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2BAbstract                                                           

Colorectal cancer (CRC) displays a disease with heterogeneous etiology. Premalignant lesions 

follow distinct routes of progression to carcinoma reflected by differences in morphology, 

underlying molecular alterations and interactions with the tumor environment. Mutations 

within the proto-oncogenes KRAS and BRAF are frequent and activate the mitogen-activated 

protein kinase (MAPK) cascade, a signaling pathway with fundamental relevance for cancer 

therapy. Despite acting in the same signaling pathway, oncogenic KRAS and BRAF mutations 

segregate to different entities, with KRAS found more frequently mutated in the conventional 

pathway and BRAF mutations considered as specific for the serrated pathway to CRC.  

In this study, I employed intestinal organoids of mice expressing inducible KRASG12V or 

BRAFV600E transgenes to study the impact of oncogenes in a primary background and found 

remarkable differences in signal transduction and phenotypical outcome. Phospho-protein, 

ERK-reporter, single-cell transcriptomic, and electron microscopy analysis revealed a vigorous 

and generalized ERK activity upon BRAFV600E induction followed by strong MAPK-target gene 

expression that resulted in rapid epithelial disorganization. In contrast, transgenic expression 

of KRASG12V left the epithelium intact and resulted in less prominent ERK activity that was 

further modulated in a cell type-specific manner. Single-cell RNA sequencing and 

immunofluorescence studies determined high capability to transduce downstream ERK 

activity within secretory cells (especially Paneth cells) as well as a subpopulation of late-stage 

enterocytes, and intermediate activity in undifferentiated crypt cells. In contrast, mature 

enterocytes remained irresponsive to KRASG12V. Using ERK-reporter analysis, I found the 

crypt-specific pattern of ERK activity to be remarkably robust towards KRASG12V but also to 

other perturbations like growth factor depletion arguing in favor of intrinsic and resilient 

MAPK-pathway regulation. In our model, BRAFV600E-induced aberrant ERK phosphorylation 

levels were able to break this cell type-specific network resilience which let to disruption of 

differentiation trajectories, thus providing evidence for an upper limit of tolerable MAPK 

activity in primary intestinal epithelial cells. I validated these findings in two colorectal cancer 

cell lines that displayed different abilities to activate ERK in response to KRASG12V, but in 

contrast consistently transduced BRAFV600E expression. Finally, I used primary intestinal 

models expressing an inducible form of stabilized β-Catenin in combination with KRASG12V 

to mimic events frequently found in the conventional pathway to CRC. Expression of 
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KRASG12V and β-Catenin synergized first, in driving EGFR independent growth and second, in 

breaking the villus-specific block of MAPK pathway transduction, likely by altering 

differentiation towards progenitor-like cell types.  In summary, this study emphasizes 

differences between intestinal MAPK pathway activation induced by KRAS or BRAF oncogenes 

which helps clarifying their nature within the different etiological pathways to CRC genesis. 

3BZusammenfassung 

Kolorektale Karzinome (CRC) sind eine heterogene Gruppe von Krebserkrankungen mit 

unterschiedlicher Ätiologie. Die Progression von prämalignen Vorläuferstadien zum Karzinom 

erfolgt auf verschiedenen Wegen, was sich in Unterschieden in der Morphologie, den 

zugrunde liegenden molekularen Veränderungen und den Interaktionen mit der 

Tumorumgebung widerspiegelt. CRC weisen häufig Mutationen in den Proto-Onkogenen KRAS 

und BRAF auf, welche die Mitogen-aktivierte Proteinkinase (MAPK) Signalkaskade aktivieren. 

Der MAPK Signalweg hat für die zielgerichtete Krebstherapie im letzten Jahrzehnt 

entscheidend an Bedeutung gewonnen.  Obwohl sie im selben Signalweg wirken, sind 

onkogene KRAS- und BRAF-Mutationen in verschiedenen CRC-Entitäten unterschiedlich stark 

vertreten. Dabei treten KRAS-Mutationen häufiger im sogenannten konventionellen Weg der 

Karzinogenese auf, während BRAF-Mutationen als spezifisch für die serratierte Karzinogenese 

angesehen werden.  

In dieser Studie habe ich Darm-Organoide von Mäusen verwendet, die induzierbare 

KRASG12V- oder BRAFV600E-Transgene exprimieren, um die Auswirkungen von Onkogenen 

in Geweben aus Primärzellen zu untersuchen. Im Rahmen dessen wurden bemerkenswerte 

Unterschiede zwischen den Onkogenen festgestellt, welche sich sowohl in differentieller 

Signaltransduktion als auch im realisierten Phänotyp äußerten. Phosphoprotein-, ERK-

Reporter-, Einzelzell-Transkriptom- und elektronenmikroskopische Analysen ergaben eine 

starke und zelltypübergreifende Aktivierung von ERK als Reaktion auf die Induktion des 

BRAFV600E-Transgens. Dies löste eine hohe Expression von Zielgenen des MAPK-Signalweges 

aus und führte insbesondere zu einem raschen Verlust der epithelialen Integrität. Im 

Gegensatz dazu blieb das Epithel nach transgener Expression von KRASG12V intakt, was mit 

einer weit weniger ausgeprägten ERK-Aktivität einherging. Letztere war interessanter Weise 

abhängig vom jeweiligen Zelltyp. Einzelzell-RNA-Sequenzierung und 
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Immunfluoreszenzstudien ergaben, dass sekretorischen Zellen (insbesondere Paneth-Zellen) 

sowie eine Subpopulation von Enterozyten, welche sich in einem späten Stadium der 

Differenzierung befanden, eine hohe Kapazität zur Transduktion nachgeschalteter ERK-

Aktivität aufwiesen. Ferner zeigten undifferenzierte Kryptzellen ein intermediäres Niveau an 

MAPK-Signalweg-Aktivität. Im Gegensatz dazu reagierte die Mehrzahl differenzierter 

Enterozyten nicht auf eine Induktion des KRASG12V Transgens. Mit Hilfe von ERK-Reporter-

basierten Experimenten konnte ich feststellen, dass sich das beobachtete kryptenspezifische 

Muster der ERK-Aktivität nicht nur gegenüber KRASG12V, sondern auch gegenüber anderen 

Störungen wie dem Entzug von Wachstumsfaktoren bemerkenswert stabil verhielt. Dies 

spricht für eine intrinsische und robuste Regulierung des epithelialen MAPK-Signalweges in 

intestinalen Epithelzellen. Allerdings konnte die Induktion von BRAFV600E eine aberrante 

ERK-Phosphorylierung hervorrufen und die zelltypenspezifische Regulierung des MAPK-

Netzwerks außer Kraft setzten, was zu einem Zusammenbruch der regulären Zell-

Differenzierung führte. Dies liefert Hinweise dafür, dass primäre Darmepithelzellen eine obere 

Grenze tolerabler MAPK-Aktivität aufweisen. Diese Ergebnisse konnten in zwei transgenen 

CRC-Zelllinien bestätigt werden, welche sich in ihrer Signalweiterleitung von KRASG12V zu ERK 

unterschieden, während BRAFV600E-induzierte Signale konsequent hohe ERK-Aktivität 

auslösten. Weiterhin verwendete ich in dieser Studie ein induzierbares, stabilisiertes β-

Catenin-Transgen in Kombination mit KRASG12V, um den konventionellen Weg der CRC-

Genese zu modellieren. Die Expression von KRASG12V und β-Catenin im Darmepithel führte 

zu synergistischen Effekten, die sich zum einen in EGFR-unabhängigem Wachstum äußerten, 

zum anderen eine Aufhebung der Villus-spezifischen Blockade der MAPK-Signalübertragung 

bewirkten, welche wahrscheinlich durch eine Veränderung der Differenzierung zugunsten 

Progenitor-ähnlicher Zelltypen ausgelöst wird.  Zusammenfassend konnte ich in dieser Studie 

deutliche Unterschiede in der Aktivierung des MAPK-Signalwegs durch onkogenes KRAS oder 

BRAF im Darmepithel feststellen, was einen Teil dazu beiträgt, deren unterschiedliche Rolle in 

der Genese von kolorektalen Karzinomen zu bestimmen.  
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2. 9BIntroduction 

2. 1. 15BThe small intestinal crypt – a highly regenerating compartment 

In an evolutionary effort to meet the challenges imposed by uptake and digestion of food, the 

epithelium of the intestinal crypt (Fig. 1) is one of the most proliferative tissues and possesses 

astonishing regenerative capacity 1. Exposure to pathogens like bacteria and viruses but also 

to toxic food components, endogenous digestion enzymes and mechanical strain results in 

perpetual cell damage of the absorptive cells residing at the tip of the villus (small intestine) 

or within the surface epithelium (large intestine) which requests constant replenishing. This is 

achieved by cell division of intestinal stem cells (ISC) located deeply in the crypts, a positioning 

that provides a certain degree of protection from the gut content (Fig. 1 B) 2. Between the 

stem cells in the crypt basis, secretory Paneth cells provide essential factors that, together 

with stromal cells within the underlining lamina propria, make up for the stem cell niche 3. 

Beside this important role in stem cell homeostasis, small intestinal Paneth cells secrete 

antimicrobial peptides including lysozyme. ISC in the crypt basis are known as crypt base 

columnar cells (CBC). Maintaining stem cell homeostasis is particularly important as 

alterations in this process can trigger uncontrolled proliferation, formation of premalignant 

lesions and eventually invasive tumors. Under physiological conditions, an asymmetric cell 

division of a CBC (~ every 24 h) results in formation of two daughter cells. One descendant 

remains a CBC while the other migrates upwards in the crypt to adopt another cell fate known 

as transient amplifying cell (TA). These highly proliferative cells cycle at a considerably faster 

rate (multiple divisions per day) and eventually differentiate into either absorptive or 

secretory lineages. The absorptive cells, called enterocytes, migrate further upward towards 

the villus (or surface epithelium in the large intestine) and are mainly responsible for nutrient 

and water uptake but also significantly contribute to drug metabolisms of the organism 4,5. 

The diverse group of secretory cells is based on two main cell types, that are goblet cells and 

the before mentioned Paneth cells, that migrate downwards to the crypt base 3,5. Goblet cells 

are abundant glandular cells located in the mucosa that contribute to the apical mucus layer 

on top of the epithelial lining. Less frequent secretory cells are part of the highly diverse group 

of enteroendocrine cells which harbor key sensors of metabolites, secrete gastrointestinal 
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hormones and peptides, and function as metabolic transduction units 6,7. Other rare epithelial 

cells with functions related to the immune system have been described like the chemosensory 

tuft cells 8 or microfold cells (M cells) 9, the latter acting in mucosal antigen uptake and 

delivery to antigen-presenting cells of the immune systems.  

Due to the diversity of cell types and its regenerative potential, the intestinal crypt has become 

a model of stem cell homeostasis and differentiation, and key molecular processes that 

determine these trajectories have been identified 5. In the last decade, progress in 

understanding pathways and factors essential for stem cell homeostasis have led to the 

emergence of multicellular intestinal organoid cultures (see chapter 2. 7.) 10. Since, organoids 

(Fig. 1 C) have become a prevalent research tool for various disciplines amongst modeling 

diseases like cancer 11-13. 

2. 2. 16BColorectal cancer – a worldwide disease with increasing incidence 
but decreasing mortality rate 

Colorectal cancer (CRC) is the third most common cancer worldwide with ~2 million new cases 

per year and ranks second for cancer related deaths accounting for ~1 million deaths per year 
14. The etiological factors, pathogenesis and genetic causes of CRC appear to be complex and 

heterogeneous 15. CRC is more prevalent in transitioned countries compared to transitional 

which has been associated with life style factors like dietary composition, sedentary 

occupation and increased prevalence of excess body weight 16,17. However, many countries 

classified with low and medium human development index (HDI) levels are experiencing a 

significant increase in the prevalence of known cancer risk factors that predominate in high-

income countries 14,17-19. Thus, the incidence and mortality of CRC is expected to rise strongly 

within the next two decades, especially if cancer control measurements are not effectively 

taken 14. Yet, only a few environmental and lifestyle factors certainly correlate with CRC 

burden, and many cases cannot directly be linked to risk exposure 16,17. In some regions with 

high HDI level, increased coloscopy based screening has reduced the burden in the elderly 

population during the last 20 years while the incidence in adults younger than 50 years is 

continuously rising in several of the highest developed countries, including Germany 20,21. 

Despite, the mortality in high-HDI countries has dropped in the last two decades which 
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similarly can be attributed to enhanced screening programs, enabling detection of carcinoma 

in an earlier state, but also to newly emerged pharmacologic therapy options 22. One example 

is the treatment with monoclonal antibodies against epithelial growth factor receptor (EGFR) 
23,24, a key molecule in the EGFR signaling pathway found frequently overactivated in CRC and 

other cancers. Activated EGFR induces a cascade including serial signaling molecules 

eventually resulting in phosphorylation of the extracellular signal-regulated kinases 1 and 2 

(ERK1, ERK2) that are part of the family of mitogen-activated protein kinases (MAPK). 

Unfortunately, efficacy of anti-EGFR treatment is limited to CRC without pre-existing 

mutations in the MAPK pathway downstream of EGFR, for instance mutations in the genes 

coding for RAS (rat sarcoma viral oncogene homolog) or RAF (rat fibrosarcoma) proteins 25,26. 

Those mutation are present in ~60 % of all CRC and are regarded as driver mutations 

constitutively activating the MAPK pathway 27. Further, such mutations occur and are selected 

for upon treatment, inflicting therapy resistance 26 which remains a major concern as 43 % of 

CRC cases still end fatal 14.  

 

Whereas only a few of the environmental risk factors of CRC have been clearly defined, much 

progress has been made on the pathogenesis and genetic bases of CRC  15. CRC generally arises 

from different sets of benign or pre-malignant precursor lesions with different probabilities to 

transform into carcinoma. The investigation of hereditary diseases, that causes a marked 

increase of colorectal lesions and cancers like familial adenomatous polyposis (FAP) or 

hereditary nonpolyposis colorectal cancer (HNPCC), had helped unraveling mechanisms of 

oncogenic pathogenesis 15. Patients with FAP display hundreds to thousands of precursor 

lesion called adenomatous polyps and regularly develop CRC before age of 40 when 

untreated. Most of FAP patients have been found to carry an inactivating germline mutation 

of the adenomatous polyposis coli gene (APC) 28. 

2. 3. 17BThe classical adenoma-carcinoma sequence drives most colorectal 
cancer  

APC is an important molecular player in the WNT/β-Catenin signaling pathway (Fig. 2) which 

promotes proliferation and stem cell homeostasis 29,30. Under physiologic conditions, binding 

https://en.wikipedia.org/wiki/Extracellular_signal-regulated_kinases
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of WNT ligands to the cell-surface frizzled receptors (FZD) and co-receptors LRP5/6 initiates a 

signaling cascade causing cytoplasmic accumulation and subsequent nuclear translocation of 

β-Catenin (Fig. 2 B) 31. In the nucleus, β-Catenin interacts with TCF/LEF transcription factors in 

order to drive WNT-specific expression programs 32. In the absence of WNT-ligands, β-Catenin 

becomes targeted for degradation by phosphorylation which is performed by the so-called 

destruction complex (Fig. 2 A). This complex is composed of multiple proteins, amongst them 

APC, glycogen synthase kinase 3 (GSK-3) and casein kinase (CK) 31. WNT ligand binding leads 

to interaction of FZD with dishevelled (DVL) proteins on the cytoplasmic site which results in 

impaired formation of the destruction complex and subsequent β-Catenin accumulation. In 

FAP patients, heterozygous APC inactivation is present in the germline and promotes 

colorectal adenoma formation which is initiated by spontaneous mutation of the second, 

healthy APC allele ultimately activating constitutive β-Catenin signaling 33. Hereditary CRC 

compose only a minority of CRC cases, but APC inactivation is also present in 70-80 % of 

sporadic CRC and a similar amount of adenoma 15. Its initiating capacity and frequency have 

prompted Vogelstein and Fearon to define APC inactivation as a basic event of a transforming 

process called the classical adenoma-carcinoma sequence that is followed by the majority of 

CRC 15,33,34. Premalignant lesions following that sequence are also called conventional 

adenoma. Conventional adenoma initiation through accumulation of β-Catenin occurs in a 

minority of cases independent of APC mutations, for instance through mutations of the β-

Catenin protein (<5% of cases) that prevents its phosphorylation and subsequent 

degradation 35. Following initiation through β-Catenin accumulation, oncogenic mutations of 

one of the RAS proteins, most frequently KRAS (found in ~40-50% of CRC cases), drive 

adenoma progression within the classical adenoma-carcinoma sequence 15. Oncogenic KRAS 

is able to activate the MAPK signaling pathway (EGFR/RAS/RAF/MEK/ERK axis) and the 

PI3K/AKT/mTOR signaling pathway downstream of EGFR which regulate diverse cellular 

processes including proliferation, differentiation and metabolism (Fig. 3, see chapter 2. 6).  

Occurrence of further frequently found mutations in genes coding for tumor suppressors like 

p53 or TGF-β pathway components (e.g. TGF-βII receptor, SMAD proteins) is associated with 

increasing maligned potential, higher grades of dysplasia, angiogenesis, invasiveness and 

metastasis 15. Adenomas following the classical sequence mostly present with a prominent 

raised, pediculated morphology and are – if small enough – relatively easy to remove during 

colonoscopy or alternatively by surgery 36.   
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2. 4. 18BThe serrated pathway to CRC is initiated by mutations within the 
MAPK pathway 

In contrast to the classical adenoma-carcinoma sequence a minority (~30%) of precursor 

lesions with a different, rather flat morphology arise from the so-called serrated pathway 37. 

The serrated pathway is thought to be initiated by activating mutations in the MAPK pathway, 

mostly oncogenic BRAF mutations and more rarely KRAS mutations, and contributes to ~30 % 

of CRC cases 37. Due to their macroscopic flat morphology, serrated polyps are easily 

overlooked in the process of screening leading to underestimation of incidence 38. They often 

present with a mucous cap though 39, and in the last 5-10 years, technical progress in 

instrument design together with greater recognition has markedly improved removability 

during coloscopy 40. Serrated colorectal tumorigenesis is considered more complex than the 

classical adenoma sequence as it encompasses different types of polyps overlapping in 

morphological or mutational profile. Three major groups, the hyperplastic polyps (HP, ~75 %), 

sessile serrated lesions (SSL, ~25 %) and traditional serrated adenoma (TSA, <3 %) are defined 

based on pure morphological criteria 40. However, these morphologically defined groups have 

to be completed with genetic and positional information to allow conclusions about 

evolutionary inter-relationship and clinical relevance. 

2. 4. 1. 48BHyperplastic polyps 

The most frequent and earliest described serrated lesions are hyperplastic polyps which are 

generally small in size and display the lowest probability to develop CRC 41. HP may occur 

anywhere in the large intestine. Multiple tiny HP (≤ 5 mm) commonly appear in the rectum, 

but are considered without malignant potential 42,43. HP are either of microvesicular type, with 

a sharp crypt serration that is predominant in the upper part of the crypt or of goblet cell-rich 

type which is highly enriched in goblet cells and displays less pronounced serration 42. 

Historically, HP were the only serrated lesion type recognized, but findings that more 

advanced, dysplastic lesions admixed with areas displaying features of HP (these lesions are 
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today known as SSL with dysplasia) showed that serrated polyps could develop dysplasia 44 

which subsequently led to the diversification of the serrated group.   

HP of the proximal colon are rarer than in the left colon and rectum, mostly BRAF-mutated 

and share characteristics with sessile serrated lesions 37.  

2. 4. 2. 49BSessile serrated lesions 

SSL where formerly also termed as sessile serrated polyps (SSP) or sessile serrated adenomas 

(SSA). These lesions are almost always sessile, BRAF-mutated (100 % according to 

immunohistochemistry 45, 90 % according to mutational analysis 46) and present with a sharp, 

sawtooth like serration that is similar to microvesicular HP. SSL typically possess dilated crypts, 

but the defining criteria are branched or horizontally spreading crypts, a morphological 

feature that needs to be present in at least one crypt of the lesion as by the latest WHO 

definition 47. SSL have no minimal size limitation, although being commonly larger than HP. 

They may become larger than 10mm and the proliferative compartment in SSL is expanded, 

however often irregular in distribution and shifted to the lateral part of the crypt 48. SSL are 

generally more common in the right colon. Due to their similarities, microvesicular HP and SSL 

are considered to likely exist on the same biological spectrum, with chances of finding one or 

more crypts with the specific characteristics of SSL increasing as the lesion becomes larger 37. 

For that reason, some pathologists are reluctant to diagnose HP in the right colon and will 

instead prefer a diagnosis of SSL in that region 37.  

SSL present crypts with slightly more pronounced cytological atypia than HP and with a 

mixture of non-goblet and goblet cells, but these traits alone generally do not meet the criteria 

for conventional dysplasia 42. Only a minority of ~4-8 % of all SSL present with dysplasia 40. 

However, there is evidence that as soon as SSL develop (even low-grade) dysplasia, 

progression to carcinoma formation is significantly accelerated when compared to 

conventional adenoma with dysplasia, and this might indirectly contribute to the low 

proportion of “SSL with dysplasia” diagnosed 47,49. Whether SSL generally display a faster 

progression to carcinoma than conventional adenoma is still under debate, especially 

regarding the recommendations for screening intervals 49,50.  
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2. 4. 3. 50BTraditional serrated adenoma 

A rarely encountered type of serrated lesion forms the third group known as traditional 

serrated adenomas (TSA). These display a less prominent, undulating or slit-like serration with 

pencillated nuclei that is interpreted as subtle atypia 37. The epithelium is typically deeply 

eosinophilic; however, this trait is not totally specific for TSA as SSL may also harbor 

eosinophilic parts 37. Often, TSA present with a pronounced villous or tubulovillous growth 

pattern and may be filiform 37,43 . TSA most frequently occur in the left colon. The proliferative 

zone is characteristically localized in ectopic crypts, while in HP, it is restrained to the crypt 

basis similar to normal mucosa 47,51. Areas that fulfill criteria of TSA are in a majority of cases 

admixed with regions displaying more prominent dysplasia with adenomatous or 

tubuloserrated appearance which are sometimes called “advanced TSA” or “TSA with 

dysplasia” 52. If TSA are found in the proximal colon, they frequently show BRAF mutations 

and possibly evolve from SSL or microvesicular HP 51,53. In contrast, many TSA in the left colon 

as well as goblet cell-rich HP harbor KRAS mutations, and these goblet cell-rich HP are thought 

to from precursors of KRAS-mutated TSA. 

Recently, further types of rare serrated lesions have been described, like mucin-rich TSA (MR-

TSA) and serrated tubulovillous adenoma (sTVA), displaying mixed features of serrated and 

conventional adenoma 54. Bateman proposed two spectra of TSA tumorigenesis that are first, 

microvesicular HP/SSL/SSL with dysplasia (BRAF-mutated) and second, goblet cell-rich HP/MR-

TSA/TSA (KRAS-mutated), while sTVA seem to be distinct and more closely related to 

conventional tubulovillous adenoma 37. 

2. 4. 4. 51BMolecular progression pattern in serrated lesions – CIMP, MSS/MSI and RNF43 

Activating mutations in the MAPK pathway are considered as very early or initiating events in 

the serrated pathway to CRC 55. Most often, oncogenic BRAF- and less common KRAS 

mutations are present in serrated lesions. In the proximal colon, most HP, all SSL and most 

TSA display oncogenic BRAF mutations 37. During progression, genomic methylation plays a 

prominent role in the serrated pathway. Microvesicular HP and left-sided SSL display only low- 

to intermediate levels of methylation 53,56. In contrast, SSL developing in the proximal colon 

show high levels of genomic methylation 53,56. This molecular mark has been termed CpG 
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island methylator phenotype (CIMP) 57 and interestingly, CIMP-high status has been 

associated with BRAF mutations 53. CIMP results in promoter methylation and transcriptional 

inactivation of certain genes, most prominently MLH1 (MLH1Me+) that codes for a protein 

important in DNA mismatch repair, but also PMS2 (PMS2Me+) that participates in the same 

process.  

 

Deficiency of mismatch repair proteins results in microsatellite instability (MSI), and this can 

also occur through loss of function mutations. Patients with germline mutations of mismatch 

repair protein-coding genes (Lynch syndrome) frequently develop serrated polyposis and 

microsatellite instable, hypermutated cancer, the majority forming in the proximal colon. 

Therefore, within the group of MSI CRC, assessing CIMP is important to distinguish sporadic 

CRC with CIMP-high evolved by the serrated pathway (more common) from putative Lynch 

syndrome (less common) that evolves without CIMP 37. 

Importantly, areas of MSI in SSL and SSL-associated malignant stages co-occur with dysplasia, 

whereas microvesicular HP and SSL without dysplasia do not show MLH1Me+ 56. Some SSL 

without dysplasia show CIMP-high status but are negative for MLH1Me+ or PMS2Me+ which 

indicates that the temporal order of progression is CIMP-low/intermediate CIMP-high 

MLH1Me+/PMS2Me+ MSI+dysplasia 56. 

Of note, TSA deriving from the BRAF-mutated microvesicular HP/SSL spectrum are often 

CIMP-high but negative for MLH1Me+ and therefore microsatellite stable (MSS). This suggests 

that progression to this type of TSA is triggered by other mechanisms, and there is evidence 

that WNT-signaling activation is involved 37. WNT-activating mutations in TSA seem to differ 

from those found in conventional adenoma in that APC is less frequently involved. Important 

ligands co-activating WNT-signaling are the R-spondin proteins (RSPO) that bind to the 

leucine-rich repeat-containing G-protein-coupled receptor (LGR) family 58. LGR5 is a 

prominent stem cell marker in intestinal crypts. Active WNT-signaling increases LGR5 receptor 

expression on the cell surface enabling cells to be highly susceptible for RSPO ligand binding 

which drives stem cell fate and division 59. TSA have been found to carry PTPRK-RSPO3 gene 

fusions which might activate this signaling axis 37. In addition, inactivating mutations of the 

ring finger protein 43 (RNF43) are very prominent in the serrated pathway and present in ~1/3 

of all sporadic SSL/TSA 60. These mutations are thought to activate LGR signaling as RNF43 is 

important for LGR degradation. Therefore, it has been suggested that activation of WNT/LGR 
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signaling in BRAF-mutated SSL in a state before genomic methylation has extended to 

MLH1/PMS2 may drive development to a TSA with MSS rather than to an SSL with MSI and 

dysplasia 37,51. Further, germline mutations in RNF43 have been reported to trigger serrated 

polyposis, defined by appearance of lesions that develop in the course of somatic inactivation 

of the second intact allele 60. Interestingly, the investigated lesions showed high coincidental 

BRAF mutations (~60 %) which underlines the importance of BRAF and LGR synergism to drive 

BRAF-mutated MSS tumor formation 60. 

 

As mentioned before, TSA arising in the left colon are predominantly KRAS-mutated and 

cancer thought to arise from this type of lesions are MLH1Me- and MSS. Mutation of RNF43 

and RSPO3 signaling might as well play a role in progression of this specific type of TSA, 

together with p53 inactivation 51. Of note, lesions with mixed components of TSA and 

conventional adenoma are relatively common in the left colon, mostly KRAS-mutated, and 

might represent TSA that developed conventional dysplasia in some areas 37. Despite recent 

advances understanding the complexity of serrated pathways to CRC, there is still a lack of 

knowledge in comparison to the conventional adenoma sequence. This is partly due to the 

historical underestimation of frequency and malignancy of serrated lesions but also due to the 

rarity of cell and animal models mimicking the serrated pathway 48. Especially the availability 

of primary BRAF-mutated models is limited as compared to models based on APC deletion and 

subsequent mutations like KRAS, p53 and/or TGF-β/SMAD4, mimicking the conventional 

adenoma sequence. 

2. 5. 19BTranscriptional classification system of CRC 

In the last decades, microarrays and RNA-sequencing methods allowed analysis of 

transcriptional profiles of CRC, and multiple groups proposed different classification systems 

of CRC that partly differed in the number of proposed subtypes 61. Based on transcriptional 

profiles of multiple datasets and in an effort to integrate various analysis workflows, an 

international consortium finally proposed an algorithm that identified four different 

consensus molecular subtypes (CMS) to which ~87 % of all CRC could be assigned 61. Of note, 

a transcriptional assignment to one of the four groups could not be explained by a single 
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mutation. However, some molecular alterations are enriched in specific CMS. For instance, 

BRAF mutations are frequently found in CMS1 which is otherwise characterized by MSI, a high 

degree of gene methylation and strong immune activation accompanied by immune evasion 

processes 61. Regarding localization, CMS1 CRC are predominantly found within the proximal 

colon. Together, these treats of CMS1 CRC show great overlap with one of the 

beforementioned paths to serrated carcinogenesis.  

CMS2 CRC composes the biggest of the four subtypes and is characterized by strong WNT 

activity, nuclear β-catenin and chromosomal instability leading to frequent copy number 

alterations of proto-oncogenes and tumor suppressor genes 61. Therefore, it was termed the 

“conventional” subtype. However, CMS2 cohorts are moderately more frequently RAS 

wildtype than RAS mutated 62. 

CMS3 tumors are more frequently left-sided and characterized by strong enrichment of 

metabolic signatures which can be induced by alterations in the PI3K or MAPK (ERK) pathway. 

CMS3 CRC cohorts are moderately enriched for KRAS mutations, which can activate both 

pathways, but display a rather stable genomic phenotype. 

CRC from the CMS4 group have been described as “mesenchymal type”, bearing enrichment 

of signatures pointing to epithelial-mesenchymal transition (EMT), angiogenesis, TGF-β 

activation, matrix remodeling pathways and complement inflammatory system 61. This cohort 

is associated with advanced tumor stage, stromal invasion and worse prognosis due to 

increased disease recurrence. Interestingly, a recent study proposed TGF-β signaling to direct 

BRAF-mutated SSL towards the more aggressive, mesenchymal CMS4 63, distinguishing it from 

the BRAFMLH1Me+/PMS2Me+MSI pathway linked to CMS1 which generally displays better 

prognosis 64. However, BRAF mutations associated with MSI (like in CMS1) are also 

determining cancer treatment and outcome. First, MSI CRC do not profit from adjuvant 

chemotherapy using 5-fluorouracil 65 but in contrast are responsive to anti-PD-1 therapy (an 

immune checkpoint inhibitor) 66. Second, if tumor relapse occurs in this pathway, it is 

associated with worse prognosis than relapses of other subtypes 61,67-69. Similar, CMS1 has also 

been reported as the subtype being correlated with worst prognosis in tumor cohorts 

displaying metastasis 62 showing that TNM classification needs to be incorporated in analysis 

and predictions. 
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The CMS-classification system is based on bulk tumor RNA sequencing. Therefore, 

contributions of epithelial and stromal cells to tumor transcription could not be properly 

dissected. Most recently, Joanito and colleagues refined the CMS-classification system by 

using single-cell RNA sequencing to assess CRC from 63 patients 70. Thereby distinguishing 

between epithelial and stromal cells, the study found evidence for only two intrinsic epithelial 

main entities termed iCMS2 and iCMS3 that show association with conventional (iCMS2) and 

serrated genesis to CRC (iCMS3), respectively 70. Comparing the refined classification system 

to the previous one, the authors showed the intrinsic epithelial entities iCMS2 and iCMS3 to 

preserve strongest similarity to CMS2 and CMS3, respectively 70. CMS1 and CMS4 differed in 

that bulk transcriptomic data was highly determined by contribution of stromal cells with 

CMS4 being shaped by fibrosis-associated signatures and CMS1 defined by strong enrichment 

of immune cell-related signatures as expected from previous studies 70. Independently, the 

epithelial cells from tumors belonging to the two subtypes CMS1 and CMS4 could also be 

assigned to either iCMS2 or iCMS2 using single-cell sequencing 70. Interestingly, tumors 

classified as CMS1 were found to almost exclusively consist of iCMS3 cells, confirming its 

strong association with the serrated pathway. In contrast, the fibrotic CMS4 tumors could be 

further subdivided in iCMS2 and iCMS3 subgroups that also displayed clinical differences as 

patients with CMS4/iCMS3 tumors had even worse survival compared to CMS4/iCMS2. 

Combining these findings together with MSI/MSS status, Joanito and colleagues proposed a 

new molecular classification system termed IMF, grouping tumors in 5 categories based on 

intrinsic epithelial subtype (I), microsatellite status (M), and fibrosis (F) 70. Despite awaiting 

further confirmation from independent studies, the importance of the proposed IMF 

classification system is due to the mere fact that the intrinsic epithelial signature, originally 

determined by single-cell methods, could be traced back to bulk RNA sequencing data 70, 

which will enable broad application to new studies but also large-scale retrospective 

refinement of preexisting datasets. In addition, the proposed IMF system appears attractive 

in that it reconciles the molecular classification systems of CRC with the established histo- and 

morphologically-based observation of dichotomic CRC initiation (conventional vs. serrated). 

Since the emergence of CRC transcriptional classification systems, studies have been 

designated to assess CMS-specific efficacy of various treatment options 62,71-73. However, as 

long as RNA sequencing is not available for the clinical routine, determining single genetic 
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driver like KRAS or BRAF mutations and MSS/MSI status remains the current practical 

approach to direct targeted therapy. 

2. 6. 20BKRAS and BRAF – protooncogenes within the EGFR/MAPK pathway 

2. 6. 1. 52BEGFR – the most prominent member of the ERBB family initiates a master 
signaling cascade involving RAS activation 

EGFR, synonym ERBB1 (erythroblastic oncogene B), belongs to the protein family of receptor 

tyrosine kinases (RTK) which are generally involved in regulating key cellular processes but 

also in cancer genesis. The following not exhaustive description of the EGFR signaling 

pathways (Chapter 2. 6) are, where not otherwise referenced, based on the reviews  25,74,75.  

EGFR functions as receptor for ligands of the EGF family which activate EGFR homodimers or 

heterodimers that are formed with other members of the ERBB receptor family (ERBB2, 3 & 

4). Structural reconfiguration within the dimerized receptors upon ligand binding is the 

initiating step of a signaling cascade (Fig. 3 A). First, it results in activating the intrinsic tyrosine 

kinase of EGFR which autophosphorylates several tyrosine residues in the C-terminal domain. 

These residues can interact with phosphotyrosine-binding SH2 domains which can be found 

in several EGFR-activated proteins.  

Two of those adapter proteins, growth factor receptor-bound protein 2 (GRB2) and SHC 

transforming protein 1 (SHC1), couple the activating autophosphorylation of EGFR to the RAS-

guanin exchange factor son of sevenless homolog 1 (SOS1).  

The different RAS proteins (KRAS, NRAS, HRAS) are small GTPases and inactivated when bound 

to GDP. As the stoichiometric relation of GDP/GTP in the cytoplasm is strongly shifted towards 

GTP, release of GDP – catalyzed by SOS1 – enables RAS to quickly bind GTP. Thereby, RAS 

becomes activated until GTP is hydrolyzed to GDP by its intrinsic GTPase enzymatic activity. 

The latter is at a low basal level but can be strongly enhanced by RAS-inhibiting GTPase 

activating proteins (GAP).  

Oncogenic RAS mutations, like amino acid substitutions in the KRAS codon 12 or 13, most 

often hamper the catalyzing function of the RAS GTPase leading to a strongly increased load 

of GTP-bound, active RAS 76. Drugging RAS oncoproteins has been one of the most challenging 
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tasks of pharmaceutical research in the past decades, and despite recent progress (reviewed 

in 76), no substance targeting constitutively active RAS has been clinically approved so far.  

GTP-bound RAS has a high affinity for several effector proteins. These proteins propel 

downstream signaling cascades like the MAPK or PI3K/AKT pathways. Both can act 

synergistically for instance to ensure a balanced homeostasis of cell cycle progression and 

underlining metabolism. 

2. 6. 2. 53BPI3K – famous for propelling biosynthesis pathways 

The PI3K (phosphoinositide 3-kinases) pathway can be induced by RAS-PI3K protein 

interaction but also through RAS-independent ERBB or other signaling. EGFR elicits primarily 

RAS-dependent PI3K signaling as in contrast to ERBB3 and ERBB4 no side was found that can 

directly bind to PI3K. RAS-activated PI3K phosphorylates the signaling metabolite 

phosphatidylinositol (4,5)-bisphosphate (PIP2) into phosphatidylinositol (3,4,5)-trisphosphate 

(PIP3) which subsequently recruits AKT to the plasma membrane. In this compartment, the 

kinase AKT can be phosphorylated first, i.a. by mammalian target of rapamycin complex 2 

(mTORC2) and second, by phosphoinositide dependent kinase 1 (PDPK1). Phosphorylated AKT 

is able to translocate to the cytoplasm or the nucleus where it is able to engage and 

phosphorylate a plethora of targets. Most prominent is its promoting effect on many 

biosynthesis pathways, induced i.a. through activation of mTORC1 via a cascade involving 

TSC2 and RHEB. 

2. 6. 3. 54BMAPK pathway – an evolutionary conserved signaling core 

The RAS-induced RAF/MEK/ERK pathway is part of a family of evolutionary conserved signaling 

pathways called the MAPK pathways. MAPK pathways consists of a core module of three 

successive kinases that are MAPKKK (MAPK kinase kinase), MAPKK (MAPK kinase) and MAPK. 

To be switched on, the kinase activity of RAF (MAPKKK) requests homo- or heterodimerization 

of RAF proteins which necessitates interaction with GTP-bound RAS. Heterodimerization 

following RAS activity predominantly involves the major RAF isoforms BRAF and CRAF. 

Alternatively, RAF proteins can form heterodimer with the “pseudokinases” KSR1 and KSR2 
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(kinase suppressor of ras 1/2) or ARAF, all of which have low intrinsic kinase activity but can 

help activating RAF 77. Activated RAF phosphorylates MEK (MAPKK) which phosphorylates ERK 

(MAPK). The oncogenic BRAFV600E mutation (and other similar BRAF mutations) possess a 

negative charge in the activation segment which mimics phosphorylation leading to RAS-

independent, constitutive activity and subsequent phosphorylation of MEK and ERK 78.  

Phosphorylated ERK (p-ERK) is able to bind and phosphorylate multiple targets amongst them 

many in the nucleus. In a downstream cascade involving phosphorylation of ribosomal S6 

kinases (RSK) and serum response factor (SRF), ERK enables SRF to quickly bind DNA promotor 

regions of a set of target genes termed immediate early genes (IEG). However, complete 

transcriptional activation of this regulon requires recruitment of three phosphorylated ELK 

proteins. ELK proteins are directly phosphorylated by ERK, and enable formation of the 

mediator complex followed by transcription initiation. Some of the IEG code for gene products 

that are themselves transcription factors, for example members belonging to the protein 

families of FOS and JUN which can initiate transcription of secondary response genes (SRG) 

influencing many cellular processes like cell cycle progression, metabolism, migration, 

differentiation, cell survival and apoptosis. 

2. 6. 4. 55BFeedforward and feedback loops determine MAPK kinetics 

The kinetic of ERK activity is generally pulsatory due to several feedback inhibitory 

mechanisms initiated by ERK phosphorylation that can return to several of the 

beforementioned upstream components, including EGFR (and its adapter proteins), SOS1, RAS 

and RAF. These feedback mechanisms encompass IEG transcription of negative regulator as 

well as direct phosphorylation of inhibitory phosphorylation sites by activated ERK or ERK-

activated RSK. 

Importantly, FOS and JUN family members, that initiate transcription of SRG, are quickly 

degraded by the proteasome. Thus, a single pulse of ERK activity, that initiates transcription 

and subsequent translation of FOS and JUN is generally not enough to drive sustained 

expression of FOS- and JUN-dependent SRG. However, p-ERK – that was meantime activated 

by following pulses or sustained signaling – is able to phosphorylate FOS und JUN thereby 

increasing protein stability and DNA-binding which drive transcription of SRG. In summary, 
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together with repeated redundancy of key molecular players (like CRAF, BRAF), feedback and 

feedforward mechanistic renders EGFR signaling robust and allows cells to distinguish 

between noisy and biologically relevant stimulation. 

Feedback mechanisms are also relevant in regard of efficacy of targeted cancer therapy. For 

instance, BRAF inhibitors (like vemurafenib and dabrafenib) were inherently not or poorly 

effective in most BRAF-mutated cancer because inhibiting oncogenic BRAF immediately reliefs 

feedback inhibition loops that result in activation of wildtype RAF isoforms (like CRAF) and 

reestablish ERK activity 64,79-81. This characteristic reactivation of ERK in the presence of 

inhibitors was called paradoxical activation. In contrast, BRAF-mutated melanoma indeed 

exhibit an effective primary response to BRAF inhibition showing that wiring of the MAPK 

pathway displays highly important cell type- and cancer-specific variation 82. Combining BRAF 

inhibitors with MEK inhibition and/or monoclonal antibodies against EGFR appeared a 

promising strategy to disrupt paradoxical activation, and indeed fairly increased efficiency in 

several BRAF-mutated cancer types like non-small cell lung carcinoma and also melanoma, 

however, response rates even upon triple targeted therapy remained below 30 % in CRC 83. In 

addition, secondary resistance mechanisms affecting various candidates within the MAPK 

pathway inhibition remain a major concern. 

2. 7. 21BThree-dimensional organoid culture as a model for intestinal cell 
hierarchies and oncogenic transformation 

Much of our knowledge about the MAPK and other signaling pathways in vertebrates derives 

from cell culture models based on cancer cells lines or other genetically immortalized cell lines 

growing on plastic surfaces as flat, two-dimensional layers. These cell models are generally 

easy to handle, cost efficient and highly reproducible at the expense of key physiological 

hallmarks like proper cell differentiation and multicellularity. And deriving from an already 

highly mutated background, these models are poorly suitable for investigations on early 

events in the initiation of cancerous lesions. More sophisticated primary tissue culture 

systems like precision-cut tissue slices principally allow for analysis of multicellular 

processes 4. However, viability of these organ explants varies tissue specific from hours to 
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days; especially precision-cut intestinal slices displayed short viability (~24 h), limiting their 

use chiefly to short-term metabolic analysis 84.  

 

In contrast, improved understanding of stem cell homeostasis and niche factors led to the 

establishment of hydrogel-based organoid cultures 85. Organoid cultures have been proven to 

be highly useful models for various areas of research in the last decade 11,13. In defined 

medium, epithelial organoids of the intestine are able to proliferate, replenish the pool of 

stem cells and differentiate into the major absorptive and secretory lineages in the absence 

of stromal cells (Fig. 1 A, C) 10. This intrinsic regeneration and maintenance of differentiation 

trajectories enables continuous passaging of cultures and affords long-term investigations. 

Mimicking the corresponding in vivo architecture, small intestinal organoids pattern into 

villous-like and crypt-like structures harboring differentiated and proliferative cells, 

respectively. The hydrogel, for instance matrigel, simulates the basally located extracellular 

matrix, provides a scaffold that is rich in connective tissue components and allows for 

physiological polarization of epithelial cells 86. To maintain near-unlimited proliferation and 

homeostasis over time, small intestinal murine organoids only require three niche factors 

added to the culture medium, that are RSPO1, EGF and Noggin 10. Noggin is a BMP pathway 

inhibitor that is in vivo secreted by stromal cells at the crypt niche and required for stem cell 

maintenance 87 (see also chapter 5. 3.). EGF is driving the EGFR signaling pathways and RPSO 

ligands act as coactivator of the WNT pathway (see chapter 2. 6. and 2. 4. 4., respectively). 

Small intestinal epithelial organoids are highly depending on Paneth cells that reside in the 

crypt compartment in close proximity to the stem cells 3. This epithelial cell type produces 

essential niche factors like WNT ligands thereby maintaining stem cell fate of neighboring 

crypt cells by paracrine secretion. In the intestine, Paneth cell frequency decreases along the 

proximal-distal axis, and epithelial organoids derived from colon need to be supplied with 

exogenous WNT ligands to maintain proliferation.  

Contrary to mouse-derived specimens, cultivation of human and rat intestinal organoids was 

initially affected by either senescence or lack of differentiated cells 88, but more sophisticated 

medium composition including additional growth factors could solve many of these issues 89. 

Recently, culture medium recipes originally developed for organoid culture have been 

transferred to precision-cut intestinal slices which increased viability of this model to up to 

72h 90.  
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Besides modeling organ development and homeostasis, the longevity of organoids 

predestines for genetic modifications that enable modeling of disease 13. Intestinal organoids 

can be cultured from primary tissue harboring adult stem cells, induced pluripotent stem cells 

which can be further differentiated into various endodermal lineages, or from cancerous 

lesions 91,92. The use of these patient-derived organoids holds the promise to become a 

bridging instrument for targeted therapy due to the accessibility of organoids for drug 

screening 12.  
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3. 10BMaterials and Methods 

3. 1. 22BGeneration of mice 

3. 1. 1. 56BTransgenic KRASG12V, BRAFV600E, β-Cateninstab and FLUC mice 

Generation of transgenic mice used in this study has been performed previously and was 

published in references 93-96. The transgene integration system is based on work of Vidigal and 

colleagues 97 that modified the Gt(ROSA)26Sor locus 98 by integrating a tetracycline-

dependent transcriptional activator (rtTA) (Clontech), followed by a cassette for recombinase-

mediated cassette exchange (RCME), into the first intron of the locus. 

In detail, they cloned following elements to the Gt(ROSA)26Sor locus to generate the recipient 

transgene (from 5’-to-3’): a SV40 splice acceptor fused to a murinized version of rtTA 

(Clontech) with a SV40 polyadenylation signal, a 1.2-kb chicken b-globin insulator (5’HS4), a 

PGK-hygromycin selection cassette flanked by opposing loxP and lox5171 sites allowing Cre-

mediated recombination 98,99, a promoter-less neomycin resistance gene with bidirectional 

polyadenylation signal and another chicken b-globin insulator 97. 

The transgene exchange cassettes were constructed in a two-step process. First, a sequence 

coding for the fluorophore tdTomato harboring a viral 2A peptide for bicistronicity expression 

was linked to human BRAFV600E, KRASG12V, murine stabilized CTNNB1 (S33A, S37A, T41A, 

S45A) 100 coding for β-Cateninstab, a combination of sequences coding for KRASG12V and β-

Cateninstab or firefly luciferase (FLUC), respectively. Second, the transgene combinations were 

cloned into a tetracycline/doxycycline-inducible expression cassette flanked by heterologous 

loxP sites. In detail, the final transgene exchange cassettes were composed of following 

elements (from 5’-to -3’): a loxP site, a tetracycline response element, the different tdTomato-

2A-transgene combination, a polyadenylation signal followed by a PGC promotor and the 

other loxP site.  

The different transgene exchange cassettes were then integrated by Cre-recombinase 

mediated cassette exchange into the recipient transgenes carried by F1 hybrid B6/129S6 

embryonic stem cells. Successful recombination provides the PGC promotor to the former 

reporter-less neomycin resistance gene allowing selection of the embryonic stem cells using 
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G418 (250 µg/ml). Recombined clones were analyzed on Southern blots probing the neomycin 

cassette  using with genomic DNA that was digested with BamH1 and HindIII 97. Animals were 

generated by diploid aggregation (method reviewed in 101)  and housed at light/dark cycle 12 

h to 12 h at the animal facility of the Max Planck Institute for Molecular Genetics, Berlin. 

Previous experiments in adult mice detected high transgene induction within the intestinal 

epithelium, lower induction in a few other tissues including skin and no demonstrable 

transgene expression in most tissues tested. Transgene expression was induced using 

doxycycline (4 mg/ml) in a 1 % sucrose solution administered by way of drinking water. 

Termination criteria for the animal experiments were either weight loss or apparent distress, 

as indicated by a reduction of foraging activity or shivering 95. Animal experiments were 

approved by Berlin authorities LAGeSo (G0185/09, G0143/14). 

3. 2. 23BOrganoid handling 

3. 2. 1. 57BOrganoid preparation  

Preparation of murine intestines for organoid culture initiation was performed as in 

reference 88 with some modifications. The sacrifice of mice and initial steps of preparation 

were performed by Dr. Markus Morkel or Dr. Pamela Riemann at the Max Planck Institute for 

Molecular Genetics, Berlin. Murine small intestines were isolated and transferred to ice-cold 

PBS. Intestinal content was removed by gently squeezing using forceps. The intestines were 

transferred to a dish with fresh ice-cold PBS. The attached fat was removed using small 

scissors. The intestines were flushed with cold PBS using a syringe to remove remaining fecal 

matter. Next, the intestines were opened longitudinally, cut in small pieces and washed with 

cold PBS. The fragments were washed additional times with cold PBS until the supernatant 

was clear, usually three times.  

Next, the tissue pieces were washed by vigorously shaking for 30 min in chelation buffer on 

ice, that is 2 mM EDTA, 5.6 mM Na2HPO4, 8.0 mM KH2PO4, 96.2 mM NaCl, 1.6 mM KCl, 

43.4 mM sucrose, 54.9 mM sorbitol and 0.5 mM dithiothreitol. After incubation, the 

fragments were disrupted in fresh chelation buffer by pipetting multiple times using a 10 ml 

pipette. The fragments were allowed to settle down for 1-2 min to sediment, and a probe of 
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the supernatant was visualized by microscopy for the presence of isolated crypts. 

Supernatants harboring crypts were collected in a 50 ml falcon coated with bovine serum 

albumin (BSA). The sediment was resuspended in new chelate buffer and the procedure was 

repeated with increasing shaking force until the supernatant was free of crypts, typically 6-8 

times. The collected supernatants containing most crypts and less villi were pelleted by short 

centrifugation (4-5 sec) in a micro centrifuge. Next, the pellet was resuspended in cold 

chelation buffer and centrifuged at 200 g for 3 min to separate crypts from single cells. 

Pelleted crypts were resuspended in cold crypt culture medium with 10 µM Rho-kinase 

inhibitor Y-27632 (ROCKi) (Sigma). To achieve optimal embedding density the suspension was 

split and transferred to different low-binding 1.7 ml tubes (Costar), that were precoated with 

10 % BSA in PBS, pelleted (4-5 sec) before embedding in cold (1-4 °C) matrigel (Corning) at 

various densities aiming for ~150-200 crypts per 15 µl droplet. Each droplet was composed of 

12 µl matrigel and 3 µl of a 1:1 mixture of CCM + ENR and IntestiCult organoid growth medium 

(STEMCELL) and plated on a 48-well plate (Costar). The droplets were allowed to gelatinize 

(polymerize) at 37 °C for 30 min and overlayed with a 1:1 mixture of IntestiCult and CCM + 

ENR. CCM + ENR is composed of advanced Dulbecco’s modified Eagle medium/F12 

supplemented (Gibco) with 10 mM HEPES, Glutamax, 1 x N2, 1x B27 (all from Invitrogen), 

penicillin/streptomycin 1% (Biochrom), and 1 mM N-acetylcysteine (Sigma) to which the 

growth factors EGF 50 ng/ml (PeproTech), Noggin 100 ng/ml (PeproTech) and R-spondin 1 

(functionally tested from R-spondin 1-conditioned medium) were added. Organoids were 

cultivated at 37 °C and 5 % CO2. 

3. 2. 2. 58BOrganoid culture 

After the second passage, organoids were grown in pure CCM + ENR medium. Organoids were 

propagated every 4-5 days at a split-ratio of ~1:3. During passaging procedure, organoid 

suspensions and pellets are kept on ice. 

First, medium was removed and the matrigel droplets were harvested with an appropriate 

amount of ice-cold CCM (at least 1 ml for 20 droplets) using a P1000 pipette. The pipette tip 

was precoated by pipetting 2-3 times a solution of 10 % BSA in PBS. The organoids were 

collected in a 1.7 ml low-binding tube that had been precoated (10 % BSA in PBS) for at least 
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2 h on a roll mixer. The organoid-matrigel-medium suspension was shortly centrifuged (4-5 

sec). Some of the supernatant was removed using a P1000 pipette, followed by careful 

removing of the matrigel layer that forms closely above the organoid pellet using a P100 

pipette. The pellet was washed twice with 1 ml of ice-cold CCM. The organoids were 

resuspended in ice-cold CCM and dissociated into single crypts by pipetting several times using 

a precoated P100 tip. Dissociation degree of the organoids was inspected by light microscopy. 

Crypts were pelleted and resuspended in cold CCM + ENR and R-Spondin 1-conditioned 

medium. Matrigel was added to the suspension, mixed and 15 µl droplets were plated on a 

48-well aiming at a density of ~80 crypts per well. Each droplet consisted of 13 µl matrigel, 2 

µl CCM + ENR and 1 µl R-spondin 1-conditioned medium. The droplets were polymerized at 

37 °C for 30 min and overlayed with CCM + ENR. 

 

3. 2. 3. 59BFreezing of organoids 

Early passages of organoids were cultivated in a 1:1 mixture of CCM+ENR and IntestiCult. One 

and a half day after plating, organoids were harvested without dissociation step. Optimal 

seeding density and size or organoids is important for succession of storage procedure 

(Supplement Fig. 1). Washed pellets were carefully resuspended in a 1:1 mixture of CCM+ENR 

and Intesticult with 10 % DMSO and filled into freezing vials (various manufactures). 

Organoids were frozen using an isopropanol filled Mr. Frosty container (Thermo Scientific) at 

-80 °C. Some days later (1-5), the vials were transferred to a liquid nitrogen tank for long term 

storage.  

Spheroids (see 3. 2. 5) were frozen in spheroid culture medium (CCM + doxycycline + EN) 

containing 10 % DMSO. 

3. 2. 4. 60BThawing of organoids 

The freezing vials with organoids were thawed quickly in a 37 °C water bath.  The thawing 

process was visually inspected and cryovials were removed from the water bath in a state 

where a small remaining piece of ice was visible. Organoid suspension was transferred to a 
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precoated 15 ml falcon tube containing 10 ml of prewarmed CCM and cells were pelleted at 

300 g. The supernatant was discarded and the pellet was resuspended in 1 ml of prewarmed 

CCM and transferred to a precoated 1.7 ml low-binding tube. Organoids were pelleted and 

supernatant was resuspended in a 1:1 mixture of CCM + ENR + Intesticult. Matrigel was added 

to the suspension and 15 µl droplets were plated in a 48-well plate. Each droplet consisted of 

12 µl matrigel and 3 µl of a 1:1 mixture of CCM + ENR and IntestiCult. The droplets were 

polymerized at 37 °C for 30 min and overlayed with a 1:1 mixture of CCM + ENR and IntestiCult. 

Thawed spheroids were overlayed with spheroid culture medium containing 10 µM ROCKi 

(CCM + doxycycline + EN + ROCKi). Droplets were composed of 12 µl matrigel and 3 µl spheroid 

culture medium containing ROCKi. 

3. 2. 5. 61BGeneration of spheroids 

Spheroids were generated from organoids harboring a transgenic allele of stabilized β-Catenin 

(β-Cateninstab) or a combination of the KRASG12V–β-Cateninstab transgenic allele. In both 

transgenic organoid lines, expression of β-Cateninstab via addition of doxycycline (2 µg/ml) 

allows for selection of organoids that grow in the absence of R-spondin from the culture 

medium, as the latter is a factor that constitutes a known coactivator of WNT pathway 

eventually culminating in accumulation and nuclear translocation of β-Catenin. First, β-

Cateninstab transgene expression was induced over 2-3 passages which was followed by 

removing R-spondin 1 from the culture medium over 2-3 passages. Upon this transition 

process, organoids undergo a morphological change adopting a cystic growth pattern similar 

to cultures harboring deletions of APC 102. As spheroid proliferation becomes dependent on 

transgene expression, this selection procedure also let to a marked increase in the proportion 

of transgene expressing cells when compared to organoids that possess a patchier transgene 

expression profile. 

3. 2. 6. 62BAnalyzing crypt outgrowth and organoid survival 

Organoids were passaged, plated with or without inhibitors and/or doxycycline treatment and 

imaged when new organoids have formed from the isolated crypt domains, typically 4 h after 
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plating. Number of formed organoids where counted. The same regions were imaged after 4 

days and organoids were counted to assess survival rates relative to the day of plating. In 

addition, the proportion of organoids possessing newly emerged crypt domains was 

determined. Spheroid survival was measured at day 6 after passage. The following inhibitors 

were used: 50 nM AZD8931/Sapitinib (Selleck Chemicals), 1 µM ZD1839/Gefitinib (Selleck 

Chemicals), 10 µM AZD6244/Selumetinib (Selleck Chemicals), 3 µM BVD-523/Ulixertinib 

(Selleck Chemicals), 500 nM GDC-0941/Pictilisib (Selleck Chemicals). 

3. 3. 24BHandling of CRC cell lines 

Colorectal cancer cell lines SW48 and Caco2 were grown on cell culture treated flasks (75 cm²) 

overlayed with Leibovitz’s L15 medium (Gibco) or D10 (DMEM (Lonza), 10 % FCS, 2 mM 

ultraglutamine), respectively, containing 10 % fetal calf serum (FCS) and 

penicillin/streptomycin 1% (Biochrom). Cells were passaged at 90 % confluency every ~2-3 

(SW48) or 4 days (Caco2) at a split ratio of 1:4. Cells were trypsinized using TrypLE (Gibco), 

washed twice using PBS and plated at ~60 % confluency. Cells were grown at 37 °C and 5 % 

CO2. 

3. 3. 1. 63BFreezing of CRC cell lines 

CRC cell lines were harvested three days after plating at a density of 80-90 %. Cells were 

washed, resuspended in culture medium containing 10 % DMSO and transferred to cryovials. 

Cryovials were frozen at -80 °C in an isopropanol filled Mr. Frosty container at least over night. 

Vials were transferred to liquid nitrogen for long-term storage. 

3. 3. 2. 64BThawing of CRC cell lines 

Cryovials with CRC cells were thawed quickly in a water bath at 37 °C. Cell suspensions were 

transferred to 15 ml tubes containing 10 ml prewarmed culture medium to dilute DMSO. Cells 

were pelleted at 300 g and supernatant was removed completely. Cells were washed twice 

using culture medium and plated at high confluency on a 25 cm² tissue culture treated flask. 



40 
 

Cells were overlayed with 5 ml culture medium without antibiotics. One day after passage, 

medium was exchanged to remove potential dead cells floating. Antibiotics were not added 

before passage 1. 

3. 3. 3. 65BLipofectamin transfection of CRC cell lines 

CRC cell lines were seeded on 6-well plates at low confluency. Two days later, cells were 

transfected at ~50 % confluency using Lipofectamin 3000 (Thermo Fisher) according to 

manufacturer instructions choosing the lower lipofectamine concentration. Vectors harboring 

the KRASG12V, BRAFV600E or FLUC transgene linked to tdTomato and an additional vector 

allowing for doxycycline-controlled transcriptional activation (Tet-On system, Clonetech) were 

used for transfection. Cells were starved and induced 48 h post transfection using culture 

medium with 0.1 % FCS and 2 µg/ml doxycycline. Cells were harvested 24 h later and stained 

against phospho-ERK for flow cytometry analysis (see chapter 3. 9. 3.) 

3. 4. 25BHandling of PlatE cells 

The ecotropic packaging cell line PlatE was thawed and cultivated in D10 (DMEM (Lonza), 

10 % FCS, 2 mM ultraglutamine) containing 4.5 g/l glucose and 1 % penicillin/streptomycin 

(Biochrom). After the first passage, blasticidine (10 µg/ml) and puromycin (1 µg/ml) was added 

to ensure stable expression of gag-pol and enveloping genes. Cells were passaged every ~3 

days at a split ratio of 1:4.  

3. 4. 1. 66BTransfection of PlatE cells for virus production 

Retrovirus was produced according to standard transfection protocol for calcium phosphate 

precipitation using the ecotropic packaging cell line PlatE. Approximately 6 h prior 

transfection, PlatE cells were passaged and plated (4.0 and 4.5 x 106 cells per Ø 10 cm dish) 

using medium without antibiotics. PlatE cells were transfected with 7.5 µg gag-pol retroviral 

packaging vector (pCMV-Gag-Pol Vector, Cell Biolabs) (both a kindly gift from MD Johannes 
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Zuber) and 20 µg FIRE (FRA1-based integrative reporter of ERK) vector (a kindly gift from ASST 

PROF John Albeck) yielding 10 ml of virus supernatant.  

In detail, two solutions were prepared for phosphate precipitation-based transfection. For 

that, vector DNA was diluted to a volume of 440 µl and directly before transfection, 60 µl of 2 

M CaCl2 was added to establish solution 1. Drop by drop and under shaking, solution 1 was 

added to solution 2 that consisted of 500 µl 2x HBS and a predetermined concentration of 

phosphate.  

To assure optimal precipitation, test precipitations with varying phosphate concentrations 

were performed previous to PlatE transfection. For this, three tubes with 1.5 ml 2x HBS 

containing either 25, 30 or 35 µl of phosphate solution (70 mM Na2HPO4, 70 mM NaH2PO4) 

were prepared (solution 2). To this test tubes, solution 1 without DNA (1320 µl H2O + 180 µl 

CaCl2) was added dropwise while shaking, and mixtures were measured for PH. The tube of 

solution 2 achieving the PH value closest to 6.90 was chosen for transfection.  

The final mixture of solution 1 (containing vector DNA) and solution 2 was inspected by light 

microscopy for efficient precipitation (typically after 1-2 min of incubation) and applied to the 

PlatE cells. 16-20 h post-transfection, medium was replaced with fresh medium without 

antibiotics. Further ~4-6 h later, medium was changed to target medium, either to CCM to 

gain virus supernatant for organoid transfection, or D10 that was applied to Caco2 cells in 

order to test for virus efficiency. The next day, virus containing culture media were harvested 

and filtered using 0.45 µM filters. The fraction of FIRE positive PlatE cells was analyzed by flow 

cytometry (see chapter 3. 9. 5. and Supplement Fig. 3 A) as a measurement of virus production 

efficiency. 

 

3. 5. 26BFIRE transfection using virus 

To test for virus efficiency, Caco2 et KRASG12D cells were transfected using 1 ml virus 

containing supernatant at the basis of D10 medium (see chapter 3. 9. 5. and Supplement 

Fig. 3 B). 

Viral transfection of organoids was based on a protocol from reference 103, with modifications: 

organoids were cultured in the presence of 10 µM ROCKi and 6 µM of the GSK3β inhibitor 
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CHIR99021 (Selleck Chemicals) for 2 days. Next, organoids were disaggregated into single cells 

using TrypLE (Gibco) for 5 min at 37 °C. Cell suspensions were spin-occulated in an ultra-low 

adhesion round bottom 96-well plate with the virus supernatant at 300 g for 45 min. 

Subsequently, cells were resuspended in culture medium, matrigel was added and cells were 

plated. Cells were cultured for 2 days in CCM + ENR supplemented with ROCKi (10 µM) and 

CHIR99021 (6 µM). Medium was then replaced by CCM + ENR containing 2 µg/ml puromycin 

to select for transfected cells. As viral transfection initially resulted in organoid pools that were 

heterogeneous for FIRE reporter signal, crypts were seeded in 96-well plates aiming at a 

density of one crypt per well. Crypts were allowed to grow out and screened for positive FIRE 

signal using confocal microscopy. Wells containing single FIRE positive organoids were 

selected and propagated before experimental analysis. 

3. 5. 1. 67BVector preparation 

FIRE vector and gag pol retroviral packaging vector were prepped from vector transformed 

bacterial stabs (DH5α harboring pMSCVpuro_Nls_venus_Fra1-163-271 or pCMV-Gag-Pol, 

respectively). Vector preparation was based on a protocol from reference 104 with 

modifications, using columns and reagents from QIAprep Spin Miniprep (Qiagen). Bacterial 

stabs (10 µl) were thawed at 37 °C and used to inoculate a starter culture using 6 ml LB 

medium with ampicillin (100 µg/ml). Approximately 8 h later, 500 µl of the starter culture was 

used to inoculate 45 ml LB with ampicillin as a main culture. The next day, the bacteria of the 

main culture were transferred to a 50 ml falcon and pelleted at 6000 g for 15 min at 4 °C. The 

bacteria were resuspended in 5 ml resuspension buffer P1 to which RNase had been freshly 

added according to Qiagen instructions. Next, 5 ml of lysis buffer P2 was added, the 

suspension was mixed by inverting and lysed for 5 min. Subsequently, lysate was neutralized 

using precooled buffer N3 and incubated on ice for 5 min. Lysate was distributed to 2 ml 

collection tubes. Tubes were centrifuged at 13.000 g for 10 min at RT. Supernatants were 

collected in a 50 ml falcon tube and mixed with ethanol (96 %) at a ratio 1:1. Samples were 

loaded onto 4-6 spin columns in sequential 750 µl aliquots and centrifuged at 13.000 g for 30 

sec each time after addition an aliquot. Flow-through was discarded and each column was 

washed twice using 0.5 ml PB and 0.75 ml PE buffer sequentially. Columns were placed in new 
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collection tubes, centrifuged for 30 sec, and collection tubes were discarded. Next, spin 

columns were placed in fresh 1.5 ml tubes and plasmid DNA was eluted using 30-50 µg of 

nuclease-free water per columns. After an incubation of 2 min, columns were centrifuged for 

2 min at 13.000 g, and eluted DNA was collected. 

 

Vectors containing KRASG12V, BRAFV600E or FLUC transgenes were prepared and 

subsequently transfected into Caco2 and SW48 cell lines using Lipofectamin 3000 transfection 

(see also 3. 3. 3.). For vector preparation, chemically competent E. coli (One Shot Stbl3, 

Thermo Fisher), were electroporated using the donor vectors to gain stabs according to 

following protocol. Bacteria were thawed on ice and 250 ng of DNA (donor vector or 

transfection control vector pUC19) was added. Cells were gently mixed and incubated on ice 

for 30 min. Next, cells were incubated at 42 °C for 45 sec without shaking. After the heat shock, 

the bacteria were placed on ice for 2 min. Subsequently, 250 µl of pre-warmed S.O.C. medium 

(Thermo Fisher) was added and the bacteria were shaken horizontally at 37 °C for 1 hour at 

225 rpm. Of the transformed bacteria suspension ~ 50 µl were spread on a pre-warmed plate 

containing agar with 100 µg/ml ampicillin. Plates were incubated over night at 37 °C and single 

colonies were picked for vector preparation using QIAprep Spin Miniprep (Qiagen) as 

described above. 

 

Test digestions of plasmid vector preparations were performed with 0.5 µg of DNA using 

enzymes BamH I (10 u/µl) and Hind III (60 u/µl) in multicore buffer (Promega) for FIRE, 

KRASG12V and BRAFV600E transgene harboring vectors, BamH I and Sma I (10 u/µl) for FLUC 

transgene harboring vector, and Xba I and Not I (both 10 u/µl) in NEbuffer 3.1 (Biolabs) for 

gag-pol vector, respectively (Supplement Fig. 3 A, B and C). 

3. 6. 27BImmunofluorescence of organoids 

3. 6. 1. 68BImmunofluorescence of fixed organoids 

Organoids were harvested 3 days after plating and had been induced for 48 h with doxycycline. 

Medium was removed from the wells and organoids were wash with 500µl cold PBS. 



44 
 

Organoids were fixed in-well with 300 µl 4% paraformaldehyde (PFA) at 37 °C for 30min. 

Fixative was removed before washing first, with 1ml PBS-Glycine (100 mM) for 10 min at RT 

and second with 500 µl PBS. 500 µl PBS was added, and at this point cultures could be stored 

at 4 °C for up to 4 days. Organoids were washed 3x with PBS-Glycine for 10 min at RT. Next, 

300 µl blocking buffer (PBS with 0.2 % Triton X-1000, 0.05 % Tween, 1 % BSA) was added and 

samples were blocked at RT for at least 2.5 h. Next, primary antibodies (Table 2) were diluted 

in IF Buffer (PBS with 0.2 % Triton X-1000, 0.05 % Tween 0.1% BSA) and 200 µl was applied to 

the sample for 24-48h at °4C in an orbital shaker. Next samples were washed 3 x for 10 min 

with 300ul IF Buffer at RT. In the case of the OLFM4 antibody staining, the third wash step was 

performed with blocking buffer. The secondary antibodies (Table 2) were diluted in IF Buffer 

and samples were stained with 200 µl for 24-48 h at 4 °C in an orbital shaker. Samples were 

washed with 500 µl IF Buffer and for visualizing nuclei optionally stained using 300 µl DAPI (0.5 

µg/ml) in IF Buffer for 5 min at RT. Organoids were washed first, with 500 µl IF Buffer and 

second, using 500 µl PBS. Wash buffer was removed and organoids were harvested using 450 

µl PBS thereby releasing them from matrigel. Wells were additionally washed with 450 µl PBS 

to collect remaining organoids. Organoids were pelleted in a micro centrifuge for ~3 sec. The 

pellet was washed using 1 ml PBS. Next, the organoids were resuspended carefully in 20 µl 

PBS. 35 µl Vectashield antifade mounting medium H1000 (Vector) was added, carefully mixed 

with the organoids and mounted on a Superfrost Plus slide (Thermo Fisher). Mounted slides 

were stored at 4 °C.  

3. 6. 2. 69BImmunofluorescence of living organoids - CD24 staining 

For CD24 staining, living organoids were stained. Organoids were harvested and washed twice 

with cold PBS. Organoids were resuspended in 200 µl cold PBS/1 % BSA containing 1 µl CD24 

antibody and incubated for 30 min on ice. Organoids were pelleted and washed twice using 

PBS/ 1 % BSA. The pellet was carefully resuspended in a mixture of 3 µl R-spondin-conditioned 

supernatant and 9 µl CCM + ENR. Next, matrigel (33 µl) was added, mixed and droplets were 

plated on wells of an 8 well µ-slide (IBIDI). After 15 min of polymerization, culture medium 

was added and organoids were imaged using confocal microscopy. 
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3. 7. 28BImmunohistochemistry 

For immunohistochemistry (IHC), samples were fixed using 4 % para-formaldehyde in PBS: 

organoids for 30 min, intestinal tissue over night at RT. Next, samples were dehydrated first, 

in a graded ethanol, and second, in a graded xylol serial. Subsequently, samples were paraffin 

embedded. Sections (4 µm) were mounted on Superfrost Plus slides. The slides were 

deparaffinized and rehydrated in reversed xylol and ethanol serials, bleached for 10 min in 3% 

H2O2. Next, an antigen retrieval was performed by boiling the samples in sodium citrate 

(10mM) at pH 6 for 20 min. Primary antibodies used are listed in Table 2. Signal detection was 

performed using ImmPRESS secondary antibody and NovaRED substrate kit (Vector Labs) 

according to manufacturer instruction. 

3. 8. 29BMicroscopy 

Immunofluorescence and FIRE reporter samples were visualized with a Leica TSC SPE confocal 

microscope using an ACS 20x NA 0.90 oil-immersion objective, solid state lasers (405, 488, 532 

and 635 nm), a PMT 430 - 750 nm spectral descanned detector running with Leica LAS X 

software.  

Light microscopy images of living organoid cultures and immunohistochemistry samples were 

taken with a Biozero microscope using a Plan Apo 4x NA 0.20 objective and Biozero 

observation analyzer software (Keyence). For image processing and analysis ImageJ v. 1.53C 

was employed. If contrast and brightness were altered for better visualization, fluorescence 

microscopy images of experimental and control conditions were treated equally. Quantitative 

analysis was performed on unprocessed images using mean intensity value of cells derived 

from single sections. 

For transmission electron microscopy (EM), 24 h induced organoids were harvested and 

matrigel was removed. Organoids were fixed over night at 4 °C in PBS with 2 % PFA and 

2.5 % glutaraldehyde. Next, organoids were washed 3 x in PBS and embedded in 1% agarose 

(low melting). 
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The following EM processing steps were performed by Beatrix Fauler and Thorsten Mielke 

from the research group of Bernhard Hermann, Max Planck Institute for Molecular Genetics, 

Berlin. 

Agarose blocks were contrasted with first, 0.5 % osmium tetroxide in PBS for 2.5 h RT, second, 

0.1 % tannic acid in 100 mM HEPES pH 7.4 for 1 h and third, 2 % uranyl acetate for 1.5 h (all at 

RT), with three washing steps in between using PBS, respectively. Samples were dehydrated 

in a graded ethanol serial and subsequently embedded in Spurr’s resin. Thin-sections (70 nm) 

were sliced using a Leica UC7 and post-contrasted as described in a previous study 105. 

Micrographs were taken on a 120 kV Tecnai Spirit transmission electron microscope (FEI) using 

a F4161 CMOS camera (TVIPS). Micrographs were recorded automatically at a final 

magnification of 4400 x (2.49 pixel size at object scale) and -10 µM defocus using Leginon 106 

and subsequently stitched using TrakEM2 107. 

3. 9. 30BFlow cytometry analysis 

3. 9. 1. 70BPreparation of CRC cell lines for flow cytometry analysis 

Phospho-ERK levels in oncogene induced SW42 and Caco2 cells were analyzed by flow 

cytometry using an Accuri Cytometer (BD). 24 h before harvest, lipofectamine transfected cells 

were starved and induced using starvation medium (culture medium containing 0.2 % FCS) to 

which 2 µg/ml doxycycline was added. Cells were trypsinized, pelleted at 300 g for 3 min in a 

15 ml tube, washed with starvation medium, resuspended in culture medium and rested in 

starvation medium for 30 min at 37 °C in the incubator. Next, cells were fixed adding 

prewarmed 4 % PFA in PBS dropwise while carefully vortexing. Cells were fixed at a final 

concentration of 2 % PFA for 10 min at 37 °C. Cells were subsequently pelleted and the fixative 

was removed. Next, fixed cells were washed with cool PBS containing 1% BSA, pelleted and 1 

ml methanol (-20 °C) was added dropwise while gently vortexing. Cells were permeabilized 

at -20 °C at least over night and subsequently stained for p-ERK (see 3. 9. 3.). 
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3. 9. 2. 71BPreparation of organoids for flow cytometry analysis 

Organoids were harvested with PBS and transferred to a precoated 1.7 ml low-binding tube 

which had been washed 3 x with PBS after coating. Organoids were pelleted and matrigel was 

carefully removed. Organoids were washed twice with cold CCM, pelleted, resuspended and 

incubated in PBS/ 2 mM EDTA for 3 min to loosen cell-cell contacts. Organoids were pelleted, 

supernatant was removed and organoids were resuspended in TrypLE containing 0.5 mM 

MgCl2 and 1000 U/ml benzonase (Pierce Universal Nuclease, Thermo Fisher). Organoids were 

incubated at 37 °C until dissociation into single-cell suspensions. In the process, organoids 

were additionally disrupted by pipetting using a P100 and the progress of single-cell 

dissociation was regularly inspected by light microscopy. Trypzination was stopped with 

CCM/0.5 % BSA containing 10 µM ROCKi. Single-cells were pelleted, resuspended in CCM + 

ROCKi (10 µM) and rested for 30 min before fixation using 4 % PFA in PBS (final concentration 

2 % PFA). Fixative was added dropwise while slowly vortexing the suspension. Cells were fixed 

for 10 min at 37 °C.  Next, fixed cells were washed with cool PBS containing 1% BSA, pelleted 

and 1ml methanol (-20 °C) was added dropwise while gently vortexing. Cells were 

permeabilized at -20 °C at least over night. 

3. 9. 3. 72BPhospho-ERK staining and flow analyzes 

PBS/1 % BSA (3 ml) was added to the permeabilized cell lines or organoid single-cell 

suspensions. Cells were pelleted, supernatant was removed and cells were resuspended in 1 

ml PBS/1 % BSA. The suspension was transferred to a low-binding 1.7 ml tube. Cells were 

pelleted at 300 g using a microcentrifuge and washed another time. Next, cells were 

resuspended in 100 µl PBS and 10 µl of the antibody Alexa Fluor 488 Mouse Anti-ERK1/2 

(pT202/pY204) (BD) was added. Cells were stained for 30 min at RT in the dark and 

occasionally mixed by gentle pipetting. Next, cells were washed in PBS/1 % BSA, pelleted at 

300g for 3 min, resuspended in 1 ml DPBS/1 % BSA and analyzed by flow cytometry using an 

Accuri Cytometer (BD). Gating strategy excluded debris and cell doublets. Counts in the single-

cell gate were analyzed for p-ERK and tdTomato staining using channel FLH-1 and FLH-3, 

respectively. Fluorescence spillover from FLH-3 to FLH-1 was accounted for using an Alex Fluor 

488 Mouse IgG1 isotype control (BD). Spillover from FLH-1 to FLH-3 was accounted for using 
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non-induced samples (tdTomato negative cell cultures). Relative p-ERK values of tdTomato-

transgene expressing cell populations were determined by normalization of the averaged p-

ERK raw values against averaged raw values of tdTomato negative FLUC control populations. 

3. 9. 4. 73BDetermination of living cell proportions in organoids 

Three days after plating and 24 h after transgene induction and inhibitor treatment, organoids 

were dissociated to single-cell suspensions like described in 3. 9. 2. Non-fixed single-cell 

suspensions were stained with a late-stage apoptotic cell marker coupled to a 

fluorophore (Live/Dead Fixable Dead Cell Stain Kit; LifeTech) according to manufacturer 

instructions. Proportion of stained cells were analyzed using an Accuri Cytometer (BD). 

3. 9. 5. 74BVirus transfection efficiency 

To pre-verify efficiency of the FIRE transfecting virus, a Caco2 cell line previously modified to 

stably express KRASG12D (Caco2 et KRASG12D, a kind gift of from Tillmann Brunner) was 

transfected with undiluted and diluted (1:10) virus containing supernatant. 16 h post-

transfection, virus was removed using washing with PBS and cells were overlayed with D10. 

Transfected Caco2 cells and virus producing PlatE cells were harvested, resuspended in PBS 

and directly analyzed by flow cytometry for presence of the FIRE reporter using an BD Accuri 

Cytometer (Supplement Fig. 3 A, B). After gates to exclude debris and cell doublets were 

employed, counts within the single-cell gate were analyzed for reporter fluorescence using 

channel FLH-1. Of the Caco2 et KRASG12D cells, 62 % (undiluted) and 79 % (diluted) were 

gated as FIRE positive compared to 1 % in not transfected cells. Regarding virus producing 

PlatE cells, ~40 % were FIRE-positive compared to 0.1% in not transfected controls. Plots are 

visualized in Supp Fig. 1. 

3. 9. 6. 75BFluorescence activated cell-sorting 

For fluorescence activated cell sorting, organoids were dissociated to single-cell suspensions 

as described in chapter 3. 9. 2. with following modification: instead of benzonase, DNase I 
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(200 U/ml) was applied. Cell suspensions were filtered through 30 µm Celltrix filters and 

stained with an antibody against CD44 linked to Allophycocyanin (Biolegend) and green or 

near-IR Live/Dead Fixable Dead Cell Stain Kits (LifeTech) to exclude dead cell. Gating strategy 

excluded debris, cell doublets and dead cells. Using a FACSArial SORP (BD), single cells were 

sorted into 96-well plates belonging to the Precise WTA kit harboring predispensed library 

chemistry. CD44 positive and negative status of sorted cells was determined using 

fluorescence of Allophycocyanin. In order to minimize plate-related batch effects cells were 

sorted into quadrants of the 96-well plates. 

 

3. 10. 31BRNA sequencing and bioinformatic analysis  

For single-cell RNA sequencing, the precise WTA Kit (BD) was applied according to 

manufacturer protocol. Single-cell transcriptomes were prepared by Norbert Mages at the 

Max-Planck-Institute for Molecular Genetics, Berlin-Dahlem (MPIMG), and sequenced in the 

Genomics core facility of the MPIMG.  Sequences were generated using NextSeq and/or HiSeq 

chemistry (Illumina). Cluster generation on NextSeq 500 was performed following the 

manufacturer instructions using a high-output flowcell at a final loading concentration of 2 

pM. PhiX (1 %) was added as a quality control. A minimum of 40 million paired reads per pool 

were gained during a Paired-End run.  

The library-pools running on the HiSeq4000-system were generated according to Illumina 

recommendations using a loading concentration of 200 pM. Sequences were generated 

during a Paired-End-75 run with 40 million read-pairs per pool. Likewise, 1 % PhiX was added 

as quality control. 

Data processing was performed by Dr. Florian Uhlitz from the research group of Prof. Nils 

Blüthgen (IRI and Institute of Pathology, Charité, Berlin). Single-cell RNA sequencing data were 

pre-processed using the Whole Transcriptome Assay Analysis Pipeline v2.0 (BD) 108. For quality 

control analysis, scater 109 was applied. Read counts were normalized using the trimmed mean 

of median values (TMM) approach provided with edgeR 110. Normalized read counts were 

used for k-means clustering and t-SNE (t-distributed stochastic neighbor embedding) 

visualization. Differentiation trajectories in t-SNE plots were determined using slingshot 111, 
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with intestinal stem cell cluster 1 as predefined origin. Differentially expressed genes were 

called on log-transformed raw counts using a hurdle model provided with R package MAST71. 

Top-10 signature genes per cluster were identified by comparing average gene expressions 

within cluster to average gene expressions across all other clusters.  

Generation of bulk cell RNA sequencing data used in this study has been published in 

reference 94. Briefly, organoids were induced for 24 h with 2 µg/ml doxycycline in CCM+ENR 

and subsequently dissociated using TrypLE. By making use of tdTomato signal, fluorescence-

activated cell sorting of induced cells was performed on an ARIA II SPORP (BD). Total RNA was 

extracted using the RNeasy Micro kit (QIAGEN) and library preparation with the ScriptSeq kit 

(Illumina) was performed. Sequences were generated using a HiSeq 2500 sequencer 

(Illumina). RNA-seq reads were aligned to the mouse genome GRCm38 using STAR aligner with 

GENCODE exon annotation vM11. For each gene ID read counts were calculated using HTseq. 

Differentially expressed genes were called using DESeq2.  

3. 11. 32BQuantitative Real-Time PCR 

For RNA preparations, organoids were washed with PBS and harvested using 500 µl Trizol. 

Chloroform (100 µl) was added and the mixture was vigorously mixed. RNA isolation was 

performed using the RNeasy Plus Micro kit (Qiagen) according to the manufacturer protocol. 

Briefly, the mix was centrifuged at 4°C. The upper phase was collected and mixed with an 

equivalent amount of 70 % ethanol at RT. The mix was added to a column provided by the kit, 

centrifuged, and flowthrough was discarded. Next, columns were washed. Following digestion 

using DNase I, columns were washed three additional times. Next, columns were transferred 

to a fresh tube and RNase-free water was applied to eluate the purified RNA.  

Complementary DNA (cDNA) was synthesized using reverse transcriptase kit GoScript 

(Promega). Briefly, each sample was mixed with oligo(dT)-primers and random hexamer 

primers. Samples were incubated at 70°C for 5 min, chilled on ice for 5 min followed by 

addition of reverse transcriptase mix. Reverse transcriptase mix consisted of GoScript 5x 

reaction buffer, MgCl2, nucleotide mix, recombinant RNasin ribonuclease inhibitor, GoScript 

reverse transcriptase and nuclease free water. Annealing was performed at 25 °C for 5 min, 

extension at 42°C for 1 h, followed by inactivation of enzyme at 70 °C. 
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Quantitative Real-Time PCR (qRT-PCR) was carried out using SYBR green (Promega) according 

to manufacturer instruction. Briefly, CRX standard was added to a tube of SYBR green mix. 

SYBR green containing CRX was mixed with nuclease-free water and cDNA to obtain master 

mixes. Master mixes were distributed to a 96-well PCR plate (14 µl per well). Primer pair mixes 

(1 µl per well) were added and plated as technical triplicates obtaining a final concentration 

of 333 nM per primer. Plate was sealed, centrifuged and loaded on a StepOnePlus Real-Time 

PCR System (Applied Biosystems). Relative expression between groups was calculated using 

the ΔΔCt method and normalized to PM gene expression which has previously been 

established as house keeper gene 95. Primer sequences are provided in Table 1. 

3. 12. 33BStatistics 

Significant differences in organoid survival, crypt budding, p-MEK, p-ERK, and proportions of 

late-stage apoptotic cells were determined using unpaired t-test (two-sided).  

Exceptionally, difference in p-MEK (see Supplement Fig. 4 A) between GSK3β inhibited versus 

non-inhibited condition across all tested groups was determined using paired t-test (two-

sided) with pairs being formed within each of the four groups and within one biological 

replicate (for instance FLUC +dox replicate no. 2 and FLUC +dox +CHIR replicate no. 2 formed 

one pair). The same exception applied to an analogously set-up experiment testing for p-ERK 

(Supplement Fig. 4 B).  

Differences in FIRE fluorescence intensity between groups of Ki67-positive cells (Fig. 14) were 

compared using a non-parametric multiple comparison test (Kruskal-Wallis) as FIRE 

fluorescence was distributed non-normally. Dunn’s comparison was employed to account for 

multiple test correction. 

For levels of significance according to p-value (pV) following symbols were applied: one 

asterisk, pV <0.05; two asterisks, pV <0.01; three asterisks, pV <0.001; non-significant (ns), pV 

≥0.05. 
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4. 11BResults 

4. 1. 34BInduction of oncogenic BRAF but not KRAS resulted in epithelial 
disorganization 

Within the EGFR/MAPK pathway, KRAS is a direct interaction partner of BRAF driving BRAF 

dimerization and activity. Despite acting in the same signaling pathway, oncogenic KRAS and 

BRAF mutations are associated with distinct adenoma-carcinoma sequences to CRC. In order 

to determine how oncogenic BRAF and KRAS affect signaling in the intestinal epithelium, I 

established matrigel-embedded small intestinal organoids from mice strains, harboring 

doxycycline-inducible transgene systems within the Gt(ROSA26) Sor locus 97. The transgenes 

encode the red fluorescent protein tdTomato as a marker followed by a single copy of the 

oncogenic KRASG12V or BRAFV600E gene, respectively. Using the same genetic system, a third 

strain carrying tdTomato linked to a gene encoding a firefly luciferase (FLUC) protein had been 

engineered 95. Considered as harboring a genetically neutral modification, the FLUC encoding 

strain served as a control in many experiments. In each of the transgene systems, the red 

fluorescent marker gene and the following transgene are separated by a self-cleaving 2A 

peptide which results in equimolar translation of the protein of interest and the tdTomato 

protein. This allows to assess the fluorescence intensity of cells and tissues as a surrogate for 

transgene expression. 

 

Addition of doxycycline (2 µg/ml) to the organoid culture medium resulted in transgene 

expression within ~12-14 h as visualized by fluorescent microscopy (Fig. 4 C). Strikingly, 

organoids harboring the inducible BRAFV600E construct started to swell as soon as transgene 

expression became visible. The swelling — a phenomenon which comprises widening of the 

crypt domains — was followed by irreversible disintegration of the epithelium within several 

days (Fig. 5 A, B). On average, less than 5% of BRAFV600E-induced organoids where viable 

after 4 days of transgene induction compared to ~75% of control organoids (Fig. 5 B). Cells of 

such treated crypt cultures are known to completely lose organoid forming capacity as well as 

expression of stem cell marker genes 95. The GSK-3β inhibitor CHIR99021 112 is known to 

stabilize β-Catenin as GSK-3β is required for phosphorylation and subsequent proteasomal 
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degradation of β-Catenin. CHIR99021-induced accumulation of β-Catenin mimics active WNT 

signaling thereby promoting stemness and proliferation, and adding CHIR99021 to BRAFV600E 

expressing organoids indeed partly restored organoid survival after 4 days (Fig.  5 A). Surviving 

organoids often remained conserved in a swollen state with widened crypts reminiscent of 

the early BRAFV600E-induced effects described above (Fig. 5 B). However, prolonged 

culturing over several passages failed as GSK-3β inhibition by CHIR99021 is known to possess 

pleiotropic and detrimental side effects upon small intestinal organoids when continuously 

applied 113. 

In contrast, induction of the KRASG12V transgene had no significant impact on organoid 

viability, crypt budding potential and morphological traits, as accessed by light microscopy; 

and continuously induced crypt cultures could be steadily passaged over prolonged periods of 

time (Fig. 5 A). 

To study those BRAFV600E-induced detrimental effects on the epithelial ultrastructure that 

precedes the functional consequences of stem cell depletion, I examined short-time (24 h) 

induced organoids using transmission electron microscopy (Fig. 5 C). Sectioning, contrasting 

and imaging was performed by Beatrix Fauler and Thorsten Mielke from the research group 

of Bernhard Hermann, Max Planck Institute for Molecular Genetics. I found that control and 

KRASG12V-induced organoids show the anticipated tissue architecture consisting of a 

polarized, single-layered columnar epithelium. Apical and basal surfaces lined up continuously 

with a brush border displayed at the apical side. Tight junctions and desmosomes provided 

regular lateral cell-to-cell contacts. In many cases, we detected intercellular vacuoles which 

most probably originated from osmotic stress during fixation processes as previously 

described 10. In contrast, short term induction of BRAFV600E let to a massively disturbed apical 

side. Organoids still maintained a continuous basal cell surface; however, the nuclei were no 

longer lined up basally. Instead, they appeared to be scattered. Most cells were no longer of 

columnar shape but highly pleomorphic, and large parts of the epithelium were rather 

reminiscent of squamous stratified or pseudostratified epithelium indicating ongoing 

epithelial reorganization. Despite of irregular apical-to-lateral cell shifts and rotations, 

microvilli were still trackable emphasizing preservation of some aspects of cell polarization.  

Cell-cell adhesion junctions like desmosomes are usually strictly localized to the lateral part of 

the plasma membrane defining polarity of epithelial cells. Interestingly, BRAFV600E-induced 

epithelial disorganization was taking place in the presence of desmosomes, thus in the 
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presence of cell adhesion. However, I additionally observed misplaced desmosomes at spots 

connecting cells via peculiar apical-to-apical protrusions that were flanked my microvilli 

(Fig. 5 C, bottom micrograph, left red arrow) indicating disturbance of polarization. Of note, 

when applying digestion enzymes with a view to disjunct the organoid epithelium into 

suspension of single cells, I recognized a BRAFV600E-dependent requirement for additional 

application time. This indicates that cell adhesion might even have increased upon oncogenic 

BRAF induction. 

To follow this up, I predefined a set of 33 genes which are known structural parts of cell-cell 

junctions (adherens junctions and desmosomes) and cell-matrix contacts (focal adhesions and 

hemidesmosomes). Of those, 32 were strongly upregulated (Table 3) upon BRAFV600E but 

not upon KRASG12V induction in an RNA sequencing data set of pooled organoids. Also, both 

genes for cytoskeletal actin filaments (ACTB, ACTG1) which are essential to stabilize and 

control adherens junctions and focal adhesions where strongly upregulated. Furthermore, I 

looked up 6 more genes coding for either cytoskeletal filament proteins that are known to 

structurally interact with actin or other actin-regulating proteins, all of which showed strong 

upregulation. Last, I found intestine-expressed, non-muscular Myosin motor-proteins of class 

II and class X upregulated. Together, these transcriptional results reflect the extensive ongoing 

epithelial reorganization observed on ultrastructural level and underscores the increase in 

cytoskeletal dynamics required to fulfill the architectural alterations on subcellular level. 

4. 2. 35BBRAFV600E but not KRASG12V induced high levels of downstream 
ERK phosphorylation 

To determine whether the ongoing re- and disorganization of the columnar epithelium upon 

BRAFV600E expression was indeed correlated with downstream MAPK pathway activity, I 

measured phosphorylation of ERK. I found that induction of BRAFV600E, but not of KRASG12V 

promoted high levels of p-ERK as measured by quantitative capillary western (WES) and flow 

cytometry analysis (Fig. 6 A, E). In addition, qRT-PCR measurements using primer against well-

known target genes of the MAPK pathway revealed strongly increased mRNA levels 24 h after 

BRAFV600E induction (Supplement Fig. 4 C, D, E). Consistently, RNA sequencing revealed that 

only 24 h of BRAFV600E induction activated almost all of a previously defined set of direct 
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MAPK target genes 114,115, whereas conditional expression of KRASG12V had no obvious effect 

on bulk organoid transcription (Supplement Fig. 5). 

The MAPK pathway can be inhibited using small molecule inhibitors against the kinases MEK 

or ERK which are downstream of BRAF. BRAFV600E-dependent disintegration of organoids 

could indeed be counteracted by inhibition of MEK or ERK, using AZD6244/Selumetinib 

(Selleck Chemicals) and BVD-523/Ulixertinib (Selleck Chemicals), respectively. Approximately 

half of the BRAFV600E transgene harboring organoids were still viable after 4 days of 

combined doxycycline and MEK- or ERK-inhibitor treatment, and I found this surviving rate 

being similar to that of control organoid populations treated with MEK- or ERK inhibitors (Fig. 

6 B).  

I wanted to know, whether prolonged surviving through MEK- or ERK inhibitor treatment was 

reflected on the signaling level. Therefore, I performed capillary western analysis using 

antibodies against p-ERK. ERK phosphorylation levels under BRAFV600E induction and 

simultaneous MAPK pathway inhibition were close to physiological levels which is in 

conformance with the observed increase in viability (Fig. 6 A). During prolonged surviving 

upon MAPK pathway inhibition, the crypt domains of BRAFV600E-induced organoids still 

showed signs of swelling, albeit this phenotype was clearly delayed (Fig. 6 D). 

Using a late-stage apoptotic cell marker (Live/Dead Fixable Dead Cell Stain Kit; LifeTech) in a 

flow cytometry experiment, I observed a significant enrichment of apoptotic cells after 

BRAFV600E induction, but not when transgene induction was counteracted through MEK 

inhibition using AZD6244 (Supplement Fig. 4 G). 

Next, I wanted to examine the effects of blocking the MAPK pathway upstream of BRAF. I 

found that applying AZD8931/Sapitinib (Selleck Chemicals), an inhibitor of the EGFR tyrosine 

kinase receptor family (pan-EGFR/pan-ERBB inhibitor), had a similar effect on control 

organoids as blocking MEK or ERK activity, that is, a moderately reduced viability (~60% viable 

organoids) and a strong impairment of crypt budding (Fig. 7 A, B). Only ~20% of newly formed 

organoids developed at least one new crypt domain within 4 days of treatment compared to 

~50% in a DMSO control treatment indicating ceased proliferation upon EGFR inhibition. 

Leaving out the essential ligand EGF from the culture medium mimics this effect (~60% 

viability, ~30% crypt development), albeit residual EGF probably remains within the culture 

through cell intrinsic ligand secretion (Fig. 7 C, D). As expected, EGF depletion or pan-EGFR 

inhibition could not counteract the severe disintegration of the epithelium when downstream 
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BRAFV600E expression is induced using 2 µg/ml of doxycycline. Also, inhibition of PI3K-AKT 

signaling – a sister pathway of MAPK sharing the same upstream effectors EGFR – by using the 

PIK3CA inhibitor GDC-0941/Pictilisib could not rescue BRAFV600E-induced disintegration 

(Supplement Fig. 6 A, B). As expected, we found further that KRASG12V could not rescue crypt 

budding deficiency when downstream effector PI3K was inhibited by GDC-0941/Pictilisib, but 

in contrast budding efficiency further decreased (Supplement Fig. 6 B). This indicates that in 

order to maintain full proliferative potential, KRASG12V expressing organoids are more 

depending on PI3K signaling than non-oncogene expressing controls.  

  

Another possibility to prolong organoid survival and delay BRAFV600E-induced organoid 

swelling is given by an induction of the BRAFV600E transgene to a lesser extent using a lower 

doxycycline concentration (0.25 µg/ml instead of 2 µg/ml). Under such conditions, the fraction 

of organoids surviving and budding at least until day 4 was quite similar to control organoids, 

despite mild swelling (Fig. 7, Supplement Fig. 6). Nevertheless, continuous induction over 

several passages let to culture collapse (data not shown). Interestingly, I found that inducing 

such low-dose BRAFV600E expression is indeed able to substantially counteract the effects of 

abolished EGFR signaling elicited by deprivation of the ligand EGF from the medium or pan-

ERBB inhibition, respectively (Fig. 7 A-D). This rescue, occurring downstream of EGFR, 

indicates that a balanced MAPK pathway activity is required for proper crypt homeostasis but 

also that under certain conditions the oncogenic BRAF transgene can enable growth factor 

independent growth in murine organoids, at least for a short time. 

In contrast, even strong KRASG12V induction, using 2 µg/ml doxycycline, could neither 

significantly increase crypt budding nor survival during pan-EGFR-, MEK- or ERK inhibition 

(Fig. 7 A, B, Fig. 6 B, C). I analyzed ERK phosphorylation under MEK inhibition and found 

consistently low p-ERK levels despite KRASG12V expression; and interestingly, these levels 

were much lower when compared to MEK-inhibited BRAFV600E expression (Fig. 6 A). 

However, a slight but significant KRASG12V-driven rescue effect on crypt budding could be 

observed in the absence of exogenous EGF from the culture medium (Fig. 7 D). Of note, most 

budding organoids did not develop more than one new crypt domain under such conditions 

(Fig. 6 D), further indicating that the observed KRASG12V-driven rescue remains incomplete 

in the absence of exogenously provided EGFR ligands. 
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As GSK-3β inhibition through CHIR99021 delayed BRAFV600E-driven organoid disintegration, 

I asked whether it might exert this effect via its prescribed impact on stemness and 

proliferation, by inhibiting cell death or by directly modulating MEK or ERK phosphorylation. I 

applied the inhibitor for 24 h to assess short-term effects in a BRAFV600E-induced background 

and several control conditions using capillary western. (Supplement Fig. 4 A, B). Whenever 

CHIR99021 was applied, I found ERK and MEK phosphorylation consistently reduced by ~40% 

in control organoids (two-sided paired t-test: pV = 0.020 and 0.044, respectively), but only by 

~15 % in BRAFV600E-induced cultures. Despite this relative reduction, ERK phosphorylation in 

BRAFV600E-induced and GSK-3β-inhibited organoids persisted at levels at approximately a 

magnitude above that of control organoids, i.e. at exceedingly high, non-physiological levels. 

I asked whether a clearly separated subpopulation of cells within BRAFV600E-induced 

organoids would display reduced ERK phosphorylation in response to GSK-3β-inhibition. 

However, using a combination of a fluorescent antibody against phospho-ERK (p-ERK) 

together with a tdTomato-based reporter as a readout of oncogene expression in a flow 

cytometry experiment, I could not identify CHIR99021 to exert significant effects on ERK 

phosphorylation in BRAFV600E-induced organoid cells (Supplement Fig. 4 F). Thus, CHIR99021 

exerts its rescue effect probably independent from a direct modulation of the MAPK pathway. 

To assess whether prolonged viability occurs by reduced cell death, I used the late-stage 

apoptotic cell marker (Live/Dead Fixable Dead Cell Stain Kit; Life Tech) in a flow cytometry 

experiment to assess cell death in BRAFV600E-induced and/or CHIR99021-treated cultures. 

Late-stage apoptotic cells were significantly enriched in BRAFV600E-induced organoids when 

compared to controls, and addition of CHIR99021 did not alter this observation (Supplement 

Fig. 4 G). 

Together, these results suggest the observed β-catenin-dependent delay of BRAFV600E-

driven organoid decay to occur neither via direct inhibitory impact on the MAPK pathway nor 

by decreasing apoptotic events, but rather by temporarily increasing the pool of cells 

displaying traits of stemness and proliferation. 
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4. 3.  36BSingle-cell RNA sequencing reveals disruption of intestinal 
differentiation trajectories by BRAFV600E 

Single-cell RNA sequencing has proven to be a powerful tool to study cellular heterogeneity 

and cell differentiation in the intestinal epithelium 6,116. I asked how the differential impact of 

oncogenic KRAS or BRAF on cell differentiation was reflected at the level of single-cell 

transcriptomes. For this purpose, we decided to use the BD Precise assay (Fig. 8 A) which 

allows to sequence transcriptomes of single cells after sorting into individual wells of a 96-well 

plate. Single-cell transcriptomic analysis using FLUC control, KRASG12V and BRAFV600E-

transgenic organoids was performed in co-operation with Dr. Claudia Giesecke-Thiel at the 

flow cytometry core facility of the Deutsches Rheuma-Forschungszentrum (DRFZ). In short, 

organoids were induced for 24 h, and organoids were disaggregated into single cells for flow 

cytometry (Fig. 8 B). Single-cell preparations were stained with a fluorescent antibody against 

CD44, an established crypt cell marker 117. Further, cells were stained with fluorescent 

LIVE/DEAD Fixable Dead Cell stain (Thermo Fisher) to exclude dead cells from downstream 

analysis (Fig. 8 D) as preliminary flow cytometry experiments showed an increase of dead cells 

in single-cell suspensions after BRAFV600E, but not KRASG12V or FLUC induction 

(Supplement Fig. 4). Next, single cells expressing the transgene system – were sorted 

according to presence of tdTomato fluorescence – into two 96-well plates for RNA sequencing. 

Cells were also gated for CD44, in order to include CD44-high potential crypt cells and for 

CD44-low potential villus cells (Fig. 8 D, Supplement Fig. 7 A). At this step, we noted a general 

increase of CD44 fluorescence in KRASG12V expressing cells compared to FLUC expressing 

cells (Supplement Fig. 7 A).  

Single-cell transcriptomes were prepared by Norbert Mages at the Max-Planck-Institute for 

Molecular Genetics, Berlin-Dahlem (MPIMG), and sequenced in the Genomics core facility of 

the MPIMG.  

Transcriptome sequences were analyzed by Dr. Florian Uhlitz from the research group of Prof. 

Nils Blüthgen (IRI and Institute of Pathology, Charité, Berlin). In total, 167 single-cell 

transcriptomes passed the quality check requiring detection of >1000 genes and were selected 

for downstream analysis. Using k-means clustering, the single-cell transcriptomes were 

assigned to six clusters and visualized in a t-SNE based representation. (Fig. 9 A). The six 

clusters appeared to be interconnected, and mapping of signature genes for intestinal stem 
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cells, proliferative transient amplifying cells, differentiated enterocytes and Paneth cells were 

in line with the calculated differentiation trajectories which was visualized as grey branched 

overlay whereby cluster 1 was assigned as the starting cluster (Fig. 9 A). Cells positive for the 

crypt marker protein CD44, as inferred from antibody staining, were highly enriched in cluster 

1 and especially in cluster 2 (Fig. 9 B), and this was coincidental with transcriptomes being 

enriched for signatures of intestinal stem cells (ISC) and/or transient amplifying cells (Fig. 9 C). 

Cluster 2 contained most of the cells positive for Paneth cell marker signatures (Fig. 9 C), 

indicating the trajectory for secretory crypt cell differentiation, and those were likewise CD44-

high (Fig. 9 B). Of note, I found a portion of CD44-high crypt cells to be double positive for ISC 

and Paneth cell signatures (Fig. 9 C). Similarly, signatures for ISC and transient amplifying cells 

showed large overlaps. Interestingly, at the border between cluster 1 and 3, CD44-high and 

CD44-low cells intermingled, indicating the transition from the proliferative crypt-like to 

differentiated villus-like compartment. As expected, expression of enterocyte signature genes 

increased gradually in clusters 3-5 marking the absorptive lineage, and cells of these clusters 

were almost exclusively CD44-low. 

 

Next, I followed the allocation of cells expressing specific transgenes: I found FLUC control and 

KRASG12V-expressing cells intermingled throughout the clusters 1-5, whereas BRAFV600E-

expressing cells were depleted from the central clusters 2-4 (Fig. 9 B). In contrast, such cells 

composed the outsider cluster 6 which was exclusively formed by BRAFV600E-induced cells. 

Cluster 6 was marked by a uniformly expressed ERK target signature, and importantly, for each 

cell this trait was independent of its CD44 status (Fig. 9 B, C). Interestingly, high ERK target 

signature and relative overall transcriptomic similarity are the only obvious features shared 

by all BRAFV600E-induced cells in outsider cluster 6. Besides, this cluster was remarkably 

heterogeneous for WNT, Paneth cell, ISC, transient amplifying and enterocyte signatures, 

indicating that BRAFV600E-induced transcriptional alteration constitutes the dominating 

clustering factor independent from cell differentiation (Fig. 9 C, Supplement Fig. 7 B). 

In contrast, within cells of FLUC control and KRASG12V-induced organoids, presence of a high 

ERK target signature strongly correlated with CD44-high status as well as with ISC, transient 

amplifying, WNT or Paneth cell signatures implying an elevated MAPK pathway activity in cells 

belonging to the crypt compartment (Fig. 9 B, C). This pattern was also seen in the 

dimensionally-reduced t-SNE representation, although distances in t-SNE maps are not always 
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representative of the distance between transcriptomes in the high-dimensional original 

transcriptome data. As a general pattern, the ERK target signature diminished the further 

away a transcriptome was placed from cluster 2 in the t-SNE representation, indicating that 

MAPK activity and transcription was highest in Paneth cells, intermediately high in stem cells 

and quickly diminished in a gradient spanning the differentiation route from (committed) TA 

cells to early enterocyte cells at the border between cluster 1 and cluster 3. Mature enterocyte 

where largely negative for ERK target signatures. Exceptional, several cells in cluster 5, at the 

very end of the enterocyte differentiation trajectory, showed an increase in ERK target 

signature genes (Fig. 9 C). This is in line with a reported increase of EGFR expression in villus 

tip cells 118 as well as a suggested role of ERK signaling in late-staged enterocytes positioned 

around acute apoptotic cells 119. These surrounding cells have been proposed to receive 

temporary survival signals to prevent simultaneous apoptosis of larger cell patches which 

could damage the epithelial integrity 119.  

Together, these results indicate that MAPK pathway activity status is regionally and 

spatiotemporally confined in FLUC control and KRASG12V organoid cultures. However, it can 

be overridden by BRAFV600E expression, independently of cell type or spatial location, and 

this reprogramming by a BRAFV600E-specific gene expression program further leads to a 

substantial disruption of differentiation trajectories. 

4. 4. 37BERK-dependent reporter activity and single-cell analysis identify 
differentiation as major determinant of KRASG12V responsiveness 

Since activating mutations in KRAS are the second most common oncogenic mutations in CRC, 

the absence of KRASG12V-induced MAPK activity, phenotypes or gene expression alterations 

in our intestinal epithelium model left us astonished. Following the idea that activity might be 

subtle and restricted to certain cell types, we employed p-ERK reporter studies to visualize 

MAPK activity at single-cell resolution. The FRA1-based integrative reporter of ERK (FIRE) 

translates ERK kinase activity into stability of a nuclear venus fluorescent protein and has been 

reported as a highly dynamic readout for p-ERK signaling 120. FRA1 protein is the gene product 

of FOSL1, an IEG of the FOS family, and phosphorylated by activated ERK increasing its stability 

(see chapter 2. 6. 3. & 2. 6. 4). Using intestinal organoid cultures of our doxycycline-inducible 
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transgenic mouse models, I transfected the FIRE reporter into organoids harboring copies for 

KRASG12V, BRAFV600E or FLUC by viral transfection (Fig. 10 A, B). After selecting and 

propagating single clones derived from transfected crypts which assured a more homogenous 

reporter signal distribution within each culture, I analyzed living and fixed organoids by 

confocal fluorescent microscopy. 

4. 4. 1. 76BEssential niche growth factors exhibit unexpected impact on FIRE activity 

FIRE fluorescence in uninduced organoids, grown in usual culture medium containing EGF, R-

spondin 1 and Noggin, revealed a defined pattern with stronger signal intensity throughout 

the crypt domains whereas cells in the differentiated villus-like compartment were almost 

entirely negative for nuclear FIRE signal (Fig. 10 C). Exceptionally – but in line with our single-

cell RNA sequencing results – rare FIRE-positive cells could indeed be identified within the 

differentiated villus tissue, probably marking apoptosis related MAPK signaling.   

Treating established organoids with culture medium lacking EGF for 24 h resulted in 

remarkably persisting FIRE fluorescence in the crypt base (Fig. 10 C), presumably emerging 

from EGF-secreting Paneth cells that signal in autocrine and paracrine ways 3 and/or by release 

of inhibitory feedback mechanisms. 

Indeed, analyzing this model with antibody staining against p-ERK in a capillary western 

experiment we could show that 24 h EGF-starvation even increased ERK phosphorylation. As 

inhibiting EGFR abrogated starvation-persistent p-ERK levels in this setting, inhibitory 

feedback mechanisms on EGFR seem to be at least partly responsible (El-Shimy, IA, Brandt, R. 

unpublished data). However, analyzing production/secretion of EGF in Paneth cells (or other 

cell types) would be necessary to distinguish between increased EGF secretion that elicits 

autocrine/paracrine signaling on the one hand and intracellular feedback relieve on the other 

hand acting at the receptor level, e.g. through increased EGFR expression. 

Similar, I found WNT-associated and stemness promoting factor R-Spondin 1 (RSPO1) to have 

little visual impact on FIRE fluorescence pattern after RSPO1 depletion for 24 h (Supplement 

Fig. 8). Moreover, the FIRE fluorescence pattern was still seen in additional absence of EGF 

from the culture medium. In contrast, measuring p-ERK level via capillary western from whole 

organoid lysates, we could detect a ~2.5-fold decrease of ERK phosphorylation in the absence 
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of RSPO1 93.  Together, these results show first, that MAPK signaling in multicellular organoid 

is remarkably persistent to short-term (24 h) growth-factor starvation. But second, there is 

indication that RSPO1-driven signaling crosstalks to the EGFR-MAPK pathway axis, either 

directly or indirectly by altering cell fate within 24 h. 

 

Another factor being essential for long term propagation of intestinal stem cells is the BMP 

pathway inhibitor Noggin 10. Leaving out Noggin from the organoid culture medium and 

adding the ligand BMP-4 promotes stem cell differentiation 96 and causes organoid forming 

capacity to decline progressively until the culture collapses completely, usually after ~3 

passages. Up to that point, I repeatedly imaged FIRE in organoid cultures and, despite the 

expected decrease of intact organoids, I could not find any differences in FIRE signal intensity 

or pattern (Supplement Fig. 9). Even organoids, that had formed after a two-week absence of 

exogenous Noggin and presence of BMP-4 still displayed regular FIRE signal throughout the 

entire crypt domain indicating that direct perturbations of the EGFR-MAPK signaling axis are 

not part of BMP-driven differentiation pathways in intestinal organoids. 

4. 4. 2. 77BCombined FIRE and immunofluorescence analysis identify KRASG12V 
responsive and unresponsive cell populations  

Next, I conditionally expressed the FLUC control, KRASG12V or BRAFV600E-encoding 

transgenes in three-day old FIRE transfected organoids to assess the impact of oncogene 

expression on spatial MAPK pathway activation in the intestinal epithelium. Transgene 

induction was strong and consistently activated in cells of the differentiated villus-like 

compartment as inferred from tdTomato fluorescence (Fig. 11 A). In contrast, transgene 

induction in the budding crypts was highly variable across cells allowing to compare individual 

tdTomato-positive and negative cells. I found tdTomato-FLUC control transgene expression to 

have no effect on FIRE signal activity. Induction of the BRAFV600E transgene led to widespread 

and strong FIRE signals throughout the entire organoid. In KRASG12V expressing cells, the 

pattern was more complex: while single tdTomato-positive cells in the crypt showed stronger 

FIRE signal compared to their transgene-negative neighbors, other crypt cells appeared 

unaltered (Fig. 11 A). Remarkably, the differentiated villus cells around the central lumen 

remained largely unaffected by oncogenic KRAS. In general, FIRE-positive cells displayed rare 
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events in the villus-like domains while the majority of enterocytes were FIRE-negative despite 

tdTomato-KRASG12V transgene expression being most pronounced in this compartment (Fig 

11 A).  

Immunohistochemistry staining on consecutive slices of our organoid models using antibodies 

against p-ERK and Ki67 further confirmed the differential signal transduction from KRASG12V 

to ERK. (Fig. 11 B). Cells positive for p-ERK were markedly underrepresented in the central 

Ki67 negative villus compartment, despite strong tdTomato-KRASG12V staining. 

 

In order to assess the heterogeneous MAPK pathway response together with the variable 

tdTomato-transgene induction in crypts in more detail, I decided to perform 

immunofluorescence co-staining in FIRE transfected organoids using antibodies against 

marker proteins for Paneth cells or proliferative cells. Within the cell population positive for 

the Paneth cell marker lysozyme (LYZ), I found tdTomato expression to be highly 

heterogeneous, varying from negatively to strongly stained cells (Fig. 12 A). I could validate 

this result by using an antibody against a second Paneth cell marker protein, the surface 

marker CD24 3,117. Of note, this latter antibody stained a substantially lower proportion of cells 

within the crypt compartment when compared to lysozyme staining arguing for a certain 

degree of Paneth cell heterogeneity (Supplement Fig. 10 A). 

Inconsistent transgene expression was also found among cells staining positive for Ki67 

(Fig. 12 B) or OLFM4 (Supplement Fig. 10 B), two markers that have been shown to stain 

proliferative cells or stem cells, respectively 121,122. Thus, the heterogeneous transgene 

expression pattern observed in the crypt compartment could neither be attributed to a 

specific differentiation fade nor to a pro-proliferative versus a non-proliferative status but 

instead affected all major crypt cell types. 

By visually assessing the intensity of the nuclear venus FIRE fluorescence in crypt cells, I found 

the strongest FIRE-fluorescent cells often to be amongst LYZ-positive (Fig. 12 A) or CD24-

positive cells (Supplement Fig. 10 A), respectively; and detecting high basal FIRE levels in 

Paneth cells was in line with our single-cell RNA sequencing experiment showing overlapping 

ERK target and Paneth cells marker signature expression. Strikingly, FIRE fluorescence in LYZ-

positive cells was visibly enhanced in most tdTomato-KRASG12V expressing cells, when 

comparing to their non-tdTomato-KRASG12V expressing neighbors (Fig. 12 C). Using the FLUC 

line in a corresponding control experiment, I could not detect any impact of tdTomato-FLUC 
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expression on FIRE fluorescence intensity (Fig. 12 C). Thus, using immunofluorescence I could 

confirm oncogenic KRAS to be able to further increase downstream ERK phosphorylation in 

secretory Paneth cells, a cell type that was by fate already associated with high ERK pathway 

activity as determined by single-cell RNA sequencing and microscopy using FIRE fluorescence.  

In contrast, FIRE fluorescence intensity in most proliferative, Ki67-positive cells was 

intermediate and not clearly visibly enhanced by expression of KRASG12V. To ascertain 

whether KRASG12V might have subtle effects in Ki67-positive cells, I decided to measure the 

mean pixel intensity of nuclear FIRE fluorescence in 75 cells per condition using image analysis 

software (ImageJ). Within the Ki67-positive cell population, I found on average a 1.3-fold 

increase in FIRE fluorescence intensity amongst cells expressing tdTomato-KRASG12V when 

comparing to non-tdTomato-KRASG12V expressing cells or to FLUC controls (Fig. 12 D). 

Taken together, using confocal microscopy of three-day old FIRE transfected organoids, I could 

show that ERK activity in most differentiated enterocytes cells could neither be induced by 

exogenous EGF nor by KRASG12V expression. FIRE stabilizing capacity of oncogenic KRAS could 

be visibly observed in a substantial fraction of LYZ-positive cells and to a milder extent in Ki67-

positive proliferative cells. Contrarily, inducing BRAFV600E led to widespread and strong FIRE 

signals throughout the entire organoid (Fig. 11 A). These results suggested a strict and cell-

type specific control of MAPK pathway signal transduction induced by EGFR and oncogenic 

KRAS, but not BRAF in the intestinal epithelium. 

4. 4. 3. 78BReporter-assisted single-cell RNA sequencing identifies differential ERK activity 
at various points of differentiation and cell specific response of KRASG12V  

Since immunofluorescence staining identified FIRE fluorescence to be responsive to 

KRASG12V in only a subset of cells, we next used the FIRE reporter to assist selection and 

enrichment of cells for single-cell sequencing. The target was to identify additional cell types 

with elevated ERK/MAPK activity in response to KRASG12V or as being part of natural 

epithelial cell hierarchies. For this purpose, we induced KRASG12V or FLUC expression using 

doxycycline and prepared single-cell suspensions that were sorted by flow cytometry into 96-

well plates for the BD Precise single-cell transcriptomic analysis performed by Dr. Claudia 

Giesecke-Thiel, as described in chapter 4. 3. For this experiment, she only gated cells with 

positive tdTomato fluorescence and either high or low FIRE fluorescence gaining another 197 
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single-cell transcriptomes (Fig. 13 A).  As before, transcriptome sequences were analyzed by 

Dr. Florian Uhlitz. K-means clustering, assigned the cells to 8 cluster visualized in a t-SNE-based 

representation (Fig. 13 B, C). 

Clusters 1-4 contained gene expression signatures of immature and/or secretory cells 

(Fig. 13 D). Cluster 2 was most enriched for ISC, TA and WNT signatures and positive for Ki67, 

but also for Paneth cell marker, like LYZ1 and several genes encoding Defensins, and thus 

probably was composed of Paneth cells and their progenitors (Fig. 13 D, Fig. 14 B). Progenitors 

of secretory cells were found to follow two separated differentiation routes to secretory cells, 

thereby becoming part of either cluster 3 or 4 (Fig. 13 B). Both shared a reduced expression 

of Defensins-encoding genes when compared to their origins but still showed an enrichment 

for secretory cell signatures (Fig. 13 D, Fig. 14 A). Cluster 3 and 4 were separated by 

transcriptomic distance and specific marker gene expression. I found several enteroendocrine 

marker transcripts (CHGA, CHGB, NEUROG3, SCN3A and CPE) to be enriched in cluster 3 

whereas LYZ1 was relatively depleted in this cluster, together indicating that it harbors 

transcriptomes deriving from the enteroendocrine differentiation fate (Fig 14 A). Of note, 

cluster 3 was still displaying a moderately enriched ISC signature whereas Ki67 expression was 

low, in line with reports for stem cell plasticity that identified subsets of enteroendocrine cells 

or their precursors to display features of low-cycling reserve stem cells (Fig. 14 A) 123,124. In 

contrast, cluster 4 was characterized by high and simultaneous expression of the goblet cell 

markers MUC2, FCGBP, AGR2, ZG16 and TFF3 while both, stem cell signature and Ki67 

expression was low (Fig. 13 D, Fig. 14 A). Some of these cells were additionally expressing 

Paneth cell marker LYZ1 and MPTX1. This indicates that cluster 4 contains fully differentiated 

goblet cells as well as cells in an intermediate state between goblet and Paneth cell 

differentiation, presumably precursors of both. Together, these results reflect the 

transcriptional heterogeneity of the secretory cell fate and within the Paneth cell population.  

Cluster 1-assigned cells generally expressed lower levels of secretory cell markers, with some 

exceptions: namely 7 out of 44 cells displayed expression of enteroendocrine markers and 4 

out of 44 displayed Paneth cell signatures (Fig. 13 D, Fig. 14 A). In contrast, TA/ISC signatures 

were found to be strongly enriched and WNT signatures to be moderately enriched. Taken 

together, I conclude that cluster 1 contained a minority of stem cells that were probably 

already committed to secretory cell lineage or alternatively, secretory cells with active cycling 

capacity, which would be in line with a recent study 125. The majority of cluster 1 assigned cells 
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were however composed of stem cells and TA cells moving upward the differentiation path, 

thereby overlapping with cluster 5 to become part of the absorptive cell lineage. In turn, the 

latter was formed by large proportions of cluster 5 and cluster 6, 7 and 8. Enterocyte marker 

signatures gradually increased in those, with the enterocyte marker gene FABP1 being the top 

defining gene of all the three absorptive clusters 5-7 (Fig. 13 B, D, Fig. 14 A). Cluster 8, 

positioned at the very end of the differentiation directory, showed also enrichment of 

enterocyte markers but low expression of FABP1. Other differences compared to the other 

enterocyte clusters were an increase in the expression of the genes GM10800, GM10801 and 

the mitochondrial encoded gene MT-CO1 (mitochondrial cytochrome c oxidase subunit 1, also 

known as COX1) (Fig. 14 A). Increased activity of MT-CO1 is an inducer of intrinsic apoptosis 

through oxidation of cytochrome c and subsequent activation of pro-caspase 9 126,127. 

Likewise, mitochondria with deactivating mutations of MT-CO1 seem to be positively selected 

in colon crypts during aging and are involved in colon carcinogenesis arguing for a role of MT-

CO1 in apoptosis of intestinal cells 128. GM10800 and the ncRNA Gm10801 have so far been 

poorly described. GM10801 has been shown to be enriched in dying muscle fibers in a mouse 

model of dystrophy 129. Together, these results are in agreement with cluster 8 consisting of 

cells at the very end of the differentiation trajectory. 

 

Using that observational basis about positioning within the differentiation trajectories, I 

assessed the distribution of transcriptomes derived from KRASG12V expressing FIRE-high cells 

(Fig. 13 C, D). These cells were confined to three distinct groups on the t-SNE-based 

representation, that are first, TA/ISC cells of cluster 1, second, late-stage enterocytes of 

clusters 7 and 8, and third, cells of secretory lineage of cluster 2 and 4. In contrast, enterocytes 

of clusters 5 and 6 were almost completely depleted from FIRE-high cells, validating the results 

from immunofluorescence microscopy. Interestingly, within the TA/ISC-forming cluster 1 

most KRASG12V/FIRE-high cells strictly aligned at the border to the early enterocyte cell fate 

cluster 5, whereas KRASG12V/FIRE-low cells positioned more distal to this border. This 

indicates that intestinal organoid cells at the transition from undifferentiated to differentiated 

state, i.e. probably committed TA cells, were preferably able to transduce ERK signaling 

downstream of oncogenic KRAS into stability of the FIRE reporter. However, inspection of the 

MAPK-driven ERK target gene signature in this specific population revealed a counterintuitive 

picture: the ERK activity that we inferred from FIRE stability did not substantially increase the 
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expression of ERK signature genes (Fig. 13 D). Further, those KRASG12V expressing committed 

TA cells were positioned very closely to their FLUC control expressing counterparts within the 

T-SNE map (Fig. 13 C). This calls into question whether KRASG12V/ERK/FIRE signals further 

transduce into a strongly altered transcriptional program within this cell fate. In addition, the 

discrepancy between FIRE-positivity and generally low expression of ERK signature genes in 

transcriptomes of this sub cluster – being in transition from TA cells to early enterocytes – was 

also observed for FLUC control expressing cells. Thus, it might be explained by quickly 

diminishing ERK target gene transcription in committed TA/early enterocytes that transiently 

remain FIRE-positive due to the integrative characteristics of the reporter 120. Dynamic 

changes of transcription in response to differentiation would in this case be faster than 

degradation of the fluorescent reporter dye. Alternatively, the crowding of KRASG12V/FIRE-

high cells at the cluster 1/5 border might reflect a partial interruption or temporary delay 

along the regular differentiation route that is induced in oncogenic KRAS transducing cells, 

however, the low amounts of single-cell transcriptomes did not allow to calculate cluster 

proportions that could validify this observation. 

Discrepancy between  FIRE positivity and ERK signature expression was also observed for the 

enteroendocrine cells harboring cluster 3: like all other secretory cell clusters, this cluster was 

strongly enriched in ERK signature genes, however it was the only one being largely depleted 

of FIRE positive cells (Fig. 13  D). Of note, we found KRASG12V and FLUC control expressing 

cells to intermingle within all secretory cell clusters. As cluster 3 is completely negative for 

Ki67 expression (Fig. 14 A), this indicates that non-cycling enteroendocrine cells might request 

a proliferation-independent, specific transcriptional program for differentiation 

encompassing expression of signature genes overlapping with our ERK target signature. 

However, these results indicate that expression of this signature is initiated without or with 

low participation of FRA1. 

FIRE-high cells were also found within late-stage enterocytes at the end of their lifespan 

(Cluster 7 and 8), and those FIRE-high cells displayed consistent expression of ERK signature 

genes. Cluster 7 differed from cluster 8 in that it contained a large proportion of all late-stage 

KRASG12V/FIRE-high/ERK-signature-high transcriptomes and interestingly, cluster 7 was the 

only cluster identified that almost exclusively harbored KRASG12V expressing cells without 

intermingling FLUC control expressing cells (Fig. 13 D). Despite forming its own cluster in the 

t-SNE based representation, we noticed an overall transcriptional similarity between cluster 7 
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and other enterocyte clusters as inferred from top differentially expressed gene sets 

(Fig. 14 A). These results suggest that even in cells capable to fully transduce KRASG12V-

induced signaling, overall downstream gene expression alterations were relatively narrow 

when compared to the BRAFV600E-induced broad transcriptional changes. 

Taken together, the single-cell RNA sequencing and reporter-based analysis showed that crypt 

cells, encompassing ISC/TA but foremost secretory cells and their precursors were positive for 

ERK signaling while ERK-induced transcriptional programs quickly started to fade out along the 

upward moving absorptive cell differentiation route. Exceptionally, late-stage enterocytes 

showed a burst of ERK activity, probably due to apoptosis related signaling 118,119. This pattern 

of ERK activity remained largely insensitive to induction of KRASG12V with the exception of 

moderate and cell-specific impact of the oncogene on a subset of cells. Those were secretory 

cells, proliferative cells and late-stage enterocytes with overall minor effects on ERK specific 

transcriptional programs. In stark contrast, BRAFV600E-induced cell non-specific ERK-activity 

that substantially disrupts regular cell differentiation routes. 

4. 5. 38Bβ-Catenin interacts with KRASG12V in regulating ERK 
phosphorylation and EGFR signal autonomy 

WNT/β-Catenin pathway activity has been shown to be high in the crypt compartment and 

low in unresponsive enterocytes 5,30, a pattern than markedly overlaps with our assessment 

of regionally confined MAPK activity (see also overlap of WNT and ERK target gene expression 

in Fig. 9 C). Additionally, we observed MAPK activity to be partly dependent on addition of 

exogenous RSPO1 (a WNT co-activator) in our intestinal organoid model (see chapter 4. 4. 1.), 

whereas solely activation of oncogenic KRAS had only minor impact. I asked therefore whether 

WNT/β-Catenin activity might enable the cellular ERK response in the intestine. This is 

particularly interesting in the context of findings that oncogenic KRAS mutations frequently 

follow mutations activating the WNT/β-Catenin pathway in the conventional pathway of CRC 

progression 15,33. 
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4. 5. 1. 79BCombined KRAS and β-Catenin activity breaks villus specific block of MAPK 
pathway responsiveness  

To address this question, I analyzed ERK phosphorylation using IHC in small intestines of 

doxycycline-inducible mice that carried single or combined transgenes encoding stabilized β-

Catenin and KRASG12V (Fig. 15 A). These mice strains had been created analogously to the 

beforementioned transgenic KRASG12V, BRAFV600E and FLUC model systems 97. 

Upon doxycycline induction of the single KRASG12V transgene, I detected a small ribbon of 

cells with increased p-ERK staining along the crypt-villus junctions, the border region between 

proliferative and differentiated compartment, when compared to control mice intestines. This 

in vivo result partly fits our organoid based single-cell RNA sequencing results in which I 

identified ERK-responsive reporter fluorescence in a KRASG12V expressing cell population 

that clustered precisely at the border between proliferative cells and early enterocyte, as 

inferred from differentiation trajectories and marker signature expression (compare chapter 

4. 4. 3.). However, p-ERK immunohistochemistry staining patterns differ between organoid (in 

vitro) and mouse intestinal tissue (in vivo) as I could not detect a strictly localized, ribbon-like 

increase of p-ERK staining pattern in vitro following KRASG12V induction (Fig. 11 B). Similar, 

FIRE fluorescence of KRASG12V induced organoids did also not display a ribbon-like pattern 

(Fig. 11 A). 

I asked whether stromal ligands, not present in our in vitro model, might synergize with 

oncogenic KRASG12V to drive the observed increase in ERK phosphorylation of cells 

positioned at the crypt-villus junction. To test for this possibility, I added ligands usually 

secreted by intestinal stromal cells to our organoid culture. The MAPK-active ligands HGF 130 

(also known as scatter factor) and HRG (also known as neuregulin 1) 131, respectively, were 

given to KRASG12V and FLUC induced organoid cultures and I measured ERK phosphorylation 

using a flow cytometry-based approach. I could not observe any increase in ERK 

phosphorylation in response to HRG, while HGF tendentially let to a moderate increase within 

cell populations with intermediate to high KRASG12V expression as inferred from tdTomato 

fluorescence (Supplement Fig. 11 A, B). However, a similar increase was observed in cells that 

expressed the FLUC control transgene. As p-ERK levels varied considerably between replicated 

experiments, more replicates than the three performed would be necessary to determine 

whether HGF induce significant effects. Further, as tdTomato expression is partly depending 
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on the differentiation state of cells, one can reason that HGF-responsiveness of tdTomato-

high cell populations (in both, FLUC as well as KRASG12V expressing organoids) is depending 

on differentiation as well, for which this experiment was not controlled. Nevertheless, a clear 

synergistic or additive effect of double HGF- and KRASG12V inducing treatment on p-ERK 

levels was not observed when compared to single HGF treated cultures, which is why I did not 

follow up these results. 

 

Regarding the in vivo transgene expression pattern, I found tdTomato in the crypt to be 

expressed patchy (see tdTomato staining in Fig. 15 A, lower panels), and hence the KRASG12V-

induced increased phosphorylation of ERK at the crypt-villus junctions might therefore not 

clearly visibly extend into the crypt base. 

As expected, most of the villus compartment distal of the crypt-villus junction was largely 

negative for p-ERK staining despite strong expression of tdTomato-KRASG12V fitting the in 

vitro results. I could identify single and sometimes grouped cells residing at the tip of the villi 

that stained strongly positive for p-ERK (Fig. 15 A). However, this phenomenon was observed 

independently of KRASG12V expression, confirming the previous organoid-based findings of 

high MAPK activity in some of the late-stage enterocytes (compare 4. 3. and 4. 4. 3.). 

 

Interestingly, I also detected increased p-ERK staining at the crypt-villus-junction of mice 

expressing single stabilized β-Catenin (Fig. 15 A). The observed localized pattern of strong p-

ERK staining at the crypt villus junction was highly similar to that observed in solely KRASG12V 

expressing mice and allows for the assumption of interconnectivity of both pathways. And 

indeed, in mice that expressed the double KRASG12V–β-Cateninstab transgene many cells 

staining positive for p-ERK were found throughout the entire villus domain, i.e. from the crypt-

villus junctions up to the tips (Fig. 15 A). Thus, the irresponsiveness of ERK activation in most 

villus cells to solely KRASG12V expression may be explained by either both, first, the usual 

absence of WNT/β-Catenin signaling in this compartment under physiological conditions or 

second, by endogenous mechanisms attributable to enterocyte differentiation. As a 

consequence, simultaneous ectopic expression of β-Cateninstab and KRASG12V would be 

either able to first, break the compartment-specific block from KRAS signaling to its 

downstream partners within the MAPK cascade in enterocytes or second, alters the 
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differentiation status of enterocyte villus cells towards MAPK-responsive cells like 

undifferentiated, TA or secretory cells. 

Interestingly, I found p-ERK positive enterocytes at the tip of villi to be a rare event in mice 

expressing β-Cateninstab (Fig. 15 A). This might indicate that ectopic expression of β-Cateninstab 

decreases the proportion of fully differentiated enterocytes and thereby alters the epithelial 

cell type composition. Alternatively, it could decrease apoptotic events. 

4. 5. 2. 80BLong-term expression of β-Cateninstab alters differentiation and promotes role 
of oncogenic KRAS in sustaining EGF independent growth  

In order to investigate long term effects of β-Catenin activity in vitro, we next assessed 

KRASG12V-dependent proliferation and ERK phosphorylation in spheroid cultures that have 

undergone a switch to an adenoma-like phenotype after long-term activation (over several 

passages) of stabilized β-Catenin and subsequent removal of the WNT co-ligand RSPO1 

(Fig. 15 B, C, D). These cells partially phenocopy an adenoma-like state in the conventional 

CRC progression pathway, that is an early stage in tumor development which evolves after 

activation of the WNT/β-Catenin pathway, but before oncogenic MAPK activation 96. During 

organoid to spheroid transition the intestinal in vitro models successively lost their 

hierarchical crypt-villus structure and cell differentiation pattern; Paneth cells were not any 

longer observable after a full switch to spheroids. In contrast to all hierarchical organoids 

assessed so far (that are, without long-term induction of a β-Cateninstab transgene), we found 

that adenomatous spheroids kept proliferating in the absence of EGF in the culture medium 

over several passages. And this was regardless of whether they express a transgene encoding 

β-Cateninstab, or a transgene encoding both β-Cateninstab and KRASG12V. As it is known that 

intestinal epithelial cells actively secrete EGF 3,132, we asked whether spheroid cells proliferate 

independent of EGFR signaling. We tested for self-sufficiency of spheroid proliferation by 

applying the EGFR inhibitor Gefitinib 133 which suppresses residual autocrine or paracrine 

EGFR signals. Under these conditions, the growth of solely β-Cateninstab-expressing spheroid 

cultures stalled while combined β-Cateninstab- and KRASG12V-expressing spheroids maintained 

proliferation (Fig. 15 C, D). This observation contrasted with our findings for organoids derived 

from normal intestinal tissue, which were highly EGF dependent and could not employ 
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KRASG12V to sustain proliferation (Fig. 7 D). These results strongly suggest that oncogenic KRAS 

mutations are able to provide growth factor independent proliferation selectively in a pre-

mutated adenomatous state which is characterized by long-term adapted β-Catenin activity 

similar to the conventional CRC progression route. 

Despite induction of β-Cateninstab, we measured generally lower p-ERK levels in adenomatous 

spheroids compared to normal tissue organoids (Fig. 7 B). This is in contrast with our finding 

of increased ERK phosphorylation after short-term β-Catenin activation in normal tissue but 

can be explained by the general absence of Paneth and other secretory cells in spheroids, e.g., 

cell types that we previously have shown to display the strongest MAPK activity in our 

organoid models.  

Together, experiments using ectopic β-Cateninstab expression indicate that functional 

interactions between the WNT/β-Catenin and MAPK pathways in the intestine might be 

altered in adenomatous tissue when compared to normal intestinal epithelium. More specific, 

β-Catenin adapted cells are selectively provided advantage when employing oncogenic KRAS 

to pursue growth factor independence. 

4. 5. 3. 81BDifferent strengths of KRASG12V to ERK signal transduction in CRC cell lines 

Collectively, data from our intestinal model point to highly context depending signal 

transduction from KRAS to ERK. Hence, transduction may be subject to adaptation by genetic 

or epigenetic alterations in the course of colorectal cancer progression. In order to test this 

hypothesis, I measured ERK phosphorylation after oncogenic activation of KRAS or BRAF in 

two CRC cell lines (SW48 and Caco2) harboring no endogenic mutations in any of the RAS or 

BRAF genes (Fig. 16). Using lipofectamine both, SW48 and Caco2 cells were transfected with 

doxycycline-inducible expression vectors for either KRASG12V, BRAFV600E, or the FLUC 

control, each of the transgenes linked to tdTomato analogue to our doxycycline-inducible 

murine models. By use of flow cytometry, I measured ERK phosphorylation 24 h after 

transgene induction (Fig. 16 A, B). It turned out that even low expression of BRAFV600E, as 

determined by tdTomato fluorescence, drastically increased ERK phosphorylation in both cell 

lines, a result notably similar to what has been observed in our intestinal organoid model. In 

contrast, the capability of KRASG12V to induce phosphorylation of ERK was cell line 
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depending. I found ERK phosphorylation gradually increasing with expression of tdTomato-

KRASG12V in transfected Caco2 cells, whereas in SW48 even cell populations displaying high 

levels of KRASG12V-associated fluorescence were unable to notably induce ERK 

phosphorylation. This result is in line with a distinct modulation of KRAS to ERK transduction 

in Caco2 versus SW48 cells. 
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5. 12BDiscussion 

5. 1. 39BHypothetical model of BRAFV600E-induced epithelial serration, 
disintegration, stem cell depletion and stromal balancing in SSL 

5. 1. 1. 82BDisintegration is driven by increased MAPK and in the presence of 
desmosomes despite deregulated cell-adhesion genes 

Here, using small intestinal epithelial organoids of a BRAFV600E-inducible mice model, we 

could show that oncogenic BRAF drives MAPK activity in all epithelial compartments, that is 

from crypt to villus.  

Expression of BRAFV600E induces a serration-like phenotype which is characterized by cells 

loosening contact to and becoming separated from the epithelial boundary, eventually leading 

to complete disintegration of the organoid within days. We could attribute BRAFV600E-elicted 

high MAPK activity to be the cause of epithelial disintegration as inhibitors of downstream 

MEK- and ERK kinases attenuated the observed phenomenon.  

On ultrastructural level, 24 h BRAFV600E-induced organoids presented with highly 

misoriented cells and grossly disturbed apical surfaces, but intriguingly, epithelial 

disorganization and disintegration took place in the presence of desmosomes conferring 

lateral cell-cell-adhesion. We additionally recognized desmosomes at apical cell membranes 

next to microvilli which can be interpreted as disturbance of cell polarity because desmosomes 

are usually localized at the lateral plasma membranes at a position basally of the more apically 

localized zonulae occludentes. Alterations in cell-cell-contacts and organoid organization was 

also shown in an independent oncogenic BRAF organoid model 134. 

The establishment of single-cell suspensions upon usage of tissue dissociation reagents was 

delayed in BRAF-induced organoids. The increased resistance to cell dissociation reagents was 

accompanied by a broad transcriptional upregulation of genes coding for proteins structurally 

involved in cell-cell-adhesion and cell-matrix-adhesion. On the other hand, BRAFV600E 

induction visibly promotes the dissociation of cells from the epithelial tissue up to complete 

disintegration within less than two days. This paradoxical circumstance may suggest a genesis 

that is primarily independent of cell-contact insufficiency. A possible scenario explaining 

BRAFV600E-induced disintegration would be based on the fact that epithelial cells transiently 
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alter their position within the epithelial boundary as part of the regular cell division. Regularly, 

the dividing nucleus is observed at a position more apical than those of its neighboring cells 

marking transient detachment of the epithelial cell from the extracellular matrix. This 

migration of the mother cell, mitosis, correct reintegration of the daughter cells into the 

epithelial boundary complained by reattachment to the basement membrane are highly 

organized processes that require proper cell polarization, orientation and remodeling of the 

cell shape and the cytoskeleton 135. In a setting in which cell apical surfaces, orientation, shape 

and polarization are disturbed, like observed shortly after onset of BRAFV600E expression, 

failure in daughter cell reintegration after mitosis might be a reasonable consequence and 

could correspond to the observed tufting of cells at the luminal border. Also, the observed 

altered expression of genes involved in cytoskeletal dynamics might impair targeted cell 

motility and proper cell division. IHF staining against components of the cytoskeleton would 

be a next step clarifying the extend of cytoskeletal reorganization in BRAFV600E-induced cells 

on a protein level. Primary cells that fail reintegration could irrevocably lose connection to the 

extracellular matrix or to surrounding cells thereby contributing to the observed 

disintegration processes, and following these cells could become prone to anoikis 136,137 

associated cell death. Indeed, short-term BRAFV600E-induced organoids ultrastructurally 

present with more than a single cell layer whereby the inner (more apical) cells appear to be 

devoid of contact to the basement membrane as assessed by single sectioned TEM 

micrographs. In order to visualize whether cells, like in stratified epithelia, completely loose 

contact to the matrix or still establish small matrix-connections by protrusions, electron 

tomography would be a confirmation method of choice. In addition, post-sectioning EM 

immunogold labeling using antibodies against markers of cell cycle could clarify whether these 

inner cells are preferentially associated with cell division.  

5. 1. 2. 83BCD44 protein expression is strongly altered upon BRAFV600E induction 

Expanding the present study, Dr. Thomas Sell from the research group of Prof. Nils Blüthgen 

(IRI and Institute of Pathology, Charité, Berlin) performed additional experiments using our 

doxycycline-inducible organoid models in a mass cytometry (CyTOF) approach allowing multi-

proteomic analysis at single-cell resolution. The joint results were published as Brandt & Sell 
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et al 93. The BRAFV600E induced generalized MAPK activation pattern was confirmed in the 

CyTOF experiment 93. The antibody panel used in the CyTOF experiment included CD44 and 

revealed BRAFV600E-induced cells to express much higher CD44 protein levels. CD44 is known 

as hyaluronan receptor, and hyaluronan (HA) binding to CD44 is involved in cell-cell and cell-

matrix adhesion and can promote cell migration 138. Performing a CD44 knockdown via RNAi 

or applying CD44-inhibitors 139 to BRAFV600E-induced organoids may show to which extend 

CD44 expression is involved in the observed phenotype of misoriented cells and structural 

disintegration. Elevated CD44 expression upon oncogenic BRAF induction is also interesting in 

the scope of constant effort to synthesize and structurally modify hyaluronan-derived or 

hyaluronan-coated nanoparticles to be used as a system of targeted drug delivery 140-147. CD44 

exists in plenty of isoforms, the smallest amongst called CD44 standard (CD44s) is ubiquitously 

expressed with elevated levels within liver tissue 141. Other CD44 isoform variants (CD44v) 

occur only in few tissues but have been described to be expressed in various cancer 138,148,149. 

HA-CD44 interaction is a known driver of cancer 150 but to the best of my knowledge, there 

has been no study investigating CD44 expression in specifically BRAF-mutated intestinal 

cancer or BRAF-driven cancer cell models. In light of our results, it might be worth to assess 

whether CD44s overexpression and/or expression of specific CD44v are present in BRAF-

mutated CRC as these could constitute potential novel targets for hyaluronan-based targeting 

approaches.  

In a recent study, Chen and colleagues performed single-cell RNA sequencing to compare large 

sets of conventional and serrated premalignant lesions and found CD44 upregulation in cell 

types that were strongly enriched in conventional adenomas when compared to serrated-

specific cells, and therefore included CD44 into a conventional adenoma-specific signature 

that was opposed to a serrated-specific signature 151. Joanito and colleagues employed these 

signatures to validate the origin of human tumor epithelium 70. Defined by single-cell 

transcriptomics enabling to dissect epithelial and mesenchymal components of CRC, this work 

proposed a refinement of bulk RNA-sequencing-based CMS-classification (see chapter 2. 5)  70. 

They identified two major intrinsic epithelial subtypes, termed iCMS2 and iCMS3, consistently 

underlying most colorectal cancers. Based on these two intrinsic subtypes (I), microsatellite 

status (M) and fibrosis (F) were proposed to orthogonally cluster CRC into altogether 5 

subgroups setting up the IMF classification system 70. Joanito and colleagues 70 found most of 

the conventional adenoma-specific signature genes 151 upregulated in iCMS2 while most of 
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the serrated-specific signature 151 genes were upregulated in iCMS3 cancer, which fitted 

several other lines of molecular- and regulon-based evidence of dichotomy in CRC genesis 

which was provided in the study. Counterintuitively, CD44 was regulated in a opposite way as 

its expression was strongly enriched in serrated-associated iCMS3 70. Similar, Chen and 

colleagues found CD44 transcripts enriched in MSI-high tumors derived from two independent 

CRC datasets 151. These results may point to a role of CD44 in initiation of conventional 

adenoma but also in progression of serrated lesions which is reminiscent of the controversially 

discussed reestablishment of certain stem-cell characteristics and WNT/β-Catenin pathway 

activation during serrated progression to malignancy 70,151-155. Downregulation of CD44 in 

early serrated lesion is also in line with the recently proposed top-down model of initiation of 

serrated lesions that considers differentiated cells as cells of origin 70,151.  

Of note, we found CD44 protein to be increased in a primary background upon induction of 

both, oncogenic BRAF and KRAS, but further work should be directed to assess CD44 isoform 

expression and whether interference with CD44 may impact oncogene-induced phenotypes. 

5. 1. 3. 84BDirect versus indirect effects of BRAFV600E on stem cell gene expression 
signatures and stem cell depletion 

Taken together, actively dividing cells – that physiologically perform transient alterations of 

shape, orientation and positioning – might be prone to become depleted from the epithelial 

boundary upon oncogenic BRAF expression.  

Indeed, BRAFV600E induction was previously shown to prompt a vigorous depletion of 

intestinal stem cells (in vivo and ex vivo) as visualized by OLFM4 in-situ hybridization and read-

out of various other stem cell markers using qRT-PCR 95.  

Interestingly, by increasing stemness and stem cell marker gene expression through 

simultaneous application of GSK-3β inhibitor CHIR99021 (see also 95), we could only 

temporarily prolong surviving of BRAFV600E-induced organoids until ultimate disintegration. 

This argues in favor for a continuous depletion of stem cells from the pool rather than a solely 

direct downregulation of stem cell signature gene expression by BRAFV600E. Further support 

derives from our single-cell RNA sequencing experiment using cells sorted for transgene 

expression: while a proportion of BRAFV600E expressing cells displayed a unique expression 

profile that was not shared with FLUC or KRASG12V expressing organoids, a certain number 
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of cells retained stem cell-like transcription profiles despite BRAFV600E expression. As cell 

counts from BRAFV600E expressing organoids were low in this experiment, its interpretation 

has to be taken with care, but this result might indicate that an immediate interference of 

oncogenic BRAF with the expression of stem cell signature genes might not be the main cause 

(or at least not the only cause) of the observed loss of stem cells. Similar, Riemer et al 95 

detected no early alterations in stem cell and β-Catenin signature gene expression when 

analyzing FAC-sorted stem cells after short-term induction of oncogenic BRAF. In contrast, 

short-term BRAFV600E-induced alterations in cell orientation, polarization and epithelial 

organization might increase a dividing cell’s probability to become depleted from the tissue 

thereby contributing to its disintegration. Yet, additional experiments – for instance using 

time lapse microscopy combined with live-cell DNA and cytoskeleton protein staining to 

proper visualize the process of mitosis in BRAFV600E expressing organoids – are needed to 

validate the herein proposed hypothesis of indirect stem cell depletion. 

5. 1. 4. 85BContextual variability of in vivo and ex vivo phenotypes might be addressed to 
the stroma 

Comparing the BRAFV600E-induced phenotype in vivo and in intestinal organoids, we found 

similar deleterious effects leading to epithelial disorganization. However, the epithelial 

reorganization in murine intestine was less pronounced when compared to our ultrastructural 

data of affected organoids. Despite excessive tufting of cells and fatal loss of progenitor cells, 

the intestinal epithelium did not adopt a stratified or crowded appearance in vivo but 

remained largely single layered. This is in contrast to the observed processes in organoids. In 

the intestine, the adjacent lamina propria functions as a source of anchorage and underlying 

fibroblasts as well as other mesenchymal cells provide stromal growth and differentiation 

factors that are orchestrated in physiological gradients and therefore might stabilize altered 

epithelial signalling to a certain degree. In this regard, the observation that the BRAFV600E-

induced phenotype in our model was less marked in the large than in the small intestine 95 

further reflects the contextual variability of phenotypic expression. A gradual decrease of 

severity of the oncogene induced phenotype from proximal to distal intestine were also 

reported in other models investigating BRAFV600E expression 134,156.  
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One limitation of matrigel-based organoid models using epithelial cells 10,91,157-159 is the lack of 

connective tissue cells providing critical niche factors. Hence, those need to be substituted 

with the culture medium which in turn is neither able to simulate a physiologically proper 

gradual distribution nor the regulation of their stromal secretion. Intestinal organoids are 

nonetheless capable to form and sustain distinct cell hierarchies 10,92,160 allowing to 

experimentally address signaling and differentiation mechanisms that are intrinsic to the 

epithelium. But missing the supportive regulative capacity of the stroma, epithelial organoids 

might be more sensitive to intrinsic signaling perturbations like originating from oncogenic 

BRAF than epithelial cells in vivo.  

In this context, I want to discuss another result from the present study: I found expression of 

the stem cell marker OLFM4, which has been shown to be strictly confined to the very bottom 

of the crypts in the murine small intestine 122,161, to be more broadly expressed throughout 

the crypt compartment of small intestinal organoids (Supplement Fig. 10 B). This could be 

interpreted as a less rigid defined stem cell niche in absence of the stromal compartment, and 

this might reflect a less stringent regulation of cell fate due to the missing regulative usually 

provided by the stroma. To further address this hypothesis, organoid coculture systems 

including fibroblasts could be assessed to clarify whether they possess potential stabilizing 

capacity on oncogenic BRAF signaling and epithelial architectural changes. 

In conventional adenoma the epithelial cells typically display nuclear crowding. Thus, the 

average distance between adenomatous epithelial cells and stroma increases notably in this 

type of lesion when compared to normal mucosa. In contrast, SSL – a type of lesion that is 

frequently characterized by early BRAF mutations 162,163 – typically have less extend of nuclear 

crowding and show pseudostratification, e.g., the cells remain in closer proximity to the 

basement membrane and the stroma. One might speculate that the signaling perturbations 

evoked by BRAF mutations onto the epithelium require stronger stromal compensation in 

order to retain a still adequate homeostasis in precancerous lesions. As a consequence, 

extensive nuclear crowding would be negatively selected for in BRAF-mutated lesions leading 

to the structural characteristics of SSL. Also, amongst the most frequent architectural 

alterations within SSL are considered T- and L-shaped crypts above the muscularis mucosae 

as well as inverted crypts (pseudoinvasion) below the muscularis mucosae 164. To my 

knowledge, neither an underlying cause nor a potential tumor evolutionary function has yet 

been attributed to these reoccurring and SSL specific diagnostic features. Speculating, one 
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might interpret both structural alterations as surface area enlargements increasing the 

interface between the epithelium and the mesenchymal niche. In that sense, the alterations 

would reflect a structural adaptation to the prerequisite of increased stromal balancing of 

impaired epithelial signaling. Similar, in serrated lesion, it was reported that remaining stem 

cells localize remarkably consistent at the base of the crypt surrounded by the basal stem cell 

niche 165. In contrast, stem cells are most often inhomogenously distributed along the crypt-

axis in conventional adenoma 165,166 which indicates a self-sufficiency and independency of the 

mesenchymal stem cell niche lacking in serrated lesions. Proximal serrated lesions and 

malignant derivatives were found to have a strong association with CMS1 tumors 151. 

Generation of this tumor subclass is described by early on-set of stromal immune cell 

interaction that was recently found to cooperate with epithelial BRAF mutations to induce 

epithelial metaplasia with transcription profiles reminiscent of gastric or fetal intestinal 

cells 70,155. Of note, Leach et al reported long-term cultivation of otherwise collapsing 

BRAFV600E-induced organoid culture in the presence of proinflammatory mediator PGE2 155.  

Together, these results further emphasize the importance of a potentially stabilizing role of 

the stroma in serrated lesions that requests refinement of cancer models, for instance by 

cultivating our BRAFV600E-inducible epithelial cells with primary fibroblasts, cancer 

associated fibroblasts (CAF) or immune cells from BRAF-mutated cancer. 

5. 1. 5. 86BIntestinal lesions driven by oncogenic BRAF need to overcome stem cell 
depletion 

Within the serrated pathway of CRC, oncogenic BRAF mutations are amongst the most 

frequent and the earliest mutations that can be determined 167,168. On a molecular level, 

progression to more advanced lesions are often accompanied by mutations in p53, by 

adopting CIMP, by MSI and by downregulation of p16, while morphologically, development of 

cytological dysplasia is frequent 52,164,167,169,170. 

In contrast to the evolution of conventional adenoma (polyps) in which stemness increasing 

mechanisms like WNT-activating events, for instance through mutation of APC or β-Catenin, 

are generally considered as initiating events, the origin of the serrated pathway of cancer is 

less clear 165. Early events are activating mutations in the MAPK pathway, foremost in the BRAF 

gene, which frequently come ahead with a relative reduction in stem cell proportion when 
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compared to BRAF wildtype lesions 152,153,165. Along the progression through the serrated 

pathway, WNT-activity and frequency of stem cell marker expression are often restored 70,151, 

and in serrated malignancies, BRAF mutations have even been associated with poor 

differentiation when compared to BRAF wildtype 169. As BRAF mutations are considered early 

or initiating events of serrated lesions 167,168, we are intrigued about the herein reported 

deleterious effects of initial oncogenic BRAF expression on stem cell homeostasis in primary 

intestinal cells and tissue. A cell that is naturally hit by a BRAF activating mutation must likely 

adopt counteracting mechanisms in order to evade depletion in an early stage. Such 

mechanisms might be exploited as a new approach for therapeutic targeting of BRAF-mutated 

intestinal carcinoma, making it worthful to throw lite on the underlying processes in future.  

BRAFV600E expressing aberrant crypt foci (ACF) – one of the earliest detectable forms of pro-

oncogenic intestinal lesions – frequently stain positive for the senescence marker protein p16 

in patients (Bläker, H., personal communication). One interpretation of this observation would 

imply BRAFV600E expression to elicit oncogene induced senescence 171-175. In this regard, two 

conflicting results have been found using our BRAFV600E-inducible model. When compared 

to FLUC control organoids, Brandt and Sell et al 93 noticed an enrichment of a senescence-

associated gene signature upon BRAFV600E induction. Of note, it cannot be ruled out that this 

relative increase was indirect due to the observable depletion of dividing stem cells naturally 

lacking that signature. In support of this, Riemer et al 95 reported no signs of BRAFV600E-

induced senescence in vivo, as indicated by lack of staining for β-galactosidase 95. Again, the 

presence of stroma in vivo and absence in organoid culture might contribute to the differences 

between the studies.  

Another hypothesis, taking into consideration the deleterious effect of initial oncogenic BRAF 

expression present in our inducible BRAFV600E model, acquires the prerequisite that early 

BRAF mutational events in the intestine are preferably subject to detection if they sustain for 

a prolonged period of time by evading depletion. Under the premise of potential BRAFV600E-

induced depletion of dividing stem cells, one possible mechanism to evade negative selection 

would be a mutational event of BRAF that hits either an a priori senescent, quiescent or low 

cycling cell. A p16-positive senescent or low cycling cell hit by an oncogenic BRAF mutation 

could be provided with enough time to adapt further compensatory mechanisms that 

counteract BRAF-induced detrimental effects allowing it to progress and develop into an 

aberrant crypt focus. In that way, senescent or low cycling cells could evade negative selection 
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through initial BRAFV600E mutations, explaining the high correlation between BRAFV600E 

expressing aberrant crypt foci and elevated p16 expression. When comparing BRAF mutant to 

BRAF wildtype serrated lesions, the strong dependency on p16 inactivation upon progression 

to advanced stages 52,55,167,175 further indicates the presence of a mechanistic switch - from an 

early senescence positive to a later senescence negative state - to be particularly important in 

the BRAF-mutated serrated pathway. This switch can be induced by promotor methylation of 

the p16-coding gene CD2NKA. CIMP 57 is associated with this mechanism of silencing, and 

CIMP has also the highest prevalence in BRAF-mutated and MSI-high sessile serrated lesions 
167,172,176. 

In the small intestine, several, partly overlapping stem cell subpopulations characterized by 

various markers (like REG4, BMI1, mTERT, LRIG1, HOPX, MEX3A, CLU) have been shown to 

execute function as low cycling reserve stem cells (RSC) that vigorously become activated 

upon injury, radiation, genetic ablation or inflammation 1,123,177-183. These cells have been 

considered as quiescent or low cycling cells under regular homeostasis, and thus might be 

potential candidates retaining oncogenic BRAF mutational hits for a prolonged period of time. 

In the literature, RSC populations have been described to emerge at cell positions 3-9 counted 

from the crypt bottom, most frequently peaking at position 4. They have therefore been 

referred to as “+4 cells”, e.g. they reside laterally in the crypt, above the basal CBC 

compartment. Interestingly, in some serrated lesions the active stem cell zone is shifted from 

the basal to a more distal, lateral part of the crypt leading to ectopic formation of new mini 

crypts that can form cellular hierarchies 48,164,165,184. To the best of my knowledge, it has so far 

not been investigated whether this specific location may derive from a specific cell type of 

origin, e.g. from a lateral positioned RSC instead of a basally located CBC. 

As our single-cell RNA sequencing analysis revealed several cells to still allocate within the 

stem cell cluster despite presence of short-term induced oncogenic BRAF, it might be 

beneficial to reanalyze that specific cell fraction with respect to expression of RSC marker 

signatures. If the remaining stem cells that are left upon BRAFV600E induction preferentially 

express an RSC versus a CBC signature, it would be indicative that those may sustain oncogenic 

BRAF induction for a prolonged time period. Of note, a higher cell number and in-depth read 

coverage as in the present study, by employing more advanced single-cell RNA-sequencing 

techniques 185, as well as a refinement of the applied stem cell signature would probably be 

necessary when taking into consideration that RSC are generally of low abundance 178,179 and 
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that RSC marker genes have been described as weakly expressed 179,182. Alternatively, 

histological screening of intestinal tissue using marker for RSC-specific proteins in BRAFV600E-

induced mice could provide information about a putative association between BRAF 

expression and RSC cell fate. In addition, genetic models allowing conditional activation of 

oncogenic BRAF under the control of an RSC- compared to CBC- or a TA-specific promotor, 

respectively, could be useful tools to study BRAF-induced depletion rates in low cycling versus 

highly cycling progenitor cell entities. 

In the last years, increasing evidence emerged for stem cell plasticity, inferring 

dedifferentiation of a variety of cell types into cells with stem cell capacity 124,186-188; even slow 

cycling or quiescent LGR5+ cell populations have been reported 179,189-191. This dynamic 

behavior enlarges the pool of candidate cell types and the potential possibilities to escape 

stem cell depletion following initiating BRAF mutation. Most recently, interpretations of large 

arrays of single-cell RNA sequencing data sets derived from tumors and premalignant lesions 

argued for a top-down genesis of a prominent fraction of lesions – including lesions of the 

serrated pathway – in which the initiating cell derived from a differentiated cell 70,151. Yet, the 

initial mechanisms to evade stem cell depletion in an early BRAF-mutated lesion, its exact cell 

of origin and how p16 expression dynamic directs survival and later progression still remains 

elusive but might hold the promise to develop BRAF-specific treatment options. Of note, early 

deleterious BRAF mutations in aberrant crypt foci could potentially also be counteracted by 

mechanisms already present in aberrant crypts. Loss of heterozygosity (LOH) of the tumor 

suppressor gene PTPRJ, coding for a protein tyrosine phosphatase, is frequently observed in 

aberrant crypt foci 192-194. Reported PTPRJ functions are numerous, including 

dephosphorylation of PDGFR 195, HGFR 196, VEGFR 197, EGFR 198 and ERK1/2 199, thus inhibiting 

mitogenic signaling, but it also mediates cell-adhesion and cytoskeletal reorganization 

through binding the ligand heparansulfate proteoglycan syndecan 2 200. However, to the best 

of my knowledge, there is no published study investigating associations of BRAF mutations 

and alterations of PTPRJ in precancerous lesions or carcinoma. 
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5. 1. 6. 87BComparing different conditional BRAFV600E expressing models may reveal 
oncogene sustaining mechanisms 

In the last years, numerous intestinal organoid models have been established to model the 

effects of frequently mutated oncogenes and tumor suppressor genes like APC, p53, KRAS and 

SMAD4 in a primary background 102,201-206. In contrast, there are no reported successful 

attempts of stably expressing oncogenic BRAF in primary cell culture with exception of 

reference 63 which succeeded using adjacent “normal” mucosa derived from resection 

material of CRC patients as source for organoid isolation. Even establishing patient-derived 

organoid cultures from SSL, which are frequently BRAF-mutated, repeatedly failed 
48,55,63,173,175,207, with one exception known to the author 60. Thus, studying early BRAF 

mutation remains a challenge.  

However, a few studies using conditional expression of oncogenic BRAF have been published 

so far. Besides our doxycycline-inducible models 93,95, Dankort et al 208 established a mouse 

model harboring a BRAFfloxV600E allele integrated into the endogenous locus. Bond et al 156 

established an analogous model using a BRAFfloxV637E allele, which displays the murine 

orthologue of the human V600E mutation. In the absence of Cre recombinase, the knocked-

in allele ensures expression of the wildtype BRAF in both models. Expression of Cre drives 

activation of the oncogenic BRAF by recombination, and several studies based on that mouse 

models investigated oncogenic BRAF expression in intestinal organoids with variable results 

regarding survival 134,156,209-212. Some studies chose crossing of the mouse model with a 

Villin::CreERT2 expressing mouse line which allows for tamoxifen-inducible and intestine 

specific expression of Cre recombinase under the control of the Villin promotor 134,155,156,210,211. 

Of those, reference 211 (small intestinal organoids) and reference 134,155 (colon organoids) 

reported organoid disintegration or passaging failure upon BRAFV600E induction while 

references 156,210 (colon organoids) reported organoid survival. These contradicting results 

where possibly partly resolved by another study 209 that induced Cre expression via delivery 

of lentivirus onto organoids derived from the large intestine: in young organoids treated with 

lentivirus, BRAFV600E expression evoked cell death and epithelial disorganization. However, 

the group detected aging-like DNA methylation of multiple WNT-regulator genes as soon as 

11 weeks upon continuous passaging of untreated organoids 209. Thereby increased WNT 

pathway activity was depending on functional β-Catenin and could successfully counteract 
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organoid disintegration upon BRAFV600E induction 209. This result may at least partly explain 

heterogeneous results regarding organoid survival upon BRAFV600E expression in the before 

mentioned mouse models 134,155,156,209-212. In addition, Bond et al independently monitored 

multiple age-dependent and gene-specific methylation events in vivo and reported a strong 

increase over time in BRAFV600E expressing mice when compared to control littermates 156. 

Together, these results indicate that age-dependent methylation of specific genes may be a 

mechanism that enables cells to sustain oncogenic BRAF activation, and that oncogenic BRAF 

propels this process in a self-enforcing way driving progression.  

 

In the last years, oncogenic BRAF expressing primary models have been valuable to identify 

new or validate known potential candidates that synergize with oncogenic BRAF along the 

serrated pathway to CRC: besides methylation 55,63,156,209 and an EMT-promoting and 

metaplasia-supporting mode of action of TGF-β that appears to be specific to a subfraction of 

serrated lesions 63,155, downregulation of CDX1 and CDX2 63,134,209,211,212 seems to play an 

important role in progression, however it is unclear how early these alterations support BRAF-

driven lesions. Using a tamoxifen-induced model of BRAFV600E, Leach et al found YAP-

pathway activity to be essential for survivability of oncogenic BRAF induction in vivo 155. 

Further, the transcription profile reminiscent of a fetal-like epithelial metaplasia induced by 

BRAFV600E was also strictly depending on YAP in organoids 155. Interestingly, the authors 

further reported long-term cultivation of BRAFV600E induced organoids to be successful if 

organoids were additionally treated with the potent proinflammatory mediator PGE2 (see also 

5. 1. 4). Finally, the authors used a combination of BRAFV600E and/or inflammation together 

with TGF-β inactivation to generate new murine models with primary genesis of proximal 

colon tumors 155. These new models seemingly better reflect the topography of human 

proximal colon cancer when compared to previous BRAF models that elicit tumors primarily 

in the small intestine. 

Given the phenotypical heterogeneity regarding survival or cell death of the available 

BRAFV600E expressing organoid models, it could be worth to include models of both 

outcomes in one study for comparing analysis. Potentially identified differences for instance 

in gene expression, epigenetic status or differential MEK-to-ERK signaling might identify 

further potential mechanisms by which primary intestinal cells can cope with the onset of 

early BRAF mutation eventually leading to SSL and CRC. 



86 
 

5. 2. 40BR-spondin 1 potentially synergizes with ERK activity 

The herein established FIRE reporter model allows for spatial tracking of ERK activity by 

fluorescence microscopy. Mature organoids displayed robust ERK activity throughout the 

crypts even upon removing EGF from the culture medium for 24 h. I hypothesize that 

endogenous EGF secreted by Paneth cells 3 is sufficient to sustain the level of FIRE reporter 

fluorescence intensity, or that release of inhibitory feedback mechanisms on EGFR (like 

altered expression or trafficking of the EGFR receptors) are the underlying cause. 

Similar, we noted that removing RSPO1 from the culture medium had little impact on FIRE 

fluorescence intensity. In addition, this was also true for additional absence of EGF from the 

culture medium. In contrast, we found p-ERK levels to be reduced to a half after RSPO1 

starvation as shown by capillary western. It could be, that the sensitivity of FIRE fluorescence 

reporter analysis is not high enough to detect those moderate differences, with view that this 

specific experimental setup did not allow for comparison of neighboring crypt cells within one 

organoid and is therefore limited by means of first, organoid-to-organoid variation and 

second, laser intensity fluctuations between captured images. In contrast, WES capillary 

western has the advantage of high sensitivity, but using bulk organoid protein lysates does 

not allow to control for cell type specific contributions to measured p-ERK levels. The capillary 

western deciphered RSPO1 as a potential regulator of MAPK activity. Whether this regulation 

is indirect, for instance by evoking an RSPO1-dependent shift in cell type composition towards 

cell types amenable for higher MAPK pathway activity, or direct through crosstalk between 

the WNT and the MAPK axis, requests further investigation due to the limitation of the herein 

applied methods. 

In the intestinal epithelium RSPO1 expression was reported to be confined to enteroendocrine 

cells 213, which are rare secretory intestinal cells in vivo as well as in organoids cultured under 

standard conditions. The latter are therefore strictly depending on RSPO1 substitution for 

maintaining proliferative capacity 10. 

Of note, we found secretory cells generally to be amenable for high MAPK pathway activity. 

However, a study investigating secretory cell type composition in the murine intestine 

reported no increase in secretory cells upon ectopic RSPO1 expression and exogenous 

application of recombinant protein, respectively 213, but of note, the in vivo situation sources 

sufficient endogenous RSPO sources to maintain long-term proliferative capacity. We found 
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FIRE signal intensity in cells to remain rather stable after RSPO1 withdrawal (24 h) but 

measured a decrease in p-ERK in protein lysates, which taken together might tendentially 

favor a shift in cell type composition over altered signaling crosstalk in the absence of 

sufficient RSPO sources. 

To the knowledge of the author, there have been no reports so far that RSPO1 activates the 

MAPK pathway, despite RSPO proteins being under investigation since more than a decade. 

The regulative potential of the four mammal RSPO ligands and their receptors Lgr4, 5 and 6 in 

diverse tissue is complex. Ligand binding generally results in amplification of canonical WNT 

pathway but can also activate non-canonical WNT-signaling that acts as a negative regulator 

of WNT-target gene expression 58,214-216. This dual-functionality is further accompanied by the 

potential of RSPO ligands to bind membrane bound heparin sulfate proteoglycans like 

Syndecan 1, 2 and 4 independently of LGR using a ligand protein-domain that differs from the 

LGR-receptor binding domain 216. Reported effects of Syndecan-RSPO interactions are 

controversial as WNT-activation versus -inhibition appears to be highly context depending 
215,217-222. 

During embryonic development of the limbs, impairing WNT-signaling through RSPO2 

knockout resulted in a reduced maintenance of FGF4 and FGF8 expression in the apical 

ectodermal ridge 223. FGF ligands are prominent activator of intestinal MAPK-signaling 224 and 

are expressed in both, stromal and Paneth cells 89,225. Thus, accessing expression of epithelium 

derived FGFs upon withdrawal or addition of RSPO1 in intestinal organoid culture appears as 

a promising starting experiment to determine potential mediators of a potential R-spondin 

1/MAPK pathway crosstalk within the intestinal epithelium. FGF1 226 and FGF9 227 are 

expressed in the intestinal epithelium and would be primary targets of analysis.   

5. 3. 41BFIRE organoid model – potential to decipher enigmatic MAPK-to-
BMP axis in stem cell homeostasis 

Activity of the BMP pathway has been shown to restrict stemness of intestinal epithelial cells 

and induce differentiation 96,228,229. For stem cell maintenance within the crypt, BMP pathway 

activity needs to be inhibited by Noggin, an essential factor secreted by cells of the intestinal 

stem cell niche 87,230. It has been suggested that BMP exerts part of its effect by 
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downregulating the accumulation of nuclear β-catenin thereby reducing WNT pathway 

activity 228.  

In our organoid model highest MAPK activity as measured by the reporter FIRE was displayed 

in the crypt-like domains. It sharply declined upon upward migration and differentiation into 

enterocytes, and I noticed that this spatial pattern correlates with reported BMP pathway 

inhibition. As our FIRE transfected organoids enable us to study ERK activity in response to 

addition/depletion of niche growth factors, I asked whether increased BMP pathway activity 

– resulting from withdrawal of Noggin from the culture medium and addition of BMP4 – may 

directly inhibit ERK signaling, analogously to previously reported WNT pathway inhibition 

trough BMP signaling 228. As expected, adding Noggin and BMP4 to the culture immediately 

decreased organoid forming capacity. But until complete collapse of the culture (usually after 

3 passages) FIRE-positivity of the remaining crypts could be investigated, which is in line with 

a study reporting active proliferation in the remaining crypts under similar conditions 229. Our 

result gave no indication of a BMP-driven direct inhibitory effect on the MAPK axis as the FIRE 

staining pattern and intensity in the crypts remained unaltered throughout the course of 

investigation. This result agrees with a study that emphasized a BMP-dependent direct 

regulation of intestinal stem cell homeostasis 231: the authors identified a stem cell restricting 

mechanism driven by BMP-dependent binding of SMAD4, subsequent recruiting of HDAC and 

transcriptional downregulation of stem cell signature genes, respectively. Analyzing short-

time effects of BMP ligands, the authors also denied a BMP-dependent direct regulation of 

nuclear β-catenin, but rather showed that BMP/SMAD4 and β-catenin poses sets of 

overlapping target gene binding sites of stem cell signature genes resulting in similar but 

independently regulated effects on stem cell maintenance 231. These later findings are 

contrasted by sophisticated perturbation data by Sanman et al. generated using enteroid 

monolayers 232. First, inhibition of HDAC was not able to substantially rescue BMP4-induced 

stem cell reduction. Second, application of both, BMPR- and HDAC inhibitors showed 

synergistic effects regarding increase of stem cell numbers. Thus, it seems reasonable that 

BMP triggers also an additional, HDAC-independent mechanism to restrict stem cells. 

Interestingly, the latter authors also found an important indirect connection between MAPK 

and BMP pathway via IL-4 232. IL-4 induced ERK phosphorylation downstream of EGFR and 

upstream of MEK, as the signal persisted even in the presence of EGFR- but not MEK 

inhibition. The mechanism of the EGFR-independent branch of ERK-phosphorylation was not 
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determined and the study did not investigate if IL-4 induced activity via other receptor 

tyrosine kinases like FGFR or HGFR. At the same time, IL-4 decreased proliferation by 

increasing BMP2 secretion within the epithelium. Astonishingly, the IL-4-induced BMP2 

secretion was depending on EGFR signaling as EGFR inhibition decreased BMP2 secretion, 

thereby rescuing the number of proliferative cells. Thus, despite that IL-4 also induces EGFR-

independent ERK phosphorylation, its capacity in driving BMP2 secretion depends on a 

functional EGFR. These enigmatic results emphasize the potential involvement of feedback 

regulatory mechanism within the MAPK pathway, also with respect to signaling crosstalk to 

other pathways like BMP. In this context, our FIRE model-based readout showing that 

increasing BMP pathway activity through Noggin depletion has no direct impact on the ERK 

phosphorylation pattern of remaining crypt cells adds another layer of understanding the 

complex MAPK-to-BMP crosstalk in primary intestinal cells. Combined with inhibitor-, 

cytokines- (like IL-4) and growth factor (like FGFs) based approaches, I propose our FIRE model 

as a suitable tool for further investigations of ERK pathway driven regulation of BMP. 

 

5. 4. 42BOncogenic KRAS drives differentiation depending ERK activity 

In contrast to doxycycline induced epithelial BRAFV600E expression, KRASG12V expression 

resulted in a macroscopically unaltered structural composition of both, the small intestine and 

epithelial organoids derived of that organ as visualized by histological staining and regular light 

microscopy. At an ultrastructural level, transgenic KRASG12V expressing organoids where 

indistinguishable from FLUC control expressing organoids which also contrasted the gross 

ultrastructural alterations upon oncogenic BRAF induction. At the signaling level, we could 

only detect a mild increase in phosphorylation of ERK upon oncogenic KRAS induction in 

organoids both, by capillary western (Ø ~1,5 fold) and flow cytometry (Ø ~1.4 fold). Transgene 

expression as visualized by tdTomato protein expression is constantly high in the villus region 

but patchy in the crypt, with a majority of crypt cells not expressing the transgene. When 

analyzing IHC staining of the small intestine, KRASG12V expression let to a pronounced p-ERK 

staining pattern around the crypt villus junction but not in the villus. Due to the low rate of 

expression of the transgene in the intestinal crypt cells, it is difficult to judge oncogenic effects 
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in the crypts using IHC techniques. Therefore, we used fluorescence analysis of organoids 

which precisely recapitulated the patchy transgene expression pattern in the budding crypt 

domains but technically facilitates the analysis of downstream effects in tdTomato positive 

crypt cells. It turned out that the proportion of Paneth cells being highly positive for the FIRE 

reporter strongly increased upon KRASG12V expression (~75 %) compared to FLUC control or 

uninduced cells (both ~35%). Also, I found a mild increase of FIRE reporter fluorescence 

intensity in non-Paneth crypt cells (Ø~1.3 fold) which I interpret as a mild increase of MAPK 

activity in stem and TA cells. Similar to the in vivo finding, oncogenic KRAS induction had no 

effects on the central villus-like regions in organoids despite strongest transgene expression 

levels. Thus, I conclude that KRASG12V is not able to induce MAPK activation in differentiated 

villus cells with few exceptions of some FIRE positive cells in this compartment as revealed by 

single-cell RNA sequencing. 

 

Using single-cell RNA sequencing we could show that, in contrast to oncogenic BRAF, 

oncogenic KRAS has strictly cell type specific effects on the MAPK axis that can be summarized 

as following: single induction of oncogenic KRAS cannot break but instead strictly follows and 

enhances the intrinsic cell type specific MAPK activation pattern. That means, in cell fates with 

a very low basic MAPK pathway activity, oncogenic KRAS has no further effect. In cells with 

moderate MAPK activity, oncogenic KRAS has moderate effects on MAPK activity. And in cells 

with primarily high potential for MAPK activation, it elicits significantly increased MAPK 

signaling. Thus, intrinsic cell fate specific regulation of the MAPK pathway appears 

predominantly determined downstream of KRAS, but not downstream of BRAF in the 

intestinal epithelium. Interestingly, our FIRE reporter based single-cell RNA sequencing 

experiment revealed discrepancy of detectable MAPK signature gene expression and absence 

of FIRE fluorescence in cells of the enteroendocrine fate. As FIRE is a surrogate of FRA1 activity 

downstream of ERK, this result indicates first, FRA1- and (potentially) ERK-independent 

transcription of MAPK signature genes, and second, endocrine cells apparently inhibit FRA1 

phosphorylation. This result is in line with a murine 229 and a human organoid study 89 showing 

that EGF/EGFR signaling is a negative regulator of enteroendocrine cell differentiation. The 

latter study revealed a combination of two ligands from the FGF and IGF families to be 

beneficial for proper human enteroendocrine differentiation 89. Therefore, it is tempting to 

speculate that alternative RTK signaling in enteroendocrine cells induces ERK-FRA1 
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independent gene expression characterized by induction of a set of genes that partly overlap 

with our herein applied MAPK-associated gene signature. 

5. 4. 1. 88BDifferential MEK-to-ERK forward and ERK-to-RAF negative feedback signaling 
determines cell specificity of MAPK activity 

Extending this study Brandt & Sell et al 93 analyzed the same transgenic murine organoid 

models on a single-cell basis via mass cytometry in order to determine signal transduction in 

response to both, cell differentiation and various signaling perturbations 

(Supplement Fig. 12). The latter were induced by oncogene induction in combination with 

kinase inhibitors of key signaling molecules. Based on the perturbation data, the authors 

employed quantitative network modeling using Modular Response Analysis (MRA) 233,234. MRA 

allows the quantification of signaling transmission along signaling routes in a predefined, 

literature derived network. Based on fold-changes between the measured network nodes, 

response coefficients are calculated that represent the strength of signaling interactions. In 

addition, by applying likelihood ratio tests, the method determines which signaling routes 

differ between clusters. MAPK pathway activity was high in clusters composed of secretory 

cells (Supplement Fig. 12 A, B). Intermediate levels were found in clusters composed of 

putative stem and proliferative cells whereas the major enterocyte clusters showed the lowest 

levels. Finally, a cluster positioned at the very end of the differentiation trajectory, as inferred 

from expression of apoptosis marker cleaved Caspase-3, contained cells with high MAPK 

activity (Supplement Fig. 12 A, B, C). 

According to MRA analysis, the differential potential to regulate signaling along the MAPK axis 

could be assigned to first, a modulation of forward transduction from MEK-to-ERK, and 

second, a differential strength of ERK-dependent negative feedback inhibition of RAF and 

upstream components. The two cell clusters with high ERK phosphorylation showed both, 

enhanced forward transduction from MEK-to-ERK and reduced ERK-dependent negative 

feedback inhibition. Analogously, the two p-ERK-low enterocyte clusters (cluster 3 and 4) 

displayed an opposite pattern. The putative stem cell cluster displayed an intermediate 

pattern with intermediately high MEK-to-ERK transduction but relatively high potential for 

negative feedback inhibition (Supplement Fig. 12 D). The potential of oncogenic KRAS to 

further enhance ERK phosphorylation strictly pursued those differentiation depending 
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transduction patterns. In contrast, BRAFV600E expression was able to induce abnormally high 

ERK phosphorylation throughout all clusters thus confirming results presented in this study. 

In clusters (3 and 4) with lower potential of MEK-to-ERK signal transduction, ERK 

phosphorylation levels were slightly less affected by oncogenic BRAF expression but still 

remained at high levels (Supplement Fig. 12 A, B). In order to investigate potential molecular 

mechanisms that attenuate ERK activation the authors 93 further performed bulk low-input 

RNA sequencing on cells derived from FIRE transfected FLUC and KRASG12V expressing 

organoids, respectively. These were sorted for FIRE-high versus FIRE-low status. We found, 

three genes coding for dual-specificity phosphatases (DUSP1, DUSP5 and DUSP6) amongst 20 

differentially expressed genes to be upregulated in FIRE low cells (Supplement Fig. 12 E). As 

these phosphatases are known to restrict MAPK pathway activity by dephosphorylating ERK 
235, the data suggests DUSP1, DUSP5 and DUSP6 gene products as candidate mediators of 

restricted MEK-to-ERK signal transduction, which was most prominently present in the 

differentiated enterocytes cluster 3 and 4 (Supplement Fig. 12 D). 

 

Activating, phosphomimetic BRAF mutation generally results in loss of inhibition and 

constitutive activation, and thus would short-circuit ERK-dependent negative feedback 

inhibition of RAF. When considering the BRAFV600E-induced phenotype of disintegration and 

stem cell depletion in our model, it seems obvious that the determined cell intrinsic MEK-to-

ERK attenuating mechanisms are neither sufficient to prevent unphysiologically high levels of 

ERK phosphorylation nor to compensate for the loss of efficient negative feedback inhibition 

of RAF. This highlights ERK-dependent negative feedback inhibition of RAF (in principle short-

circuited by BRAFV600E) as particularly important step for the attenuation of MAPK signaling 

in the intestinal epithelium. Accordingly, in a KRASG12V mutated background the ERK-

depending negative feedback inhibition of RAF can principally remain intact as long it occurs 

downstream of RAS.  

Activated RAS-GTP recruits the RAF protein to the membrane and releases the autoinhibiting 

domain by binding to the RAS-binding domain of RAF which is one of the prerequisites for RAF 

to get activated. Being tethered to the membrane and activated by RAS-GTP, RAF proteins 

need to form a dimer which repositions the active loops enabling phosphorylation by the other 

RAF interaction partner 77. The latter induces a conformational change which activates and 
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stabilizes the kinase domain allowing phosphorylation of downstream effectors like MEK until 

the active loop gets dephosphorylation again. 

Several molecular candidates that could modulate RAF activity downstream of RAS are known. 

Table 4 lists a selection of potential candidate genes and their absolute bulk RNA-sequencing 

expression values in our FLUC-, KRASG12V- and BRAFV600E-induced organoids, respectively.  

First, the C1 domain of RAF which is directly downstream of the RAS-binding domain is thought 

to aid in the recognition of activated RAS. This domain has been shown to interact with 

membrane lipids as ceramides and phosphatidic acids. Second, the auxiliary kinase KSR 

provides a heterodimerization partner, greatly facilitating the activation of RAF at the step of 

dimerization. Third, a dual role for proteins of the 14-3-3 family has been suggested as 14-3-3 

dimers can either lock a single RAF protein in its autoinhibitory, deactivated state, or – once 

RAF is open and dimerizes – are also able to stabilize the dimer leading to increased activation 
236. Binding of 14-3-3 proteins by RAF occurs only in the presence of phosphorylation on two 

conserved serins within the 14-3-3 binding motifs. The most important kinase implicated in 

this phosphorylation step is TGF-beta activated kinase 1 (TAK1) 237, and recently a selective 

TAK1 inhibitor has been developed 238. In most types of CRC, TGF-beta signaling is associated 

with cell death, and therefore often becomes disrupted during progression, however in a 

BRAFV600E engineered organoid model, TGF-beta signaling induced a mesenchymal 

phenotype resembling the poor-prognosis CMS4 of CRC 63. This study could further show that 

TGF-beta signaling is present in SSL precursor lesions 63. On the opposite, a protein complex 

involving protein phosphatase 1 (PP1), MRAS, SHOC2 and SCRIB 239-241, or protein phosphatase 

2A (PP2A) 242 have been described to dephosphorylate the conserved serin sites within the 

14-3-3 binding motif of RAF thereby preventing 14-3-3 binding. Interestingly, in organoid cells 

sorted for FIRE-high, Brandt & Sell et al 93 found upregulation of the CDC25B gene coding for 

M-phase inducer phosphatase 2 (Supplement Fig. 12 E). This phosphatase is necessary to 

enter Mitosis. It is known to interact with multiple RAF-binding 14-3-3 proteins 243,244 but has 

also been reported to be a target of RAF itself making it a potential candidate for feed-back 

regulation in intestinal cells. Of similar interest, I found multiple genes coding for 14-3-3 

proteins upregulated upon BRAFV600E induction (Table 4). As the interaction between 14-3-

3 proteins and CDC25B is thought to sequester and deactivate CDC25B, the BRAFV600E-

dependent strong upregulation of 14-3-3 genes could contribute to the loss of stem cells by 

cell cycle arrest. 
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Fourth, other amino acid residues of RAF near its kinase domain are known to play an auxiliary 

activation role and can be phosphorylated by some kinases like PAK1 or PAK2 245,246. Fifth, 

negative feedback regulation of RAF could also act directly on oncogenic RAS forms, despite 

that oncogenic RAS is traditionally considered as constitutively active: in the last years, RAS 

dimer- or multimerization has evoked increased interest in the field as it increased activation 

of RAF 247, and processes that inhibited this higher ordered organization not only negatively 

affected activity of oncogenic RAS but also of oncogenic RAF 248,249. Molecular players involved 

in higher ordered organization of RAS are the scaffold proteins galectin 3 250 for KRAS and 

galectin 1 251 for HRAS, respectively. In contrast, the human tumor suppressor DIRAS3 has 

been shown to efficiently disrupt RAS multimerization and downstream MAPK signaling 252. 

The latter was true even in the context of oncogenic BRAF mutations which indicates that 

higher ordered RAS-RAF clusters are required for full pathway activity 252,253. DIRAS3 is 

expressed throughout the human intestinal tract, however, the gene coding for DIRAS3 has 

been lost during murine evolution. It remains speculative, whether this contributes to the 

devastating phenotype of our inducible BRAFV600E model and the general rarity of 

established intestinal murine models with oncogenic BRAF. Murine DIRAS1 and DIRAS2 could 

principally fulfill the role, but are not or only extremely lowly expressed in our organoid 

models as assessed by bulk RNA sequencing (Table 4) which is in line with reference 6. 

Interestingly, both genes were upregulated (fold change 10-20) upon BRAFV600E, but not 

KRASG12V induction, however still remaining at low levels. Given the potential to regulate 

both, oncogenic KRAS and BRAF, developing small molecules or peptides that mimic DIRAS3 

function is an approach currently pursued in the field 252. 

As many of these molecular players (Table 1) are regulated by phosphorylation and/or protein 

scaffold formation, further work is necessary to determine the relevant feedback regulatory 

mechanisms present in in the intestinal epithelium. 

Which are the molecular mechanisms that precancerous intestinal cells adopt to cope with 

the deleterious effects of oncogenic BRAF? And can these mechanisms be targeted to drive 

BRAF-mutated cancer cells into cell death? These are questions showing that further 

investigation to determine the exact mechanisms of intestinal ERK-dependent feedback 

regulation of RAS/RAF is also interesting in the scope of synthetic lethality approaches. As 

oncogenic RAS remains one of the most difficult targets to drug 76, a strategy interfering with 
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ERK-dependent feedback mechanisms might even hold the promise to induce a deleterious 

“BRAFV600E-like” synthetic lethality phenotype in a RAS mutated background. 

5. 5. 43BOncogenic KRAS synergizes with β-Catenin to drive expansion of 
undifferentiated cells 

In our doxycycline-inducible model, KRASG12V showed differentiation specific effects in 

driving ERK phosphorylation. Besides increased MAPK activity in secretory cells and late-stage 

enterocytes, a p-ERK positive ribbon was identified at the crypt-villus junction in vivo. 

Although this spatial ribbon could not be clearly identified in organoids, single-cell RNA-seq 

analysis of organoids showed a KRASG12V expressing and FIRE-positive population clustering 

at the border between undifferentiated and early enterocyte clusters thereby confirming the 

in vivo data. Although not enough single cells could be analyzed to definitely confirm 

KRASG12V-induced alterations in cell type compositions, I speculated about a delay or partial 

block of the regular enterocyte differentiation route leading to the observed clustering. Brandt 

& Sell et al 93 extended this study using mass cytometry (see 5. 1. 2) and determined 

alterations in cell cluster composition at high throughput. In a principal component analysis, 

cells were assigned to 6 clusters, and cells followed a differentiation route from the 

undifferentiated cluster 1 to cluster 5 at the end of the enterocyte differentiation route. 

Cluster 6 was composed of secretory cells. We found that the proportion of the un- and less 

differentiated clusters 1 and 2 more than doubled from ~15 % to more than 30 % after two 

days of KRASG12V induction while the most differentiated (non-secretory) clusters 4 and 5 

shrank to approximately half of the value when compared to controls (Supplement Fig. 12 E). 

The intermediate cluster 3, which showed the lowest p-ERK activity of all clusters, remained 

largely unchanged. As intestines of our KRASG12V-induced mouse model did not show 

obvious signs of hyperplasia and organoids did not show any remarkable growth advantage 

when compared to uninduced or FLUC control organoids, it seems reasonable that solely 

KRASG12V expression partly decreased differentiation along the enterocyte differentiation 

route leading to less differentiated cells rather than inducing a hyperproliferative phenotype. 

However, experiments measuring proliferation kinetics would be necessary to confirm this 
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result, and care needs to be taken in interpretation regarding the general variability of 

organoid culture growth. 

 

Comparable effects in vivo and in organoids were achieved when altering β-Catenin signaling. 

First, doxycycline-driven induction of a stabilized form of β-Catenin (β-Cateninstab) resulted in 

a ribbon expressing p-ERK at the crypt-villus junction of the mouse intestine very similar to 

what we observed upon oncogenic KRAS expression. Second, when treating organoids with 

GSK3-β inhibitor for 24 h (which reduces β-Catenin degradation) Brandt & Sell et al 93 found 

similar alterations of cluster composition, that are an approximate doubling of the proportion 

of undifferentiated cells and a strong reduction of the differentiated cluster 4, but not 5, as 

the latter remained at ~1/3 of all measured cells (Supplement Fig. 12 E). Interestingly, when 

combining two days of KRASG12V induction and 24 h of GSK3-β inhibition, the authors found 

synergistic effects between the two signaling perturbations regarding cluster composition 

changes 93. The proportion of undifferentiated cells further increased to ~2/3 of all cells while 

the most differentiated cluster 4 and 5 now only made out ~10 % of all cells (Supplement 

Fig. 12 E) 93. Thus, combination of oncogenic KRAS with increased β-Catenin activity strongly 

and synergistically propelled an undifferentiated phenotype in primary cell culture on a short 

time scale.  

In line, doxycycline induced expression of a combinatory transgene harboring KRASG12V and 

β-Cateninstab in vivo resulted in p-ERK positive cells scattered around the complete intestinal 

crypt-villus axis. I conclude that synergistic effects of KRASG12V and increased β-Catenin 

activity overcome the differentiation specific reduction of KRASG12V transduction also in vivo. 

 

Multiple strands of evidence demonstrate that oncogenic KRAS mutations drive growth 

factor-independent survival and growth of intestinal lesions. However, in our primary 

organoids solely KRASG12V induction was ineffective in compensating EGF depletion from the 

culture medium or EGFR inhibition. To assess combinatorial effects of β-Catenin and 

KRASG12V in an adenomatous-like state that more closely mimics the sequential activation of 

WNT pathway followed by KRAS – which is found in most of the conventional adenoma – we 

cultivated spheroids from mice harboring the doxycycline-inducible β-Cateninstab and the β-

Cateninstab + KRASG12V transgene, respectively. 
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Organoids harboring the β-Cateninstab transgene can become independent from R-spondin in 

the culture medium over long-term activation (over several passages) of stabilized β-Catenin 

and subsequent removal of the WNT co-ligand RSPO1. Those long-term β-Catenin-adapted 

organoids develop a spheroid growth pattern with undifferentiated phenotype and a lack of 

secretory cells. We found those spheroids to possess much lower p-ERK levels when compared 

to untransformed organoids, probably due to lack of secretory cells as the latter constituted 

the cell type with the strongest ERK activity. As spheroid growth is driven by β-Catenin activity, 

we asked whether it still depends on functional MAPK activity. Indeed, removing EGF from the 

culture medium resulted in continuous growth of spheroids at 80 % efficiency compared to 

control. However, when applying EGFR inhibition by Gefitinib outgrowth largely collapsed. 

Together this indicates that first, spheroids, in contrast to organoids, are self-sufficient on EGF 

probably due to epithelial secretion of EGFR ligands. Alternatively, residual growth factors 

potentially sourcing from the herein applied growth factor reduced matrigel might be 

sufficient to allow spheroid expansion. Second, spheroid β-Catenin-adapted homeostasis is 

still depending on a functional EGFR. 

 

Interestingly, spheroids derived from the combinatorial β-Cateninstab + KRASG12V transgene 

where able to rescue outgrowth in the presence of Gefitinib. Thus, in an adenomatous-like 

and β-Catenin-adapted state, expression of our KRASG12V transgene is indeed able to provide 

growth factor independence. 

Together, these results fit well to the current understanding of the interaction between β-

Catenin accumulation and oncogenic KRAS mutations. In colorectal adenoma and carcinoma, 

β-Catenin accumulation results in the vast majority of cases through inactivation of the tumor 

suppressor gene APC. APC physiologically acts in a complex that promotes phosphorylation of 

β-Catenin by GSK3β thereby targeting it for ubiquitinoylation and subsequent proteasomal 

degradation. Accumulation of β-Catenin can in a minority of cases of CRC (<5 %) also results 

by β-Catenin mutations that prevents its phosphorylation leading to increased stability. In 

both cases, the accumulation results in binding of TCF/LEF transcription factors and nuclear 

transition, mimicking transcription signature patterns of activated WNT pathway. 

Many studies have used combined APC inactivation and oncogenic KRAS mutation in human 

and murine CRC models to confirm enhanced progression and development of lesions in 

vivo 205,206,254-257. In our model, KRASG12V expression alone let to a moderate increase of 
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undifferentiated cells in organoid culture without intense growth increase or morphological 

changes which is in line with ref 254. 

Similar, we found KRASG12V induction in vivo to promote a slight expanse of the p-ERK 

positive zone towards the area around the crypt-villus axis without dysplasia or expanded 

growth. This is in line with the notion that solely oncogenic KRAS mutations, that is without 

cooccurring APC inactivation, is detected in a certain fraction of small lesions with low 

potential for malignant progression and usual absence of dysplasia like aberrant crypt foci or 

hyperplastic polyps 258,259. 

 

In contrast, in the classical adenoma-carcinoma, in which APC inactivation/β-Catenin 

accumulation initiates adenoma formation, oncogenic KRAS has been considered as a major 

progression driver for a long time 33. For instance, it was early recognized that only 10 % of 

adenomas smaller than 1 cm display KRAS mutation whereas this fraction increases to 

approximately 40-50 % in adenomas exceeding 1 cm 34. Mice models of tumorigenesis 

confirmed the dependence of mutant KRAS on APC inactivation to enable transformation and 

progression in vivo 255,256.  

This is reflected in our organoid model 93, in which accumulation of β-Catenin by GSK3β 

inhibition for 24 h resulted in a moderate increase of the proportion of undifferentiated cells 

in a similar extend to what is observed upon solely KRASG12V expression. However, 

combination of KRASG12V induction and GSK3β inhibition synergistically and largely increased 

the proportion of undifferentiated cells 93, closely resembling effects in APC-

deficient/KRASG12D organoids 125. 

Similar, we noted an expansion of p-ERK positive cells throughout the entire crypt villus axis 

only in intestines with combined expression of KRASG12V and the gene product of a mutant 

allele of β-Catenin (β-Cateninstab) that is prevented from phosphorylation.  

Further, we could show that spheroids, that were adapted to β-Catenin accumulation, still 

depend on functional EGFR, similar to what has been reported for APC-inactivated 

organoids 205. 

Finally, we could determine the ability of primary KRASG12V expressing primary cells to rescue 

growth in the presence of EGFR inhibition only in a state of continuous β-Catenin stabilization 

which is in line with failing EGFR therapy for KRAS-mutated CRC 26. However, this last result is 

in seemingly contrast with a study that applied CRIPSR/Cas9 based introduction of mutant 
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KRASG12D alleles onto human colon organoids, which enabled selection for survivors under 

EGFR- and Rho-kinase inhibition 205,206. Of note, my study did not include such a clonal 

selection step which would request Rho-kinase inhibition to prevent single surviving cells from 

undergoing anoikis. Also, I analyzed crypt survival and budding after 4 days of treatment at 

which a low proportion of organoids showed faint residual budding upon EGFR inhibition in 

both, the presence and absence of oncogenic KRAS induction. Under EGF depletion from the 

medium, but without EGFR inhibitory treatment, solely KRASG12V expression was even able 

to significantly increase budding, however this budding still remained very faint. This could 

potentially allow for clonal selection in a process analogously to our successful stepwise 

induction of β-Cateninstab and subsequent removal of R-spondin 1 from the culture medium 

over several passages (see 4. 5. 2). Further, it cannot be ruled out that the patchy expression 

pattern of our transgenic construct upon doxycycline induction might complicate survival of 

entire organoids under EGFR inhibition. At last, in contrast to mouse intestinal organoids, 

human colon organoids can only be cultured in the presence of additional factors, that are 

TGF-β receptor inhibitors, p38 MAPK inhibitors, and WNT3A ligand. Especially the latter may 

naturally be suspected to influence the herein demonstrated β-Catenin-dependent ability of 

oncogenic KRAS to counteract EGFR inhibition. Interestingly, the author is not aware of any 

study reporting EGF or EGFR-independent growth of solely KRAS-mutated intestinal organoids 

of murine origin. 

Nevertheless, our results indicate that growth occurring independent from functional EGFR 

signaling is clearly enhanced when oncogenic KRAS concurs with β-Catenin accumulation. 
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6. 13BTables und figures 

6. 1. 44BFigures 

 

Figure 1: Three dimensional intestinal organoids used as a model of intestinal cell differentiation. A) Scheme reflecting the 
diversity of undifferentiated and differentiated cell types that build up the epithelium of the small intestine. B) In vivo, the 
epithelium of the small intestine is structured in crypts and villi. The crypt base harbors different sorts of stem cells together 
with Paneth cells that produce niche factors. Transient amplifying cells emerge from stem cells, divide rapidly and 
subsequently differentiate into the major cell lineages. Secretory Paneth cells migrate downwards to the crypt base, other 
secretory cell types like goblet and enteroendocrine cells migrate upward towards the villus, together with absorptive 
enterocytes which display the majority of differentiated cells. At the tip of the villus, cells at the end of their lifespan undergo 
apoptosis and are shed into the lumen. Color scheme as in A. C) Small intestinal organoids form and proliferate with near 
unlimited capacity if embedded in a gel-like substitute for extracellular matrix and provided with well-defined niche factors. 
They serve as a model for cell differentiation of the intestinal epithelium forming crypt-like and villus-like domains 
comparable to the in vivo setting. Color scheme as in A. 
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Figure 2: The WNT pathway provides key signals for proliferation and stem cell identity. A) In the absence of WNT ligands, 
the destruction complex, composed of multiple proteins amongst APC, CK1, GSK3 and AXIN, enables degradation of β-Catenin 
which shuts of WNT pathway activity. B) In the presence of WNT, the WNT receptors LRP and Frizzled recruit proteins of the 
disheveled family which prevents formation of the destruction complex. This allows for cytosolic accumulation and nuclear 
transfer of β-Catenin. Nuclear β-Catenin interacts with transcription factors of the TCF/LEF family enabling transcription of 
WNT-target genes. 
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Figure 3: The EGFR pathways provides essential key signaling for multiple cellular processes like proliferation, differentiation, 
survival, apoptosis, and cell metabolism and is frequently found mutated in colorectal cancer and other malignancies. A) 
Ligands of the EGF family enables either homodimerization of the receptor EGFR or heterodimerization with other ERBB 
receptor family members. Dimerization enables autophosphorylation and activation of the intracellular domain. Via adaptor 
proteins like GRB2, guanin nuclease exchange factors like SOS are activated and positively regulate RAS proteins. RAS can 
activate the MAPK cascade consisting of the kinases RAF, MEK and ERK and the PI3K/AKT pathway which is a key regulator of 
metabolism. Activated ERK phosphorylates a multitude of cytosolic targets that subsequently drive the expression of MAPK 
target genes but can also directly shuttle to nucleus.  Downstream effectors of MAPK cascade request sustained or repeated 
signaling input enabling feed forward loops for full activity. Further, MAPK pathway activity is strictly regulated by inhibitory 
feedback loops. Mutations in both signaling branches are frequently detected in CRC. B) CRC frequencies of activating 
mutations in genes of the MAPK pathways, mostly KRAS and BRAF, and WNT pathway, mostly APC inactivating mutations, 
are reflected in a pie chart. Whereas KRAS mutations frequently follow APC deletions, this is far less common in BRAF-mutated 
cancer. Of note, KRAS/BRAF wildtype CRC often display alterations at the level of EGFR, further highlighting the importance 
of the EGFR/MAPK pathway in CRC. Scheme presented in B is modified from Morkel et al 1 and mutational frequencies were 
derived from the TCGA and COSMIC databases. 
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Figure 4: Generation of transgenic mice and organoid. A) Scheme of the transgene system used for inducible expression of 
oncogenic KRAS, BRAF, β-Cateninstab or a combination of oncogenic KRAS and β-Catenin. In addition, mice harboring an 
inducible allele of firefly luciferase (FLUC) was used as genetically neutral control. Doxycycline induces expression and 
translation of the beforementioned transgenes together with equimolar amounts of the red fluorescent protein tdTomato 
which served as readout of transgene expression. For more details of the transgene system see Vidigal et al. 2 B) Intestines 
of transgenic mice were investigated using IHC or employed for crypt isolation which where were embedded in matrigel and 
provided with essential niche factors to establish organoid cultures. C) TdTomato expression induced with 2 µg/ml 
doxycycline reveals a pattern of transgene expression in organoids. Transgene expression is generally strong in the villus-like 
domain but patchy in the crypts. 
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Figure 5: Oncogenic BRAF expression is detrimental for organoids. A) In contrast to KRAS, expression of oncogenic BRAF 
strongly affects organoid survival. Application of the GSK3β inhibitor CHIR99021 partially prolongs survival under BRAF 
expression. Error bars denote standard deviation. B) Survival is determined by imaging organoids four days after plating. Note 
the disrupted phenotype of BRAF expressing organoids. Inserts showing digital magnifications. Scale bars = 100 µm. C) 
Micrographs of 24 h induced organoids. FLUC and KRAS organoids display a regular simple columnar epithelium. BRAF 
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expression leads to grossly disturbed apical sides, cell pleomorphism, shifts and rotations, leading to a stratified appearance. 
However, epithelial disorganization was going on in the presence of desmosomes (red arrows). Figure part C is modified from 
Brandt and Sell et al 5. 
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Figure 6: BRAF phenotype is induced by strong downstream MAPK pathway activation. A) Capillary western, showing strongly 
increased p-ERK upon 24 h of BRAF expression that can be reduced by MEK- and ERK- but not GSKβ inhibition. KRAS expression 
leads to a subtle ~1.5-fold increase in p-ERK. B) MEKi or ERKi rescue organoid disruption upon BRAF expression. Organoids 
counted at day 4 after plating and treatment. C) Outgrowth of new, budding crypt domains is impaired by MEKi or ERKi, and 
expression of oncogenic KRAS is not able to rescue this phenotype. Error bars denote standard deviation. D) Survival and 
budding are determined by imaging organoids four days after plating. Note that the few newly budding crypt domains remain 
very small in the presence of MEKi or ERKi. Scale bar = 100 µm. BRAFV600E expressing crypts temporarily survive until day 4, 
but ultimately, disintegration outweighs proliferation and culture collapses. E) Quantification of flow cytometry analysis of 
cell populations with tdTomato expression confirms the strong increase of p-ERK upon BRAF expression, but also detect a 
subtle ~1.5-fold increase upon oncogenic KRAS expression. F) Representative FACS plots of one experimental replicate of E) 
showing p-ERK distribution within tdTomato-transgene expressing cell populations. Averaged raw p-ERK values are depicted. 
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Figure 7: Effects of pan-EGFR inhibition or depletion of EGF ligands on organoid viability. A) Low oncogenic BRAF induction 
using 0.25 µg/ml doxycycline allows for prolonged organoid survival when compared to treatment with 2 µg/ml doxycycline. 
EGFR inhibition using a pan-EGFR family inhibitor (AZD8931) slightly impairs organoid survival, which cannot be rescued by 
KRAS induction but by BRAF induction when using the low doxycycline concentration. B) Crypt budding is strongly impaired 
by AZD8931 which cannot be rescued by KRAS expression but by low BRAF induction. C) Similar to treatment with AZD8931, 
depleting EGF from the culture medium slightly reduces survival of organoids which is not significantly rescued by oncogenic 
KRAS but low BRAF induction. D) Crypt budding is strongly impaired by EGF depletion, which is slightly rescued by KRAS and, 
much more pronounced, by low BRAF expression. 
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Figure 8: Preparation of organoids for fluorescence activated cell sorting and single-cell RNA sequencing A) Workflow of 
single-cell RNA sequencing using BD Precise WTA kit. B) Single-cell suspensions of KRAS, BRAF and FLUC control expressing 
organoids were employed for fluorescence activated cell sorting to separate first, living from dead cells using Live/Dead 
Fixable Dead Cell Stain Kit (LifeTech), second, high from low transgene expressing populations using transgenic tdTomato 
fluorescence, and third, crypt from villus cell populations using a CD44 antibody. C) Initial gating strategy to remove debris 
and cell doublets. D) Left plot: Dead cell exclusion using green fluorescence. Right plot: Gating strategy discriminating 4 
populations according to red tdTomato fluorescence (-high, -low) and far-red CD44 antibody staining (-high, -low). Figure 
parts C and D are modified from Brandt and Sell et al 5. 
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Figure 9: Differential effects of oncogenic BRAF or KRAS on gene expression and intestinal cell hierarchies. All panels display 
t-SNE visualizations employing clustering of organoid single-cell transcriptomes using k-means clustering. Organoids where 
sequenced 24 h after induction of FLUC control, BRAFV600E or KRASG12V transgenes. A) t-SNE plot showing 6 clusters that 
are color coded. Differentiation trajectories starting at cluster 1 are displayed as grey overlay. B) Color code for type of 
transgene expression and CD44 positivity as determined by fluorescence activated sorting. As CD44 status was employed for 
sorting, relative fractions of CD44-high and -low cells in the panels do not correlate with transgene expression. For CD44 
status of the cell populations, see gating strategy visualizing plots of Supplementary Fig. 2. C) Mapping of cell type- and 
pathway-specific signatures. Numbers of signature genes detected are given per single-cell transcriptome. Figure from Brandt 
and Sell et al 5. 
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Figure 10: Generation of organoids expressing FRA1-based integrative reporter of ERK (FIRE) A) The reporter consists of the 
PEST domain of FRA1 which harbors stabilizing phosphorylation sites that are targets of p-ERK. This domain is coupled to an 
mVenus reporter with nuclear localization signal. The reporter construct is integrated into the donor vector containing a 
puromycin selection cassette. The new FIRE vector is transfected into the packaging cell line PlatE which produces lentivirus 
containing vector DNA (see also Supplement Fig. 1). Viral supernatant is used to transfect single-cell suspensions of organoids 
that had been treated with GSK3β inhibitior (CHIR99021) and ROCKi. Organoids are grown from transfected cells under 
puromycin selection. As initially pool of organoids were heterogenous for FIRE fluorescence, organoids are plated on a multi-
well plate aiming at 1-2 organoids per well, screened by confocal microscopy and propagated to achieve more homogenous 
lines. B) Transgene expression in organoids carrying oncogenic KRAS, BRAF or FLUC can be determined via tdTomato 
fluorescence while downstream ERK-activity is transduced into stability and nuclear translocation of the FIRE reporter which 
is traceable through mVenus fluorescence. 
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Figure 11: ERK activity is differently regulated between villus and crypt domains. A) FIRE fluorescence reporting ERK activity 
is predominately visible in crypt cells whereas villus-like domains (v) are largely FIRE negative. As transgene expression 
measured by tdTomato fluorescence is patchy within the crypt-like domains, single transgene expressing cells can be 
compared with transgene negative neighbors. Within the crypt (c), expression of KRSG12V often coincidences with strong 
FIRE signal (arrowheads). In contrast, even strong KRASG12V expression is not able to promote FIRE fluorescence in the villus-
like domains with few exceptions (star). BRAFV600E elicits broad and strong FIRE positivity through all the whole organoids. 
B) IHF staining against p-ERK and Ki67 on consecutive sections shows overall overlap of p-ERK and proliferative marker Ki67 
positive regions, that is strong staining in the crypt-like domains of organoids whereas villus-like domains are largely negative 
for both proteins. KRASG12VC) Removing EGF from the culture medium for 24 h results in no visible alteration of FIRE 
fluorescence staining intensity and staining pattern. Note that the organoid lumen can contain autofluorescent debris 
deriving from shedding of dead cells. Asterisks in A) and C) indicate single FIRE positive cells in in villus domain. Figure is 
modified from Brandt and Sell et al 5. 
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Figure 12: Immunofluorescence reveals cell specific KRASG12V driven activation of ERK as inferred from FIRE fluorescence. 
A) Quadruple fluorescent KRASG12V induced organoids (DAPI = blue, tdTomato = red, FIRE reporter = green, LYZ = magenta). 
White arrowheads show tdTomato-KRASG12V expressing LYZ-positive Paneth cells with strong nuclear FIRE staining 
indicating high ERK pathway activity. B) Quadruple fluorescent FLUC or KRASG12V induced organoids (DAPI = blue, tdTomato 
= red, FIRE reporter = green, Ki67 = magenta). KRASG12V induced organoids display a certain degree of overlap between Ki67 
positivity and strong FIRE staining. Arrows point to tdTomato-KRASG12V expressing Ki67-positive crypt cells that show 
prominent FIRE fluorescence. Lumen can contain autofluorescent debris. White L = lumen. C) KRASG12V or FLUC organoids 
induced with doxycycline display a patchy transgene expression pattern within the crypt-like domains as inferred from 
tdTomato fluorescence. This allows for comparing transgene expressing cells with non-expressing neighbors. Counting ≥250 



114 
 

LYZ-positive Paneth cells per condition deriving from 2 independent experiments reveals a marked increase of FIRE-positive 
fractions if cells express KRASG12V but not FLUC D) FIRE intensity in transgene expressing and non-expressing Ki67-positive 
cells was quantified. Mean fluorescent intensity of the FIRE reporter was slightly elevated in tdTomato-KRASG12V expressing 
cells. 75 tdTomato-positive and 75 tdTomato-negative cells per condition were quantified deriving from three independent 
experiments. Figure C is modified from Brandt and Sell et al 5. 
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Figure 13: Single-cell RNA sequencing of KRASG12V expressing organoid cells show cell-type specific activation of ERK. A) 
Transgene expressing cells as inferred from tdTomato were gated for Fire-negative or FIRE-positive fluorescence and index 
sorted for sequencing. B) t-SNE plot based on k-means clustering identifying eight color coded clusters. Differentiation 
trajectories starting at cluster 1 are displayed as grey overlay. C) t-SNE visualization displaying color codes for transgene 
expression (FLUC = grey, KRASG12V = red) and presence of FIRE fluorescence (filled upward-pointing triangle = FIRE negative; 
outlined downward-pointing triangles = FIRE positive. D) Z-transformed signature scores per cell used for cluster cell type 
identification are shown in a heatmap. Signature scores correspond to the number of expressed signature genes per cell 
normalized to gene detection rate and the number of genes composing the respective signature. Blue: low target gene 
signature abundance; Red: high target gene signature abundance. Cluster color codes are given above, and transgene and 
FIRE positivity codes are given below the heatmap. Figure is modified from Brandt and Sell et al 5. 
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Figure 14: A) Top 10 overrepresented genes per cluster (on y-axis) derived from organoid cells sorted by FIRE status. Labeling 
of individual cell counts is found on x-axis and color coded for transgene expression, FIRE status and cluster assignment as in 
Fig. 13. B) All individual cells of cluster 2 assorted for expression of Paneth cell marker LYZ and DEFA24 (from left to right). 
Note the general overlap with Ki67-high and FIRE-positive status in this cluster, but also that cells with strongest Paneth cell 
marker expression become Ki67-low whereas cells with low Paneth cell marker expression are Ki67-high, together indicating 
that terminally differentiated Paneth cells loose proliferative capacity. Figure part A is modified from Brandt and Sell et al 5. 
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Figure 15: Interaction between β-Catenin and RAS-ERK signaling in vivo, in intestinal organoids and spheroids. 
A) Immunohistochemistry for p-ERK and tdTomato in small intestine of transgenic mice as indicated. Single p-ERK positive 
cells are occasionally observed at the tip of the villi in control organoids.  Both, KRASG12V and stabilized β-Catenin results in 
increased p-ERK staining at the crypt-villus junction, whereas combined transgene expression results in ERK phosphorylation 
within a quantity of cells throughout the complete villus. Expression of transgenes as visualized by tdTomato is patchy in the 
crypt but consistent from the crypt-villus junction upwards. B) Quantification of p-ERK using capillary western in organoids 
and spheroids that have undergone a switch to an adenoma-like, cystic growth phenotype after long-term activation of 
stabilized β-Catenin and removal of the WNT-coactivator R-Spondin from the culture medium. This phenotype is similar to 
organoids harboring APC deletions. ERK phosphorylation in spheroid cultures is reduced which might be attributed to the loss 
of secretory cells which display high MAPK activity in organoids. C) Outgrowth of spheroids is relatively robust to depletion 
of EGF from the medium. However, addition of the EGFR inhibitor Gefitinib (1 µM) leads to a marked decrease indicating 
growth dependency on residual EGFR signaling. KRASG12V expression partly restores growth in the presence of Gefitinib. D) 
Representative image showing KRASG12V-induced rescue of spheroid proliferation in EGF depleted and Gefitinib (1 µM) 
treated spheroids. Figures part A and D are modified from Brandt and Sell et al 5. 
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Figure 16: Signal transduction from KRASG12V to ERK differs between CRC cell lines. A) SW48 and Caco2 CRC cell lines have 
no mutations in KRAS, NRAS or BRAF. For the experiments, cells were transfected with inducible expression vectors for 
KRASG12V, -BRAFV600E, or - FLUC transgenes linked to tdTomato, as previously used for transgenic. 24 h after doxycycline 
induction, cells were fixed and transgene expression, as inferred from tdTomato, as well as p-ERK were measured using flow 
cytometry. Cells were gated in 4 populations according to transgene expression levels. Shown are representative plots from 
one experiment of transfected Caco2 cells. B) Quantification of p-ERK in KRASG12V-, BRAFV600E- or FLUC-transfected Caco2 
and SW48 CRC cells using cytometry. Mean and standard deviation of 4 independent replicate experiments are given. We 
found that even low levels of oncogenic BRAF strongly increased p-ERK in both cell lines. In contrast, the ability of KRASG12V 
to induce ERK phosphorylation was markedly different. In Caco2 cells, ERK phosphorylation gradually increased with 
oncogenic KRAS expression, whereas in SW48 even high levels of transgenic tdTomato-KRASG12V were unable to 
substantially increase ERK phosphorylation, reminiscent to results obtained using the primary transgenic organoid models. 
Figure is modified from Brandt and Sell et al 5. 
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6. 2. 45BTables 

Table 1: qRT PCR primer used in this study 

Gene Primer 

name 

Sequence 

Anxa10 Anxa10_s  TTTTCCAGATGCGAGAAGCCT 

Anxa10 Anxa10_as  ATCCCTGAAGTGTCCTGAGGT 

Dusp6 Dusp6_s TCTGCTAGGCACCCCGCCTT 

Dusp6 Dusp6_as GCGAAGGGCACGGGTCTGAG 

Phlda1 Phlda1_s  CTTCTCCGCAGCACCTCCAA 

Phlda1 Phlda1_as TAGCAATGCACTCTTCCCACTT 

Pmm2 Pmm2_s AGGGAAAGGCCTCACGTTCT 

Pmm2 Pmm2_as AATACCGCTTATCCCATCCTTCA 
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Table 2: Antibodies employed in this study 

Protein Antibody name Manufacturer Concentration 

Immunofluorescence 
   

OLFM4 Anti-OLFM4 antibody 

ab85046 

Abcam 0.40% 

LYZ Recombinant Anti-

Lysozyme antibody 

#ab108508 

Abcam 0.40% 

Ki67 Ki-67 antibody PA5-

16785 

Invitrogen 

(Thermo 

Fisher) 

1.00% 

CD24 CD24-PeCy7  #101822 Biolegend 0.50% 

 
Goat Anti-Chicken Igy 

H&L Alexa Fluor 488 

#ab150169 

abcam 0.20% 

 
Goat Anti-Rabbit IgG 

Alexa Fluor 647 #4414 

Molecular 

Probes 

0.20% 

    

Immunohistochemistry 
   

p-ERK1/2 Phospho-p44/42 MAPK 

(Erk1/2) 

(Thr202/Tyr204) 

Antibody #4370 

Cell Signaling 0.50% 

p-MEK1/2 Phospho-MEK1/2 

(Ser217/221) Antibody 

#9121 

Cell Signaling 1.00% 

RFP anti-RFP #600-401-379 Rockland 0.50% 

Ki67 anti-Ki67 #ab16667 Abcam 0.50% 
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Flow cytometry 
   

p-ERK1/2 Alexa Fluor 488 Mouse 

Anti-ERK1/2 

(pT202/pY204) #612592 

BD 10.00% 

    

WES capillary western 
   

p-ERK1/2 Phospho-p44/42 MAPK 

(Erk1/2) 

(Thr202/Tyr204) 

Antibody #9101 

Cell Signaling 2.00% 

p-MEK1/2 Phospho-MEK1/2 

(Ser217/221) Antibody 

#9121 

Cell Signaling 2.00% 

vinculin Vinculin Antibody #4650 Cell Signaling 3.33% 

cofilin Cofilin (D3F9) XP Rabbit 

mAb #5175 

Cell Signaling 2.00% 
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Table 3: BRAFV600E upregulates expression of genes involved in cell-contacts and regulation of cytoskeleton in organoids 

Gene Symbols Transcript counts 

  FLUC Replicate 1 FLUC Replicate 2 BRAFV600E Replicate 1 BRAFV600E Replicate 2 

Cell-Cell-Contact         
Desmosomes         
Jup 29.3127 27.0275 108.991 109.341 
Dsp 113.028 133.6 483.007 492.61 
Pkp1 4.25021 5.12372 7.65516 8.81709 
Pkp2 31.7171 32.5369 76.6307 90.0304 
Pkp3 12.1375 11.3969 45.6133 42.4037 
Pkp4 20.2719 20.1288 69.2348 80.1588 
Plec 55.3434 56.8163 384.522 399.593 
Dsc2 45.8828 43.5334 141.826 134.806 
Dsg2 62.0563 72.5754 324.116 351.222 
Dsg3 0.0333093 0.0702322 27.7652 26.8566 
Dsg4 0.0297227 0.0835597 0.259565 0.302114 
          
Adherens junctions         
Cdh1 186.435 201.835 871.834 931.292 
Ctnna1 180.776 207.714 977.344 973.459 
Ctnnb1 222.945 215.936 1040.35 1069.42 
Ctnnd1 51.7457 54.358 143.726 155.609 
Actn1 39.2323 42.1798 227.99 240.31 
Actn4 105.989 110.232 215.534 213.421 
Vcl 30.465 31.0036 68.9435 65.2488  

        
Cell-Matrix-Contact         
Hemidesmosomes         
Dst 27.2284 29.5276 144.716 142.526 
Plec 55.3434 56.8163 384.522 399.593 
Col17a1 0.317391 0.294474 0.011014 0.0568907 
Itgb4 18.8949 19.6261 67.9765 75.1826 
Itga6 26.701 27.4645 440.798 470.925 
Cd151 39.8223 31.7235 80.2423 67.6923 
Lama3 0.343185 0.416832 116.348 115.598 
Krt5 0.0629378 0.132704 0.659556 0.366903 
Krt14 0.0614228 0.0656165 1.34146 0.600606 
          
Focal adhesions         
Tln1 19.1575 19.0805 45.4548 44.9849 
Actn1 39.2323 42.1798 227.99 240.31 
Actn4 105.989 110.232 215.534 213.421 
Vcl 30.465 31.0036 68.9435 65.2488 
Flna 2.06276 2.17345 36.2615 30.6002 
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Flnb 86.3659 89.5022 935.761 1109.95 
Flnc 0.0116584 0.00546224 0.713306 0.299739 
Tns1 0.0173933 0.00489 0.28558 0.255848 
Ptk2 20.6604 22.1455 51.3758 53.037 
Pxn 18.1684 16.7553 38.0847 48.3869 
          
Cytoskeleton-associated         
Actin         
Actb 1746.25 1587.44 8636.45 8602.37 
Actg1 1265.37 1229.53 3731.31 3504.65 
          
Actin interacting/regulating         
Capn1 24.7527 20.7252 35.7031 30.7522 
Capn2 10.9055 12.5464 379.512 343.627 
Capn5 8.12588 8.7961 91.2228 87.0526 
Capn7 30.791 34.7668 40.3934 37.6825 
Capns1 61.9771 55.3128 274.155 220.179 
Cast 83.1934 98.088 446.379 464.291 
Pfn1  94.2261 59.0149 412.575 310.537 
Pfn2 0.443525 0.551508 1.43013 1.07095 
Tmsb4x 375.289 265.318 2769.48 2337.12 
Cfl1 315.307 288.739 731.415 646.489 
Cfl2 6.07539 4.73157 18.0881 18.0294 
Dstn 1005.97 669.779 2873.27 2634.34 
Cttn 79.462 91.418 306.805 274.748 
          
Myosin class X         
Myo10 14.6591 19.3915 45.3874 43.2083 
Myosin Class II         
Myh9 154.023 182.926 399.703 352.798 
Myh14 131.51 151.827 289.528 290.163 
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Table 4: Expression of selected genes in organoids potentially involved in negative feedback regulation of MAPK 

Gene Symbols Transcript counts 
  FLUC R1 FLUC R12 KRAS R1 KRAS R2 BRAF R1 BRAF R2 
Arrb1 24.9964 24.9059 21.882 24.0052 19.5903 20.5428 
Arrb2 1.92485 2.61379 2.0232 2.08717 8.31192 8.09289 
Akt1 20.5113 19.1081 34.4855 19.3782 59.2291 59.4719 
Akt2 10.3823 9.94942 14.4387 9.39872 15.4669 13.1519 
Pxn 18.1684 16.7553 21.7366 17.6058 38.0847 48.3869 
Stk26 0 0.0145328 0 0.00878992 0.0362965 0.0370892 
Diras1 0.0118008 0.0165879 0.018061 0 0.247334 0.25401 
Diras2 0.158503 0.0668401 0.0606462 0.0737399 1.20424 1.56371 
Ywhab 24.7853 23.2846 39.4537 26.679 43.7232 46.084 
Ywhae 96.8585 134.448 118.089 118.581 245.054 303.334 
Ywhag 19.1575 21.9665 26.9856 20.6596 60.5699 69.6212 
Ywhah 49.2459 48.3544 60.2122 62.4752 275.778 238.021 
Ywhaq 75.5963 65.6766 42.9652 82.3034 101.658 100.769 
Ywhaz 173.699 175.583 163.398 164.767 522.5 656.56 
Ywhas (Sfn) 27.0028 30.8998 54.4381 28.7679 345.958 338.475 
Src 14.4987 11.6172 32.9699 11.6227 54.9093 47.7977 
Csk 16.7815 15.228 20.728 16.4032 24.9916 22.542 
Pak1 50.016 55.067 42.9174 53.0861 126.602 133.008 
Pak2 18.1326 19.0676 13.5129 18.643 68.3405 63.2733 
Scrib 8.30025 8.6194 15.8417 8.16046 7.59878 8.67846 
Map3k7 (TAK1) 10.4753 10.6835 8.34728 10.111 14.8878 14.9579 
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6. 3.  46BSupplementary Figures 

 

Supplementary Figure 1: Optimal density and size of organoids just before collecting for long term storage in liquid nitrogen. 
Organoids were plated one day and a half before freezing. Note that visibly crypt-villus like differentiation has not yet or only 
faintly developed in most of the organoids. A large fraction is still in a cyst-like stadium which allows for better survival of the 
freezing-thawing procedure. Scale bar = 100 µm. 
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Supplementary Figure 2: Products of vector test digestions. A) FIRE and gag-pol vector preparations digested using Xba I and 
Not I. B) Vector preparations containing oncogenic KRAS or BRAF transgenes as depicted in Fig. 4 A. digested with BamH I and 
Hind III. Note: Preparations KRAS3 and BRAS3 contained low molecular bands and were excluded from further processing. C) 
Vector preparations containing FLUC transgene as depicted in Fig. 4 A. digested with BamH I and Sma I or undigested. Note: 
Preparation FLUC1 contained more residual vector as well as high molecular DNA (probably contaminating genomic DNA) 
than FLUC2 and was therefore excluded from subsequent lipofectamine transfection. 
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Supplementary Figure 3: A) Analyzing vector transfection efficiency in PlatE cells used for virus production. Roughly 40 % of 
PlatE cells where FIRE positive (fluorescence on x-axis) post transfection when compared to control, and this was independent 
of cell plating density and culture medium applied to gain the viral supernatant (D10 or CCM). B) Before using the viral 
supernatants for organoid transfection, I pre-validated virus efficiency by transfecting Caco2 et KRASG12D cells employing 
undiluted and diluted virus supernatant (D10-based). Diluted virus (79 % FIRE positive, right panel) was more effective than 
undiluted virus supernatant (62 % FIRE positive, mid panel) which prompted me to use diluted virus in subsequent organoid 
transfection. Left panel shows non-transfected control. 
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Supplementary Figure 4: Phosphoprotein analysis using WES capillary system and antibodies against A) p-MEK and B) p-ERK 
show a strong increase upon oncogenic BRAF expression. GSKβ inhibition using CHIR9931 significantly lowered p-MEK as well 
as p-ERK levels constantly in all non-BRAFV600E expressing groups by ~ 40% when compared to GSKβ non-inhibition controls. 
In contrast, GSKβ inhibition only mildly reduced p-MEK and p-ERK in the presence of BRAF expression (~15 %) thus remaining 
at unphysiologically high levels. Significance between GSKβ inhibition vs. non-inhibition across all groups was determined 
using paired t-test with pairs being formed within each of the four groups and within one biological replicate (for instance, 
FLUC +dox replicate no. 2 and FLUC +dox +CHIR replicate no. 2 form one pair); pV = 0.020 and 0.044 for ERK and MEK, 
respectively. C)-E) Analyzing MAPK target genes PHLDA1, ANXA10 and DUSP6 via qRT-PCR reveals increased transcript levels 
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following oncogenic BRAF expression which are not lowered by GSKβ inhibition. Values are calculated using ΔΔCt method 
and normalized first, to housekeeper gene PMM2 and second, to untreated FLUC control. F) Flow cytometry analysis gating 
cell populations according to no, low, intermedium or high BRAFV600E expression as inferred from tdTomato fluorescence. 
In neither population GSKβ inhibition significantly alters level of p-ERK. Relative values of p-ERK are displayed, adjusted to 
average of non-tdTomato expressing, non-inhibitor treated cells as determined from three independent experiments. G) 
Percentage of late-stage apoptotic cells is determined using Live/Dead Fixable Dead Cell Stain Kit (Life Tech) in a flow 
cytometry approach. BRAFV600E expression increases proportion of apoptotic cells which is rescued by MEK- but not by GSKβ 
inhibition. 
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Supplementary Figure 5: Assessing gene expression on a previously defined set of MAPK target genes 1,2 using bulk RNA 
sequencing of organoids reveals strong expression of most target genes following 24 h of BRAFV600E but not KRASG12V 
induction. Figure is modified from Brandt and Sell et al 5. 
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Supplementary Figure 6: Low oncogenic BRAF induction using 0.25 µg/ml doxycycline allows for prolonged organoid 
survival when compared to treatment with 2 µg/ml doxycycline. Application of PI3KCA inhibitor GDC0941 has no significant 
impact on organoid survival (A) and rather subtle effects on the proportions of organoids displaying newly budding crypts 
(B). PI3Ki is not able to rescue deleterious oncogenic BRAF effects induced by high doxycycline. KRASG12V expressing 
organoids show reduced crypt budding if treated with PI3Ki (B). 
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Supplementary Figure 7: Single-cell sequencing of CD44-stained organoids. A) Gating strategy discriminating 4 populations 
according to red tdTomato fluorescence (-high, -low) and far red CD44 (-high, -low) antibody staining that are sorted for 
single-cell sequencing. CD44 staining reveals a shift towards higher CD44 levels in the oncogenic KRAS expressing cell 
population (Gate P4 & P5) when compared to the BRAFV600E and FLUC control organoid lines. B) Top defining genes of each 
of the six clusters defined by K means clustering. Labeling of individual cell counts is found below the plot and color coded 
for transgene expression, CD44 status and cluster assignment as in Fig. 9. Figure is modified from Brandt and Sell et al 5. 
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Supplementary Figure 8: FIRE fluorescence persists upon starvation. Organoids imaged 3 days after plating. Essential RSPO1 
and/or EGF ligands are removed from the culture medium 24 h before imaging which in each case results in no obvious visible 
alterations in staining pattern and intensity as staining persisted in the crypt-like domains similar to control organoids. 
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Supplementary Figure 9: FIRE fluorescence pattern in organoids is stable upon BMP pathway activation. BMP pathway is 
activated by removing BMP inhibitor Noggin and adding ligand BMP-4 to the culture medium. Under these conditions, 
proliferative capacity declines leading to complete culture collapse after 2-3 passages. After 2 passages, only few organoids 
remain, despite, these display FIRE-positive crypts. L = Lumen. 
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Supplementary Figure 10: A) Immunofluorescence staining of KRASG12V induced, FIRE expressing organoids with antibodies 
against Paneth cell marker CD24. Arrows point to tdTomato-positive Paneth cells staining positive for FIRE, arrowheads show 
tdTomato-low Paneth cell that regularly stain weaker for FIRE. B) Stem cell marker OLFM4 is broadly expressed in the crypt-
like domains but largely excluded from the central, entirely tdTomato-high villus-like domain. In organoids, OLFM4 appears 
less confined to the crypt basis as in vivo. TdTomato fluorescence is generally patchy in the crypts but overlaps with OLFM4 
expression indicating that transgene expression is not limited to specific cell types within the crypts. 
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Supplementary Figure 11: Flow cytometry analysis gating cell populations according to no, low, intermedium or high 
transgene expression (KRASG12V or FLUC) as inferred from tdTomato fluorescence. Relative values of p-ERK are determined 
by adjusting to tdTomato negative FLUC cells within each experimental replicate. ERK phosphorylation levels of FLUC and 
KRASG12V organoids react similar to HGF (A) or HRG (B) treatment, respectively. Organoids were plated and immediately 
treated with doxycycline and growth factors for 4 days. 
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Supplementary Figure 12: This figure is modified from Brandt and Sell et al 5. It shows data that is not part of the present 
study but extends it and is extensively referenced in the discussion part of the study.  
Organoids were established from KRASG12V- and FLUC transgenic mice, induced for transgene expression after 3 days, and 
treated with GSK3β inhibitor for 1 day and with MEK and p38 inhibitors for 3 h before harvesting. Finally, 12 samples were 
subjected to multiplexed CyTOF analysis. A) Principal component analysis showing color code of k-means clustering in 
KRASG12V-and BRAFV600E-induced cells by EphB2, CD44, CD24, Krt20 and cleaved Caspase 3 signal strength. B) & C) Mapping 
of signal strength for p-ERK and cleaved Caspase 3 on PCA, as in A. D) Color-coded gene expression data from cells sorted by 
high and low FIRE activity, as indicated. Upper panel shows marker genes (Mki67, encoding Ki67, for proliferative cells, CD44 
and EPHB2 for crypt cells and KRAS), lower panel shows 20 significantly regulated genes between the conditions. In total, 269 
genes encoding MAPK network components in KEGG were tested. Asterisks indicate dual-specificity phosphatases which are 
upregulated in FIRE-low cells. CDC25B is upregulated in FIRE-high cells. E) Fractions of cells in clusters 1–6, in organoid cells 
induced for FLUC or KRASG12V transgenes plus/minus GSK3β inhibitor treatment. Numbers denote percentages of cells in 
clusters 1, 5, 6. 
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