genomic payload needs to be modified to fit the proper viral syntax. The 

non-gene delivery formulations are taken up by the cells, and dissociate in the 

cytoplasm, releasing the genomic payload. The pDNA is then bound by a multitude of 

cellular proteins, and transcription can take place (103). 

Non-viral gene delivery of DNA does normally not lead to integration in the genome of 

the receiving cells, and is thus transient as the plasmids are lost due to cell division. As 

the genomic payload needs to be located in the nucleus to be transcribed, non-viral 

transfection agents are especially effective when applied to dividing cells. In these, the 

nuclear envelope is temporarily disbanded, allowing easier access of the transfected DNA 

into the nascent nucleus (104). In non-dividing cells, the cellular proteins bound to the 

genomic payload can transport the DNA directly into the nucleus. It is estimated that 

only a relatively low percentage of DNA used for non-viral gene delivery actually reaches 

its nuclear destination (103). New approaches that use sophisticated genetic systems, 

such as the Sleeping Beauty transposase, can enable stable integration (105), but are not 

widespread as of now.  

A frequently used cationic polymer of gene transfer is polyethylenimine (PEI) (106). In 

contrast to lipid-based agents, PEI can be easily functionalized chemically, for example to 

increase its stability (107), or to target it to specific cells populations (108). PEI is superior 

to liposomes in some applications, such as when applying it as aerosol in the lung (109). 

Interestingly, PEI-DNA polyplexes have been observed to partly stay intact within the 

nucleus, and it has been speculated that this decreases transfection efficiency (110). 
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For PEI, two main configurations exist: branched and linear PEI (LPEI). LPEI is superior 

regarding its increased transfection profile, and shows decreased cytotoxicity (111, 112). 

For production of the nanocarriers, the positively charged PEI is rapidly mixed with the 

negatively charged nucleotides, for example pDNA. This process, in the context of this 

work, is referred to as flash pipetting. The mixture ratio of PEI to DNA is expressed as the 

N/P ratio, denominating the ratio of nitrogen containing amine groups in the PEI, to 

phosphates in the nucleotide used (113). N/P ratios range usually between two and ten 

(114). The PEI-DNA complexes obtained by mixing are called polyplexes. The transfection 

ability of polyplexes depends heavily on the net charge: the more positive the polyplex, 

(and as such, the higher the relative amount of PEI, and the higher the resulting N/P 

ratio), the easier the interaction with the cell membrane. Unfortunately, electric charge 

also correlates with cytotoxicity, which is thought to be mediated by membrane 

destabilization (111). And as such, a compromise between cytotoxicity and transfection 

efficiency has to be determined carefully for experiments.  
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4 Publications 

2.1 Luminescent and Fluorescent Triple Reporter Plasmid Constructs for 

Wnt, Hedgehog and Notch Pathway 

Julia Maier, Haider Sami, Alexander Taschauer, Martina Anton, and Manfred Ogris. PLOS 

ONE, under review. 

 

Aims: 

Development of single and combined luminescent and fluorescent reporter plasmids 

for visualizing the activity for the Wnt, Hedgehog and Notch Pathway. 

1. Evaluation of available pathway-sensitive pathway reporter constructs for the Wnt, 

Hedgehog and Notch pathway 

2. Cloning of each a combinable set of luciferase- or fluorescence-based reporter 

plasmids for the three pathways 

3. Comparison of original and newly designed reporter constructs with respect to signal 

fold increase upon induction with plasmid-based activators 

4. Generation of MuLE-backbone based three-pathway reporter constructs suitable for 

lentivirus production, utilizing the generated luminescent and fluorescent reporter 

plasmids 

5. Comparison of the generated single and three pathway reporter plasmids 

6. Verification of the suitability on the generated reporter plasmids in an assay utilizing 

chemical compounds interfering with the Wnt, Hedgehog and Notch pathways. 

 

Hypotheses: 

1. Generation and usage of combinable single and three pathway constructs is feasible. 

2. Application of plasmid-based and/or chemical activation are suitable to demonstrate 

the performance of the generated single and three pathway constructs. 
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Contributions: 

J.M. planned the project, performed the experiments, evaluated the data, and co-wrote 

the manuscript (first authorship).  
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2.2 Multimodal Fluorescence and Bioluminescence Imaging Reveals 

Transfection Potential of Intratracheally Administered Polyplexes for 

Breast Cancer Lung Metastases 

Antonia Geyer, Alexander Taschauer, Fatih Alioglu, Martina Anton, Julia Maier, Elisabeth 

Drothler, Manuela Simlinger, Sümeyye Yavuz, Haider Sami, and Manfred Ogris. Human 

Gene Therapy, 2017. 28(12):1202-13. 

 

Aims: 

Development of single and combined luminescent and fluorescent reporter plasmids 

for visualizing the activity for the Wnt, Hedgehog and Notch Pathway. 

3. Evaluation of smallest iRFP720 signal with significant signal by in vivo FLI 

4. Signal intensity and gene expression of intratracheally microsprayed LPEI-pDNA 

(FLuc) by BLI 

5. Analysis of the signal and morphological overlap of multimodal imaging with BLI, FLI 

and MRI  

 

Hypotheses: 

6. Tumour growth in vivo can be adequately assessed by iRFP720 FLI imaging, including 

tumour burden, allowing disease tracking before conventional signs of sickness are 

detectable  

7. Intratracheally microsprayed LPEI-pDNA is suitable for transfection of lung tissue 

8. Multimodal imaging reveals morphological information, and enables tracking of co-

localized FLuc-transfected iRFP720+ cells 

 

Contributions: 

J.M. was involved in experimental design and experimental work (cell transductions, 

transduced cell sorting), and co-authored.  
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2.3 Up-Scaled Synthesis and Characterization of Nonviral Gene Delivery 

Particles for Transient In Vitro and In Vivo Transgene Expression 

Alexander Taschauer, Antonia Geyer, Sebastian Gehrig, Julia Maier, Haider Sami and 

Manfred Ogris. Human Gene Therapy Methods, 2016. 27(3):87-97. 

 

Aims: 

Protocol setup for a standardized up-scaled polyplex (LPEI-pDNA transfection agent) 

synthesis, including the assessment of different formulations, and evaluation of 

transfection after intravenous polyplex administration 

1. Protocol generation for up-scaled polyplex production, including rigorous testing of 

physical properties 

2. Quality assessment of in vitro and in vivo transfection potential for different N/P 

rations, including comparison to other transfection agents 

 

Hypotheses: 

1. Syringe-pump based synthesised polyplexes achieve reproducible physical and 

biophysical properties 

2. Polyplexes show comparable transfection potential to commercially available 

alternatives, with robust in vitro and in vivo transfection efficiencies 

 

Contributions: 

J.M. was involved in experimental design and experimental work (cell transductions, 

transduced cell sorting), and co-authored.  
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5 Discussion 

In the main paper of this thesis, we set the goal to develop a multi-pathway reporter 

plasmid, focussing on the Wnt, HH and Notch pathways. For this, we generated several 

reporter plasmids and compared their performance. We utilized various reporter gene 

constructs that mediated expression of proteins for optical readout, ranging from 

fluorophores such as eGFP or iRFP720 to bioluminescent enzymes, such as FLuc. In the 

second work, we transduced breast cancer cells to constitutively express iRFP720+, which 

then generated lung metastases in an in vivo model. We then administered polyplex-

aerosol containing FLuc-pDNA to assess the effectivity of intratracheal delivery of 

polyplexes via microspraying, especially in the breast cancer metastases cells. In a third 

paper, we generated an up-scaled polyplexing approach, and identified optimal 

modalities for polyplex-based transfection experiments by investigating expression 

patterns in vitro. 

A broad range of different reporter constructs were employed in our projects. This 

enables a thorough evaluation of the different promoters and reporter genes. Also, we 

encountered challenges regarding bioluminescent and fluorescent imaging, and 

observed interesting variations of different normalization methods for transgene 

expression. In this discussion, we will also look into alternative destabilized and 

BRET/FRET driven reporter constructs for pathway research, the crosstalk between the 

Wnt, Notch and HH pathway, and discuss the importance of screening approaches for 

drug discovery. 

Promoter choice is vital for designing reporter systems. Interestingly, even identical 

promoters by name have been shown to produce different experimental results (115), 

drawing attention to the need to characterize the expression of any given reporter 

locally in a laboratory environment. For in vivo work, considerations of long-term 

transgene expression and strength, which are often inversely correlated, are of special 

concerns. This is well demonstrated by the CMV promoter, which, after providing high 

expression levels of the transgene at first, is known to be downregulated by methylation 
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(116). In contrast to this, the PGK promoter has been described to be less methylated 

(117), but is also a weaker promoter in mammalian cells compared to CMV (118). In our 

multimodal imaging work, we had issues to separate the relatively weak fluorescence 

signal from PGK-iRFP720 from the background fluorescence, which persists for example 

in the digestive tract, despite providing low fluorescent diet seven days prior to the 

experiment to the mice. As such, switching to a stronger promoter might be required to 

better investigate far red fluorophores in vivo. 

In line with the finding that the promoter performance can vary, our results generated 

with the Notch-pathway sensitive CBF promoter did not match with its description in the 

literature. CBF:H2B-Venus has been successfully used to image the Notch pathway in vivo 

(119). For Notch pathway induction, we acquired the same plasmid as used in this paper 

from Addgene, pCAGGS-NICD (#26891). The CBF promoter, as part of the CBFRE-EGFP 

plasmid, was generated previously to track Notch signalling in brain development, also 

using NICD for Notch induction (120), corroborating our methodology for pathway 

activation further. In our hands, non-induced CBF:H2B-Venus had an easily 

distinguishable Venus signal in flow cytometry, but did not react to Notch induction 

when co-transfected with pCAGGS-NICD. In contrast, our modified versions CBF-GLuc 

and CBF-tdTomato did successfully react to Notch induction, even if the fold-increases of 

signal upon induction were comparatively low. To us, there is no obvious explanation to 

this phenomenon. For assessing the reasons for this further, we recommend re-cloning 

of our promoter into the original backbone as well as exchanging the fluorophore on the 

CBF:H2B-Venus construct, and acquiring the original CBFRE-EGFP construct for rigorous 

assessment. 

We also observed vast differences in the two HH pathway sensitive promoters we 

evaluated. The promoter PTCH1_WT consists of the original PTCH1 promoter, which 

encompasses two GLI consensus sequences (5), whereas 12GLI features twelve GLI 

consensus sequences in front of a truncated thymidine kinase promoter (12, 121). 

Comparing the performance of the originally acquired promoters for PTCH1_WT and 

12GLI directly, which both use FLuc as reporter gene, we saw drastic differences in fold 

increase upon induction: approximately five times for PTCH1_WT, and around 200 times 

for 12GLI. While the difference in performance could easily be correlated to the amount 
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of GLI consensus sites, this stresses the importance of carefully evaluating promoters, 

and tailoring their choice to the experimental requirements.  

In our work on the Wnt, HH and Notch pathway reporters, we had the opportunity to 

work with three different luciferases. One of them was the relatively novel NLuc, which 

excels in brightness (20). This brightness led to unforeseen challenges. The NLuc 

transgene, when driven in preliminary experiments with the CMV promoter, was so 

bright that the luminescence in a 96-well plate was clearly visible with the human eye in 

conditions of very dim light. The apparatus used for measuring was unable to evaluate 

the signal due to its extraordinary strength, falsely registering it as “opened cover” due 

to its brightness. Furthermore, even in our experiments with TOP-NLuc, we had to take 

care to distribute the experimental conditions in a sophisticated manner. For example, 

we could not place wells with low and high NLuc signal too close to each other, as the 

signal spillover into adjacent wells was considerable.  

Interestingly, we also noticed that the machine we used for evaluation of 

bioluminescence signals carried over signal from one well to the other. This resulted in 

problems if we first measured a high-signal well, and afterwards any low-signal well, 

even if the two were spatially distinctly separated. We noticed that this decay in 

remaining sensor signal was time-dependent. As a result, we resorted to measuring the 

wells on 96-well plates in several groups, starting with the conditions where we expected 

the lowest signal. We adopted this procedures of separating conditions spatially and 

reading them in groups of similar luminescence for all luciferases, as we noticed identical 

problems, although in less striking magnitudes, for GLuc and FLuc. Even though our 

method certainly reduced effectiveness in terms of time as well as the number of 

conditions that could be placed on one well plate, we advocate adopting it generally to 

increase signal fidelity, in case large variations in signal strength are to be expected 

within an experiment. This challenge again highlights rigorous assay evaluation, as an 

oversight of such signal spillover has the potential to severely distort experimental 

results. 
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Additionally, the lack of substrate specificity between NLuc and GLuc required a 

careful assay setup. The GLuc substrate coelenterazine can also be utilized by NLuc, as it 

is an analogue of furimazine. To complicate matters further, NLuc and GLuc emission 

spectra are comparable (122). As such, in our single pathway luciferase assays, the 

conditions in which NLuc signal was normalized with GLuc required special attention. As 

a solution, we used secreted GLuc, and intracellular NLuc. For the normalization 

measurement all of the supernatant was removed from the wells and replaced by 

phosphate buffered saline (PBS), and the original plate was then refrigerated. Of the 

supernatant, a fraction was measured for GLuc luminescence. In a second step, the cells 

in the original plate were assessed for their NLuc signal. With this method, we could 

prevent a spillover of NLuc signal into the GLuc luminescence measurement, which 

would have been more powerful as NLuc luminescence is very bright. On the other hand, 

it cannot be excluded that unsecreted, intracellular GLuc signal spilled into the NLuc 

measurement, but it has been shown that GLuc activity to furimazine is negligible, and 

thus the NLuc luminescence should not be significantly influenced by GLuc signal (123).  

In both papers that focus on imaging, we noticed that working with fluorescence is 

technically more challenging than luminescence. In our in vivo studies, fluorescence 

values were determined to be comparatively low. Autofluorescence from the digestive 

tract was an issue, despite switching to low fluorescent diet a week before imaging. In 

our work focussing on pathway reporter constructs, we faced two main issues with the 

fluorescent reporter genes utilized. Considerably larger amounts of polyplexes were 

needed to effectively investigate the signal fold increases upon pathway induction, 

compared to the luciferase reporter constructs. Whereas we used below 100ng total 

polyplexes per well in the luminescent conditions, this value increased to a standard of 

800ng for investigations of fluorophore-based reporter constructs. Raising the amount of 

polyplex is associated with higher cytotoxicity, and is thus suboptimal (111). That lower 

amounts of polyplexes were required for the luciferase reporters could be due to the 

signal amplification that is present in luciferase assays, with the reporter gene being an 

enzyme that can convert large amounts of its substrate molecules, with each conversion 

resulting in a light pulse (27). Still, fluorophores offer considerable advantages, such as 
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the established possibility to image processes in single cells (119), and even intracellular 

structures with highly sophisticated methods such as single-molecule fluorescence 

microscopy (124). As such, choice of reporter gene is again something that needs to be 

considered wisely. 

Employing several fluorophores in our 3P-Fluor construct required subsequent signal 

compensation of the flow cytometry data. Especially the emission of eGFP was 

problematic, as it overlapped broadly with other fluorophores, especially tdTomato (see 

Tab. 1). Furthermore, eGFP was CMV-promoter driven, resulting in a very high eGFP 

signal. Even after compensation, detection of the other signals was complicated, as eGFP 

outshone the weaker and rarer signals. In a revision of this construct, we would emit 

eGFP from the construct, as it was not essential as pathway reporter: it was only 

included to report positive transcription or transduction.  

 

Signal normalization, as mentioned in the introduction, is often a necessary step in 

reporter gene assays. In our paper, we noticed large and reproducible differences on the 

normalized luciferase-based results, which were correlated to the choice of 

normalization method. Specifically, we found normalized luciferase signal strength to be 

connected to the either vector or life-cell based normalization. Interestingly, papers that 

compare different normalization modes are very sparse, and as thus there is value in 

discussing our findings here. 

We used two modes of normalization: (1) vector normalization, in our case a co-

transfection with a suitable luciferase; (2) CellTiter-Fluor, a commercially available kit 

(125, 126). Per default, we used vector normalization, which is also able to take into 

account transfection efficiency as well as the overall transcription potential of the 

treated cells. As such, vector normalization is deemed to be a more accurate method 

(36). We performed normalization with either GLuc or FLuc, depending on the reporter 

gene used for the pathway. For the evaluation of our 3P-Luc constructs, normalizing with 

luciferases was not feasible, as all possible luciferases (FLuc, GLuc, NLuc) were already 

part of the construct. Here, we used CellTiter-Fluor, which is an indicator of cell viability. 
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In short, this assay assesses the activity of proteases that become labile if cellular 

membranes are damaged. 

We noticed striking differences between the normalized luciferase signals of these 

two normalization methods (Tab. 2). Interestingly, there is no clear tendency regarding a 

general increase or decrease upon usage of one or the other method, and the fold 

increase after pathway induction increases a log scale for TOP-NLuc, decreases half for 

GLI-FLuc, and disappears in CBF-GLuc. This deviations also indicate that it is not a 

systemic phenomenon, but that the effect on each individual reporter gene assay was 

varying, indicating distinct causal chains. If we assume that the baseline pathway-

reporter associated luminescence stays the same, then the relative signal of fold increase 

upon induction increases if the normalization signal decreases, and vice versa. 

It has to be said that the two normalization methods evaluate different parameters. In 

case of CellTiter-Fluor, cell viability is assessed. Vector normalization, in contrast, 

depends on the number of living cells, their transfectability, and the transgene 

expression. It thus more directly reflects the subpopulation of cells in which the actual 

reporter is likely to be expressed. Still, given that the two normalization techniques are 

similarly different in this respect for all reporter genes investigated, one would assume a 

similar effect, if this is the only reason for the observed variation of the post-

normalization signal.  

 

Reporter gene Vector normalization 
CellTiter-Fluor 

normalization 

 Fold increase upon pathway induction (approx.) 

TOP-NLuc 100 1000 

GLI-FLuc 200 100 

CBF-Gluc 3 None 

Table 2: Influence of normalization method on luciferase assays. Two different normalization 

methods were applied, and the fold-increase of baseline signal versus pathway-induced signal 

compared for each reporter gene. Shown here are the approximate values of the normalized 

signals Methods for the induction of reporter genes were identical. 
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Communication of our protocols to the manufacturer excluded known assay 

incompatibilities of our method and CellTiter-Fluor (J. Adam, Promega, personal 

communication, October 15, 2018). As another explanation, using CMV-driven luciferase 

variants for vector normalization could have skewered the outcome. CMV promoter, and 

its enhancer elements, are also receptive towards external and internal stimuli, likely 

because of the transcription factor binding sites, and the CMV promoter has be shown to 

be sensitive towards JNK pathway activation (127, 128). Thus it can be speculated that 

modification of cellular pathways in our induction experiments had an influence on CMV-

luciferase expression. As such, investigating if pathway induction of Wnt, HH or Notch 

also influences CMV-driven expression would be valuable.  

Pathway induction could also have affected CellTiter-Fluor, as pathway status could 

interact with intracellular proteases. Induction of the canonical Wnt pathway has been 

described to increase protease activity (129). Interestingly, this effect would have an 

effect contrary to our observations. In our Wnt pathway activation experiments, 

normalized signal increased for CellTiter-Fluor, which would have meant that protease 

activity would have to be decreased. Literature for a correlation of protease activity and 

pathways activation does not exist for the HH or Notch pathway. 

Adding a layer of complexity, LPEI actively damages membranes, which in turn is 

important for the CellTiter-Fluor signal. PEI is internalized a few hours after transfection 

(130), and disturbances such as destruction of the mitochondrial membrane, and 

associated activation of caspases which can lead to apoptosis, persist at least up to 24 

hours post-transfection (131). As such, results of CellTiter-Fluor in PEI-transfection might 

be influenced by caspases, and thus protease activity. As the exact proteases required 

for CellTiter-Fluor readout are proprietary knowledge, we can only speculate that PEI 

addition might influence this normalization approach. Still, as all conditions received 

comparable amounts of LPEI, we would again expect a similar signal shift for changes in 

normalized signal when we compare the two normalization methods over all three 

pathways. Additionally, as mentioned above, induction of developmental pathways 

might in turn have influenced apoptosis signalling, and thus the proteases required for 

CellTiter-Fluor. All three pathways are known to interact with apoptosis (132-134). 
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Taken together, we suggest that CellTiter-Fluor might be suboptimal for normalization 

of PEI-transfection experiments. Instead, alternatives that evaluate protein content as 

surrogate marker for cell viability, such as MTT assay or the Bredford assay, could be 

used. Furthermore, if constitutively expressed luciferases should be used for 

normalization, we recommend replacing the CMV-promoter with one that is less prone 

to react to numerous transcription factors. 

 

In our reporter design for the three developmental pathways, we utilized the 

expression of reporter genes to visualize pathway signalling. While this is a 

straightforward approach, accumulation of reporter proteins within the cells has a 

negative impact on the reporter signal dynamics. Fluorescent reporter proteins often 

exhibit half-lives or around 24 hours (135). As such, the measured signal is an 

accumulation of protein stability and promoter activity, and reporters with long half-lives 

are not especially well suited to determine kinetics, which would be ideal for pathway 

signalling. The luciferases used in our experiments show half-lives from 3 hours (FLuc), <6 

hours (NLuc) to 6 days (GLuc) (18, 136). 

As a solution, reporter variants with shorter half-lives can be utilized to increase the 

dynamic range. For this, native proteolysis signals can be used. A well-known example is 

the PEST destruction domain, a peptide sequence consisting of proline (P), glutamate (E), 

serine (S) and threonine (T). The PEST sequence leads to rapid degradation when present 

in proteins (137). A short-lived variant of NLuc, NLucP, features such a PEST sequence. It 

shows an intracellular stability of around 20 minutes, with a reduced signal intensity 

(138). As we experienced issues with extremely high NLuc signals, replacing NLuc with 

NLucP thus holds promise for our approach regarding both improved signal dynamics 

and a more convenient signal strength. Another variant, FLucP, has a half-live of around 

2 hours (138). For GLuc, a destabilized variant exists, which utilizes three PEST 

sequences, for which the half-live has not yet been published (139).  

For the fluorophores, PEST-modified versions exist of eGFP with a half-life of 2 hours 

(140), and tdTomato, with unknown half-life (141). Usage of destabilized versions could 

thus increase the accurate measuring of the signal dynamics, to the cost of signal 
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intensity. As low signal intensity was especially a challenge in our fluorophore reporters, 

it would have to be seen if using destabilized reporter versions would be feasible overall.  

An alternative would be the usage of a system which only gives a short-lived signal 

upon active signalling. This would offer detection of pathway activity at a much finer 

resolution. For this, BRET/FRET based approaches could be employed. In the literature, 

BRET/FRET has been widely used to investigate signalling pathways. 

Several discoveries regarding the HH pathway have been made by using BRET/FRET 

(142). Same goes for the Wnt pathway (143, 144). FRET has also been used to show gene 

regulation by investigation the formation of transcriptional complexes. In a paper, the 

dimerization of the notch transcription complex on DNA was researched using FRET, 

illuminating notch gene regulation (145). Interestingly, BRET as well as FRET seem to be 

rather uncommon in Notch pathway research. 

BRET/FRET is mainly used to investigate protein-protein interactions. For example, 

investigating the HH signalling pathway, Praktiknjo et al. used the EPAC-BRET system, 

which is sensitive to changes in cAMP (146). Here, RLuc and GFP10 were used as 

donor/acceptor pair (147), comparable to the natively occurring BRET observed in R. 

reniformis. Similar to our approach, the HH pathway was induced by n-terminal D. 

melanogaster HH protein. Here, upon binding of cAMP to the BRET system, the BRET 

signal decreases. Also, in this work BRET was used to uncover molecular interactions 

within the HH pathway, not to show induction per se. 

In an experimental series investigating the Wnt pathway, different central proteins of 

this pathway were fashioned into BRET pairs, such as β-catenin-RLuc and GSK3-GFP2, 

using HEK293T cells. For pathway induction, purified Wnt3a protein was used. 

Unfortunately, no statistical analyses was performed, and as such the effectiveness of 

this approach is unclear (148). This approach would be interesting for visualizing pathway 

induction, also in HH and Notch. 

BRET can also be used to investigate the interplay between different signalling 

modules. To explore the interaction of β-catenin and glucagon, the involvement of LRP5 

and the glucagon receptor was investigated by using BRET (149). Here, LRP5 was tagged 

with RLuc and the glucagon receptor with YFP, showing direct interaction of these two 

molecules, indicating cross-talk of Wnt and glucagon signalling. 
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Regarding sensitivity, the work of van Unen et al. has shown that at least for their 

assessed FRET pairs, single-cell quantification of histamine signalling is possible (150) 

Our literature research shows that a lot of exciting BRET/FRET approaches for 

uncovering signalling pathway protein interaction exist, but no readily available and 

statistically verified BRET/FRET pair is used for detecting Wnt, HH and Notch signalling 

activity in general, and any existing system would need to be optimized for this use first. 

At the same time, not all fluorophores utilized in our research exist as destabilized 

versions. As such, any update of our system with one of these two solutions for 

enhancing signal dynamics would require novel sets of experiments for first establishing 

any such system for our aim of visualizing pathway activity of these three pathways. 

While BRET/FRET based approaches could increase the signal dynamics remarkably, 

detection of several pathways at once would be challenging. Several BRET/FRET pairs 

would need to be employed in parallel to detect the activity of the Wnt, HH and Notch 

pathway, increasing the complexity of such a system, as well as the interplay of the 

individual components. Additionally, the size of our total plasmid constructs 3P-Fluor and 

3P-Luc is large, but still allows for lentivirus generation. In contrast, a BRET/FRET based 

approach would need to include more genetic information to contain all necessary 

donor/acceptor pairs, thus rendering lentivirus generation unlikely. Taken together, 

BRET/FRET approaches enable interesting insight into signal dynamics, while destabilized 

reporter gene versions can be seen as compromise between signal dynamics, complexity 

and size of the genetic payload when lentivirus generation is aimed at. 

 

Another challenge is the cross-talk of the Wnt, HH and Notch pathway (Fig. 5). 

Especially in cancer stem cells (CSC), where the modulation of these pathways is 

estimated to be central to therapeutic success, this intense cross talk is researched (45, 

47). As mentioned in the introduction, the effect of Notch signalling is conditional, and 

depends also on its interplay with the Wnt and HH pathway.  
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Figure 5: Interplay between the HH, Notch and Wnt signalling pathways. Green colour 

depicts activating, red inhibiting interactions. Modified from (151). 

 

A close interaction between Notch and Wnt activation has been shown in several 

studies. In colourectal cancer, progastrin is secreted, which in turn activates the Wnt and 

Notch pathway (152). Similarly, in breast CSC, Mel-18 knockdown increases Wnt and 

Notch signalling, leading to self-renewal of the CSC (153). In other studies, HH signalling 

was shown to inhibit Wnt in gastric cancer (154). Interestingly, in glioblastoma cells, 

Notch inhibition has been shown to upregulate the HH and Wnt pathway (155).  

This insight points out the concept of therapeutic resistance, in which cancer cells 

compensate for the effects of therapeutic interventions, such as downregulation of one 

pathway, by modulation of other pathways. As such, hopes rest in clinical approaches 

that target several pathways at once. This method is also under investigation in clinical 
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cancer stem cell eradication, as CSC are suspected to evade therapy by modification of 

an interconnected pathway (45). CSC are thought to be especially resistant to radio- as 

well as chemotherapy. They are thought to play an important part in disease relapse, and 

as such, suppression of this cell type in cancer is estimated to be of high importance 

(156). Numerous clinical trials with compounds modulating these three pathways in 

cancers, partly also in combination, are set in motion or have already ended (45). In this 

respect, targeting developmental signalling pathways remains a promising approach, and 

it remains to be seen how well the insights from the bench can be translated to the 

bedside.  

A reporter system in which the reaction of several pathways upon treatment can be 

analysed at once would be of advantage. Other efforts at designing multi-pathway 

reporter systems have already been made. Some commercial kits, for example the multi-

pathway reporter solution by Qiagen, utilizes dual luciferases (FLuc as reporter and RLuc 

for normalization), but performs the analysis for each pathway in separate, duplicate 

wells (157). GM Biosciences markets a similar assay (158). In a kit that co-expresses 

destabilized copepod GFP and a luciferase, System Biosciences sells both plasmid and 

virus variants of various reporter constructs, such as a Notch reporter system (159). In an 

RNA-sequencing focussed approach, Zhang et al. investigated the status of 917 pathway 

reporter genes to determine the state of 154 signalling cascades, but this approach 

requires an intricate bioinformatics analysis (160). Ammeux et al. researched the activity 

of seven signalling pathways in Drosophila melanogaster cell lines, by using quantitative 

qPCR as well as other methods which inspect mRNA levels (161). It seems that 

constructing multi-pathway lentiviral constructs, as we did in our work, remains a novel 

approach. 

As mentioned above, the search for effective assays for drug discovery is still a highly 

relevant topic. In recent years, tremendous progress has been made with phenotypic 

drug discovery (PDD). In contrast to target-based drug discovery, were a target molecule 

of interest is first defined and then screens are performed to find modulating 

substances, PDD approaches this process more broadly. For example, PDD looks at the 

response of signalling pathways upon compound addition, without setting a pre-defined 

molecular target (162). Reporter constructs which could screen several pathways at once 
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hold high value for PDD. Due to its broadness, the PDD approach is more likely to 

uncover serendipitous findings, and aims to first discover an effect, only then proceeding 

to unravel its molecular basis and/or therapeutic effect. Of course, PDD approaches still 

suffer from translating in vitro findings to clinically effective drugs. However, in some 

areas such as anti-infective or monogenetic disease compound research, translatability 

of PDD derived findings is high. In contrast, disease types which feature highly 

interconnected and partly evading systems such as oncology, PDD-based assays are less 

effective. In such disease areas, a rational assay setup is especially important and 

challenging, and should include e.g. replication of external factors such as 3D-

environments, and should be highly disease-specific, as laid out in Vincent et al. in their 

“rule of 3” publication (163). Future work in the area of drug discovery will need to 

implement solutions to both allow serendipitous as well as therapy-relevant discoveries.  

Taken together, refining of our pathway reporter system is possible in several ways. 

Most promising is a modification for improved signalling dynamics of the luciferase 

reporters by exchanging the reporter proteins to destabilized versions. Also, an 

optimized solution for 3P-Luc normalization should be implemented in the future. All in 

all, we are hopeful that our insights into reporter construct design and assay 

implementation will move us into the direction of a combined Wnt, HH and Notch 

reporter system, which holds promise for PDD-driven drug discovery.  
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