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“It is more important to know what kind of patient the disease has than to 

know what kind of disease the patient has” 

Sir William Osler  
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Abstract 
 

Investigation of cellular signaling networks and their activation state is helpful for the 

study of diseases. Detailed proteomic analysis of signaling pathways can reveal how 

changes in protein expression patterns mediate the functional manifestation of 

disease-related (genetic) aberrations. A deepened understanding of proteomic 

alterations can help in the understanding and discovery of (novel) disease mechanisms 

for various conditions. Especially in the field of oncology, signaling proteins have 

become direct targets for drug intervention; thus, by providing accurate information on 

protein abundance and activation status, the analysis of cellular signaling presents a 

promising clinical tool for treatment evaluation in precision medicine. Likewise, in 

experimental clinical research, tangible information on individual proteins of interest 

and protein-mediated signaling as a whole can be used to evaluate action mechanisms 

of cell signaling-interfering drugs and aid to identify new target structures for future 

drug development. 

DigiWest is a novel, antibody-based targeted protein analytics method which combines 

the robustness and specificity of traditional Western Blot with the high-throughput 

nature of bead-based parallelized assay systems. In a single analysis, the method 

provides information on 200 or more signaling proteins and/or their activation state. 

High flexibility in analyte selection makes it highly adaptable for various research 

questions.  

Here, DigiWest was applied to evaluate efficacy and selectivity of tyrosine kinase 

inhibitors (TKI) as anti-cancer drugs in preclinical cellular models of FGFR2-fusion 

positive cholangiocarcinoma (iCCA). In a bedside to bench approach, analysis of 

signaling pathway modulation in treated cells carrying tumor driving FGFR2 fusions 

and resistance mutations was used to compare action mechanisms of different TKI. 

While FGFR2-selective and non-selective TKI showed similar effectiveness in 

treatment-sensitive cells, the non-selective TKI Lenvatinib proved superior in the 

presence of resistance mutations as was indicated by a conserved inhibition of key 

FGFR-related signaling pathways. 

In a precision medicine approach, DigiWest was employed to define personalized 

protein profiles in gastrointestinal tumors and identify individualized treatment options. 

A retrospective DigiWest analysis of pancreatic and colorectal tumors, enabled tumor 
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stratification into subgroups within their respective entity based on pathway activity 

patterns, which were shown to match clinical patient characteristics. Methodological 

transfer of DigiWest into routine clinical setting was demonstrated through 

personalized characterization of 14 gastrointestinal tumors from patients presented to 

the molecular tumor board. Patient-specific protein/pathway activation profiles with 

drug-targetable alterations were revealed, which complemented genetic mutation 

analysis and provided additional information on treatment options. This highlights 

DigiWest as a suitable analytics tool for daily clinical precision oncology. 

In an application for basic molecular research, DigiWest was employed to uncover 

disease-specific signatures in patient-derived iPSC models of Schizophrenia. Analysis 

of protein expression profiles in differentiated neuronal cells (NPC) highlighted 

disease-induced changes to developmental pathways and demonstrated impaired 

differentiation capabilities on the protein level. These NPC stage-specific aberrations 

affected cell cycle control and DNA damage response and were correlated to p53 

expression and phosphorylation. Here, the potential of DigiWest to uncover novel, 

protein-based disease-mechanistic insights was demonstrated.  

In this thesis, various applications of DigiWest were outlined. These evidently 

demonstrate the potential of this method for use in clinical, translational and basic 

research, e.g. in routine drug testing and disease mechanisms studies as well as in 

personalized medicine, specifically in clinical precision oncology settings.  
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Zusammenfassung 
 

Die Untersuchung von zellulären Signalübertragungswegen ist für die Erforschung von 

Krankheiten unabdingbar. Detaillierte proteomische Analysen von Signalwegen 

können aufzeigen, wie Veränderungen in den Proteinexpressionsmustern die 

funktionelle Manifestation krankheitsbezogener (genetischer) Aberrationen vermitteln. 

Ein vertieftes Verständnis von proteomischen Veränderungen kann zum Verständnis 

und zur Entdeckung (neuartiger) Krankheitsmechanismen bei verschiedenen 

Erkrankungen beitragen. Gerade im Bereich der Onkologie haben sich Signalproteine 

zu direkten Zielen für medikamentöse Intervention entwickelt. Durch die Bereitstellung 

von akkuraten Informationen zu Proteinmenge und Aktivierungsstatus stellt die 

Analyse der zellulären Signalübertragung ein vielversprechendes Instrument für die 

klinische Behandlungsbewertung in der Präzisionsmedizin dar. 

DigiWest ist eine neue, Antikörper-basierte zielgerichtete Proteinanalysemethode, 

welche die Robustheit von traditionellen Western Blots mit der Hochdurchsatz-

Charakteristik von Bead-basierten parallelisierten Assay-Systemen kombiniert. In 

einer einzigen Analyse, liefert die Methode Daten zu 200 oder mehr Signalproteinen 

und/oder deren Aktivierungsstatus. Eine hohe Flexibilität bei der Auswahl der Analyten 

macht sie anpassungsfähig für verschiedenste wissenschaftliche Fragestellungen. 

Hier wurde DigiWest angewendet, um die Wirksamkeit und Selektivität von 

Tyrosinkinase-Inhibitoren (TKI) als Krebsmedikamente in präklinischen Modellen des 

FGFR2-positiven Cholangiokarzinoms (iCCA) zu evaluieren. In einer bedside-to-

bench Anwendung wurde die Analyse der Modulation von Signalübertragungswegen 

in behandelten Zellen, die tumortreibende FGFR2 Fusionen und 

resistenzinduzierende Mutationen tragen, zum Vergleich von Aktionsmechanismen 

verschiedener TKI verwendet. Während behandlungssensible Zellen ähnliche 

Hemmungsprofile für FGFR2-selektive und nichtselektive TKI aufweisen, erwies sich 

der nichtselektive TKI Lenvatinib bei Vorhandensein von Resistenzmutationen als 

überlegen, was durch eine erhaltene Inhibierung von zentralen FGFR-relevanten 

Signalwegen belegt wurde. 

In einem präzisionsmedizinischen Ansatz wurde DigiWest auch verwendet, um 

personalisierte Proteinprofile in gastrointestinalen Tumoren zu bestimmen und 

individualisierte Behandlungsoptionen zu identifizieren. In einer retrospektiven Analyse 
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von primärem Bauchspeicheldrüsen- und Darmtumorgewebe konnten Tumoren 

anhand der Expressionsdaten innerhalb ihrer Entität basierend auf Signalweg-

Aktivitätsmustern, die klinische Charakteristika widerspiegeln, stratifiziert werden. Der 

methodische Transfer von DigiWest in die klinische Routine wurde exemplarisch durch 

die personalisierte Charakterisierung von 14 gastrointestinalen Tumoren von Patienten 

gezeigt, die dem molekularen Tumorboard (MTB) vorgestellt wurden. In diesem 

Kontext wurden patientenspezifische Protein/Signalweg-Aktivierungsprofile mit 

medikamentös angreifbaren Veränderungen aufgezeigt. Diese ergänzten vorhandene 

genetische Mutationsanalysen und lieferten somit zusätzliche Informationen zu 

Behandlungsoptionen. Dies unterstreicht die Verwendbarkeit von DigiWest als 

analytische Methode in der täglichen klinischen Präzisionsonkologie. 

In einer Anwendung für die molekulare Grundlagenforschung wurde DigiWest 

eingesetzt, um krankheitsspezifische Kennzeichen in patientenabgeleiteten iPSC-

Modellen der Schizophrenie aufzudecken. Die Analyse von 

Proteinexpressionsmustern in differenzierten neuronalen Vorläuferzellenzellen (NPC) 

zeigte auf Proteinebene krankheitsbedingte Veränderungen von 

entwicklungsrelevanten Signalwegen sowie eine beeinträchtigte 

Differenzierungseffizienz. Die NPC-Stadium-spezifischen Veränderungen betrafen die 

Zellzykluskontrolle und die DNA-Schadens-Antwort und korrelierten mit der 

Expression und Phosphorylierung von p53. Hier wurde das Potenzial von DigiWest 

demonstriert, neue Protein-basierte Krankheitsmechanismen aufzudecken. 

In dieser Thesis wurden verschieden Anwendungen des DigiWest gezeigt. Diese 

zeigen deutlich das Potenzial dieser Methode für den Einsatz in der klinischen, 

translationalen und Grundlagenforschung, beispielsweise bei routinemäßigen 

Arzneimitteltests und Studien zu Krankheitsmechanismen sowie in der 

personalisierten Medizin, insbesondere in der klinischen Präzisionsonkologie.  
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1. Introduction 

 

 

1.1. Why study proteins? 

Despite significant scientific progress in recent decades, there is still a multitude of 

diseases where the detailed molecular mechanisms surrounding disease onset, 

progression and treatment evaluation remain unclear1. Given the fact that in many 

cases genetic underpinnings have known to contribute or underlie disease origins, a 

large number of studies have used genetics to characterize disease phenotypes in 

patients or patient-derived model systems2. However, in this context, focusing research 

efforts on proteins (proteomics) – thereby going beyond the genome level – is crucial3, 

as the vast majority of biological processes is ultimately carried out by proteins. As the 

final step in the central dogma, proteins are the acting entity in any cell and thus are 

mechanistically most relevant, especially since the information transfer from genome 

to proteome can be restricted (genotype ≠ phenotype). Also, the genome can be 

regarded as static since the genetic sequence remains constant – in contrast, the 

proteome is much more dynamic temporally and spatially given its tight regulatory 

mechanisms through variable means of regulating protein expression and modification. 

Finally, information on RNA abundance from the transcriptomic level (e.g. RNA 

sequencing), only partially implies likewise protein expression4, e.g. due to alternative 

splicing. Part of the proteome is organized as a complex network of signaling pathways 

governing central cellular functions5. In addition to changes in expression, proper 

regulation of this network is achieved by controlling protein activation through 

posttranslational modification (PTM), most notably phosphorylation6. Therefore, 

investigation of cellular signaling networks and activation states (PTMs) is vital for the 

study of any disease, as changes to protein expression patterns are frequently the 

presentation of underlying genetic aberrations. In light of this, (signaling) proteins have 

been singled out as primary molecular targets for therapeutic intervention, most 

notably in the field of oncology7. 
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1.2. Application of proteomics in personalized/precision medicine 

Personalized medicine (PM), also known as precision medicine, is an emerging 

medical approach focusing on and using information on the pathological characteristics 

of the individual to guide medical decisions8,9. Thus, in recent years, researchers and 

clinicians have strived to move away from generalized prevention, diagnostic and 

treatment strategies and advance towards tailoring them to the specific biological 

characteristics and thus the needs of the individual patient. However, requirements for 

implementation of such PM approaches are high. In order to gain sufficient insight, one 

has to rely on large sets of omics data10-13. Given significant technical and analytical 

advances in sequencing analyses, PM approaches have been heavily centered around 

genetics, but also proteomics presents a vital and meaningful area in PM research 

applications14. PM has specifically gained significant traction in cancer research15,16. 

In cancer, evaluating signaling pathway activity and disturbance is crucial as the 

underlying, acquired genetic mutations manifest as de-regulations in protein 

expression, activity and functionality7,17,18. The rapid development of a large number of 

new drugs with various cellular signaling targets have greatly propelled the field of 

cancer PM as more targeted intervention addressing dysregulated cellular signaling 

became possible19. Detailed proteomic analysis of individual tumor characteristics 

along with the interplay between signaling and specific drug agents presents a vital 

tool for drug testing and target identification as well as treatment evaluation20. 

Especially in a clinical context, gaining sufficient (beyond select classification/subtype 

markers) and meaningful (disease-relevant proteins/targets) information is key. 

 

1.3. Which proteomic methods are available? 

A variety of protein analytics methods with wide-ranging characteristics have been 

developed and could be considered for cellular signaling analysis in a PM/oncology 

setting. In the following, the most common will briefly be evaluated based on suitability. 

The enzyme-linked immunosorbent assay (ELISA) is capable of detecting and 

quantifying antigens (proteins) in complex biological samples with excellent 

sensitivity21,22. It is accurate, easy to handle and suitable for automation and has 

proven as excellent for biomarker testing. For instance, gastrointestinal cancer serum 

biomarkers CA19-9 and CA125 are commonly assessed by ELISA in clinical practice23. 
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However, throughput usually pertains to single or few analytes at a time, this making it 

unsuitable for broader analysis such as pathway activity studies or biomarker 

screenings. 

Mass spectrometry (MS) presents another commonly used method for protein 

analysis24,25. It can give widespread information through global protein identification 

(shotgun proteomics). This broadness and generation of large datasets can however 

make data interpretation more difficult and cumbersome, which can be a hindrance for 

cellular signaling analysis in a clinical context. Most importantly, it also requires 

comparatively large amounts of sample material for extensive analysis. Finally, the 

detection of phosphorylation and thus activation of proteins can be more difficult in MS 

than in antibody-based methods. 

Western Blotting (WB) still is the gold-standard method for protein analysis in most 

laboratories26,27. Its antibody-based nature gives great specificity. Although sensitivity 

is less in comparison to other methods such as ELISA or the high-end variation termed 

single molecule arrays (SIMOA), it is usually sufficient for detection of most cellular 

signaling proteins and extracellular receptors. It can easily detect protein 

phosphorylation by using antibodies specifically directed towards phosphorylated 

protein variants. Its main disadvantage is the requirement of high sample amounts, 

which in its current form makes it useful analysis of single effects, but not for broader 

insight into overall signaling events or the identification of new drug targets. 

Another higher throughput Western Blot variation is the capillary-based Simple 

Western, also called ProteinSimple28. Here, protein separation is performed by 

capillary electrophoresis. Proteins are immobilized in the capillary and later probed with 

up to 25 different antibodies for detection. 

A technique routinely used in clinical diagnostics for identification and classification of 

clinical specimen including tumor material is histology29,30. It allows for the visualization 

of cellular structures and tissues with labelled antibodies generating location/site-

specific proteomic information, which can be highly advantageous in certain instances 

(e.g. highly intra-heterogeneous tissue samples). Like WB, it has good specificity 

(antibody-based) but is limited by its low throughput and high sample demands. Given 

these characteristics, only select tissue/tumor markers are routinely tested and thus 

suitability for detailed analysis of signaling is limited. Immunohistochemistry also exists 
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in a multiplexed form allowing assessment of multiple analytes on individual tissue 

sections31,32. However, limitations on throughput and sample amount equally apply. 

 

1.4. DigiWest®: A method combining the advantages of others 

The DigiWest is an alternative, powerful, but thus far relatively uncommon protein 

analytics tool. Methodologically, the developed concept transfers traditional WB onto a 

bead-based system (for details see Treindl et al. 201633). An overview of DigiWest 

procedure is shown in Figure I. 

 

 

Figure I: DigiWest workflow.  A-B: Western Blot. C: Cutting of each lane into 96 strips of defined 
molecular weight. D: Placement of strips into individual wells of a 96-well plate and elution of proteins. 
E: Coupling of protein fractions onto populations of color-coded beads. F: Pooling of all bead populations 
to reconstruct original sample lane. G: Incubation with primary and secondary (labelled) antibodies in 
direct immunoassay. H: Readout on flow cytometer. I: Integration of antigen-specific signals and data 
analysis.  

 

In brief, size-separated proteins (WB) of distinct molecular weight fractions are 

immobilized on the surfaces of color-coded beads, which are then pooled 

reconstructing the original sample lane. In a series of subsequent direct 

immunoassays, analytes are detected via target-specific antibodies and can be 

quantified semi quantitatively through integration of bead-, size-, and thus antigen-

specific signals. Crucially, the DigiWest combines the advantages of several 

proteomics methods discussed above. Its similarity to WB (antibody-based) allows for 
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very high specificity and the ability to easily detect phosphorylation and other PTMs, 

while retaining the sensitivity of traditional WB. In DigiWest, > 200 proteins can be 

measured in parallelized fashion using approximately 10 µg of cellular protein. Its 

multiplex nature drastically increases throughput, thus eliminating the issue of high 

sample consumption. This makes it extremely suitable for research questions requiring 

detailed cellular signaling analysis on precious material such as clinical specimens or 

other high-profile samples (e.g. specialized cell cultures). Moreover, upscaling and 

implementation into existing workflows is easily feasible to allow fast and accurate data 

processing and analysis. Also due to its large dynamic range (approximately 50 – 100 

000 AFI = accumulated fluorescent intensity), DigiWest enables detection of all 

analytes relevant for cellular signaling ranging from low-abundance phosphorylated 

protein variants or transcription factors to high-abundance structural proteins. 

Specifically, measuring phosphorylation in addition to abundance gives vital additional 

information on protein (and thus pathway) activation status. By pre-selecting a panel 

of employed antibodies, DigiWest works in a targeted fashion, allowing for a focused 

analysis of proteins/analytes/targets in question, while limiting data amount, reducing 

complexity and aiding interpretation. 

Overall, DigiWest combines the robustness and specificity of traditional WB with the 

high-throughput nature of bead-based parallelized assay systems. This “best of both 

worlds” scenario makes it an alternative, highly suitable method for analyzing cellular 

signaling pathways in the context of molecular disease mechanisms and to study 

interaction and manipulation of signaling proteins with drugs in disease and therapy in 

a PM clinical setting.  
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1.5. Analysis of cellular signal transduction via DigiWest 

Detailed insights into activation and regulation of cell signaling pathways paves the 

way for a greater understanding of the manifestation of disease mechanisms on the 

protein level. For example, it is possible to evaluate the use and efficacy of drugs as 

therapeutic agents through analysis of their mechanisms of action through interaction 

with signaling proteins (e.g. tyrosine kinase receptors). Furthermore, it is possible to 

use DigiWest for individualized tumor activity profiling via signaling analysis in the 

context of clinical PM. Lastly, DigiWest can be applied for the identification of novel 

disease mechanisms and drug targets in psychiatric diseases. In this work, DigiWest 

was applied for these three separate research questions which are introduced 

separately in the following sections (1.5.1.-1.5.3). 

 

 

1.5.1. Tyrosine kinase inhibitors in FGFR2-mutated cholangiocarcinoma 

Tyrosine kinase inhibitors (TKI) are new anti-cancer drugs which are specifically 

directed against various growth factor receptors34. Certain TKI are either approved for 

or being experimentally evaluated as treatment for cholangiocarcinoma. Based on 

clinical observations made in patients, we aimed at comparing two TKI classes through 

analysis of cellular signaling. 

 

1.5.1.1. FGFR2 fusions in intrahepatic cholangiocarcinoma 

Cholangiocarcinoma (CCA) is an aggressive form of cancer affecting the bile ducts. 

Anatomically, clinicians group CCA into subtypes depending on the location of the 

tumor, distinguishing intrahepatic (liver parenchyma), perihilar (hepatic ducts) and 

distal (common bile duct) CCA35. CCA is generally diagnosed at advanced disease 

stages and thus associated with poor prognosis and a low survival rate. Despite a 

steady rise in CCA incidence over recent years, treatment options remain limited. From 

a clinical perspective, a combination of the classical chemotherapeutic agents 

Gemcitabine and Cisplatin has comprised the standard first line therapy for CCA at late 

disease stages36. Beyond this generalized treatment, there currently is no standardized 

second-line therapy concept for late stage CCA37. 
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From a molecular standpoint, a subset (10-20 %) of intrahepatic CCAs (iCCA) carry a 

distinctive genetic alteration affecting the cell surface receptor fibroblast growth factor 

receptor 2 (FGFR2). Here, the FGFR2 gene is partly fused with another gene due to a 

chromosomal aberration38,39. This translocation leaves the extracellular and kinase 

domains of FGFR2 intact, with the fusion partner modulating the phosphorylation 

domain. A large variety of fusion partners are known; most common are BICC1, 

PPHLN1, TACC3, and MGEA540. The resulting chimeric receptor protein is 

constitutively dimerized, thus inducing receptor phosphorylation and permanent 

activation of downstream signaling even in the absence of a ligand. Signaling pathways 

downstream of FGFR mainly include the MAPK/Erk, PI3K/Akt/mTOR and Jak/STAT 

cascades (Figure II)41, which are also addressed by other tyrosine kinase receptors 

such as endothelial growth factor receptor (EGFR), vascular endothelial growth factor 

receptor (VEGFR) or platelet-derived growth factor receptor (PDGFR). Furthermore, 

FGFR activation also promotes PLCγ /PKC signaling. 

 

 

Figure II: TKI classes and FGFR-related signaling pathways in FGFR-fusion positive iCC.  RTK = 
receptor tyrosine kinase.  
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Activated cellular signaling in turn leads to cancer-typical increase of proliferation, and 

de-regulation of the cell cycle and apoptosis, fueling tumor progression (Figure II). 

However, pathway activation patterns can vary depending on the individual tumor and 

type of FGFR-fusion gene. 

 

1.5.1.2. TKI as therapeutic agents in FGFR2-fusion positive iCCA 

In recent years, the FGFR signaling pathway has become a promising drug target in 

search of more personalized therapy approaches for iCCA42,43. This was enabled by 

the development of TKIs capable of specifically targeting and inhibiting members of 

the FGFR family. In this context, TKIs can generally be divided into two groups, namely 

FGFR-selective, and non-selective (multi-kinase) TKIs44. While the former such as 

Erdafitinib, Infigratinib (BGJ-398), Pemigatinib or Futibatinib (TAS-120) will exclusively 

target FGF receptors, the latter also inhibit other tyrosine kinase growth factor 

receptors aside from FGFR (Figure II). Non-selective TKI for instance include Ponatinib 

(inhibiting FGFR1-4, PDGFRα, ABL), Nintedanib (FGFR1-3, VEGFR1-3, PDGFRα/β) 

or Lenvatinib (FGFR1-4, VEGFR1-3, PDGFR, KIT, RET). Due to off-target effects of 

such 1st-generation TKIs45, focus was shifted towards FGFR-selective TKIs (2nd 

generation) to enhance specificity. Thus far, only Infigratinib, Pemigatinib and 

Futibatinib37, three FGFR-selective TKI, are FDA-approved for use in pre-treated iCCA 

tumors harboring FGFR2 fusions. Clinical trials involving these agents have shown 

varying response rates in patients, ranging from 23-45 %46-49. Non-selective TKI such 

as Lenvatinib are still used for a variety of tumor entities50,51. However, a detailed direct 

comparison of selective and non-selective TKI in FGFR2-mutated iCCA, especially 

containing high-throughput proteomic data on cellular signaling is yet to be reported. 

 

1.5.1.3. Drug resistance to selective TKIs due to FGFR2 point mutations 

A recurring problem upon treatment with selective TKI is that aside from experiencing 

significant side effects (e.g. hyperphosphatemia, retinal and dermatologic 

toxicities52,53, patients often develop resistance to initially effective selective inhibitors 

and consequently experience disease progression. This is often attributed to the 

development of point mutations in the FGFR2 gene (in addition to the FGFR2-gene 

fusion) during treatment with e.g. Infigratinib or Pemigatinib (Figure III)54,55. One such 

frequently observed additional mutation in the FGFR2 domain affects the “gatekeeper” 
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residue at Valine (V) 564 (e.g. V564F or V564I), which is located in the ligand binding 

pocket of FGFR2 and thus is critical for drug-receptor interaction. 

 

 

Figure III: Resistance to selective TKIs in the presence of FGFR2 point mutations.  Secondary point 
mutations such as p.V564F can arise in the FGFR2 domain under treatment with selective TKIs such 
as Infigratinib or Pemigatinib and induce resistance to these drugs. The effect of unselective TKI such 
as Lenvatinib is unclear in this context. 

 

Drug resistance due to gatekeeper mutations has also been described for other FGFR 

family members such as FGFR1 and FGFR356. Another commonly altered section 

related to drug resistance in FGFR2 fusion proteins is the so-called molecular brake 

(NEK) triad. Comprising of residues N549, E565, and K641 (observed mutations are 

for example. N549K, N549D, E565A or E565G), it is essential for proper control of 

receptor activity via autoinhibition. However, the detailed molecular mechanisms 

underlying this resistance phenomenon remain poorly understood. It has been 

observed that select TKI such as Futibatinib can retain potency to some resistance 

mutations57. At the protein level, a direct comparison of selective and unselective TKI 

regarding treatment efficacy and resistance development is still missing. Here, 

DigiWest presents a viable tool given its simultaneous detection of proteins and protein 

variants. Especially its ability of measuring phosphorylation and in turn pathway 

activation/inhibition, makes it a suitable approach for such a mechanistic efficacy 

evaluation of inhibitory agents such as TKIs. 
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1.5.2. Personalized profiling of gastrointestinal tumors in clinical application 

In cancer, acquired genetic alterations manifest as changes in activity of cellular 

signaling pathways on the protein level ultimately fueling tumor progression. This 

enhanced understanding of the effects of cancer-inherent mutations has greatly 

accelerated testing and development of new, protein-targeting drugs for clinical use58. 

Moreover, translational research has also been applied to identify specific treatment 

options for individual patients via personalized genetic tumor profiling in a precision 

oncology setting59. We aimed at uncovering the (clinical) potential of DigiWest for cell 

signaling analysis in a personalized protein profiling approach. 

 

1.5.2.1. Cellular signal transduction and targeted therapies in cancer PM 

De-regulation of cellular signaling pathways is considered a major driving factor in 

cancer, since these pathways innervate and regulate central cellular functions such as 

cell proliferation, survival or angiogenesis. Therefore, a large variety of signal-

transducing proteins such as MAPK60, PI3K/Akt61 or cell cycle regulators62 as well as 

tyrosine kinase receptors63 (e.g. EGFR, FGFR, VEGFR, Her2) have emerged as 

primary therapeutic targets64. Moreover, several forms of immune therapies, including 

immune checkpoint inhibitors,65,66 have been developed. Regulatory approval of 

target-specific drugs has thus greatly increased therapeutic options and paved the way 

for personalized/precision therapy approaches. This is demonstrated by the broad 

range of drugs available (including off-label therapies) for treatment in a particular 

patient case and by the emergence of precision oncology programs such as molecular 

tumor boards (MTBs)67. Moreover, the large inter- and intratumor heterogeneity 

frequently observed within and across tumor entities68 has evoked a need for accurate 

and reliable PM approaches. Overall, there is clear evidence for a demand and also 

for the benefits of personalized cancer treatment. For instance, it has been reported 

that as much as 69 % of cancer patients did not respond to standard therapy69, while 

others have demonstrated that progression-free survival (PFS) was significantly 

greater in patients receiving precision versus standard treatment70. Additionally, by 

increasing the chances of treatment success, a movement towards PM would also 

greatly reduce costs for patients and healthcare systems71. 
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1.5.2.2. Gastrointestinal cancers and their characteristics 

Gastrointestinal (GI) cancers are a class of malignancies of the gastrointestinal tract 

and include for instance cancers of the esophagus, stomach, liver, pancreas, colon, 

gallbladder or rectum. In particular, pancreatic and colorectal tumors are among the 

most common and lethal as diagnosis frequently occurs at advanced disease stages, 

severely limiting treatment options72. From a molecular genetics standpoint, pancreatic 

cancers frequently (> 90 %) present with mutations in the KRAS oncogene73,74 as well 

as in TP53 (p53), CDKN2A (p16), SMAD4 (Smad4)75 or receptor tyrosine kinases76, 

whereas mutations affecting EGFR, KRAS (Ras), PIK3CA (PI3K alpha), PTEN and 

TGFBR1/2 (TGF beta receptor 1/2) are most common in colorectal cancers77,78. In line 

with this, several studies have pointed out regulatory alterations in a variety of 

downstream signaling pathways (MAPK/Erk, PI3K/Akt/mTOR, Jak/STAT, Wnt, TGF 

beta/Smad, Notch) to play a role in development and progression of pancreatic, 

colorectal and other GI cancers79-81. In addition, GI cancers are considered to be highly 

heterogeneous despite sharing certain genetic vulnerabilities. This high inter- and 

intratumor heterogeneity is reflected in the diverse clinical presentation of patients and 

the resulting variability regarding treatment response, resistance and therapeutic 

outcome82. For instance, colorectal carcinomas localized on the right or left side of the 

colon83, or tumors diagnosed in young and old patients84, are known to differ drastically 

from a molecular and clinical standpoint. Also, pancreatic cancers are clinically 

subdivided according to various classifications85-87. These aspects – in combination 

with its poor prognosis and high lethality – makes PM approaches especially suitable 

for application in GI cancer diagnosis and treatment evaluation88. Considering this, 

DigiWest presents a promising PM-applied protein analytics tool, for in-depth cellular 

signaling analysis. Detailed description of expression signatures and phosphorylation 

profiles in pancreatic, colorectal and other GI tumors would be greatly advantageous 

for patient stratification as well as for therapy response prediction and recommendation 

in individual cases. Especially when it comes to distinguishing between tumor driver 

mutations and identifying the most suitable drug targets, pathway activity-based 

information on the protein level would be heavily beneficial. 
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1.5.2.3. Proteomics versus genetics for personalized clinical oncology 

As mentioned, a large variety of protein-directed therapeutic agents have been 

developed and gained regulatory approval as anti-cancer drugs in GI and other 

cancers. At the same time, significant progress in sequencing technology has greatly 

reduced costs of genetic mutation analysis, and thus genome profiling more accessible 

for application in clinical practice89. Therefore, precision oncology programs such as 

MTBs are frequently using sequencing data for personalized characterization of 

individual patients, establishing genetic mutation analysis as a cornerstone of PM 

approaches in clinical practice90,91. However, high heterogeneity of the genetic 

landscape and an increase of data amount have complicated clinical interpretation, 

making accurate treatment recommendation more challenging92. However, 

complementary proteomic methods (e.g. histochemistry, MS, reverse-phase protein 

arrays) examining cellular signaling in detail are still heavily underrepresented in 

clinical practice; mainly due to limitations associated with low throughput and high 

sample demands.  
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1.5.3. Signal transduction analysis for disease mechanism discovery in 

Schizophrenia 

DigiWest and proteomic analyses in general not only hold great potential for PM 

applications, drug evaluation and drug testing studies in cancer research, but also in 

research fields concerning other diseases, for instance neurological disorders. One 

such example is schizophrenia (SCZ), which has been studied extensively at the 

molecular level93,94. However, crucially, there is still little proteomic evidence available 

in the SCZ research field, leaving a limited understanding of regulatory mechanisms 

surrounding SCZ pathology, onset and progression. We aimed to address this 

knowledge gap by performing DigiWest analysis of patient-derived neuronal cells. 

 

1.5.3.1. Clinical presentation and risk factors of Schizophrenia 

SCZ is a severe mental disorder with a worldwide prevalence of approximately 1 %. 

SCZ patients frequently present with impairments in cognitive, emotional, and social 

functioning95,96. From a clinical standpoint, symptoms are highly heterogeneous and 

can largely be grouped into three categories, namely positive (hallucinations, 

delusions), negative (social withdrawal, motivation loss) and cognitive (altered 

perception, attention, memory) symptoms97. Most patients start to experience 

symptoms in adolescence or early adulthood. Thus far, treatment options employing 

antipsychotic drugs are solely symptomatic and treatment efficacy can vary98. Aside 

from several environmental risk factors such as stress, toxin exposure or substance 

abuse, a large proportion of risk factors is attributed to heritability99. GWAS and 

sequencing studies have associated more than 100 risk loci and several risk variants 

such as DISC1100 with the disease, thus strongly reflecting the large genetic 

component in SCZ development101. 

Crucially, SCZ is regarded as a neurodevelopmental disorder, thus linking alterations 

already occurring in the early phases of brain development to the disease102. 

Therefore, investigations at these early developmental stages are of particular interest 

to understand initial disease onset, progression and predisposition. However, the 

details of molecular mechanisms at play which underly SCZ pathology and onset 

remain elusive, which has also impeded the development of effective causal 

treatments for patients. 
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1.5.3.2. iPSC as a model system for schizophrenia 

For multifaceted diseases such as SCZ with large genetic variability and proposed 

alterations in early development, one suitable approach for disease modeling is the 

use of induced pluripotent stem cells (iPSC)103,104. With this approach, cells directly 

obtained from the patient (e.g. fibroblasts, blood cells) can be reprogrammed through 

the addition of select transcription factors (Yamanaka factors: Oct4, Sox2, KLF4, c-

myc) to become pluripotent105. These cells can then be differentiated into practically 

any cell type, while crucially retaining the genetic background of a patient106,107. In 

neuropsychiatric research, iPSC are frequently differentiated into neuronal progenitor 

cells (NPC), and eventually, neurons108,109. As mentioned above, early developmental 

stages can be of particular interest in SCZ; thus, NPC are regarded as a relevant cell 

type in SCZ research110. NPC, – in addition to iPSC-derived neurons as well as 

postmortem brain tissues – have been frequently used for analyses of phenotypic 

disease alterations111,112. 

Transcriptomic and proteomic evaluation of iPSC-derived cell types – including NPC – 

have been conducted and revealed SCZ-specific alterations in the expression of genes 

and proteins related to several key cellular processes, including neuronal 

differentiation, protein synthesis, cell adhesion, cytoskeletal remodeling or oxidative 

stress response113-116. With regards to cellular signaling, the alterations described in 

iPSC and or patient/postmortem studies prominently concern the Wnt, Akt/GSK3-beta 

and MAPK/Erk pathways117-119. It is worth noting that the majority of valuable insight 

that has been gained by these investigations have been gathered on the genome or 

transcriptome level, leaving many questions regarding the causal interplay of 

erroneous signaling pathway regulation and its manifestation in cellular patho-

phenotypes unaddressed on the protein level. Thus here, DigiWest can present a 

viable tool to examine disease-specific alterations regarding cellular signal 

transduction in patient iPSC-derived neuronal cell types at different stages of the 

differentiation process, accurately mirroring early developmental failures in SCZ.  
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2. Objectives 

 

Aim of the present thesis was to illustrate the suitability of DigiWest protein profiling for 

applications in personalized medicine, clinical research, and therapy. Specifically, it 

should be demonstrated that extensive analysis of cellular signal transduction via 

DigiWest can be used for mechanistic efficacy evaluation of anti-cancer drugs, 

personalized characterization and treatment evaluation of tumors as well as for the 

identification of new disease mechanisms and drug targets in psychiatric research (see 

Figure IV). 

 

Figure IV: Overview of thesis objective and employed studies. 

 

The first study aimed at comparing action mechanisms and performance of two 

tyrosine kinase inhibitor (TKI) classes using proteomic, in vitro and in silico data based 

on previous clinical observations made in a subclass of cholangiocarcinoma patients 

harboring FGFR2 gene rearrangements (A). In a bedside-to-bench approach, 

DigiWest should serve as an evaluator of drug efficacy via analysis of cellular signaling 

pathways in newly created patient-analogue cell lines. Specifically, comparative 

analysis of FGFR-selective and non-selective TKIs should be performed in treatment-

sensitive cells and be expanded to cell lines carrying resistance-inducing FGFR2 point 
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mutations. Using DigiWest, special emphasis should be placed on the differential 

action mechanisms and molecular dynamics of the non-selective TKI Lenvatinib in 

comparison to its selective counterparts for application in future clinical cases. 

Goal of the second study was to investigate cellular signaling in gastrointestinal (GI) 

tumors to identify personalized protein signatures and demonstrate clinical applicability 

of DigiWest and its suitability for integration into precision oncology programs (B). First, 

archived primary tumor tissues from pancreatic and colorectal carcinomas (along with 

patient-matched non-tumorous tissue) should be retrospectively analyzed via DigiWest 

to stratify samples based on proteomic and clinical data and to create personalized 

pathway activity profiles. In a subsequent direct clinical application (bench-to-bedside), 

we aimed at prospectively profiling 14 individual GI tumors from patients who 

underwent molecular tumor board (MTB) presentation. Identification of drug targets on 

a personalized basis and alignment of protein profiles with genetic mutation analysis 

and MTB drug recommendations should serve to evaluate the performance of 

DigiWest in a routine clinical setting and its potential for clinical precision oncology. 

In the third study, DigiWest was aimed to be used for the extensive analysis of 

developing neuronal cells in a induced pluripotent stem cell (iPSC)-based model of 

schizophrenia (SCZ). In a field with little proteomic data available, the goal was to gain 

new insight into disease mechanisms underlying neuro-developmental aberrations 

associated with the disease on the protein level (C). Patient expression signatures 

should be compared to those of healthy controls in iPSC and differentiated neuronal 

progenitor cells (NPC) to pinpoint disease-relevant changes to signaling pathway 

regulation. DigiWest-based observations should be strengthened through 

immunohistochemistry and phenotypic assays (e.g. cell cycle dynamics) with the goal 

of uncovering disease mechanisms and its phenotypic manifestations to identify 

potential drug targets and aid future drug development in SCZ. 

The overarching objective of this work was to highlight the power and flexibility of 

DigiWest by demonstrating its application for drug testing in clinical research (study A), 

for clinical personalized medicine approaches (study B) and for psychiatric research 

using iPSC-based systems (study C) and to encourage its use in future research 

endeavors.  
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3. Results 

 

3.1. Mechanistic evaluation of TKIs in FGFR2-mutated 

cholangiocarcinoma 
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3.1. Mechanistic evaluation of TKIs in FGFR2-mutated 

cholangiocarcinoma 

Modulation of FGFR signaling through TKIs is employed as a therapeutic strategy in 

the treatment of several cancer types, including a subgroup of iCCA, which is defined 

by the frequent occurrence of FGFR2 gene rearrangements39. Among other TKIs, the 

non-selective TKI Lenvatinib presents an important therapeutic option for patients. 

 

3.1.1. Clinical therapy responses to Lenvatinib in FGFR2-fusion iCCA  

First, clinical therapy response to Lenvatinib was evaluated in a cohort consisting of 

seven iCCA patients harboring FGFR2 rearrangements. Given previously 

unsuccessful treatments and ineligibility to receive FGFR-specific inhibitors, patients 

were treated with Lenvatinib as per recommendation of the MTB at the University of 

Tübingen. Treatment with Lenvatinib achieved partial responses in 4/7 patients, and 

demonstrated superior clinical responses compared to patients´ previous and first-line 

treatments (Appendix 1 – Fig.1 a-b). Specifically, it significantly improved patient mPFS 

(median PFS) to 7 months in comparison to Gemcitabine/Cisplatin (2.1 months) as 

well as any other first-line therapies (2.5 months) received by patients in this cohort 

(Appendix 1 – Fig. 1c). 

Within the cohort, one particular patient presented with a novel, so far unobserved 

FGFR2 fusion (FGFR2 with AHCYL2 gene), who had been sequentially treated with a 

variety of FGFR-inhibiting drugs (Ponatinib, Lenvatinib, Nintedanib, Infigratinib, 

Erdafinitb, Pemigatinib) over a time span of 30-35 months (Appendix 1 – Fig. 1d). 

Crucially, application of Lenvatinib yielded a partial response for 9 months, the longest 

of any TKI used. Furthermore, a subsequent liver biopsy analysis did not reveal any 

additional FGFR2 mutations aside from the gene fusion (e.g. resistance-inducing point 

mutations) occurring under treatment with Lenvatinib. At a later timepoint, the patient 

was treated with the FGFR-selective TKI Infigratinib in a clinical study. After initial 

treatment success and later withdrawal from the study for medical reasons, several 

FGFR2 resistance-inducing point mutations, among them p.V564F and p. E565A, were 

detected in a liquid biopsy (Appendix 1 – Fig. 1d). This striking patient history not only 

demonstrates the variability in effectiveness of FGFR-targeting drugs and notable 

treatment effect of Lenvatinib but also mirrors the major clinical concern of resistance 
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mutation development during treatment with selective FGFR inhibitors, in this case 

Infigratinib. 

 

3.1.2. Bedside to bench approach of novel FGFR2-AHCYL2 fusion and 

subsequent cell line characterization 

In a bedside to bench approach, NIH 3T3 cells were genetically modified to express 

this novel FGFR2-AHCYL2 fusion gene (termed FGFR2-AHCYL2_WT). Two additional 

cell lines, carrying the FGFR2-SH3GLB1 and the commonly observed FGFR2-BICC 

fusion, were also generated. All three cell lines showed expected increases in 

proliferation and anchorage independent growth (Appendix 1 – Fig. 2a-c) as compared 

to control (empty vector-transfected) cells. Furthermore, WB confirmed consistent 

expression of the fusion genes as well as activation (phosphorylation) of FGFR2-

related downstream signal transducers FRS2, Erk1/2 and STAT3 (Appendix 1 – Fig. 

2d) in all three cell lines. Thus, the new FGFR2-AHCYL2 fusion line showed a 

transformation potential comparable to other FGFR2-fusion-modelling cell lines and 

was used for further analyses. 

 

 

Figure V: Verification of presence of FGFR2 fusion via DigiWest in FGFR2-AHCYL2_WT and control 
(empty vector transfected) cells. DigiWest peak profiles using an FGFR2-directed antibody are shown. 
AFI = accumulated fluorescent intensity. 

 

Presence of the fusion protein in the FGFR2-AHCYL2_WT line was also verified in 

advance via DigiWest (Figure V). The DigiWest profile of FGFR2 demonstrated a shift 

in molecular weight upon transfection. In empty vector-transfected cells, we only 
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observed a signal at 145 kDa, corresponding to the molecular weight of the native 

FGFR2 receptor form. In FGFR2-AHCYL2_WT cells, we found an additional signal 

(peak) at around 200 kDa, verifying the presence of the larger, fused receptor construct 

aside from an almost abolished signal of the native form. 

 

3.1.3. Evaluating efficacy and action mechanisms of selective vs non-selective 

TKIs in FGFR2-AHYL2_WT cells 

We next aimed at evaluating, characterizing and comparing FGFR-selective and non-

selective TKIs with regards to efficacy and mechanism of action in FGFR2-

AHCYL2_WT cells. The chosen non-selective TKIs were Lenvatinib, Ponatinib and 

Nintedanib, with Infigratinib and Futibatinib serving as selective TKIs. Cell viability 

assays revealed comparable dose-dependent efficacy in growth reduction of FGFR2-

AHCYL2_WT cells between all FGFR2-inhibiting drugs compared to controls 

(Appendix 1 – Fig. 3a), indicating little difference in inhibitory capability between the 

two TKI classes. Of all tested TKI, the FGFR2-AHCYL2_WT cell line was least 

responsive to Nintedanib, which interestingly also proved ineffective in treatment of the 

analogue patient carrying the FGFR2-AHCYL2 fusion gene (see 3.1.1.). Cabozantinib, 

a TKI which does not target FGFR, was used as a negative control and expectedly did 

not show any growth-inhibitory effect on any of the tested cell lines. Overall, both 

FGFR-selective and non-selective TKIs proved equally suitable to inhibit cell growth of 

the FGFR2-AHCYL2_WT line in vitro. 

To study the molecular mechanisms of action of these drugs in more detail, we 

evaluated intracellular signaling in FGFR2-AHCYL2 cells treated with either selective 

or non-selective TKIs using DigiWest protein profiling. To gain insight into activity 

patterns of affected signaling pathways downstream of FGFR2, an antibody panel 

comprising of 77 antibodies predominantly covering MAPK, PI3K/Akt/mTOR and 

Jak/STAT signaling was established. Notably, 35 of those antibodies were specifically 

directed to phosphorylated protein variants governing protein activation. 

Lenvatinib/Ponatinib treatment was applied to represent non-selective TKIs, and 

Infigratinib/Futibatinib treatment represented FGFR-selective TKIs. Notably, all four 

tested drugs were shown to be capable of significantly inhibiting FGFR2 

phosphorylation (activation) to a similar extent (Appendix 1 – Fig. 3C). No phospho-

FGFR2 signal was detected in empty-vector cells. 
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For more detailed analysis of differential downstream target activation, expression 

patterns of cells treated with agents of the respective TKI classes were each compared 

to solvent (DMSO) controls. Upon exposure of cells to FGFR-selective TKIs, we 

observed significant inhibition of exclusively MAPK proteins, as indicated by reductions 

in levels of phosphorylated Erk1/2 (T202/Y204), Rsk1 (T573) and the downstream 

target c-Myc (T58/62) along with total c-Myc levels (Appendix 1 – Fig. 3d). 

Phosphorylation of SHP-2 (Y542), a receptor-interacting protein critical for carrying 

signals downstream to the MAPK/Erk cascade, was similarly affected. In contrast, non-

selective TKI were able to additionally reduce phosphorylation and thus inhibit 

activation of proteins unrelated to MAPK/Erk signaling (Appendix 1 – Fig. 4d, 

Supplementary Fig. 5), namely p70S6 Kinase (T389) and S6 ribosomal protein 

(S235/236), both downstream effectors of the mTOR pathway. Furthermore, non-

selective TKI affected a broader spectrum of MAPK proteins which included 

phosphorylated c-Raf (S289/296/301), MEK1 (S298) and MEK1/2 (S217/221) aside 

from Erk1/2 (T202/Y204) and SHP2 (Y542). 

Overall, DigiWest data shows that the FGFR2-AHCYL2 fusion appears to be addicted 

to the FGFR2-MAPK/Erk signaling axis which is sensitive to either class of inhibitors. 

However, non-selective TKI generally possess a broader inhibitory spectrum and can 

additionally target further signaling pathways such as the mTOR cascade. This 

observation could be crucial regarding the development of treatment resistance, given 

that these downstream pathways are shared among several tyrosine kinase receptors 

(see Figure II, Figure III, sections 1.5.1.2. - 1.5.1.3.). 

 

3.1.4. Evaluating selective and non-selective TKI in FGFR2-AHCYL2 cells 

carrying resistance mutations 

As stated above, the patient carrying the FGFR2-AHCYL2 mutation developed drug 

resistance due to the acquisition of several resistance-inducing point mutations in the 

FGFR2 domain (including p.V564F and p.E565A) under treatment with Infigratinib 

(section 3.1.1.). Crucially, these mutations were not yet present after previous 

treatment with the non-selective TKI Lenvatinib (Appendix 1 – Fig. 1d). This resistance 

phenomenon is well described and a major clinical concern for the use of FGFR2-

selective TKIs. We therefore generated two further cell lines carrying the FGFR2-

AHCYL2 fusion construct together with either the p.V564F (“gatekeeper”) and p.E565A 
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(“brake”) mutations (termed FGFR2-AHCYL2_p.V564F and FGFR2-

AHCYL2_p.E565A) and again treated them with Infigratinib/Futibatinib (selective TKIs) 

or Lenvatinib/Ponatinib (unselective TKIs). As expected, both mutated cell lines were 

insensitive to Infigratinib, with pronounced resistance for the p.V564F mutated cell line 

(Appendix 1 – Fig. 4a). Treatment with Futibatinib still reduced cell growth to some 

extent in both cell lines, but the required does (IC50) were roughly 20-30 times higher 

compared to FGFR2-AHCYL2_WT cells (Appendix 1 – Fig. 4b). On the other hand, 

Lenvatinib was able to inhibit cell growth in both mutated cell lines with similar 

effectiveness as in the FGFR2-AHCYL2_WT line, especially at low concentrations 

(Appendix 1 – Fig. 4a-b). This indicates that Lenvatinib is able to retain its inhibitory 

potential in the presence of either mutation. 

We again followed up our phenotypic observations with DigiWest analysis to 

disentangle molecular mechanisms of action of various TKIs and compare their 

inhibitory effects on FGFR signaling. Focus of the proteomic analysis was placed on 

the p.V564F mutated cell line, as this specific mutation is most crucial for drug-receptor 

interaction. DigiWest analysis revealed a strong reduction in FGFR2 phosphorylation 

upon treatment with the non-selective TKIs Lenvatinib and Ponatinib, as well as with 

Futibatinib, which binds irreversibly to FGFR1-4. In clear contrast, FGFR2 

phosphorylation was not inhibited by Infigratinib (Appendix 1 – Fig. 4c). 

For analysis of downstream signaling, we focused on the differential response of 

Infigratinib (selective) and Lenvatinib (non-selective TKI), serving as representatives 

for their respective TKI class. Infigratinib only showed very little inhibitory effects on 

downstream protein phosphorylations (Appendix 1 – Fig. 4d). And despite being 

significant, the magnitude of reduction of Erk2 (T202/Y204) and Rsk1 (T573) was lower 

compared to WT cells (Appendix 1 – Supplementary Fig. 5). In contrast, treatment with 

Lenvatinib inhibited the phosphorylation of a greater number of proteins (Appendix 1 – 

Fig. 4e). The compound not only retained its capacity to inhibit the FGFR2-MAPK/Erk 

axis, but also targeted phosphorylation of key PI3K/Akt/mTOR pathway players such 

as Akt (S473), mTOR (S2481), p70S6 Kinase (T389) and eIF4E (S209, Appendix 1 – 

Supplementary Fig. 5). The differential effect of Lenvatinib and Infigratinib became 

even more evident upon direct comparison of the two TKIs, highlighting the persistent 

effect of Lenvatinib on FGFR2 phosphorylation and its additional inhibition of mTOR 

signaling (Appendix 1 – Fig. 4f), both aspects contributing to its superior effectiveness 

in the presence of the p.V564F mutation. 



3. Results 

23 
 

It is interesting to note that, we observed generally higher expression of a multitude of 

analytes in the p.V564F cell line compared to the unmutated (WT) cell line independent 

of treatment (Figure VI). For instance, phosphorylation of FGFR2 was drastically 

increased. Moreover, aside from key MAPK analytes, phosphorylated protein variants 

from other key pathways such as Akt (S473), AMPK (T172), MKK (S257/T261), STAT3 

(S727), p70S6 Kinase (T389) and GSK3α (S21) were also affected. This already points 

at increased baseline FGFR2 phosphorylation and pathway activity induced by the 

p.V564F mutation. 

 

 

Figure VI: Treatment-independent comparison of p.V564F and WT cells  as assessed via DigiWest. 
Volcano plot indicates significant changes in expression levels of relevant proteins and phosphorylated 
protein variants (Wilcoxon Test, p < 0.05). Median Log2 Fold Change was calculated for FGFR2-
AHCYL2_p.V564F/ FGFR2-AHCYL2_WT signal ratio across all samples. Red dots indicate higher 
expression in p.V564F and blue dots in WT cells, respectively. Non-significant or analytes with FC < 
|0.5| are colored black. 

 

3.1.5. In silico profiling of Lenvatinib and selective TKIs in resistance-mutated 

FGFR2 

Furthermore, we performed in silico modeling to investigate the molecular interaction 

pattern of select TKI including Lenvatinib with resistance-mutated FGFR2 in greater 

detail. The binding and interaction profiles of Lenvatinib were compared to those of 

Infigratinib and Pemigatinib for selected FGFR2 resistance mutations V564F, E565A, 

and N549K (Appendix 1 – Fig. 5a-b), all of which have a previously demonstrated 

clinical relevance of inducing drug resistance. 

Detailed interaction analysis of Lenvatinib, Infigratinib and Pemigatinib with the 

mutated FGFR2 residues, revealed a superior engagement of Lenvatinib compared to 
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Infigratinib and Pemigatinib in any of the tested scenarios (Appendix 1 – Fig. 5c). This 

illustrates the ability of Lenvatinib to flexibly adapt its interaction pattern to amino acid 

substitutions and retain its inhibitory capabilities. This is in line with our above 

described in vitro and proteomic data where Lenvatinib also remained potently active 

in FGFR2-mutant settings, specifically under the p.V564F mutation. For further tested 

resistance-inducing or gain-of-function FGFR2 point mutations (N549D, V562L, V564I 

and E565G), Lenvatinib also showed superior engagement compared to Infigratinib 

and Pemigatinib. Crucially, rotation profile analysis of Lenvatinib highlighted a greater 

steric flexibility. Overall, our in silico data show that Lenvatinib surpasses selective TKIs 

in the presence of FGFR2 resistance mutations due to its greater adaptational ability. 

 

3.1.6. Application of Lenvatinib in a representative clinical case 

Finally, our findings were used to select Lenvatinib for treatment in a representative 

clinical case. A patient with a FGFR2-BICC fusion experienced strong side effects 

(hyperphosphatemia, hair loss, nail bed infections, hepatic calcification = liver tissue 

scarring) during treatment with Pemigatinib. Upon disease progression after 13 

months, an additional N549K brake mutation had occurred under Pemigatinib. The 

patient was then treated with Lenvatinib inducing a striking clinical response. Tumor 

manifestations were greatly reduced; consistent shrinkage of liver lesions observed in 

subsequent CT (computer tomography) scans (Appendix 1 – Fig. 6) was accompanied 

by a considerable mitigation of side effects. Overall, this clinical case underlines the 

suitability and potential of Lenvatinib as a therapeutic option in FGFR2-fusion positive 

CCA even in the presence of resistance mutations.  
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3.2. Personalized profiling of gastrointestinal tumors in clinical 

application 
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3.2. Personalized profiling of gastrointestinal tumors in clinical 

application 

Profiling of individual tumors through analysis of cellular signaling holds great potential 

for accelerating personalized proteomics approaches in a clinical setting. In the present 

study, DigiWest was used to analyze protein expression patterns in clinical GI tumor 

samples from both a retrospective cohort of pancreatic and colorectal carcinomas as 

well as a prospective case series of MTB patients. 

 

3.2.1. Expression signatures distinguishing pancreatic and colorectal tumors 

In the retrospective analysis, expression of 137 proteins and protein variants was 

assessed in archived primary tumor tissue of pancreatic (n = 10) and colorectal (n = 

10) tumors. Direct comparison of tumor tissues (pancreas versus colon) revealed a 

clear separation according to the respective tissue type (Appendix 2 – Suppl. Fig. S2a). 

DigiWest analysis highlighted consistent differences between the tumor entities 

(Appendix 2 – Fig. 1a-b, Suppl. Fig. S2b-c) for tissue markers such as CK7 (pancreas) 

and CDX2 (colon), cell cycle- (pancreas), mTOR-, and Wnt- (colon) regulating proteins, 

as well as immune cell markers (pancreas). Since we also had patient-matched, non-

tumorous control tissues available for all 20 tumors, we compared all tumor tissues 

with their respective non-tumorous control tissues in a paired fashion. Expectedly, 

upregulation of general tumor markers including cancer embryonic antigen (CEA) was 

observed (Appendix 2 – Suppl. Fig. S3a-b) in all tumors. 

In the following, all DigiWest expression data from any tumor sample was solely 

evaluated in relation to its matched normal tissue (as Log2 Fold Change). Thus, all 

following data analyses are based upon a relative change in expression occurring from 

normal to cancerous tissue for a given analyte. Up- or downregulations of specific 

analytes or groups of analytes would infer changes in activity of signaling pathways. A 

comparison based on tumor entity analogue to the one described above yielded 

different results (Appendix 2 – Fig. 1c). As expected, more diverse expression patterns 

were revealed (Appendix 2 – Suppl. Fig. S4) and absolute (background) expression of 

tissue-specific markers such as CDX2 was excluded (no differential expression, 

Appendix 2 – Suppl. Fig. S5a). In this setting, we did observe significant differences 

between the tumor entities with regards to expression changes of proteins from key 

proto-oncogenes and tumor suppressors (Appendix 2 – Fig. 1c-d), despite notable 
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variability within a sample set. For instance, pancreatic carcinomas on average 

showed elevations of Ras (KRAS), c-myc (MYC), Ha-Ras (HRAS) or PI3K alpha 

(PIK3CA) expression as well as drastic downregulations of p53 (TP53), whereas 

colorectal carcinomas displayed strong reductions in p27 (CDKN1A) and PTEN levels. 

Thus, inclusion of patient-matched non tumorous tissue as a reference allowed 

selective analysis and distinction of pancreatic and colorectal tumors based on relative 

expression changes of key genetic vulnerabilities in the respective entity. 

 

3.2.2. Molecular and clinical stratification of pancreatic and colorectal tumors via 

DigiWest 

Next, we stratified each of the two cohorts separately using relative, normal tissue 

matched DigiWest data. Within the pancreas cohort, tumors (n = 10) were clearly 

separable into two groups with distinct expression signatures (Appendix 2 – Fig. 2a-b). 

The first group (n = 5) was characterized by upregulations of cytokeratins, 

downregulation of p53 levels, stimulated activity in the mTOR and NF-kappaB 

pathways along with increased modification of histones, indicating altered epigenetic 

regulation (Appendix 2 – Fig. 2c-e, Suppl. Fig. S6b-c). Expression levels of all these 

analytes were unchanged or reduced in the other group (n = 5) of pancreatic tumors, 

which in contrast were defined by increased expression of immune cell markers and 

elevated Smad signaling (Appendix 2 – Fig. 2c-e, Suppl. Fig. S6d). Overall, we were 

able to stratify pancreatic tumors based on activity changes to cellular signaling 

inherent to and distinctive for the respective tumor subgroup. 

Given the available clinical data, the colorectal tumors (n = 10) were more 

heterogenous with regards to patient age, tumor localization (left/right sided) and the 

receival of previous treatment (Appendix 2 – Table 1). Accordingly, expression patterns 

were more diverse compared to the pancreas cohort, thereby separating the colorectal 

tumors into four subgroups (Appendix 2 – Fig. 3a, suppl. Fig. S7b). A classification and 

comparison of colorectal tumors based on patient age and tumor localization was 

sensible to show expression differences between clinically relevant subgroups. One 

tumor sample (hepatoid carcinoma) was excluded from this analysis due to its 

divergent clinical nature. Notably, we observed a downregulation of mTOR and cell-

cycle proteins exclusively in younger patients (< 55 y, n = 3), while the signals were on 

average unchanged in the older patient group (n = 6, Appendix 2 – Fig. 3b). 
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Furthermore, based on tumor location, left-sided colon carcinomas (n = 4) displayed 

upregulations of EGFR, mTOR-, and MAPK proteins (Appendix 2 – Fig. 3c), with an 

opposing trend in right-sided tumors (n = 5). In this fashion, we were able to link relative 

changes in protein expression to clinically and treatment-relevant subgroups. 

A summary of the retrospective study design and DigiWest expression profiles relating 

to pancreatic and colorectal cancer stratification according to entity, subgroup defining-

pathway activity and -clinical data is outlined in Figure VII. Finally, protein expression 

profiles were evaluated separately for each tumor. 

 

 

Figure VII: Summary of retrospective DigiWest study  – stratification of pancreatic and colorectal 
carcinomas based on cellular signaling and clinical characteristics as well as personalized profiling of 
individual tumors (see section 3.2.3).  

 

 

3.2.3. Personalized pathway activity profiles in individual GI tumors 

Individual analysis of protein expression for each tumor (in relation to matched non-

tumorous tissue) yielded 20 personalized, patient (tumor)-specific protein profiles. In 

15 cases (75 %), one or more signaling pathways and/or tyrosine kinase receptors 

could be retrospectively identified as potentially tumor-driving based on DigiWest data 

alone. Since several of the measured and individually identified proteins are known 

targets for FDA-approved drugs, we also established a list of potentially applicable 
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drug targets in each individual case. The high level of inter-patient heterogeneity 

intrinsic to GI tumors (see section 1.5.2.2.) was also evident in our personalized data 

sets, as various marker patterns, pathways and receptors were identified across 

samples (Appendix 2 – Table 1, Suppl. Figs. S8-S23). 

Expectedly, almost all tumors (19/20) presented with an increase in CEA levels 

compared to its matched normal tissue. Moreover, most pancreatic tumors showed 

increases in CK7 and CK19 expression. Two colorectal cancers with distinct clinical 

characteristics – a rare hepatoid carcinoma and a microsatellite instability (MSI)-high 

tumor – were clearly distinguishable from the rest of the colon cohort based on the sole 

and notable expression of CK7 and CDX2, respectively (Appendix 2 – Table 1). Two 

individual exemplary cases are outlined in detail below. 

In one pancreatic cancer case, we observed strong upregulations of expression and 

phosphorylation of several mTOR-pathway proteins (mTOR, PDK1, Raptor) as well as 

relevant downstream targets such as S6 RP or eIF4E (Appendix 2 – Fig. 4a-b). 

Moreover, a strong reduction of p53 and upregulations of Cyclins D2, D3 and E1 hinted 

at impairments in cell cycle control. Aside from this, we noted elevated Wnt and NF-

kappaB signaling. All in all, our data allowed us to identify mTOR signaling and the cell 

cycle as the most relevant druggable pathways in this particular case. 

In the second example, a colorectal tumor displayed elevated activity in the MAPK/Erk 

and Jak/STAT pathways, as indicated by coherent upregulations of phosphorylated 

variants of Erk1, Erk2, MEK1/2, b-Raf, Rsk1 as well as STAT3 (Appendix 2 – Fig. 

4a+d). Furthermore, expression levels of EGFR and PDGFR were increased, which 

led us to identify these upstream receptors as key drug targets. In several other cases 

(mostly pancreatic cancers), MAPK/Erk activity was accompanied by increases in Ras 

(KRAS) expression (e.g. Appendix 2 – Fig. 4c), highlighting this key oncogene as a 

potential drug target. 

Interestingly, upregulations of several immune cell markers (CD4, CD8, CD11c, CD25, 

CD68, CD56, CD163) were apparent in 9/20 examined tumors, which is generally 

indicative of immune cell infiltration (“hot” tumors) and further stratified and functionally 

grouped our retrospective sample cohort. For select cases (e.g. Appendix 2 – Fig. 4e), 

this was accompanied by increased Smad signaling, whereas activity in other common 

oncogenic pathways (e.g. MAPK, mTOR, Wnt) was not apparent; this drew attention 

to immune therapy as a form of (hypothetical) treatment. 
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Overall, by creating personalized expression patterns using relative DigiWest data, we 

were able to individually characterize each tumor while capturing the intrinsic clinical 

and molecular heterogeneity of this representative patient cohort and highlighting 

treatment-relevant aberrations and drug targets on a personalized level. 

 

3.2.4. Individual characterization of MTB cases and alignment with genetic 

profiling 

In light of the promising results obtained in the retrospective part of the study (sections 

3.2.1. - 3.2.3.), we aimed to uncover the potential of DigiWest protein profiling for 

integration into precision oncology programs and clinical routine. In order to test its 

performance in an exploratory direct clinical application, we examined and profiled 14 

GI tumor samples in similar fashion using primary patient material in the form of 

clinically derived core biopsies. These were taken from patients as a routine diagnostic 

step during presentation to the MTB of Tübingen University. A schematic overview of 

DigiWest in clinical application as demonstrated here is shown in Figure VIII.  

 

 

Figure VIII: Overview of clinical application of DigiWest.  Primary tumor tissue was obtained from GI 
tumor patients as needle biopsies and subjected to DigiWest analysis. Information on pathway activity 
and potential drug targets from personalized DigiWest expression profile was combined with patient-
specific genetic (sequencing) and clinical data to yield individualized treatment recommendations. Ab = 
antibody.  

 

Notably, this GI cancer patient cohort displayed extraordinary clinical heterogeneity 

with regards to tumor entity and included pancreatic, gallbladder, colorectal, cholangio, 

gastric, esophageal and rectal carcinomas (Appendix 2 – Table 2). Furthermore, 

several patients had been extensively pre-treated before sampling. Notably, non-

tumorous control samples were unavailable for this cohort due to routine procedures, 

as sampling via needle biopsies usually does not provide sufficient non-tumorous 
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tissue. Thus, protein expression levels of a particular analyte were here compared to 

its average expression level across the cohort. 

Upon individual DigiWest profiling of each tumor, we were able to identify coherent 

expression and activation patterns in key oncogenic signaling pathways for 12/14 

patients (85 %) and pinpointed several potential drug targets in each individual case 

(Appendix 2 – Table 2, Suppl. Figs. S25-S36). Since all patients were included into the 

MTB, all tumors had been previously subjected to genome sequencing analysis. In 

order to evaluate the meaningfulness of our proteomics-based characterization, we 

compared DigiWest data with key mutations identified via genetic analysis and with the 

ultimate treatment recommendations suggested by the MTB for each patient. Crucially, 

in 8/12 applicable cases, information on protein/pathway/receptor activation and 

expression gained via DigiWest matched with genetic MTB observations and treatment 

decisions. 

For instance, the protein profile of a colorectal tumor revealed coherently elevated 

activity (phosphorylation) in the MAPK/Erk (Erk1, Erk2, Rsk1) and Jak/STAT (STAT1, 

STAT3) pathways, as well as exceptionally high expression of FGFR2 (Appendix 2 – 

Fig. 5a-d). In line with this, genetic profiling had revealed an amplification of the FGFR2 

gene and thus treatment with an FGFR inhibitor was recommended by the MTB 

(Appendix 2 – Table 2). Here, DigiWest data was clearly able to confirm this 

observation on the protein level by indicating both the genetic aberration to the 

upstream receptor (FGFR2) as well as the resulting activity in downstream pathways 

(MAPK and Jak/STAT). In a second exemplary case (hepatocellular carcinoma), DNA 

sequencing had identified a deletion in the mTOR-regulating tumor suppressor TSC2 

and subsequently recommended treatment with an mTOR inhibitor in combination with 

an immune checkpoint inhibitor (Appendix 2 – Table 2). In line with this, DigiWest 

analysis revealed an exceptionally high expression and activity of mTOR as well as 

other related key analytes such as Raptor, Rictor, PI3K alpha, PI3K beta and S6 RP 

(Appendix 2 – Fig. 5e-g). Furthermore, high expression levels of CD4, CD8 and CD163 

indicated immune cell infiltration and thus an immunologically “hot” tumor. 

Overall, in this exploratory clinical application of DigiWest, we were able to showcase 

its potential in this setting, as unique, personalized expression profiled were created, 

which aligned significantly with existing mutation analysis and drug recommendations 

made by the MTB.  
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3.3. Signal transduction analysis for disease mechanism discovery 

in schizophrenia  
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3.3. Signal transduction analysis for disease mechanism discovery 

in schizophrenia 

The molecular mechanisms surrounding schizophrenia (SCZ) pathology and onset 

largely remain elusive, especially with regards to protein expression and signaling 

pathway activity. Thus, we examined cellular signaling via DigiWest in SCZ patient-

derived iPSC and developing neuronal progenitors (NPC) to compare the respective 

cell stages and highlight disease-specific protein expression signatures in comparison 

to healthy controls (Figure IX). 

 

 

Figure IX: Overview of DigiWest analysis of patient-derived iPSC and NPC in comparison to healthy 
controls.  Fibroblasts from SCZ patients and healthy controls were obtained and reprogrammed to iPSC 
and then differentiated into neuronal progenitors (NPC). Expression signatures of controls (CTR) and 
patients (SCZ) were compared via DigiWest at the iPSC and NPC stage, respectively. Furthermore, the 
iPSC and NPC stages were compared independently of disease allocation to examine protein 
expression patterns during the differentiation process.  

 

 

3.3.1. Marker expression and pathway activity changes during differentiation 

from iPSC into NPC 

In the entire protein dataset, we observed a consistent grouping of all samples 

according to their respective cell stages (iPSC or NPC, Appendix 3 – Fig. S1) across 

three independently performed neuronal differentiations. Accordingly, we first analyzed 

expression differences between the cell stages independent of disease status and 

observed strong changes in key differentiation markers. Despite expression levels 

varying across clones, as expected, NPC generally present with lower levels of Oct4 
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(indicator for pluripotency) and higher expression of MAP2, Sox1, Sox2, Nestin, Pax6, 

Vimentin, and NCAM, all markers for differentiated neuronal progenitor cells (Appendix 

3 – Fig. 1A/B). We exemplarily confirmed our observations by performing 

immunocytochemical (ICC) staining for some of these eight proteins with matching 

results (Appendix 3 – Fig. 1C, Fig. S4). 

Crucially, we also found strong expression differences between the iPSC and NPC 

stages beyond these characteristic markers. A total of 85/137 measured analytes 

showed differential expression between iPSC and NPC (Appendix 3 – Fig. 2A). Among 

the many proteins significantly upregulated in NPC were key members of the Wnt 

(active/total beta-catenin, Wnt3/7, LRP6, Dvl2/3, LEF1, TCF1/7), Hippo (LATS1, Mob1, 

Mst1, TEAD, KIBRA) and Hedgehog (Gli2/3, SUFU) pathways (Appendix 3 – Fig. 2B). 

Importantly, these signaling pathway are all known to play a crucial role in 

neurodevelopment. Several cell cycle proteins (CDK1/2/4/6, Cyclins D1/2, p21, Rb) 

also showed notably higher expression in NPC (Appendix 3 – Fig. 2B). For select key 

analytes – namely the vital Wnt proteins beta-catenin and LEF1 as well as the cell 

cycle regulator p21 – we again validated the higher expression levels in NPC via ICC 

staining (Appendix 3 – Fig. 2C-D). Overall, all iPSC and NPC can clearly be 

distinguished based on the expression of key differentiation markers as well as the 

activation of neurodevelopmental signaling pathways, as highlighted by DigiWest. 

Next, we investigated changes in protein expression occurring during differentiation 

from iPSC to NPC for patient- (SCZ) and healthy control-derived cells (CTR) 

independently. Given the consistent expression differences across all samples, effects 

concerning a total of 62 analytes were expectedly shared between the two conditions 

(CTR and SCZ, Appendix 3 – Fig. S5). Moreover, a large proportion of analytes 

(approximately 90 %) was upregulated in both CTR and SCZ NPC compared to the 

respective iPSC. 

However, there were also several analytes which displayed varying or opposing trends 

in expression during differentiation from iPSC into NPC for SCZ and CTR-derived cells. 

For instance, LEF1, phosphorylated CDK1 (Y15), p21, phosphorylated Erk1/2 

(T202/Y204) and Smurf1 are upregulated to a greater extent during differentiation of 

SCZ iPSC into NPC compared to CTR cells (Appendix 3 – Fig. 2E/F, Fig. S6). This 

indicates disease-specific alterations in protein expression occurring during 

development of early-stage neuronal cells in SCZ. 
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Overall, these data demonstrate that DigiWest can characterize iPSC-derived neuronal 

cells at different developmental stages regarding the expression of key marker proteins 

and beyond. Moreover, we demonstrate the ability of the methodology to track both 

consistent as well as SCZ-specific changes to protein expression signatures occurring 

during the differentiation process from iPSC into NPC. 

 

3.3.2. SCZ-specific protein alterations in iPSC and reduced differentiation 

efficiency 

In the following, we evaluated expression between SCZ and CTR samples at the iPSC 

and NPC stage separately, in order to highlight disease-relevant proteomic alterations 

at the respective developmental stages. When comparing CTR and SCZ iPSC, a total 

of 11 proteins (8 %) were differentially expressed between the two conditions, with 6 

down- and 5 upregulations in SCZ (Appendix 3 – Fig. 3A/B, Table S4). Among these, 

changes to levels of p53 and its phosphorylated variant p53 – pS15 were by far the 

strongest with 3- and 10-fold upregulations in SCZ iPSC, respectively (Appendix 3 – 

Fig. 3C). This notable up-regulation of p53 was also confirmed through ICC analysis 

(Appendix 3 – Fig. 3D-E). In contrast, the other observed differences were, despite 

statistically significant, unpronounced in magnitude. Overall, there were little apparent 

SCZ-specific proteomic alterations detected in iPSC. However, a drastic increase in 

expression and more so in phosphorylation (S15) of p53 is of note at the innate iPSC 

stage. 

Comparison of CTR and SCZ samples at the NPC stage revealed a much larger 

number of differentially expressed analytes with 33 (24 %) (Appendix 3 – Fig. 4A+B), 

with 23 proteins/protein variants being up- and only 7 downregulated in SCZ. This is 

almost triple the amount compared to iPSC, underscoring the greater significance of 

our findings in NPC, given that they are the more representative cell type due to their 

neuro-specific lineage. Interestingly, several of the previously discussed differentiation 

markers (see section 3.3.1.) were among these SCZ-associated de-regulations 

(Appendix 3 – Fig. 4C). Although differences in absolute expression levels do persist 

across individual clones (Appendix 3 – Fig. S8), SCZ NPC overall presented with 

higher levels of the pluripotency marker Oct4 and lower levels of the NPC markers 

MAP2, NCAM and Sox1 which is generally indicative of a lower grade of differentiation, 

thus less mature neuronal cells. Similar trends can also be observed in exemplary ICC 
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images (Appendix 3 – Fig. 1D). In line with this, we performed neurite outgrowth assays 

and also observed a greater reduction of neurite length in SCZ NPC over time 

(Appendix 3 – Fig. S9). This demonstrates that the reduced differentiation efficiency of 

SCZ iPSC into NPC not only manifests as changes in marker expression but also in 

phenotypic aberrations potentially affecting neurodevelopment in NPC, which have 

been previously reported in and linked to SCZ. 

 

3.3.3. Aberrant signaling pathway activity as SCZ-relevant proteomic alterations 

in NPC 

The majority (27/33) of analytes showing SCZ-specific differential expression in NPC 

only did so at this more relevant developmental stage but did not in iPSC (Appendix 3 

– Fig. 4D). Four analytes consistently showed alterations in both cell types. These 

included small changes to CDK4 and ATM and, crucially, strongly increased levels of 

p53 phosphorylation (S15) and total p53 levels (Appendix 3 – Fig. 4E, Fig. S10A) – 

with even greater changes in magnitude (20-fold/6-fold in NPC) compared to the iPSC 

stage. We observed similarly pronounced effects via WB and also confirmed p53 

upregulation via ICC (Appendix 3 – Fig. 4F-I). 

The 27 SCZ NPC-exclusive de-regulated analytes specifically addressed 

phosphorylated variants of key signaling proteins, suggesting changes to their direct 

activation and thus to cellular signaling. Therefore, alterations were evaluated based 

on their pathway allocation and involvement in cellular functions. For instance, SCZ-

derived NPC displayed roughly 2-fold elevated expression of phosphorylated CDK1 

(Y15), Cyclin B1, Aurora kinase A and Histone H3 (S10) as well as total CDK1, Aurora 

kinase B and Cyclin E1 (Appendix 3 – Fig. 5A, Fig. S10B). Notably, all these proteins 

are involved in regulating the transition from G2 to M phase in the cell cycle. Moreover, 

several analytes in the DNA-damage response (DDR) cascade were affected, 

including phosphorylated ATR (S428 and S1989), Chk1 (S296) as well as Histone 

H2A.X (S139) (Appendix 3 – Fig. 5B), which indicates an implication of DNA damage. 

DigiWest analysis also revealed coherent alterations to expression and 

phosphorylation of translation-regulating proteins including eEF2 (T56), eIF2 alpha, S6 

RP, eIF4E (S209), total eEF2, eEF2K (S366) and 4E-BP1 (T37/46) (Appendix 3 – Fig. 

5C, Fig. S10B). We also identified dysregulations of key Wnt pathway regulators. 

These included a decrease in non-phosphorylated, active beta-catenin (non-
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pS33/41/45), phosphorylated (T197) and total PKA C as well as increases to LEF1 and 

CK1 alpha levels (Appendix 3 – Fig. 5D, Fig. S10B). Lastly, we were able to identify 

changes to the MAPK/Erk cascade, as patient-derived cells (SCZ) presented with 

upregulated phosphorylation of c-Raf (S289/296/301), Erk1 (T202/Y204), Erk2 

(T202/Y104) and Rsk1 (T573) (Appendix 3 – Fig. 5E). Overall, as highlighted by 

DigiWest, the observed protein expression patterns indicate higher translational 

activity, increased DNA damage and DDR, altered Wnt and MAPK/Erk signaling as 

well as elevated levels of G2M-phase specific proteins in SCZ-derived NPC in 

comparison to healthy controls. 

 

3.3.4. G2/M stage-specific changes to cell cycle control in SCZ NPC 

Some of the pathways outlined above such as Wnt and MAPK signaling have 

previously been associated with SCZ and were also shown to be affected in iPSC-

based neuronal cell types like NPC. However, an upregulation of cell cycle regulators 

specific to a particular stage is yet to be reported. First, we confirmed observations on 

altered cell cycle regulation made with DigiWest (see section 3.3.3.) via ICC staining 

for G2/M-specific proteins. Again, SCZ NPC, but not iPSC, presented with higher 

expression of Cyclin B1 and Aurora A (Appendix 3 – Fig. 6A+B). Wanting to investigate 

this matter further on a phenotypic level, we also performed FACS-based experiments 

to investigate cell-phase distribution of NPC. Crucially, we found a significantly larger 

proportion of cells in G2/M phase in patient-derived NPC in comparison to controls, 

whereas no significant differences were detected for the S and G0/G1 phases 

(Appendix 3 – Fig. 6C-D, Fig. S9). As a positive control, we also treated cells with 

Nocodazole, an agent which knowingly arrests cells in the G2/M phase. 

 

3.3.5. Correlation of differentiation markers and G2M-phase proteins with p53 

As mentioned (see section 3.3.3.), expression and phosphorylation of p53 was 

upregulated in SCZ NPC to an even greater extent than SCZ iPSC. Given the drastic 

nature of this increase, we aimed to further investigate its relevance for and relation to 

the observed cellular phenotypes of SCZ-derived cells (differentiation efficiency and 

cell cycle alterations). Thus, we correlated p53 expression and phosphorylation levels 

(S15) to the affected differentiation markers (Oct4, MAP2, NCAM, Sox1) as well as to 
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G2/M-regulating proteins by using DigiWest data across all employed clones 

(Appendix 3 – Fig. S12). Levels of phosphorylated p53 correlated strongly 

(Spearman´s r = 0.9671) with total p53 levels (Appendix 3 – Fig. 6E), suggesting a 

dependence of p53 phosphorylation to p53 abundance. Moreover, p53 showed a 

positive correlation with Oct4 (r = 0.8007) and negative correlations with MAP2 (r = -

0.6272), NCAM (r = -0.8289) and Sox1 (r = -0.6763) (Appendix 3 – Fig. 6F); therefore, 

the observed reduction in differentiation efficiency in diseased cells also appears to be 

related to p53 (phosphorylation) levels. Finally, we found strong or moderate 

correlations with Aurora A (r = 0.8958), Cyclin B1 (r = 0.8614) and CDK1 – pY15 (r = 

0.5869), respectively (Appendix 3 – Fig. 6G). Overall, based on the proteomic data, 

we were able to establish a potential link between changes to p53 expression and 

phosphorylation with phenotypic alterations of SCZ-derived cells, namely hampered 

differentiation capacity and altered cell-cycle dynamics. 

All observations made through DigiWest protein profiling regarding iPSC differentiation 

and SCZ-specific expression signatures at the respective cell stages are summarized 

in Figure X. 

 

 

Figure X: Summary of observed differentiation effects and SCZ-specific alterations  based on DigiWest 
data in iPSC-derived neuronal cells. Activation of neurodevelopmental pathways and is observed upon 
differentiation. SCZ iPSC and NPC present with high levels of p53 and show decreased differentiation 
efficiency. SCZ NPC are characterized by altered Wnt and MAPK signaling, DDR, and cell cycle control 
inducing G2/M phase accumulation. SHH = sonic hedgehog. 
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4. Discussion 
 

Alterations in cellular signal transduction present disease-specific phenotypes and 

mechanistic drivers in a variety of disorders, while equally holding a high potential for 

therapeutic intervention. In this thesis, at the example of DigiWest, the suitability of 

protein-based signaling pathway analysis as an analytical tool for various clinical, basic 

and personalized research applications was scrutinized. Specifically, DigiWest protein 

profiling was used to study expression patterns upon TKI treatment in preclinical 

models of FGFR2-fusion positive iCCA, to identify personalized protein profiles in 

primary GI tumor tissue and to uncover disease-specific expression signatures in 

patient-derived iPSC models of SCZ. 

 

 

 

4.1. Efficacy evaluation of TKI in clinical cell models of iCCA 

After observing clinically meaningful responses of the non-selective TKI Lenvatinib in 

iCCA patients with tumors harboring FGFR2 rearrangements, we created and 

characterized patient-analogue cell lines, including one carrying the novel FGFR2-

AHCYL2 fusion. We investigated this cell line upon treatment with either selective or 

non-selective TKI including Lenvatinib. TKI action mechanisms were compared based 

on cellular signaling analysis (DigiWest), which revealed a similar inhibition profile for 

the two TKI classes. Analogue evaluations in a cell line additionally carrying the 

resistance-inducing p.V564F mutation indicated superior effectiveness of Lenvatinib 

compared to selective TKI and a broader inhibitory effect on signaling proteins, 

including FGFR2 and mTOR. Finally, we supported our findings with in silico data 

highlighting a more favorable interaction pattern of Lenvatinib with mutated FGFR2. 

 

4.1.1. Clinical benefit of Lenvatinib and novel FGFR2-AHCYL2 fusion 

Here we describe a cohort of seven patients who had received Lenvatinib as their first 

targeted treatment. The growth modulation index (GMI) serves as a tool for intra-

patient treatment comparison. It assumes progression-free intervals in advanced 



4. Discussion 

40 
 

cancers get shorter with each subsequent treatment and relates the time to 

progression (TTP) of a respective treatment to the TTP of previous treatments. A GMI 

> 1.3 is considered clinically meaningful70,120. Lenvatinib treatment achieved a GMI > 

1.3 in 6/7 patients in comparison to previous treatment regimens and included a patient 

carrying the novel FGFR2-AHCYL2 fusion. This particular gene fusion has not yet been 

reported, although a structurally similar one (FGFR2-AHCYL1) has been described40. 

The cell line we newly created carrying the novel fusion gene showed comparable 

characteristics to other lines with more common alterations (e.g. FGFR2-BICC1), 

including growth enhancement and activation of related downstream targets (Erk1/2, 

FRS2, STAT3). 

Moreover, in vitro testing of TKI in the patient-analogue cell line (FGFR2-AHCYL2_WT) 

generally mirrored clinical observations on treatment response. For instance, clinical 

treatment with the non-selective TKI Nintedanib was unsuccessful; likewise, our 

matching cell line model proved insensitive to Nintedanib. In contrast, the patient did 

respond to Lenvatinib and Infigratinib and accordingly, our cell viability assays and 

IC50 values revealed an increased sensitivity of the FGFR2-AHCYL2_WT line to these 

two agents. DigiWest cellular signaling analysis revealed similar effects of both TKI 

classes on receptor phosphorylation and downstream signaling, which was mainly 

centered around MAPK/Erk signaling, with FGFR-selective TKIs even exclusively 

inhibiting MAPK-related proteins. This demonstrates a reliance of the FGFR fusion 

gene on the MAPK/Erk cascade, which has been identified as a necessary and 

sufficient driver of iCCA121. Moreover, mutations in MAPK proteins were shown to 

induce resistance to FGFR inhibition122. 

Importantly, this patient did not develop resistance mutations under treatment with 

Lenvatinib (unlike under Infigratinib). However, disease progression still occurred, 

indicating the involvement of other promoting factors. In line with this, regulatory 

feedback via the EGFR-PAK1-Erk5 signaling cascade has been hypothesized as a 

potential resistance mechanism for Lenvatinib in hepatocellular carcinoma123. 

 

4.1.2. Investigation of resistance mechanisms in cellular models carrying the 

p.V564F mutation 

Our in vitro data demonstrated that Lenvatinib, unlike selective TKI, is still capable of 

inhibiting growth in cells carrying mutations at the gatekeeper- (V564F) and brake- 
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(E565A) residues of FGFR2, even at low concentrations. DigiWest analysis of the 

FGFR2-AHCYL2_WT cell line had indicated a reliance on the FGFR-MAPK/Erk axis 

and the capability of Lenvatinib to inhibit non-MAPK proteins such as p70S6K, S6 and 

STAT3. Especially the p.V564F mutation and has been frequently detected in patients 

developing resistance to selective TKIs such as Infigratinib124,125. In the presence of 

this mutation, DigiWest profiling revealed a persistent ability of Lenvatinib to inhibit 

FGFR2 phosphorylation. The broader inhibitory profile of Lenvatinib extending beyond 

the MAPK cascade towards key mTOR proteins (mTOR, Akt, p70S6K, eIF4E) likely 

contributes to the superior performance of Lenvatinib in this setting. A direct 

comparison with Infigratinib further highlighted this aspect and points out mTOR as a 

potential player in the development of treatment resistance. This role of mTOR 

appeared to be specific to the action of Lenvatinib in the mutated condition, as it was 

not significantly different between TKI classes in WT cells. In line with this, other groups 

have suggested combination therapies of FGFR- and mTOR-inhibitors for treatment 

for resistance-mutated FGFR-fusion CCA55,126. We also detected higher baseline 

FGFR2, MAPK, mTOR and other pathway activity in both treated and untreated 

p.V564F cells compared to WT. This could possibly be explained by FGFR2 re-

activation and/or the simultaneous activation of other tyrosine kinase receptors via 

feedback mechanisms upon development of this mutation, which itself could be 

implicated in resistance development of selective TKI. This presents an additional 

benefit of the unselective nature of Lenvatinib due to its broader inhibition profile. 

Accordingly, bypass-activation of alternative signaling pathways and enhanced 

downstream signaling or TKIs sequestration have been proposed as possible 

explanations for resistance development127. 

Our in silico modeling data suggest that Lenvatinib surpasses selective TKIs in the 

presence of FGFR2 resistance mutations due to its greater adaptational ability. As the 

compound carries a terminal cyclopropyl group instead of the larger terminal 

dimethoxyphenyl group of Infigratinib and Pemigatinib (Figure XI), it exhibits a greater 

steric flexibility, which supports binding/interaction with mutated FGFR2. This could 

also help explain the strong resistance capabilities of p.V564F mutated cells towards 

other TKI. Through the introduction of a large phenyl group in phenylalanine (F), the 

bulky residue induces steric hindrance preventing drug access to the binding site, 

which likely mediates resistance to the selective TKIs Infigratinib and Futibatinib124. 

Notably, Futibatinib proved retained inhibitory activity against the p.V564I mutation128 
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but not against p.V564F, likely due to the smaller Isoleucine (I) residue causing less 

steric hindrance. 

 

 

Figure XI: Chemical structures of tested TKIs (adapted from Spahn et al. 2024). The smaller cyclopropyl 
group of Lenvatinib is indicated in green, the larger dimethoxyphenyl group of Infigratinib and 
Pemigatinib in red. 

 

 

4.1.3. Future considerations for Lenvatinib as a therapeutic option in FGFR-

fusion positive iCCA 
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option in iCCA and its role in clinical treatment algorithms for patients with FGFR2 

fusions/rearrangements/mutations. In an exemplary patient case, we have already 

demonstrated its suitability, given the clinically meaningful and durable response to 

Lenvatinib observed in a patient (as of time of publication – February 2024) who 

previously progressed under treatment with the selective TKI Pemigatinib and 

presented with a p.N549K resistance mutation. Moreover, side-effects observed under 

Pemigatinib were no longer present with Lenvatinib, potentially due to its greater 

selectivity towards FGFR2 versus FGFR1 compared to Pemigatinib or Infigratinib (data 

not shown). In future, it would be worth investigating treatment responses and adverse 
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effects of Lenvatinib treatment in more patients carrying various mutations, especially 

the p.V564F gatekeeper variant. For optimal inclusion into clinical treatment 

regimens129, it would be helpful to continuously monitor the possible appearance of 

point mutations through repeated liquid biopsies under treatment with Lenvatinib or 

other, selective TKI130. Overall, given the broader inhibitory profile on cellular signaling 

and its increased steric flexibility, Lenvatinib presents a viable treatment option for 

iCCA, especially in the presence of resistance mutations. 

Our data also stimulates future exploratory studies to aim at evaluating action 

mechanisms and investigate (proteomic) inhibition patterns of other TKI, which are 

being developed and/or experimentally evaluated for use in iCCA. A recent study 

demonstrated profound anti-tumor effects of the FGFR-selective inhibitor Tasurgratinib 

in preclinical models carrying FGFR2 fusion genes131. In this study, the novel drug was 

capable of inhibiting FGFR signaling and also proved potent against several resistance 

mutations (including N549K), however, not against the bulky V564F residue. A similar 

recent report132 has characterized the action of a next-generation, irreversible FGFR-

selective inhibitor, KIN3248. Crucially, the authors report a conserved effect in V564F-

mutated cells, and also highlight combination treatment with EGFR and MEK inhibitors 

as beneficial. Analyzing the effects of KIN3248 in presence of the V564F mutation via 

DigiWest and comparing protein expression profiles to those of Lenvatinib would be of 

great interest to deepen the understanding of resistance development and how it can 

be overcome most effectively to advance iCCA therapy and benefit patients.  
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4.2. Personalized profiling of GI tumors 

Here, we employed DigiWest for the characterization of cellular signaling in a 

retrospective cohort of pancreatic and colorectal carcinomas. Using data relating 

protein expression signals from primary tumor tissues to those of patient-matched 

normal tissues, we distinguished samples based on tumor origin and stratified tumors 

into subgroups within their respective entity based on pathway activity patterns and 

clinical characteristics. Moreover, we characterized all tumors individually, highlighting 

unique patient-specific, protein expression signatures. In a direct clinical application, 

we prospectively profiled tumors from a series of MTB patients. DigiWest analysis 

revealed personalized protein/pathway activation profiles with drug-targetable 

alterations, which complemented genetic mutation analysis and eventual treatment 

recommendation. 

 

4.2.1. Retrospective distinction of pancreatic and colorectal carcinomas via 

DigiWest 

For our retrospective analysis, we selected pancreatic and colorectal carcinomas as 

representative tumor subtypes for highly invasive and heterogeneous GI tumors with 

known clinical and molecular-genomic characteristics. Our initial comparison of 

pancreatic and colorectal tumor tissues (without factoring in non-tumorous tissue as 

reference), was analogue to previous evaluations of primary patient material using 

DigiWest and other proteomic methods133-136. Using absolute protein expression data, 

one cannot distinguish whether differential effects between entities were due to tissue 

origin (e.g. tissue markers) or inherent to the nature of the tumors themselves. By using 

patient-matched, non-tumorous reference tissue, we were able to provide more precise 

data, as relative changes in pathway activity and protein expression can be detected 

instead of mere abundance-indicating values. The inclusion of patient-matched normal 

tissues also greatly reduced variability within the data set, given the high inter-patient 

variability inherent to these tumor entities. With this approach, we were able to 

distinguish pancreatic and colorectal carcinomas largely on expression changes of key 

tumor-suppressive and oncogenic proteins, as mutations affecting these are frequently 

implicated in carcinogenesis. Moreover, differences between the entities mirrored the 

genetic landscape characteristic for the respective tumor type. Among others, TP53 

and KRAS were affected in pancreatic carcinomas, whereas PTEN and p27 (CDKN1B) 
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were altered colorectal carcinomas. As this is in line with a multitude of genetic 

studies137-142, it was demonstrated that DigiWest is able to recapitulate distinctions 

present on the genome level with matching proteomic data. 

 

4.2.2. Proteomic-based subgrouping of pancreatic and colorectal carcinomas 

Using this dataset, we also stratified pancreas tumors within their entity, revealing two 

pathway activity-based subgroupings. Various previous studies have phenotypically 

stratified pancreatic carcinomas86,87,143-145. The molecular characteristics defined by 

one particular classification86 – distinguishing among others the squamous and 

immunogenic subtypes – are in line with those described here. The squamous subtype 

is defined by frequent alterations of TP53 and changes in autophagy and metabolism 

regulation. In accordance with this, we observed a strong reduction of p53 levels 

(mutation/loss) in one subgroup, as well as elevated mTOR signaling, which is a key 

hub for downstream regulation of several cell functions, including autophagic and 

metabolism pathways146,147. The other subgroup was mainly characterized by high 

immune cell marker expression and Smad signaling, indicating the presence of tumor-

infiltrating lymphocytes (TILs) and activity of immunogenic signaling pathways (e.g. 

Smad). Accordingly, pancreatic tumors of the immunogenic subtypes are regarded as 

immune-infiltrated (“hot”). 

The molecularly far more heterogenous colorectal carcinoma cohort was stratified 

based on clinical classifications, i.e. tumor localization and patient age. There is a clear 

distinction between left- and right-sided colon carcinomas as two subgroups with 

different molecular profiles, clinical characteristics and treatment responses83,148. Our 

data highlights correlating expression changes between them; for instance, DigiWest 

data showed a downregulation of EGFR expression in right-sided tumors only. In line 

with this, treatment regimens do not recommend EGFR-directed first-line therapy for 

right sided tumors149. 

There is growing clinical concern of increasing incidence of colorectal tumors in 

younger patients. Comparisons of late- and early onset carcinomas have been 

conducted on the genetic level150,151, with only little transcriptomic or proteomic 

information available152. Our data addresses this by highlighting differences related to 

cell cycle control and mTOR signaling between the two groups. 
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Overall, we identified tumor subtypes within the respective cohorts based on DigiWest 

data. These distinctive changes in cellular signaling can be indicators of the different 

molecular features and treatment responses observed in these clinically relevant 

subgroups. Future studies should aim to explore and verify these observations in larger 

patient cohorts using similar methodologies for more expansive insight and to improve 

treatment strategies for patients within these respective subgroups. 

 

4.2.3. DigiWest protein profiling on the personalized level 

Using patient-matched, normal-tissue relative expression data, we were also able to 

highlight personalized expression signatures for all 20 individual tumors. Doing so, we 

identified druggable alterations of key signaling proteins, and thus address pathway 

activity in a personalized fashion. This not only underscores the relevance of the 

analysis for this approach given the suitability of our antibody panel for generating 

clinically meaningful data (druggable targets), but also points out the potential of the 

method for therapeutic use applying individual protein expression data to yield patient 

benefit. Despite highlighting unique protein expression signatures (e.g. distinctive 

tissue markers in the MSI-high and hepatoid carcinoma samples), we were able to 

identify similar patterns across groups of tumors (see section 3.2.3.). For instance, we 

were able to decipher infiltrated (“hot”) from non-infiltrated (“cold”) tumors independent 

of entity, analogue to results reported in a previous DigiWest study134. This enabled the 

attribution of individual tumors into specific functional groups with implications for 

selective treatment. In these cases, immunotherapeutic approaches likely present an 

(additional) viable treatment option. Overall, this demonstrates that DigiWest is 

capable of providing treatment-relevant data on an individualized level in tumors with 

a highly heterogeneous clinical and molecular-genomic presentation. Moreover, only 

15 µg of protein (equivalent of a single tissue section) are required for analysis; usually, 

this amount is easily obtained in clinical routine from tumorous as well as non-tumorous 

adjacent tissue or through individual needle biopsies. 
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4.2.4. Clinical application of personalized DigiWest profiling in a precision 

oncology setting 

Our retrospective analysis demonstrated that DigiWest has the potential for a clinical 

application on a personalized level. Thus, we explored its use in a prospective, proof-

of concept study analyzing single needle biopsies from MTB patients with various GI 

tumors. For clinical practice surrounding precision oncology programs such as MTB, 

there is still heavy reliance on genetic data and the meaningfulness of mutation 

analyses. In light of this, we evaluated DigiWest methodologically as a source of 

additional information to examine its applicability for use in confirmatory fashion to 

other data available to the MTB, most importantly sequencing analysis, histological 

staining and treatment history. DigiWest data on protein activity and expression is 

useful as complementary to genetic alterations, because it allows to distinguish 

pathologically active (“true”) driver mutations which have manifested on the protein 

level, from the many merely potential tumor-driving alterations identified through 

genetic sequencing. Despite high heterogeneity within the patient cohort (mix of 

entities, heavily pre-treated patients) and no external reference tissue (unlike in the 

retrospective study, see previous sections), we were able to identify altered pathway 

activity in 12/14 individual cases. In 8/12 applicable cases, our data showed coherent 

overlap with key genetic mutations, as for instance shown in the two example cases 

described in section 3.2.4. In other examples KRAS or TP53 mutations inferred 

elevated MAPK and cell cycle activity, ultimately leading to the recommendation of 

KRAS/MEK- and CDK4/6- directed therapies, respectively. Thus, in this context, the 

accurate detection of changes in activity (phosphorylation) of druggable proteins in a 

key strength of DigiWest. Importantly, DigiWest should not be regarded as a sole 

measure for treatment decision but should be regarded as an additional tool in unison 

with other analyses. These could be subsequently employed for validation, for instance 

(further) histological analyses to confirm activation of targets identified by DigiWest. 

In a similar study153, the reverse-phase protein array technology was employed to 

analyze expression of 27 proteins in MTB patients to retrospectively evaluate 

proteomic-based treatment options and to compare these to previously made genetics-

based treatment recommendations. The authors noted an inconsistent overlap (10-57 

%) between the respective recommendations. Yet, they underscored the suitability for 

and importance of integrating proteomics into precision oncology practice. Notably, 
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using DigiWest we achieved a greater overlap (67 %) while generating higher-

throughput data covering more relevant analytes/pathways (e.g. immune cell markers). 

In two cases where no overlap between gene and protein data was detected, we were 

unable to identify any coherently activated pathway via DigiWest. This might be due to 

a comparatively high percentage of non-tumorous cells (e.g. stroma) in the obtained 

sample (needle biopsy). This issue was further complicated by a lack of suitable 

reference, as in this part of the study, antigen-specific signals were only compared to 

other tumors within the cohort using absolute expression values. Having non-tumorous 

patient-matched tissue available would have been greatly advantageous as shown in 

the retrospective part of the study (see section 4.2.1.). However, this was not possible 

for the prospective cohort, as needle biopsies for adjacent tissues are not routinely 

performed for MTB presentation. In future, data quality and meaningfulness could be 

improved significantly by obtaining patient-matched reference tissue in each case. 

Given the extremely low amount of material required for DigiWest, this is feasible and 

could easily be integrated into standard MTB procedures. 

Given that our study followed an exploratory proof-of concept approach, we only 

included a small number of patients, who had presented to the MTB over a period of 

11 months. The approach exemplarily demonstrated here should in future be expanded 

to a larger patient cohort to verify its application potential for routine clinical use. 

Moreover, treatment effectiveness of DigiWest-based treatment recommendations 

would have to be evaluated in comparison to other recommendations (genomic, 

transcriptomic, MS) in a large-scale clinical study. 

In summary, both our retrospective study and the transfer into a prospective clinical 

case series demonstrated applicability, suitability and potential for integration of 

DigiWest into clinical algorithms/practice for PM approaches. Especially if patient-

matched normal tissues can be obtained, personalized DigiWest activity profiles 

incorporate vital complementary information to serve as an additional tool in the hands 

of oncologists in a clinical PM setting to help make better, individually tailored treatment 

decisions to improve success and benefit patients.  
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4.3. Uncovering of disease mechanisms in Schizophrenia 

Employing DigiWest in a targeted proteomics approach, we analyzed cellular signal 

transduction in iPSC-derived neuronal cells in order to identify SCZ-related expression 

signatures and investigate alterations occurring during early neurodevelopment. 

Furthermore, we highlighted changes to developmental pathways in patient-derived 

cells and demonstrate impaired differentiation capabilities on the protein level and in 

phenotypic assays. The detected disease-related aberrations were NPC-stage specific 

and affected among others cell cycle control and DNA damage response. Finally, we 

were able to link these aspects quantitatively to p53 expression and phosphorylation. 

 

4.3.1. Monitoring of iPSC differentiation into NPC via DigiWest 

Given the composition of the employed antibody panel, we were able to measure 

expression and modification of key signaling proteins from pathways implicated in 

neuronal development (e.g. Wnt154, Hippo155, Hedgehog156). This gives an indication 

of the status of developmental process and also could be regarded as an indicator of 

“differentiation efficiency”, in this case being indicative of the condition of the resulting 

differentiated cells (NPCs). Usually, differentiation is monitored using only select 

pluripotency and (neuronal) differentiation markers which are commonly assessed via 

ICC157. Our data shows that DigiWest analysis can not only recapitulate marker 

expression with identical trends and sensitivity to ICC but can also provide information 

and monitor changes on a broader pathway level. This tracking ability allows the 

method to serve as an extensive quality control analysis; not only for neuronal 

differentiation but for iPSC and iPSC-derived systems in general, which would present 

an additional, novel application for DigiWest. 

Other studies have previously related phenotypic changes such as decreased 

differentiation capacity158,159 and reduced neurite outgrowth to SCZ110,113. In our 

patient-derived models, we were able to recapitulate these phenotypes as indicated by 

altered marker expression (DigiWest and ICC) and outgrowth assays. Furthermore, we 

could identify changes in pathway activity (Wnt, MAPK, cell cycle) of SCZ-derived cells 

during differentiation into NPC. Thus, with DigiWest we expanded on these 

shortcomings by highlighting potential underlying changes in pathway activity which 

are not necessarily visible through the assessment of marker proteins alone. 
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4.3.2. DNA damage response and cell cycle regulation in SCZ 

Among the most consistent disease-specific effects uncovered by DigiWest on the 

NPC level were changes to DDR protein expression and alterations in cell-cycle 

dynamics, specifically affecting G2/M transition. 

Our proteomic data confirmed previously made associations of DNA damage and DDR 

with the disease160,161. For instance, one particular postmortem study using 

transcriptomic analysis reported increase of DDR in SCZ patients162. Several other 

reports have linked mitochondrial dysfunction163 and the generation of reactive oxygen 

species (ROS)113,164,165 to SCZ in stem cell-derived systems, which are both indicators 

of DNA damage. 

Additionally, (de-)regulation of the cell cycle has been shown to be relevant for 

neuronal development 166 and has been implicated in SCZ163,167,168. However, no 

indications have been made about a specific cell phase, let alone G2/M, which is 

considered the central DNA damage-related checkpoint. With our DigiWest data we do 

not only provide further evidence for cell cycle and DNA damage implications in SCZ 

but also focus the attention on G2/M transition, which could serve as a starting point 

for future studies seeking validation in larger patient cohorts. 

 

4.3.3. Uncovering new implications of p53 in SCZ 

Using DigiWest data, we have demonstrated an association of p53 expression and 

phosphorylation levels with SCZ in iPSC and more prevalently in NPC. p53 (TP53) is 

most commonly associated with tumorigenesis and holds a tumor-suppressive function 

due to coordinating responses of cell proliferation apoptosis and DNA repair. p53 has 

also been associated with a variety of CNS diseases including SCZ such as 

Parkinson´s disease, Alzheimer´s disease or epilepsy as well as with neuronal 

development169,170, but the direct implication in SCZ remains unclear. However, it is 

considered a susceptibility risk gene in SCZ171 and has been associated with SCZ 

previously169,172. Also, a negative correlation of SCZ and cancer has been reported in 

several studies173,174 further underscores an involvement of p53 in SCZ, given its tumor 

suppressive function. Finally, p53 has been shown to be implicated in stem cell 

development175, as upregulation of p53 due to genotoxic stress can lead to unspecific, 

unwanted differentiation. Crucially, we observed notable disease-relevant changes on 
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both the iPSC and NPC level only for p53 expression and phosphorylation (among all 

detected analytes). This further underscores the notion of p53 potentially occupying a 

special role in the developmental process of developing (SCZ) cells. 

We were able to quantitatively correlate p53 expression with the observed phenotypes 

of altered cell cycle dynamics and reduced differentiation. Thus, we for the first time 

provide a link between these aspects based on proteomic data, which have all 

individually been shown to be implicated in SCZ but have not yet previously been linked 

mechanistically. This allowed us to formulate a hypothesis of a potential delay in cell 

cycle progression of developing neuronal cells due to the acquisition of damage and 

subsequent p53 upregulation. A setting which results in less mature cells is likely 

responsible for the decreased differentiation phenotype and neurodevelopmental 

failure observed in SCZ. To confirm our observations, future studies should thrive to 

instigate these results in larger patient cohorts. 

 

4.3.4. DigiWest as an application in SCZ research 

Here, DigiWest is presented as an application in a field with little proteomic-based 

knowledge, as most studies in SCZ and other psychiatric research fields have been 

performed on the genetic and/or transcriptomic levels, leaving an incomplete picture of 

mechanisms surrounding disease onset with regards to proteomics and specifically 

cellular signaling. 

Previous studies investigating the proteome in SCZ have mainly been based on MS 

and followed a non-targeted (shotgun) approach176-178. Therefore, such studies have 

mainly focused on the implication of entire pathways, leaving more in-depth regulatory 

alterations to individual or groups of proteins within a cascade unaddressed. Hence, 

the DigiWest antibody panel which was developed for this study was partially based 

and expanded upon this previous knowledge. In this study, we have confirmed what 

has been demonstrated via other omics approaches, such as implications of Wnt, 

MAPK/Erk signaling and protein synthesis. With DigiWest being a targeted approach, 

we were able to focus on uncovering mechanistic changes in greater detail and 

selecting antibodies accordingly. The detection of several phosphorylated protein 

variants incorporated an additional layer of information; with the advantage of more 

accurate insight into activation of key regulatory proteins to infer superiorly accurate 

disease-related pathway activity changes. For instance, we have deepened the 
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understanding of the role cell cycle control, DDR, differentiation efficiency in SCZ by 

demonstrating altered regulation affecting a specific cell cycle phase (G2/M) while also 

have underscoring it with phenotypic FACS analysis. 

Overall, we have proven the potential of DigiWest for the characterization and disease-

specific evaluation of iPSC-based model systems in SCZ for other psychiatric 

diseases. Our data expands the existing knowledge by deepening the understanding 

mechanistic insight into disease mechanisms of SCZ. Crucially, our patho-mechanistic 

findings are also helpful in the search for potential drug targets179. Especially if our 

findings can be replicated in future studies using larger patient cohort and/or employing 

more complex model systems (e.g. brain organoids, organ-on chip), they could 

accelerate the formulation and development of urgently needed novel treatment 

options to ultimately benefit patients.  
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4.4. Methodological implications of DigiWest  

This thesis has outlined the suitability and applicability of DigiWest protein profiling for 

a variety of research settings as well as in a clinical context. Despite still possessing 

developmental potential from a methodological standpoint, DigiWest holds several key 

advantages in comparison to other proteomic methods available. Its broad application 

potential elevates it to an especially fitting, sensible-to-use analytics tool to use 

including and beyond the applications discussed here. 

Foremost, the possibility to accurately measure PTMs, specifically phosphorylation, 

presents a major advantage of DigiWest over alternative proteomic methods, most 

notably MS, without compromising data quality. Despite being notably different 

methods, we have demonstrated good comparability of DigiWest and MS in a recent 

publication180. Phosphorylation can be difficult to accurately detect via MS; even if, the 

large number of phosphorylation sites detected equally transmits to a large number of 

non-relevant phosphorylation events being analyzed. As mentioned previously, the 

additional layer of information gained by PTM analysis is vital for clinical applications 

and drug testing. Through this, DigiWest yields more accurate, meaningful data and 

elevates itself from transcriptomic and genomic techniques, especially for treatment-

related approaches aiming at clinical benefit. 

As mentioned before (section 1.4.), the capacity for automation is inherent to the 

method by its setup and would in theory allow for high sample throughput. If 

streamlined with regards to time and throughput, DigiWest data can be provided within 

5 days of sample collection, which is highly advantageous in a diagnostic or therapeutic 

setting. This would make analyzing MTB patient material or the testing of drug 

effectiveness faster than most sequencing analyses (2 weeks). Currently, the amount 

of hands-on work required presents a bottleneck. Especially the handling and cutting 

of WB membrane fractions is challenging to automate. Despite the procedure being 

technically demanding and requiring training, its similarity to WB is helpful as materials 

for and knowledge of this standard method are present in most research and clinical 

laboratories aiding fast implementation into clinical routine. In its current form, DigiWest 

relies on a specific flow cytometer for readout (Luminex), which is not considered a 

conventional instrument. However, despite considerable costs for beads and 

antibodies, implementation would not be more expensive than a standard MS 



4. Discussion 

54 
 

instrument. Also, costs for individual DigiWest analytes are in a similar range compared 

to MS. 

The advancement of high throughput analysis goes hand in hand with a reduction in 

required sample amount, which presents a major advantage of DigiWest compared to 

other proteomic methods including MS and reverse-phase protein arrays. This is 

especially crucial when analyzing precious, irretrievable samples such as clinical 

patient material or pure immune-cell cultures (e.g. macrophages) as well as samples 

which are cumbersome and/or expensive to produce (e.g. differentiated iPSC, 

neurons, CAR-T cells). Accordingly, we showed that the protein amount obtained from 

the equivalent of a single tissue section or needle biopsy is sufficient for clinical 

analysis (see section 4.2.3.). Further improvements to reduce the sample amount 

required per analyte can be made by transferring the DigiWest assay to the novel 

Luminex INTELLIFLEX system. It encompasses a second reporter channel to allow 

concomitant detection of two analytes on the surface of the same bead (e.g. parent 

protein and its phosphorylated variant or two entirely different antigens). Ultimately, this 

could cut sample consumption in half, thus doubling throughput and analyte number 

making DigiWest even more appealing for use in any setting. Especially for clinical use 

greater proteome coverage would also enhance the overlap with usually much larger 

genetic panels to be run on the same patient in personalized fashion. In DigiWest, 

signal generation relies on interaction of the antigen with antibodies and the similarity 

to standard WB grants use of any commercially available WB antibodies possible. 

Despite the potential of lot-to-lot variations or poorly performing (cross-reacting) 

antibodies, this allows extraordinary flexibility, as any targets and protein modifications 

for which antibodies are commercially available can be included. One can adapt the 

analyte panel to the research question at hand; for instance, in a clinical setting, the 

panel can be fine-tuned to fit a specific tumor entity or be aligned with a list of available 

drugs to investigate activity surrounding relevant targets. Additionally, as demonstrated 

here in our study on SCZ (see section 4.3.4), one can customize analyte selection 

building on previous molecular studies (e.g. MS shotgun proteomics) to focus on the 

parts of the proteome most relevant to the question at hand (targeted proteomics). 

Most importantly, using a targeted approach greatly reduces complexity and eases 

data interpretation as one is not encountering what has been referred to as a data 

“tsunami”181. 
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The large dynamic range of DigiWest allows detection of both high and low-abundance 

proteins, accurately representing the range observed in a common cell lysate. 

However, sensitivity of the system partially remains as a limitation. As mentioned, it is 

less sensitive compared ELISA or SIMOA. Certain analytes can fall short of the 

detection limit including select transcription factors, low-abundance protein 

modifications or frequently catalyzed products. Thus, further improvements to 

sensitivity (e.g. by reducing assay background) would enable even more widespread 

analysis. 

One further aspect that needs to be considered is that observations on cellular 

signaling represent the status of the system at the time of sampling (“snapshot”), thus 

not fully capturing the dynamic nature of the proteome over time. However, the 

overarching picture of pathway activity (and thus the respective DigiWest signals) is 

consistent over time, especially in scenarios where addiction to certain pathways (e.g. 

FGFR2-MAPK/Erk axis) or the manifestation of genetic (constant) mutations (e.g. 

TP53 loss) is considered. Finally, DigiWest signals are representative of the average 

expression of a given analyte across the entire sample, as all cells (including different 

cell types such as immune and tumor cells) become “mixed”. This loss of spatial 

resolution is also inherent to MS or standard WB and presents an advantage of 

histological methods, which however are at a crucial disadvantage given their 

comparatively low throughput.  
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5. Outlook 
 

General implications of this thesis for future applications 

 

In this work, DigiWest was demonstrated to be a suitable and applicable tool for three 

different research questions. The discussed studies on FGFR2 and GI tumor profiling 

were centered around signaling pathway activity in cancer and its interplay with 

treatment-relevant protein-targeting drugs. In both these studies, the results obtained 

have direct clinical relevance since the material used was either primary patient 

material or a cellular patient-analogue cellular model. Moreover, the direct clinical 

applicability was clearly demonstrated. 

Here, a clinical observation (Lenvatinib) was exemplarily underscored via DigiWest 

(bedside to bench). In future, DigiWest could be employed to mechanistically support 

bedside observations on treatment response for clinical re-application. This would 

entail the extensive comparative testing of available drugs to anticipate drug response, 

evaluate risk of resistance, or recommend novel therapeutic approaches (e.g. 

combination therapies) to predict treatment success. Moreover, novel therapeutic 

approaches such as RNA interference where small interference (si)-RNAs bind to 

mRNAs to induce translational repression of (pathogenic) proteins182,183, could be 

explored. Here, DigiWest would not only monitor the effect of RNA treatment on the 

target protein (silencing) but also detect subsequent effects on downstream signaling 

regulators. Drug testing approaches using DigiWest could be extended from simple 

cellular patient models to more complex, 3D-organoid184-186 and/or organ-on chip 

systems, which have been frequently used to recapitulate patient phenotypes and 

physiology in various cancer types187-190. 

Furthermore, DigiWest was for the first time applied on a personalized, individual 

patient level and data was directly contributory to patient treatment (bench to bedside). 

Integration into clinical practice in the context of precision medicine is feasible and 

sensible (e.g. see sections 4.2.4., 4.4.) and if more extensive validation (greater patient 

numbers, normal tissue as reference) is achieved it could be established as a standard 

methodology employed by MTBs. It is worth noting that the information gained should 

be viewed in unison (and comparison) to genetic, transcriptomic and histological 

analyses to broaden individual tumor characterization in a targeted manner. In future, 
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overlap with other omics data (especially genetic sequencing) could be performed 

using bioinformatics or artificial intelligence algorithms. Especially given the rising 

cancer rates in the population, combining these with an automated, higher-sample 

throughput version of DigiWest would leave clinical decision-making in the hands of 

the oncologists but enable them to evaluate more cases in the same timeframe without 

compromising treatment quality. 

The study on SCZ disease mechanisms demonstrates the applicability of DigiWest in 

basic research to help understand complex diseases. As this was the first time it was 

employed in an iPSC-based system, we also demonstrate the suitability of DigiWest in 

the analysis, testing and quality control of iPSC and differentiated cells. In comparison 

to oncology, knowledge on SCZ pathology is “one step behind” as efficient causal 

treatments are yet to be established. Here, the translation to drug studies and testing 

of the observations made (e.g. p53 knockdown, cell cycle disruption) will be key. Again, 

translating our findings into further differentiated cells, i.e. iPSC-derived neurons and 

more complex 3D systems such as brain organoids191,192 would be another logical step. 

Finally, a transition into more complex and accurate disease models should also 

incorporate DigiWest into the analysis of organ-on chip technologies, which are more 

accurate pathology models for a variety of diseases, including neurological 

disorders193-195. 
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6. Conclusion 
 

All in all, this thesis investigated the suitability and application potential of DigiWest as 

a method in clinical, and basic research as well as personalized medicine. Its status 

as an innovative tool for extensive proteomic analysis across various domains of 

biomedical research and clinical practice was highlighted comprehensively. Its inherent 

high-throughput nature combined with the specificity of Western Blotting enables 

accurate investigation of signaling proteins and their activation states facilitating a 

deeper understanding of molecular drug action patterns, tumor-driving events and 

respective treatment responses as well as general disease mechanisms. DigiWest 

demonstrates outstanding adaptability to personalized medicine, as it allows accurate 

patient-specific tumor profiling enhancing patient stratification along with individually 

tailored treatment decision-making, which could heavily benefit the advancement of 

this method in the field of clinical precision oncology. Furthermore, its application in 

basic research, here in studying schizophrenia using iPSC-based model systems, not 

only revealed novel critical insights into disease-specific alterations on a mechanistic 

level but also underscored the importance of proteomic analysis in psychiatric 

research. 

There is an urgent need for a continued advancement of proteomic analysis into clinical 

routine and clinically applied research to further enhance treatment decision making. 

DigiWest stands out as a pivotal tool to serve as a transition platform between 

laboratory research and patient care, also when regarded as complementary to other 

proteomic approaches and genetics. This thesis specifically calls for the integration of 

this unique method into precision oncology programs, routine drug testing approaches 

and disease mechanism studies, to ultimately lead the way towards more effective 

therapeutic strategies as well as more precise and impactful biomedical, translational 

research. 
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