
 

 

Dis i  

 

Klinikum rechts der Isar 

Fakultät für Medizin 
 

The Role of the Notch Signaling 

Pathway in the Development of 

Barrett Esophagus 
 

Bettina Kunze 
Vollständiger Abdruck der von der Fakultät für Medizin der Technischen Universität München zur 

Erlangung des akademischen Grades eines 

Doktors der Naturwissenschaften 
genehmigte Dissertation.  

 

Vorsitzender: Prof. Dr. Roland Rad 

Prüfer der Dissertation: 

1. Priv.-Doz. Dr. Michael Quante 

2. Prof. Dr. Dirk Haller 

 

Die Dissertation wurde am 28.09.2016 bei der Technischen Universität München eingereicht und 

durch die Fakultät für Medizin am 15.02.2017 angenommen.  



    

2 

 

Fakultät für Medizin, Technische Universität München 

Name der promotionsführenden Einrichtung 

 

The Role of the Notch Signaling Pathway in the Development of Barrett Esophagus 

Titel der wissenschaftlichen Abhandlung 

 

Bettina Kunze 

Vorname und Name 

Vollständiger Abdruck der von der promotionsführenden Einrichtung 

Fakultät für Medizin 

der Technischen Universität München zur Erlangung des akademischen Grades 

eines Doktors der Naturwissenschaften 

genehmigten Dissertation. 

Vorsitzende/-r: Prof. Dr. Roland Rad 

Prüfende/-r der Dissertation: 

1. Priv.-Doz. Dr. Michael Quante 

2.  Prof. Dr. Dirk Haller 

3.      

Die Dissertation wurde am 28.09.2016 bei der technischen Universität München  

eingereicht und durch die promotionsführende Einrichtung  

Fakultät für Medizin am 15.02.2017 angenommen. 

 

  



    

3 

 

Danksagung 

Eine Dissertation ist nie das Werk einer einzelnen Person. Deswegen möchte ich mich jetzt bei allen 

bedanken, die mir die Erstellung der vorliegenden Arbeit ermöglich haben. 

Mein erster Dank gilt Herrn PD Dr. med. Michael Quante für das Überlassen des interessanten 

Dissertationsthemas und die finanzielle Unterstützung. Zudem danke ich für die vielen konstruktiven 

Gespräche und Hilfestellungen sowie für das entgegengebrachte Vertrauen.  

Herrn Prof. Dr. med. Roland Schmid möchte ich für die Möglichkeit bedanken meine Ergebnisse im 

Rahmen der Institutsseminare zu präsentieren und mit einem Fachpublikum kritisch zu diskutieren.  

Mein Dank gilt auch Herrn Prof. Dr. Dirk Haller für die Übernahme der Betreuung am 

Wissenschaftzentrum Weihenstephan der Technischen Universität München. 

Zudem möchte ich der Deutschen Krebshilfe danken, die durch das Max Eder Programm NIH U54 

CA163004 die Finanzierung und Durchführung dieser Arbeit ermöglicht haben.  

 

Ein großer Dank gilt zudem unseren Technischen Assistentinnen Marina Lotter, Anna Brandtner und 

Steffi Neupert deren fachliche Arbeit und Unterstützung zum Gelingen dieser Arbeit beigetragen 

haben. Dr. Marc Tänzer und Moritz Tobiasch möchte ich für die Einarbeitung zu Beginn der Arbeit 

danken. Ebenfalls möchte ich mich bei vielen Kollegen für die freundliche Atmosphäre bedanken, 

insbesondere bei Moritz Tobiasch, Anna Brandtner, Jonas Ingermann, Natasha Münch, Vincenz Sahm, 

Carlo Maurer und Dr. Christin Ruoff.  

Dr. Hsin-Yu Fang möchte ich besonders für die Hilfe und Unterstützung bei der Durchführung und 

Auswertung der Flow Cytometry Daten sowie für die Hilfestellung bei der Analyse der 

Genexpressionsdaten danken. Zudem danke ich Jonas Ingermann für seine tatkräftige Unterstützung 

in der Vorbereitung und Durchführung der Flow Cytometry Daten und seinem umfassenden Einsatz im 

Laboralltag.  

Des Weiteren möchte ich mich bei meinen Bachelorstudenten Isabel Gosch und Philip Neubert für ihre 

Unterstützung, ihren Einsatz und Wissbegierde bedanken. Insbesondere danke ich Isabel Gosch für 

ihre Hilfe bei der Durchführung und Messung der in vitro Daten und Philip Neubert für die Analyse der 

Dünndarmproben.   

 

Der wichtigste Dank geht jedoch an meine Familie, die immer an mich geglaubt und mich auf meinem 

Weg unterstützt hat. Besonders dankbar bin ich meinem Mann Steffen Kunze der mich jederzeit 

unterstützt, inspiriert und nach vorne gebracht hat und ohne ihn das Gelingen dieser Arbeit ungleich 

schwerer gewesen wäre.  

  



    

4 

 

Table of Contents 

Danksagung ............................................................................................................................................. 3 

List of Figures ........................................................................................................................................... 7 

List of Tables .......................................................................................................................................... 12 
List of Abbreviations .............................................................................................................................. 13 

1. Abstract ......................................................................................................................................... 16 

1.1. Abstract ................................................................................................................................. 16 

1.2. Zusammenfassung ................................................................................................................. 17 

2. Introduction ................................................................................................................................... 20 

2.1. Anatomy and Physiology of the Gastro-Intestinal Tract ....................................................... 20 

2.1.1. Esophagus ...................................................................................................................... 20 

2.1.2. Stomach ......................................................................................................................... 21 

2.1.3. Small Intestine ............................................................................................................... 21 
2.1.4. Large Intestine ............................................................................................................... 22 

2.2. Development of the gastrointestinal tract ............................................................................ 22 

2.3. Pathologic Conditions in the upper GI tract .......................................................................... 23 

2.3.1. Motility Disorders .......................................................................................................... 23 

2.3.2. Gastroesophageal Reflux Disease ................................................................................. 23 

2.3.3. Chronic inflammation in the upper GI tract .................................................................. 24 

2.3.4. Barrett Esophagus ......................................................................................................... 25 
2.3.5. Esophageal Cancer ........................................................................................................ 26 

2.3.6. Cancer of the Gastric Cardia and Gastric Cancer .......................................................... 28 

2.3.7. Diagnosis and Therapy .................................................................................................. 28 

2.4. Hypothesis for the development of BE ................................................................................. 29 

2.4.1. Migration of Bone-Marrow Derived Cells ..................................................................... 29 

2.4.2. Expansion of Submucosal Gland Cells ........................................................................... 30 
2.4.3. De-Differentiation of squamous epithelial cells ............................................................ 30 

2.4.4. Expansion of Residual Embryonic Cells ......................................................................... 30 

2.4.5. Migration of Progenitor Cells from the Cardia .............................................................. 30 

2.4.6. Models for Barrett Esophagus ....................................................................................... 32 

2.4.7. Pathways in Barrett Esophagus ..................................................................................... 34 

2.5. The Notch Signaling Pathway ................................................................................................ 34 

2.5.1. Notch Receptors ............................................................................................................ 34 
2.5.2. Notch Ligands ................................................................................................................ 35 

2.5.3. The canonical Notch signaling pathway ........................................................................ 36 

2.5.4. Downstream signaling of Notch .................................................................................... 38 

2.5.5. Non-canonical Notch pathway ...................................................................................... 39 

2.5.6. Diversity and Similarities in Notch signaling ................................................................. 39 

2.5.7. Notch: Physiological Function and Function in Disease ................................................ 40 

3. Materials and Methods ................................................................................................................. 43 

3.1. Transgenic Mouse Strains ..................................................................................................... 43 

3.1.1. Mouse husbandry .......................................................................................................... 44 

3.1.2. DNA extraction from mouse tissue ............................................................................... 44 

3.1.3. Genotyping of mice ....................................................................................................... 44 

3.1.4. Agarose Gel Electrophoresis .......................................................................................... 45 

3.1.5. Induction of mice ........................................................................................................... 45 

3.2. Monitoring of Mice ................................................................................................................ 46 

3.2.1. Long-term evaluation of health status .......................................................................... 46 

3.2.2. Macroscopic scoring ...................................................................................................... 46 



    

5 

 

3.3. Histological Analysis .............................................................................................................. 46 

3.3.1. Tissue harvesting and preparation of formalin-fixed paraffin-embedded (FFPE) tissue 

blocks 46 

3.3.2. Cutting and downstream applications of FFPE blocks .................................................. 46 

3.3.3. Haematoxylin and Eosin (H&E) Staining ........................................................................ 47 

3.3.4. Periodic Acid Schiff (PAS) Staining with Alcain blue ...................................................... 47 

3.3.5. Immunohistochemistry ................................................................................................. 47 

3.3.6. Tissue Tek blocks ........................................................................................................... 49 

3.3.7. Immunofluorescence on Cryosections .......................................................................... 49 
3.3.8. Immunofluorescence on Paraffin-Sections ................................................................... 49 

3.3.9. Beta-Galactosidase staining .......................................................................................... 50 

3.3.10. Histological Analysis and Quantification ....................................................................... 50 

3.3.11. Evaluation of Immunohistochemistry and Immunofluorescence ................................. 51 

3.4. RNA and Protein Extraction from tissue ................................................................................ 51 

3.4.1. RNA Isolation ................................................................................................................. 51 

3.4.2. Protein Isolation ............................................................................................................ 51 
3.4.3. Reverse Transcription- Polymerase Chain Reaction ...................................................... 52 

3.4.4. Microarray ..................................................................................................................... 52 

3.4.5. Real-time Quantitative PCR analysis ............................................................................. 52 

3.5. Flow Cytometry ..................................................................................................................... 54 

3.6. Cell Culture ............................................................................................................................ 55 

3.6.1. General .......................................................................................................................... 55 

3.6.2. OE cell lines .................................................................................................................... 56 
3.6.3. Wnt-conditioned Medium ............................................................................................. 56 

3.6.4. R-Spondin Production .................................................................................................... 56 

3.7. Crypt culture .......................................................................................................................... 57 

3.7.1. Cardia Organoid Culture (Cardia Crypts) ....................................................................... 57 

3.7.2. Intestinal Organoid Culture (Small Intestinal Crypts) .................................................... 58 

3.7.3. Passaging and Maintenance of Crypts .......................................................................... 58 
3.7.4. Freezing of Crypts .......................................................................................................... 59 

3.7.5. Treatment of Crypts ...................................................................................................... 59 

3.7.6. Evaluation of Crypt Growth and Size ............................................................................. 59 

3.7.7. RNA and Protein Isolation from Crypts ......................................................................... 59 

3.7.8. Whole transcriptome and qPCR .................................................................................... 60 

3.7.9. Embedding and Staining ................................................................................................ 60 

3.8. Statistical Analysis ................................................................................................................. 60 
4. Goal and Purpose of this Thesis .................................................................................................... 61 

5. Results ........................................................................................................................................... 62 

5.1. Characterization of Lgr5 mouse lines .................................................................................... 63 

5.1.1. Comparison between pL2.Lgr5 control mice and Wildtype mice ................................. 64 

5.1.2. Characterization of Lgr5 specific overexpression of Notch2 (pL2.Lgr5.N2IC) ............... 67 

5.1.3. Characterization of Lgr5 specific knockdown of Notch2 (pL2.Lgr5.N2fl/fl) .................. 87 

5.1.4. Characterization of Lgr5 specific knockdown of Notch1 (pL2.Lgr5.N1fl/fl) ................ 104 

5.1.5. Comparison between Lgr5 mouse lines ...................................................................... 117 

5.1.6. In vitro Experiments of the Lgr5 lines.......................................................................... 128 
5.1.7. Gene Expression Analysis of the different Lgr5 mouse lines ...................................... 141 

5.1.8. Evaluation of pIKKα/βeta in Lgr5 mouse lines ............................................................ 161 

5.2. Characterization of Dclk1 mouse lines ................................................................................ 166 

5.2.1. Comparison between pL2.Dclk1 control mice and Wildtype mice ............................. 167 

5.2.2. Characterization of Dclk1 specific overexpression of Notch2 ..................................... 170 



    

6 

 

5.2.3. Characterization of Dclk1 specific knockdown of Notch2 (pL2.Dclk1.N2fl/fl) ............ 187 

5.2.4. Characterization of Dclk1 specific knockdown of Notch1 (pL2.Dclk1.N1fl/fl) ............ 203 

5.2.5. Comparison of the different Dclk1 mouse lines .......................................................... 216 

5.2.6. Crypt Cultures Experiments in Dclk1 mouse lines ....................................................... 227 

5.2.7. Gene Expression Analysis of the different Dclk1 mouse lines..................................... 236 

5.2.8. Evaluation of pIKKα/β in Dclk1 mouse lines ................................................................ 256 

6. Discussion .................................................................................................................................... 260 

6.1. Definition and Discrimination of Barrett Esophagus ........................................................... 260 

6.2. Notch signaling in stem cells of the SCJ determines carcinogenesis .................................. 263 

6.3. Inflammation activates quiescent stem cells ...................................................................... 265 

6.4. Expansion of the whole Cardia in BE is Notch dependent .................................................. 266 

6.5. Notch1 and Notch2 have opposing roles in esophageal carcinogenesis ............................ 267 

6.6. The Inflammation status contributes to carcinogenesis ..................................................... 269 

6.7. Notch interacts with a number of signaling pathways to promote carcinogenesis ............ 270 

6.8. Discussion of Differences and Similarities between the mouse lines ................................. 273 

6.8.1. Differences between Lgr5 and Dclk1 ........................................................................... 273 
6.8.2. Differences in Cre lines ................................................................................................ 274 

6.8.3. Differences between mouse and human .................................................................... 274 

6.9. Future Work and Perspective .............................................................................................. 274 

6.10. Conclusion ........................................................................................................................... 275 

7. References ................................................................................................................................... 278 

8. Appendix ...................................................................................................................................... 292 

8.1. Single values of macroscopic score ..................................................................................... 292 
8.1.1. Lgr5-mouse lines ......................................................................................................... 292 

8.1.2. Dclk1-mouse lines ........................................................................................................ 294 

8.2. Phenotypical abnormalities ................................................................................................. 298 

8.2.1. Impairment of the eyes in pL2.Lgr5.N1fl/fl mice ........................................................ 298 

8.2.2. Esophageal lesions in pL2.Lgr5.N1fl/fl mice are positive for p63 ............................... 298 

8.2.3. pL2.Dclk1.N2IC mice show huge lesions in the head/neck area and at the tail .......... 299 

8.3. Flow Cytometry Data ........................................................................................................... 300 

8.3.1. Gating .......................................................................................................................... 300 

8.3.2. Analysis of Immune Cells of the Esophagus ................................................................ 302 

8.4. Transfection of Cell Culture and Crypt Culture ................................................................... 306 

8.4.1. Transfection Methods ................................................................................................. 306 

8.4.2. Results of Transfection Experiments ........................................................................... 308 

8.4.3. Vector maps ................................................................................................................. 310 

8.5. Small intestines ................................................................................................................... 312 

8.5.1. Evaluation of Small intestines ..................................................................................... 312 

8.5.2. SI Crypt Cultures .......................................................................................................... 315 

 



    

7 

 

List of Figures 

Figure 2.1: Gastrointestinal Tract in human .......................................................................................... 20 

Figure 2.2: Schematic representation of the course of disease ............................................................ 25 

Figure 2.3: Schematic picture of the hypothesized cell of origin of BE. ................................................ 29 

Figure 2.4: Protein structures of the four Notch pathway receptors (Notch1-4), ................................ 35 

Figure 2.5: Protein structure of canonical Notch signaling ligands ....................................................... 36 

Figure 2.6: Key steps of the canonical Notch signaling pathway. ......................................................... 37 

Figure 5.1: Expression of Notch1 in human dysplastic biopsies is significantly elevated compared to 

metaplastic BE samples ......................................................................................................................... 62 

Figure 5.2: Microarray Analysis of pL2 mice vs. WT .............................................................................. 62 

Figure 5.3: Crossing and Induction Scheme in Lgr5 mouse lines. ......................................................... 64 

Figure 5.4 Evaluation of Metaplasia and Dysplasia in pL2.Lgr5 control mice compared with Wildtype 

(WT) control mice by Haematoxylin and Eosin (H&E) Stain. ................................................................. 65 

Figure 5.5: Values of Chronic and Acute Inflammation in pL2.Lgr5 control mice and WT control mice.

 ............................................................................................................................................................... 66 

Figure 5.6: Survival Curves and Weight Curves of pL2.Lgr5 control mice and wildtype (WT) control mice

 ............................................................................................................................................................... 67 

Figure 5.7 Evaluation of Notch expression in pL2.Lgr5.N2IC mice. ....................................................... 69 

Figure 5.8 Macroscopic Pictures and Macroscopic Score of pL2.Lgr5.N2IC mice. ................................ 71 

Figure 5.9 Evaluation of Metaplasia and Dysplasia of pL2.Lgr5.N2IC mice by Haematoxylin and Eosin 

(H&E) stain. ............................................................................................................................................ 73 

Figure 5.10 Lineage tracing in pL2.Lgr5.N2IC.LacZ mice and pL2.Lgr5.LacZ control mice. ................... 75 

Figure 5.11 Survival and Weight Curves of pL2.Lgr5.N2IC mice compared with controls. ................... 76 

Figure 5.12 Determination of proliferation rate and number of crypt fissions in pL2.Lgr5.N2IC mice. 79 

Figure 5.13 Evaluation of differentiation of mucus producing cells in pL2.Lgr5.N2IC mice. ................ 80 

Figure 5.14 Immunohistochemistry for Dclk1 positive cells and mRNA expression in pL2.Lgr5.N2IC mice.

 ............................................................................................................................................................... 83 

Figure 5.15: Values of Chronic and Acute Inflammation in pL2.Lgr5.N2IC mice. .................................. 83 

Figure 5.16: Representative pictures of myeloid cell and T-cell distribution in pL2.Lgr5.N2IC and 

pL2.Lgr5 mice of the 4+3 and 4+6 time point ....................................................................................... 85 

Figure 5.17: Flow cytometric Analysis of Myeloid and T-Cells of pL2.Lgr5.N2IC mice in the Cardia region

 ............................................................................................................................................................... 86 

Figure 5.18 Evaluation of Notch expression in pL2.Lgr5.N2fl/fl mice. .................................................. 88 

Figure 5.19 Macroscopic Pictures and Macroscopic Score of pL2.Lgr5.N2fl/fl mice. ........................... 90 

Figure 5.20 Evaluation of Metaplasia and Dysplasia of pL2.Lgr5.N2fl/fl mice by Haematoxylin and Eosin 

Staining (H&E). ...................................................................................................................................... 92 

Figure 5.21 Lineage tracing in pL2.Lgr5.N2fl/fl.LacZ mice and pL2.Lgr5.LacZ control mice. ................. 93 

Figure 5.22 Survival and Weight Curves of pL2.Lgr5.N2fl/fl mice compared with controls. ................ 94 

Figure 5.23 Evaluation of differentiation of mucus producing cells in pL2.Lgr5.N2fl/fl mice. .............. 96 

Figure 5.24 Determination of proliferation rate and number of crypt fissions in pL2.Lgr5.N2fl/fl mice.

 ............................................................................................................................................................... 99 

Figure 5.25 Immunohistochemistry and mRNA expression for Dclk1 positive cells in pL2.Lgr5.N2fl/fl 

mice. .................................................................................................................................................... 101 

Figure 5.26: Values of Chronic and Acute Inflammation in pL2.Lgr5.N2fl/fl mice. ............................. 101 

Figure 5.27: Representative pictures of myeloid cell and T-cell distribution in pL2.Lgr5.N2fl/fl and 

pL2.Lgr5 mice of the 4+3 and 4+6 time point ..................................................................................... 102 



    

8 

 

Figure 5.28: Flow cytometric Analysis of Myeloid and T-Cells of pL2.Lgr5.N2fl/fl mice in the Cardia 

region................................................................................................................................................... 103 

Figure 5.29 Evaluation of Notch expression in pL2.Lgr5.N1fl/fl mice. ................................................ 105 

Figure 5.30 Macroscopic Pictures and Macroscopic Score of pL2.Lgr5.N1fl/fl mice .......................... 107 

Figure 5.31 Survival and Weight Curves of pL2.Lgr5.N1fl/fl mice compared with controls. .............. 108 

Figure 5.32 Evaluation of Metaplasia and Dysplasia by Haematoxylin and Eosin (H&E) Stain of 

pL2.Lgr5.N1fl/fl mice. .......................................................................................................................... 109 

Figure 5.33 Evaluation of differentiation of mucus producing cells in pL2.Lgr5.N1fl/fl mice. ............ 111 

Figure 5.34 Determination of proliferation rate and number of crypt fissions in pL2.Lgr5.N1fl/fl mice.

 ............................................................................................................................................................. 114 

Figure 5.35 Immunohistochemistry for Dclk1 positive cells and mRNA expression in pL2.Lgr5.N1fl/fl 

mice. .................................................................................................................................................... 116 

Figure 5.36: Values of Chronic and Acute Inflammation in pL2.Lgr5.N1fl/fl mice. ............................. 116 

Figure 5.37 Comparison of Nuclei stained positive for Notch in the different Lgr5-mouse lines. ...... 117 

Figure 5.38 Comparison of Macroscopic Scores of the different Lgr5-mouse lines. .......................... 118 

Figure 5.39 Comparison of the Pathologic Score of Metaplasia in the different Lgr5-mouse lines. .. 119 

Figure 5.40 Comparison of the Pathologic Score of Dysplasia in the different Lgr5-mouse lines. ..... 120 

Figure 5.41: Survival proportions in mice of the Lgr5 line pL2.Lgr5 controls, pL2.Lgr5.N1fl/fl, 

pL2.Lgr5.N2fl/fl, and pL2.Lgr5.N2IC .................................................................................................... 120 

Figure 5.42 Comparison of Percentages of PAS positive Barrett areas in the different Lgr5-mouse lines.

 ............................................................................................................................................................. 121 

Figure 5.43 Comparison of amount of mucus producing cells in the different Lgr5-mouse lines. ..... 122 

Figure 5.44 Comparison of Percentage of Ki67 positive cells in the Barrett area in the different Lgr5-

mouse lines. ......................................................................................................................................... 123 

Figure 5.45 Comparison of number of Crypt fissions present in the different Lgr5-mouse lines. ...... 124 

Figure 5.46 Comparison Number of Dclk1-positive cells in the different Lgr5-mouse lines. .............. 125 

Figure 5.47 Comparison of Acute Inflammation values in the different Lgr5-mouse lines. ............... 125 

Figure 5.48 Comparison of Chronic Inflammation values in the different Lgr5-mouse lines. ............ 126 

Figure 5.49: Flow cytometric Analysis of Myeloid Cells of Lgr5 mice in the Cardia region ................. 127 

Figure 5.50: Flow cytometric Analysis of T-Cells of Lgr5 mice in the Cardia region ............................ 128 

Figure 5.51: Cardia Crypt of pL2.Lgr5 mice ......................................................................................... 129 

Figure 5.52: Cardia Crypt Cultures of the different Lgr5 mouse lines at 2, 4, and 7 days after isolation.

 ............................................................................................................................................................. 130 

Figure 5.53: Ki67 positive staining in the different Lgr5 mouse lines. ................................................ 131 

Figure 5.54: Notch positive staining in the different Lgr5 mouse lines. ............................................. 132 

Figure 5.55: PAS positive staining in the different Lgr5 mouse lines. ................................................. 133 

Figure 5.56: Representative pictures of pL2.Lgr5 and pL2.Lgr5.N2IC crypts treated with DMSO 

(=control) or DAPT (y-secretase inhibitor) .......................................................................................... 134 

Figure 5.57: Immunohistochemistry for Notch in pL2.Lgr5.N2IC crypts treated with DMSO (=control) or 

DAPT (y-secretase inhibitor). ............................................................................................................... 135 

Figure 5.58: Proliferation and Differentiation in DAPT and DMSO treated pL2.Lgr5.N2IC and pL2.Lgr5 

control crypts. ..................................................................................................................................... 136 

Figure 5.59: Cardia crypts of the different Lgr5 mouse lines treated with IL-1β and IL-6. ................. 138 

Figure 5.60: Relative mRNA expression in Lgr5 cardia crypts treated with Cytokines IL-1b and IL-6 . 141 

Figure 5.61: Confirmation of Microarray results by qPCR analysis of different genes in all Lgr5 mouse 

lines. .................................................................................................................................................... 157 

Figure 5.62: Immunohistochemistry for pIKKα/β in the Lgr5 mouse lines. ........................................ 163 

Figure 5.63: Immunohistochemistry and Immunofluorescence staining of pIKKα/β ......................... 164 



    

9 

 

Figure 5.64: Crossing and Induction Scheme in Dclk1 mouse lines. ................................................... 166 

Figure 5.65 Evaluation of Metaplasia and Dysplasia of pL2.Dclk1 mice compared with Wildtype (WT) 

control mice by Haematoxylin and Eosin (H&E) Stain......................................................................... 168 

Figure 5.66: Values of Chronic and Acute Inflammation in pL2.Dclk1 control mice and WT control mice.

 ............................................................................................................................................................. 169 

Figure 5.67 Survival Curves and Weight Curves of pL2.Dclk1 mice and wildtype (WT) control mice. 170 

Figure 5.68 Evaluation of Notch-Expression in pL2.Dclk1.N2IC mice.................................................. 171 

Figure 5.69 Macroscopic Pictures and Macroscopic Score in pL2.Dclk1.N2IC mice ........................... 174 

Figure 5.70 Evaluation of Metaplasia and Dysplasia of pL2.Dclk1.N2IC mice by Haematoxylin and Eosin 

Stain. .................................................................................................................................................... 175 

Figure 5.71: Lineage tracing in pL2.Dclk1.N2IC.LacZ mice and pL2.Dclk1.LacZ control mice ............. 176 

Figure 5.72 Survival and Weight Curves of pL2.Dclk1.N2IC mice Figure compared with pL2.Dclk1 control 

mice. .................................................................................................................................................... 177 

Figure 5.73 Evaluation of Proliferation rate and number of crypt fissions in pL2.Dclk1.N2IC mice. .. 180 

Figure 5.74 Evaluation of differentiation of mucus producing cells in pL2.Dclk.N2IC mice................ 182 

Figure 5.75 Immunohistochemistry for Dclk1 positive cells and mRNA expression in pL2.Dclk1.N2IC 

mice. .................................................................................................................................................... 184 

Figure 5.76: Values of Chronic and Acute Inflammation in pL2.Dclk1.N2IC mice. .............................. 184 

Figure 5.77: Representative pictures of myeloid cell and T-cell distribution in pL2.Dclk1.N2IC and 

pL2.Dclk1 mice of the 6+3 and 6+6 time point ................................................................................... 185 

Figure 5.78: Flow cytometric Analysis of Myeloid and T-Cells of pL2.Dclk1.N2IC mice in the Cardia 

region................................................................................................................................................... 186 

Figure 5.79 Evaluation of Notch2 expression in pL2.Dclk1.N2fl/fl mice. ............................................ 188 

Figure 5.80 Macroscopic Pictures and Macroscopic Score in pL2.Dclk1.N2fl/fl mice ......................... 191 

Figure 5.81 Evaluation of Metaplasia and Dysplasia of pL2.Dclk1.N2fl/fl mice by Haematoxylin and 

Eosin Stain. .......................................................................................................................................... 192 

Figure 5.82: Lineage tracing in pL2.Dclk1.N2fl/fl.LacZ mice and pL2.Dclk1.LacZ control mice ........... 193 

Figure 5.83 Survival and Weight curves of pL2.Dclk1.N2fl/fl mice compared with pL2.Dclk1 control 

mice. .................................................................................................................................................... 194 

Figure 5.84 Evaluation of differentiation of mucus producing cells in pL2.Dclk1.N2fl/fl mice. .......... 196 

Figure 5.85 Determination of proliferation rate and number of crypt fissions in pL2.Dclk1.N2fl/fl mice.

 ............................................................................................................................................................. 198 

Figure 5.86 Immunohistochemistry for Dclk1 positive cells and mRNA expression in pL2.Dclk1.N2fl/fl 

mice. .................................................................................................................................................... 200 

Figure 5.87: Values of Chronic and Acute Inflammation in pL2.Dclk1.N2fl/fl mice. ........................... 200 

Figure 5.88: Representative pictures of myeloid cell and T-cell distribution in pL2.Dclk1.N2fl/fl and 

pL2.Dclk1 mice of the 6+3 and 6+6 time poin ..................................................................................... 201 

Figure 5.89: Flow cytometric Analysis of Myeloid and T-Cells of pL2.Dclk1.N2fl/fl mice in the Cardia 

region................................................................................................................................................... 202 

Figure 5.90 Evaluation of Notch expression in pL2.Dclk1.N1fl/fl mice. .............................................. 204 

Figure 5.91 Macroscopic Pictures and Macroscopic Score in pL2.Dclk1.N1fl/fl mice ......................... 207 

Figure 5.92 Evaluation of Metaplasia and Dysplasia of pL2.Dclk1.N1fl/fl mice by Haematoxylin and 

Eosin Stain. .......................................................................................................................................... 208 

Figure 5.93 Survival and Weight Curves of pL2.Dclk1.N1fl/fl mice compared with pL2.Dclk1 control 

mice. .................................................................................................................................................... 209 

Figure 5.94 Evaluation of differentiation of mucus producing cells in pL2.Dclk1.N1fl/fl mice. .......... 212 

Figure 5.95 Determination of proliferation rate and number of crypt fissions in pL2.Dclk1.N1fl/fl mice.

 ............................................................................................................................................................. 214 



    

10 

 

Figure 5.96 Immunohistochemistry for Dclk1 positive cells and mRNA expression in pL2.Dclk1.N1fl/fl 

mice. .................................................................................................................................................... 216 

Figure 5.97: Values of Chronic and Acute Inflammation in pL2.Dclk1.N1fl/fl mice. ........................... 216 

Figure 5.98 Comparison of Number of nuclei stained positive for Notch in the different Dclk1-mouse 

lines. .................................................................................................................................................... 217 

Figure 5.99 Comparison of Macroscopic Score of the different Dclk1-mouse lines ........................... 218 

Figure 5.100 Comparison of the Pathological Score of Metaplasia in the different Dclk1-mouse lines.

 ............................................................................................................................................................. 218 

Figure 5.101 Comparison of the Pathological Score of Dysplasia in the different Dclk1-mouse lines.

 ............................................................................................................................................................. 219 

Figure 5.102: Survival proportions in mice of the Dclk1 line: pL2.Dclk1 controls, pL2.Dclk1.N1fl/fl, 

pL2.Dclk1.N2fl/fl, and pL2.Dclk1.N2IC ................................................................................................ 220 

Figure 5.103 Comparison of Percentage of PAS-positive cells in the different Dclk1-mouse lines. ... 221 

Figure 5.104 Comparison of the amount of mucus producing cells in the different Dclk1-mouse lines.

 ............................................................................................................................................................. 221 

Figure 5.105 Comparison of Percentage of Ki67-positive cells in the different Dclk1-mouse lines. .. 222 

Figure 5.106 Comparison of number of Crypt fissions of the different Dclk1-mouse lines. ............... 223 

Figure 5.107 Comparison of number of Dclk1-positive cells in the different Dclk1-mouse lines. ...... 224 

Figure 5.108 Comparison of Chronic Inflammation values in the different Dclk1-mouse lines. ........ 224 

Figure 5.109 Comparison of Acute Inflammation values in the different Dclk1-mouse lines. ........... 225 

Figure 5.110: Flow cytometric Analysis of Myeloid Cells of Dclk1 mice in the Cardia region ............. 226 

Figure 5.111: Flow cytometric Analysis of T-Cells of Dclk1 mice in the Cardia region ........................ 227 

Figure 5.112: Cardia Crypt of pL2.Dclk1-CreGFP mouse ..................................................................... 228 

Figure 5.113: Cardia Crypt Cultures of the different Dclk1 mouse lines ............................................. 229 

Figure 5.114: Ki67 positive staining in the different Dclk1 mouse lines. ............................................ 230 

Figure 5.115: PAS staining in Cardia crypts of the different Dclk1 mouse lines. ................................ 231 

Figure 5.116: pL2.Lgr5 and pL2.Lgr5.N2IC crypts treated with DMSO (=control) or DAPT (y-secretase 

inhibitor) .............................................................................................................................................. 232 

Figure 5.117: Representative Pictures of Cardia crypts of the different Dclk1 mouse lines treated with 

IL-1β and IL-6. ...................................................................................................................................... 234 

Figure 5.118: Relative mRNA expression in Dclk1 cardia crypts treated with Cytokines IL-1b and IL-6

 ............................................................................................................................................................. 236 

Figure 5.119: Confirmation of Microarray results by qPCR analysis of different genes in all Dclk1 mouse 

lines. .................................................................................................................................................... 252 

Figure 5.120: Immunohistochemistry for pIKKα/β in the Dclk1 mouse lines. .................................... 258 

Figure 5.121: Immunohistochemistry staining of pIKKα/β ................................................................. 259 

Figure 6.1: Stem cells in the esophagus and origin of BE and EAC. .................................................... 261 

Figure 6.2: Schematic representation of our suggested hypothesis involving the influence of Notch 

signaling in differentiation and proliferation. ..................................................................................... 262 

Figure 6.3: Representation of membrane doubling in the pL2 mouse model. ................................... 267 

Figure 6.4: Proposed Model of Initiation and Progression of Barrett Esophagus (BE) and Esophageal 

Adenocarcinoma (EAC). ....................................................................................................................... 276 

Figure 8.1: Single Values of Macroscopic Score in pL2.Lgr5.N2IC mice .............................................. 292 

Figure 8.2: Single Values of Macroscopic Score in pL2.Lgr5.N2fl/fl mice ........................................... 293 

Figure 8.3: Single Values of Macroscopic Score in pL2.Lgr5.N1fl/fl mice ........................................... 294 

Figure 8.4: Single Values of Macroscopic Score in pL2.Dclk1.N2IC mice ............................................ 295 

Figure 8.5: Single Values of Macroscopic Score in pL2.Dclk1.N2fl/fl mice.......................................... 296 

Figure 8.6: Single Values of Macroscopic Score in pL2.Dclk1.N1fl/fl mice.......................................... 297 



    

11 

 

Figure 8.7: Phenotypical appearance of impairment and blindness of the eyes in pL2.Lgr5.N1fl/fl mice

 ............................................................................................................................................................. 298 

Figure 8.8: Representative pictures of Immunohistochemistry for p63 in Esophagus ....................... 298 

Figure 8.9: Large ectopic tumorigenic lesions in pL2.Dclk1.N2IC mice in the head/neck area and at the 

tail ........................................................................................................................................................ 299 

Figure 8.10: Representative Picture of Gating of Myeloid Cells ......................................................... 300 

Figure 8.11: Representative Picture of Gating of T-cells ..................................................................... 301 

Figure 8.12: Flow cytometric Analysis of Myeloid Cells of Lgr5 mice in the Esophagus ..................... 302 

Figure 8.13: Flow cytometric Analysis of T-Cells of Lgr5 mice in the Esophagus ................................ 303 

Figure 8.14: Flow cytometric Analysis of Myeloid Cells of Dclk1 mice in the Esophagus ................... 304 

Figure 8.15: Flow cytometric Analysis of T-Cells of Dclk1 mice in the Esophagus .............................. 305 

Figure 8.16: Transfected Cell lines ...................................................................................................... 308 

Figure 8.17: Transfected Crypt Cultures .............................................................................................. 309 

Figure 8.18: Vector Map of pSico ........................................................................................................ 310 

Figure 8.19: Vector Map of pSicoR ...................................................................................................... 311 

Figure 8.20: Evaluation of Small Intestines of Lgr5 mice stained for Ki67 and Alcain Blue. ............... 313 

Figure 8.21: Evaluation of Small Intestines of Dclk1 mice stained for Ki67 and Alcain Blue. ............. 314 

Figure 8.22: Growth and budding of Small Intestinal Crypts .............................................................. 315 



    

12 

 

List of Tables 

Table 1: Genotyping Primers ................................................................................................................. 45 

Table 2: Primary and Secondary Antibodies for Immunohistochemistry ............................................. 48 

Table 3: Primers for Real-time Quantitative PCR .................................................................................. 52 

Table 4: Selected up- and down-regulated genes in pL2.Lgr5.N2IC mice compared to pL2 control mice 

(based on cut-offs of fold changes >1.5 or <0.67 and p-values of <0.5). ............................................ 142 

Table 5: Selected genes up- and down-regulated in pL2.Lgr5.N2fl/fl mice compared to pL2 control mice 

(based on cut-offs of fold changes >1.5 or <0.67 and p-values of <0.5). ............................................ 145 

Table 6: Selected genes up- and down-regulated in pL2.Lgr5.N1fl/fl mice compared to pL2 control mice 

(based on cut-offs of fold changes >1.5 or <0.67 and p-values of <0.5). ............................................ 148 

Table 7: Genes up or down regulated in pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl but unchanged in 

pL2.Lgr5.N2IC ...................................................................................................................................... 152 

Table 8: Genes up pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2IC but unchanged in pL2.Lgr5.N2fl/fl ................ 153 

Table 9: Genes up- or downregulated in only one of the Lgr5 mouse lines pL2.Lgr5.N1fl/fl, 

pL2.Lgr5.N2fl/fl or pL2.Lgr5.N2IC ........................................................................................................ 154 

Table 10: Genes up or down in pL2.Lgr5.N2fl/fl and pL2.Lgr5.N2IC but unchanged in pL2.Lgr5.N1fl/fl

 ............................................................................................................................................................. 154 

Table 11: BIOCARTA pathway analysis of the three Lgr5 mouse lines pL2.Lgr5.N1fl/fl, pL2.Lgr5.N2fl/fl 

and pL2.Lgr5.N2IC ............................................................................................................................... 157 

Table 12: Selected genes up- and down-regulated in pL2.Dclk1.N2IC mice compared to pL2 control 

mice (based on cut-offs of fold changes >1.5 or <0.67 and p-values of <0.5). ................................... 237 

Table 13: Selected genes up- and down-regulated in pL2.Dclk1.N2fl/fl mice compared to pL2 control 

mice (based on cut-offs of fold changes >1.5 or <0.67 and p-values of <0.5). ................................... 240 

Table 14: Selected genes up- and down-regulated in pL2.Dclk1.N1fl/fl mice (based on cut-offs of fold 

changes >1.5 or <0.67 and p-values of <0.5)....................................................................................... 243 

Table 15: Genes up or down regulated in pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2fl/fl but unchanged in 

pL2.Dclk1.N2IC .................................................................................................................................... 247 

Table 16: Genes up or down in pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2IC but unchanged in pL2.Dclk1.N2fl/fl

 ............................................................................................................................................................. 248 

Table 17: Genes only down in pL2.Dclk1.N2fl/fl or up in pL2.Dclk1.N2IC mice .................................. 249 

Table 18: Genes up or down in pL2.Dclk1.N2fl/fl and pL2.Dclk1.N2IC but unchanged in pL2.Dclk1.N1fl

 ............................................................................................................................................................. 250 

Table 19: BIOCARTA pathway analysis of the three Dclk1 mouse lines pL2.Dclk1.N1fl/fl, 

pL2.Dclk1.N2fl/fl and pL2.Dclk1.N2IC. ................................................................................................ 252 

 

 

 



    

13 

 

List of Abbreviations 

ADAM A disintegrin and metalloprotease 

AP-1 Activator protein 1 

Aph1 Anterior pharynx-defective 1 

APP Amyloid precursor protein 

BE Barrett Esophagus 

bHLH Basic helix-loop-helix 

BMI Body mass index 

Bmi1 B-cell specific moloney murine leukemia virus integration site 1 

BMP Bone morphogenetic protein 

CBC Crypt Base Columnar Cell 

Cdx2 Caudal-related homeobox transcription factor 

CLE Columnar lined esophagus 

Cox-2 Cyclooxygenase 2 

Cxcr4 C-X-C chemokine receptor type 4 

DBZ Dibenzazepine 

Dclk1 Doublecortin and CaM kinase-like-1 

DES Distal esophageal sphincter 

Dlk1/2 Delta-like homologue 1/2 

Dll1/3/4 Delta-like ligand 1/3/4 

DNER Delta/Notch-like EGF receptor 

DSL Delta-Serrate-Lag2 

EAC Esophageal Adenocarcinoma 

EDA Esophago-duodenal anastomosis 

EGDA Esophago-gastro-duodenal anastomosis 

EGF Epidermal growth factor 

EMT Epithelial-mesenchymal transition 

ESCC Esophageal Squamous Cell Carcinoma 

FGF Fibroblast growth factor 

GEJ Gastro-esophageal junction 

GI Gastrointestinal tract 

GSI Gamma-secretase inhibitor 

GSK3b Glycogen synthase kinase 3 b 



    

14 

 

H&E Haematoxylin und Eosin 

Hes1/5 Hairy enhancer of Split 1/5 

Hey1/2 Hes-related repressor proteins with Y-box 1/2 

H.p. Helicobacter pylori 

HGF hepatocyte growth factor 

Igf insulin-like growth factor 

IHC Immunohistochemistry 

IL-1b/6/8/17 Interleukin 1b/6/8/17 

IM intestinal metaplasia 

Jag1/2 Jagged 1/2 

K-ras Kirsten rat sarcoma viral oncogene homolog 

Krt19 Keratin 19 

LES Lower esophageal sphincter 

Lgr5 Leucine rich repeat-containing G protein-coupled receptor 5 

LNR LIN-12-Notch-repeats 

MAGP1/2 Microfibril-associated glycoprotein 

MAML Mastermind-like 

MMP Matrix metalloproteinase 

Muc2 Mucin 2 

Myc Avian Myelocytomatosis Viral Oncogene Homolog 

N1fl/fl Notch1flox/flox 

N2fl/fl Notch2flox/flox 

N2IC Notch2 intracellular domain 

NICD  Notch intracellular domain 

NLS Nuclear localization signal 

NRR Negative regulatory region 

NSAID Non-sterioldal anti-inflammatory drugs 

PAS Perodic Acid Schiff 

p53/63/16 Tumor protein 53/63/16 

Pen2 Presenilin enhancer 2 

PEST Rich in proline [P], glutamic acid [E], serine [S] and threonine [T]) domain 

PI3K/Akt Phosphatidylinositol-3-kinases 

pL2 Epstein-Barr virus (ED-L2) promoter IL-1b 

RAM RBP-Jk association module 



    

15 

 

SCJ Squamo-columnar junction 

SI Small intestine 

TA cells Transit-amplifying cells 

T-ALL T-cell acute lymphoblastic leukemia 

TFF2/3 Trefoil factor 2/3 

TGF Tumor growth factor 

TGF Transforming growth factor 

TNFa Tumor nekrosis factor a 

TNM Tumor Node Metastasis 

Tsp Thrombospondin 

Wnt  Wingless and Int-1 

WT Wildtype 

  



   Abstract 

16 

 

1.  Abstract 

1.1.  Abstract 

Barrett Esophagus (BE) represents the conversion of squamous epithelial lining of the esophagus into 

columnar epithelium.  BE is believed to be caused by reflux, leading to an inflammatory situation. BE 

is seen as a precancerous lesion that may progress to dysplasia and Esophageal Adenocarcinoma (EAC). 

EAC is the fastest rising cancer in the world, whose incidence has been rising constantly in the last 

decades. The factors leading to initiation and progression of BE and EAC are, to a large extent, 

unknown.  

In order to get more insight in the course of the disease, a mouse model for BE has been developed 

previously. These mice possess a human IL-1beta construct behind an Epstein Barr virus promoter, 

leading to inflammation and subsequent initiation of metaplasia and dysplasia, and are called pL2-

IL1beta (abbreviated pL2). Lineage-tracing experiments revealed two putative stem cells Lgr5+ and 

Dclk1+, located at the squamo-columnar junction, as the possible origin of BE. Two distinct Cre 

expressing mouse lines Lgr5-Cre and Dclk1-Cre were used in this thesis to investigate their role in the 

development of metaplastic and dysplastic lesions. 

The Notch signaling pathway is essential in proliferation and differentiation of the whole 

gastrointestinal tract. In the pL2-IL1beta mice as well as in human BE samples an overexpression of the 

Notch signaling pathway was noted. This study was aimed to investigate the influence of the Notch 

signaling pathway in the development of Barrett Esophagus and Esophageal Adenocarcinoma. 

Therefore pL2-IL1beta mice have been crossed to Lgr5-CreERT as well as Dclk1-CreERT mice, which 

were each intercrossed with Notch1 flox/flox or Notch2 flox/flox mice. This enabled us to study the 

knockout of Notch1 or Notch2 in the putative stem cells in an inflammatory environment. Furthermore 

Notch2-IC mice, were intercrossed to the pL2-IL1beta.Lgr5-CreERT (pL2.Lgr5) or pL2-IL1beta.Dclk1-

CreERT (pL2.Dclk1) mice, to study the effect of cell specific overexpression of Notch2 in this setting. 

Cre-expression in the mice was induced with the administration of tamoxifen at 4 months (Lgr5 mouse 

lines) or 6 months (Dclk1 mouse lines) of age and they were monitored for up to 12 months after 

induction. The phenotype was analyzed and described using macroscopic and microscopic techniques 

as well as different immunohistological and immunofluorecent stainings. Gene expression data and 

3D-tissue culture systems were implemented.  

Results show that Notch overexpression in the stem or progenitor cells of the gastric cardia leads to a 

massive acceleration of the pL2 mouse model phenotype. This was demonstrated by a drastic increase 

in abundance and size of dysplastic lesions in pL2.Lgr5.N2IC and pL2.Dclk1.N2IC mice, accompanied by 

a massive increase in crypt fission events. A significantly decreased survival supports the presentation 

of a more tumorigenic phenotype in these mice. This was also supported by the results of 3D crypt 

cultures, which show higher sphere building abilities, higher proliferation and less differentiation. This 

tumorigenic phenotype could be reverted by treating the crypts with Notch inhibitors leading to higher 

differentiation into mucus producing cells and lower proliferation values. 

Mice with the induced Notch2 knockout (Notch2 fl/fl) of both Cre-expressing lines (pL2.Lgr5.N2fl/fl 

and pL2.Dclk1.N2fl/fl) showed a milder phenotype compared to the controls. A decrease in dysplastic 

regions was noted. The present metaplastic lesions showed significantly higher differentiation into 

secretory cell types, like goblet cell-like cells. 3D crypt culture experiments also showed higher 

differentiation into mucus producing cells in crypts of the pL2.Lgr5.N2fl/fl and pL2.Dclk1.N2fl/fl lines.  

Interestingly, the knockdown of Notch1 (Notch1 fl/fl) in Lgr5 and Dclk1 cells in the inflammatory pL2 

background, named pL2.Lgr5.N1fl/fl and pL2.Dclk1.N1fl/fl mice, showed an intermediate phenotype. 
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No significant alteration in terms of occurrence of metaplastic and dysplastic lesions was noted. A slight 

increase in the differentiation into mucus producing cells was seen in pL2.Lgr5.N1fl/fl and 

pL2.Dclk1.N1fl/fl mice. pL2.Lgr5.N1fl/fl mice show large esophageal tumors, leading to a decreased 

survival of these mice. In the pL2.Dclk1.N1fl/fl mice the same effects could be noted, but to a lesser 

extent.  

The differing effects of the different Notch receptors, which was demonstrated in this thesis, were 

described before for other malignancies and are subject to further analysis. 

Disease initiation and progression in the development of Barrett Esophagus is a multimodular process 

including diet and microenvironment. We here demonstrated that an increased inflammatory 

environment may induce the transformation of stem or progenitor cells of the gastric cardia to give 

rise to metaplastic and dysplastic lesions. Many cellular processes, like increased proliferation, 

decreased differentiation, and decreased apoptosis, may lead to enhanced survival of the cells and 

accumulation of mutations. Hereby Notch signaling pathway was demonstrated to play a major role. 

Notch was presented to interact with other signaling pathways, like NF-ƙB signaling pathway, leading 

to a tumorigenic phenotype.  

This study shows that the Notch signaling pathway acts directly in cell fate decision and proliferation 

of putative stem cells in the squamo-columnar junction. The actively cycling Lgr5+ cells have a more 

prominent effect than the quiescent Dclk1+ cells even in an inflammatory environment. We could 

demonstrate that Lgr5+ cells may serve as the origin of BE lesions in the gastric cardia, which expand 

and migrate up in to the esophagus. High values of Notch signaling may support this mechanism 

leading to enhanced proliferation and reduced differentiation. Low levels of Notch were demonstrated 

to lead to a reduced appearance of dysplastic lesions and an elevated differentiation into mucus 

producing cells, favoring survival. The effect of high Notch expression could be reverted by using Notch 

inhibitors. 

Determining the prevalence of Notch in detected Barrett lesions might help to distinguish between 

patients at high risk from patients at low risk for progression to esophageal adenocarcinoma. Closer 

surveillance intervals or specialized treatments may help to improve the life situation and to detect 

lesions at an early time point where they are still treatable.  

 

 

1.2.  Zusammenfassung 

Barrett Ösophagus (BE) repräsentiert die Umwandlung von Plattenepithel zu Zylinderepithel im 

Ösophagus. Es wird angenommen, dass BE durch Reflux ausgelöst wird, welcher zu einer 

inflammatorischen Umgebung führt. BE wird als eine prekanzeröse Läsion angesehen, die zu sich zu 

Dysplasie und ösophagealem Adenokarzinom (EAC) weiterentwickeln kann. EAC ist die am schnellsten 

wachsende Krebsart der Welt, dessen Inzidenz während der letzten Jahrzehnte konstant angestiegen 

ist. Die Faktoren, die zur Entstehung und Weiterentwicklung von BE and EAC führen, sind weithin 

unbekannt.  

Um einen besseren Einblick in die Entwicklung der Krankheit zu bekommen, wurde im Vorfeld ein 

Mausmodel für BE entwickelt. Diese Mäuse besitzen ein humanes IL-1beta Konstrukt hinter einem 

Epstein Barr Virus Promoter und werden pL2-IL1beta genannt (abgekürzt pL2). Dies führt zu 

Entzündung und im Folgenden zur Entstehung von Metaplasie und Dysplasie. Lineage Tracing 

Experimente zeigten zwei mögliche Stammzellen Lgr5+ und Dclk1+, welche im Bereich des Übergangs 

zwischen Platten- und Zylinderepithel liegen (auch als squamo-columnar junction SCJ bezeichnet), als 
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möglichen Ursprung von BE. Zwei unterschiedliche Cre-expremierende Mauslinen Lgr5-CreERT und 

Dclk1-CreERT wurden in dieser Arbeit verwendet, um deren Rolle in der Entstehung von 

metaplastischen und dysplastischen Läsionen zu untersuchen. 

Der Notch Signalweg ist bei Proliferation und Differenzierung im gesamten Gastrointestinalen Trakt 

von essentieller Bedeutung. In den pL2-ILbeta Mäusen und in humanen BE-Proben wurde eine 

Überexpression des Notch Signalweges beobachtet. Diese Arbeit sollte den Einfluss des Notch 

Signalweges in der Entstehung von Barrett Ösophagus und ösophagealem Adenokarzinom aufklären. 

Dazu wurden pL2-IL1beta Mäuse einerseits mit Lgr5-CreERT und andererseits mit Dclk1-CreERT 

Mäusen verkreuzt, welche wiederum mit Notch1 flox/flox oder Notch2 flox/flox verpaart wurden. Dies 

ermöglichte den Knockout von Notch1 oder Notch2 in den möglichen Stammzellen in einer 

inflammatorischen Umgebung zu untersuchen. Des Weiteren wurden Notch2-IC Mäuse mit pL2-

IL1beta.Lgr5-CreERT (pL2.Lgr5) oder pL2-IL1beta.Dclk1-CreERT (pL2.Dclk1) Mäusen verkreuzt, um die 

zellspezifiische Überexpression von Notch2 in diesem Zusammenhang näher zu untersuchen. Die Cre-

Expression in den Mäusen wurde durch die Gabe von Tamoxifen im Alter von 4 Monaten (Lgr5 

Mauslinien) oder 6 Monaten (Dclk1 Mauslinien) induziert. Die Mäuse wurden zu 12 Monate nach der 

Induktion beobachtet. Der Phänotyp wurde mittels makroskopischer und mikroskopischer Methoden 

sowie mit verschiedenen immunohistologischen und immunfluoreszenz Färbungen untersucht und 

beschrieben. Genexpressionsdaten und 3D-Zellkultursysteme wurden ebenfalls verwendet. 

Die Ergebnisse zeigen, dass Notch Überexpression in den Stamm- oder Vorläuferzellen des 

Mageneingangs (Kardia) zu einer massiven Beschleunigung des phänotypischen Erscheinungsbildes 

des pL2 Mausmodells führt. Dies konnte durch eine drastische Zunahme an Auftreten und Größe der 

dysplastischen Läsionen in pL2.Lgr5.N2IC und pL2.Dclk1.N2IC Mäusen gezeigt werden, und wurde von 

einer massiven Zunahme in der Anzahl an Krypten Fusionen begleitet. Eine signifikant geringere 

Überlebensrate unterstreicht den deutlich kanzerogeneren Phänotyp dieser Mäuse. Dies wurde 

ebenfalls durch die Ergebnisse der 3D Krypten-Kulturen bestätigt, deren Fähigkeit Sphären zu bilden 

erhöht ist, und daneben mehr Proliferation und weniger Differenzierung zeigen. Dieser kanzerogene 

Phänotyp konnte durch die Behandlung der Krypten mit Notch-Inhibitoren rückgängig gemacht 

werden. Dies führte zu einer höheren Differenzierung in mukusproduzierende Zellen und einer 

geringeren Proliferationsrate. 

Mäuse mit einem induzierbaren Knockout von Notch2 (Notch2 fl/fl) beider Cre-expremierenden Linien 

(pL2.Lgr5.N2fl/fl und pL2.Dclk1.N2fl/fl) zeigten einen milderen Phänotyp im Vergleich zu den 

Kontrollen. Es wurde eine Verminderung der dysplastischen Regionen beobachtet. Die vorhandenen 

metaplastischen Regionen zeigten eine signifikant höhere Differenzierung in sekretorische Zelltypen, 

wie becherzell-ähnliche Zellen. Experimente mit 3D-Kryptenkulturen zeigten ebenfalls mehr 

Differenzierung in mukusproduzierende Zellen in den Krypten der pL2.Lgr5.N2fl/fl und 

pL2.Dclk1.N2fl/fl Linien.  

Interessanterweise zeigte der Knockdown von Notch1 (Notch1 fl/fl) in Lgr5 und Dclk1 Zellen im 

inflammatorischen pL2 Hintergrund, welche pL2.Lgr5.N1fl/fl und pL2.Dclk1.N1fl/fl genannt werden, 

einen intermediären Phänotyp. Es wurden keine signifikanten Veränderungen in Auftreten von 

metaplastischen und dysplastischen Läsionen beobachtet. Ein geringer Anstieg in der Differenzierung 

in mukusproduzierende Zellen wurde in pL2.Lgr5.N1fl/fl und pL2.Dclk1.N1fl/fl Mäusen beobachtet. 

pL2.Lgr5.N1fl/fl zeigen große ösophageale Tumore, die zu einer verminderten Überlebensrate dieser 

Mäuse führen. In den pL2.Dclk1.N1fl/fl Mäusen konnte dieser Effekt, wenngleich in einem geringeren 

Ausmaße, ebenfalls beobachtet werden.  
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Die unterschiedlichen Effekte der verschiedenen Notch-Rezeptoren, die in dieser Arbeit gezeigt 

werden konnten, wurden bereits für andere Krebsarten beschrieben und sind Teil weiterer 

Untersuchungen.  

Diese Arbeit zeigt, dass der Notch Signalweg direkt auf Differenzierungs- und Proliferations-

Entscheidungen der möglichen Stammzellen des Übergangs zwischen Platten- und Zylinderepithel 

Einfluss nimmt. Die sich aktiv teilenden Lgr5+-Zellen haben einen deutlich stärkeren Effekt als die 

ruhenden Dclk1+-Zellen, selbst in einer inflammatorischen Umgebung. Es konnte demonstriert 

werden, dass Lgr5+-Zellen als Ausgangspunkt von BE Läsionen in der Kardia dienen könnten, die sich 

ausweiten und in den Ösophagus einwandern. Hohe Notch-Expression kann diesen Mechanismus 

unterstützen und zu erhöhter Zellteilung und geringerer Differenzierung führen. Es konnte gezeigt 

werden, dass eine geringe Notch-Expression zu einem reduzierten Auftreten dysplastischer Läsionen 

und erhöhter Ausdifferenzierung in mukusproduzierende Zellen führt, was eine bessere 

Überlebensrate bewirkt. Der Effekt hoher Notch-Expression konnte durch Notch-Inhibitoren 

rückgängig gemacht werden.  

Krankheitsbeginn und –verlauf in der Entwicklung von Barrett Ösophagus sind vielschichtige Prozesse, 

bei dem die Ernährung und die Mikroumgebung eine Rolle spielen. Es wurde gezeigt, dass eine erhöhte 

inflammatorische Umgebung die Umwandlung von Stamm- oder Vorläuferzellen der Kardia des 

Mageneingangs induzieren und metaplastische und dysplastische Läsionen hervorrufen kann. Viele 

zelluläre Prozesse, wie erhöhte Zellteilung, verminderte Differenzierung und verminderte Apoptose, 

können zu einem erhöhten Überleben der Zellen und einer Anhäufung von Mutationen führen. Es 

wurde demonstriert, dass der Notch Signalweg hierbei eine entscheidende Rolle spielt. Interaktionen 

des Notch Signalweges mit anderen Signalwegen, wie dem NF-ƙB Signalweg, die zu einem 

kanzerogeneren Phänotyp führen, konnten gezeigt werden. 

Die Untersuchung des Vorhandenseins von Notch Expression in Barrett Läsionen könnte dabei helfen 

Patienten mit einem hohen Risiko für die Entwicklung von ösophagealem Adenokarzinom von 

Patienten mit einem geringen Risiko zu unterscheiden. Enge Untersuchungsintervalle oder 

spezialisierte Behandlungsmethoden könnten dabei helfen die Lebenssituation zu verbessern und 

Läsionen zu einem frühen Zeitpunkt, an dem sie noch behandelbar sind, zu erkennen. 
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2. Introduction  

2.1.  Anatomy and Physiology of the Gastro-Intestinal Tract 

2.1.1. Esophagus 

The human esophagus is an 18 to 

26 cm long straight muscular tube 

that transports solid food and 

liquids from the mouth into the 

stomach [3-6] (see Figure 2.1). 

Thereby being the main 

contributor of ingestion as food 

passes mouth, oral cavity, 

pharynx, esophagus, and reaches 

the stomach [4, 7]. Peristaltic 

waves of contraction and 

relaxation of the musculature 

enable the food contents to be 

transported into the stomach [4, 

8]. To facilitate the deglutition 

salvia and mucus are produced in 

mouth, pharynx and esophagus [8].  

The wall of the esophagus consists 

of four layers: mucosa, submucosa, muscularis propria, and adventitia [7-9]. Unlike all other 

components of the gastrointestinal (GI) tract, the esophagus has no serosa [3, 8]. The mucosa itself 

consists of three sublayers: mucous membrane (nonkeratinized stratified squamous epithelium), 

lamina propria (loose connective tissue containing lymphocytes, macrophages, plasma cells and mucus 

glands) and mucosa muscularis (circular and longitudinal smooth muscle fibers)  [3, 4, 8, 9]. The 

submucosa is composed of dense connective tissue, plasma, nerve and vascular cells as well as mucous 

glands, which produce mucus, bicarbonate, and epidermal growth factor [4, 8, 9]. The muscularis 

propria consists of skeletal muscles in the upper third and smooth muscles in the lower third of the 

esophagus, and a mixture of both in between [3, 9]. The adventia is composed of loose connective 

tissue, blood vessels, lymphatics and nerves. Elastic fibers attach the adventia to neighboring 

structures like trachea or diaphragm [3, 4]. 

Stem cells of the esophagus have not been clearly detected or located.  Replication usually occurs only 

in the basal layer of the squamous epithelium, suggesting that multipotent stem cells may reside here 

[3, 10, 11]. It was shown that the majority of basal cells divide every three days, depending on the 

microenvironment and circulation of nutrients [4, 11].  These daughter cells then undergo 

differentiation into keratinocytes, granulocytes, or spinocytes [3, 11].  

The upper esophageal sphincter is located between the pharynx and the cervical esophagus, it 

prevents the passage of air into the esophagus and the regurgitation of food particles [4, 6]. The lower 

esophageal sphincter (LES) is a tonically contracted smooth muscle at the distal end of the esophagus, 

where the esophagus merges with the upper part of the stomach [4, 6, 9]. In humans the stratified 

squamous epithelium of the esophagus passes into simple columnar epithelium at the cardia of the 

stomach, calling this squamo-columnar junction (SCJ) or Z-line [4, 12]. The functional localization of 

the LES was found to be 3cm distal to the Z-line [3]. In rat and mouse the stratified squamous 

epithelium continues into the stomach, thereby forming the forestomach [4, 13]. The SCJ forms at the 

Figure 2.1: Gastrointestinal Tract in human 
Composed of Esophagus, Stomach, Small intestine and Large intestine 

(taken from Lee Memorial Health System)[1] 
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junction of squamous forestomach and glandular stomach, resulting in a SCJ that traverses the entire 

stomach [13, 14]. Histologically the rodent esophagus and forestomach are very similar to the human 

situation [4, 13], even though they do not contain submucosal glands [12]. 

 

2.1.2. Stomach 

The stomach is an expendable muscular bag that stores recently ingested food, which starts to be 

digested and absorbed [7, 9]. The food bolus is disintegrated chemically by gastric juice and 

mechanically by contraction of the three smooth muscle layers [7, 15]. The stomach can be divided 

into four anatomical regions: cardia, fundus, body and pylorus [6, 9]. The gastric cardia is the region 

just below the squamo-columnar-junction close to the esophagus, it contains mainly mucous secreting 

glands (cardiac glands) [5]. The fundus is a blind pouch, located adjacent to the cardia. The body or 

corpus represents the largest part to the stomach and is organized in monoclonal gastric glands [6, 9]. 

The pylorus is the distal part of the stomach joining it to the duodenum of the small intestine [6, 9].  

The stomachs wall is composed of four layers: the mucosa, submucosa, muscularis propria or 

muscularis externa, and serosa [5, 8]. The mucosa contains gastric glands and pits (epithelium) as well 

as the muscularis mucosa (smooth muscle) and lamina propria (connective tissue) [5]. Epithelial cells 

of the mucosa extend into the lamina propria where they form the gastric glands (columns of secretory 

cells) [8]. The gastric glands are comparable to intestinal crypts, with a wide base, short neck, narrow 

isthmus, and a luminal surface pit [13, 16]. The submucosa is composed of areolar connective tissue 

containing vasculature, lymphatics and nerves [8]. The muscularis externa has three layers of muscles 

(an inner oblique, a middle circular and an external longitudinal layer) that help to break down food 

mechanically [8, 9]. 

In the stomach there are two functional areas: the oxyntic gland area making up approximately 80% 

of the organ (fundus and corpus) and the pyloric gland area comprising 20% of the organ [5, 9]. Gastric 

glands contain three types of exocrine cells: the mucus neck cells, chief cells and parietal cells [15]. 

Mucus neck as well as surface mucus cells secrete mucus [5, 9, 13]. The chief cells are located at the 

pit base and secrete pepsinogen, gastric lipase, and leptin [5, 6]. Parietal cells can be found in the lower 

to mid-portion of gastric pits and produce intrinsic factor, hydrochloric acid, as wells as other growth 

factors and leptin [9, 13, 15]. The hallmark in the pyloric gland area are endocrine cells that secrete 

the hormones gastrin and ghrelin [5, 8, 9, 13]. The glands in the distal stomach mainly contain mucous 

and endocrine cells and only rare chief or parietal cells [6, 17].  

The stomach shows a high turnover rate of about 3 to 10 days [13, 18]. Stem cells of the gastric corpus 

may reside at the base of the gland were they rapidly migrate into the isthmus [16, 18, 19], where 

proliferation and differentiation take place [16, 18]. The differentiated pit cells migrate into the lumen, 

whereas the zymogenic (chief), endocrine, and most parietal (oxyntic) cells migrate toward the base 

[6, 17].  

The gastric cardia is a zone just below the SCJ, consisting of 4-5 glands [17, 18]. Parietal cells are absent 

in this area whereas progenitor markers (like Lgr5) are expressed only in corpus-glands bordering the 

squamo-columnar junction at the gland base [16, 18, 19].  Lgr5 is expressed at the base of pyloric 

glands, but was never observed in the main corpus in adult mice [18].  

 

2.1.3. Small Intestine 

The small intestine in humans is a 600 cm long tube located between the pyloric sphincter of the 

stomach and the cecum of the colon [5]. The main functions of the small intestine are digestion, 
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absorption of nutrients, and production of gastrointestinal hormones [20]. It can be subdivided into 

three regions: duodenum, jejunum and ileum [20, 21]. The duodenum extends from the pyloric 

sphincter of the stomach and is the site where most nutrient digestion occurs. In the jejunum digestion 

and absorption take place. The ileum is the largest part of the small intestine, it absorbs simple 

nutrients and joins to the large intestine [20]. 

The small intestine is composed of mucosa, submucosa, muscularis propria, and serosa [5, 20]. The 

mucosa consist of epithelial cells on top of the lamina propria and muscularis mucosae [5]. The 

absorptive area of the mucosa of the small intestine is increased by circular folds mainly in the 

duodenum and jejunum [5, 21]. Furthermore millions of fingerlike projections called villi enhance the 

surface area [15, 20] . At the base of the villi the epithelium folds in intestinal crypts or crypts of 

Lieberkühn into the lamina propria [20, 22]. Microvilli, microscopic tubular extensions present at the 

apical cell membrane, further extend the absorptive area. The submucosa is a dense connective tissue 

layer containing vascular structures [5]. 

The small intestine has a rapid self-renewal with a turnover of 3 to 5 days [18, 23]. The estimated 

number of stem cells per crypt is 4 to 6 [16]. Long-term labeled stem cells are present at the +4 position 

(expressing Bmi1 and Dclk1) [24, 25], and show self-renewing capacity. Crypt base columnar (CBC) cells 

reside at the crypt base [26, 27]. They specifically express the Wnt target gene Lgr5, which was 

discovered to be a marker for intestinal stem cells [23, 24, 27]. The stem cells give rise to rapidly cycling 

transit amplifying (TA) cells, which  differentiate into all differentiated lines of the intestine: 

enterocytes (about 90%), goblet cells (about 5%), enteroendocrine cells (1%), and Paneth cells (about 

4%), which are located at the crypt bottom intermingled by crypt base columnar (CBC) cells [23, 24, 

26, 28].  

 

2.1.4. Large Intestine 

The large intestine extends from the ileum to the anus and has a length of about 150 cm [5]. The 

function of the large intestine include absorption of water, vitamin production, formation and 

excretion of feces. The large intestine is divided into cecum, appendix, ascending colon, transverse 

colon, descending colon, sigmoid colon, rectum, and anal canal [5, 21].  

The wall of the colon is composed of mucosa, muscularis mucosa, submucosa, muscularis propria and 

serosa. The mucosa consists of simple columnar epithelium arranged in deep crypts (without true villi), 

lamina propria, and a muscularis mucosa layer [5]. The mucous membrane of the colon consists of 

Paneth cells, endocrine cells (absorptive and goblet cells), and basal stem cells [5, 23]. Goblet cells are 

almost entirely filled with mucin, which is secreted into mucous granules, and show apical microvilli 

[5, 23]. Paneth cells are usually found in the cecum and right colon and are important in innate 

immunity, apoptosis and stem cell maintenance [5]. Lgr5+ cells are located at the gland base were they 

can also give rise to all differentiated cell types [23]. 

 

 

2.2.  Development of the gastrointestinal tract 

In human embryonic development the fertilized egg grows in cell number, through cleavage divisions, 

into a blastocyst [5]. In the first two weeks of gestation the human embryo forms into a disk like 

structure consisting of ectoderm and endoderm [7]. The ectoderm emerges into epidermis and neural 

plate, whereas the endoderm develops into all organs of the gastrointestinal tract [3, 7]. The 

mesoderm, the third embryonic layer, appears at day 15. The embryo elongates and folds laterally, 
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thereby forming an intra- and extraembryonic part of the endoderm [5, 7]. The intraembryonic part of 

the endoderm gives rise to the digestive system, which is dived into foregut, midgut and hindgut [3, 5, 

7, 29]. 

The esophagus as well as the stomach develop from the foregut by rapid elongation [4, 16, 29]. The 

stomach expands in width dorsally and ventrally in an asymmetric manner [29]. The ventral side 

becomes the lesser curvature, the dorsal side forms into the greater curvature [5, 7]. Furthermore the 

lower respiratory tract, liver, gallbladder, pancreas and spleen emerge from the foregut [29]. Small 

intestine, appendix, cecum, ascending and transverse colon originate from the midgut [9, 29]. The 

hindgut gives rise to descending colon, sigmoid colon and rectum [5]. 

The lumen of the foregut fills with proliferating cells that form at first simple low columnar epithelium, 

which becomes ciliated at the ninth week of pregnancy [4, 7, 9]. The ciliated epithelium is replaced by 

stratified squamous epithelium starting at 4 months of pregnancy with the upper end of the esophagus 

being replaced finally [3, 4, 7, 9]. In other mammals those ciliated cells do not seem to appear in the 

development of the esophagus [4, 7]. 

Many different developmental signals have been identified that are indispensable for correct 

differentiation program [7]. These signaling modules, consisting of receptor, ligands and signal-

modifying factors include fibroblast growth factor (FGF), hedgehog (Hh), bone morphogenetic protein 

(BMP), tumor growth factor (TGF), Wnt and Notch signaling pathway [5, 7]. The latter two have 

function in development, as well as in differentiation and proliferation in established organs [5].  

 

 

2.3.  Pathologic Conditions in the upper GI tract 

2.3.1. Motility Disorders 

When swallowing food the solid material is transported down the esophagus by peristaltic movements 

with “contraction of circular muscles behind the bolus and relaxation of longitudinal muscle in front 

propels the material down the esophagus” [4]. When the solid material reaches the lower sphincter it 

allows for passaging into the stomach by relaxation. Motility disorders may lead to ineffective food 

transport, dysphagia and noncardiac chest pain [30, 31]. Misregulated peristalsis can cause hyperplasia 

of the epithelium and thereby promoting carcinogenesis [4, 7].  

There are primary and secondary esophageal motility disorders. Secondary motility disorders are 

caused by another (systemic) disease [7]. Overall motility disorders in the esophagus are less common 

than mechanical and inflammatory diseases. Basically there are only three primary motility disorders: 

achalasia, distal esophageal spasm (DES), and GERD [9]. Achalasia is “characterized by incomplete or 

absent relaxation of the LES” [30], it results in an inability to empty the esophagus. DES can either show 

simultaneous contractions in the distal esophagus with a normal amplitude or coordinated 

contractions with an excessive amplitude, resulting in dysphagia, regurgitation, and noncardiac chest 

pain [9]. 

 

2.3.2. Gastroesophageal Reflux Disease 

The gastroesophageal reflux disease (GERD) is a prominent disease in industrialized countries [7]. Its´ 

prevalence has rapidly increased in the last 30 years and currently affects around 15% to 20% of the 

general population in the Western World [9, 32, 33]. It is defined according to the Montreal 

classification, as the “reflux of stomach contents leading to symptoms or complications” [32]. It is 
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caused by stomach contents, including hydrochloric acid, acid- and bile salts, which can irritate the 

esophageal wall [6, 34]. Common symptoms of GERD include heartburn, acid regurgitation, and 

dysphagia [6, 7, 9, 13]. 

GERD may induce chronic inflammation of the esophagus (esophagitis) and the proximal stomach 

(carditis/gastritis) [19]. GERD is usually considered a precursor of Barrett Esophagus (BE), even though 

less than 50% of patients with GERD show an endoscopically visible lesion of the mucous membrane 

[32]. The odds ratio of BE increases with time for patients showing GERD symptoms [32, 35]. About 5% 

to 10% of patients with GERD are diagnosed with BE [33, 36], chronic GERD increases the risk to up to 

15% [37]. 

The reflux is usually caused by transient relaxation of the lower esophageal sphincter [9]. A former 

patient study found that mixed reflux of gastric and duodenal juices is widely common [38] and is more 

harmful to the esophagus than gastric juices alone [38, 39]. It was hypothesized that nitrosamines are 

typically generated at the SCJ [14] and cause malignant changes in the basal cells of the esophagus. 

The prevalence of GERD rises almost linearly to the BMI status [2, 9]. Abdominal obesity thereby 

increases the intra-gastric pressure, resulting in higher abdominal-gastric pressure and reflux [4] which 

induce DNA damage and an upregulation of IL-1β, IL-6 and IL-8 cytokines that can be linked directly to 

the development of BE [2, 14, 40]. Visceral fat is known to produce a variety of cytokines like IL-6, 

leptin, and TNFα [9, 39, 41]. Other factors such as substantial alcohol intake, high fat diet or mycotoxins 

may lead to damage of the esophageal mucosa and hyperplasia of these cells [4, 8, 14] and promote 

carcinogenesis [33, 42]. Simultaneously to the increase of GERD incidences, the Helicobacter pylori 

(Hp) infections declined in the Western population. This is important, as this infection may prevent 

GERD by decreasing gastric acid secretion [9, 43]. 

 

2.3.3. Chronic inflammation in the upper GI tract 

The development of cancer in multiple organs is often associated with chronic inflammation. About 

15% of all malignancies worldwide can be linked to chronic inflammation [26, 44]. While acute 

inflammation serves as a protective element and is self-limiting, chronic inflammation may lead to 

cellular alterations, such as gene mutations, epigenetic changes, elevated cell proliferation and 

oxidative stress [44]. This leads to irreparable DNA damage and loss of tumor suppressor genes making 

the cells more likely to proliferate and progress [26, 44]. In the gastrointestinal tract many examples 

of chronic inflammation, such as esophagitis, carditis, gastritis, and colitis can be found [26].  

Esophagitis is an inflammatory disease of the esophagus, which is most commonly caused by GERD 

[43]. Other causes include infections with bacteria, viruses and fungi, which mainly occur in 

immunosuppressant patients [26, 43]. 

Carditis is a microscopic inflammation of the proximal stomach, which was also found to be associated 

with GERD and Helicobacter pylori (Hp) infection [43]. Carditis is found in the first gastric glands just 

below the SCJ [9]. This inflammatory condition could trigger the stem cells of the cardia to histologic 

changes and therefore give rise to adenocarcinomas of the gastroesophageal junction [9, 19]. 

Gastritis is the inflammation of the stomach and can be subdivided into two forms. Chronic gastritis is 

much more common than acute gastritis, both seldom show symptoms [9]. An acute gastritis can be 

induced by infections with invasive organisms.  The most common cause of gastritis is Hp infection, 

accounting for up to 80% of all cases [9, 43]. Other factors may be viral, fungal, or further bacterial 

infections [9]. 
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2.3.4. Barrett Esophagus 

In Barrett Esophagus (BE) the normal stratified squamous epithelium in the distal esophagus is 

replaced by a complex columnar epithelium [14, 45]. Barrett Esophagus was first described by the 

surgeon Norman R. Barrett in 1957 [9, 46], as columnar lining of the esophagus being “histologically 

gastric in type” [19]. The incidence of BE is rapidly rising over the last few decades [47]. 

Two main types of columnar metaplasia can be discriminated: columnar lined esophagus (CLE) [48] 

and intestinal metaplasia (IM) [13, 19]. In intestinal metaplasia, the specialized columnar epithelium 

contains goblet cells, resembling the gastric or intestinal architecture [13, 37, 45]. Intestinal metaplasia 

with goblet cells was regarded as the stereotypical diagnosis of BE [37, 45, 49] and was assumed to be 

the metaplasia most associated with development of Esophageal Adenocarcinoma (EAC) [13, 19, 49, 

50]. Awareness now arose that a premalignant condition without the presence of goblet cells, also 

called columnar lined esophagus (CLE), should also be diagnosed as BE [9, 13, 49, 51]. CLE, representing 

the gastric cardiac type epithelium composed of mucus-secreting cells, even shows a higher risk for 

neoplasia in patients [13, 19, 49, 51]. Classification into goblet cell poor and goblet cell rich cancers or 

precancerous lesions might be useful [13, 49, 50]. 

BE is often described as the consequence of chronic GERD, where the damaged squamous epithelium 

of the esophagus heals into metaplastic columnar epithelium [9, 52]. Measurements of in vitro biopsy 

studies found that columnar lined esophageal specimen showed a 10-fold higher capacity to neutralize 

back diffusing H+ when compared to stratified squamous epithelium [9, 37]. This supports the fact that 

metaplasia into columnar epithelium is a protective mechanism against gastro-esophageal reflux 

disease [9, 37].  

In fact Barrett Esophagus usually does not cause clinical symptoms, but it was ascertained as a risk 

factor to develop EAC [9, 19]. It represents a premalignant condition, being the initial step of 

metaplasia that may progress to low-grade dysplasia, high-grade dysplasia and esophageal 

adenocarcinoma [9, 19] as shown in Figure 2.2.  

 

Figure 2.2: Schematic representation of the course of disease 
 from normal esophageal lining, to Barrett Esophagus, low-grade dysplasia, high-grade dysplasia and invasive 

carcinoma (taken from John Hopkins University) [53] 

 



   Introduction 

26 

 

Metaplastic epithelium can be found in the esophagus of about 1.6% to 6.8% of the general population 

in Western countries [9, 36, 54, 55]. About 30-50% of BE patients show reflux symptoms [19, 33]. The 

presence of BE results in a 30-40 fold higher risk of developing cancer than the general population [37, 

54]. Previously the progression rate of BE to EAC was accepted to be ~0.5% annually [19, 40]. Recent 

studies reported only 0,10 to 0,13% per year of progression form non-dysplastic BE to EAC, resulting 

in a about 11-fold increased risk for EAC in BE patients [19]. The life time risk of BE patients to progress 

to EAC is about 5% [33, 54, 56]. 

The average age at time of diagnosis is 55 years [9, 56]. It is prominently present in white males. Central 

obesity is one of the main risk factors [37]. It increases abdominal pressure and secretes proliferative 

hormones like insulin-like growth factor 1 (IGF-1) and leptin [9, 57].  

 

2.3.5. Esophageal Cancer 

Esophageal cancers are all cancers arising from the esophagus and the gastro-esophageal junction. 

Esophageal cancer is the 8th most common cancer in the world with annually 450.000 new cases [9, 

58, 59]. It is the 6th leading cause of cancer deaths with approximately 400.000 annual deaths 

worldwide [9, 60]. The incidence for all  neoplastic malignancies of the esophagus in Germany is 1,9% 

in men and 0,6% in women [61]. 

There are two histological forms of esophageal cancer: esophageal squamous cell carcinoma (ESCC) 

and esophageal adenocarcinoma (EAC) [59]. Both cancers show distinct demographic and geographic 

patterns, as well as different risk factors [58, 60, 62]. The incidence of esophageal cancer increases 

with age. The highest incidence rates are found in the age group of 50 to 70 years [63]. 

 

Esophageal Squamous Cell Carcinoma 

ESCC is the most common esophageal cancer worldwide, accounting for about 80% of all esophageal 

cancers worldwide [64] and up to 90% of all esophageal cancers in some high risk areas like 

Southeastern and Central Asia [9, 58, 65]. The incidence rate for ESCC is 1.8 per 100,000 [58]. In the 

Western countries the incidence of ESCC is declining at a rate of about 3.6% per year [9].  

ESCC shows an evenly distribution between the middle and lower third of the esophagus [66]. Patients 

diagnosed with ESCC are usually above 60 years old. Smoking (mainly due to the tobacco carcinogens, 

like nitrosamines) increases the risk for ESCC by 3- to 7-fold [9]. Substantial alcohol consumption is also 

a risk factor and increases the incidence by 3- to 5-fold [9].  Overall a low socioeconomic status 

preferred the development of ESCC, due to nutritional deficiencies [59, 67]. Black men in the US are 5 

times more likely than white men to be affected from ESCC [63]. High fruit and vegetable intake were 

shown to be beneficial in preventing ESCC [59]. Obesity and frequent use of aspirin and other NSAIDs 

(non-steroidal anti-inflammatory drugs) had a mild protective effect [9, 59]. Others studies could not 

see a correlation between BMI and ESCC development [67].  There is some evidence that extremely 

hot beverages might cause chronic thermal injury and therefore promote ESCC [9, 68]. No overall 

association between H. pylori and ESCC could be found [58, 60]. 

 

Esophageal Adenocarcinoma 

Worldwide EAC is the second most common form of esophageal cancer [59]. Until the 1970s ESCC was 

the most common esophageal cancer also in the United States, since then the incidence of EAC is 
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rapidly rising [63, 69, 70]. The incidence for EAC has risen at a rate of 4-10% annually in Western 

countries, thereby representing the most fastest rising type of cancer [19]. Currently it accounts for 

2% of all cancer-related deaths [19]. 

The incidence of Esophageal Adenocarcinoma has risen 5- to 7-fold in the last two decades [9, 58]. In 

Northern and Western Europe and Northern America it accounts for up to 56% of esophageal cancers 

[9, 33, 36, 37, 58, 67]. The incidence of EAC may be up to 5.3 per 100,000 [63, 65, 67]. The mortality 

for EAC increased by 7-fold to 15 per million [9, 58]. EAC carries a poor prognosis with a 5-year survival 

rate of approximately 15% to 20% [33, 36, 71]. In patients with advanced esophageal adenocarcinomas 

the 5-year survival drops to 0.9% [72]. Esophageal carcinoma has a high potential for lymph node 

metastasis and vascular invasion [5, 26, 73]. Metastasis is seen mainly in surrounding lymph nodes and 

in advanced stages possibly in liver and other organs [74]. 

EAC is most frequent in white men from higher socioeconomic groups, they represent approximately 

82% of all EAC cases [47, 63, 65, 67]. Previous studies showed a 6 to 8 times higher risk in men than in 

women and a 3 to 5 times higher risk in whites than in blacks to develop EAC [9, 75]. Further risk factors 

for EAC include smoking, increasing the risk by 2-fold [9, 12, 19]. The intake of fruits and vegetables 

(containing fiber, vitamin C, beta-carotene and folate) as well as moderate physical activity can 

decrease the risk of EAC [9, 61, 63, 67]. The use of NSAIDs seems to be have a protective effect [63]. 

In contrast to ESCC alcohol does not seem to act as a strong risk factor in EAC development. High intake 

of calories and animal fat are among the main risk factors [39, 63]. GERD seems to be the major risk 

factor in EAC development as it increases the risk 4- to 8-fold [9, 76-78]. The risk for EAC increases in 

parallel with the BMI, obesity thereby leads to a 2- to 3- fold increase in risk [67, 76-78]. Abdominal, 

visceral obesity was associated with a higher risk for EAC and BE [9, 12, 19, 36]. Enhanced 

intraabdominal pressure [79, 80], secretion of low-grade systemic inflammation factors secreted by 

the adipose tissue, as well as the metabolic syndrome with insulin resistance might lead to disease 

progression [81]. Furthermore adipose tissue contributes to elevated secretion of leptin and decreased 

secretion of adiponectin leading to an increased risk [79, 81]. Increased leptin levels have been 

associated with the progression to EAC in vivo and in vitro [81]. The decrease in adiponectin could be 

shown to be associated with higher malignant transformation and growth factor secretion [79].  

Studies concerning the effect of Helicobacter pylori (H. pylori) infection on the development of EAC 

showed a protective effect of H. pylori infections, reducing the risk for EAC by 50% [9, 58, 60, 69, 70, 

79, 81]. In part the protective effect of H. pylori colonization could be explained by the reduction of 

acid production in the stomach, thereby reducing reflux to the esophagus [58, 60, 70]. Simultaneously 

the production of the hormone ghrelin is reduced. As ghrelin stimulates appetite, a reduction may lead 

to lower calorie intake, lower weight, and less gastroesophageal reflux [58, 81, 82]. 

In about 75% of cases EAC is found in the distal esophagus [66]. Concerning adenocarcinomas of the 

distal third of the esophagus and the gastric cardia literature is still at variance, as they are sometimes 

difficult to distinguish and therefore lead to a misclassification into gastric tumor [58, 63]. To achieve 

homogeneity in the diagnosis Siewert described a system based on the tumor location in relation to 

the gastro-esophageal junction (GEJ). As Siewert I tumors were classified which center lies in the distal 

esophagus, Siewert II tumors were arising directly at the GEJ and Siewert III tumors lie beneath the 

cardia [2, 74]. Adenocarcinomas that arise 3cm on both sides of the gastroesophageal junction (GEJ) 

and span the GEJ are termed as “adenocarcinomas of the gastroesophageal junction” [61, 74, 83]. 
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2.3.6. Cancer of the Gastric Cardia and Gastric Cancer 

Adenocarcinomas of the gastric cardia and adenocarcinomas of the esophagus are located in anatomic 

proximity and are sometimes difficult to distinguish [63]. In the International Classification of Diseases 

it was decided to classify tumors of the gastroesophageal junctional region as gastric, leading to an 

underestimation of the incidence of EAC [83, 84]. Results show that adenocarcinomas of the cardia are 

more similar to esophageal carcinomas, concerning their etiologies and clinical patterns, than to gastric 

carcinomas [63, 84]. In esophageal adenocarcinomas an association to the gastric cardiac mucosa was 

seen [19].  

In adenocarcinomas of the cardia 3 to 5 times more men than women and 1.5 to 2 times more whites 

than blacks were diagnosed with adenocarcinoma of the gastric cardia, resembling the etiologies of 

EAC [63, 75]. Junctional or cardia cancers are also correlated with GERD [63, 85]. Obesity also elevated 

the risk for gastric cardia cancer by 2- to 3-fold [9]. An increase in gastric cardia adenocarcinoma could 

be recognized in parallel with the rise of EAC cases [9, 58, 63]. 

 

Gastric cancer is the second leading cause of cancer related deaths in the world. The incidence in the 

Western countries is declining in the last century, and currently lies at 7,6 cases per 100,000 [9]. Gastric 

cancer shows great geographic variation with the highest incidence rates in the Far East and the lowest 

in North America, South Asia, and Australia [9]. The incidence of distal gastric tumors is declining [9]. 

The incidence of gastric cancer in blacks is twice as high as in whites in the US [9]. Two times more men 

than women are affected. Other risk factors include high intake of salt and nitrates. Smoking leads to 

a 2-fold increase. No clear association of obesity with gastric non-cardia cancers could be seen [9]. The 

primary risk factor for gastric cancer is the infection with Helicobacter pylori, a gram-negative 

bacterium [60, 70]. Almost half of the world´s population is infected by Hp [9, 69]. The decline in H. 

pylori infections may partly explain the increase in EAC cases, as it may protect against EAC [47, 60, 

70].  

 

2.3.7. Diagnosis and Therapy  

Proton pump inhibitors (PPI) are widely used in 95% to 98% of patients with GERD and BE [19]. PPIs 

have been shown to normalize esophageal pH, lower the level of cell proliferation and promote cell 

differentiation [19]. Thereby helping to control symptoms, reduce inflammation and heal esophageal 

ulceration [9, 47]. Despite the extensive use of PPIs, in about 5% of the US population, the incidence 

of BE and EAC have constantly been rising during the last decades [9, 19]. 

Aspirin and other non-steroidal anti-inflammatory drugs (NSAID) have a preventing effect against 

esophageal cancer as they inhibit proliferation and angiogenesis, and induce apoptosis during various 

stages of disease [9].  NSAID have been shown to decrease the development as well as the progression 

of BE [9, 39, 86]. An inhibiting mechanism on cyclooxygenase 2 (COX-2) and Wnt/β-catenin signaling 

pathway could be seen [9, 39, 86]. 

The diagnosis of BE and EAC is based on a combination of endoscopic and histologic techniques [9, 61, 

85]. Therefore every patient undergoes endoscopy, where biopsies from all suspected lesions should 

be taken [61, 85]. The lesion is staged according to the Tumor, Node, Metastasis (TNM) classification 

in metaplasia, low-grade dysplasia, high-grade dysplasia, and adenocarcinoma [9, 61]. The histological 

type as well as the presence of goblet cells should be described [9, 61]. This is especially important as 

the correct diagnosis leads to an appropriate surveillance interval, different management solutions, 

and therapies [9, 55]. The usual steps include: endoscopic therapy, neoadjuvant therapy, restaging, 
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surgical therapy and postoperative chemotherapy [9, 61, 87]. Endoscopic therapies aim to destroy and 

remove the Barrett lesion. Esophageal resection (esophagectomy), removing parts or the whole 

esophagus, is only applicable for advanced cancers [9]. 

The prognosis depends on the location of the tumor, depth of invasion, number of lymph nodes 

involved, and also on the histologic type and degree of differentiation [9]. The overall 5-year survival 

rate ranges at around 17% in patients with advanced adenocarcinoma, the median survival of these 

patients lies between 13 to 29 months [9, 67]. Patients detected with an early stage of esophageal 

cancer have a 5-year survival rate of over 90% after surgical or endoscopic treatment [9, 67]. This 

demonstrates the need for early diagnosis of esophageal cancer patients [67] and the importance to 

discover prognostic and therapeutic markers [40].  

 

 

2.4.  Hypothesis for the development of BE 

The specialized Barrett epithelium shows similarities to gastric lineage differentiation as well as 

intestinal differentiation [45, 88]. Despite the rising incidence of BE there is still an ongoing discussion 

about the origin of BE [10, 45, 89], which led to a number of possible hypothesis shown in Figure 2.3. 

 

Figure 2.3: Schematic picture of the hypothesized cell of origin of BE.  
A) Progenitor cells of the gastric cardia migrate into the esophagus triggered by inflammatory signals. B) 

Residual embryonic cells can give rise to the lesion. C) Esophageal squamous cells de-differentiate to form 

metaplasia. D) Stem cells of the submucosal esophageal glands expand and give rise to BE. E) Bone-marrow 

derived cells migrate into the esophagus in response to inflammation (Figure according to Quante et. al. 2012 

[19] and adjusted) 

 

 

2.4.1. Migration of Bone-Marrow Derived Cells 

Bone-marrow derived cells (BMDC) are able to migrate through peripheral organs in response to 

inflammation and tissue injury [26, 90, 91]. There is rising evidence that bone-marrow derived stem 

cells contribute to human cancers and contribute directly to neoplastic lineages [92]. A previous study 
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suggested that BMDC are able to replace stem cells in the gland and can contribute to the epithelial as 

well as the stromal compartment of EAC in mouse and human [90], as supposed in Figure 2.3 E. A study 

in irradiated female rats, followed by tail vein injection of male bone marrow cells, showed that 

squamous epithelial cells and some columnar epithelial cells lining the glands of the intestinal 

metaplasia were originated from males [92]. So multi-potential progenitor cells originating from bone 

marrow contribute to esophageal regeneration and metaplasia in a rat model of BE [92]. 

 

2.4.2. Expansion of Submucosal Gland Cells 

Reprogramming of multipotent progenitors present in submucosal squamous gland ducts and/or in 

the basal layer of the squamous epithelium, might be triggered by inflammation to differentiate into 

columnar epithelium [10, 14, 19, 91].  Previous studies suggest inflammation, induced by reflux, can 

induce tumor suppressor genes (mainly p53 and p16) in stem cells of the esophageal squamous gland 

ducts [93] and lead to metaplasia as shown in Figure 2.3 D. Thereby explaining the heterogenic 

appearance of BE, as it arises from multiple independent clones [19, 93]. This can also explain the re-

occurrence of squamous epithelium after removal of metaplastic epithelium [10, 93]. Submucosal 

glands are not present in mouse or rat and can therefore not be studied in these model organisms [55]. 

 

2.4.3. De-Differentiation of squamous epithelial cells 

The term transdifferentiation describes a mechanism where a fully differentiated cell converts into 

another differentiated cell type [10, 50]. This process can be seen in embryonic esophageal 

development where columnar epithelium converts into stratified squamous epithelium [10, 94]. 

Studies show a direct conversion of columnar cell into stratified squamous tissue without programmed 

cell death or cell proliferation, but with the involvement of epigenetic changes of genes like p63 [94]. 

This raises the possibility of transdifferentiation of squamous cells into columnar cells under certain 

conditions [19, 50], as shown in Figure 2.3 C as a possible source for BE. 

 

2.4.4. Expansion of Residual Embryonic Cells 

A population of persisting embryonic stem cells may exist at the squamo-columnar junction in adult 

mice and humans [95]. A discrete number of Car4+ cells, some of them expressing Krt7, remained 

precisely at the SCJ [95, 96]. In the setting of inflammation and cell death of squamous cells, due to 

reflux, these cells migrate towards the specialized squamous cells and may give rise to Barrett 

metaplasia [19, 95] as shown in Figure 2.3 B. 

 

2.4.5. Migration of Progenitor Cells from the Cardia 

Tissue stem cells are cells with the ability to give rise to all differentiated cell types of the tissue 

(multipotency) and to generate more stem cells (self-renewal) [16, 19, 26, 50, 91]. Only a small number 

of tissue specific stem cells are present, which undergo proliferation at a very low rate protecting the 

cell from damage [16, 26]. They show asymmetric cell division resulting in a quiescent daughter cell 

and a transient amplifying cell that gives rise to all differentiated cell types [16, 19]. Tissue stem cells 

are surrounded by other cells that provide an optimal microenvironment (also called niche) enabling 

the stem/progenitor cell a normal differentiation [26, 97]. 
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In the state of inflammation, this mechanism can be imbalanced, leading to higher proliferation and 

an accumulation of progenitor cells [97]. Analysis of Barrett metaplasia showed a genetically 

heterogeneous picture indicating the presence of multiple stem cells [19, 93] as shown in Figure 2.3 A. 

Two kinds of gastrointestinal stem cells were proposed: a quiescent stem cell (expressing Bmi1 and 

Dclk1) and an actively cycling Lgr5 positive stem cell. Those Lgr5+ cells are more actively responding to 

stimulating factors of adjacent mesenchymal cells [28, 98]. Whereas the Dclk1 expressing cell is shed 

from proliferation by their inhibitory microenvironment [14, 26]. Both putative stem cell markers (Lgr5 

and Dclk1), were increased in BE tissue and possibly play a role in the progression from BE to EAC [14, 

19, 28, 99]. 

 

Lgr5+ cells 

Leucine rich repeat-containing G protein-coupled receptor 5 (Lgr5) was previously described as marker 

for intestinal and colonic stem cells [16, 19, 100].  In the intestine Lgr5 is exclusively expressed in 

actively cycling crypt base columnar (CBC) cells at the crypt base which are intermingled with Paneth 

cells [23, 26-28]. In colonic crypts Lgr5+ cells are located at the crypt base [23]. Lgr5 also marks stem 

cells at the base of the gastric cardia and in antral glands, but is not expressed in the gastric corpus 

[14, 16, 19]. Lgr5 expressing cells were found to persist for several month (at least 60 days) where they 

cycle every 24 hours [23, 26, 27]. They are radioresistant and can repopulate the crypt after irradiation 

[23, 27, 101]. 

Lgr5 was found to be expressed in BE and dysplasia, but is not expressed in the normal esophageal 

squamous epithelium [14, 19, 102]. Lineage tracing experiments with Lgr5-CreERT mice showed 

labelled cardia epithelium 7 days after tamoxifen induction [14]. In the cardia region Lgr5+ cells 

therefore may function as progenitor cells that give rise to BE and dysplasia [14, 19]. Lgr5 expression 

could be noted in colorectal cancers, ovary and liver tumors [16]. 

Lgr5 was found in cells in the eye, tongue, brain, stomach and intestinal tract in adult mice [23]. Lgr5 

expressing cells can further be found in mammary glands, and hair follicle stem cells [23, 103]. 

R-Spondin (Wnt pathway agonist) can bind to Lgr5, thereby enhancing the Wnt signaling [14, 16]. The 

Wnt signaling pathway regulates proliferation of intestinal crypt cells [16, 27, 28]. A deletion of Lgr5 

phenocopies Wnt pathway inhibition. 

 

Dclk1+ cells 

Doublecortin and CaM kinase-like 1 (Dclk1) was discussed as a putative progenitor or stem cell marker 

and is specifically upregulated in epithelial progenitors in mouse and human intestines [25, 26, 100, 

104].  Dclk1 expressing cells were shown to be localized at the +4 position of colonic crypts which also 

express Bmi1 [22, 25, 27]. Usually Dclk1+ cells are located at the isthmus of gastric glands, but in the 

gastric cardia they are highly present just below the SCJ [5, 22]. Dclk1+ cells are long lived, slowly 

cycling cells and are therefore seen as putative stem cells [25, 26]. More recently it was seen that Dclk1 

marks tuft cells, which are present in the intestine, trachea and stomach and act in homeostasis and 

regeneration [5, 25, 104, 105].  

An accumulation of Dclk1+ cells was found in situations of increased proliferation like BE [14, 19, 26, 

99]. Dclk1 may serve as a marker for tumor stem cells that expand in the setting of inflammation and 

metaplasia [100, 105], thereby representing a link between inflammation/injury and dysplastic 

progression [99, 106]. Bmi1/Dclk1-expressing cells can give rise to Lgr5-expressing cells [100, 104, 105]. 
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Dclk1+ cells were also found in adenomas, pancreatic cancers, colorectal cancers, and intestinal tumors 

[99, 106]. 

Dclk1 is a microtubule-associated serine/threonine-protein kinase which is involved in neuronal 

migration and was discovered in gut epithelial progenitors [14, 19, 26] (where it plays a  chemosensory 

role [5]). 

 

2.4.6. Models for Barrett Esophagus 

In vivo and in vitro studies enable us to analyze the mechanisms that lead to disease initiation and 

progression, as well as possible treatment and prevention strategies. Therefore it is essential that the 

models resemble the human situation most accurately [45]. A number of in vitro and in vivo models to 

study BE have been developed. 

 

Cell Culture Models 

OE19, OE21, and OE33 are established human esophageal cell lines growing in monolayers. They serve 

as tissue culture models for esophageal squamous cell carcinoma (OE21), adenocarcinoma from gastric 

cardia/esophageal gastric junction (OE19), and esophageal adenocarcinoma (OE33) [55, 107]. Growth 

behavior and morphology of the cells can be analyzed. These two dimensional cell culture systems may 

only give a hint to the in vivo situation as they are missing the microenvironment.  

To overcome this problem organotypic culture (OTC) models have been developed, where epithelial 

cells are cultured on a layer of collagen and fibroblasts [95, 108]. OTCs mimic the in vivo conditions as 

they show epithelial-stromal interactions [95, 109]. The ability to study histology by 

immunohistochemistry, RNA and protein analysis makes it a nice study model [95]. Even though it still 

lacks inflammatory and endothelial cells, as well as stem cell differentiation dynamics [40]. 

Therefore three dimensional spheroid models were developed, where the organotypic stem cells are 

able to form into organoids [110, 111]. Those organoids recapitulate the three dimensional 

architecture of the originating epithelium and consist of all major cell types [108, 112]. Isolation of one 

putative intestinal stem cell resulted in crypt-villus-like epithelial domains resembling the in vivo 

physiology of the small intestine with only limited set of growth factors [108, 113]. With repetitive 

budding events in the crypt region, the apoptotic cells are shed in the central lumen. These cultures 

can be treated directly, and monitored long-term. They can be transfected by lentiviral vectors, used 

for immunohistochemistry, as well as for RNA and protein downstream applications [110, 113]. 

 

Animal Models 

There have been multiple attempts to create animal models that resemble the human situation of BE 

[33]. Animal models are important to study the course of the disease as well as the clinical and genetic 

risk factors that are necessary and sufficient to induce BE and to understand the mechanisms of 

resistance. 

One of the first animal model of BE was developed in dogs, using surgical and pharmacological 

techniques [33]. In a surgical model, the mucosa of the distal esophagus was removed, thereby 

inducing reflux and wounding [40]. This resulted in columnar metaplasia after 18 to 39 months, with 

goblet cells being largely absent [12, 40]. Despite the structural similarities the main disadvantage of a 
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dog model is the large time span needed in the progress of metaplasia, dysplasia, and adenocarcinoma 

[33]. 

There are a number of surgical rat models, involving esophagojejunostomy [12, 40], esophago-gastro-

duodenal anastomosis (EGDA) [19], and esophago-duodenal anastomosis (EDA) [33]. In 

esophagojejunostomy esophagus and jejunum are fused, inducing massive exposure to bile and 

gastroduodenal reflux [12, 33, 40]. All animals showed severe esophagitis, about 87% of them 

developed columnar lining of the distal esophagus [55, 92] and nearly half developed adenocarcinoma 

[12, 42].  In the EGDA  it could be shown that duodenoesophageal reflux induces both BE and EAC [19]. 

Treatments with nitrosamines and high-fat diet resulted in much higher cancer rates of 57% to 83% 

[12, 33, 42]. Surgical models have the limitation that reflux is less acidic and contains a much higher 

rate of bile compared to stomach reflux, accompanied by a high mortality rate [12]. 

In the mouse few surgical models have been established, being limited by the size of the animals [33]. 

Approaches with esophagojejunostomy in combination with nitrosamines resulted in cancer in 54% of 

mice, of which 37% were EAC [12, 40]. 

Thrombospondin-1 (Tsh-1) null mice developed gastric epithelial hyperplasia with signs of BE 

occasionally [33, 114]. Thrombospondin (TSP) is a multifunctional and multimodular secreted protein, 

localized in the extracellular space, which alters cellular function in a context dependent manner [115]. 

Tsp-1 was shown to act as an activator for TGF-β, which is important in tissue homeostasis, 

inflammation, and tissue repair [114]. Mice did not show development of EAC [33]. 

Recently the p63-knockout mouse model was described, which lack squamous epithelia mimicking 

acid-reflux damage [96]. p63 has a supposed role in the maintenance of epidermal progenitor stem 

cells [19, 96]. The p63-mouse model does not possess any inflammatory stimuli. Mice developed 

columnar epithelium in the squamous forestomach with positive staining for Alcian Blue and periodic 

acid-schiff (PAS) [19, 33], but did not progress to dysplasia [96]. This model points to the presence of 

gastro-esophageal progenitor or embryonic stem cells in the squamo-columnar junction, which can 

give rise to the metaplastic epithelium [19, 33, 96].  

The pL2-IL1beta mouse model possesses the “modified human IL-1b cDNA downstream of an Epstein-

Barr virus (ED-L2) promoter that targets the oral cavity, esophagus, and squamous forestomach” [14], 

where the major histopathologic changes occurred [19, 33, 116]. An upregulation of IL-1b at the 

squamous columnar junction in human BE patients was described previously [117-119]. Mice show 

moderate inflammation and epithelial hyperplasia at 6-month of age [14, 19]. Severe columnar 

metaplasia with mucus producing cells at the SCJ was seen after 12-15 months [14, 19]. At 20-22 

months of age some mice showed high-grade dysplasia or intramucosal EAC [14]. A number of gastric 

and intestinal genes were significantly upregulated in both human BE and the pL2-IL1beta mouse 

model these involve IL-6, TNF-α, and Notch [14]. In the Barrett metaplasia of pL2-IL1beta mice, as well 

as in human BE samples, expression of Lgr5, Dclk1, Krt19 and TFF2 (which are usually not expressed in 

esophageal squamous epithelium) could be seen [19]. In the pL2-IL1beta mouse model columnar-lined 

esophagus (CLE) is seen but without abundant goblet cells. The thought that diagnosis of BE does not 

require classical IM can be substantiated [14]. The mouse models suggest that the metaplastic region 

originates from progenitor cells present at the squamous-columnar junction [19].  The fact that BE 

always begins precisely at the SCJ has not been explained otherwise [14]. 
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2.4.7. Pathways in Barrett Esophagus 

A number of genetic alteration in the course of Barrett Esophagus (BE) have been noted, like the 

expression of oncogenes (Cyclin D1, K-ras) [120-122], growth factors (e.g. TGFα) [123] and growth 

factor receptors (e.g. EGFR) [124], proliferative and pro-survival factors (like Notch or NF-ƙB) [91, 125], 

as well as inactivation of tumor suppressor genes (p53, p63, and p16) [9, 126-128]. These alterations 

enable the cells to proliferate and evade apoptosis. Further pro-inflammatory cytokines, reactive 

oxygen species, angiogenic factors, and chemokines may act together to facilitate the tumor cell 

growth and proliferation [67, 129]. Disruption of cell adhesion by secreting matrix metalloproteases 

(MMPs), cadherins, and catenins facilitates migration and metastasis [9].  

Cdx2 is known to mediate the differentiation of intestinal epithelial cells and was found to be 

upregulated in Barrett metaplasia [9, 12, 19, 34]. Components of gastroesophageal reflux such as bile 

acids are able to induce the Cdx2 promoter demethylation via nuclear-factor-kB (NF-ƙB) [12, 19, 107, 

130]. Cdx2 and Cdx1 expression induced the intestinal type epithelium with production of Muc2 

(intestinal type mucin) [2, 34, 37, 91]. 

Cxcr4 (seven-transmembrane G protein-coupled chemokine receptor) expression was seen in both 

squamous cell carcinoma and esophageal adenocarcinoma [67, 73] and can be activated by Hif1α. 

Strong Cxcr4 expression could be associated with poor long-term prognosis in esophageal cancer 

patients [73]. Cxcr2 expression can be related significantly to lymph node metastasis and poor survival 

status in EAC and ESCC patients [67, 128]. Thereby may serve as prognostic marker for patients with 

esophageal cancer [128]. 

 

 

2.5.  The Notch Signaling Pathway 

The Notch signaling pathway is one key mechanism in cell-cell communication and important in cell 

fate decision. Notch is a highly conserved pathway that is widely present in development and 

differentiation [123, 131]. The first Notch dysfunction was discovered in 1914 by John S. Dexter in 

Drosophila melanogaster [115, 132]. It was named after the exhibited loss-of-function phenotype of 

notched wings in haplo-insufficent flies [132, 133]. The Notch allele was identified by Thomas Hunt 

Morgan in 1917 [115, 132].  

Despite its ubiquitous functions in many different cell types, at many different steps during lineage 

progression in many different organisms the Notch signaling contains only a small number of core 

signaling components [131, 134]. In mammals four Notch receptors (Notch1-4) and five Notch ligands 

(Jag1,2; Dll1, 3, 4) have been identified [115, 132, 135]. 

 

2.5.1. Notch Receptors 

The mammalian Notch receptor family consists of four type I single pass transmembrane receptors, 

termed Notch1-4, which are composed of an extracellular and an intracellular part [24, 123, 131] as 

shown in Figure 2.4.  
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Figure 2.4: Protein structures of the four Notch pathway receptors (Notch1-4),  
all type I transmembrane proteins that contain 29-36 EGF-like domains, LIN-12-Notch repeats (LNR) adjacent to 

the plasma membrane and an intracellular part that acts in the nucleus. The intracellular part consists of a 

heterodimerization domain (HD), transmembrane domain (TD), the RBP-J association module (RAM), 7 NLS-

flanked ankyrin repeats (ANK), and the proline/glutamic acid/serine/threonine-rich degradation motif (PEST) 

(Taken from Wang et. al., 2011 [115])  

The extracellular part of the Notch receptors contain 29-36 EGF-like repeats including six cysteines that 

form three intra-domain disulfite bridges [115, 123]. 11 to 12 of the EGF repeats are essential for ligand 

binding [135, 136]. C-terminal the negative regulatory region (NRR) is located, which is composed of 

three LIN-12-Notch repeats (LNR) as well as a transmembrane spanning region [133, 134]. 

The intracellular part of the Notch receptors consist of four main regions: RAM, Ankyrin, TAD and PEST 

[134, 137]. The RAM (RBP-Jƙ association module) domain is located directly in the membrane, its´ main 

function is the interaction with the transcription factor RBP-Jƙ [133, 138]. The nuclear localization 

signal (NLS) is followed by seven Ankyrin repeats and a second (NLS) [115, 135]. This region is the most 

conserved region of the Notch receptors and is mandatory for proper assembly of the Notch-RBP-Jƙ 

transcription complex [123, 134]. C-terminally the transcriptional activation domain (TAD) is located, 

which is rich in glutamine residues [134, 135]. Followed by a PEST (rich in proline [P], glutamic acid [E], 

serine [S] and threonine [T]) domain, which directs the ubiquitination and degradation of the active 

Notch later and is therefore important for protein stability [115, 133, 134]. 

 

2.5.2. Notch Ligands 

The five known Notch ligands in mammals include two Serrate-like ligands named Jagged 1 and 2 (Jag1 

and Jag2) and three Delta-like ligands named Delta-like 1, 3 and 4 (Dll1, Dll3 and Dll4) named after 

their similarities to ligands in Drosophila melanogaster [123, 131, 136, 139]. The ligands are type I 

transmembrane proteins and are composed of a short intracellular and a larger extracellular part [24, 

131] as shown in Figure 2.5. 
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Figure 2.5: Protein structure of canonical Notch signaling ligands 
 termed Jagged 1 and 2 and Delta-like 1, 3 and 4. They are type I transmembrane proteins with 6 to 16 EGF-like 

repeats (which enable the binding to Notch receptors of an adjacent cell), and a short intracellular domain. 

(Taken from Wang et. al., 2011 [115]) 

 

The extracellular part contains an N-terminal DSL (Delta-Serrate-Lag2) domain and 6-16 EGF-like 

repeats [123, 136]. In the Jagged ligands the DSL domain is followed by 15-16 EGF repeats, a von 

Willebrand Factor, and a transmembrane domain [136]. The Delta-like ligands contain the DSL domain, 

6 to 8 EGF repeats, and a transmembrane domain [115, 135, 136]. The short cytoplasmic tail in 

canonical ligands is not well conserved [115]. 

 

2.5.3. The canonical Notch signaling pathway 

Canonical Notch pathway is an intercellular signaling and requires direct binding of a Notch ligand to a 

Notch receptor of a neighboring cell [115, 133, 134]. The basic mechanism is shown in Figure 2.6. 
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Figure 2.6: Key steps of the canonical Notch signaling pathway.  
In the state of inactive Notch the repressor Rpb-Jk binds to the promoters of Notch target genes. The newly 

synthesized Notch receptor undergoes a series of posttranslational modifications as glycosylation by O-

fructose-transferase (Ofut1) and Fringe as well as the S1 cleavage by furin-like convertases in the ER and Golgi 

body before it reaches the cell surface. Binding of a Notch ligand from an adjacent cell directed by the EGF-like 

repeats results in transendocytosis of the ligand and a conformational change in the LNR/HD domain exposing 

the S2 cleaving site for ADAM (a Disintegrin And Metalloprotease). S2 cleavage leads to shedding of the 

extracellular domain of the receptor and turns it into the substrate for the y-secretase complex, which 

catalyzes the cleavage at the S3 site within the Notch transmembrane domain. This leads to the release of the 

NICD from the cell membrane and its subsequent translocation into the nucleus, where it displaces corepressor 

bound to RBP-Jƙ and recruits coactivators such as Mastermind and p300 to activate gene expression. (Taken 

from Voojs et. al. 2011 [24])  
 

In vertebrates the original polypeptide is cleaved by furin-like convertase (S1) in the Golgi apparatus, 

resulting in the mature Notch receptor, a heterodimeric protein that is joined by non-covalent 

interactions. By binding to the Notch receptor, mediated through EGF-like domain interactions, the 

Notch ligand and the extracellular domain of the receptor are trans-endocytosed into the ligand-

expressing cell [115, 131]. The ligand induces a conformational change, exposing the negative 

regulatory region (NRR) to allow S2 proteolytic cleavage by ADAM (A Disintegrin And Metalloprotease), 
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that takes place in the extracellular matrix close to the plasma membrane [115, 140]. Following the S2 

cleavage, Notch undergoes a third cleavage (S3) by gamma-secretase complex within the Notch 

transmembrane domain [131, 135]. The gamma-secretase is a multi-subunit protease complex 

containing presenilin, nicastrin, presenilin enhancer 2 (Pen2) and anterior pharynx-defective 1 (Aph1) 

[134]. The gamma-secretase complex is also known to mediate cleavage of multiple transmembrane 

proteins including the amyloid precursor protein, CD44, and E-cadherin [115, 123, 136]. The S3 

cleavage results in the release of the active Notch intracellular domain (NICD) from the plasma 

membrane into the nucleus [131, 135]. NICD binds to CSL (CBF1, Su(H), LAG-1) family DNA-binding 

protein, thereby replacing co-repressors (such as SMRT, N-coR, SHARP and others) bound to RBP-Jƙ, 

to activate gene expression [24, 115, 123]. The CSL is a sequence-specific DNA-binding transcription 

factor that binds to regulatory motifs at Notch target genes and serves as a repressor of their 

transcription [133]. Following the Notch ICD-CSL binding, the adaptor protein Mastermind-like (MAML) 

is recruited, which stabilizes the RBP-Jƙ /NICD complex DNA binding [115, 123, 131, 139].  Further 

histone or protein acetyltransferases like CREB-binding protein (CBP/p300) and p300/CBP-associated 

factor (P/CAF) are recruited and lead to the transcription of downstream genes [123, 131, 133, 141]. 

The transcriptional activation induced by NICD is abolished by the phosphorylation of the PEST domain 

to target the degradation by E3 ubiquitin ligases [123, 135, 141]. 

Besides the core Notch signaling pathway proteins there are also auxiliary proteins that range from 

intracellular proteins that affect ligand trafficking (like Mindbomb (Mib) and Neutralized (Neur)), to 

proteins that regulate the NICD-CSL interactions (such as Mastermind-like MAML) [131, 134]. 

How cell type specific regulation of Notch signaling takes place is still not fully understood. Different 

Notch receptors exhibit sometimes unique and sometimes overlapping expression patterns [133, 142]. 

The transcriptional control of Notch receptor levels, as well as the microenvironment may play a role 

[133, 134]. 

 

2.5.4. Downstream signaling of Notch 

Despite the differing effects of Notch signaling in the multiple cellular and developmental steps, only 

a limited number of target genes have been identified [134, 139]. Thereby involving both the activation 

and the repression of target genes [131, 135]. The most intensely studied mammalian Notch target 

genes include Hes (hairy enhancer of split) and Hey (Hes-related repressor protein) that both belong 

to the basic-helix-loop-helix (bHLH) transcription factors [123, 131, 133]. They are highly conserved 

and represent the canonical pathway that is activated via RBP-Jƙ [139]. Hes and Hey function as 

transcriptional repressors and serve an important task in development [123, 143]. Hes1 and Hes5 are 

associated with B-cell development [139]. Hey1 and Hey2 negatively regulate Notch-CSL. Hes1 was 

shown to target Notch ligands Dll1 and Jag1 [139]. 

CD25 (IL2-R) and GATA3 are direct Notch target genes, which act as regulators in T-cell development 

and Th1/2 lineage decision [139]. Notch regulated Ankyrin repeat protein (Nrarp) and Deltex-1 are 

direct Notch target genes and were shown to be negative regulators of the Notch signaling [139]. Nrarp 

feeds back negatively and activates Wnt signaling [134]. 

Further Notch target genes have been reported, including c-Myc, CyclinD1, p21, NF-ƙB2, bcl-2, snail, 

E2A, and HoxA5 [123, 139, 144]. These may interact with Notch ICD-CSL and lead to the activation of 

different downstream genes. Furthermore Notch signaling influences the expression of Notch1 and 

Notch3 itself [123, 139].  
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2.5.5. Non-canonical Notch pathway 

Recently the non-canonical Notch signaling pathway, with the activation of target genes independently 

of RBP-Jƙ, acquired more attention [123]. The non-canonical Notch pathway contains secreted or 

membrane bound proteins that lack the DSL domain.  Many of them share some similarity to the 

canonical ligands e.g. the presence of EGF-like domains [115]. 

Delta-like homologue 1 and 2 (Dlk1 and Dlk2) transmembrane proteins contain six extracellular EGF-

like domains [115, 145], which can bind to Notch receptors and block signaling induced by canonical 

ligands [115, 146, 147].  

Delta/Notch-like EGF-related receptor (DNER) transmembrane molecule also contains EGF-like 

domains [145] and are strongly associated with neuron and glial cell differentiation [115, 148]. 

Thrombospondin1 and 2 (TSP1 and TSP2) are localized in the extracellular space and show for many 

instances similar effects to the Notch signaling, suggesting an interaction between the two systems 

[115, 149]. TSP2 enhances Notch activity by binding directly to Notch3 protein and Jagged1 with high 

affinity, thereby enhancing their interaction [115, 149]. 

Epidermal growth factor –like domain 7 (EGFL7) was first described as a ligand for Notch [150]. It 

contains an emilin (EMI) homology domain and two EGF-like domains which are sufficient to binds to 

all four Notch receptors [151, 152]. EGFL7 may compete with Jagged for binding to Notch and forms 

complexes with Dll4 [115], thereby inhibiting Notch signaling [115, 152]. 

CCN3 a member of the CCN (CYR61/CTGF/NOV) family was identified as a Notch ligand that activates 

canonical targets including HES [115, 153]. 

Microfibril-associated glycoproteins (MAGP1 and MAGP2) interacts with Jag1, Jag2 and Dll1 [115]. 

MAGP can directly enhance or inhibit Notch signaling [115, 154]. MAPG overexpression results in non-

ADAM dependent release of Notch1 heterodimers, which are cleaved in cells with an active Notch 

signaling and result in the release of NICD [115]. MAGP may also block Jagged1 stimulated Notch1 

signaling in endothelial cells in a context dependent manner [115, 154]. 

Many different non-canonical regulators have been discovered within the last decade, explaining (in 

part) the vast influence of the Notch signaling in many different systems and circumstances and also 

the sometimes contradictory results concerning the effect of Notch signaling [115, 150, 155]. Some of 

these non-canonical regulators might be needed only in tissue and context dependent systems to 

adjust Notch signaling [150]. Some modulators might be only specific for some receptors or ligands 

resulting in different outcomes [155]. On the other hand non-canonical proteins also interact with each 

other as well as with receptors and canonical ligands, giving a huge network of interactions with high 

complexity which is currently not fully understood [150, 155]. Further studies will be needed to identify 

the functions of these regulators thoroughly in vivo in health and in disease [115, 150, 155]. 

 

2.5.6. Diversity and Similarities in Notch signaling 

The simple architecture of the Notch signaling pathway, consisting of four receptors and five ligands, 

is contrasted by the ubiquitous expression in virtually all mammalian embryonic tissues and in many 

biological processes. The possible receptor-ligand combinations may cause different signaling 

responses in specific environments. Furthermore a number of non-canonical ligands have been 

identified recently, that are able to affect Notch signaling in the neighboring as well as in the same cell 

[123] (see 2.5.5). Some reports concerning the effect of Notch signaling show somehow contradictory 

findings, depending on the conditions of surrounding cells [144, 156], type of the receptor [144, 151, 
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156], modification of the receptor or ligand, alteration of the cleavage site, effectiveness of the protein 

or protein stability [134, 157]. 

Notch2 receptor is expressed in brain, liver, kidney and somites, Notch1 is additionally expressed in 

lung, thymus, spleen, eyes, and intestine [133, 158]. Notch1 and 2 show similar functions in many 

different cell types whereas Notch3 and 4 are more expressed in endothelial and vascular smooth 

muscle cells [133, 158]. Notch1 and Notch2 showed partially overlapping expression patterns [159]. 

Despite their similarities the same modification, like phosphorylation C-terminal to the ANK domain by 

glycogen synthase kinase 3 ß (GSK3ß), can inhibit downstream signaling of Notch2 ICD but stabilizes 

Notch1 ICD [134, 157].  

The gamma-secretase complex may contain different presenilins with different cleaving preferences 

and cleavage efficiency [134, 160, 161]. Furthermore the site of S3 cleavage differs resulting in 

different half-lives of the produced NICD [134, 160]. Additional proteins that influence the stability of 

the gamma-secretase complex have been identified recently [162].  

Only some of the EGF-like repeats take part in the ligand binding, opening the possibility to interact 

with each other, or bind further accessory proteins to modify the signaling [115, 163]. Notch receptors 

can be modulated at the EGF repeats, by addition of O-fructose or O-glucose by O-fructosyltransferase 

1 (Pofut1), which are subject to glycosylation by Fringe proteins [131, 134, 164, 165]. This glycosylation 

can enhance interaction with Dll1 and reduce Jag1 interaction [131, 134, 166]. 

The ubiquitylation of the Notch ICD, e.g. through F-box and WD-40 domain protein (Fbxw7), regulates 

its´ half-live [167, 168]. Knockout of Fbxw7 levels of Notch4 ICD were elevated, whereas Notch1, 

Notch2 and Notch3 ICD were downregulated [168]. 

Numb of numb-like is an endocytic protein that promotes the degradation of the Notch receptor [131, 

134]. Numb affects different Notch receptors differently as it negatively regulates Notch1 and Notch2, 

but not Notch3 [123, 131, 169]. Numb also interacts with other signaling pathways like p53 and 

hedgehog [134]. Notch seems to control the expression of Numb [123]. 

 

2.5.7. Notch: Physiological Function and Function in Disease 

Physiological function of Notch 

The ubiquitous expression of Notch in biological processes and its´ versatile functions demonstrate the 

physiological importance of Notch [131, 170]. Virtually used at various stages of development in many 

different cell types. These include mandatory steps in embryonic development, like cell proliferation, 

apoptosis, differentiation and cell fate decisions [131, 133].  Targeted deletion of Notch1 resulted in 

embryonic lethality at day 11.5, due to failure in neurogenesis and angiogenesis, and increased 

apoptosis [133, 159]. Targeted deletion of Notch2 also resulted in embryonic lethality with defects in 

neural tissue, cardiovascular system and kidneys [171]. Targeted deletions of Notch3 and Notch4 are 

viable and fertile, suggesting some redundancy between the Notch receptors [172]. Notch3-/- mice 

show severe defects in arteria and smooth muscle cell maturation, whereas Notch4-/- mice appear to 

be rather normal [133].  

In adult tissue Notch mainly plays a role in the homeostasis of self-renewing organs, as it acts in cell 

fate decision, differentiation, and can maintain stem cells in an uncommitted state [131, 139, 155, 

173]. In mammals the Notch signaling regulates plenty of biological processes like neurogenesis, T- and 

B-cell development, angiogenesis, hematopoiesis, myogenesis and nephrogenesis [131, 133, 139, 173]. 

Its role in keeping transit amplifying (TA) cells of the small intestine in an undifferentiated state is 
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indispensable [17, 139]. In contrast to that in keratinocytes of the skin Notch has been shown to 

support differentiation by causing cell cycle arrest [133, 139, 155]. 

 

Function of Notch in disease 

Notch has direct influence on health and pathology. Mutations or dysregulation of the Notch signaling 

pathway lead to diseases in various tissues and organs [131, 134]. Notch can act as an oncogene or a 

tumor-suppressor gene depending on the microenvironment [139, 155]. Notch seems to be a key 

player in cancer stem cells in a variety of cancers [131, 174]. 

One definite example for Notch acting as an oncogene can be seen in T-cell acute lymphoblastic 

leukemia (T-ALL), an aggressive neoplasm of immature T-cells [175]. Many cases harbor mutations in 

the Notch1 gene, e.g. a chromosomic translocation, resulting in a constitutive active form of Notch1 

[139, 176].  Mutations in the heterodimerization domain are very common and lead to the ligand 

independent cleavage of Notch and elevated NICD levels [176, 177]. Alterations in the PEST-domain 

increase the protein stability [139]. This over activation of Notch leads to elevated levels of Myc and 

CyclinD accompanied with the inhibition of p53 [178, 179]. Thus leading to enhanced survival and 

proliferation as well as genomic instability [123, 139]. 

Notch activation was also detected in multiple tumors like primary melanomas, gliomas, breast 

cancers, cervical cancers, and gastric cancers [123, 143, 179, 180]. Thereby acting differently at 

different stages of cancer [123, 181].  

In mouse mammary tumors Notch over activation leads to overexpression of TGFβ and HGF [123]. The 

tumor-promoting function may act via the activation of PI3K/Akt pathway and Myc [123, 139, 178, 

182]. Notch leads to an activation of Wnt signaling and N-cadherin expression thereby promoting 

growth and metastasis in melanomas [123, 183, 184].  

Notch may also play a role in epithelial-mesenchymal transition (EMT) which is a key point in 

embryonic development and cell migration and invasion, by E-cadherin repression and interaction with 

TGF-β [123, 144, 184]. Pathways involved in metastasis of tumor cells include Notch, Wnt and TGF-β, 

as well as the repression of E-cadherin [183]. 

Active Notch signaling may also promote differentiation. This can be seen in keratinocytes of the skin, 

where Notch induces differentiation by cell cycle arrest, thereby acting as a tumor suppressor [185, 

186]. In keratinocytes Notch induces NF-ƙB and inhibits AP-1 and β-catenin [127, 185], leading to 

hyperplasia and squamous cell carcinomas [123, 185, 187]. In this context inactive Notch reduces the 

expression of p21 (an inhibitor of cell cycle progression) and enhances β-catenin levels [185].  

A potential role of Notch in Alzheimer´s disease is discussed recently [188-190]. Notch is able to 

interact with the amyloid precursor protein (APP) [189]. Furthermore the gamma-secretase complex 

is responsible for cleaving the APP, which accumulation causes the pathologic effect [115, 189, 190]. 

Alteration in Notch proteolysis may be involved in the pathogenesis of Alzheimer´s disease [188, 190]. 

 

Notch in the GI tract and Barrett Esophagus 

Notch is required to maintain the gastric and intestinal stem cell compartment, as it regulates 

proliferation and differentiation [17, 22, 191]. Notch signaling is important for esophageal epithelial 

homeostasis [192]. Notch signaling is present in the mouse stomach epithelium during development 
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and is restricted to progenitor cells in the isthmus of adult glands [17, 24, 193]. Notch is not activated 

in healthy squamous epithelium of human, mouse or rat [55, 194].  

Notch signaling is a key driver in the development of Barrett Esophagus and the progression to EAC 

[19, 143, 195]. Actively Notch expressing cells were found within columnar-lined esophagus and at the 

SCJ in dysplastic epithelial tissue [14, 17, 55]. Notch1 was significantly upregulated in 72.5% of primary 

EAC tumor tissue samples, and even in 94.4% poorly differentiated EAC samples [14, 72]. Notch 

signaling is more apparent in less differentiated tumors and is important for the maintenance of 

esophageal adenocarcinoma cancer stem cells [72, 196]. And may therefore directly drive resistance 

to chemotherapy and is responsible for a poor prognosis [72]. 

Progenitor cells are significantly increased in BE [14, 19, 197]. Dll1 is expressed in the stem cell zone in 

the gastric cardia at the bottom of the crypts near Lgr5-expressing cells and seems to be the major 

ligand inducing Notch in BE [14, 19]. Notch activation upregulates Hes1, leading to suppression of 

terminal differentiation within the secretory lineages, including inhibition of goblet cell differentiation 

[17, 24, 28, 107, 198].  

Bile acids (BA) activate the Cdx2 promoter via NF-ƙB [199], leading to its expression. Unconjugated BA 

and high fat diet lead to activation of IL-6, Cdx2 and Notch1 genes by promoter demethylation [14, 55, 

200]. Cdx2 expression induces Atoh1 expression and leads to the production of Muc2 (intestinal type 

mucin), simultaneously Hes1 expression is downregulated [55, 107, 199]. Atoh1 plays an important 

role in intestinal cell differentiation into the secretory lineage (goblet, enteroendocrine, paneth cells) 

[17, 28, 107]. 

Notch inhibition with ƴ-secretase inhibitors (dibenzazepine DBZ) led to rapid and massive conversion 

of crypt cells into cells expressing Paneth and goblet cell markers and reduced cellular proliferation 

[17, 19, 24, 55]. Systemic inhibition of Notch by y-secretase inhibitors resulted in lower proliferation 

rates and markedly increased PAS positive cells and alcian blue positive goblet cell like cells [55]. 

Suggesting that the inhibition of Notch may be an important factor for intestinal metaplasia [14, 17, 

24]. Notch inhibition resulted in decreased proliferation, conversion to a goblet cell-rich phenotype 

and reduced progression to EAC [17, 19, 24, 55].  

Low Notch expression resulted in lower progression rates and induction of goblet cell metaplasia 

leading to intestinal metaplasia [14, 19, 147].  High Notch expression lead to the development of 

columnar lined esophagus, higher proliferation rates and progression to dysplasia [14, 19, 143]. Notch 

signaling might therefore contribute to the development of dysplasia, while the inhibition of Notch 

leads to goblet cell differentiation and therefore may prevent malignant transformation [14, 19, 55, 

201].  

 



   Materials and Methods 

43 

 

3. Materials and Methods 

3.1.  Transgenic Mouse Strains 

pL2-IL-1beta [14], Lgr5-EGFP-ires-CreERT/2 [23], Dclk1-CreERT/2 [105], Notch2-IC [202],  

Notch2 flox/flox [203], Notch1 flox/flox [204], and Rosa26-LacZ [205] mice were all previously 

described.  

All mice were backcrossed to a C57BL/6 background and intercrossed to obtain the wanted genotypes 

as stated below. The mice were born at the expected Mendelian ratio. Successful recombination of the 

transgenes and/or floxed genes was confirmed by PCR (see below). Littermates without the Notch 

constructs were used as controls. Wildtype (WT) controls were littermates negative for all genes. 

Genotype  Abbreviation 

Lgr5CreERT-Mice  

pL2-IL1beta.Lgr5-CreERT/2-EGFP.Notch1flox/flox(.Rosa26-LacZ) pL2.Lgr5.N1fl/fl(.LacZ) 

pL2-IL1beta.Lgr5-CreERT/2-EGFP.Notch2flox/flox(.Rosa26-LacZ) pL2.Lgr5.N2fl/fl(.LacZ) 

pL2-IL1beta.Lgr5-CreERT/2-EGFP.Rosa26-Notch2-IC(.Rosa26-LacZ) pL2.Lgr5.N2IC(.LacZ) 

pL2-IL1beta.Lgr5-CreERT/2-EGFP(.Rosa26-LacZ)  pL2.Lgr5(.LacZ) 

Dclk1CreERT-mice  

pL2-IL1beta.Dclk1-CreERT/2.Notch1flox/flox(.Rosa26-LacZ) pL2.Dclk.N1fl/fl(.LacZ) 

pL2-IL1beta.Dclk1-CreERT/2.Notch2flox/flox(.Rosa26-LacZ) pL2.Dclk.N2fl/fl(.LacZ) 

pL2-IL1beta.Dclk1-CreERT/2.Rosa26-Notch2-IC(.Rosa26-LacZ) pL2.Dclk.N2IC(.LacZ) 

pL2-IL1beta.Dclk1-CreERT/2(.Rosa26-LacZ) pL2.Dclk(.LacZ) 

 

Lgr5-EGFP-ires-CreERT/2 (Lgr5) mice contain a knock-in allele that abolishes Lgr5 gene function and 

expresses EGFP and CreERT2 fusion protein from the Lgr5 promoter/enhancer elements [23]. Lgr5-

CreERT mice show variegated expression in the small intestine and colon. 

Dclk1-CreERT/2 BAC transgenic mice expresses tamoxifen inducible Cre-recombinase under control of 

the endogenous Dclk1 gene promoter. Mice contain two intact endogenous Dclk1 loci [105].  

Rosa26-Notch2-IC mice contain the intracellular domain of the mouse Notch2 gene inserted after a 

Rosa26 promoter. The expression of the Notch2-IC construct is blocked by a loxP-flanked Stop 

sequence. By the crossing with a Cre-expressing mouse line the stop will be cut out, leading to a 

constitutive Notch2 activation [202]. 

Notch2 flox/flox (N2fl/fl) mice possess loxP sites on either side of exon 3 of the Notch2 gene [203]. 

When these mice are bred with mice expressing Cre recombinase and are induced, this will result in 

Notch2 deficiency in Cre-expressing tissues. 

In Notch1 flox/flox (N1fl/fl) mice loxP sites were placed flanking exon 1 of the Notch1 gene [204]. These 

mice can be used for tissue-specific conditional knockout of Notch1, when crossed with Cre 

recombinase expressing mouse lines.  
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Rosa26-LacZ mice were used as a Cre-reporter strain. Mice contain a loxP-flanked Stop sequence 

upstream of a LacZ gene and downstream of a Rosa26 locus. When crossed to a Cre-expressing mouse 

line the stop will be cut out and LacZ will be expressed in all Cre-expressing cells [205]. 

 

3.1.1. Mouse husbandry 

All mice were kept under specific pathogen free (SPF) conditions in the animal facility of Klinikum rechts 

der Isar of the Technische Universität München. All animal experiments were carried out in accordance 

with the Federation of European Laboratory Animal Science Associations (FELASA) and approved by 

the Institutional Animal Care and Use Committees of the Technische Universität München. 

The mice were housed in groups of up to six animals in Sealsafe NEXT Blue Line cages (1145T, Scanbur) 

at 20 to 25 °C, 50 to 60 % humidity, and a 12h/12 h light/dark cycle. All animals were fed standard diet 

(Forti, Altromin Spezialfutter) and sterile filtered water was administered.  

Breedings were started earliest at six weeks of age for males and eight weeks for females. Up to two 

females were bred with one male.  

 

3.1.2. DNA extraction from mouse tissue 

Pups were weaned three to four weeks after birth, given a consecutively number by ear punch. 

Genotyping was performed using tail tips or the punched out tissue from the ear. Therefore the tissue 

was lysed in 200 µl DirectPCR-Tail Lysis Reagent (31-102-T, Peqlab) supplemented with 2 µl Proteinase 

K (03115828001, Roche Diagnostics) for four to sixteen hours (usually overnight) at 55°C and 400 rpm. 

After heating the tissue lysates for 45 min at 85°C they were used for evaluation of the genotype using 

Polymerase Chain Reaction (PCR) techniques. 

 

3.1.3. Genotyping of mice 

To evaluate the genotype of the weaned mice the tissue lysates were used in PCR (Polymerase Chain 

Reaction) applications. For each PCR a total reaction volume of 10 µl was used. Therefore 5 µl of either 

ReadyMixTM REDTaq® PCR Reaction Mix with MgCl2 (R2648, Sigma) or GoTaq® Green Master Mix 

(M7422, Promega) were mixed with 1 mM of each primer and 1 µl of mouse tissue sample as template. 

Primers were obtained from Eurofins Genomics as High Purity Salt Free (HPSF) purified lyophilisates, 

which upon arrival were centrifuged and dissolved in RNase free water according to manufacturers´ 

instructions, to obtain a 100mM stock solution, which was stored at -20°C. For the PCR reaction a 1:10 

diluted aliquot of the primer was used.  

In general each PCR reaction followed these steps: initial denaturation (95°C, 3 min), denaturation 

(95°C, 30 sec), annealing (primer specific usually 57-58°C, 30 sec) and elongation (amplicon size 

dependent usually 30 to 60 sec at 72°C). In total 35 cycles of the denaturation, annealing and 

elongation steps were run. 

The following Table 1 shows the used primer sequences as well as their respective annealing 

temperatures and expected amplicon size. 
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Table 1: Genotyping Primers  

Target Sequence  Annealing 

Temperature 

Elongati

on Time 

Amplicon 

Size 

pL2-IL1beta 5´- CTT CCT GTT CCA TTC AGA GAC GAT - 3´ 

5´-CTC CAG CTG TAG AGT GGG CTT ATC - 3´ 

57°C 30sec 277bp 

Lgr5-

CreERT 

5´- ATA CCC CAT CCC TTT TGA GC - 3´ 

5´- CTG CTC TCT GCT CCC AGT CT - 3´ 

5´- AA CTT CAG GGT CAG CTT GC - 3´ 

57°C 30sec WT 298bp 

Mut 174bp 

Dclk1-

CreERT 

5´- TGA CAC CTT GAG AGG ATG TGA CTG - 3´ 

5´- GGA TAG TTT TTA CTG CCA GAC CGC - 3´ 

57°C 45sec 423bp 

Notch1fl 5´- CTG ACT TAG GGG GAA AAC - 3´ 

5´- AGT GGT CCA GGG TGT GAG TGT - 3´ 

58°C 30sec WT 350bp 

Mut 400bp 

Notch2fl 5´- GTG AGA TGT GAC ACT TCT GAG C - 3´ 

5´- GAG AAG CAG AGA TGA GCA GAT G - 3´ 

57°C 30sec WT 236bp 

Mut 300bp 

Rosa26-

Notch2-IC 

5´- CCC TTG CCC TCT ATG TAC CA - 3´ 

5´- ATC CCG GTC TCC GTA TAG TG - 3´ 

58°C 45sec 500bp 

Rosa26-

LacZ 

5´- TCC CAA CAG TTG CGC AGC CTG AAT G -3´ 

5´- ATA TCC TGA TCT TCC AGA TAA CTG CCG - 3´ 

57°C 35sec 464bp 

Rosa26 5´- AAA GTC GCT CTG AGT TGT TAT - 3´ 

5´- GGA GCG GGA GAA ATG GAT ATG - 3´ 

5´- GCG AAG AGT TTG TCC TCA ACC - 3´ 

58°C 45sec WT 500bp 

Mut 250bp 

 

 

3.1.4. Agarose Gel Electrophoresis 

PCR products were visualized on an ethidium bromide containing 1.5% agarose gel using a horizontal 

electrophoresis system (BioRad).  Therefore 7.5 g LE Agarose (840004, Biozym) were boiled up in 

500 ml 1x TAE buffer. 2.5 µl of Ethidium bromide solution 1% 3 µM (2218.1, Roth) were added to 

100 ml Agarose Gel and allowed to cool down. 10 µl of each sample was loaded in gel pockets, 5 µl of 

a 100 kb Ladder (N0467L, BioLabs) was added as size control. Gels were run at constant voltages of 

120V to 150V (depending on the gel length) until fragment sizes, especially of double bands, were 

clearly distinguishable and photographed with a Gel DocTM XR system (Bio-Rad) and the Quantity One 

software (version 4.5.2 (Basic), Bio-Rad). Images were saved as JPEG and evaluated manually. The 

received genotype was in inserted into the FilemakerPro software database for each mouse. Further 

treatments or conspicuous features were also logged for each mouse.  

 

3.1.5. Induction of mice 

Mice were induced at 4 months (Lgr5CreERT/2) or 6 months (Dclk1CreERT/2) of age by administration 

of 6 mg tamoxifen (T5648-5G, Sigma), diluted in sunflower oil, administered intra-gastrally using a 

gavage needle. Tamoxifen was administered three times within one week, calling this the induction 

time point. Lgr5-CreERT/2 mice were subsequently induced every second month by an additional 

tamoxifen treatment. 
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3.2.  Monitoring of Mice 

3.2.1. Long-term evaluation of health status 

Each mouse was monitored at least weekly with evaluation of health status by visual examination and 

accounting records of the individual weight. A weight loss of 20% compared to their weight at the time 

of induction was seen as evidence of severe disease resulting in deliverance of the mice. 

 

3.2.2. Macroscopic scoring 

The mice were sacrificed 3, 6, 9, and 12 months after induction or upon notable signs of illness. Mice 

were anesthetized with isoflurane (798-932, cp-pharma) and sacrificed by cervical dislocation. The 

organs were removed, washed with PBS, and subjected to downstream application. For the 

macroscopic score the stomach was opened along the large curvature and flattened on a paper. 

Pictures taken with a camera were subject to the macroscopic score. Therefore each stomach was 

notional separated into 5 segments. Each segment was evaluated according to the tumor coverage, 

individual tumor size, and total tumor size, which sum up to the macroscopic score. The data is 

presented as mean of the 5 segments. 

For the esophagus size of tumors and coverage with tumorigenic lesions (if present) was also noted 

and given as mean of the relative numbers and size of lesions. 

  

 

3.3.  Histological Analysis 

3.3.1. Tissue harvesting and preparation of formalin-fixed paraffin-embedded (FFPE) 

tissue blocks 

Mice were sacrificed as described in Section 3.2.2 Organs were collected and washed in 1x PBS. Small 

tissue samples were taken from the following organs: cardia, stomach, esophagus, small intestine, 

large intestine, liver, spleen and pancreas. Those samples were snap frozen in liquid nitrogen and kept 

at -80°C for further downstream applications (see RNA extraction). The remaining organs were put into 

histocasettes (7-0014, neoLab) and transferred into formalin. The stomach was opened before fixation 

along the large curvature and putted flat on a Whatman paper. To assure the stomach stays flat a 

sponge was put on top. Small and large intestine were also opened longitudinally and washed with PBS 

to remove all feces. After 2-16 hours of fixation all organs except for stomach were cut longitudinally. 

Small and large intestine were shaped to a swiss roll which was cut crossways into two parts. The tissue 

was dehydrated in increasing concentrations of ethanol, xylene and paraffin in a S300 tissue processing 

unit (Leica). Next day the samples were embedded into paraffin, allowed to harden on a cooling plate 

and stored at room temperature until further usage. 

 

3.3.2. Cutting and downstream applications of FFPE blocks 

The FFPE blocks were precooled (in a -20°C freezer) and cut into 2 µm thin sections using a MICROM 

HM 355S microtome (ThermoFisher), transferred to a 45°C warm water bath and mounted on 

SUPERFROST® PLUS microscope slides (ThermoFisher). Slides were transferred into light protecting 

slides boxes and heated to 65°C for 30 min to increase tissue attachment to the slides. After a cool 

down, slides were either used directly for a staining protocols or kept at room temperature.  
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3.3.3. Haematoxylin and Eosin (H&E) Staining 

Haematoxylin and Eosin staining was used to evaluate the basic tissue structure. Paraffin sections were 

first deparaffinized twice for 15min in Xylene and then rehydrated in descending concentrations of 

ethanol (isopropanol, 96% ethanol, 70% ethanol) twice per concentration for 2 min each. Mayer’s 

hemalaun (1.09249.2500; Merck) for 2 min stained for the basophilic structures followed by a wash 

step in tap water to blue the stain. Acidophilic structures were then counterstained in Eosin (1.7% 

ethanolische Eosinlösung, Apotheke Klinikum rechts der Isar) diluted 1:5 in 96% ethanol for 3 min. 

Subsequently the slides were dehydrated in ascending concentrations of ethanol (70% ethanol, 96% 

ethanol, isopropanol), twice per concentration for 2 min each, followed by two washes in Xylene 2 min 

each, mounted in Pertex embedding medium (41-4012-00, Medite) and covered with coverslips 

(MENZEL-Gläser, e.g. BB024032A1, ThermoFisher). 

 

3.3.4. Periodic Acid Schiff (PAS) Staining with Alcain blue 

The combined PAS and alcain blue staining was used to visualize the present mucus producing cells in 

the tissue. While alcain blue stains for acidic mucins, neutral mucins are stained by PAS staining. 

Deparaffinization and rehydration of the tissue was performed according to the H&E protocol. After 

flushing in distilled water slides were stained in alcain blue (101647, Merck Millipore) for 1,5 min. 

Followed by a wash in tab water for 3 min. Periodic acid (HP00.1, Roth) was stained for 10 min with 

a subsequent washing step for 3 min in tab water. Slides were stained 15 min in Schiffs´ reagent 

(X900.2, Roth) and washed in tab water for 3 min. Haematoxylin was used to counterstain for the 

nuclei for 2 min. After a wash step in tab water slides were dehydrated in the ascending alcohol series 

and coversliped according to the H&E protocol.  

  

3.3.5. Immunohistochemistry 

For detection of specific antigens paraffin-embedded slides were used for Immunohistochemistry. 

Incubation steps were either performed in a humidified chamber or with the Autostainer Link 48 

(Dako). The used protocol mainly depended on the primary antibody used. A list of all antibodies used 

and their conditions is shown in Table 2. 

Firstly, slides were deparaffinized and rehydrated according to the H&E protocol. Antigen unmasking 

was performed in 10mM Sodium Citrate buffer in pH 6,0 using either in a pressure cooker for 15 min 

at 100°C with a subsequent cool down for 15 min in citrate buffer or the microwave for 15 min at 400W 

followed by a cool down step for 15 min. After the cool down slides were transferred into the washing 

buffer according to the used primary antibody e.g. PBS. Tissue was encircled using a Dako Pen (S2002, 

Dako). Endogenous peroxidases were blocked in 3% H2O2 (1.08597.1000, Merck) for 10 min at room 

temperature. After a washing step unspecific antibody binding was blocked using the best applicable 

blocking solution (see also Table 2) for 30 min at room temperature. The dilution of the primary 

antibody (as in Table 2) was given on to the slides after washing. Incubation was usually 1 hour at room 

temperature or overnight at 4°C. 3 washing steps of 5 min each were performed. Afterwards the 

biotinylated secondary antibody was applied for 30 min. To enhance the signal ABC solution was used 

according to manufacturer´s instructions for 30 min on the slides after 3 washing steps for each 5 min. 

Slides were washed 3 times in deionized water. To detect the signal DAB Peroxidase Substrate Kit 

(SK-4100, Vector Labs) was used for 1 to 4 min at room temperature. Slides were washed for 5 min 
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in deionized water and counterstained for 1 min in Haematoxylin solution (1.05175.2500, Merck). 

After blueing in tap water for 5 min the slides were dehydrated in ascending alcohol series and xylene, 

mounted and coversliped as previously described.  

 

Table 2: Primary and Secondary Antibodies for Immunohistochemistry 

Primary Antibody Blocking Solution Primary Antibody 

Conditions 

Secondary Antibody 

Ki67 

(ab15580, abcam) 

5% Goat Serum in TBST; 

30 min RT 

1:500; 1h at RT 1:200 goat anti-rabbit; 

30 min at RT 

Dclk1  

(AP7219b, Abgent) 

Streptavidin/ Biotin 

Blocking Kit; 5% Goat 

Serum in PBS 

1:500; overnight 

at 4°C 

1:500 goat anti-rabbit; 

30 min at RT 

NotchIC  

(C651.6DbHN-c, 

DSHB Hybridoma 

Bank) 

Streptavidin/ Biotin 

Blocking Kit; 10% Rabbit 

Serum in PBS 

1:500; overnight 

at 4°C 

1:500 rabbit anti-rat in 

PBST; 30 min at RT 

pIKKα/β 

(2697P, Cell 

Signaling) 

5% Goat Serum in PBST 1:75, Overnight at 

4°C 

1:500 goat anti-rabbit in 

TBST; 30 min at RT 

TFF2  

(13681-1-AP, Acris) 

Streptavidin/ Biotin 

Blocking; 5% Goat Serum 

in PBS 

1:1000; 1h at RT 1:200 goat anti-rabbit in 

PBS; 30 min at RT 

p63  

(ab735, abcam) 

Streptavidin/ Biotin 

Blocking; 1 hour in MOM 

Blocking reagent 

1:70 in MOM 

diluent, 30min at 

RT  

MOM anti-mouse; 10 min 

at RT 

 
 

Citrate Buffer  10mM Citric Acid Monohydrate (1.00244.1000, Merck)  

adjusted to pH 6,0 by 10M NaOH 

PBS 10x Phosphate buffered saline (PBS) Dulbecco's powder 

(A0965,9050, AppliChem) 

PBST 1x 

0,5% 

PBS (see above) 

Tween 20 (9127.1, Roth) 

TBST 0,5 M 

9%  

0,5% 

In dH2O 

Tris Base (4855.2, Roth) 

NaCl (S3014, Sigma) 

Tween 20 (9127.1, Roth) 

pH adjusted to 8,4 
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Streptavidin/Biotin Blocking Kit SP-2002, Vector 

Goat Serum Normal Goat Serum Blocking Solution (S-1000, Vector Labs) 

Rabbit Serum Normal Rabbit Serum Blocking Solution (S-5000, Vector Labs) 

BSA Bovine Serum Albumin (9418, Sigma) 

Goat Anti-Rabbit BA-1000, Vector Labs 

Rabbit Anti-Rat BA-4000, Vector Labs 

Mouse on Mouse (M.O.M.) 

Basic Kit 

BMK-2202, Vector Labs 

 

3.3.6. Tissue Tek blocks  

Frozen-cut section were preferably used for immunofluorescence as well as for Lac Z enzymatic 

reaction, as under these conditions the tissue is more gently treated and the proteins and enzymes 

stay rather intact. Mice were euthanatized in isoflurane as described before, intracardial perfusion was 

performed with 40 ml ice-cold PBS and 40 ml 4% Paraformaldehyde (PFA) in PBS pH 7.4 (Apotheke). 

The organs were removed and washed in PBS. SI and LI were opened longitudinally, the stomach was 

opened along the large curvature, and flattened on a paper. All organs were fixed in 4% PFA for two to 

four hours followed by a dehydration step in 30% sucrose overnight. Next day the organs were 

embedded in Tissue-Tek® O.C.T.™ Compound (4583, Sakura), using dry ice to fixate. After hardening 

of the block they were transferred into -80°C freezer until further usage. Cryosection were cut at 8 µm 

with a Cryotome. 

 

3.3.7. Immunofluorescence on Cryosections 

Cryosections of 8 µm for were used for Immunofluorescence staining. DAPI (4',6-diamidino-2-

phenylindole) (Vectashield Antifade Mounting Medium with DAPI, H-1200, Vector Labs) nuclear 

counterstain was routinely applied to all samples. Imaging was performed using a Zeiss AxioVert 

microscope. For imaging, the following filters were used (excitation; beam split; emission): DAPI G 

365 nm; 395 nm; 445/50 nm, GFP/FITC 470/40 nm; 495 nm; 535/50 nm, and RFP/rhodamine 

546/12 nm; 580 nm; LP 590 nm. 

 

3.3.8. Immunofluorescence on Paraffin-Sections 

Lgr5 positive cells could be monitored by using anti-GFP AlexaFluor 488 antibody (A-21311, Thermo 

Fisher Scientific) which detects the Lgr5-CreERT-EGFP construct.  

pIKKα/β stain was also performed by immunofluorescence. The staining was performed as previously 

described in Section 3.3.5. Anti-rabbit AlexaFluor 555 was used as secondary antibody. 

DAPI (4',6-diamidino-2-phenylindole) (Vectashield Antifade Mounting Medium with DAPI, H-1200, 

Vector Labs) nuclear counterstain was routinely applied to all samples. 
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3.3.9. Beta-Galactosidase staining 

Beta-Galactosidase or X-Gal staining was performed on mice containing the LacZ gene encoding for 

the beta-galactosidase enzyme. Therefore paraformaldehyde-fixed and frozen-cut slides of these mice 

were used. Sections were thawed at room temperature, encircled with a dako pen and washed in wash 

buffer for 5 min. X-Gal Staining Solution containing K-Ferrocyanide, K-Ferricyanide and X-Gal Solution 

(5-bromo-4-chloro-3-indoyl-β-D-galactopyranoside) in wash buffer was spread on the slides overnight 

at 37°C to allow the enzymatic reaction, in which beta-Galactosidase cleaves X-Gal, taking place 

resulting in a blue dye. X-Gal staining solution was removed and slides were washed in wash buffer 

two times for 5 min each. To stop the enzymatic activity slides were incubated in 4% PFA, followed by 

three 5 min washing steps in wash buffer. Nuclear fast red solution (N3020, Sigma-Aldrich), an 0.1% 

aluminium sulfate solution, was used for counterstaining for 5 min. After a washing step in tap water, 

dehydration of the slides was achieved by ascending ethanol concentrations and two xylene steps. 

Slides were mounted with Pertex and coversliped. 

 

Wash buffer 0,2 M NaH2PO4 (5075.1, Roth) 

 0,2 M Na2HPO4 (T876.1, Roth) 

 2 mM MgCl2 (KK36.2, Roth) 

 5 mM EGTA (3054.2, Roth) 

 100% Na-Deoxycholate (D6750, Sigma-Aldrich) 

 100% NP-40/Igepal-630 (I3021, Sigma-Aldrich) 

 To 500 mL dH2O 

 

X-Gal Staining Solution 50 µM K-Ferrocyanide (234125, Sigma-Aldrich) 

 50 µM K-Ferricyanide (702597, Sigma-Aldrich) 

 1 mg/mL X-Gal Solution (in Dimethyl-formamide) 

 To 5 mL Wash buffer 

 

3.3.10. Histological Analysis and Quantification 

Bright field images of the slides were taken with an Axio Imager A1 microscope (Carl Zeiss). Used 

objectives were 5x, 10x, and 20x EC Plan-Neofluar (420330-9900, 420340-9900, or 420350-9900, Carl 

Zeiss).  

Whole Slides were scanned using an Aperio ScanScope CS2 (Masson’s trichrome stainings; Leica; 20x 

magnification) slide scanner. Overview Images were prepared with the Aperio ImageScope (Free 

Software, Leica). 

Fluorescent images were taken with a TCS SP5 confocal microscope (Leica). 

All images were saved as TIFF and JPEG files. The image panels were prepared with the FigureJ plugin 

for Fiji. If necessary for better visualization, brightness and contrast were linearly adjusted. 
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3.3.11. Evaluation of Immunohistochemistry and Immunofluorescence  

Stained slides were scanned using the Aperio Scan Scope (as described above) and exported into 

FigureJ as TIFF. Barrett lesions were bordered. Percentage of positively stained regions of the total 

area was measured for PAS and Ki67 staining. Notch-IC, Dclk1, and pIKKα/β were evaluated by positive 

cell count per Barrett lesion. 

 

 

3.4.  RNA and Protein Extraction from tissue  

3.4.1. RNA Isolation 

The frozen tissue samples were suspended in RLT Lysis buffer (1015762, Qiagen) supplemented with 

10 % (v/v) 2-Mercaptoethanol (4227.3, Carl Roth), and crushed with a SilentCrusher M (Heidolph) until 

no tissue parts were visible. The pistil as well as all instruments used were cleaned with RNase Away 

(7000; Molecular Bio Products) and DEPC-treated dH2O (Diethyl pyrocarbonate, D5758, Sigma). RNA 

and Protein was extracted using the RNA/Protein Kit (50) (80404, Qiagen) according to the 

manufacturers` instructions.  

RNA samples were eluted in 30 µL PCR-grade water and RNA concentration and quality was assessed 

in a NanoDrop 2000 spectrophotometer (ThemoFisher), the RNA quality was checked on a 1% (w/v) 

TAE gel using Orange G (B7022 S, BioLabs). RNA was stored at -80 °C until used in reverse transcription.  

If the RNA quality or concentration did not reach the set goals a further precipitation step was carried 

out. Therefore the sodium acetate precipitation was used starting by adding 2 µL of glycogen (9510, 

Life Technologies) to the nucleic acid solution. 1:10 volume of 3M sodium acetate pH5.5 (AM9740, Life 

Technologies) was added mixed thoroughly. Further 4 volumes of 100% ethanol were administered 

mixed and incubated at -20°C overnight. The next day samples were centrifuged at maximum speed 

for 30min at 4°C. Supernatant was removed, pellet was washed in 500 µL 80% cold ethanol and 

centrifuged again at top speed for 10min at 4°C. The supernatant was removed carefully, residual 

ethanol was letting to evaporate. The resulting pellet was re-suspended in 30 µL RNase-/ DNase-free 

water. RNA quality and concentration were assessed again using NanoDrop 2000. 

 

3.4.2. Protein Isolation 

Acetone precipitation of proteins was used to purify proteins from the RNA/Protein Kit. Therefore 1 

part of sample was supplemented with 4 parts of ice-cold acetone, vortex and left at -20°C for 30 min. 

The samples were centrifuged at maximum speed. The supernatant was removed and the pellet was 

washed again in 100 µl 100% ethanol. After an additional centrifugation step the supernatant was 

removed again. The pellet was air-dried and re-suspended in protein lysis buffer (see below).  

 

Protein Lysis Buffer 50 mL 

1x 

 

5x 

RIPA buffer (R0278, Sigma) 

cOmplete Protease Inhibitor Cocktail (11697498001, 

Roche) 

PhosSTOP Phosphatase inhibitor (4906837001, Roche) 
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3.4.3. Reverse Transcription- Polymerase Chain Reaction 

For reverse transcription 500-2000 ng RNA were used with the QuantiTect Reverse Transcription Kit 

(400) (205314, Qiagen) according to manufacturers´ instructions, with an elongation time of 25 

minutes.  The resulting cDNA was used directly in quantitative PCR analysis. For storage up to two 

months samples were kept at -20°C. 

 

3.4.4. Microarray 

For each genotype three mice of the time point 4+6 for Lgr5 mice and 6+6 for Dclk1 mice were used. 

Samples were processed in cooperation with Dr. Thomas Stempfl from Kompetenzzentrum für 

Fluoreszente Bioanalytik in Regensburg. An Ambion WT Expression Kit (Thermo Fisher) was used for 

RNA amplification. The whole-transcriptome array GeneChip Mouse Gene ST Array (Affymetrix) was 

used. The resulting data was analyzed with the help of Richard A. Friedman from the Department of 

Biomedical Informatics at Columbia University Medical Center. 

Resulting gene lists were selected for fold change (FC) and p-value lower than 0.05. Upregulated genes 

were selected by FC > 1.5 downregulated genes FC < -0.67. Analysis was done using Biocarta Pathway 

Analysis and GSEA (Gene Set Enrichment Analysis). 

 

3.4.5. Real-time Quantitative PCR analysis 

Quantitative PCR was performed using the LightCycler® 480 QuantiFast SYBR Green PCR Kit (4000) 

(204057, Qiagen) in a total volume of 10 µl per reaction. For each reaction 10 ng of preceded RNA were 

used in a volume of 2 µL.  

In general an initial denaturation step 95°C 5 min was followed by 40 cycles of denaturation (95°C, 

15 sec), annealing (55°C, 15 sec) (for Cdx2, Muc2 and TFF3 58°C) and elongation (72°C, 15 sec) steps. 

Subsequently a melting curve was carried out. 

The gene expression of all samples were normalized to GapDH and CyclophilinA. All standards and 

samples were assayed in duplicates. 

Primers were either taken from literature, former projects or designed with the NCBI primer blast tool 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast) for exon-intron spanning amplicons that were no 

longer than 205bp with a melting temperature of 60°C. All primer sequences were blasted (using NCBI 

Primer-BLAST: http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and the primers were tested for 

linear amplification efficiency. All primers used for qPCR analysis are listed in Table 3. 

 
Table 3: Primers for Real-time Quantitative PCR 

Target Sequence Forward  Sequence Reverse Amplic

on Size 

Notch1 ACAGTGCAACCCCCTGTATG TCTAGGCCATCCCACTCACA 102bp 

Notch2 CCCAGAACCAATCAGGTTAGC GCCGAGACTCTAGCAATCACAA 109bp 

Notch3 TGATCGGCTCTGTGGTGATG ATCCCGAAGTGGGTATGGGA 155bp 

Notch4 GGACTACACCTTTGATGCTGGC TTCCCCTTTTATCCCTGGCTC 102bp 

GapDH GACATCAAGAAGGTGGTGAAGCAG ATACCAGGAAATGAGCTTGACAAA 174bp 
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CyclophilinA ATGGTCAACCCCACCGTGT TTCTGCTGTCTTTGGAACTTTGT 102bp 

Hes1 CAACACGACACCGGACAAAC GGAATGCCGGGAGCTATCTT 157bp 

Hey1 GACGGAGAGGCATCATCGAG CCTGCAGTGTGCAGCATTTT 169bp 

Atoh1 CTTCGTTGAACTGGGTTGCC TAGACGGGAAGGTCTCTCGC 202bp 

Muc2 GTCCCGACTTCAACCCAAGTGA TGGTGCAGCCATTGTAGGAAAT 150bp 

TFF2 CTGGTAGAGGGCGAGAAACC TGCTCCGATTCTTGGTTTGGA 182bp 

TFF3 GTTGCTGGGTCCTCTGGGATAGC GCAGCAGCCACGGTTGTTACACT 135bp 

RelA-A ACGAGGCTCCTTTTCTCAAGCT GTCGGCGTACGGAGGAGTC 73bp 

RelA-B TCTGCCGAGTAAACCGGAAC GCACCTTGTCGCACAGCA 72bp 

Dll1 CCCATCCGATTCCCCTTCG GGTTTTCTGTTGCGAGGTCATC 100bp 

Jag1 ATGCAGAACGTGAATGGAGAG GCGGGACTGATACTCCTTGAG 132bp 

Jag2 CAATGACACCACTCCAGATGAG GGCCAAAGAAGTCGTTGAG 203bp 

Ki67 ATCATTGACCGCTCCTTTAGGT GCTCGCCTTGATGGTTCCT 104bp 

Dclk1 GGGAGCCGATTGTGTTTCAGAA CTGTTGCCGTCCTGGAGTGTAA 156bp 

Lgr5 GACGCTGGGTTATTTCAAGTTCA CAGCCAGCTACCAAATAGGTGCT 150bp 

IL6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATAC 141bp 

IL17 AATTCCTCCACTGATCCTTGTTCT TTCGGGCAATTACTATCAGTTCC 147bp 

Stat3 ATGCCACGTTGGTGTTTCATAATC TGGCTTCTCAAGATACCTGCTCTG 140bp 

MMP7 ATGGGCCAGGGAACACTCTA GAAGTTCACTCCTGCGTCCT 116bp 

EGF CTCGCCCGGACGGAGT GCATCCTGGATAACTATTTCGGTC 91bp 

EGFR CATGCGAAGACGTCACATTGTT GGGTGTGAGAGGTTCCACGA 82bp 

Caspase3 AGCTTGGAACGGTACGCTAA GAGTCCACTGACTTGCTCCC 117bp 

Caspase6 CACGTTTACGCATACGACGC CCGACAGGCCTGGATGATAA 117bp 

Muc16 TCGGCGAGTAGACAGAGTTGC GAATGATAGCCCAGAAAGGAAGACC 132bp 

Wnt10b GGCTGTAACCACGACATGGAC ACGTTCCATGGCATTTGCAC 166bp 

Wnt11 CAGGATCCCAAGCCAATAAA GACAGGTAGCGGGTCTTGAG 187bp 

CCL7 CCCTGGGAAGCTGTTATCTTCAA CTCGACCCACTTCTGATGGG 75bp 

Cxcl11 AGCTGCTCAAGGCTTCCTTATG CTCTGCCATTTTGACGGCTTT 82bp 

MMP2 CCC CCA TGA AGC CTT GTT TA CTG GAA GCG GAA CGG GA 73bp 

CCL11 CAG AGC TCC ACA GCG CTT CT GGA GCC TGG GTG AGC CA 78bp 

TLR1 CAATGTGGAAACAACGTGGA TGTAACTTTGGGGGAAGCTG 200bp 

TLR2 AAGAGGAAGCCCAAGAAAGC CGATGGAATCGATGATGTTG 199bp 

IL17a AAGTGAGCTCCAGAAGGCCC TCATTGCGGTGGAGAGTCC 70bp 
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CSF1/MCSF CCC ATA TTG CGA CAC CGA A AAG CAG TAA CTG AGC AAC GGG 68bp 

CTSZ GCCAAGGACCAAGACTGTGA GCCGTAATCACCCACTCTCC 108bp 

IL33 TTCCTGTCTGTATTGAGAAACCT TTTGCCGGGGAAATCTTGGA 75bp 

TLR5 GCATAGCCTGAGCCTGTTTC AAGTTCCGGGGAATCTGTTT 201bp 

Timp3 CTG CA  CTC CGA CAT CGT GAT AGT GCC AAA GGG CCC CT 72bp 

IL18 GTACAACCGCAGTAATACGGAA
T 

GGTCACAGCCAGTCCTCTTACTT 167bp 

Wnt7a CCTGGACGAGTGTCAGTTTCA CCCGACTCCCCACTTTGAG 101bp 

Cxcl15 TGC TCA AGG CTG GTC CAT GAC ATC GTA GCT CTT GAG TGT CA 86bp 

 

 

3.5.  Flow Cytometry 

Flow Cytometry (FACS) was used to analyze properties of single cells. For analysis samples of 

esophagus, cardia region and colon were used. Blood and spleen samples were used as controls. 

Therefore mice were sacrificed as previously described. Blood was taken by direct heart puncture and 

added to 5 ml of red cell lysis buffer (R7757, Sigma). Half of the spleen was put in 5 ml of PBS on ice. 

Esophagus, stomach, and colon were put in sterile PBS on ice. Each sample was transferred to 1 ml of 

0,5 M EDTA (AM9260G, Invitrogen) in a 6 cm- dish (628161, Greiner) and chopped into small pieces 

using scalpel and scissors. The samples were transferred to 5 ml of the respective digestion buffer (see 

below) and digested at 37°C for 30 min in a shaker at 150 rpm. Subsequently tissue samples of 

esophagus, stomach, colon, and spleen were passed through 40 µm cell strainers (352340, Corning) 

into a 50 ml falcon and spun down at 400 g for 5-10 min at 4°C. The supernatant is discarded and the 

pellet is resuspended in 200 µl of FACS buffer and transferred into a plate (3879, Corning). The blood 

samples are also centrifuged at 400 g for 10 min, supernatant is discarded and the pellet is lysed again 

with 1 ml of red cell lysis buffer for 10 min at RT, spun down again and transferred to the plate as well. 

The plate was spun down 10 min at 400 g, the supernatant was removed. Staining for cell surface 

markers was performed on ice in the dark for 20 min. All antibodies (see below) were used in a dilution 

of 1:100. 150 µl of FACS buffer were added and the plate was spun down, the supernatant was 

discarded. After a further washing step each pellet was resolved in 150 µl of FACS buffer. 5 µl of 7-AAD 

(00-6993-50, eBioscience) live-dead cell marker were added 5 to 10 min before administering the 

samples to the flow cytometry machine. All samples were stored on ice until measurement. 

 

Digestion buffer esophagus 5 ml Krebs Ringer Buffer (see below) 

 4% (w/v) BSA (A2153, Sigma) 

 2 mg/ml Collagenase P (11213873001, Roche) 

Digestion buffer cardia 5 ml RPMI (11875-093, Invitrogen) 

 2 mg/ml Collagenase P (11213873001, Roche)  

 2 mg/ml Pronase (10165921001, Roche) 
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Digestion buffer colon 5 ml RPMI (11875-093, Invitrogen) 

 2 mg/ml  Collagenase P (11213873001, Roche) 

Krebs Ringer Buffer 118 mM NaCl 

 24,8 mM NaHCO3 (S5761, Sigma) 

 1,2 mM KH2PO4 (P5379, Sigma) 

 4,8 mM KCl (P4504, Sigma) 

 1,25 mM CaCl2 

 1,2 mM MgSO4 (208094, Sigma) 

 10 mM HEPES (9105.3, Roth) 

FACS buffer 1x PBS (14190094, Invitrogen) 

 2% FBS (10500064, Invitrogen) 

 2 mM EDTA (AM9260G, Invitrogen) 

 

Myeloid Staining (in FACS buffer) Anti-mouse CD45 eFluor450 (48-0451-82, eBioscience) 

 Anti-mouse CD11b APC-eFluor 780 (47-0112-82, eBioscience) 

 Anti-mouse F4/80 (14-4801-81, eBioscience) 

 Anti-mouse Ly-6G Alexa Fluor700 (56-5931-82, eBioscience) 

 Anti-mouse CD11c FITC (11011481, eBioscience ) 

 Anti-mouse Ly-6C PE (12-5932-82, eBioscience) 

T-Cell Staining (in FACS buffer) Anti-mouse CD4 e450 (48004180, eBioscience ) 

 Anti-mouse CD8a APC (17-0081-82, eBioscience) 

 Anti-mouse CD3 FITC (11003381, eBioscience ) 

 Anti-mouse NK1.1 APC-eFluor780 (47-5941-82, eBioscience) 

 Anti-mouse γδTCR PE (12-5711-82, eBioscience) 

 

 

3.6.  Cell Culture 

3.6.1. General  

All used cell lines were adherent cells growing in monolayers. The crypt cell cultures were primary 

cultures growing in a three dimensional manner, using Matrigel as matrix. All cells and crypt cultures 

were handled in a Herasafe Class II biological safety cabinet (ThermoFisher) and kept in a 37°C 

HeracellTM 240 incubator (ThermoFisher) under an atmosphere of 5% CO2. 
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3.6.2. OE cell lines 

The established human esophageal cell lines OE19, OE21 and OE33 were purchased from the European 

Collection of Animal Cell Cultures (ECACC numbers: 96071721 - OE19; 96062201 – OE21; 96070808 – 

OE33). Cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium (11875-093, 

Invitrogen) plus 10% FBS (fetal bovine serum) (10500064, Invitrogen), 1% P/S (Penicillin/Streptomycin) 

(15140122, Invitrogen) on a 10 cm cell culture dish (83.3902, Sarstedt). 

 

3.6.3. Wnt-conditioned Medium 

Wnt-conditioned Medium was used as ground medium for production of Cardia Crypt Medium. 

Therefore a Wnt3A producing cell line (L-M(TK-) Wnt-3A - kindly provided by Timothy Wang) was 

cultured in DMEM (Dulbecco's Modified Eagle Medium) w/o pyruvate (41965039, Invitrogen) with 

10% FBS (fetal bovine serum), 1% P/S (Penicillin/Streptomycin) on a 10 cm cell culture dish. Cells were 

selected with 4 µL/mL G418 in medium for 7-10 days. The cells were further expanded with regular 

splitting and medium exchange. After splitting cells were plated on new 10 cm dishes and cultured in 

Advanced DMEM/F12 (126340010, Invitrogen) with 10% FBS, 1% P/S, 1% HEPES (15630080, 

Invitrogen), 1% GlutaMAX (35050038, Invitrogen) for 2-3 days. The produced Wnt3A is secreted 

directly into the medium. Medium was collected, spun down for 5min at 1400 rpm and sterile filtrated. 

The so gained medium could be used right away to produce Cardia Crypt Medium or for long term 

storage was frozen down in -20°C.  

 

3.6.4. R-Spondin Production 

The used R-Spondin for crypt cell culture could be produced by 293T cells transfected with a vector 

possessing murine R-Spondin 1. The transfected construct consists of Haemagglutinin-mRspo1-

construct and a Fc-Tag. Cells were cultured in DMEM with 10% FBS and 1% Penicillin/Streptomycin. 

300 µg/mL Zeocin (Phleomycin D1) (ant-zn-1, Invivogen) were used for selection for 7 to 10 days. 

Medium was exchanged regularly every second day. Cells were expanded to a confluence of 75%. R-

Spondin protein expression is induced by serum starvation. Therefore medium was replaced with 

CD293/l-Gln medium (11913019, Invitrogen) containing 2% GlutaMax-I and 1% P/S. After 5-10 days of 

starvation R-Spondin was secreted into the medium. Medium was harvested and spun down at 1.400 

rpm for 5 min. Before sterile filtration through 0.2 µm filters protease inhibitor was substituted and 

pH was adjusted to 7.0. 

For purification of R-Spondin a HiTrap Protein A HP (17-04303-01, GE Healthcare) column, which could 

be either used with a pump or the ÄKTA Avant Protein Purification System (GE Healthcare). All 

following steps were performed at 4°C with a flow rate of 1 mL/min. The HiTrap Protein A HP column 

was washed and equilibrated to pH 7.1 using 20-30 mL of wash buffer. Subsequently the prepared 

medium was loaded with a flow rate of 1 mL/min followed by an additional washing step with 20 mL 

of wash buffer. To elute the protein from the column 10 mL of elution buffer were loaded to the 

column. The eluate was collected in ten single fractions, facilitating the use of only those fractions with 

high protein concentration later on. These fractions were neutralized with the addition of 50 µL 1 M 

Tris-HCl pH 2.25 each. The protein concentration was measured using ÄKTA, BCA Protein Assay and 

Western Blot. 
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Equilibration and Wash Buffer 10 mM  

10 mM  

500mM 

In ddH2O 

NaH2PO4 (5075.1, Roth) 

Na2HPO4 (T876.1, Roth) 

NaCl (53014, Sigma) 

pH 7,1 

Elution Buffer 500 mM Glycine-HCl (G2879, Sigma) 

pH 2,25 

Neutralizing Buffer 1 M Tris-HCl (9090.3, Roth) 

pH 9,0  

 
 

3.7.  Crypt culture 

Mouse Cardia and Small Intestinal epithelia can be cultured in so-called organoids. Those organoids 

recapitulate the three dimensional architecture of the originating mouse epithelium and consist of all 

major cell types. These cultures can be treated and monitored long-term. 

 

3.7.1. Cardia Organoid Culture (Cardia Crypts) 

The Crypts from the Cardia region were isolated similar as previously described by Barker et. al. [18]. 

The stomach was harvested and opened along the large curvature and washed in sterile PBS 

(phosphate-buffered saline) (14190094, Invitrogen). The squamo-columnar junction was cut out and 

cut into small parts using a scalpel. The tissue parts were digested in 25 ml PBS/ EDTA/ EGTA for 45 min 

on a shaker at 4°C. The sedimented tissue was diluted in 10 ml PBS/ 10%FBS and strained using a 70 µm 

strainer. This step was repeated 3 times. The crypts were pelleted at 800 rpm 4°C for 8 min. The 

supernatant was fully removed and the pellet was re-suspended in 50 µl of Matrigel (356235, BD 

Corning) per well and plated on a preheated 24-well plate, the number of wells was decided according 

to the pellet size. The plate was incubated 2 min at room temperature and 5 min at 37°C. Finally 500 µl 

preheated Cardia Crypt Medium (see below) was added onto the Matrigel drop. Crypt Cultures were 

kept in a 37°C incubator at 5% CO2.  After approximately 2 days crypts start growing and expanding. 

The medium was exchanged every second or third day. Growth and number of crypts was assessed by 

microscopy. Crypts were counted at day 3 and day 7. Pictures were taken at day 2, 4 and 7 after 

isolation.  

Digestion Medium 500 mL 

0,5% 

0,5% 

DPBS (14190094, Invitrogen) 

EDTA (0.5 M) pH 8,0 (AM9260G, Invitrogen) 

EGTA (0,5M) pH 8,0 (3054.2, Roth) 

 

Washing Medium 500 mL 

10% 

DPBS (14190094, Invitrogen) 

FBS (10500064, Invitrogen) 

Cardia Crypt Medium 50 ng/mL 

100 ng/mL 

1x 

1x 

EGF (PMG8043, Invitrogen) 

Murine Noggin (250-38, Peprotech) 

N-2 Supplement (100x) (1750248, Invitrogen) 

B-27 Supplement (50x) (17504044, Invitrogen) 
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1 mM 

1 µg/mL 

To 40 mL 

N-acetyl-L-cysteine (A9165, Sigma) 

R-Spondin1 

Wnt-conditioned Medium (see Section 3.5.3) 

 

3.7.2. Intestinal Organoid Culture (Small Intestinal Crypts) 

The isolation of small intestinal crypts were done according to Barker and Clevers 2010 [113, 206]. For 

isolation of small intestinal crypts, small intestine of a mouse was removed, washed in sterile PBS and 

opened longitudinally. After a wash in PBS, the small intestine was cut in 4-5 cm long sections. From 

these sections the villi were removed using a cover glass. The remaining tissue segments were cut with 

a scalpel in small parts, transferred in PBS/10% FBS and washed multiple times in PBS/ 10% FBS to 

remove debris. After sedimentation of the tissue parts the supernatant was removed. The remaining 

tissue was digested in 50 ml PBS/ EDTA for 15 min at 4°C on a shaker. The sedimented tissue was 

aggraded in 10 ml PBS/10% FBS and put on a 70 µm strainer, this step was repeated approximately 4 

times. The crypts were pelleted at 800 rpm at a temperature of 4°C for 8 min. 50 µl of Matrigel per 

well was added to the pellet and plated on a preheated 24-well plate and hardened according to the 

Cardia Crypt Culture. 500 µl Complete SI Crypt Medium was added on top of the hardened Matrigel 

drop. Cultures were kept at 37°C in a humidified incubator at 5% CO2 with regular exchange of the 

medium every two to three days. After 2 days in culture small intestinal crypts started growing and 

after another day they started budding. Medium was exchanged every second or third day. Growth of 

crypts was monitored every other day. 

Digestion Medium 500 mL 

0,5% 

DPBS (14190094, Invitrogen) 

EDTA (0.5 M) pH 8.0 (AM9260G, Invitrogen) 

Washing Medium 500 mL 

10% 

DPBS (14190094, Invitrogen) 

FBS (10500064, Invitrogen) 

Complete SI Crypt 

Medium 

50 ng/mL 

100 ng/mL 

1x 

1x 

1 mM 

1 µg/mL 

To 40 mL 

EGF (PMG8043, Invitrogen) 

Murine Noggin (250-38, Peprotech) 

N-2 Supplement (100x) (1750248, Invitrogen) 

B-27 Supplement (50x) (17504044, Invitrogen) 

N-acetyl-L-cysteine (A9165, Sigma) 

R-Spondin1 

Complete Medium (see Section 3.6.3) 

 

3.7.3. Passaging and Maintenance of Crypts 

After 7 to 10 days in culture crypts were passaged. To determine the splitting ratio number and size of 

the crypts was determined under the microscope. Therefore medium was removed and supplemented 

with 0.5 mL of ice-cold complete medium to destroy the Matrigel drop and to brake the crypts apart. 

This solution was transferred into 15mL Falcons (9180323, Corning) centrifuged at 800rmp for 8 min. 

After removing the supernatant, Matrigel was mixed with the pelleted crypts according to the 

evaluation before passaging. Usually a splitting ratio of 1:2 was suitable. Crypts were plated in Matrigel 

drops on a preheated 24-well plate adding 500 µL fresh pre-warmed specific culture medium on top 

as previously described. 
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Complete Medium 500 mL 

1%  

1%  

1%  

Advanced DMEM/F-12 (126340010, Invitrogen) 

Pen/Strep (15140122, Invitrogen) 

GlutaMax (35050038, Invitrogen) 

HEPES (15630080, Invitrogen) 

 

3.7.4. Freezing of Crypts 

To preserve isolated crypts, crypts from one well were gathered as for passaging. The resulting pellet 

was suspended in Crypt Freezing Medium (1 mL per 1 well of crypts) and transferred into Cryo- tubes 

(72.380, Sarstedt), which were immediately frozen at –80°C. For long term storage samples were 

conveyed to liquid nitrogen the next day. 

Crypt Freezing Medium 
 

To 10 mL 
10%  

10%  

Complete Medium (see Section 2.6.3) 
FBS (10500064, Invitrogen) 

DMSO (A994.1, Roth) 

 

3.7.5. Treatment of Crypts  

Crypts were treated with different reagents directly after passaging, as they are most susceptible to 

treatments at this time point. Crypts were split and plated as previously described. 500 µL of tissue 

specific medium was added to each well.  

N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester or DAPT (D5942, Sigma) (a ƴ-

secretase inhibitor) was diluted in DMSO to a stock concentration of 10 mM. 50 µM were used per well 

for 24 hours, with medium exchange after 12 hours [207]. 

Recombinant human IL-6 (200-06, Peprotech) and Recombinant human IL-1beta (200-01B, Peprotech) 

were diluted in sterile dH2O containing 0.1% BSA to a stock concentration of 100 µg/mL. IL-6 was used 

at a concentration of 50 ng/well for 48 hours on the crypts, with medium exchange after 24 hours 

[208]. IL-1beta was used at a concentration of 5 ng/well for 48 hours with medium exchange after 24 

hours [208]. 

 

3.7.6. Evaluation of Crypt Growth and Size 

After isolation of the Crypts their growth was evaluated taking pictures with Zeiss AxioVert microscope. 

Pictures were taken at 2, 4 and 7 days after isolation. The size was measured using ImageJ. The amount 

of crypts was counted at 3 and 7 days after isolation. 

After splitting crypts were treated for 24 to 48 hours respectively, depending on the type of treatment. 

Three and six days after treatment pictures of the crypts were taken and evaluated by ImageJ. 

 

3.7.7. RNA and Protein Isolation from Crypts 

To isolate RNA from crypt cultures four to five wells of fully grown crypts were pooled using ice-cold 

sterile PBS. After pelleting the crypts, supernatant was removed and the pellet was diluted in 350 µL 

of RLT Buffer containing 1% ß-mercaptoethanol, vortexed and used on RNeasy Micro Kit (74004, 

Qiagen) columns according to manufacturers` instructions. RNA was eluted in in two washes in a total 

volume of 20 µL RNase-free water. 
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As for the RNeasy Micro Kit no protein extraction was designated, an acetone precipitation was 

performed using the flow-through from the first centrifugation step. It was performed as described in 

Section 3.4.2. The pellet was re-suspended in 80 µL of Protein lysis buffer (see Section 3.4.2). 

 

3.7.8. Whole transcriptome and qPCR 

In order enhance the quantity of RNA received from the crypt the QuantiTect Whole Transcriptome Kit 

(100) (207045, Qiagen) was used according to manufacturers` instructions. The resulting cDNA was 

diluted according to manufacturers` instructions and used for quantitative PCR (see Section 3.4.5). 

 

3.7.9.  Embedding and Staining 

Round glass coverslips (Ø12mm, LOT0783, ThermoScientific) were added in 2 wells of a 24-well plate 

and preheated, assuring the coverslips stay adherent to the ground. Crypts were passaged as 

previously described and plated directly on the coverslips. The Matrigel drop was allowed to harden 

again and covered with 500 µL of tissue specific medium. After 7 days in culture, respectively 8-9 days 

for treated crypts, the coverslips with the Matrigel drop on top were removed from the well. 500 µL 

of formalin was used to fixate the crypts for 10 min. Thereafter the coverslip was transferred into 

histocasettes and dehydrated using the dehydration machine. The next day the Matrigel drop 

containing the crypts was removed from the cover glass and embedded in paraffin. These blocks was 

cut and stained as described previously. 

 

 

3.8.  Statistical Analysis 

Statistical calculations were done using GraphPad Prism version 6.00 for Windows (GraphPad 

Software). Data is usually presented as mean ± standard deviation (SD). Values were tested for normal 

distribution by D´Agostino & Pearson omnibus normality test. If normal distribution was given ordinary 

one-way ANOVA and Tukey´s multiple comparison test were performed, comparing the different 

groups. If the values appeared to be not normally distributed Kruskal-Wallis test with Dunn´s multiple 

comparison test was performed. Comparison of two groups was performed by an unpaired t-test.  

For comparison of the survival curves the Log-rank (Mantel-cox) test was used, determining Chi square 

and p-value. The weight curves were compared by an unpaired t-test to compare the means. 

Statistical significance is indicated by asterisk. A p-value of ≤ 0.05 and was assumed to be statistically 

significant (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****). 
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4. Goal and Purpose of this Thesis 

Despite the constantly rising incidence rates of Barrett Esophagus (BE) and Esophageal 

Adenocarcinoma (EAC) the mechanisms that lead to the progression or occurrence of BE and EAC are 

widely not identified. BE is the only known precursor of EAC, even though only about 5% of the BE 

patients progress to EAC. Some known risk factors include diet, obesity, high intake of animal fat and 

exposure to carcinogens. Genetic risk factors are widely absent or have not been identified yet. There 

is a high need to distinguish between patients with a high risk for progression to EAC from patients 

with a low progression risk. Prognostic and predictive markers are widely absent. 

Two histologic types of BE have been identified, columnar lined esophagus (CLE) and intestinal 

metaplasia (IM). IM with the presence of mucus producing, goblet-like cells was widely accepted as 

the hallmark of BE and is still included into the definition of BE in many countries. We and others 

propose that CLE should be diagnosed as BE and even possess a higher risk to progress to EAC. Altered 

differentiation and proliferation of the putative stem cells, induced by Notch signaling, could be the 

main difference in the development of both these types. Notch signaling was described to be elevated 

in BE patient samples as well as in the pL2-ILb mouse model, resembling the human situation. Notch 

was significantly upregulated in dysplastic tissue of mouse and human. An association of Notch 

signaling in the development of EAC is therefore hypothesized.  

This hypothesis was addressed within this thesis using Notch2 overexpressing mouse model crossed 

to pL2 mice. Notch overexpression was conducted in the organotypic stem cells. Two distinct putative 

stem cell markers have been identified in the small intestine and in the gastric cardia, Lgr5 

(representing the actively cycling putative stem cell) and Dclk1 (representing the quiescent putative 

stem cell). Within this thesis we were able to demonstrate the overlapping effect as well as cell specific 

differences between these two markers.  

In order to analyze the effect of the absence of Notch signaling two inducible knockout mouse lines 

for Notch1 and Notch2 were crossed to pL2 mice. The knockout was conducted in Lgr5 and Dclk1 cells. 

Previous experiments showed an increased differentiation into cell of the secretory lineage, like goblet 

(-like) cells, after Notch inhibition.  

This thesis aimed to show the effect of Notch inhibition and Notch overexpression in two distinct 

putative stem cells on the development of BE and EAC in our pL2 mouse model. These results can be 

translated into clinical practice were they may function as predictive markers for EAC progression.  
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5. Results 

To investigate the effect of the Notch signaling pathway in stem cells during the development from  

Barrett esophagus (BE) to Adenocarcinoma (EAC), mice bearing targeted inducible knockdown of 

Notch1/ Notch2 or inducible overexpression of Notch2IC in two stem cells population (Lgr5-CreERT/2-

EGFP and the Dclk1-CreERT/2) were crossed with our transgenic mouse model (pL2-IL-1beta).   

pL2-IL-1beta (pL2) mice possess an overexpression construct of IL-

1beta, expressed specifically in the esophagus, forestomach, and 

squamo-columnar junction (SCJ). This leads to inflammation, 

hyperplasia, metaplasia, and occasional dysplasia at the SCJ at 12 

to 15 months of age [14, 19]. Notch1 was found to be significantly 

upregulated in BE regions of patients and was also observed to be 

upregulated in the pL2 mouse model [14]. This upregulation was 

predominantly found in areas of columnar lined esophagus and 

not in intestinal metaplasia [14, 55]. Significantly high expression 

of Notch was seen in dysplastic regions of human biopsies (see 

Figure 5.1) [14, 19, 143]. In the murine stomach Notch signaling is 

restricted to progenitor cells in the isthmus of adult glands [17, 24], 

where it acts on proliferation and differentiation [2, 17, 22, 191, 

192]. Notch signaling is therefore discussed as one of the key 

drivers in the development of BE and EAC [14].  

It was thus decided to cross pL2 mice with a transgenic overexpression model of Notch2. We used the 

overexpression model of Notch2 because we demonstrated a significant upregulation of the Notch2 

signaling in the microarray 

analysis of the cardia region 

of our pL2 mice compared to 

WT control mice (Figure 5.2). 

Notch2-IC mice contain the 

intracellular domain of the 

mouse Notch2 gene inserted 

after a Rosa26 promoter. The 

expression of the Notch2-IC 

construct is blocked by a 

loxP-flanked Stop sequence. 

By the crossing with a Cre-

expressing mouse line the stop will be cut out, leading to a constitutive Notch2 activation [202]. These 

mice enabled us to study the cell specific overexpression of Notch in disease development.  

 

An inhibition of Notch resulted in a massive acceleration of PAS+ mucus producing cells, usually found 

in areas of intestinal metaplasia [14, 55]. Differentiation into mucus producing cells might act as a 

protective element in the progression to dysplasia [14, 19]. It was therefore decided to combine the 

pL2 mouse model (crossed to either one of the Cre-expressing lines) with mice that have a floxed 

Notch1 or Notch2 gene. In Notch1flox/flox mice loxP sites were placed flanking exon 1 of the Notch1 

gene [204]. These mice can be used for tissue-specific conditional knockout of Notch1, when crossed 

with Cre recombinase expressing mouse lines. Notch2fl/fl mice possess loxP sites on either side of exon 

Figure 5.1: Expression of Notch1 
in human dysplastic biopsies is 

significantly elevated compared 

to metaplastic BE samples 
 

Figure 5.2: Microarray Analysis of pL2 mice vs. WT 

Showing a significant upregulation of Notch2 and a slight increase in Notch1 

expression values. 
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3 of the Notch2 gene [203]. When these mice are bred with mice expressing Cre recombinase and are 

induced, this will result in Notch2 deficiency in Cre-expressing tissues. 

Lgr5 (Leucine rich repeat containing G protein coupled receptor 5) and Dclk1 (Doublecortin-like kinase 

1) are viewed as two different stem cell markers in the small intestine and the gastric cardia [19, 93, 

209], which are elevated in states of inflammation like in BE [2, 19]. Whereas Lgr5+ cells represent the 

actively cycling stem cells, Dclk1+ cells rather function as quiescent stem cell proportion [25, 26], [105]. 

Therefore, in this study, two lines (Lgr5-CreERT and Dclk1-CreERT) were both crossed with pL2 mice 

separately to have a more comprehensive overview of the effect of the Notch signaling pathway in 

stem cells during BE and EAC development. These two lines were analyzed separately and are 

compared to their corresponding control mice.  In chapter 5.1, we will first describe the phenotype of 

mice of the Lgr5 line separately and then in comparison with each other. In chapter 5.2 the results of 

the Dclk1 mouse lines will be described. 

 

 

5.1.  Characterization of Lgr5 mouse lines 

Lgr5-EGFP-ires-CreERT/2 (Lgr5) mice were used, which show Cre expression in the Lgr5 promoter 

region [23]. Lgr5+ cells are described as stem cells of the small intestine and colon and are discussed 

as progenitor cells of the gastric cardia [210].  

When Lgr5 mice are bred with mice containing a loxP-flaked sequence of Notch1 (N1fl/fl), Notch2 

(N2fl/fl) and Notch2IC (N2IC- possessing a loxP-flanked STOP codon), tamoxifen-inducible Cre-

mediated recombination will either abolish Notch1 or Notch2 function (in N1fl/fl and N2fl/fl mice) or 

will lead to the overexpression of Notch2IC (N2IC) in Lgr5-expressing cells of the offspring. In the 

following project mice carrying the pL2 transgene and the Lgr5-EGFP-ires-CreERT/2 knock-in gene 

without loxP sequences of Notch1, Notch2 or Notch2IC (named pL2.Lgr5 hereafter) were used as 

control mice. They were bred, induced, monitored and sacrificed in the same manner. 

Mice of the Lgr5 line (pL2.Lgr5.N1fl/fl, pL2.Lgr5.N2fl/fl, pL2.Lgr5.N2IC, and pL2.Lgr5) were induced at 

4 months of age with the administration of 6 mg tamoxifen three times within one week. From this 

induction time point (4 months) mice were carried on for another 3, 6, 9, or 12 months after induction 

(see Figure 5.3), representing the time points 4+3 (induced at 4 months, sacrificed 3 months after 

induction), 4+6 (induced at 4 months, sacrificed 6 months after induction), 4+9 (induced at 4 months, 

sacrificed 9 months after induction), and 4+12 (induced at 4 months, sacrificed 12 months after 

induction). Giving the variegated Lgr5-Cre expression mice of the Lgr5 lines were continuously induced 

every second months with an additional administration of 6 mg tamoxifen.  
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Figure 5.3: Crossing and Induction Scheme in Lgr5 mouse lines. 
In total four Lgr5 mouse lines were used: pL2.Lgr5.N1fl/fl (conditional knockout of Notch1 in Lgr5 cells), 

pL2.Lgr5.N2fl/fl (conditional knockout of Notch2 in Lgr5 cells), pL2.Lgr5.N2IC (conditional overexpression of the 

intracellular domain of Notch2 in Lgr5 cells), and pL2.Lgr5 as control group. All mice were induced with the 

administration of 3 times 6 mg tamoxifen (diluted in corn oil) at 4 months of age, with a successive 

administration once every two months. 3, 6, 9, and 12 months after induction was set as examination time 

point and mice were evaluated. 

 

 

5.1.1. Comparison between pL2.Lgr5 control mice and Wildtype mice 

The comparison between pL2.Lgr5 control mice and wildtype (WT) control mice (littermates that were 

negative for all tested genes) was performed to assure for comparable phenotypes of the pL2 mouse 

model as in the original publication and to be able to exclude facility related phenotypic alterations. 

A pathologist scored areas of metaplasia and dysplasia in the pL2.Lgr5 mice and WT control mice using 

Haematoxylin and Eosin stained slides measuring the extent and composition of metaplastic and 

dysplastic lesions. These values were compared and are depicted in Figure 5.4. Metaplasia and 

dysplasia were absent in all analyzed WT mice. The difference to pL2.Lgr5 control mice was highly 

significant in all time points (p< 0.0001) for both metaplasia and dysplasia.  
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Figure 5.4 Evaluation of Metaplasia and Dysplasia in pL2.Lgr5 control mice compared with Wildtype 
(WT) control mice by Haematoxylin and Eosin (H&E) Stain. 

A-D) Representative pictures of Haematoxylin and Eosin Stain in WT control mice of the different time points, 

A) 4+3 months, B) 4+6 months, C) 4+9 months, D) 4+12 months; E-H) Representative Pictures of Haematoxylin 

and Eosin Stain in pL2.Lgr5 mice of the different time points, E) 4+3 months, D) 4+6 months, F) 4+9 months, H) 

4+12 months; I) Metaplastic Score in pL2.Lgr5 mice. J) Dysplastic Score in pL2.Lgr5 mice. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 
 

 

The levels of acute and chronic inflammation were assessed by a pathologist. In WT mice we saw 

significantly lower values in levels of acute and chronic inflammation compared to pL2.Lgr5 mice (p< 

0.0001 for all time points) and can be accounted to the conditions in the mouse facility. 
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Figure 5.5: Values of Chronic and Acute Inflammation in pL2.Lgr5 control mice and WT control mice. 
A) Chronic Inflammation, B) Acute Inflammation 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way 

ANOVA and Tukeys multiple comparison test. Asterisks indicate significant differences between the 

groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
 

 

pL2.Lgr5 mice show shorter survival time and lower body weight compared to wildtype mice 

The survival of pL2.Lgr5 control mice was significantly lower compared to Wildtype (WT) control mice 

(p= 0.0265) (see Figure 5.6). Wildtype mice show high levels of survival up to 21 months after the 

induction time point, whereas pL2.Lgr5 mice survived to a maximum of 13 months after induction. The 

body weight of pL2.Lgr5 mice was significantly lower in both sexes (males p= 0.0152, females p= 

0.0007) and can be explained by the inflammatory phenotype of pL2.Lgr5 mice.  
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Figure 5.6: Survival Curves and Weight Curves of pL2.Lgr5 control mice and wildtype (WT) control 

mice 
A) Survival of pL2.Lgr5 and WT mice. B) Weight curves of pL2.Lgr5 and WT females. C) Weight curves of 

pL2.Lgr5 and WT males.  

Statistical Analysis for the survival curves was carried out by Log-rank (Mantel-cox) test, for the weight 

curves an unpaired t-test was used. A p-value of ≤ 0.05 and was assumed to be statistically significant. 

 

 

Taken together WT mice did not show any phenotypical alteration at the cardia region (as expected 

and discussed before). WT mice show higher body weight, accompanied with enhanced survival and 

no abundant inflammation at the cardia region. As this thesis aims to focus on the effect of Notch 

signaling in an inflammatory environment data of WT mice will not be displayed and discussed any 

further.   

 

 

5.1.2. Characterization of Lgr5 specific overexpression of Notch2 (pL2.Lgr5.N2IC) 

To investigate the influence of Notch2 overexpression in Lgr5+ stem cells and its effect on the 

phenotype, including tumor growth in mice, in the following section the pL2.Lgr5.N2IC mouse model 

will be analyzed. These mice possess a transgene overexpressing Notch2 specifically in the Lgr5 positive 

cells behind the inflammatory background of the pL2-IL1beta mice. Mice were induced by 3 shots of 6 

mg tamoxifen each, to overexpress Notch2 in Lgr5 positive cells in the mice at the age of 4 months. 

The mice were sacrificed at different time points 3, 6, 9, and 12 months after induction. The time point 

4+3 therefore represents mice induced at 4 months of age which were sacrificed 3 months after 
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induction (total age 7 months), 4+6 mice were kept for 6 months after induction (10 months total age), 

4+9 months old mice (had a total age of 13 months) were examined after 9 months after tamoxifen 

treatment, and the last time point 4+12 months (total age 16 months) were sacrificed 12 months after 

induction.  

 

To confirm the Notch overexpression model is working immunohistochemistry for Notch-IC and qPCR 

expression analysis of Notch2 of the cardia region was carried out (Figure 5.7). Figure 5.7 E-I show 

highly significant nucleic Notch staining in the pL2.Lgr5.N2IC mice of all different time points 4+3 

months (p= 0.0037), 4+6 months (p< 0.0001), 4+9 months (p= 0.0095), and 4+12 months (p< 0.0001). 

Analysis of relative mRNA expression of Notch2 showed significantly higher expression in 

pL2.Lgr5.N2IC mice at both given time points (4+6 p= 0.0214; 4+9 p= 0.0147). The expression of Notch2 

increased with time, as shown by the significant increase from the 4+6 to the 4+9 time point (p= 

0.0143) in pL2.Lgr5.N2IC mice.  



   Results 

69 

 

 

Figure 5.7 Evaluation of Notch expression in pL2.Lgr5.N2IC mice. 
A-D) Immunohistochemical staining of Notch2 intracellular domain in pL2.Lgr5 control mice of the different 

time points, A) 4+3 months, B) 4+6 months, C) 4+9 months, D) 4+12 months; E-H) Immunohistochemical 

staining of Notch2 intracellular domain in pL2.Lgr5.N2IC mice of the different time points, E) 4+3 months, D) 

4+6 months, F) 4+9 months, H) 4+12 months; I) Number of nuclei stained positive for Notch. J) Relative mRNA-

Expression of Notch2 of 4+6 and 4+9 old mice.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 
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Notch2 overexpression in the Lgr5+ cells accelerates the pL2 Phenotype 

pL2.Lgr5.N2IC mice show significantly more macroscopic lesions (as shown in Figure 5.8 E-H) than the 

controls (shown in Figure 5.8 A-D). These lesions were scored according to their percentage of cardia 

covered with lesions, as well as size and number of the individual tumors, giving the total macroscopic 

score (see Section 3.2.2). The macroscopic score of pL2.Lgr5.N2IC mice is shown in Figure 5.8 I) and 

shows a highly significant increase pL2.Lgr5.N2IC mice at all given time points (4+3 months (p= 0.049), 

4+6 months (p= 0.0012), 4+9 months (p= 0.0305), and 4+12 months (p= 0.001)) compared to age-

matched pL2.Lgr5 control mice. This indicates that Notch2 overexpression in Lgr5+ cells accelerates 

the phenotype of pL2-IL1β mice in the cardia region. 

Some pL2.Lgr5.N2IC mice, especially at an older age, display considerably more esophageal squamous 

cell carcinomas than the controls (that rarely show these tumors) and reach significance in the 4+12 

age group (p= 0.0049). These lesions increased in size and number with proceeding age (difference 

between 4+3 and the 4+12 time point in pL2.Lgr5.N2IC mice (p= 0.0050)). 
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Figure 5.8 Macroscopic Pictures and Macroscopic Score of pL2.Lgr5.N2IC mice.  
A-D) Macroscopic Pictures of pL2.Lgr5 control mice of the different time points A) 4+3 months, B) 4+6 months, 

C) 4+9 months, D) 4+12 months; E-H) Macroscopic Pictures of pL2.Lgr5.N2IC mice of the different time points 
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E) 4+3 months, F) 4+6 months, G) 4+9 months, H) 4+12 months; I) Quantification of Macroscopic Score in the 

Cardia region. J) Quantification of Macroscopic Score in the Esophagus. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 0,5cm; 2mm) 

 

 

Increased development of dysplasia in pL2.Lgr5.N2IC mice 

The macroscopically visible significantly bigger lesions in the pL2.Lgr5.N2IC mice were analyzed 

microscopically by a pathologist using Haematoxylin and Eosin (HE) and Periodic Acid Schiff (PAS) 

stained slides. The pathologist scoring of metaplastic and dysplastic regions in the Barrett area of 

pL2.Lgr5.N2IC mice are shown in Figure 5.9. Metaplastic score of pL2.Lgr5.N2IC mice shows a trend to 

elevated values but did not reach significance to controls at any given time point (4+3 months p= 0.999, 

4+6 months p= 0.6229, 4+9 months p= 0.7278, 4+12 months p= 0.5918). The dysplastic score shows a 

significant upregulation in the pL2.Lgr5.N2IC mice in almost all screened time points (4+3 months p= 

0.0408, 4+6 months p< 0.0001, 4+9 months p= 0.0463, 4+12 months p= 0.0006). 
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Figure 5.9 Evaluation of Metaplasia and Dysplasia of pL2.Lgr5.N2IC mice by Haematoxylin and Eosin 

(H&E) stain. 
A-D) Representative pictures of H&E (Haematoxylin and Eosin) Stain of pL2.Lgr5 control mice at different time 

points, A) 4+3 months, B) 4+6 months, C) 4+9 months, D) 4+12 months; E-H) Representative pictures of H&E 

(Haematoxylin and Eosin) Stain of pL2.Lgr5.N2IC mice at different time points, E) 4+3 months, D) 4+6 months, 

F) 4+9 months, H) 4+12 months; I) Quantification metaplastic Score in pL2.Lgr5.N2IC mice. J) Quantification 

dysplastic Score in pL2.Lgr5.N2IC mice. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 



   Results 

74 

 

Metaplastic and Dysplastic Lesions in pL2.Lgr5.N2IC mice are derived from Lgr5+ cells in the 

Gastric Cardia 

We aimed to perform lineage tracing in our transgenic mouse model to prove that the metaplastic and 

dysplastic lesions are truly derived from genetically modified Lgr5 cells, as previously demonstrated 

for the pL2 mouse model alone [14, 210]. Lineage tracing is a tool to identify the progeny of a single 

cell and is used to study stem cell properties, tissue development, and cell-fate decisions [211]. 

pL2.Lgr5.N2IC and pL2.Lgr5 control mice were therefore crossed with Rosa26-LacZ (LacZ) expressing 

mice [205], resulting in pL2.Lgr5.N2IC.LacZ and pL2.Lgr5.LacZ mice. These mice possess a loxP-flanked 

Stop sequence after a Rosa26 promoter and upstream of a LacZ gene. These mice were induced at the 

age of 4 months (as described before). LacZ will be expressed in all cells derived from the Lgr5-Cre 

expressing cell, calling this lineage tracing.  

Figure 5.10 shows positive lineage tracing of the Barrett region in both mouse models 

(pL2.Lgr5.N2IC.LacZ and pL2.Lgr5.LacZ controls). The stained region in pL2.Lgr5.N2IC.LacZ mice is 

explicitly larger than in pL2.Lgr5.LacZ mice. The size of the lesions increases with age/ disease state. 

The positively stained region in pL2.Lgr5.N2IC.LacZ mice shows less mucus producing cells, speaking 

for a lower differentiation rate.  
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Figure 5.10 Lineage tracing in pL2.Lgr5.N2IC.LacZ mice and pL2.Lgr5.LacZ control mice. 
A) pL2.Lgr5.LacZ control mice; B) pL2.Lgr5.N2IC.LacZ mice both 4+3 months old; C) pL2.Lgr5.LacZ 

control mice; B) pL2.Lgr5.N2IC.LacZ mice both 4+6 months old (Scale Bars 400µm; 100µm) 

 

 

Notch2 overexpression in Lgr5+ cells lead to lower survival rates 

The survival proportions of the mice were determined retrospectively. Hereby all mice that needed to 

be sacrificed due to ethical reasons were counted. The analysis of these data shows a markedly 

decrease of survival in pL2.Lgr5.N2IC mice (as shown in Figure 5.11) compared to pL2.Lgr5 controls (p= 

0.0462). Only 19% of the pL2.Lgr5.N2IC mice could reach the latest time point (4+12) 12 months after 
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induction, whereas 66% of pL2.Lgr5 control mice could reach this time point. The weight was examined 

regularly at specific time points. pL2.Lgr5.N2IC females show a significantly lower weight than female 

control mice (p= 0.0293). Male pL2.Lgr5.N2IC showed only a slight decreased body weight (p= 0.4416). 

 

Figure 5.11 Survival and Weight Curves of pL2.Lgr5.N2IC mice compared with controls. 
A) Survival Proportions of pL2.Lgr5.N2IC and pL2.Lgr5 control mice. B) Weight Curves of pL2.Lgr5.N2IC 

females. C) Weight Curves of pL2.Lgr5.N2IC males. 

Statistical Analysis for the survival curves was carried out by Log-rank (Mantel-cox) test, for the weight 

curves an unpaired t-test was used. A p-value of ≤ 0.05 and was assumed to be statistically significant. 

 

 

Taken together these data show a massive increase in macroscopic lesions in pL2.Lgr5.N2IC mice in 

number and size. These lesions were more dysplastic in their appreance compared to lesions in 

pL2.Lgr5 controls and could be shown to be derived from Lgr5+ cells in the gastric cardia. pL2.Lgr5.N2IC 

mice show a reduced survival pointing to an accelerated pL2 phenotype in these mice. 

 

 

Notch2-IC increases proliferation and reduces differentiation in Barrett lesions of 

pL2.Lgr5.N2IC mice 

As it was previously described that Notch overexpression leads to high proliferation rate [212], the 

proliferation rate was accessed by Ki67 immunohistochemical staining and qPCR analysis of the 

expression values of Ki67. As shown in Figure 5.12 A-I pL2.Lgr5.N2IC mice show higher proliferation 

rate (determined by Ki67 staining) compared to controls. The elevated proliferation rate reached 

significance in the 4+9 age group (p= 0.0317) but not in the others (4+3 p> 0.9999, 4+6 p= 0.6041, 4+12 
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p= 0.1371). The qPCR analysis of Ki67 expression shows a trend towards higher expression in 

pL2.Lgr5.N2IC mice but did not reach significance at the two given time points (4+6 p= 0.5114, 4+9 p= 

0.2012). However pL2.Lgr5.N2IC mice show significantly increased Ki67 expression over time between 

4+6 and 4+9 time point (p= 0.0467).  

Furthermore the number of crypt fissions present in the Barrett region was evaluated. Crypt fission is 

a mechanism producing multiple crypts by branching and is of major importance in intestinal 

development or at states of damage and high tissue expansion [212, 213]. Counting of the number of 

crypt fissions revaled a massive increase in crypt fission events in the pL2.Lgr5.N2IC mouse model 

compared to pL2.Lgr5 control mice at all given time points (4+3 p= 0.0007, 4+6 p< 0.0001, 4+9 p< 

0.0001, 4+12 p< 0.0001) (see Figure 5.12 K).  The average number of crypt fission events in the 4+3 

group is 1.2 crypt fissions per Barrett area and increases with age reaching to 2.45 crypt fissions in 

4+12 months old mice. This increase is highly significant between the 4+3 group compared to the 4+9 

group (p= 0.0001), in the 4+3 group compared to 4+12 group (p< 0.0001), the 4+6 group compared to 

the 4+9 group (p= 0.0242), and the 4+6 group compared to 4+12 group (p< 0.0001).  
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Figure 5.12 Determination of proliferation rate and number of crypt fissions in pL2.Lgr5.N2IC mice.  
A-D) Immunohistochemistry for Ki67 in pL2.Lgr5 control mice of the different time points A) 4+3 months, B) 4+6 

months, C) 4+9 months, D) 4+12 months; E-H) Immunohistochemistry for Ki67 in pL2.Lgr5.N2IC mice of the 

different time points E) 4+3 months, F) 4+6 months, G) 4+9 months, H) 4+12 months; I) Percentage of Ki67 

positive cells in pL2.Lgr5.N2IC mice and controls. J) Relative mRNA expression of Ki67. K) Number of Crypt 

fissions per Barrett area.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

To determine the state of differentiation Periodic Acid Schiff (PAS) which stains for neutral 

mucopolysaccharides was used in combination with Alcian Blue, which stains for acidic 

mucosubstances, as it is known that Notch overexpression leads to a decreased differentiation 

Staining for mucus producing cells as seen in Figure 5.13 could show a reduction in the percentage of 

PAS positive regions of the Barrett area of pL2.Lgr5.N2IC mice. This reduction was significant in the 4+3 

months old group (p= 0.0020) but not in the other time points (4+6 p= 0.3211, 4+9 p= 0.8279, and 4+12 

p= 0.9922). The differences between the pL2.Lgr5.N2IC and control mice decrease with age. The 

pathologic count of mucus producing cells, was evaluated focusing on one region per mouse displaying 

the strongest phenotype. This analysis also shows a reduction in mucus producing cells in the 

pL2.Lgr5.N2IC mice, which was significant in the 4+3 and 4+6 time point (4+3 p= 0.0151, 4+6 p= 0.0030, 

4+9 p= 0.4513, 4+12 p= 0.1215). The relative mRNA-Expression of Muc2, a marker for mucus producing 

cells, was not significantly changed in pL2.Lgr5.N2IC mice compared to controls (4+6 p= 0.4168, 4+9 

p= 0.3594). Relative mRNA expression of TFF2, a marker for human metaplasia, showed a trend 

towards lower expression, but was not altered significantly (4+6 p= 0.6192, 4+9 p= 0.3420) in 

pL2.Lgr5.N2IC mice compared to pL2.Lgr5 control mice.  
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Figure 5.13 Evaluation of differentiation of mucus producing cells in pL2.Lgr5.N2IC mice. 
A-D) PAS and Alcian Blue Stain in pL2.Lgr5 control mice of the different time points A) 4+3 months; B) 4+6 

months; C) 4+9 months; D) 4+12 months; E-H) PAS and Alcian Blue Stain in pL2.Lgr5.N2IC mice of the different 

time points E) 4+3 months; F) 4+6 months; G) 4+9 months; H) 4+12 months; I) Percentage of PAS positive 

regions in the Barrett area of pL2.Lgr5.N2IC mice compared to controls. J) Amount of mucus producing cells in 
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the Barrett area of pL2.Lgr5.N2IC mice. K) Relative mRNA-Expression of Muc2. L) Relative mRNA expression of 

TFF2.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Notch2-IC does not change cancer stem cells nor immune cell microenvironment in Barrett 

lesions 

It was demonstrated that overexpressed Notch2 leads to development of dysplasia and increases 

proliferation in Barrett lesions (Figure 5.9 and Figure 5.12), next we wanted to investigate the possible 

niche and mechanism leading to this enhanced phenotype. It was described before that Notch 

overexpression leads to a higher amount of undifferentiated cells which possess stem cell abilities. As 

previous studies point out Dclk1 stains putative cancer stem cells and cancer initiating cells, it is 

increased in situations of inflammation and metaplasia [14, 19, 26, 99], but diminishes in situations of 

severe dysplasia in human and mouse [214, 215].  

The number of Dclk1 positive cells in the Barrett region of pL2.Lgr5.N2IC mice is shown in Figure 5.14. 

No significant difference in number of Dclk1+ cells could be recognized at any given time point (4+3 p= 

0.835, 4+6 p= 0.9909, 4+9 p >0.9999, 4+12 p= 0.9957). qPCR analysis of the relative mRNA expression 

of Dclk1 in the cardia region also did show no significant increase in expression in pL2.Lgr5.N2IC mice 

compared to the controls through all examined time points (4+6 p= 0.9932, 4+9 p= 0.2034). However, 

in the pL2.Lgr5.N2IC mice a significant increase in Dclk1 expression could be recognized between the 

4+6 and the 4+9 months old group with p= 0.0481. No difference in the Lgr5 mRNA-expression was 

noted.  
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Figure 5.14 Immunohistochemistry for Dclk1 positive cells and mRNA expression in pL2.Lgr5.N2IC 

mice. 
A-D) Immunohistochemistry for Dclk1 in pL2.Lgr5 control mice A) 4+3 months, B) 4+6 months, C) 4+9 months, 

D) 4+12 months; E-H) Immunohistochemistry for Dclk1 in pL2.Lgr5.N2IC mice E) 4+3 months, F) 4+6 months, G) 

4+9 months, H) 4+12 months. I) Assessment of number of Dclk1 positive cells in pL2.Lgr5.N2IC and controls. J) 

Relative mRNA-expression for Dclk1 in 4+6 and 4+9 months old mice. K) Relative mRNA-expression for Dclk1 in 

4+6 and 4+9 months old mice.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

An involvement of immune cells in the cancer development was suggested, as many gastrointestinal 

tumors (like EAC) arise under states of chronic inflammation [97]. It was previously shown that pL2 

mice show a mixture of cute and chronic inflammation [14]. The values were determined by a 

pathologist scoring H&E stained slides of the mice according to their state of inflammation (reching 

from no inflammation to severe inflammation). The pathologists´ analysis showed a slight increase in 

both chronic and acute inflammation in pL2.Lgr5.N2IC mice (Figure 5.15). The difference in the values 

of acute and chronic inflammation compared to the controls increased with time. The oldest age group 

(4+12 months) of pL2.Lgr5.N2IC mice therefore showed significantly higher values of chronic 

inflammation (p=0.0358) compared to pL2.Lgr5 age matched controls, whereas the levels of acute 

inflammation failed to reach significance.  

 

Figure 5.15: Values of Chronic and Acute Inflammation in pL2.Lgr5.N2IC mice. 
A) Chronic Inflammation, B) Acute Inflammation 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way 

ANOVA and Tukeys multiple comparison test. Asterisks indicate significant differences between the 

groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

Leukocytes play a major role in the development of a cancer promoting microenvironment. Malignant 

cells recruit myeloid cells, including myeloid-derived suppressor cells (MDSCs), neutrophils, 

monocytes, and macrophages into the tumor microenvironment where they begin to acquire a more 

pro-invasive and immunosuppressive phenotype [97, 216, 217]. An influence of Notch signaling on the 

myeloid cell differentiation in cancer was suggested previously [218]. We therefore analyzed the 

distribution of leukocytes in the cardia, and the esophagus in the pL2.Lgr5.N2IC mice by Flow 

Cytometry (FACs).  
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A gating example for myeloid cells and T-cells of the cardia and forestomach for can be seen in the 

Appendix 8.3.1. The flow cytometric analysis of CD45+ myeloid cells of pL2.Lgr5.N2IC and pL2.Lgr5 

mice did not show differences between the two lines ( 

Figure 5.16 and Figure 5.17). No differences in the values of macrophages or neutrophils was noted 

between pL2.Lgr5.N2IC and pL2.Lgr5 controls. Only in the 4+6 months old mice IMCs were significantly 

increased in %CD45+ cells (p= 0.0100). The analysis of T-cells did not show any significant differences 

between pL2.Lgr5.N2IC and pL2.Lgr5 control mice. The values of CD3+/CD4+ cells and CD3+/CD8+ cells 

were not altered between pL2.Lgr5.N2IC and pL2.Lgr5 controls. Gamma delta T-cells (gdT+) and natural 

killer (nk1.1+) cells showed no differential distribution between the two mouse lines. 
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Figure 5.16: Representative pictures of myeloid cell and T-cell distribution in pL2.Lgr5.N2IC and pL2.Lgr5 mice of the 4+3 and 4+6 time point
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Figure 5.17: Flow cytometric Analysis of Myeloid and T-Cells of pL2.Lgr5.N2IC mice in the Cardia 

region 
A-D) Quantification of Myeloid cells, A) CD45+, B) macrophages CD11b+ F480+ ly6G- %CD45 cells, C) 

neutrophils CD11b+ F480- ly6G+ %CD45+ cells, D) IMCs CD11b+ ly6C+ ly6G+ %CD45 cells. E-H) Quantification of 

T-cells, E) CD3+ CD4+ , F) CD3+ CD8+ , G) CD3+ CD4- CD8- gdT+, H) CD3+ CD4- CD8- NK1.1+. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****)  
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In summary these data show that Lgr5-specific overexpression of Notch2 leads to an enhanced pL2 

phenotype, with increased macroscopic, dysplastic lesions. Mice of the pL2.Lgr5.N2IC line show 

significantly higher values of crypt fission and a lower survival rate, supporting their tumorigenic 

phenotype. pL2.Lgr5.N2IC mice show lower differentiation values into mucus producing cells. The seen 

data suggest that overexpression of Notch2 does not change the cancer stem cells nor the immune 

cells of the microenvironment in the Barrett lesions. 

 

 

 

5.1.3. Characterization of Lgr5 specific knockdown of Notch2 (pL2.Lgr5.N2fl/fl) 

To investigate the influence of Notch2 knockdown in Lgr5+ stem cells and its effect on the phenotype, 

including tumor growth of the mice, in the following section, we used the pL2.Lgr5.N2fl/fl mouse 

model. In the pL2.Lgr5.N2fl/fl mice a knockdown of the Notch2 gene specifically in the Lgr5 cells was 

induced by tamoxifen treatment in the pL2 inflammatory background. Mice were induced with the 

administration of 6 mg Tamoxifen 3 times within one week to knockdown Notch2 in Lgr5 positive cells 

at the age of 4 months (see Section 3.1.5).  Mice were sacrificed at different time points 3, 6, 9, and 12 

months after induction.  

Notch immunohistochemistry proved the absence of active Notch in pL2.Lgr5.N2fl/fl mice (see Figure 

5.18), which was reduced at all time points, reaching significance in the 4+9 (p= 0.0093) and 4+12 (p= 

0.0299) age group. Knockdown efficiency of Notch2 was also supported by mRNA qPCR analysis of the 

cardia region. A significant reduction in the relative mRNA-expression of Notch2 in the Barrett area of 

pL2.Lgr5.N2fl/fl mice was apparent in all studied age groups 4+6 months (p= 0.0145) and 4+9 months 

(p= 0.0466) compared to pL2.Lgr5 controls. All those data indicate that Notch2 knockout in 

pL2.Lgr5.N2fl/fl mice is working functionally. 
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Figure 5.18 Evaluation of Notch expression in pL2.Lgr5.N2fl/fl mice. 
A-H) Immunohistochemical staining of Notch2 intracellular domain in A-D) pL2.Lgr5 control mice of the 

different time points A) 4+3 months, B) 4+6 months, C) 4+9 months, D) 4+12 months; E-H) pL2.Lgr5.N2fl/fl mice 

of the different time points. E) 4+3 months, F) 4+6 months, G) 4+9 months, H) 4+12 months; I) Number of 

nuclei stained positive for Notch. J) Relative mRNA-Expression in cardia tissue of Notch2 of 4+6 and 4+9 old 

mice.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 
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Knockdown of Notch2 in Lgr5+ cells decreases the pL2 phenotype  

Representative macroscopic pictures of pL2.Lgr5.N2fl/fl mice can be seen in Figure 5.19 E-H. A 

macroscopic scoring system was established based on percentage of cardia coverage, size and number 

of the individual tumors as described in Section 3.2.2. The macroscopic score clearly shows a reduction 

in the pL2.Lgr5.N2fl/fl compared to age-matched pL2.Lgr5 control mice, which was significant in the 

4+6 and 4+9 age group (4+3 p= 0.3566, 4+6 p= 0.0043, 4+9 p= 0.0096, 4+12 p= 0.6028).  

The pL2.Lgr5.N2fl/fl mice usually did not show any development of esophageal squamous cell 

carcinomas (in fact only one mouse of the 4+9 age group showed macroscopic esophageal lesions). 

The decrease in ESCC appearance in pL2.Lgr5.N2fl/fl mice did not reach significance. 
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Figure 5.19 Macroscopic Pictures and Macroscopic Score of pL2.Lgr5.N2fl/fl mice.  
A-D) Macroscopic Pictures of pL2.Lgr5 control mice of the different time points A) 4+3 months, B) 4+6 months, 

C) 4+9 months, D) 4+12 months; E-H) Macroscopic Pictures of pL2.Lgr5.N2fl/fl mice of the different time points 
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E) 4+3 months, F) 4+6 months, G) 4+9 months, H) 4+12 months; I) ) Quantification of Macroscopic Score in the 

Cardia region; J) ) Quantification of Macroscopic Score in the Esophagus. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 0,5cm; 2mm) 

 

 

Knocking down Notch2 in Lgr5+ cells decreases development of metaplastic and dysplastic 

lesions 

The reduced phenotype in pL2.Lgr5.N2fl/fl mice, as demonstrated by decreased macroscopic lesions, 

was also supported by the metaplastic score (see Figure 5.20) which is decreased in the pL2.Lgr5.N2fl/fl 

mice compared to the controls. This decrease is significant in the oldest 4+12 months old mice (p= 

0.0086) and was significantly lower in the 4+12 age group compared to the 4+9 age group (p= 0.0109). 

The dysplastic score of pL2.Lgr5.N2fl/fl mice was significantly decreased in the 4+12 months old mice 

(p= 0-0262). There was a significant decrease in the dysplastic score of pL2.Lgr5.N2fl/fl mice of the 

youngest 4+3 months old group and the oldest 4+12 months old group (p= 0.038).  
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Figure 5.20 Evaluation of Metaplasia and Dysplasia of pL2.Lgr5.N2fl/fl mice by Haematoxylin and 

Eosin Staining (H&E). 
A-D) Haematoxylin and Eosin Stain in pL2.Lgr5 control mice of the different time points, A) 4+3 months, B) 4+6 

months, C) 4+9 months, D) 4+12 months; E-H) Haematoxylin and Eosin Stain in pL2.Lgr5.N2fl/fl mice of the 

different time points, E) 4+3 months, D) 4+6 months, F) 4+9 months, H) 4+12 months; I) Metaplastic Score in 

pL2.Lgr5.N2fl/fl mice. J) Dysplastic Score in pL2.Lgr5.N2fl/fl mice. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Lgr5 cells are the origin of metaplastic mucus producing cells  

Lineage tracing experiments, revealing the progeny of a single Lgr5 cell, in pL2.Lgr5.N2fl/fl mice (see 

Figure 5.21) showed positive enzymatic staining of the whole Barrett area for all analyzed mice. Proving 
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the concept of our genetic model, with Lgr5 being the actively dividing stem cell.  The whole Barrett 

area is lineage traced for both Lgr5 mouse lines (pL2.Lgr5.N2fl/fl and pL2.Lgr5). In the pL2.Lgr5.N2fl/fl 

mice the marked Barrett area is mainly composed of mucus producing cells (see Figure 5.21).  

 

Figure 5.21 Lineage tracing in pL2.Lgr5.N2fl/fl.LacZ mice and pL2.Lgr5.LacZ control mice. 
A) pL2.Lgr5.LacZ control mice; B) pL2.Lgr5.N2IC.LacZ mice both 4+3 months old; C) pL2.Lgr5.LacZ control 

mice; B) pL2.Lgr5.N2IC.LacZ mice both 4+6 months old (Scale Bars 400µm; 100µm) 
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The survival rate of pL2.Lgr5.N2fl/fl is the same as pL2.Lgr5  

The occurrence of smaller dysplastic lesions in pL2.Lgr5.N2fl/fl mice point to a better condition of these 

mice. This is also supported by the slightly higher body weight of pL2.Lgr5.N2fl/fl mice which is seen in 

males and females, but did not reach significance (males p= 0.9260, females p= 0.6017). Survival of the 

pL2.Lgr5.N2fl/fl mouse line was not impaired compared to pL2.Lgr5 control mice (p= 0.6498) (see 

Figure 5.22 A).  

 

Figure 5.22 Survival and Weight Curves of pL2.Lgr5.N2fl/fl mice compared with controls. 
A) Survival Proportions of pL2.Lgr5.N2fl/fl and pL2.Lgr5 control mice. B) Weight Curves of 

pL2.Lgr5.N2fl/fl females. C) Weight Curves of pL2.Lgr5.N2fl/fl males 

Statistical Analysis for the survival curves was carried out by Log-rank (Mantel-cox) test, for the weight 

curves an unpaired t-test was used. A p-value of ≤ 0.05 and was assumed to be statistically significant. 

 

 

In summary, knockdown of Notch2 in Lgr5+ cells shows a reduction of macroscopic lesions in pL2 mice. 

pL2.Lgr5.N2fl/fl mice show less metaplastic and dysplastic lesions compared to pL2.Lgr5 controls. 

 

 

Elevated differentiation into mucus producing cells and lowered proliferation in 

pL2.Lgr5.N2fl/fl mice  

Notch is known to act directly on differentiation and proliferation decisions with major importance in 

the gastrointestinal tract. Therefore differentiation into mucus producing cells in mice of the 

pL2.Lgr5.N2fl/fl line was determined by PAS staining and scoring of a pathologist. Notch2 knockdown 
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specifically in Lgr5 cells in pL2.Lgr5.N2fl/fl mice resulted in a massive increase in PAS positive areas of 

the Barrett region, as shown in Figure 5.23. This increase was significant in all given time points (4+3 

p= 0.0034, 4+6 p= 0.0172, 4+9 p= 0.0024, 4+12 p= 0.0047). The pathologists´ scoring of mucus 

producing cells also shows a slight increase in pL2.Lgr5.N2fl/fl mice which was significant in the 4+12 

age group (4+3 p= 0.9981, 4+6 p= 0.9917, 4+9 p= 0.4596, 4+12 p= 0.0327). Evaluation of the relative 

mRNA-expression of Muc2, a marker for mucus producing cells, showed slightly higher expression 

rates in pL2.Lgr5.N2fl/fl mice (4+6 p= 0.2049, 4+9 p= 0.7553). The relative mRNA-expression of TFF2, 

a marker for CLE, was slightly reduced (4+6 p= 0.5351, 4+9 p= 0.2403). 
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Figure 5.23 Evaluation of differentiation of mucus producing cells in pL2.Lgr5.N2fl/fl mice. 
A-D) PAS and Alcian Blue Stain in pL2.Lgr5 control mice of the different time points A) 4+3 months, B) 4+6 

months, C) 4+9 months, D) 4+12 months; E-H) PAS and Alcian Blue Stain in pL2.Lgr5.N2fl/fl mice of the different 

time points E) 4+3 months, F) 4+6 months, G) 4+9 months, H) 4+12 months; I) Percentage of PAS positive 

regions in the Barrett area of pL2.Lgr5.N2fl/fl mice compared to controls. J) Amount of mucus producing cells in 
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the Barrett area of pL2.Lgr5.N2fl/fl mice. K) Relative mRNA-Expression of Muc2. L) Relative mRNA expression of 

TFF2.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Differentiation values were increased in pL2.Lgr5.N2fl/fl mice. The values of proliferation were 

determined by the percentage of Ki67-positive Barrett area and by counting the number of crypt fission 

events, usually seen in situations of high tissue expansion. The percentage of Ki67 positive BE areas in 

pL2.Lgr5.N2fl/fl mice was unchanged compared to the controls (see Figure 5.24) (4+3 p= 0.9736, 4+6 

p> 0.9999, 4+9 p= 0.3628, 4+12 p= 0.9135). The relative mRNA-expression of Ki67 in pL2.Lgr5.N2fl/fl 

mice and pL2.Lgr5 control mice did not differ significantly (4+6 p= 0.1019, 4+9 p= 0.4308). Crypt fission 

events were largely absent in pL2.Lgr5.N2fl/fl mice. The number of crypt fissions was reduced in 

pL2.Lgr5.N2fl/fl mice compared to controls and reached significance in the 4+9 (p= 0.0056) and 4+12 

(p= 0.0101) age groups.  
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Figure 5.24 Determination of proliferation rate and number of crypt fissions in pL2.Lgr5.N2fl/fl mice.  
A-D) Immunohistochemistry for Ki67 in pL2.Lgr5 control mice of the different time points A) 4+3 months, B) 4+6 

months, C) 4+9 months, D) 4+12 months; E-H) Immunohistochemistry for Ki67 in pL2.Lgr5.N2fl/fl mice of the 

different time points E) 4+3 months, F) 4+6 months, G) 4+9 months, H) 4+12 months; I) Quantification of 

percentage of Ki67 positive cells in pL2.Lgr5.N2fl/fl mice and controls. J) Relative mRNA expression of Ki67. K) 

Number of Crypt fissions per Barrett area.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Knockout of Notch2 leads to decreased number of cancer initiating cells and reduced 

inflammation with no alteration of the inflammatory microenvironment 

Given the decreased pL2 phenotype in pL2.Lgr5.N2fl/fl mice, value of Dclk1+ cancer stem cells was 

expected to be lowered. The number of Dclk1+ cells was determined by IHC for Dclk1 and counting of 

the positively stained cells in the BE area. The number of Dclk1 expressing cells in the pL2.Lgr5.N2fl/fl 

mouse model is presented in Figure 5.25 E-H. The immunohistochemistry for Dclk1 showed a reduction 

in the number of positive cells, which is significant in the 4+6 months old group (p= 0.0014). 

Surprisingly we see a (not significant) increase in the number of Dclk1-expressing cells in the oldest age 

group 4+12 months. The analysis of the relative mRNA-expression of Dclk1 and Lgr5 confirms the IHC 

results. pL2.Lgr5.N2fl/fl mice at the age of 4+6 and 4+9 months tend to have lower expression of both 

Dclk1 and Lgr5 compared to the controls but did not reach significance (Dclk1 4+6 months p= 0.4338, 

4+9 months p= 0.1276; Lgr5 4+6 months p= 0.2356, 4+9 months p= 0.3638).  
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Figure 5.25 Immunohistochemistry and mRNA expression for Dclk1 positive cells in pL2.Lgr5.N2fl/fl 

mice. 
A-D) Representative pictures of immunohistochemistry for Dclk1 in pL2.Lgr5 control mice A) 4+3 months, B) 

4+6 months, C) 4+9 months, D) 4+12 months; E-H) Representative pictures of immunohistochemistry for Dclk1 

in pL2.Lgr5.N2fl/fl mice E) 4+3 months, F) 4+6 months, G) 4+9 months, H) 4+12 months; I) Quantification 

assessment of number of Dclk1 positive cells in pL2.Lgr5.N2fl/fl and controls. J) Relative mRNA-expression for 

Dclk1 in 4+6 and 4+9 months old mice in BE regions. K) Relative mRNA-expression for Dclk1 in 4+6 and 4+9 

months old mice.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

A mixed chronic and acute inflammation was seen in pL2.Lgr5.N2fl/fl mice and was scored by a 

pathologist. The value of chronic inflammation was significantly reduced in the 4+12 age group of 

pL2.Lgr5.N2fl/fl mice compared to the 4+9 age group of the same mouse line (p= 0.0461), and 

compared to the 4+6 age group of pL2.Lgr5.N2fl/fl mice (p= 0.0031). Acute inflammation was 

significantly decreased in the 4+12 age group compared to controls (p= 0.0069). The difference was 

significant between the 4+12 time point and all other age groups (4+3 vs 4+12 p= 0.0049, 4+6 vs 4+12 

p= 0.0005, 4+9 vs 4+12 p= 0.0057) (Figure 5.26). 

 

Figure 5.26: Values of Chronic and Acute Inflammation in pL2.Lgr5.N2fl/fl mice. 
A) Chronic Inflammation, B) Acute Inflammation 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way 

ANOVA and Tukeys multiple comparison test. Asterisks indicate significant differences between the 

groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

No differences in the composition of inflammatory microenvironment in the pL2.Lgr5.N2fl/fl mice 

compared to pL2.Lgr5 control mice in the flow cytometry analysis was seen (see Figure 5.27 and Figure 

5.28). CD45+ cells seem to be slightly lowered in pL2.Lgr5.N2fl/fl mice but did not reach significance. 

No differences in the values of macrophages, neutrophils, or IMCs was noted between pL2.Lgr5.N2fl/fl 

mice and controls. CD3+/CD4+ cells as well as CD3+/CD8+ cells were not significantly altered between 

the two mouse lines. The values of gdT+ cells and NK1.1+ cells did not show differences between 

pL2.Lgr5.N2fl/fl and pL2.Lgr5 controls (Figure 5.28). 
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Figure 5.27: Representative pictures of myeloid cell and T-cell distribution in pL2.Lgr5.N2fl/fl and pL2.Lgr5 mice of the 4+3 and 4+6 time point
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Figure 5.28: Flow cytometric Analysis of Myeloid and T-Cells of pL2.Lgr5.N2fl/fl mice in the Cardia 

region 
A-D) Quantification of Myeloid cells, A) CD45+, B) macrophages CD11b+ F480+ ly6G- %CD45 cells, C) 

neutrophils CD11b+ F480- ly6G+ %CD45+ cells, D) IMCs CD11b+ ly6C+ ly6G+ %CD45 cells. E-H) Quantification of 

T-cells, E) CD3+ CD4+ , F) CD3+ CD8+ , G) CD3+ CD4- CD8- gdT+, H) CD3+ CD4- CD8- NK1.1+. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****)  
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In summary the data shows a reduced pL2 phenotype in the pL2.Lgr5.N2fl/fl mice with less metaplastic 

and dysplastic lesions. The seen metaplastic lesions consist of more mucus producing cells compared 

to the controls. Proliferation values were lowered in these mice. pL2.Lgr5.N2fl/fl mice show a decrease 

in acute and chronic inflammation at a late time point and a reduction of cancer stem cells. The values 

of the immune cells was not altered at the examined time points.  

 

 

 

5.1.4. Characterization of Lgr5 specific knockdown of Notch1 (pL2.Lgr5.N1fl/fl) 

To evaluate the effect of Notch1 knockdown specifically in Lgr5 cells at the gastric cardia in an 

inflammatory environment pL2.Lgr5.N1fl/fl mice were used, which results will be presented in the 

following section. pL2.Lgr5.N1fl/fl mice possess a floxed Notch1 gene which, upon tamoxifen 

treatment, becomes inactive specifically in the Lgr5-Cre expressing cells. Cre-recombinase is induced 

at 4 months of age by administration of tamoxifen, mice were sacrificed at 3, 6, 9, and 12 months after 

induction or upon severe signs of illness.   

Inactivation of active Notch signaling was determined by IHC for Notch and relative mRNA expression 

values of Notch1 in the cardia region. The amount of nuclei stained positive for Notch was lowered in 

pL2.Lgr5.N1fl/fl mice (see Figure 5.29). This decrease was significant in the 4+12 age group (4+3 p= 

0.9947, 4+6 p= 0.6589, 4+9 p= 0.0621, 4+12 p= 0.0234). The analysis of relative mRNA-expression of 

Notch1 could show a decrease in both examined time points, with significance in the later time point 

(4+6 p= 0.2676, 4+9 p= 0.0303). 
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Figure 5.29 Evaluation of Notch expression in pL2.Lgr5.N1fl/fl mice. 
A-H) Immunohistochemical staining of Notch2 intracellular domain in A-D) pL2.Lgr5 control mice of the 

different time points A) 4+3 months, B) 4+6 months, C) 4+9 months, D) 4+12 months; E-H) pL2.Lgr5.N1fl/fl mice 

of the different time points. E) 4+3 months, F) 4+6 months, G) 4+9 months, H) 4+12 months, I) Number of 

nuclei stained positive for Notch. J) Relative mRNA-Expression of Notch1 of 4+6 and 4+9 old mice.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

pL2.Lgr5.N1fl/fl mice show an intermediate phenotype with lowered survival  

Analysis of the macroscopic lesions in pL2.Lgr5.N1fl/fl mice was carried out measuring the size and 

abundance of tumorigenic lesions in the cardia region. Evaluation of macroscopic pictures of 
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pL2.Lgr5.N1fl/fl mice in comparison with pL2.Lgr5 controls (as shown in Figure 5.30), shows a slight 

(but not significant) increase in macroscopic score in pL2.Lgr5.N1fl/fl mice at all examined time points 

(4+3 p= 0.9061, 4+6 p= 0.0595, 4+9 p= 0.7154, 4+12 p= 0.0761). The macroscopic score in 

pL2.Lgr5.N1fl/fl mice shows a slight increase over time, but did not reach significance.  

A massive increase in occurrence and size of esophageal squamous cell carcinomas (ESCC) could be 

monitored in pL2.Lgr5.N1fl/fl mice compared to pL2.Lgr5 controls, especially at the 4+6 and 4+9 time 

point (4+6 p= 0.0074, 4+9 p< 0.0001). ESCC tumor load in pL2.Lgr5.N1fl/fl mice increased over time, 

reaching the highest values in the 4+9 age group. The increase was highly significant comparing 

pL2.Lgr5.N1fl/fl mice of the 4+9 age group with mice of the 4+3 age group (p< 0.0001) and also reached 

significance comparing mice of 4+9 age group to mice of the 4+6 age group (p= 0.0178). Mice that 

reached the oldest age group 4+12 of the pL2.Lgr5.N1fl/fl mouse line showed a decrease in ESCC 

occurrence compared to the 4+9 age group (p= 0.0002). 
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Figure 5.30 Macroscopic Pictures and Macroscopic Score of pL2.Lgr5.N1fl/fl mice  
A-D) Macroscopic Pictures of pL2.Lgr5 control mice of the different time points A) 4+3 months, B) 4+6 months, 

C) 4+9 months, D) 4+12 months; E-H) Macroscopic Pictures of pL2.Lgr5.N1fl/fl mice of the different time points 
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E) 4+3 months, F) 4+6 months, G) 4+9 months, H) 4+12 months; I) ) Quantification of Macroscopic Score in the 

Cardia region; J) ) Quantification of Macroscopic Score in the Esophagus.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 0,5cm; 2mm) 

 

 

As presented in Figure 5.30 mice of the pL2.Lgr5.N1fl/fl mouse line often develop large esophageal 

squamous cell carcinomas. pL2.Lgr5.N1fl/fl mice show a significantly decreased survival (p= 0.0100) 

compared to the controls (Figure 5.31), possibly induced by the above mentioned occurrence of 

massive ESCCs in pL2.Lgr5.N1fl/fl mice. This usually resulted in a bad condition of the mice which had 

to be sacrificed due to ethical reasons. The weight between pL2.Lgr5.N1fl/fl and pL2.Lgr5 control 

mouse lines did not differ in both sexes (males p= 0.9675, females p= 0.3589). 

 

Figure 5.31 Survival and Weight Curves of pL2.Lgr5.N1fl/fl mice compared with controls. 
A) Survival Proportions of pL2.Lgr5.N1fl/fl and pL2.Lgr5 control mice. B) Weight Curves of 

pL2.Lgr5.N1fl/fl females. C) Weight Curves of pL2.Lgr5.N1fl/fl males. 

Statistical Analysis for the survival curves was carried out by Log-rank (Mantel-cox) test, for the weight curves 

an unpaired t-test was used. A p-value of ≤ 0.05 and was assumed to be statistically significant. 

 

 

In summary pL2.Lgr5.N1fl/fl mice show no significantly different cardia phenotype compared to 

controls. The development of large ESCCs resulted in a decreased survival of these mice.  
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No difference in development of metaplasia or dysplasia in pL2.Lgr5.N1fl/fl mice 

Analysis of the seen macroscopical lesions at the cardia of pL2.Lgr5.N1fl/fl mice in H&E slides was 

carried out by a pathologist. The scoring of metaplastic regions in the pL2.Lgr5.N1fl/fl mice showed no 

significant differences to the pL2.Lgr5 age matched controls at any given time point (4+3 p> 0.9999, 

4+6 p= 0.0547, 4+9 p= 0.8309, 4+12 p> 0.9999) (see Figure 5.32). The dysplastic score of 

pL2.Lgr5.N1fl/fl mice did not show significant differences to the pL2.Lgr5 controls (4+3 p> 0.9999, 4+6 

p= 0.4848, 4+9 p> 0.9999, 4+12 p= 0.9012).  

 

Figure 5.32 Evaluation of Metaplasia and Dysplasia by Haematoxylin and Eosin (H&E) Stain of 

pL2.Lgr5.N1fl/fl mice. 
A-D) Haematoxylin and Eosin Stain in pL2.Lgr5 control mice of the different time points, A) 4+3 months, B) 4+6 

months, C) 4+9 months, D) 4+12 months; E-H) Haematoxylin and Eosin Stain in pL2.Lgr5.N1fl/fl mice of the 

different time points, E) 4+3 months, D) 4+6 months, F) 4+9 months, H) 4+12 months; I) Metaplastic Score in 

pL2.Lgr5.N1fl/fl mice. J) Dysplastic Score in pL2.Lgr5.N1fl/fl mice. 
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Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Differentiation increases in pL2.Lgr5.N1fl/fl mice whereas proliferation stays rather 

unaffected 

Differentiation and proliferation values were determined using (immunohistochemical) staining 

approaches. The percentage of PAS positive mucus producing areas of the Barrett region (as seen in 

Figure 5.33) showed an increase in pL2.Lgr5.N1fl/fl mice compared to controls at all given time points 

(4+3 p= 0.0099, 4+6 p= 0.0121, 4+9 p= 0.4314, 4+12 p= 0.1676). The pathologists´ score for mucus 

producing cells in pL2.Lgr5.N1fl/fl did not show significant differences compared to the controls (4+3 

p= 0.976, 4+6 p> 0.9999, 4+9 p= 0.9874, 4+12 p> 0.9999). The relative mRNA-expression of Muc2 was 

slightly increase but did not reach significance (4+6 p= 0.7096, 4+9 p= 0.3108). Expression of TFF2 

tended to be lowered in pL2.Lgr5.N1fl/fl mice (4+6 p= 0.3629, 4+9 p= 0.6088). 
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Figure 5.33 Evaluation of differentiation of mucus producing cells in pL2.Lgr5.N1fl/fl mice. 
A-D) PAS and Alcian Blue Stain in pL2.Lgr5 control mice of the different time points A) 4+3 months; B) 4+6 

months; C) 4+9 months; D) 4+12 months; E-H) PAS and Alcian Blue Stain in pL2.Lgr5.N2fl/fl mice of the different 

time points E) 4+3 months; F) 4+6 months; G) 4+9 months; H) 4+12 months; I) Percentage of PAS positive 

regions in the Barrett area of pL2.Lgr5.N1fl/fl mice compared to controls. J) Amount of mucus producing cells in 
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the Barrett area of pL2.Lgr5.N1fl/fl mice. K) Relative mRNA-Expression of Muc2. L) Relative mRNA expression of 

TFF2.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Ki67 immunohistochemical staining was used to measure proliferation and is given as percentage of 

positive cells per Barrett region. As Figure 5.34 shows no significant difference in the percentage of 

Ki67 positive Barrett areas could be seen between the pL2.Lgr5.N1fl/fl and pL2.Lgr5 control mice (4+3 

p> 0.9999, 4+6 p= 0.9043, 4+9 p= 0.9963, 4+12 p> 0.9999). The analysis of the relative mRNA-

expression of Ki67 shows lower expression values in pL2.Lgr5.N1fl/fl mice in the 4+9 time point (4+6 

p= 0.4355, 4+9 p= 0.0380). The number of crypt fissions was assessed in the H&E stained slides and is 

given as number of crypt fissions per Barrett region. The number of crypt fission events did not differ 

between the two mouse models pL2.Lgr5.N1fl/fl and pL2.Lgr5 at any given time point (4+3 p= 0.9843, 

4+6 p= 0.9922, 4+9 p> 0.9999, 4+12 p= 0.9923).  
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Figure 5.34 Determination of proliferation rate and number of crypt fissions in pL2.Lgr5.N1fl/fl mice.  
A-D) Immunohistochemistry for Ki67 in pL2.Lgr5 control mice of the different time points A) 4+3 months; B) 

4+6 months; C) 4+9 months; D) 4+12 months; E-H) Immunohistochemistry for Ki67 in pL2.Lgr5.N1fl/fl mice of 

the different time points E) 4+3 months; F) 4+6 months; G) 4+9 months; H) 4+12 months; I) Percentage of Ki67 

positive cells in pL2.Lgr5.N1fl/fl mice and controls. J) Relative mRNA expression of Ki67. K) Number of Crypt 

fissions per Barrett area.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Knockdown Notch1 in Lgr5+ cells does not change the cancer stem cells nor immune cell 

microenvironment in Barrett lesions 

The number of Dclk1+, putative cancer stem cells in the pL2.Lgr5.N1fl/fl mouse model decreased in 

parallel with the controls (see Figure 5.35), with no visible difference neither in IHC for Dclk1 (4+3 p= 

0.5788, 4+6 p= 0.5698, 4+9 p= 0.9986, 4+12 p= 0.9997) nor in relative mRNA-expression of Dclk1 in 

pL2.Lgr5.N1fl/fl mice compared to controls (4+6 p= 0.8166, 4+9 p= 0.9707). The analysis of mRNA-

expression of Lgr5 in pL2.Lgr5.N1fl/fl mice showed a decrease in both examined time points with 

significance in the 4+9 months old mice (4+6 p= 0.1553, 4+9 p= 0.0479).  
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Figure 5.35 Immunohistochemistry for Dclk1 positive cells and mRNA expression in pL2.Lgr5.N1fl/fl 

mice. 
A-D) Immunohistochemistry for Dclk1 in pL2.Lgr5 control mice A) pL2.Lgr5 4+3 months, B) pL2.Lgr5 4+6 

months, C) pL2.Lgr5 4+9 months, D) pL2.Lgr5 4+12 months; E-H) Immunohistochemistry for Dclk1 in 

pL2.Lgr5.N1fl/fl mice E) pL2.Lgr5.N1fl/fl 4+3 months, F) pL2.Lgr5.N1fl/fl 4+6 months, G) pL2.Lgr5.N1fl/fl 4+9 

months, H) pL2.Lgr5.N1fl/fl 4+12 months. I) Assessment of number of Dclk1 positive cells in pL2.Lgr5.N1fl/fl 

and controls. J) Relative mRNA-expression for Dclk1 in 4+6 and 4+9 months old mice. K) Relative mRNA-

expression for Dclk1 in 4+6 and 4+9 months old mice.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

  

 

Inflammation in pL2.Lgr5.N1fl/fl mice remains unchanged 

The values of chronic inflammation in pL2.Lgr5.N1fl/fl mice do not show a significant difference to the 

values seen in pL2.Lgr5 control mice (Figure 5.36). Only a minor increase in chronic inflammation was 

noted. This trend was also seen in the values of acute inflammation. Acute inflammation in 

pL2.Lgr5.N1fl/fl mice decreased with progressing time, showing a significant decrease in the 4+12 

months old mice compared to 4+6 months old mice (p= 0.0226) and 4+3 months old mice (p= 0.0014). 

 

Figure 5.36: Values of Chronic and Acute Inflammation in pL2.Lgr5.N1fl/fl mice. 
A) Chronic Inflammation, B) Acute Inflammation 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way 

ANOVA and Tukeys multiple comparison test. Asterisks indicate significant differences between the 

groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

  

Taken these results together pL2.Lgr5.N1fl/fl mice show a rather similar phenotype compared to the 

controls in behalf of metaplastic and dysplastic lesions of the cardia region. The mice show decreased 

survival possibly due to the occurrence of large ESCC lesions. pL2.Lgr5.N1fl/fl mice show slightly 

increased differentiation with no effect on the proliferation values. Inflammation status is not changed 

in pL2.Lgr5.N1fl/fl mice compared to controls. 

 

 

 



    Results 

117 

 

5.1.5. Comparison between Lgr5 mouse lines  

In order to compare the different roles of Notch1, Notch2 and Notch2-IC in the development of BE and 

EAC, we here compare all Lgr5-mouse lines pL2.Lgr5.N1fl/fl, pL2.Lgr5.N2fl/fl, and pL2.Lgr5.N2IC with 

each other in an age-matched manner. Values of pL2.Lgr5 control mice are also shown in the figures 

but will not be taken in the statistic comparison. The comparison between each mouse line and the 

control mice pL2.Lgr5 was already performed in the former sections and would lead to a high 

complexity of the figures.   

Nuclear Notch staining was almost exclusively found in pL2.Lgr5.N2IC mice (see Figure 5.37). The 

average number nucleic staining in pL2.Lgr5.N2IC mice ranged from 208.5 to 279 per Barrett lesion, 

whereas we saw a maximum of 0.5 to 1.0 positively stained nuclei in the other Lgr5 mouse lines. The 

comparison of pL2.Lgr5.N2IC mice with the other Lgr5-mouse lines therefore shows highly significant 

differences at all given time points between the pL2.Lgr5.N2IC and pL2.Lgr5.N2fl/fl mice ( p-value < 

0.0001 for all time points) and pL2.Lgr5.N2IC mice in comparison with pL2.Lgr5.N1fl/fl mice ( p-value 

< 0.0001 for all time points). No significant difference between pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl 

was seen.  

 

Figure 5.37 Comparison of Nuclei stained positive for Notch in the different Lgr5-mouse lines.  
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

Enhanced macroscopic score and dysplasia in pL2.Lgr5.N2IC mice and concomitant 

downregulation in pL2.Lgr5.N2fl/fl mice 

The comparison the macroscopic score of the different Lgr5-mouse lines (as shown in Figure 5.38) 

showed comparable results for pL2.Lgr5.N1fl/fl mice, lower value for pL2.Lgr5.N2fl/fl mice and a higher 

value in pL2.Lgr5.N2IC mice compared to controls. The comparison between pL2.Lgr5.N2fl/fl and 

pL2.Lgr5.N2IC mice showed a highly significant difference in all given time points (4+3 p< 0.0001, 4+6 

p< 0.0001, 4+9 p= 0.0002, 4+12 p< 0.0001). Significance between the pL2.Lgr5.N1fl/fl and 
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pL2.Lgr5.N2fl/fl mouse lines can be seen in 4+6 and 4+9 time points (4+3 p= 0.3322, 4+6 p= 0.0030, 

4+9 p= 0.0238, 4+12 p= 0.0608). No significant difference between pL2.Lgr5.N2IC and pL2.Lgr5.N1fl/fl 

mice could be revealed. This indicates that the knockdown of Notch2 in stem cells could partially delay 

the development of macroscopic lesions, while Notch1 knockdown in stem cells seems to have less 

effect on the BE development. The overexpression of Notch2 in stem cells accelerates BE development, 

with an increase in macroscopic lesions. 

 

Figure 5.38 Comparison of Macroscopic Scores of the different Lgr5-mouse lines.  
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The pathologists´ score for metaplastic regions showed similar values in pL2.Lgr5.N1fl/fl mice, lowered 

values in pL2.Lgr5.N2fl/fl and an increase in pL2.Lgr5.N2IC mice compared to the controls. The increase 

in the pL2.Lgr5.N2IC mouse model was seen at all examined time points (see Figure 5.39). The 

pL2.Lgr5.N2fl/fl mice show a decreased value, which was highly significant to the pL2.Lgr5.N2IC mice 

in the 4+12 months old group (p< 0.0001). 
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Figure 5.39 Comparison of the Pathologic Score of Metaplasia in the different Lgr5-mouse lines. 
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The comparison of the values of the dysplastic score between the Lgr5-mouse lines, as seen in Figure 

5.40, again shows no difference in the pL2.Lgr5.N1fl/fl mice, lowered values in pL2.Lgr5.N2fl/fl mice 

and higher values in pL2.Lgr5.N2IC mice. The significant upregulation in pL2.Lgr5.N2IC mice was highly 

significant compared to the pL2.Lgr5.N2fl/fl mice of the 4+6 and 4+12 cohort (p< 0.0001 for both time 

points). An increased dysplastic value was as well noted in the pL2.Lgr5.N2IC mice compared to 

pL2.Lgr5.N1fl/fl mice, which reached significance in the 4+6 cohort (p= 0.0007). 
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Figure 5.40 Comparison of the Pathologic Score of Dysplasia in the different Lgr5-mouse lines. 
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The survival of pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2IC mice was significantly reduced compared to the 

controls. pL2.Lgr5.N1fl/fl mice show a highly significant reduction in survival compared to 

pL2.Lgr5.N2fl/fl mice (p= 0.0022). The survival of pL2.Lgr5.N2IC mice was also reduced significantly 

compared to pL2.Lgr5.N2fl/fl mice (p= 0.0233). No significant difference in the survival proportions of 

pL2.Lgr5.N2IC and pL2.Lgr5.N1fl/fl mice was noted (p= 0.2139).  

 

Figure 5.41: Survival proportions in mice of the Lgr5 line pL2.Lgr5 controls, pL2.Lgr5.N1fl/fl, 

pL2.Lgr5.N2fl/fl, and pL2.Lgr5.N2IC  
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Statistical Analysis for the survival curves was carried out by Log-rank (Mantel-cox) test. A p-value of ≤ 

0.05 and was assumed to be statistically significant. 

 

 

Enhanced differentiation in mucus producing cells in pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl 

mice 

The comparison of percentage-vise differences in PAS-positive regions of the Barrett area displayed a 

significant increase in pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl mice, whereas we see a downregulation in 

pL2.Lgr5.N2IC mice. A significant increase in PAS+ cells in pL2.Lgr5.N2fl/fl mice compared to 

pL2.Lgr5.N2IC mice in all examined age groups (4+3 p < 0.0001, 4+6 p < 0.0001, 4+9 p < 0.0001, 4+12 

p= 0.0020) (Figure 5.42) was noted. pL2.Lgr5.N1fl/fl mice also show significantly more PAS+ cells 

compared to pL2.Lgr5.N2IC mice at almost all time points (4+3 p= 0.0003, 4+6 p= 0.0002, 4+9 p= 

0.2438, 4+12 p= 0.0430). The values of PAS positive cells in each mouse line stays steady across all time 

points. No significant differences were noted comparing pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl mice. 

 

Figure 5.42 Comparison of Percentages of PAS positive Barrett areas in the different Lgr5-mouse 

lines.  
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, 

p≤ 0.0001 ****) 

 

 

A similar distribution was proven by the pathologists´ evaluation of mucus producing cells in the Lgr5 

mouse lines. This analysis shows no difference in the pL2.Lgr5.N1fl/fl mice, but an increase in mucus 

producing cells in the pL2.Lgr5.N2fl/fl mice and a reduction in the pL2.Lgr5.N2IC mice compared to 

controls. When comparing pL2.Lgr5.N2fl/fl mice o pL2.Lgr5.N2IC mice we see a highly significant 

increase in mucus producing cells in the pL2.Lgr5.N2fl/fl mice at all given time points (4+3 p= 0.005, 

4+6 p= 0.0066, 4+9 p= 0.0355, 4+12 p= 0.0004) (Figure 5.43). This reduction in mucus producing cells 
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was also present but less aberrant when comparing pL2.Lgr5.N2IC mice with pL2.Lgr5.N1fl/fl mice. 

Here a significant reduction was noted in the 4+6 cohort (p=0.011). 

 

Figure 5.43 Comparison of amount of mucus producing cells in the different Lgr5-mouse lines.  
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, 

p≤ 0.0001 ****) 

 

 

Massive increase in crypt fission events in pL2.Lgr5.N2IC mice compared to all other 

genotypes 

The analysis of Ki67-positively stained area of Barrett lesions (as shown in Figure 5.44) shows similar 

levels of proliferation in pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl mice compared to the controls. Whereas 

we see a slight increase in the values of pL2.Lgr5.N2IC mice. Comparing the pL2.Lgr5.N1fl/fl and 

pL2.Lgr5.N2fl/fl mice to pL2.Lgr5.N2IC mice, we see an increase in proliferation in the pL2.Lgr5.N2IC 

mice, which reached significance only in the 4+12 time point between pL2.Lgr5.N2fl/fl and 

pL2.Lgr5.N2IC (p= 0.0125).  
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Figure 5.44 Comparison of Percentage of Ki67 positive cells in the Barrett area in the different Lgr5-

mouse lines.  
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The number of crypt fissions (Figure 5.45) was comparable in pL2.Lgr5.N1fl/fl and controls, but was 

lowered in pL2.Lgr5.N2fl/fl mice. A highly significant increase in the number of crypt fission events in 

pL2.Lgr5.N2IC mice was seen compared to all other Lgr5 lines. The number of crypt fission events 

increased over time in the pL2.Lgr5.N2IC mouse line from 1.2 to 2.45. A maximum of 0.3 to 0.5 crypt 

fission events was noted for the other genotypes. A highly significant difference between the Lgr5-

mouse lines was seen when pL2.Lgr5.N2IC mice were compared with pL2.Lgr5.N1fl/fl and 

pL2.Lgr5.N2fl/fl. pL2.Lgr5.N2IC mice showed a highly significant increase at all examined age groups 

(p-values for all comparisons <0.0001). The difference between pL2.Lgr5.N1fl/fl and the 

pL2.Lgr5.N2fl/fl mouse lines was not significant.  
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Figure 5.45 Comparison of number of Crypt fissions present in the different Lgr5-mouse lines.  
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

These data show a high increase in crypt fission events in the pL2.Lgr5.N2IC mouse model, 

accompanied with an increase in macroscopic score and dysplastic lesion, speaking for an accelerated 

disease development. In pL2.Lgr5.N2fl/fl mice we see increased differentiation into mucus producing 

cells and lowered values of proliferation. These mice show a massive decrease in dysplastic lesions and 

macroscopic score, speaking for a lowered disease development and progression.  

 

 

No difference in values of cancer stem cells nor inflammatory microenvironment between the 

Lgr5 mouse lines 

We hypothesized that Notch may directly affect the expansion of progenitor cells in the cardia region 

of our pL2 mice. Slightly lowered values of Dclk1 expressing cells was seen in pL2.Lgr5.N1fl/fl and 

pL2.Lgr5.N2fl/fl mice, with a stronger effect in the pL2.Lgr5.N2fl/fl mice. No effect could be revealed 

when comparing pL2.Lgr5.N2IC mice with controls. The number of Dclk1-positive cells between the 

three Lgr5-mouse lines did not differ significantly at any given time point (Figure 5.46).  
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Figure 5.46 Comparison Number of Dclk1-positive cells in the different Lgr5-mouse lines.  
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The values of acute inflammation reached similar values in all Lgr5 mouse lines (Figure 5.47). Only the 

4+12 cohort of pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl mice showed reduced values. This reduction was 

significant comparing pL2.Lgr5.N2fl/fl mice with pL2.Lgr5.N2IC mice of the 4+12 time point (p< 0.0001) 

and when comparing pL2.Lgr5.N1fl/fl mice with age matched pL2.Lgr5.N2IC mice (p= 0.0095). 

 

Figure 5.47 Comparison of Acute Inflammation values in the different Lgr5-mouse lines.  
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Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 
 

The values of chronic inflammation were increased in the pL2.Lgr5.N2IC mice compared to the 

controls. Whereas we see a decrease in pL2.Lgr5.N2fl/fl mice. In the Lgr5 mouse lines (see Figure 5.48) 

the values of chronic inflammation stays rather at the same level in the early and mid-aged mice. Only 

the oldest pL2.Lgr5.N2IC mice show a significant increase in the dysplastic score of pL2.Lgr5.N2IC mice, 

which was significant when compared to pL2.Lgr5.N2fl/fl age matched controls (p= 0.0002). 

 

Figure 5.48 Comparison of Chronic Inflammation values in the different Lgr5-mouse lines.  
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The values of CD45+ cells seem to be slightly but not significantly increased in pL2.Lgr5.N2IC compared 

to pL2.Lgr5.N2fl/fl mice. A slight increase in macrophages was seen in pL2.Lgr5.N2IC mice compared 

to pL2.Lgr5.N2fl/fl mice. No significant difference was seen in the values of neutrophils in all examined 

mouse lines. An increase in IMCs was seen in pL2.Lgr5.N2IC mice, which was not significant compared 

to pL2.Lgr5.N2fl/fl mice. 
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Figure 5.49: Flow cytometric Analysis of Myeloid Cells of Lgr5 mice in the Cardia region 
A-D) Quantification of Myeloid cells, A) CD45+, B) macrophages CD11b+ F480+ ly6G- %CD45 cells, C) 

neutrophils CD11b+ F480- ly6G+ %CD45+ cells, D) IMCs CD11b+ ly6C+ ly6G+ %CD45 cells. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

CD3+/CD4+ cells seem to be slightly decreased in pL2.Lgr5.N2fl/fl and pL2.Lgr5.N2IC mice compared 

to controls, but did not reach significance. The values of CD3+/CD8+ cells did not differ between the 

genotypes. gdT+ cells were not significantly altered between the examined mouse lines. The values of 

NK1.1+ cells were not impaired by the genotype. 
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Figure 5.50: Flow cytometric Analysis of T-Cells of Lgr5 mice in the Cardia region 
A-D) Quantification of T-cells, A) CD3+ CD4+ , B) CD3+ CD8+ , C) CD3+ CD4- CD8- gdT+, D) CD3+ CD4- CD8- 

NK1.1+ 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

In summary, we see a different phenotype in every Lgr5 mouse line. Overexpression of Notch2 in Lgr5+ 

cells accelerates the pL2 phenotype, which was accompanied with more crypt fission and less 

differentiation in the mice. The knockdown of Notch2 reduces the pL2 phenotype, leading to higher 

levels of differentiation into mucus producing cells. The knockdown of Notch1 in Lgr5+ cells does not 

significantly alter the pL2 phenotype. Our data suggest that Notch1 and Notch2 receptors in stem cells 

play different roles in BE and EAC development. 

 

 

 

5.1.6. In vitro Experiments of the Lgr5 lines 

In order to study the situation of the in vivo model also in an in vitro situation more in detail cells of 

the cardia region of all different Lgr5 mouse lines were isolated. These isolated epithelial cells form 

bubble like structures, which are called spheroids or crypts and can be maintained for several months. 

Isolation and maintenance of cardia crypt cultures was performed as described in section 3.7.1. Some 

of the isolated cells possess stem cell abilities and are able to produce cardia crypts, and are able to 

produce all differentiated cell types of the cardia region [108]. These 3D cell cultures were established 

and described for a number of organs and represent a useful tool for in vitro studies as these can be 

maintained, treated, and analyzed in multiple ways [18, 110-112]. Cardia crypt cultures can be treated, 

monitored, stained and also RNA and protein can be isolated for downstream applications.  
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To assess the functionality of our model Lgr5+ cardia crypts of pL2.Lgr5 mice can be isolated, which 

can produce organoids with all differentiated cell types. The presence of Lgr5-CreEGFP positive cells 

was proven by positive GFP-signaling in the crypts as shown in Figure 5.51. 

 

Figure 5.51: Cardia Crypt of pL2.Lgr5 mice 
In culture showing positive GFP signal in Lgr5+ cells (indicated by arrows) (scale bar= 100 µm). 

 

 

Previous transfection experiments with shRNA against Notch1 or Notch in crypt cultures were carried 

out in our lab. This shRNA expression led to the downregulation of Notch1 or Notch2 in the respective 

Cre-expressing cells (see Appendix Section 8.4.1). These data indicate that Notch inhibition leads to 

lower survival outcomes and elevated differentiation into goblet like cells (see Appendix Section 8.4.2). 

Because these methods were not applicable to a larger amount of cultures we went on isolating crypts 

from all established Lgr5 mouse lines to study their differentiation and growth abilities.  

 

 

Survival and proliferation of pL2.Lgr5.N2IC crypts was enhanced 

Cardia crypt cultures of all different Lgr5 mouse lines were isolated and established. They were 

monitored and expanded regularly, with repetitive medium exchange every second day (see Section 

3.7.3). Pictures were taken 2 days, 4 days and 7 days after isolation (representative pictures can be 

seen in Figure 5.52 A-L). Survival of crypts was evaluated by comparing the number of alive crypts 

counted at day 3 and day 7 after isolation. pL2.Lgr5.N2IC crypts showed significantly better survival 

than the pL2.Lgr5 controls (p= 0.0400), and highly significant increased survival compared to the 
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pL2.Lgr5.N1fl/fl (p= 0.0054) and pL2.Lgr5.N2fl/fl crypts (p= 0.0008) (see Figure 5.52 M). The survival of 

pL2.Lgr5.N1fl/fl crypts and pL2.Lgr5.N2fl/fl was slightly reduced compared to pL2.Lgr5 controls. The 

size of the crypts was determined by measuring the diameter of each crypt. In this setup the size it did 

not differ significantly between the different genotypes. The thickness of the crypts´ wall was assessed 

by subtracting the inner diameter from the outer diameter of the crypts. The crypts´ wall was highly 

significant thicker in pL2.Lgr5.N2fl/fl crypts (p= 0.0091) compared to controls and highly significant 

compared to pL2.Lgr5.N2IC crypts (p= 0.0001) (Figure 5.52 O) speaking for the presence of more mucus 

producing and goblet like cells in the pL2.Lgr5.N2fl/fl crypts. 

 

Figure 5.52: Cardia Crypt Cultures of the different Lgr5 mouse lines at 2, 4, and 7 days after isolation.  
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A-L) Representative Pictures of cardia crypts of the Lgr5 mouse lines in culture from pL2.Lgr5 (A-C), 

pL2.Lgr5.N1fl/fl (D-F), pL2.Lgr5.N2fl/fl (G-I), and pL2.Lgr5.N2IC (J-L). M) Percentage of Crypt Survival; N) Size of 

cardia crypts (in µm); O) Thickness of the Wall of the cardia crypts (in µm).  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (scale bar= 100 µm) 

 

 

Crypt cultures can be embedded, cut and stained as described above (section 3.7.9). The evaluation of 

Ki67 positive staining of crypts of the different Lgr5 mouse lines showed significantly more proliferative 

cells in pL2.Lgr5.N2IC crypts compared to pL2.Lgr5.N2fl/fl crypts (p= 0.0125). No difference between 

proliferation values of the other Lgr5 lines was noted. The relative mRNA expression of Ki67 was 

elevated in pL2.Lgr5.N2IC crypts compared to pL2.Lgr5.N2fl/fl crypts but did not reach significance (p= 

0.0999). 

 

Figure 5.53: Ki67 positive staining in the different Lgr5 mouse lines. 
A-D) Representative Pictures of Ki67 Immunohistochemistry in Lgr5 crypts of A) pL2.Lgr5, B) pL2.Lgr5.N1fl/fl, C) 

pL2.Lgr5.N2fl/fl, D) pL2.Lgr5.N2IC, E) value of Notch positive staining in the different Lgr5 mouse lines; F) 

Relative mRNA expression of Ki67 in cardia crypts of the Lgr5 mouse lines. (Scale bar= 100 µm)  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The value of positive Notch staining was highly increased in pL2.Lgr5.N2IC crypts compared to controls 

(p= 0.0051) as well as pL2.Lgr5.N1fl/fl (p= 0.0011) and pL2.Lgr5.N2fl/fl crypts (p= 0.0005) (see Figure 
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5.54), speaking for the functionality of our in vivo and in vitro models. The relative mRNA expression 

of Notch2 was significantly increased in pL2.Lgr5.N2IC crypts compared to pL2.Lgr5.N2fl/fl crypts (p= 

0.0494). No significant differences were seen in Notch1 expression between the Lgr5 lines. 

 

Figure 5.54: Notch positive staining in the different Lgr5 mouse lines. 
A-D) Representative Pictures of Notch IHC in Lgr5 crypts of A) pL2.Lgr5, B) pL2.Lgr5.N1fl/fl, C) pL2.Lgr5.N2fl/fl, 

D) pL2.Lgr5.N2IC, E) value of Notch positive staining in the different Lgr5 mouse lines. F) Relative mRNA 

expression of Notch1 in cardia crypts of the Lgr5 mouse lines. G) Relative mRNA expression of Notch2 in cardia 

crypts of the Lgr5 mouse lines.  (Scale bar= 100 µm)  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
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Enhanced differentiation in mucus producing cells in pL2.Lgr5.N2fl/fl crypts 

The differences in the thickness of the crypts´ wall was supported by staining for mucus producing cells 

by Periodic Acid Schiff (PAS) staining (see Figure 5.55). pL2.Lgr5.N2fl/fl crypts showed highly significant 

more PAS positive cells compared to pL2.Lgr5 (p= 0.0002) controls, as well as pL2.Lgr5.N1fl/fl (p= 

0.0013) and pL2.Lgr5.N2IC crypts (p< 0.0001). The values of PAS staining in pL2.Lgr5.N2IC crypts was 

lowered, but not significantly. pL2.Lgr5.N1fl/fl crypts showed similar values of PAS stain as the controls. 

Evaluation of Muc2 expression showed elevated levels in pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl crypts, 

which did not reach significance (pL2.Lgr5 vs pL2.Lgr5.N1fl/fl p= 0.3352, pL2.Lgr5 vs pL2.Lgr5.N2fl/fl p= 

0.1644, pL2.Lgr5.N2fl/fl vs pL2.Lgr5.N2IC p= 0.0646). 

 

Figure 5.55: PAS positive staining in the different Lgr5 mouse lines. 
A-D) Representative Pictures of PAS staining in the Lgr5 crypts of A) pL2.Lgr5, B) pL2.Lgr5.N1fl/fl, C) 

pL2.Lgr5.N2fl/fl, D) pL2.Lgr5.N2IC, E) value of Notch positive staining in the different Lgr5 mouse lines. F) 

Relative mRNA expression of Muc2 in cardia crypts of the Lgr5 mouse lines.   

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale bar= 100 µm) 

 

 

This in vitro data supports the above described phenotype seen in the mice of the Lgr5 mouse lines. 

Better survival and enhanced sphere building abilities as well as higher proliferation was shown in 

pL2.Lgr5.N2IC crypts, supporting the phenotype in vivo. Whereas pL2.Lgr5.N2fl/fl crypts, as the in vivo 

model, show higher differentiation values into mucus producing cells, which is also indicated by the 

thickening of the crypts´ wall. 
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Notch inhibitor treatment leading to enhanced differentiation into goblet cells 

As the cardia crypt cultures of the pL2.Lgr5.N2IC line show increased proliferation and lowered 

differentiation values, we asked the question if this phenotype can be reversed by inhibiting Notch 

signaling in the growing cultures. To study the influence of Notch inhibition in the cardia crypts, 

cultured crypts were treated with ƴ-secretase inhibitor (DAPT) every 12h for 24h (see 3.7.5). Control 

crypts were treated in the same manner with the same amount of DMSO. The evaluation 3 days after 

the treatment showed no difference in size of the crypts (data not shown), but significantly increased 

thickness of the crypt wall in all DAPT treated pL2.Lgr5 and pL2.Lgr5.N2IC crypts (see Figure 5.56). 

 

Figure 5.56: Representative pictures of pL2.Lgr5 and pL2.Lgr5.N2IC crypts treated with DMSO 

(=control) or DAPT (y-secretase inhibitor)  
(Scale bar= 100 µm). 

 

 

Active Notch signaling was significantly reduced in pL2.Lgr5.N2IC crypts treated with DAPT (p= 0.0413) 

compared to DMSO treated controls (see Figure 5.57), proven by IHC for Notch. The relative mRNA 

expression values of Notch1 and Notch2 were highly significantly reduced in DAPT treated 

pL2.Lgr5.N2IC crypts, compared to DMSO treated ones. 
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Figure 5.57: Immunohistochemistry for Notch in pL2.Lgr5.N2IC crypts treated with DMSO (=control) 

or DAPT (y-secretase inhibitor).  
A-B) Representative Pictures of Immunohistochemistry for Notch in A) pL2.Lgr5.N2IC crypts treated with 

DMSO, B) pL2.Lgr5.N2IC crypts treated with DAPT. C) Quantification of active Notch signaling in pL2.Lgr5.N2IC 

crypts. D-E) Relative mRNA expression values of D) Notch1, and E) Notch2. 

Data is presented as means ± standard deviation. Statistical analysis was performed using unpaired t-test. 

Asterisks indicate significant differences between the groups  

(p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
 

 

The evaluation of staining for PAS in DAPT treated pL2.Lgr5 and pL2.Lgr5.N2IC crypts showed an 

increase in mucus producing cells in the DAPT treated crypts (see Figure 5.58), which was highly 

significant in pL2.Lgr5.N2IC crypts compared to control pL2.Lgr5.N2IC crypts (p= 0.0004). The DMSO 

treated pL2.Lgr5.N2IC crypts showed a significant decrease in mucus producing cells compared to 

DMSO treated pL2.Lgr5 crypts (p= 0.0362). A highly significant increase in Muc2 expression in 

pL2.Lgr5.N2IC crypts treated with DAPT compared to DMSO treated controls was seen (p= 0.0084). 

The evaluation of Ki67 staining showed no significant difference in the treated crypts. A trend towards 

lower proliferation values in the DAPT treated crypts of both evaluated lines could be seen. Relative 

Ki67 expression was lowered by DAPT treatment in pL2.Lgr5.N2IC crypts but did not reach significance.  
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Figure 5.58: Proliferation and Differentiation in DAPT and DMSO treated pL2.Lgr5.N2IC and pL2.Lgr5 

control crypts. 
Evaluation of immunohistochemistry for A) PAS staining and B) Ki67 staining in pL2.Lgr5 and pL2.Lgr5.N2IC 

crypts treated with DMSO (=control) or DAPT (y-secretase inhibitor).  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test A-B) or unpaired t-test in C-D). Asterisks indicate significant differences 

between the groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

Cytokine treatment enhances proliferation and Notch expression 

To study the effect of elevated cytokine expression on the cultured crypts, cultured cardia crypts were 

treated with IL-1b and IL-6 every 24h for 48h (see 3.7.5) after passaging. Their growth was evaluated 

3 and 6 days after treatment.  

Cardia crypts of the Lgr5 mouse lines were treated with IL-1b and IL-6. Cytokine treated crypts showed 

and increased size compared to the untreated controls (see Figure 5.59). Evaluation of PAS+ staining 

showed significant differences between pL2.Lgr5.N2fl/fl and pL2.Lgr5.N2IC crypts in the amount of 

PAS+ staining (p= 0.0022). The values of mucus producing cells were lowered by cytokine treatment. 

The values of Notch signaling seem to be increased in the IL-1b treated crypts but did not reach 

significance.  
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Figure 5.59: Cardia crypts of the different Lgr5 mouse lines treated with IL-1β and IL-6. 
A-L) Representative pictures of cardia crypts 3 days after cytokine treatment. A-C) pL2.Lgr5, D-F) 

pL2.Lgr5.N1fl/fl, G-I) pL2.Lgr5.N2fl/fl, J-L) pL2.Lgr5.N2IC. M-O) Evaluation of immunohistochemistry of M) PAS, 
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N) Ki67 and O) Notch of the different Lgr5 mouse lines. Data is presented as means ± standard deviation. 

Statistical analysis was performed using one-way ANOVA and Tukeys multiple comparison test. Asterisks 

indicate significant differences between the groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The cytokine treated crypts were expanded further and used for RNA isolation (as described in 3.7.7). 

The relative mRNA expression of several genes was checked (see Figure 5.60). Muc2 expression, which 

can been seen as a marker for mucus producing cells, was higher in pL2.Lgr5.N1fl/fl and 

pL2.Lgr5.N2fl/fl crypts compared to the controls and pL2.Lgr5.N2IC crypts, which showed low values 

of mucus producing cells. The Muc2 expression was in general decreased by the cytokine treatment 

but did not reach significance. IL-1b treatment slightly increased the proliferation value (given by Ki67 

relative mRNA expression) in all genotypes. IL-6 treatment did not show an effect on Ki67 expression. 

Both Notch1 and Notch2 expression were slightly elevated by the cytokine treatment in most 

genotypes, but did not reach significance. 
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Figure 5.60: Relative mRNA expression in Lgr5 cardia crypts treated with Cytokines IL-1b and IL-6 

A) Muc2; B) Ki67; C) Notch1; D) Notch2. Data is presented as means ± standard deviation. Statistical analysis 

was performed using one-way ANOVA and Tukeys multiple comparison test. 

 

 

 

5.1.7. Gene Expression Analysis of the different Lgr5 mouse lines 

In order to understand the mechanism of increasing phenotype in pL2.Lgr5.N2IC mice and reducing 

phenotype in pL2.Lgr5.N2fl/fl mice, next we screened the transcriptional activity in the cardia regions 

of pL2.Lgr5.N2IC, pL2.Lgr5.N2fl/fl, pL2.Lgr5.N1fl/fl mice (all 4+6 months old), and pL2 12 months old 

mice by microarray technology. Microarray analysis was carried out to characterize gene expression in 

response to Notch1 and Notch2 knockdown and Notch2 overexpression, in order to further 

understand the molecular mechanisms underlying cell cycle control, tumor cell metabolism, apoptosis, 

and tumor cell survival in the different Lgr5 mouse lines. 

Gene expression profiling analysis was performed to check for differentially regulated genes in the 

cardia region between pL2 control mice and the different Lgr5 mouse lines (pL2.Lgr5.N2IC, 

pL2.Lgr5.N2fl/fl, and pL2.Lgr5.N1fl/fl). Therefore cardia tissue of typical metaplastic tissue of the mice 

was used to extract RNA as described in Section 3.4.1 and executed on an Affimetrix array. As in 

previous publications [219] genes were defined to be upregulated if they showed a ≥ 1.5 fold increase 

in gene expression, down regulation was defined as ≤ 0.67 fold decrease in gene expression (both in 

combination with an adjusted p-value of <0.05).  

The microarray results were further analyzed using gene enrichment analysis (GSEA) online system. 

The differently regulated gene set was further compared to the BIOCARTA data set. 
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Gene expression results of pL2.Lgr5.N2IC mice 

In the pL2.Lgr5.N2IC mice 244 genes were found to be significantly upregulated, 525 were downregulated (based on cut-offs of fold changes >1.5 or <0.67 and 

p-values of <0.5).  Some selected genes are listed in Table 4.  Most of the upregulated genes were functionally clustered to cytokines and chemokines and their 

receptors (Tnfsf10, Csf1r, Ccl27a, Ccrl2, Crr8, and CCr3).  Furthermore an upregulation in genes related in cell metabolism and viability was noted (e.g. Itgb8, 

Igf2). An enhancement of extracellular enzymes (Mmp7) and notch downstream signaling (Hey1) also show an up-regulation.  A downregulation was noted in 

genes encoding for cytokines (like Tnfsf21, Tnfsf1b, IL18, Wnt11), extracellular molecules (Mmp15, Mmp28, and Muc16), as well as in receptors and cell signaling 

(e.g. Tlr4, Adora1, Tlr2, Notch4). 

 

Table 4: Selected up- and down-regulated genes in pL2.Lgr5.N2IC mice compared to pL2 control mice (based on cut-offs of fold changes >1.5 or <0.67 and p-
values of <0.5). 

Up-regulated Symbol Description Main function FC P.Value 

Cytokines & their 

receptors 

Tnfsf10 

tumor necrosis factor 

(ligand) superfamily, 

member 10 

Member of tumor necrosis factor (TNF) ligand family. 

Induces apoptosis in transformed and tumor cells, binds to 

several members of TNF receptor superfamily  3,05374731 0,00386947 

 

Csf1r 

colony stimulating factor 

1 receptor 

Receptor for colony stimulating factor 1, a cytokine which 

controls the production, differentiation, and function of 

macrophages 1,55737919 0,02663911 

Chemokines & their 

receptors 
Ccl27a 

chemokine (C-C motif) 

ligand 27A 

Ligand for CC chemokine receptor (CCR) 10, produced by 

keratinocytes, induced by TNFα und IL-1b 2,48718389 0,00132564 

 

Ccrl2 

chemokine (C-C motif) 

receptor-like 2 

Involved in recruitment of effector immune cells, highly 

expressed in primary neutrophils and primary monocytes. 1,69474195 0,02414905 

 

Ccr8 

chemokine (C-C motif) 

receptor 8 

Regulation of monocyte chemotaxis and thymic cell 

apoptosis. positioning of activated T cells within the 

antigenic challenge sites 1,6765422 0,00695691 
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Ccr3 

chemokine (C-C motif) 

receptor 3 

Binds and responds to a variety of chemokines. highly 

expressed in eosinophils and basophils, and is also detected 

in TH1 and TH2 cells, 1,56132148 0,01190013 

Cell Metabolism 
Itgb8 integrin beta 8 

Binds noncovalently to an alpha subunit to form a 

heterodimeric integrin complex, important in cell-cell and 

cell-extracellular matrix interactions 1,74205012 0,01880843 

Cell viability Igf2 

insulin-like growth factor 

2 

Insulin family of polypeptide growth factors, involved in 

development and growth. imprinted gene, 1,52997545 0,05615328 

Extracellular enzymes/ 

molecules 
Mmp7 

matrix metallopeptidase 

7 

Enzyme with broad substrate specificity in extracellular 

matrix. Promotes wound healing, angiogenesis, tumor 

invasion and metastasis. 6,83599741 0,00093861 

Intracellular transport Cts8 cathepsin 8 

Also called CTS2, similar to Cathepsin L, major role in 

intracellular protein catabolism, embryonic development 

and apoptosis 1,79267228 0,01117353 

Receptors & cell 

adhesion/signaling 
Hey1 

hairy/enhancer-of-split 

related with YRPW motif 

1 

Transcriptional repressor, expression is induced by the Notch 

and c-Jun signal transduction pathways, implicated role in 

neurogenesis and somitogenesis. 
3,397690721 0,001752124 

Down-regulated      

Cytokines & their 

receptors 
Tnfrsf21 

tumor necrosis factor 

receptor superfamily, 

member 21 

Induces cell apoptosis, acts in T-helper cell activation, 

inflammation and immune regulation.  0,65758897 0,01275457 

 Tnfrsf1b 

tumor necrosis factor 

receptor superfamily, 

member 1b 

Member TNF-receptor superfamily, mediates the 

recruitment of two anti-apoptotic proteins, c-IAP1 and c-

IAP2, potentiate TNF-induced apoptosis  0,57210455 0,03754449 
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 Il18 interleukin 18 

Proinflammatory cytokine that augments natural killer cell 

activity in spleen cells, and stimulates interferon gamma 

production in T-helper type I cells 0,51783672 0,00035904 

 Wnt11 

wingless-type MMTV 

integration site family, 

member 11 

WNT gene family member, oncogenesis, developmental 

processes, cell fate and patterning during embryogenesis. 0,42789031 0,0010972 

Cell Metabolism 
Itga7 integrin alpha 7 

Member if integrin alpha chain family. Important in cell-cell 

and cell-matrix interactions, role in cell migration, 

morphologic development, differentiation, and metastasis. 0,40168995 0,00114822 

Cell viability Casp6 caspase 6 

Member of cysteine-aspartic acid protease (caspase) family 

of enzymes, plays a role in cell apoptosis 0,6335633 0,01175598 

Extracellular enzymes/ 

molecules 
Mmp15 

matrix metallopeptidase 

15 

Involved in breakdown of extracellular matrix in normal 

physiological processes, and disease processes, like 

metastasis. Involved cancer progression 0,56902303 0,03190997 

 Mmp28 

matrix metallopeptidase 

28 (epilysin) 

Involved in breakdown of extracellular matrix for normal 

physiological processes, and disease processes. Important in 

tissue homeostasis and in wound repair. 0,48226217 0,00144609 

 Muc16 mucin 16 

A cell surface associated mucin, associated with cell 

adhesion 0,4570659 0,02825931 

Receptors & cell 

adhesion/signaling 
Tlr4 toll-like receptor 4 

Toll-like receptor (TLR) family member, pathogen 

recognition and activation of innate immunity. 0,58389631 0,01971579 

 Adora1 adenosine A1 receptor 

Member of G-protein coupled receptor 1 family. Adenosine 

receptors, kidney function and ethanol intoxication.  0,46895284 0,00701069 

 Tlr2 toll-like receptor 2 

Toll-like receptor (TLR) family member, role in pathogen 

recognition and activation of innate immunity, promotes 

apoptosis.  0,37916099 0,02452647 
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Notch4 notch 4 

Member of the NOTCH family. Role in vascular, renal and 

hepatic development.  0,57551064 0,01107267 

 

 

Gene expression results of pL2.Lgr5.N2fl/fl mice 

Analysis of the microarray data of pL2.Lgr5.N2fl/fl mice showed 313 genes significantly upregulated, and 358 downregulated genes (based on cut-offs of fold 

changes >1.5 or <0.67 and p-values of <0.5).  Some selected genes are listed in Table 5.  Only some cytokine and chemokine related genes appear to be upregulated 

in pL2.Lgr5.N2fl/fl mice (like Tnfsf10, IL7r, Tnfsf19, and Cxcl10). Whereas a massive upregulation of extracellular enzymes and molecules specifically of the mucin 

family (Muc3, Muc2, Muc6, as well as Timp3 and Mmp2) was observed.  A downregulation was seen in genes encoding for cytokines (Tnfsf9, IL17a), chemokines 

(Cxcl5, Cxcl3) and extracellular enzymes (like Mmp1b, Mmp15, Mmp28, Mmp8, and Arg1). Genes for cell viability (Angptl6) and cell signaling (Tlr4, Tlr3, Tlr5, and 

Hif1a) were found to be reduced.  

 

Table 5: Selected genes up- and down-regulated in pL2.Lgr5.N2fl/fl mice compared to pL2 control mice (based on cut-offs of fold changes >1.5 or <0.67 and p-

values of <0.5). 

Up-regulated Symbol Description Main function FC P.Value 

Cytokines & their 

receptors 
Tnfsf10 

tumor necrosis factor 

(ligand) superfamily, 

member 10 

This protein binds to several members of TNF receptor 

superfamily, induces apoptosis in transformed and tumor 

cells. 3,23773955 0,00062891 

 Il7r interleukin 7 receptor 

Receptor for interleukin 7 (IL7), lymphocyte development, 

involved in immunodeficiency. 1,61146077 0,01704981 

 Tnfrsf19 

tumor necrosis factor 

receptor superfamily, 

member 19 

Highly expressed during embryonic development. Induces 

apoptosis, has an essential role in embryonic development.  1,58214916 0,03246295 
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Chemokines & their 

receptors 
Cxcl10 

chemokine (C-X-C motif) 

ligand 10 

Ligand for the receptor CXCR3. Acts in stimulation of 

monocytes, natural killer and T-cell migration, and 

modulation of adhesion molecule expression. 1,48695369 0,0429434 

Extracellular enzymes/ 

molecules 
Muc3 mucin 3, intestinal 

An intestinal glycoprotein involved in conferring mucous 

viscoelasticity 22,7818679 0,0114465 

 Muc2 mucin 2 

Mucins glycoproteins produced by many epithelial tissues, 

protects the gut lumen.  13,8252453 0,02772912 

 Timp3 

tissue inhibitor of 

metalloproteinase 3 

Inhibitor of the matrix metalloproteinases, localized to the 

extracellular matrix. 2,65494852 0,01120865 

 Muc6 mucin 6, gastric 

Gastric mucin, used for epithelial cytoprotection from acid, 

proteases, pathogenic microorganisms, and mechanical 

trauma in the gastrointestinal tract 2,42955056 0,00188694 

 Mmp2 matrix metallopeptidase 2 

Is located at cell membrane. Has roles in the nervous 

system, endometrial menstrual breakdown, regulation of 

vascularization, and metastasis. 1,58844406 0,00301789 

Receptors & cell 

adhesion/signaling Cd34 CD34 antigen 

Act in attachment of stem cells to the bone marrow 

extracellular matrix or to stromal cells. 1,87512794 0,00262481 

Down-regulated      

Cytokines & their 

receptors 
Tnfsf9 

tumor necrosis factor 

(ligand) superfamily, 

member 9 

Acts as a ligand for TNFRSF9/4-1BB, important in antigen 

presentation process and in the generation of cytotoxic T 

cells. 0,62518507 0,04103625 

 Il17a interleukin 17A 

Proinflammatory cytokine produced by activated T cells. 

Regulates the activities of NF-kappaB, can stimulate the 

expression of IL6 and cyclooxygenase-2 (PTGS2/COX-2). 0,60044607 0,00871849 
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Chemokines & their 

receptors 
Cxcl5 

chemokine (C-X-C motif) 

ligand 5 

Recruits neutrophils, to promote angiogenesis and to 

remodel connective tissues. It is thought to play a role in 

cancer cell proliferation, migration, and invasion 0,31728592 0,02174023 

 Cxcl3 

chemokine (C-X-C motif) 

ligand 3 

A secreted growth factor that signals through the G-protein 

coupled receptor, CXC receptor 2, plays a role in 

inflammation and as a chemoattractant for neutrophils. 0,19510408 0,0176289 

Cell viability 
Angptl6 angiopoietin-like 6 

Angiopoietin-related growth factor antagonizes obesity and 

insulin resistance 0,65793059 0,00547608 

Extracellular enzymes/ 

molecules 
Mmp1b 

matrix metallopeptidase 

1b (interstitial 

collagenase) 

An extracellular matrix-degrading enzymes, acts in tissue 

remodeling, wound repair, progression of atherosclerosis 

and tumor invasion.  0,67593161 0,02008639 

 Mmp15 

matrix metallopeptidase 

15 

Acts in embryonic development, reproduction, and tissue 

remodeling, as well as in disease processes, such as arthritis 

and metastasis. 0,60642671 0,02501004 

 Mmp28 

matrix metallopeptidase 

28 (epilysin) 

Acts in embryonic development, reproduction, and tissue 

remodeling, arthritis and metastasis. Has a role in tissue 

homeostasis and in wound repair. 0,49785883 0,00047562 

 Arg1 arginase, liver Catalyzes the hydrolysis of arginine to ornithine and urea.  0,42030118 0,01250716 

 Mmp8 matrix metallopeptidase 8 

Functions in the degradation of type I, II and III collagens in 

embryonic development, reproduction, and tissue 

remodeling, arthritis and metastasis. 0,40641338 0,03859761 

Receptors & cell 

adhesion/signaling Tlr4 toll-like receptor 4 

Involved in pathogen recognition and activation of innate 

immunity, mediates the production of cytokines.  0,66009707 0,03091586 

 Hif1a 

hypoxia inducible factor 1, 

alpha subunit 

Acts in response to hypoxia by activating energy 

metabolism, angiogenesis, and apoptosis. 0,65702599 0,00979256 
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 Tlr3 toll-like receptor 3 

Has a role in pathogen recognition and activation of innate 

immunity. Induces the activation of NF-kappaB and the 

production of type I interferons.  0,6288925 0,0225564 

 Tlr5 toll-like receptor 5 

Plays a fundamental role in pathogen recognition and 

activation of innate immune responses. Activation of this 

receptor mobilizes the nuclear factor NF-kappaB 0,57087627 0,00527353 

 

 

Gene expression results of pL2.Lgr5.N1fl/fl mice 

Analysis of the microarray data of pL2.Lgr5.N1fl/fl mice showed 209 significantly upregulated genes and 488 downregulated genes (based on cut-offs of fold 

changes >1.5 or <0.67 and p-values of <0.5).  Some selected genes are listed in Table 6.  Genes encoding for Cytokines (Tnfsf10) and chemokines (Cxcl12, Cxcl11, 

and Ccl11) were significantly upregulated in pL2.Lgr5.N1fl/fl mice.  Genes involved in cell viability (Igf1, Fgf1) and cell metabolism (Lepr) were enhanced. An 

upregulation of extracellular enzymes (like Muc3, Muc6, Mmp7, Mmp19, Krt9, and Krt34) was noted, as well as further receptor and cell signaling genes (Tlr1, 

Msr1).  Many cytokines and their receptors   involved in Wnt signaling (Wnt3a, Wnt11, and Wnt7b) or interleukins (IL17a, IL23a, IL1b, IL1a) and extracellular 

enzymes like Mmp28 are significantly downregulated.  

 

Table 6: Selected genes up- and down-regulated in pL2.Lgr5.N1fl/fl mice compared to pL2 control mice (based on cut-offs of fold changes >1.5 or <0.67 and p-

values of <0.5). 

Up-regulated Symbol Description Main function FC P.Value 

Cytokines & their 

receptors 
Tnfsf10 

tumor necrosis factor 

(ligand) superfamily, 

member 10 

Induces apoptosis in transformed and tumor cells. It binds 

to several members of TNF receptor superfamily. 2,45401211 0,01695535 

Chemokines & their 

receptors 

Cxcl12/S

DF-1 

chemokine (C-X-C motif) 

ligand 12 

Extracellular matrix-degrading enzyme. Involved in tissue 

remodeling, wound repair, progression of atherosclerosis 

and tumor invasion.  2,46500664 0,01291437 
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 Cxcl11 

chemokine (C-X-C motif) 

ligand 11 

Antimicrobial gene and member of CXC family. Has a 

fundamental role in development, homeostasis, function of 

the immune system, and angiogenesis.  2,20194431 0,03513364 

 Ccl11 

chemokine (C-C motif) 

ligand 11 

Antimicrobial gene, member of the CC subfamily, displays 

chemotactic activity for eosinophils, and is involved in 

eosinophilic inflammatory diseases. 1,88881407 0,04999455 

Cell viability 
Igf1 

insulin-like growth factor 

1 

Promotes growth and development during fetal and 

postnatal life.  2,87742754 0,00596355 

 Fgf1 fibroblast growth factor 1 

FGF family member, has broad mitogenic and cell survival 

activities. Involved in endothelial cell migration and 

proliferation, acts as an angiogenic factor, involved in 

organogenesis. 2,07811208 0,00815418 

Cell Metabolism 
Lepr leptin receptor 

Receptor for leptin, involved in the regulation of fat 

metabolism, and is required for normal lymphopoiesis. 1,80114926 0,02444258 

Extracellular enzymes/ 

molecules 
Muc3 mucin 3, intestinal 

An intestinal glycoprotein involved in mucous 

viscoelasticity, cell migration, apoptosis, and wound 

healing. 17,134896 0,04697132 

 Mmp7 matrix metallopeptidase 7 

Enzyme with broad substrate specificity in extracellular 

matrix.  Promotes wound healing, angiogenesis, tumour 

invasion and metastasis. 4,13704238 0,00991571 

 Muc6 mucin 6, gastric 

Gastric mucin, a secreted glycoprotein that plays an 

essential role in epithelial cytoprotection. 2,84147346 0,00221439 

 Mmp19 

matrix metallopeptidase 

19 

Functions in the degradation of type I, II and III collagens in 

embryonic development, reproduction, and tissue 

remodeling, arthritis and metastasis. 2,12124755 0,00408802 
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 Krt34 keratin 34 

Member of the keratin gene family, a type I hair keratin 

which heterodimerizes with type II keratins. 1,78474996 0,00412292 

 Krt9 keratin 9 

Member of the keratin gene family, a type I keratin, 

differentiated epidermis of palms and soles. 1,74743482 0,0062316 

Intracellular transport Cts8 cathepsin 8 

Also called CTS2, similar to Cathepsin L, has a major role in 

intracellular protein catabolism, embryonic development 

and apoptosis. 1,71896787 0,0184637 

 Cts7 cathepsin 7 

Similar to Cathepsin L, has a major role in intracellular 

protein catabolism, embryonic development and apoptosis. 1,65094964 0,04567545 

Receptors & cell 

adhesion/signaling Tlr1 toll-like receptor 1 

Member of the Toll-like receptor (TLR) family which plays a 

fundamental role in pathogen recognition and activation of 

innate immunity. 2,31252189 0,01271986 

 Msr1 

macrophage scavenger 

receptor 1 

Implicated in many macrophage-associated physiological 

and pathological processes including atherosclerosis, 

Alzheimer's disease, and host defense. 1,5584723 0,01928809 

Down-regulated      

Cytokines & their 

receptors 
Wnt3a 

wingless-type MMTV 

integration site family, 

member 3A 

WNT gene family member, involved in oncogenesis, 

developmental processes, cell fate and patterning during 

embryogenesis. 0,64982405 0,01021943 

 Wnt11 

wingless-type MMTV 

integration site family, 

member 11 

WNT gene family member, involved in oncogenesis, 

developmental processes, cell fate and patterning during 

embryogenesis. 0,61450524 0,04119544 

 Il17a interleukin 17A 

Proinflammatory cytokine produced by activated T cells. 

Regulates the activities of NF-kappaB, and can stimulate the 

expression of IL6 and cyclooxygenase-2 (PTGS2/COX-2). 0,52274003 0,00595496 
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 Il23a 

interleukin 23, alpha 

subunit p19 

Subunit of IL-23.  Regulates T cells and promotes 

angiogenesis. 0,51447596 0,04925906 

 Wnt7b 

wingless-type MMTV 

integration site family, 

member 7B 

Member of the WNT gene family, implicated in oncogenesis, 

regulation of cell fate and patterning during embryogenesis. 0,40755666 0,01209722 

 IL1b interleukin 1 beta 

Multifunctional, pro-inflammatory, proangiogenic cytokine, 

involved in cell proliferation, differentiation, and apoptosis. 0,40131398 0,03225173 

 Il1a interleukin 1 alpha 

Multifunctional, pro-inflammatory, proangiogenic cytokine. 

Involved in immune responses, inflammatory processes, 

hematopoiesis, and apoptosis. 0,30762878 0,0124928 

Extracellular enzymes/ 

molecules Mmp28 

matrix metallopeptidase 

28 (epilysin) 

Involved in breakdown of extracellular matrix important for 

normal physiological processes, like tissue homeostasis and 

wound repair. Also acts in disease processes, like 

metastasis. 0,52572086 0,00424977 

 

 

Comparison of gene expression between the Lgr5 mouse lines  

For a more comprehensive picture Table 4-6 were combined in Table 7- 10 to see an overlap of genes up regulated in one of the Lgr5-mouse lines and down 

regulated in another. Special attention was drawn to genes up- or down-regulated in pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl mice but unchanged in pL2.Lgr5.N2IC 

mice (Table 7). Hereunder we found especially genes of the mucin family being upregulated (Muc2 and Muc6), whereas genes of the Wnt family (Wnt11 and 

Wnt7b) are downregulated as well as cytokines like IL17a. Furthermore genes up-or down-regulated in pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2IC mice but unchanged 

in pL2.Lgr5.N2fl/fl mice (Table 8) appear to be important as it may be the key genes responsible for the seen acceleration of the phenotype in pL2.Lgr5.N1fl/fl 

and pL2.Lgr5.N2IC mice. In this group only upregulated genes were found including genes associated with extracellular and intracellular transport and molecules 

(MMP7 and Cathepsin 8 (Cts8)) and cell metabolism (Leptin receptor (Lepr)) as well as chemokines (like Cxcl11 and CLL11). Genes up- or downregulated in only 

one Lgr5 mouse line are shown in Table 9. Hereunder an upregulation of TLR1 in pL2.Lgr5.N1fl/fl mice and IL18 in pL2.Lgr5.N2IC mice, and a downregulation of 

chemokines (like Cxcl3 and Cxcl5) in pL2.Lgr5.N2fl/fl mice was most striking.  
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Table 7: Genes up or down regulated in pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl but unchanged in pL2.Lgr5.N2IC 
qPCR verification was performed for genes marked in red, the up- or downregulation is indicated by arrows. 

pL2.Lgr5.N1fl/fl  vs.  pL2 pL2.Lgr5.N2fl/fl  vs.  pL2 pL2.Lgr5.N2IC vs.  pL2 

Symbol Description FC qPCR  Symbol Description FC qPCR  Symbol Description FC qPCR  

Muc2 mucin 2 13,1975 ↑ Muc2 mucin 2 13,8253 ↑     

Muc6 mucin 6, gastric 2,8415   Muc6 mucin 6, gastric 2,4296       

Cxcl12/SDF-1 

chemokine (C-X-

C motif) ligand 

12 

2,465   
Cxcl12/SDF-

1 

chemokine (C-X-C 

motif) ligand 12 
1,6229   

    

Il17a interleukin 17A 0,5227 ↓ Wnt7b 

wingless-type 

MMTV 

integration site 

family, member 

7B 

0,6233 ↓ 

    

Wnt7b 

wingless-type 

MMTV 

integration site 

family, member 

7B 

0,4076 ↓ Il17a interleukin 17A 0,6004 ↓ 
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Table 8: Genes up pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2IC but unchanged in pL2.Lgr5.N2fl/fl 
qPCR verification was performed for genes marked in red, the up- or downregulation is indicated by arrows. 

pL2.Lgr5.N1fl/fl  vs.  pL2 pL2.Lgr5.N2fl/fl  vs.  pL2 pL2.Lgr5.N2IC vs.  pL2 

Symbol Description FC qPCR  Symbol Description FC qPCR  Symbol Description FC qPCR  

Mmp7 
matrix 

metallopeptidase 7 
4,137 - 

    

Mmp7 

matrix 

metallopeptidase 

7 

6,836 ↑ 

Cxcl11 
chemokine (C-X-C 

motif) ligand 11 
2,2019 ↑ 

    
Ccl27a 

chemokine (C-C 

motif) ligand 27A 
2,4872   

Ccl11 
chemokine (C-C motif) 

ligand 11 
1,8888 - 

    
Cts8 cathepsin 8 1,7927   

Lepr leptin receptor 1,8011       Lepr leptin receptor 1,5814   

Cts8 cathepsin 8 1,719   
    

Ccl11 
chemokine (C-C 

motif) ligand 11 
1,5111 - 

Wnt11 

wingless-type MMTV 

integration site family, 

member 11 

0,6145 - 

    

Wnt11 

wingless-type 

MMTV 

integration site 

family, member 

11 

0,4279 ↓ 
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Table 9: Genes up- or downregulated in only one of the Lgr5 mouse lines pL2.Lgr5.N1fl/fl, pL2.Lgr5.N2fl/fl or pL2.Lgr5.N2IC 
qPCR verification was performed for genes marked in red, the up- or downregulation is indicated by arrows. 

pL2.Lgr5.N1fl/fl  vs.  pL2 pL2.Lgr5.N2fl/fl  vs.  pL2 pL2.Lgr5.N2IC vs.  pL2 

Symbol Description FC qPCR  Symbol Description FC qPCR  Symbol Description FC qPCR  

Tlr1 
toll-like 

receptor 1 
2,3125 ↑ Mmp2 

matrix 

metallopeptidase 

2 

1,5884 ↑ Ccrl2 

chemokine (C-C 

motif) receptor-

like 2 

1,6947   

    
Cxcl5 

chemokine (C-X-

C motif) ligand 5 
0,3173   Ccr8 

chemokine (C-C 

motif) receptor 8 
1,6765   

    
Cxcl3 

chemokine (C-X-

C motif) ligand 3 
0,1951   Il18 interleukin 18 0,5178 ↓ 

 

 

Table 10: Genes up or down in pL2.Lgr5.N2fl/fl and pL2.Lgr5.N2IC but unchanged in pL2.Lgr5.N1fl/fl 

pL2.Lgr5.N1fl/fl  vs.  pL2 pL2.Lgr5.N2fl/fl  vs.  pL2 pL2.Lgr5.N2IC vs.  pL2 

Symbol Description FC qPCR  Symbol Description FC qPCR  Symbol Description FC qPCR  

    Tlr4 toll-like receptor 4 0,6601 ↓ Tlr4 toll-like receptor 4 0,5839 ↓ 

    Muc16 mucin 16 0,6718 ↓ Muc16 mucin 16 0,4571 ↓ 

    
Mmp15 

matrix 

metallopeptidase 15 
0,6064 ↓ Mmp15 

matrix 

metallopeptidase 15 
0,569 ↓ 

 

 

This comparison between the gene expression data of the different Lgr5 mouse lines gives us the hints that some of these genes may be the key responsible 

genes for pL2.Lgr5.N2IC accelerating phenotype and pL2.Lgr5.N2fl/fl reducing phenotype. qPCR verification of the selected genes are shown in Figure 5.61. Many 

of the tested genes show the same expression patterns as seen in the microarray data. For example Muc2 was shown to be upregulated in pL2.Lgr5.N1fl/fl and 

pL2.Lgr5.N2fl/fl mice (but not in N2IC). This upregulation was significant in pL2.Lgr5.N2fl/fl mice when compared to pL2 controls (p= 0.0244) and also in 
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comparison with pL2.Lgr5.N2IC mice (p= 0.0113). MMP2 was significantly higher expressed in pL2.Lgr5.N2fl/fl mice compared to pL2.Lgr5.N2IC mice (p= 0.0301). 

A downregulation of Wnt7b and IL17a was confirmed for both lines pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl mice. IL17a is expressed at lower levels in pL2.Lgr5.N1fl/fl 

and pL2.Lgr5.N2fl/fl mice compared to pL2.Lgr5.N2IC mice and control mice, but failed to reach significance. The expression of TLR2 was reduced in all Lgr5 

experimental mouse lines, and was significantly reduced in the pL2.Lgr5.N2fl/fl mice (p= 0.0110) and pL2.Lgr5.N2IC mice (p= 0.0206) compared to controls. A 

significant upregulation of TLR1 in pL2.Lgr5.N1fl/fl mice, compared to all other Lgr5 mouse lines as well as controls, could be confirmed. This upregulation of TLR1 

in pL2.Lgr5.N1fl/fl mice was significant to control mice (p= 0.0452), compared to pL2.Lgr5.N2fl/fl mice (p= 0.0236), and compared to pL2.Lgr5.N2IC mice (p= 

0.0246).  
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Figure 5.61: Confirmation of Microarray results by qPCR analysis of different genes in all Lgr5 mouse lines.  
Genes are classified into A) chemokines and their receptors (CCL11, Cxcl1, Cxcl15); B) cytokines and their receptors (IL18, IL17a, CSF1, Wnt11, Wnt7); C) Extracellular enzymes 

and molecules (MMP2, MMP7, Muc2); D) Receptors and cell adhesion/ signaling (TLR1, TLR2) 

 

 

The microarray results were further analyzed using gene enrichment analysis (GSEA) online system. The differently regulated gene set was further compared to 

the BIOCARTA data set. Table 11 shows in comparison the list of differentially regulated pathways with the corresponding number of genes of the three Lgr5 

mouse lines (each in comparison to pL2 controls). Pathways marked in bold seem to be most relevant to us.  

 

Table 11: BIOCARTA pathway analysis of the three Lgr5 mouse lines pL2.Lgr5.N1fl/fl, pL2.Lgr5.N2fl/fl and pL2.Lgr5.N2IC 

(Most relevant pathways are marked in bold) 

pL2.Lgr5.N1fl/fl pL2.Lgr5.N2fl/fl pL2.Lgr5.N2IC 

NAME SIZE NAME SIZE NAME SIZE 

BIOCARTA_MCM_PATHWAY 18 BIOCARTA_HCMV_PATHWAY 17 BIOCARTA_PITX2_PATHWAY 15 

BIOCARTA_GCR_PATHWAY 16 BIOCARTA_PITX2_PATHWAY 15 BIOCARTA_ATM_PATHWAY 19 

BIOCARTA_NO1_PATHWAY 26 BIOCARTA_MTOR_PATHWAY 22 BIOCARTA_CARM_ER_PATHWAY 33 

BIOCARTA_BAD_PATHWAY 25 BIOCARTA_EIF4_PATHWAY 24 BIOCARTA_GSK3_PATHWAY 27 

BIOCARTA_INTRINSIC_PATHWAY 22 BIOCARTA_CARM_ER_PATHWAY 33 BIOCARTA_NKT_PATHWAY 29 

BIOCARTA_LONGEVITY_PATHWAY 15 BIOCARTA_MAPK_PATHWAY 82 BIOCARTA_CSK_PATHWAY 20 

BIOCARTA_AMI_PATHWAY 19 BIOCARTA_IL7_PATHWAY 16 BIOCARTA_WNT_PATHWAY 24 

BIOCARTA_COMP_PATHWAY 17 BIOCARTA_MCM_PATHWAY 18 BIOCARTA_MCM_PATHWAY 18 

BIOCARTA_NFAT_PATHWAY 47 BIOCARTA_HER2_PATHWAY 22 BIOCARTA_G1_PATHWAY 27 

BIOCARTA_ACH_PATHWAY 16 BIOCARTA_CALCINEURIN_PATHWAY 15 BIOCARTA_RACCYCD_PATHWAY 25 
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BIOCARTA_DC_PATHWAY 22 BIOCARTA_ATM_PATHWAY 19 BIOCARTA_TH1TH2_PATHWAY 19 

BIOCARTA_STEM_PATHWAY 15 BIOCARTA_P38MAPK_PATHWAY 35 BIOCARTA_CTLA4_PATHWAY 18 

BIOCARTA_TH1TH2_PATHWAY 19 BIOCARTA_ARF_PATHWAY 17 BIOCARTA_TEL_PATHWAY 18 

BIOCARTA_LAIR_PATHWAY 16 BIOCARTA_ATRBRCA_PATHWAY 20 BIOCARTA_NO2IL12_PATHWAY 16 

BIOCARTA_EDG1_PATHWAY 27 BIOCARTA_ERK5_PATHWAY 17 BIOCARTA_ETS_PATHWAY 18 

BIOCARTA_EIF4_PATHWAY 24 BIOCARTA_MYOSIN_PATHWAY 28 BIOCARTA_INFLAM_PATHWAY 29 

BIOCARTA_TFF_PATHWAY 21 BIOCARTA_VIP_PATHWAY 22 BIOCARTA_GCR_PATHWAY 16 

BIOCARTA_NKT_PATHWAY 29 BIOCARTA_TH1TH2_PATHWAY 19 BIOCARTA_ERYTH_PATHWAY 15 

BIOCARTA_IL22BP_PATHWAY 15 BIOCARTA_TEL_PATHWAY 18 BIOCARTA_RAC1_PATHWAY 22 

BIOCARTA_CELLCYCLE_PATHWAY 21 BIOCARTA_ETS_PATHWAY 18 BIOCARTA_HCMV_PATHWAY 17 

 
 BIOCARTA_CTLA4_PATHWAY 18 BIOCARTA_DC_PATHWAY 22 

  BIOCARTA_WNT_PATHWAY 24 BIOCARTA_TID_PATHWAY 18 

  BIOCARTA_AKT_PATHWAY 22 BIOCARTA_P53HYPOXIA_PATHWAY 19 

  BIOCARTA_TCR_PATHWAY 40 BIOCARTA_STEM_PATHWAY 15 

  BIOCARTA_PGC1A_PATHWAY 19 BIOCARTA_ARF_PATHWAY 17 

  BIOCARTA_CTCF_PATHWAY 23 BIOCARTA_CARDIACEGF_PATHWAY 18 

  BIOCARTA_FMLP_PATHWAY 33 BIOCARTA_ATRBRCA_PATHWAY 20 

  BIOCARTA_HDAC_PATHWAY 25 BIOCARTA_IGF1MTOR_PATHWAY 18 

  BIOCARTA_LONGEVITY_PATHWAY 15 BIOCARTA_AKT_PATHWAY 22 

  BIOCARTA_IGF1MTOR_PATHWAY 18 BIOCARTA_COMP_PATHWAY 17 

  BIOCARTA_SPRY_PATHWAY 18 BIOCARTA_IGF1R_PATHWAY 22 
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  BIOCARTA_SHH_PATHWAY 15 BIOCARTA_TOB1_PATHWAY 18 

  BIOCARTA_IGF1_PATHWAY 21 BIOCARTA_IL7_PATHWAY 16 

  BIOCARTA_CCR3_PATHWAY 23 BIOCARTA_TNFR2_PATHWAY 17 

  BIOCARTA_CSK_PATHWAY 20 BIOCARTA_CDMAC_PATHWAY 16 

  BIOCARTA_PAR1_PATHWAY 35 BIOCARTA_FMLP_PATHWAY 33 

  BIOCARTA_RARRXR_PATHWAY 15 BIOCARTA_BAD_PATHWAY 25 

  BIOCARTA_G2_PATHWAY 22 BIOCARTA_RELA_PATHWAY 16 

  BIOCARTA_MEF2D_PATHWAY 15 BIOCARTA_CELLCYCLE_PATHWAY 21 

  BIOCARTA_NOS1_PATHWAY 17 BIOCARTA_NTHI_PATHWAY 23 

  BIOCARTA_BCR_PATHWAY 30 BIOCARTA_LAIR_PATHWAY 16 

  BIOCARTA_VEGF_PATHWAY 28 BIOCARTA_TCR_PATHWAY 40 

  
BIOCARTA_EDG1_PATHWAY 

27 BIOCARTA_P38MAPK_PATHWAY 35 

    BIOCARTA_PML_PATHWAY 17 

    BIOCARTA_CASPASE_PATHWAY 22 

    BIOCARTA_RAS_PATHWAY 23 

    BIOCARTA_ALK_PATHWAY 35 

    BIOCARTA_DEATH_PATHWAY 29 

    BIOCARTA_CTCF_PATHWAY 23 

    BIOCARTA_EDG1_PATHWAY 27 

    BIOCARTA_MAPK_PATHWAY 82 

    BIOCARTA_IL2RB_PATHWAY 36 
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    BIOCARTA_EIF4_PATHWAY 24 

    BIOCARTA_IL1R_PATHWAY 32 

    BIOCARTA_BARRESTIN_SRC_PATHWAY 15 

    BIOCARTA_ERK5_PATHWAY 17 

    BIOCARTA_PTDINS_PATHWAY 21 

    BIOCARTA_ERK_PATHWAY 28 

    BIOCARTA_TGFB_PATHWAY 18 

    BIOCARTA_GATA3_PATHWAY 15 

    BIOCARTA_VEGF_PATHWAY 28 

    BIOCARTA_CERAMIDE_PATHWAY 22 

    BIOCARTA_MYOSIN_PATHWAY 28 

    BIOCARTA_HER2_PATHWAY 22 

    BIOCARTA_HIF_PATHWAY 15 

    BIOCARTA_HDAC_PATHWAY 25 

    BIOCARTA_ACH_PATHWAY 16 

    BIOCARTA_NO1_PATHWAY 26 
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Many genes in Table 8 appeared to correlate with the BIOCARTA pathway analysis highlighted bold 

(Table 11). Interestingly the up regulation of genes in pL2.Lgr5.N2IC mice but not in pL2.Lgr5.N2fl/fl 

mice such as MMP7, Cxcl11 and WNT11 (see Table 8) have cross-regulation within NF-ƙB RelA pathway 

(Table 11).  Moreover, many literatures investigate the cross talk between NF-ƙB pathway and Notch 

signaling pathway. This leads us to the hypothesis that NF-ƙB RelA could be the key upstream 

mechanism for the accelerated phenotype seen in pL2.Lgr5.N2IC mice. To prove this hypothesis, 

immunohistochemistry of phospho-IKKα/β and qPCR analysis of NF-ƙB pathways was carried out and 

will be shown in the next section 5.1.8. 

 

 

5.1.8. Evaluation of pIKKα/βeta in Lgr5 mouse lines  

Our microarray data lead us to the hypothesis that NF-ƙB could be the key pathway leading to the 

accelerated phenotype of pL2.Lgr5.N2IC mice, either directly or indirectly. Therefore phospho-

IKKalpha/-beta (pIKKα/β) that activates the classical NF-ƙB pathway was evaluated by 

immunohistochemistry and quantified as described in section 3.3.11.  

The number of pIKKα/β positive cells was lower in pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl mice compared 

to controls and reached significance in the latest time point (4+12 months) (pL2.Lgr5.N1fl/fl vs pL2.Lgr5 

p= 0.0070; pL2.Lgr5.N2fl/fl vs pL2.Lgr5 p= 0.0194) (see Figure 5.62 Q-R). pL2.Lgr5.N2IC mice showed 

significantly more pIKKα/β positive cells (see Figure 5.62 S) in the 4+6 (p= 0.0037) and 4+12 (p= 0.0272) 

time point. The comparison between the different genotypes revealed the highly significant increase 

in pL2.Lgr5.N2IC mice compared to pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl of all later time points. Highly 

significant results could be found when comparing the age groups 4+6, 4+9, and 4+12 of 

pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2IC (4+6 p< 0.0001, 4+9 p= 0.0036, 4+12 p< 0.0001), as well as of 

pL2.Lgr5.N2fl/fl and pL2.Lgr5.N2IC (4+6 p< 0.0001, 4+9 p= 0.0202, 4+12 p< 0.0001). The 

pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl mice did not differ significantly in their pIKKα/β expression. An 

increase in pIKKα/β positively stained cells was seen over time in pL2.Lgr5.N2IC mice.  

The evaluation of the achieved qPCR data (carried out with samples from mice of the 4+6 time point) 

showed a significant increase in the expression of RelA-A in the pL2.Lgr5.N2IC mice compared to the 

controls (p= 0.0440). The increase was also significant compared to pL2.Lgr5.N2fl/fl mice (p= 0.0450). 

RelA-B expression levels did not show a significant difference between the different genotypes. 
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Figure 5.62: Immunohistochemistry for pIKKα/β in the Lgr5 mouse lines. 
A-P) Immunohistochemistry for pIKKα/β in A-D) pL2.Lgr5 control mice of the different time points; E-H) 

pL2.Lgr5.N1fl/fl mice of the different time points; I-L) pL2.Lgr5.N2fl/fl mice of the different time points; M-P) 

pL2.Lgr5.N2IC mice of the different time points. Q-S) Quantification of pIKKα/β staining in Barrett areas of the 

respective genotype compared to controls Q) pL2.Lgr5.N1fl/fl; R) pL2.Lgr5.N2fl/fl; S) pL2.Lgr5.N2IC; T) overall 

comparison focusing on the different genotypes at the same time point. U) RelA-A mRNA Expression; V) RelA-B 

mRNA Expression. Data is presented as means ± standard deviation. Statistical analysis was performed using 

one-way ANOVA and Tukeys multiple comparison test. Asterisks indicate significant differences between the 

groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 300µm; 100µm) 

 

 

We next wanted to address the question regarding the source cells that express pIKKα/β. We therefore 

performed first a combination of pIKKα/β immunostaining with Alcain Blue, which stains for mucus 

producing, goblet-like cells (see Figure 5.63). This was done to examine if the presence of pIKKα/β 

positively stained cells mainly occurred in columnar cells and cells of dysplastic appearance rather than 

in mucus producing cells. A high number of mucus producing cells could be verified in pL2.Lgr5.N1fl/fl 
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and pL2.Lgr5.N2fl/fl mice but not in pL2.Lgr5.N2IC mice. The small amount of co-staining of pIKKα/β 

with Alcian Blue indicate that pIKKα/β is not expressed by goblet-like cells (Figure 5.63 B-C). Low 

amount of Alcian Blue positive stain was seen in pL2.Lgr5.N2IC mice in combination with a high number 

of pIKKα/β positive cells.  

Next, we wanted to investigate the type of cell expressing pIKKα/β more in detail. Therefore 

immunofluorescence staining for pIKKα/β was combined with Anti-GFP staining. This displays a wide 

overlap of Lgr5+ and pIKKα/β expressing cells. Almost all Lgr5+ cells were pIKKα/β positive, whereas 

not all pIKKα/β positive cells were GFP (Lgr5) positive (Figure 5.63 E-H). This implies Lgr5+ stem cells 

as one of the key source of pIKKα/β expression. 

 

Figure 5.63: Immunohistochemistry and Immunofluorescence staining of pIKKα/β  
(A-D) Immunohistochemistry staining of pIKKα/β (brown cells) combined with Alcian Blue (blue) for mucus 

producing cells, (E-H) Immunofluorescence staining of pIKKα/β (red) and Lgr5 Anti-GFP (green), in the different 

Lgr5 mouse lines. 

(Scale Bars A-D 300µm, 100µm; Scale Bars E-H 100µm, 50µm) 

 

 

In this chapter the phenotypical appreance of mice of the Lgr5 mouse lines pL2.Lgr5.N1fl/fl, 

pL2.Lgr5.N2fl/fl, and pL2.Lgr5.N2IC were compared to pL2.Lgr5 controls. In summary, data of the 

examined Lgr5 mouse lines show high differentiation values into mucus producing cells in 

pL2.Lgr5.N2fl/fl mice, which was also supported by gene expression data. These mice show a reduction 

of the pL2 phenotype with the occurrence of less metaplastic and dysplastic lesions. This was 

accompanied with a reduction of cytokine and chemokine levels in mice of the pL2.Lgr5.N2fl/fl line. 



  Results 

165 

 

pL2.Lgr5.N1fl/fl mice show a slightly elevated values of mucus producing cells and a slight reduction in 

dysplastic lesions. Further a highly elevated phenotype was shown for the pL2.Lgr5.N2IC mouse line, 

accompanied with high proliferation. A number of genes important in tumorigenic development like 

chemokines, cytokines and extracellular enzymes were found to be upregulated in these mice. 

Multiple pathways like Wnt, p53, and RelA showed altered expression compared to pL2 controls. A 

crosstalk between Notch and NF-ƙB signaling was suggested and could be verified within this thesis by 

positive pIKKα/β staining of columnar cells. The amount of stained cells was significantly elevated in 

the pL2.Lgr5.N2IC mice compared to all other Lgr5 mouse lines.  
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5.2.  Characterization of Dclk1 mouse lines 

The second Cre-expressing mouse line which was used in this thesis is the Dclk1-CreERT/2 BAC 

transgenic mouse. These mice expresses tamoxifen inducible Cre-recombinase under control of the 

endogenous Dclk1 gene promoter.  

Crossing Dclk1-CreERT/2 (Dclk1) mice with pL2 mice, leading to pL2.Dclk1 mice, and intercrossing them 

with mice possessing loxP-flanked sites of exons of the Notch1 (N1fl/fl) or Notch2 (N2fl/fl) receptor, 

results in pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2fl/fl mice. Upon tamoxifen induced Cre-expression this will 

lead to nonfunctional Notch1 or Notch2 receptors in Dclk1 expressing cells. Breeding pL2.Dclk1 mice 

with Notch2-IC mice, which possess the intracellular domain of Notch2 downstream of a loxP flanked 

STOP site, tamoxifen induced Cre-expression will lead to the overexpression of Notch2 in Dclk1 

expressing cells in an inflammatory environment. These three mouse lines were used in the following 

project to examine the role of Notch signaling in Dclk1 progenitor cells of the cardia in a pL2-IL1β 

expressing inflammatory background. Mice carrying the pL2 and the Dclk1 transgenes without loxP 

flanked Notch1, Notch2, or Notch2-IC sites (named pL2.Dclk1) were bred, induced, monitored, and 

sacrificed in the same manner and functioned as control mice. 

Mice of the Dclk1 lines (pL2.Dclk1.N1fl/fl, pL2.Dclk1.N2fl/fl, pL2.Dclk1.N2IC, and pL2.Dclk1) were 

induced with three administrations of tamoxifen within one week (6 mg each) at the age of 6 months. 

Mice were then monitored and carried on for 3, 6, or 9 months after induction, presented by the 

different time points/ age groups of the mice 6+3 (induced at 6 months, sacrificed 3 months after 

induction), 6+6 (induced at 6 months, sacrificed 6 months after induction), and 6+9 (induced at 6 

months, sacrificed 9 months after induction) (see Figure 5.64).  

 

Figure 5.64: Crossing and Induction Scheme in Dclk1 mouse lines. 
In total four Dclk1 mouse lines were used: pL2.Dclk1.N1fl/fl (conditional knockout of Notch1 in Dclk1 cells), 

pL2.Dclk1.N2fl/fl (conditional knockout of Notch2 in Dclk1 cells), pL2.Dclk1.N2IC (conditional overexpression of 

the intracellular domain of Notch2 in Dclk1 cells), and pL2.Dclk1 as control group. All mice were induced with 

the administration of 3 times 6 mg tamoxifen (diluted in corn oil) at the age of 6 months. 3, 6, and 9 months 

after induction was set as examination time point and mice were evaluated. 
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5.2.1. Comparison between pL2.Dclk1 control mice and Wildtype mice 

The comparison between pL2.Dclk1 control mice and Wildtype (WT) control mice (littermates that 

were negative for all tested sequences) was carried out to exclude facility related alterations of the 

phenotypical appearance of the pL2 mouse model.  

No metaplastic or dysplastic lesion were found in the WT mice at any given time point. The pathologist 

score (as shown in Figure 5.65) shows a highly significant increase in the values for metaplasia (p< 

0.0001 at every time point) and dysplasia in pL2.Dclk1 control mice compared to WT control mice at 

all given time points (6+3 p< 0.0001, 6+6 p= 0.0041, 6+9 p= 0.0054). 
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Figure 5.65 Evaluation of Metaplasia and Dysplasia of pL2.Dclk1 mice compared with Wildtype (WT) 

control mice by Haematoxylin and Eosin (H&E) Stain. 
A-C) Representative pictures of Haematoxylin and Eosin Stain in WT control mice of the different time points, 

A) 6+3 months, B) 6+6 months, C) 6+9 months; D-F) Representative pictures of Haematoxylin and Eosin Stain in 

pL2.Dclk1 mice of the different time points, D) 6+3 months, E) 6+6 months; F) 6+9 months; G) Metaplastic 

Score in pL2.Dclk1 mice. H) Dysplastic Score in pL2.Dclk1 mice. 
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Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 
 

 

The values of acute and chronic inflammation were significantly increased in the pL2.Dclk1 control 

mice compared to WT controls, as it was suggested previously (Figure 5.66). The values of chronic 

inflammation were significantly increased in pL2.Dclk1 mice (6+3 p< 0.0001, 6+6 p= 0.0007, 6+9 p< 

0.0001). Interestingly 6+6 months old pL2.Dclk1 mice show a slightly lowered value (which did not 

reach significance) compared to all other time points. Acute inflammation was highly significantly 

elevated in pL2.Dclk1 mice compared to WT control mice at all given time points (p< 0.0001).  

 

Figure 5.66: Values of Chronic and Acute Inflammation in pL2.Dclk1 control mice and WT control 

mice. 
A) Chronic Inflammation, B) Acute Inflammation 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA 

and Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 

0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
 

 

The survival of pL2.Dclk1 mice was significantly reduced compared to wildtype control mice (p= 0.0031) 

(see Figure 5.67). WT mice survived up to 19 months after the induction time point, whereas pL2.Dclk1 

control mice reached a maximum age of 10 months after induction. The body weight of the WT mice 

was significantly higher compared to pL2.Dclk1 of both sexes (males p= 0.0121, females p= 0.0002). 
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Figure 5.67 Survival Curves and Weight Curves of pL2.Dclk1 mice and wildtype (WT) control mice. 
A) Survival of pL2.Dclk1 and WT mice. B) Weight curves of pL2.Dclk1 and WT females. C) Weight curves of 

pL2.Dclk1 and WT males. 

Statistical Analysis for the survival curves was carried out by Log-rank (Mantel-cox) test, for the weight curves 

an unpaired t-test was used. A p-value of ≤ 0.05 and was assumed to be statistically significant. 

  

 

These results demonstrate that the WT control mice do not have any phenotypical alteration at the 

cardia region with only low levels of chronic and acute inflammation, which can be accounted to the 

housing conditions. The long survival and comparably high body weight point to healthy condition of 

the WT mice. As this thesis aimed to show the effect of Notch signaling induced changes in the pL2 

mouse model, further demonstration and discussion of the results of WT controls will not be part of 

this thesis.  

 

 

5.2.2. Characterization of Dclk1 specific overexpression of Notch2 

The pL2.Dclk1.N2IC mouse line possesses a transgene overexpressing Notch2 specifically in the Dclk1 

positive cells in the inflammatory environment of the pL2-IL1beta mice. The mouse model was crossed 

to assess the influence of Notch overexpression in Dclk1+ cells and its effect on the phenotype. Mice 

were induced at 6 months of age and carried on for 3, 6, and 9 months after induction.  

To assure the functionality of our pL2.Dclk1.N2IC mouse model immunohistochemistry for active 

Notch2-intracellular domain was carried out. The number of nuclei stained positive for Notch-IC (as 

shown in Figure 5.68) shows a highly significant increase in pL2.Dclk1.N2IC mice compared to the 
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controls (6+3 p< 0.0001, 6+6 p= 0.0112). Analysis of the given time point 6+3 months showed a 

significant increase in mRNA-expression levels of Notch2 (p= 0.0318). 

 

Figure 5.68 Evaluation of Notch-Expression in pL2.Dclk1.N2IC mice.  
A-C) Immunohistochemical staining of Notch2 intracellular domain in pL2.Dclk1 mice of the different time 

points. A) 6+3 months, B) 6+6 months, C) 6+9 months; D-E) Immunohistochemical staining of Notch2 

intracellular domain in pL2.Dclk1.N2IC mice of the different time points. D) 6+3 months, E) 6+6 months; F) 



  Results 

172 

 

Number of nuclei stained positive for Notch. G) Relative mRNA-Expression of Notch2 in 6+6 and 6+9 months 

old mice.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm)  

 

 

Notch2 overexpression in Dclk1 cells accelerates the phenotype  

pL2.Dclk1.N2IC mice showed greater impairment of the cardia regions than their age matched control 

mice. This was demonstrated by the scaling the macroscopic lesions at the cardia region by size and 

number.  The comparison of the macroscopic score of pL2.Dclk1.N2IC and pL2.Dclk1 control mice (as 

shown in Figure 5.69) presented a significant increase in the pL2.Dclk1.N2IC mice of the two available 

time points (6+3 p= 0.0002, 6+6 p< 0.0001). The comparison of the two age groups also showed a 

significant increase over time (p= 0.0002).  
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Figure 5.69 Macroscopic Pictures and Macroscopic Score in pL2.Dclk1.N2IC mice 
A-C) Macroscopic pictures of pL2.Dclk1 control mice of the different time points A) 6+3 months, B) 6+6 months, 

C) 6+9 months; D-E) Macroscopic pictures of pL2.Dclk.N2IC mice of the different time points. D) 6+3 months, E) 

6+6 months; F) Combined Macroscopic Score.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 0,5cm; 2mm) 

 

 

Increased development of metaplasia and dysplasia in pL2.Dclk1.N2IC mice 

The more severe phenotype in pL2.Dclk1.N2IC mice compared to the pL2.Dclk1 control mice was 

furthermore visualized by the pathologists´ score (see Figure 5.70) of the H&E slides. The pathologists´ 

score for metaplasia shows an increase in pL2.Dclk1.N2IC mice which reached significance in the 6+6 

age group (6+3 months p= 0.7025, 6+6 months p= 0.0129). The dysplastic score was increased in 

pL2.Dclk1.N2IC mice compared to the controls and reached significance in the 6+6 time point (6+3 

months p= 0.1797, 6+6 months p= 0.0043).  
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Figure 5.70 Evaluation of Metaplasia and Dysplasia of pL2.Dclk1.N2IC mice by Haematoxylin and 

Eosin Stain. 
A-C) Representative pictures of Haematoxylin and Eosin Stain in pL2.Dclk1 control mice of the different time 

points, A) 6+3 months, B) 6+6 months, C) 6+9 months; D-E) Representative pictures of Haematoxylin and Eosin 

Stain in pL2.Dclk1.N2IC mice of the different time points, D) 6+3 months, E) 6+6 months; F) Metaplastic Score in 

pL2.Dclk1.N2IC mice. G) Dysplastic Score in pL2.Dclk1.N2IC mice. 
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Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Metaplastic and dysplastic lesions in pL2.Dclk1.N2IC mice are derived from Dclk1+ cells in the 

gastric cardia 

Lineage tracing experiments were carried out to identify the progeny of a single cell and to study cell 

fate decisions. Therefore pL2.Dclk1.N2IC mice and pL2.Dclk1 control mice were crossed with Rosa26-

LacZ (LacZ) expressing mice [205], resulting in pL2.Dclk1.N2IC.LacZ and pL2.Dclk1.LacZ mice. Barrett 

lesions were presented to be derived from Dclk1+ cells in the gastric cardia. The lesions were 

significantly larger in pL2.Dclk1.N2IC.LacZ mice compared to pL2.Dclk1.LacZ control mice (Figure 5.71).  

 

Figure 5.71: Lineage tracing in pL2.Dclk1.N2IC.LacZ mice and pL2.Dclk1.LacZ control mice 
A) pL2.Dclk1.LacZ control mice, B) pL2.Dclk1.N2IC.LacZ mice both 6+3 months old. (Scale Bar 400µm; 

100µm) 

 

 

pL2.Dclk1.N2IC mice show significantly decreased survival 

The seen acceleration in phenotype of the pL2.Dclk1.N2IC mice was accompanied with a highly 

significant decrease in survival (p< 0.0001) compared to pL2.Dclk1 controls. Interestingly most of the 

pL2.Dclk1.N2IC mice had to be sacrificed due to ethical reasons, rapidly 2-3 months after tamoxifen 

treatment. This obvious trend can be seen in Figure 5.72. Males show a slightly better survival than 

females (data not shown). The overall weight in pL2.Dclk1.N2IC mice was significantly lower compared 

to controls in both sexes (males p= 0.0484 and females p= 0.0130). The lowest values of weight were 

found approximately two months after induction, where most mice had to be sacrificed due to ethical 
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reasons. Mice showed partly paralysis of hind extremities, or growth of large external tumors at the 

head/neck or tail regions (representative pictures of this phenotype can be found in the Appendix 

Figure 8.9.  

 

Figure 5.72 Survival and Weight Curves of pL2.Dclk1.N2IC mice Figure compared with pL2.Dclk1 

control mice. 
A) Survival Proportions of pL2.Dclk1.N2IC mice. B) Weight Curves of pL2.Dclk1.N2IC females. C) 

Weight Curves of pL2.Dclk1.N2IC males. 

Statistical Analysis for the survival curves was carried out by Log-rank (Mantel-cox) test, for the weight curves 

an unpaired t-test was used. A p-value of ≤ 0.05 and was assumed to be statistically significant. 

 

 

Taken these results together pL2.Dclk1.N2IC mice show an elevation of the pL2 phenotype with the 

appearance of more dysplastic lesions, which were shown to be derived from Dclk1+ cells. The survival 

and body weight of the mice was significantly lowered in pL2.Dclk1.N2IC mice and points to an 

acceleration of the pL2 phenotype.  

 

 

Elevated proliferation and decreased differentiation in pL2.Dclk1.N2IC mice 

Proliferation values in pL2.Dclk1.N2IC mice were assessed as described before (see section 3.3.11) by 

measuring percentage of Ki67 postive regions and the number of crypt fission events in the Barrett 

area of each mouse. pL2.Dclk1.N2IC mice show a trend towards an elevated proliferation, which failed 

to reach significance in the Ki67 positively stained Barrett areas (6+3 p= 0.3592, 6+6 p= 0.2372) (see 

Figure 5.73). The relative mRNA-expression levels of Ki67 were significantly higher in pL2.Dclk1.N2IC 
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mice (p= 0.0006) compared to controls at the examined time point. The counted number of crypt 

fissions, an indicator for enhanced tissue expansion, was significantly increased in pL2.Dclk1.N2IC mice 

at both given time points (6+3 months p= 0.0001 and 6+6 months p= 0.0083). The average number of 

crypt fission events in the Barrett area of pL2.Dclk1.N2IC mice was significantly increased in the 6+3 

time point, where it reaches a value of 0.7. Age matched controls showed an average of 0.0 crypt 

fissions per Barrett area. In the 6+6 age group the controls had an average number of crypt fission of 

0.1, whereas pL2.Dclk1.N2IC mice showed an average of 0.5 crypt fission events. This again supports 

the elevation of proliferation in the cardia region of pL2.Dclk1.N2IC mice.  
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Figure 5.73 Evaluation of Proliferation rate and number of crypt fissions in pL2.Dclk1.N2IC mice. 
A-C) Immunohistochemistry for Ki67 in pL2.Dclk1 control mice of the different time points. A) 6+3 months, B) 

6+6 months, C) 6+9 months; D-E) Immunohistochemistry for Ki67 in pL2.Dclk1.N2IC mice of the different time 

points. D) 6+3 months, E) 6+6 months; F) Percentage of Ki67 positive cells in pL2.Dclk1.N2IC mice. G) Relative 

mRNA-expression of Ki67 in pL2.Dclk1.N2IC mice. H) Number of Crypt fissions in pL2.Dclk1.N2IC mice.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Notch signaling is known to keep stem or progenitor cells in an uncommitted state. Differentiation into 

mucus producing cells in BE lesions of the pL2.Dclk1.N2IC mice therefore could be shown to be 

significantly less abundant (Figure 5.74). The evaluation of percentage of mucus producing cells in 

pL2.Dclk1.N2IC mice is significant in the 6+3 age group (p= 0.0191) but not at the later time point (p= 

0.9990). The pathologists´ score for mucus producing cells shows a significant decrease in the 

pL2.Dclk1.N2IC mice of the 6+6 months old group compared to age matched controls (6+3 p= 0.996, 

6+6 p= 0.0388). Muc2 and TFF3 can be seen as markers for intestinal metaplasia with increased mucus 

producing cells, whereas TFF2 is elevated in columnar metaplasia [14].The relative mRNA-expression 

values of Muc2 (p= 0.6943), TFF2 (p= 0.2148), and TFF3 (p= 0.2998) did not reach significantly different 

values between pL2.Dclk1.N2IC and pL2.Dclk1 controls.   
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Figure 5.74 Evaluation of differentiation of mucus producing cells in pL2.Dclk.N2IC mice. 
A-C) PAS and Alcian Blue Stain in pL2.Dclk1 control mice of the different time points. A) 6+3 months, B) 6+6 

months, C) 6+9 months; D-E) PAS and Alcian Blue Stain in pL2.Dclk1.N2IC mice of the different time points. D) 

6+3 months, E) 6+6 months; F) Percentage of PAS positive regions in the Barrett area of pL2.Dclk1.N2IC mice. F) 

Amount of mucus producing cells in the Barrett area of pL2.Dclk1.N2IC mice. H-J) Relative mRNA expression of 

H) Muc2, I) TFF2, J) TFF3.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Notch2-IC does not change cancer stem cells nor immune cell microenvironment in Barrett 

lesions 

As Notch overexpression in Dclk1 cells leads to an elevation of the pL2 phenotype, with increased 

metaplastic and dysplastic lesions, we next wanted to investigate the extent of putative cancer stem 

cells and the composition of the immune cells in the pL2.Dclk1.N2IC mouse model.  

The amount of Dclk1-positive cells showed similar levels in the pL2.Dclk1.N2IC and pL2.Dclk1 control 

mice (6+3 p= 0.0933, 6+6 p= 0.0647) (Figure 5.75). The levels of relative mRNA-expression of Dclk1 and 

Lgr5 tends to be higher in pL2.Dclk1.N2IC, but did not reach significance (Dclk1 p= 0.9679, Lgr5 p= 

0.5414). 
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Figure 5.75 Immunohistochemistry for Dclk1 positive cells and mRNA expression in pL2.Dclk1.N2IC 

mice. 
A-C) Immunohistochemistry for Dclk1 in pL2.Dclk1 control mice of the different time points A) 6+3 months, B) 

6+6 months, C) 6+9 months; D-E) Immunohistochemistry for Dclk1 in pL2.Dclk1.N2IC mice of the different time 

points D) 6+3 months, E) 6+6 months; F) Number of Dclk1 positive cell in pL2.Dclk1.N2IC mice. G-H) Relative 

mRNA expression of G) Dclk1 and H) Lgr5.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

A mixed chronic and acute inflammation was previously described for the pL2 mouse model. Chronic 

inflammation in pL2.Dclk1.N2IC mice remained at the same level as in pL2.Dclk1 control mice at the 

6+3 time point (p= 0.9997) and was increased in the 12 months old mice (6+6 time point p= 0.0476) 

(see Figure 5.76). Levels of acute inflammation stayed rather unchanged in pL2.Dclk1.N2IC mice 

compared to pL2.Dclk1 controls (6+3 p= 0.9959, 6+6 p= 0.9061).  

 

Figure 5.76: Values of Chronic and Acute Inflammation in pL2.Dclk1.N2IC mice. 
A) Chronic Inflammation, B) Acute Inflammation 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way 

ANOVA and Tukeys multiple comparison test. Asterisks indicate significant differences between the 

groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The distribution of leukocytes in the cardia region of pL2.Dclk1.N2IC mice and pL2.Dclk1 mice was 

analyzed by flow cytometry. The distribution can be seen in Figure 5.77. T-cells and myeloid cells 

showed the same levels in pL2.Dclk1.N2IC and pL2.Dclk1 mice (Figure 5.78). The values of CD45+ cells 

and macrophages were not significantly altered between the mouse lines. Neutrophils and IMCs were 

slightly increased in the pL2.Dclk1.N2IC mice but did not reach significance. CD3+/CD4+ and 

CD3+/CD8+ cells did not show an altered distribution between the two mouse lines. gdT+ cells and 

NK1.1+ cells did not show a significant difference in their values between pL2.Dclk1.N2IC and pL2.Dclk1 

control mice. 
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Figure 5.77: Representative pictures of myeloid cell and T-cell distribution in pL2.Dclk1.N2IC and pL2.Dclk1 mice of the 6+3 and 6+6 time point
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Figure 5.78: Flow cytometric Analysis of Myeloid and T-Cells of pL2.Dclk1.N2IC mice in the Cardia 

region 
A-D) Quantification of Myeloid cells, A) CD45+, B) macrophages CD11b+ F480+ ly6G- %CD45 cells, C) 

neutrophils CD11b+ F480- ly6G+ %CD45+ cells, D) IMCs CD11b+ ly6C+ ly6G+ %CD45 cells. E-H) Quantification of 

T-cells, E) CD3+ CD4+ , F) CD3+ CD8+ , G) CD3+ CD4- CD8- gdT+, H) CD3+ CD4- CD8- NK1.1+. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
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In summary, in this section it was presented that pL2.Dclk1.N2IC mice show an increased macroscopic 

score accompanied with an elevation of dysplastic lesions in the mice. The mice show a massively 

decreased survival rate and low body weight. The values of chronic inflammation were slightly 

increased with no difference in the composition of immune cells.  

 

 

 

5.2.3. Characterization of Dclk1 specific knockdown of Notch2 (pL2.Dclk1.N2fl/fl) 

pL2.Dclk1.N2fl/fl mice were crossed to evaluate the effect of Notch2 knockout in Dclk1 positive cells. 

These mice possess a nonfunctional Notch2 gene in Dclk1-CreERT expressing cells upon tamoxifen 

treatment in the pL2 inflammatory background. Mice were induced with tamoxifen at the age of 6 

months and monitored for another 3, 6, or 9 months after induction.  

The nuclear staining for active Notch showed a significant decrease in the pL2.Dclk1.N2fl/fl mouse 

model and can be seen in Figure 5.79, it reached significance in the 6+9 age group (6+3 p= 0.5815, 6+6 

p= 0.3039, 6+9 p= 0.0164). The analysis of the relative mRNA-expression of Notch2 shows a decrease 

in the pL2.Dclk1.N2fl/fl mouse model, which was significant at the later time point 6+9 months (6+6 

p= 0.3612, 6+9 p= 0.0223). 
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Figure 5.79 Evaluation of Notch2 expression in pL2.Dclk1.N2fl/fl mice. 
A-C) Immunohistochemical staining of Notch2 intracellular domain in pL2.Dclk1 mice of the different time 

points. A) 6+3 months, B) 6+6 months, C) 6+9 months; D-F) Immunohistochemical staining of Notch2 

intracellular domain in pL2.Dclk1.N2fl/fl mice of the different time points. D) 6+3 months, E) 6+6 months; F) 

6+9 months; G) Number of nuclei stained positive for Notch. H) Relative mRNA-Expression of Notch2 in 6+6 and 

6+9 months old mice.  
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Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm)  

 

 

Dclk1 specific knockdown of Notch2 leads to a reduced pL2 phenotype 

Macroscopical lesions of pL2.Dclk1.N2fl/fl mice were analyzed by measuring coverage of the cardia 

region and total size of these lesions. The macroscopic evaluation of pL2.Dclk1.N2fl/fl mice showed a 

reduction in pL2 phenotype compared to pL2.Dclk1 controls in the 6+3 and 6+9 age group, which 

reached significance in the 6+9 age group (6+3 p= 0.7000, 6+6 p= 0.9991, 6+9 p= 0.0418) (as shown in 

Figure 5.80). A significant increase in the macroscopic score could be noticed when comparing 6+3 

months age group with the 6+6 months age group (p= 0.0282). A the macroscopic score was seen in 

pL2.Dclk1.N2fl/fl mice of the 6+9 months old age group compared to the 6+6 months old age group 

(p= 0.0452).  
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Figure 5.80 Macroscopic Pictures and Macroscopic Score in pL2.Dclk1.N2fl/fl mice 
A-C) Macroscopic pictures of pL2.Dclk1 control mice of the different time points A) 6+3 months, B) 6+6 months, 

C) 6+9 months; D-F) Macroscopic pictures of pL2.Dclk.N2fl/fl mice of the different time points. D) 6+3 months, 

E) 6+6 months, F) 6+9 months; G) Combined Macroscopic Score.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 0,5cm; 2mm) 

 

 

pL2.Dclk1.N2fl/fl mice showed a slightly reduced phenotype compared to the pL2.Dclk1 controls, 

which was also supported by analyzing the metaplastic and dysplastic lesions of the mice (Figure 5.81). 

The pathologists´ metaplastic score showed similar values in the pL2.Dclk1.N2fl/fl mice compared to 

pL2.Dclk1 controls of all time points (6+3 months p= 0.3322, 6+6 months p= 0.9859, 6+9 months p= 

0.9638). The dysplastic score was decreased in pL2.Dclk1.N2fl/fl mice and reached significance in the 

first time point (6+3 0.0135, 6+6 p= 0.9986, 6+9 p= 0.9957). The dysplastic score of pL2.Dclk1.N2fl/fl 

mice increased over time but did not reach significance.  
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Figure 5.81 Evaluation of Metaplasia and Dysplasia of pL2.Dclk1.N2fl/fl mice by Haematoxylin and 

Eosin Stain. 
A-C) Haematoxylin and Eosin Stain in pL2.Dclk1 control mice of the different time points, A) 6+3 months, B) 6+6 

months, C) 6+9 months; D-F) Haematoxylin and Eosin Stain in pL2.Dclk1.N2fl/fl mice of the different time 

points, D) 6+3 months, E) 6+6 months; F) 6+9 months; G) Metaplastic Score in pL2.Dclk1.N2fl/fl mice. H) 

Dysplastic Score in pL2.Dclk1.N2fl/fl mice. 



  Results 

193 

 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Dclk1+ cells give rise to metaplastic lesions 

Lineage tracing experiments were carried out breeding pL2.Dclk1.N2fl/fl and pL2.Dclk1 to LacZ 

expressing mice, resulting in pL2.Dclk1.N2fl/fl.LacZ and pL2.Dclk1.LacZ mice. These mice were induced 

at the age of 6 months as described before (see Section 3.1.5). In both Dclk1 mouse lines 

pL2.Dclk1.N2fl/fl.LacZ and pL2.Dclk1.LacZ we could demonstrate that the metaplastic lesions 

originates from Dclk1+ cells (see Figure 5.82).In pL2.Dclk1.N2fl/fl.LacZ mice we could show small 

lineage traced regions in the BE area. Pointing to a reduction of the size of BE area in 

pL2.Dclk1.N2fl/fl.LacZ mice.  

 

Figure 5.82: Lineage tracing in pL2.Dclk1.N2fl/fl.LacZ mice and pL2.Dclk1.LacZ control mice 
A) pL2.Dclk1.LacZ control mice, B) pL2.Dclk1.N2fl/fl.LacZ mice both 6+3 months old. (Scale Bar 400µm; 

100µm) 

 

 

pL2.Dclk1.N2fl/fl mice showed a slightly better survival compared to controls which was not significant 

(p= 0.8739) (see Figure 5.83). The weight of pL2.Dclk1.N2fl/fl was significantly higher compared to the 

controls in both sexes (females p= 0.0010, males p= 0.0217). 
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Figure 5.83 Survival and Weight curves of pL2.Dclk1.N2fl/fl mice compared with pL2.Dclk1 control 

mice. 
A) Survival Proportions of pL2.Dclk1.N2fl/fl mice. B) Weight Curves of pL2.Dclk1.N2fl/fl females. C) 

Weight Curves of pL2.Dclk1.N2fl/fl males. 

Statistical Analysis for the survival curves was carried out by Log-rank (Mantel-cox) test, for the weight curves 

an unpaired t-test was used. A p-value of ≤ 0.05 and was assumed to be statistically significant. 

 

 

In summary, pL2.Dclk1.N2fl/fl mice show significantly less dysplastic lesions accompanied with an 

overall reduction of the pL2 phenotype and higher body weight compared to pL2.Dclk1 controls.  

 

 

Differentiation is elevated in pL2.Dclk1.N2fl/fl mice 

The reduced phenotype of pL2.Dclk1.N2fl/fl mice was furthermore analyzed according to the 

differentiation values. Therefore PAS staining was performed and scored, as well as the lesions were 

analyzed by a pathologist, focusing on the presence of goblet cell-like cells. The percentage of PAS-

positive Barrett lesions (as shown in Figure 5.84) displays a significant increase in the pL2.Dclk1.N2fl/fl 

mouse model at all examined time points (6+3 p= 0.0433, 6+6 p< 0.0001, 6+9 p= 0.0023). The 

pathologic score for mucus producing cells was increased in pL2.Dclk1.N2fl/fl mice but reached 

significance only in the 6+3 months old mice (6+3 p= 0.0052, 6+6 p= 0.6271, 6+9 p= 0.9797). The 

relative mRNA-expression for Muc2, TFF2 and TFF3 (which can be seen as markers for metaplasia) did 

not show significant differences in the pL2.Dclk1.N2fl/fl compared to the controls (Muc2 6+6 p= 

0.1526, 6+9 p= 0.1753; TFF2 6+6 p= 0.6669, 6+9 p= 0.1563; TFF3 6+6 p= 0.3556, 6+9 p= 0.7827). 
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Figure 5.84 Evaluation of differentiation of mucus producing cells in pL2.Dclk1.N2fl/fl mice. 
A-C) PAS and Alcian Blue Stain in pL2.Dclk1 control mice of the different time points. A) 6+3 months, B) 6+6 

months, C) 6+9 months; D-F) PAS and Alcian Blue Stain in pL2.Dclk1.N2fl/fl mice of the different time points. D) 

6+3 months, E) 6+6 months; F) 6+9 months. G) Percentage of PAS positive regions in the Barrett area of 

pL2.Dclk1.N2fl/fl mice. H) Amount of mucus producing cells in the Barrett area of pL2.Dclk1.N2fl/fl mice. I-K) 

Relative mRNA expression of I) Muc2, J) TFF2, K) TFF3.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Proliferation rate in pL2.Dclk1.N2fl/fl mice was not altered 

Proliferation values were assessed by IHC for Ki67 and counting of crypt fission events in the Barrett 

area of pL2.Dclk1.N2fl/fl mice. The proliferation rate in pL2.Dclk1.N2fl/fl mice (can be seen in Figure 

5.85) determined by Ki67 staining was slightly decreased compared to age matched controls but did 

not reach significance (6+3 p= 0.9187, 6+6 p= 0.6377, 6+9 p= 0.0977). No significant difference was 

noted in the expression levels of Ki67 in pL2.Dclk1.N2fl/fl and controls at the examined time points 

(6+6 p= 0.4109, 6+9 p= 0.8875). The number of crypt fissions, an event usually seen in fast expanding 

tissues, remained unchanged in pL2.Dclk1.N2fl/fl mice compared to the controls (6+3 p= 0.9557, 6+6 

p= 0.9994, 6+9 p> 0.9999). 



  Results 

197 

 

 



  Results 

198 

 

Figure 5.85 Determination of proliferation rate and number of crypt fissions in pL2.Dclk1.N2fl/fl mice. 
A-C) Immunohistochemistry for Ki67 in pL2.Dclk1 control mice of the different time points. A) 6+3 months, B) 

6+6 months, C) 6+9 months; D-E) Immunohistochemistry for Ki67 in pL2.Dclk1.N2fl/fl mice of the different time 

points. D) 6+3 months, E) 6+6 months, F) 6+9 months; G) Percentage of Ki67 positive cells in pL2.Dclk1.N2fl/fl 

mice. H) Relative mRNA-expression of Ki67 in pL2.Dclk1.N2fl/fl mice. I) Number of Crypt fissions in 

pL2.Dclk1.N2fl/fl mice.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Cancer stem cells and immune microenvironment stay unchanged in pL2.Dclk1.N2fl/fl mice 

The amount of Dclk1 expressing cells, progenitor cells that expand in states of inflammation, in 

pL2.Dclk1.N2fl/fl mice can be seen in Figure 5.86. These mice show a significant decrease in number 

of Dclk1 positive cells in the 6+3 and 6+6 age group (6+3 p= 0.0175, 6+6 p= 0.0382, 6+9 p> 0.9999). 

The relative mRNA-expression values for Dclk1 and Lgr5 in pL2.Dclk1.N2fl/fl mice stayed rather 

unchanged at all examined time points compared to the pL2.Dclk1 controls (Dclk1 6+6 p= 0.1800, 6+9 

p= 0.6534; Lgr5 6+6 p= 0.7987, 6+9 p= 0.7453). 
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Figure 5.86 Immunohistochemistry for Dclk1 positive cells and mRNA expression in pL2.Dclk1.N2fl/fl 

mice. 
A-C) Immunohistochemistry for Dclk1 in pL2.Dclk1 control mice of the different time points A) 6+3 months, B) 

6+6 months, C) 6+9 months; D-E) Immunohistochemistry for Dclk1 in pL2.Dclk1.N2fl/fl mice of the different 

time points D) 6+3 months, E) 6+6 months; F) 6+9 months; G) Number of Dclk1 positive cell in pL2.Dclk1.N2fl/fl 

mice. G-H) Relative mRNA expression of H) Dclk1 and I) Lgr5.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

The values of chronic inflammation were significantly reduced in pL2.Dclk1.N2fl/fl mice in the 6+3 time 

point (p= 0.0011) (see Figure 5.87). The values of chronic inflammation increased over time and were 

significantly increased in 6+9 time point compared to 6+3 time point (p= 0.0133) and compared to 6+6 

time point (p= 0.0267). Levels of acute inflammation were significantly reduced in pL2.Dclk1.N2fl/fl 

mice in the first two age groups 6+3 p= 0.0003, and 6+6 p= 0.0294 compared to controls. The levels of 

acute inflammation in pL2.Dclk1.N2fl/fl mice seem to increase over time but did not reach significance. 

 

Figure 5.87: Values of Chronic and Acute Inflammation in pL2.Dclk1.N2fl/fl mice. 
A) Chronic Inflammation, B) Acute Inflammation 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way 

ANOVA and Tukeys multiple comparison test. Asterisks indicate significant differences between the 

groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

T-cells and myeloid cells were not impaired by Notch2 knockout in Dclk1 expressing cells in the pL2 

inflammatory background (Figure 5.89). No differential distribution between the values of CD45+ cells, 

macrophages, neutrophils, and IMCs was seen comparing pL2.Dclk1.N2fl/fl mice with pL2.Dclk1 

controls (see Figure 5.88 and Figure 5.89). The values of CD3+/CD4+ and CD3+/CD8+ T-cells was not 

altered between the two mouse lines. gdT+ cells and NK1.1+ cells did show similar distributions in 

pL2.Dclk1.N2fl/fl and pL2.Dclk1 mice. 
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Figure 5.88: Representative pictures of myeloid cell and T-cell distribution in pL2.Dclk1.N2fl/fl and pL2.Dclk1 mice of the 6+3 and 6+6 time poin
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Figure 5.89: Flow cytometric Analysis of Myeloid and T-Cells of pL2.Dclk1.N2fl/fl mice in the Cardia 

region 
A-D) Quantification of Myeloid cells, A) CD45+, B) macrophages CD11b+ F480+ ly6G- %CD45 cells, C) 

neutrophils CD11b+ F480- ly6G+ %CD45+ cells, D) IMCs CD11b+ ly6C+ ly6G+ %CD45 cells. E-H) Quantification of 

T-cells, E) CD3+ CD4+ , F) CD3+ CD8+ , G) CD3+ CD4- CD8- gdT+, H) CD3+ CD4- CD8- NK1.1+. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
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In this section the phenotype of pL2.Dclk1.N2fl/fl mice was presented. These mice show elevated 

differentiation into mucus producing cells. Macroscopic and dysplastic lesions were reduced in these 

mice, leading to a higher body weight. pL2.Dclk1.N2fl/fl mice show less cancer initiating cells in the 

Barrett lesions compared to controls. These mice show a decrease in chronic and acute inflammation 

in the younger age groups, which was not accompanied by a change in the immune cell composition.  

 

 

 

5.2.4. Characterization of Dclk1 specific knockdown of Notch1 (pL2.Dclk1.N1fl/fl) 

To analyze the effect of Notch1 knockout in Dclk1+ cells in an inflammatory phenotype, 

pL2.Dclk1.N1fl/fl were created. These mice possess a floxed Notch1 gene, which upon tamoxifen 

induction, becomes inactivated in Dclk1-Cre expressing cells. pL2.Dclk1.N1fl/fl mice were induced at 

the age of 6 months, and carried on for 3, 6, or 9 months after induction, resulting in the time points 

6+3, 6+6, and 6+9. 

The analysis of nuclear Notch staining in the pL2.Dclk1.N1fl/fl mice (as shown in Figure 5.90) showed 

a decrease of nuclear staining in all given time points, but only in the 6+9 age group significance was 

reached (6+3 p= 0.2374, 6+6 p= 0.1122, 6+9 p= 0.0164).  Notch1 relative mRNA-expression levels were 

reduced in the 6+6 months age group (p= 0.0809) and significantly reduced in the age group 6+9 of the 

pL2.Dclk1.N1fl/fl mice (p= 0.0205).  
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Figure 5.90 Evaluation of Notch expression in pL2.Dclk1.N1fl/fl mice. 
A-C) Immunohistochemical staining of Notch2 intracellular domain in pL2.Dclk1 mice of the different time 

points. A) 6+3 months, B) 6+6 months, C) 6+9 months; D-F) Immunohistochemical staining of Notch 

intracellular domain in pL2.Dclk1.N1fl/fl mice of the different time points. D) 6+3 months, E) 6+6 months; F) 

6+9 months; G) Number of nuclei stained positive for Notch. H) Relative mRNA-Expression of Notch1 in 6+6 and 

6+9 months old mice.  
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Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm)  

 

 

pL2.Dclk1.N1fl/fl mice show an intermediate phenotype 

pL2.Dclk1.N1fl/fl mice of the different age groups were analyzed using macroscopical and 

microscopical techniques. The analysis of the macroscopic score of pL2.Dclk1.N1fl/fl mice was carried 

out focusing on abundance and size of macroscopically visible lesions. Macroscopic evaluation of 

lesions of pL2.Dclk1.N1fl/fl mice (see Figure 5.91) showed a slight increase compared to the pL2.Dclk1 

controls, which did not reach significance at any given time point (6+3 p= 0.3112, 6+6 p= 0.7922, 6+9 

p= 0.9832). The values of macroscopic lesions in pL2.Dclk1.N1fl/fl mice stayed unaffected over time.  
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Figure 5.91 Macroscopic Pictures and Macroscopic Score in pL2.Dclk1.N1fl/fl mice 
A-C) Macroscopic pictures of pL2.Dclk1 control mice of the different time points A) 6+3 months, B) 6+6 months, 

C) 6+9 months; D-F) Macroscopic pictures of pL2.Dclk.N1fl/fl mice of the different time points. D) 6+3 months, 

E) 6+6 months, F) 6+9 months; G) Combined Macroscopic Score.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 0,5cm; 2mm) 

 

 

The values of metaplasia and dysplasia in pL2.Dclk1.N1fl/fl mice were ascertained by a pathologist. The 

pathologists´ analysis of the Haematoxylin and Eosin stain in pL2.Dclk1.N1fl/fl mice revealed only 

minor differences to the pL2.Dclk1 control mice concerning the phenotype at the cardia region (Figure 

5.92). No significant difference could be noted for all time points comparing the pathologic metaplastic 

score of pL2.Dclk1.N1fl/fl mice with controls (6+3 p= 0.9751, 6+6 p= 0.422, 6+9 p> 0.9999). A 

decreasing trend could be noted analyzing the dysplastic score of pL2.Dclk1.N1fl/fl mice which was not 

significant at any evaluated time point (6+3 p= 0.1836, 6+6 p> 0.9999, 6+9 p= 0.9679). 
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Figure 5.92 Evaluation of Metaplasia and Dysplasia of pL2.Dclk1.N1fl/fl mice by Haematoxylin and 

Eosin Stain. 
A-C) Haematoxylin and Eosin Stain in pL2.Dclk1 control mice of the different time points, A) 6+3 months, B) 6+6 

months, C) 6+9 months; D-F) Haematoxylin and Eosin Stain in pL2.Dclk1.N1fl/fl mice of the different time 

points, D) 6+3 months, E) 6+6 months; F) 6+9 months; G) Metaplastic Score in pL2.Dclk1.N1fl/fl mice. H) 

Dysplastic Score in pL2.Dclk1.N1fl/fl mice. 
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Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Survival of pL2.Dclk1.N1fl/fl mice showed a slight (but not significant) reduction (p= 0.2987) compared 

to pL2.Dclk1 controls (Figure 5.93). The weight of pL2.Dclk1.N1fl/fl females was significantly higher 

than that of female controls (p= 0.0116), whereas the pL2.Dclk1.N1fl/fl males tend to show similar 

weight curves to the controls (p= 0.9732). 

 

Figure 5.93 Survival and Weight Curves of pL2.Dclk1.N1fl/fl mice compared with pL2.Dclk1 control 

mice. 
A) Survival Proportions of pL2.Dclk1.N1fl/fl mice. B) Weight Curves of pL2.Dclk1.N1fl/fl females. C) 

Weight Curves of pL2.Dclk1.N1fl/fl males. 

Statistical Analysis for the survival curves was carried out by Log-rank (Mantel-cox) test, for the weight curves 

an unpaired t-test was used. A p-value of ≤ 0.05 and was assumed to be statistically significant. 

 

 

Overall pL2.Dclk1.N1fl/fl mice show an intermediate phenotype with no alteration in macroscopic 

score, metaplasia or dysplasia compared to pL2.Dclk1 controls.  
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Differentiation is elevated in pL2.Dclk1.N1fl/fl mice 

The effect of Notch1 knockdown in Dclk1+ cells was analyzed by differentiation values into mucus 

producing cells determined by PAS staining and the evaluation of mucus producing cells by a 

pathologist. The percentage of PAS-positive mucus producing cells in pL2.Dclk1.N1fl/fl mice (can be 

seen in Figure 5.94) and was significantly increased at the 6+3 (p= 0.0159) and 6+9 (p= 0.0011) time 

point, but not at the 6+6 time point (p= 0.2558). The pathologic analysis of the mucus producing cells 

shows a trend to a slight increase in pL2.Dclk1.N1fl/fl mice, which failed to reach significance at all 

examined time points (6+3 p= 0.949, 6+6 p= 0.9882, 6+9 p= 0.9647). Analysis of the relative mRNA-

expression of Muc2 and TFF2 (markers for mucus producing cells) in the pL2.Dclk1.N1fl/fl mice showed 

a slight increase in Muc2 (6+6 p= 0.1753, 6+9 p= 0.0925) and TFF2 (6+6 p= 0.2321, 6+9 p= 0.1790). No 

difference could be noted in relative mRNA-expression values of TFF3 a marker for metaplasia (6+6 p= 

0.3821, 6+9 p= 0.6011). 
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Figure 5.94 Evaluation of differentiation of mucus producing cells in pL2.Dclk1.N1fl/fl mice. 
A-C) PAS and Alcian Blue Stain in pL2.Dclk1 control mice of the different time points. A) 6+3 months, B) 6+6 

months, C) 6+9 months; D-F) PAS and Alcian Blue Stain in pL2.Dclk1.N1fl/fl mice of the different time points. D) 

6+3 months, E) 6+6 months; F) 6+9 months. G) Percentage of PAS positive regions in the Barrett area of 

pL2.Dclk1.N1fl/fl mice. H) Amount of mucus producing cells in the Barrett area of pL2.Dclk1.N1fl/fl mice I-K) 

Relative mRNA expression of I) Muc2, J) TFF2, K) TFF3.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Crypt fission rate is slightly increased in pL2.Dclk1.N1fl/fl mice 

In the pL2.Dclk1.N1fl/fl mouse model a minor decrease in proliferation rate, determined by percentage 

of Ki67 positive Barrett area was noted, which was not significant (6+3 p= 0.9187, 6+6 p= 0.6377, 6+9 

p= 0.0977) (see Figure 5.95 A-G). The relative mRNA-expression of Ki67 was significantly increased in 

the 6+6 time point in the analyzed mice (p= 0.0309) but not for the other time point (6+9 p= 0.3850). 

The number of crypt fissions found in pL2.Dclk1.N1fl/fl mice was similar to the level of controls in the 

first two age groups 6+3 (p> 0.9999) and 6+6 (p> 0.9999) but was significantly increased in the oldest 

age group 6+9 (p= 0.0004). This increase in the 6+9 age group was significant comparing the 6+9 with 

6+3 age group (p= 0.0353) and 6+9 with the 6+6 age group (p= 0.0019).  
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Figure 5.95 Determination of proliferation rate and number of crypt fissions in pL2.Dclk1.N1fl/fl mice. 
A-C) Immunohistochemistry for Ki67 in pL2.Dclk1 control mice of the different time points. A) 6+3 months, B) 

6+6 months, C) 6+9 months; D-E) Immunohistochemistry for Ki67 in pL2.Dclk1.N1fl/fl mice of the different time 

points. D) 6+3 months, E) 6+6 months, F) 6+9 months; G) Percentage of Ki67 positive cells in pL2.Dclk1.N1fl/fl 

mice. H) Relative mRNA-expression of Ki67 in pL2.Dclk1.N1fl/fl mice. I) Number of Crypt fissions in 

pL2.Dclk1.N1fl/fl mice.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Notch1 knockdown in Dclk1+ cells does not change cancer stem cells nor immune 

microenvironment 

Dclk1+ cells were described as cancer stem cells and were shown to be increased in situations of high 

inflammation. Analysis of the number of Dclk1-positively stained cells showed no significant difference 

in the pL2.Dclk1.N1fl/fl mice compared to the pL2.Dclk1 controls (6+3 p= 0.9624, 6+6 p= 0.0594, 6+9 

p= 0.169) (Figure 5.96). The relative mRNA-expression levels of Dclk1 and Lgr5 did not reach 

significance at any given time point (Dclk1 6+6 p= 0.3424, 6+9 p= 0.8251; Lgr5 6+6 p= 0.2784, 6+9 p= 

0.8956).  
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Figure 5.96 Immunohistochemistry for Dclk1 positive cells and mRNA expression in pL2.Dclk1.N1fl/fl 

mice. 
A-C) Immunohistochemistry for Dclk1 in pL2.Dclk1 control mice of the different time points A) 6+3 months, B) 

6+6 months, C) 6+9 months; D-E) Immunohistochemistry for Dclk1 in pL2.Dclk1.N1fl/fl mice of the different 

time points D) 6+3 months, E) 6+6 months; F) 6+9 months; G) Number of Dclk1 positive cell in pL2.Dclk1.N1fl/fl 

mice. G-H) Relative mRNA expression of H) Dclk1 and I) Lgr5.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 200µm; 50µm) 

 

 

Levels of chronic and acute inflammation were determined by a pathologist using H&E slides. Values 

of chronic inflammation were not significantly changed in pL2.Dclk1.N1fl/fl mice. The levels of acute 

inflammation was significantly increase in 6+6 months old mice compared to 6+3 months old mice of 

the pL2.Dclk1.N1fl/fl lineage (p= 0.0152). This elevation was again reduced in the 6+9 time point 

compared to 6+6 age group (p= 0.0094). 

 

Figure 5.97: Values of Chronic and Acute Inflammation in pL2.Dclk1.N1fl/fl mice. 
A) Chronic Inflammation, B) Acute Inflammation 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way 

ANOVA and Tukeys multiple comparison test. Asterisks indicate significant differences between the 

groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
 

 

Taken it all together pL2.Dclk1.N1fl/fl mice show comparable levels in metaplastic and dysplastic 

lesions. A slight increase in crypt fission events was seen at the oldest time point. pL2.Dclk1.N1fl/fl 

show slightly increased differentiation values in mucus producing cells. The levels of inflammation 

stayed rather unaffected.  

 

 

 

5.2.5. Comparison of the different Dclk1 mouse lines  

Mice of the different Dclk1-mouse lines (pL2.Dclk1.N1fl/fl, pL2.Dclk1.N2fl/fl, and pL2.Dclk1.N2IC) were 

compared for all major aspects and stainings. The values were compared to evaluate the different roles 

of Notch1, Notch2 and Notch2-IC in the development of BE and EAC. The values of age matched 

pL2.Dclk1 control mice are also given in the graphs but will not be taken into the statistic comparison. 
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The comparison between the different Lgr5 mouse lines and the pL2.Dclk1 control mice was performed 

in the former chapters and will not be part of this section. 

Nucleic staining of Notch was found almost exclusively in the pL2.Dclk1.N2IC mice (see Figure 5.98). 

The difference to the other Dclk1-mouse lines was highly significant at all given time points 

(pL2.Dclk1.N1fl/fl vs pL2.Dclk1.N2IC 6+3 p< 0.0001, 6+6 p= 0.0006; pL2.Dclk1.N2fl/fl vs pL2.Dclk1.N2IC 

6+3 p< 0.0001, 6+6 p= 0.0041). 

 

Figure 5.98 Comparison of Number of nuclei stained positive for Notch in the different Dclk1-mouse 

lines. 
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

  

 

Enhanced macroscopic score and dysplasia accompanied with decreased survival in 

pL2.Dclk1.N2IC mice 

The comparison of the macroscopic scores of mice of the Dclk1-lines (see Figure 5.99) showed a highly 

significant difference between pL2.Dclk1.N2IC and pL2.Dclk1.N2fl/fl mice at all given time points (6+3 

p< 0.0001, 6+6 p< 0.0001). The first age group 6+3 months showed a significant difference between 

pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2fl/fl mice (p= 0.0263) which was failed to show significance in the 

later time points (6+6 p= 0.964, 6+9 p= 0.0945). The intermediate 6+6 age group showed a significant 

difference between pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2IC mice (p= 0.0012). 
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Figure 5.99 Comparison of Macroscopic Score of the different Dclk1-mouse lines  
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The pathologic score for metaplasia (Figure 5.100) revealed a highly significant difference between the 

pL2.Dclk1.N2fl/fl and pL2.Dclk1.N2IC mice at both given time points (6+3 p= 0.0010, 6+6 p= 0.0071). 

No significant differences between the pL2.Dclk1.N1fl/fl and all other genotypes was seen.  

 

Figure 5.100 Comparison of the Pathological Score of Metaplasia in the different Dclk1-mouse lines. 
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Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

Dysplastic regions were shown to be massively increased in pL2.Dclk1.N2IC mice compared 

pL2.Dclk1.N2fl/fl mice, with highly significant difference at both time points (p> 0.0001) (Figure 5.101). 

In comparison to pL2.Dclk1.N1fl/fl mice pL2.Dclk1.N2IC mice also show a highly significant elevation 

of dysplastic areas in both given time points (6+3 p= 0.0011, 6+6 p= 0.0050).  

 

Figure 5.101 Comparison of the Pathological Score of Dysplasia in the different Dclk1-mouse lines. 
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
 

 

The comparison of the survival proportions of mice of the Dclk1 lines show a drastic decrease in survival 

in the pL2.Dclk1.N2IC mice compared to all other genotypes. These mice had to be sacrificed due to 

ethical reasons. The survival of pL2.Dclk1.N2IC mice was highly significantly decreased compared to 

both pL2.Dclk1.N1fl/fl (p< 0.0001) and pL2.Dclk1.N2fl/fl mice (p< 0.0001) at all given time points. The 

survival of pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2fl/fl mice did not differ significantly (p= 0.3801).  
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Figure 5.102: Survival proportions in mice of the Dclk1 line: pL2.Dclk1 controls, pL2.Dclk1.N1fl/fl, 

pL2.Dclk1.N2fl/fl, and pL2.Dclk1.N2IC 
Statistical Analysis for the survival curves was carried out by Log-rank (Mantel-cox) test. A p-value of ≤ 

0.05 and was assumed to be statistically significant. 

 

 

Elevated levels of differentiation in mucus producing cells in pL2.Dclk1.N2fl/fl mice and 

pL2.Dclk1.N1fl/fl mice  

The percentage of PAS-positive Barrett regions (Figure 5.103) was significantly decreased in the 

pL2.Dclk1.N2IC mice compared to both pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2fl/fl mice. pL2.Dclk1.N2fl/fl 

mice show highly significant increase in PAS+ regions compared to pL2.Dclk1.N2IC mice (p< 0.0001 for 

both given time points). The increase in PAS+ cells in pL2.Dclk1.N1fl/fl compared to values of the 

pL2.Dclk1.N2IC mice was significant only in the 6+3 age group (p< 0.0001). No significant differences 

between the pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2fl/fl mouse lines was noted. 
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Figure 5.103 Comparison of Percentage of PAS-positive cells in the different Dclk1-mouse lines. 
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The pathologists´ score for values of mucus producing cells (Figure 5.104) also showed a highly 

significant reduction in pL2.Dclk1.N2IC mice compared to pL2.Dclk1.N2fl/fl mice in all age groups (6+3 

p= 0.0057, 6+6 p< 0.0001). No significant difference could be noted between pL2.Dclk1.N2fl/fl and 

pL2.Dclk1.N1fl/fl mice. 

 

Figure 5.104 Comparison of the amount of mucus producing cells in the different Dclk1-mouse lines. 
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
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Increased proliferation in pL2.Dclk1.N2IC mice  

The comparison of the percentage of Ki67-posistively stained Barrett areas of the different Dclk1-

mouse lines showed a definite increase in pL2.Dclk1.N2IC mice compared to the pL2.Dclk1.N1fl/fl and 

pL2.Dclk1.N2fl/fl mice (see Figure 5.105). The difference was significant in the 6+6 age group 

(pL2.Dclk1.N1fl/fl vs pL2.Dclk1.N2IC p= 0.0089, pL2.Dclk1.N2fl/fl vs pL2.Dclk1.N2IC p= 0.0035). No 

significant difference was seen between pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2fl/fl mice. 

 

Figure 5.105 Comparison of Percentage of Ki67-positive cells in the different Dclk1-mouse lines. 
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The number of crypt fissions (as shown in Figure 5.106) revealed a highly significant increase in the 

pL2.Dclk1.N2IC mouse line compared to all other Dclk1 mouse lines at all given time points. The 

number of crypt fission events was highly significant increased in pL2.Dclk1.N2IC mice compared to 

pL2.Dclk1.N1fl/fl mice (6+3 p= 0.0008, 6+6 p= 0.0030). pL2.Dclk1.N2IC showed a highly significant 

difference in the numbers of crypt fission events compared to pL2.Dclk1.N2fl/fl mice at all given tine 

points (6+3 p< 0.0001, 6+6 p= 0.0001).  



  Results 

223 

 

 

Figure 5.106 Comparison of number of Crypt fissions of the different Dclk1-mouse lines. 
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

No difference in values of cancer stem cells nor in inflammatory microenvironment between 

the Dclk1 mouse lines  

The number of Dclk1-positive cells was not significantly different between the examined genotypes at 

all given time points (Figure 5.107). Dclk1 positively stained cells were increased in pL2.Dclk1.N1fl/fl of 

the latest time point but failed to reach significance in comparison to pL2.Dclk1.N2fl/fl mice (p= 

0.2044). 
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Figure 5.107 Comparison of number of Dclk1-positive cells in the different Dclk1-mouse lines. 
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
 

 

The pathologists´ score for chronic inflammation showed the highest values in the pL2.Dclk1.N2IC 

mouse model (see Figure 5.108). A significant upregulation in pL2.Dclk1.N2IC mice compared to 

pL2.Dclk1.N2fl/fl of the 6+3 months old group (p= 0.0234) was noted.  

 

Figure 5.108 Comparison of Chronic Inflammation values in the different Dclk1-mouse lines. 
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Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The values of acute inflammation were slightly elevated in the pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2IC 

mice (as Figure 5.109 shows). A significant difference was noted between pL2.Dclk1.N1fl/fl and 

pL2.Dclk1.N2fl/fl mice of the 6+6 time point (p= 0.0047). 

 

Figure 5.109 Comparison of Acute Inflammation values in the different Dclk1-mouse lines. 
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The values of CD45+ cells were not significantly impaired between the Dclk1 genotypes. The values of 

macrophages did not differ between pL2.Dclk1.N2fl/fl and pL2.Dclk1.N2IC mice. Neutrophils were 

slightly elevated in pL2.Dclk1.N2IC mice compared to pL2.Dclk1.N2IC mice. No significant difference 

was seen in levels of IMCs between the genotypes.  
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Figure 5.110: Flow cytometric Analysis of Myeloid Cells of Dclk1 mice in the Cardia region 
A-D) Quantification of Myeloid cells, A) CD45+, B) macrophages CD11b+ F480+ ly6G- %CD45 cells, C) 

neutrophils CD11b+ F48ß- ly6G+ %CD45+ cells, D) IMCs CD11b+ ly6C+ ly6G+ %CD45 cells. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

CD3+/CD4+ cells were slightly but not significantly decreased in pL2.Dclk1.N2IC and pL2.Dclk1.N2fl/fl 

mice. CD3+/CD8+ cells were slightly increased in pL2.Dclk1.N2fl/fl mice but did not reach significance. 

The values of gdT+ cells were not impaired by the genotypes. NK1.1+ cells were not significantly altered 

between the mouse lines.  
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Figure 5.111: Flow cytometric Analysis of T-Cells of Dclk1 mice in the Cardia region 
A-D) Quantification of T-cells, A) CD3+ CD4+ , B) CD3+ CD8+ , C) CD3+ CD4- CD8- gdT+, D) CD3+ CD4- CD8- 

NK1.1+ 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

Taken it all together these comparisons between the different genotypes of the Dclk1 line show 

different phenotypes in all examined Dclk1 mouse lines. pL2.Dclk1.N2IC mice show a definite increase 

in the macroscopic score and the abundance of metaplastic and dysplastic lesions compared to all 

other genotypes of the Dclk1 mouse line. This difference was most dramatic when pL2.Dclk1.N2IC were 

compared to pL2.Dclk1.N2fl/fl mice. Crypt fission events were highly elevated in pL2.Dclk1.N2IC mice 

compared to all other mouse lines. Differentiation into mucus producing cells was highly increased in 

pL2.Dclk1.N2fl/fl mice. A slight increase was seen in pL2.Dclk1.N1fl/fl mice compared to 

pL2.Dclk1.N2IC mice. No difference was seen in the values of cancer stem or progenitor cells. The 

values of inflammation and values of leukocytes were not altered between the genotypes.  

 

 

 

5.2.6. Crypt Cultures Experiments in Dclk1 mouse lines 

To be able to study the in vivo situation in an in vitro system cardia crypts of all Dclk1-mouse lines were 

isolated and maintained as described in section 3.7.1. With the evaluation of cardia crypt cultures of 

the different lines we want to investigate different growth and differentiation abilities.  
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Cardia crypts were isolated from the cardia region of mice of the different Dclk1 mouse lines. 

Dclk1+/Bmi1+ cells could form spheroids in vitro with all differentiated cell types. The presence of 

Dclk1 cells was presented in pL2.Dclk1-CreGFP mice by positive GFP signaling (see Figure 5.112). 

 

Figure 5.112: Cardia Crypt of pL2.Dclk1-CreGFP mouse 
 showing positive GFP signaling in the Dclk1+ cell (indicated by arrow) (scale bar= 100 µm). 

 

 

Survival is enhanced in pL2.Dclk1.N2IC crypts 

Cardia crypts of all different Dclk1 mouse lines were isolated and expanded. Representative pictures 

are shown in Figure 5.113. The survival of pL2.Dclk1.N2IC crypts was elevated compared to pL2.Dclk1 

controls (p= 0.0489) and pL2.Dclk1.N1fl/fl (p= 0.0449). The size of pL2.Dclk1.N2IC crypts was also 

increased compared to control crypts (p= 0.0131) and pL2.Dclk1.N2fl/fl crypts (p= 0.0232). The wall of 

pL2.Dclk1.N2fl/fl cardia crypts was highly significant increased compared to pL2.Dclk1 controls (p= 

0.0016) and pL2.Dclk1.N2IC (p= 0.0090).  
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Figure 5.113: Cardia Crypt Cultures of the different Dclk1 mouse lines  
pL2.Dclk1 (A-C), pL2.Dclk1.N1fl/fl (D-F), pL2.Dclk1.N2fl/fl (G-I), and pL2.Dclk1.N2IC (J-L). M) Percentage of Crypt 

Survival; N) Size of cardia crypts (in µm); O) Thickness of the Wall of the cardia crypts (in µm). (Scale bar= 

100 µm)  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
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pL2.Dclk1.N2fl/fl crypts show a decreased proliferation compared to all other lines, which reached 

significance compared to pL2.Dclk1.N1fl/fl crypts (p = 0.0445) and compared to the controls (p= 

0.0307). The difference in the proliferation values between pL2.Dclk1.N2IC crypts and pL2.Dclk1.N2fl/fl 

crypts was highly significant p= 0.0002. Proliferative cells were not significantly altered in 

pL2.Dclk1.N2IC crypts and pL2.Dclk1.N1fl/fl crypts compared to controls (pL2.Dclk1.N1fl/fl vs 

pL2.Dclk1 p= 0.9741, pL2.Dclk1.N2IC vs pL2.Dclk1 p= 0.0853). 

 

Figure 5.114: Ki67 positive staining in the different Dclk1 mouse lines. 
A) pL2.Dclk1, B) pL2.Dclk1.N1fl/fl, C) pL2.Dclk1.N2fl/fl, D) pL2.Dclk1.N2IC, E) value of Notch positive 

staining in the different Lgr5 mouse lines. (scale bar= 100 µm) 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

Enhanced differentiation in mucus producing cells in pL2.Dclk1.N2fl/fl crypts 

Values of differentiation in the Dclk1 crypts was determined by counting the percentage of Periodic 

Acid Schiff (PAS) positive, mucus producing cells. PAS positive cells were significantly increased in 

pL2.Dclk1.N2fl/fl crypts compared to controls (p= 0.0229) whereas they were significantly decreased 

in pL2.Dclk1.N2IC crypts compared to controls (p= 0.0298). A highly significant increase in PAS+ cells 

was seen in pL2.Dclk1.N2fl/fl crypts compared to pL2.Dclk1.N2IC crypts (p< 0.0001). The difference 

between pL2.Dclk1.N2IC crypts and pL2.Dclk1.N1fl/fl crypts in percentage of mucus producing cells 

was significant (p= 0.0499).  



  Results 

231 

 

 

Figure 5.115: PAS staining in Cardia crypts of the different Dclk1 mouse lines. 
A) pL2.Dclk1, B) pL2.Dclk1.N1fl/fl, C) pL2.Dclk1.N2fl/fl, D) pL2.Dclk1.N2IC, E) value of Notch positive 

staining in the different Lgr5 mouse lines. (scale bar= 100 µm)  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

pL2.Dclk1.N2fl/fl crypts, as the in vivo model, show significantly more differentiation into mucus 

producing cells, compared to all other crypts of the Dclk1 line. pL2.Dclk1.N2IC crypts show concurrently 

a lower differentiation value, consistent with the in vivo situation. pL2.Dclk1.N2IC crypts show 

increased size and significant higher sphere building abilities compared to all other crypts of the Dclk1 

lines.  

 

 

Notch inhibitor treatment leads to higher differentiation values 

To investigate if the seen phenotype of pL2.Dclk1.N2IC crypts could be reverted by inhibiting the Notch 

signaling, we next treated the established crypts with ƴ-secretase inhibitor (DAPT) as described above 

(3.7.5). pL2.Dclk1 and pL2.Dclk1.N2IC crypts were treated with DAPT for 24h ever 12h. Representative 

pictures of the treated crypts can be seen in Figure 5.116. Both DAPT treated crypt lines showed an 

increase in thickness of the crypt walls (see Figure 5.116). This was also supported by the increased 

PAS staining in DAPT treated pL2.Lgr5.N2IC crypts compared to untreated ones (p< 0.0001) (see Figure 

5.116 E-F). Untreated pL2.Dclk1 crypts showed higher values of mucus producing cells than untreated 
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pL2.Dclk1.N2IC crypts (p= 0.0433). Ki67 was increased in pL2.Dclk1.N2IC crypts compared to controls 

(p= 0.0342) and was slightly lowered by the DAPT treatment but did not reach significance. 

 

Figure 5.116: pL2.Lgr5 and pL2.Lgr5.N2IC crypts treated with DMSO (=control) or DAPT (y-secretase 

inhibitor)  

A-D) Representative pictures of cardia crypts of A-B) pL2.Dclk1 and C-D) pL2.Dclk1.N2IC treated with 

DMSO or DAPT. E-F) Evaluation of immunohistochemistry for E) PAS staining and F) Ki67 staining in 

pL2.Dclk1 and pL2.Dclk1.N2IC crypts treated with DMSO or DAPT.  
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale bar= 100 µm). 
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Cytokine treatment increased proliferation in pL2.Dclk1.N1fl/fl crypts and lowered 

differentiation in pL2.Dclk1.N2fl/fl crypts 

The effect of increased presence of cytokines on the crypts´ differentiation and proliferation was 

investigated treating the established crypts with IL-1b and IL-6 for 48h every 24h. Cardia crypts of the 

Dclk1 mouse lines treated with IL-1b and IL-6, showed an increase in size when compared to untreated 

controls (Figure 5.117). The amounts of mucus producing cells was significantly reduced in 

pL2.Dclk1.N2IC crypts treated with IL-1b and IL-6 compared to untreated pL2.Dclk1.N2IC crypts (p= 

0.0121, p= 0.0300). An increased proliferation in pL2.Dclk1.N1fl/fl crypts treated with IL-6 was seen 

compared to pL2.Dclk1 controls treated with IL-6 (p= 0.0223) and pL2.Dclk1.N2fl/fl crypts treated with 

IL-6 (p= 0.0068). 
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Figure 5.117: Representative Pictures of Cardia crypts of the different Dclk1 mouse lines treated with 

IL-1β and IL-6. 
A-C) pL2.Dclk1, D-F) pL2.Dclk1.N1fl/fl, G-I) pL2.Dclk1.N2fl/fl, J-L) pL2.Dclk1.N2IC. J-K) Evaluation of 

immunohistochemistry of J) PAS and K) Ki67 of the different Dclk1 mouse lines.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

Established and treated crypt cultures could be expanded further and used for RNA and protein 

isolation. Figure 5.118 shows the relative mRNA expression of several genes of the cytokine treated 

Dclk1 cardia crypts. For this experiment only pL2.Dclk1 control crypts and pL2.Dclk1.N1fl/fl crypts were 

available for all conditions. The value of Muc2 was reduced by the cytokine treatment in both lines. 

The proliferation value was slightly increased in the IL-1b treated crypts compared to control crypts. 

Interestingly IL-6 treatment resulted in a slight decrease of Ki67 expression. Notch1 expression was 

slightly increased whereas Notch2 was rather unchanged or even lowered in the analyzed crypts. 
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Figure 5.118: Relative mRNA expression in Dclk1 cardia crypts treated with Cytokines IL-1b and IL-6 
A) Muc2; B) Ki67; C) Notch1; D) Notch2. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way 

ANOVA and Tukeys multiple comparison test. 

 

 

 

5.2.7. Gene Expression Analysis of the different Dclk1 mouse lines  

The microarray was performed to check for differentially regulated genes between pL2 control and 

experimental mice of the Dclk1 mouse lines. For the microarray analysis RNA samples of mice of the 

Dclk1 mouse lines (pL2.Dclk1.N2IC, pL2.Dclk1.N2fl/fl, and pL2.Dclk1.N1fl/fl) at the age of 6+6 months 

(total age 12 months) and pL2 control mice (12 months of age) were used.  
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Gene expression results of pL2.Dclk1.N2IC mice 

Analysis of the array data of pL2.Dclk1.N2IC mice showed 437 genes significantly upregulated, and 311 significantly downregulated genes (based on cut-offs of 

fold changes >1.5 or <0.67 and p-values of <0.5).  Some selected genes are listed in Table 12. Analysis of the selected genes showed an upregulation of genes 

encoding for cytokines and their receptors (Lgr5), chemokines and their receptors (Cxcl12, Ccl11), as well as an upregulation in genes encoding for extracellular 

enzymes and molecules (like Mmp7, Mmp2, Muc6, Timp3). Furthermore an upregulation of cell adhesion and signaling genes like Thbs1 and Hey1 was noted, 

the later one being part of the notch downstream signaling. A downregulation was seen in cytokines (like IL17a, IL1a, and Wnt11), chemokines (Cxcl3), as well as 

in gene involved in cell viability (Casp3, Casp6), and extracellular enzymes and molecules (Mmp28, Muc16). A downregulation in receptors and cell signaling (as 

represented by Ctsc, Tlr5, and Tlr2) was noted. 

 

Table 12: Selected genes up- and down-regulated in pL2.Dclk1.N2IC mice compared to pL2 control mice (based on cut-offs of fold changes >1.5 or <0.67 and p-

values of <0.5). 

Up-regulated Symbol Description Main function FC P.Value 

Cytokines & their 

receptors 

Lgr5 

leucine rich repeat 

containing G protein 

coupled receptor 5 

Receptor for R-spondins and is involved in the canonical Wnt 

signaling pathway. This protein plays a role in the formation and 

maintenance of adult intestinal stem cells during postembryonic 

development. 

 

 

 

 
2,152899011 

 

 

 

 
0,011386986 

Chemokines & their 

receptors 
Cxcl12 

chemokine (C-X-C 

motif) ligand 12 

Extracellular matrix-degrading enzymes, involved in tissue 

remodeling, wound repair, progression of atherosclerosis and 

tumor invasion.  2,52665505 0,00258288 

 Ccl11 

chemokine (C-C 

motif) ligand 11 

Antimicrobial gene, member of the CC subfamily, displays 

chemotactic activity for eosinophils, involved in eosinophilic 

inflammatory diseases. 1,90685681 0,01700504 

Extracellular enzymes/ 

molecules Mmp7 

matrix 

metallopeptidase 7 

Enzyme with broad substrate specificity in extracellular matrix. 

Promotes wound healing, angiogenesis, tumor invasion and 

metastasis. 5,81278597 0,00034273 
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 Muc6 mucin 6, gastric 

Gastric mucin, a secreted glycoprotein that plays an essential 

role in epithelial cytoprotection. 2,56895243 0,00089481 

 Timp3 

tissue inhibitor of 

metalloproteinase 3 

Inhibitor of the matrix metalloproteinases, localized to the 

extracellular matrix. 2,15261649 0,03499017 

 Mmp2 

matrix 

metallopeptidase 2 

Located at cell membrane. Has a role in the nervous system, 

regulation of vascularization, and metastasis. 1,7666172 0,00040615 

Receptors & cell 

adhesion/signaling 
Thbs1 

thrombospondin 1 

An adhesive glycoprotein that mediates cell-to-cell and cell-to-

matrix interactions, was shown to play a role in angiogenesis, 

and tumorigenesis. 
1,746301777 0,024985442 

 
Hey1 

hairy/enhancer-of-

split related with 

YRPW motif 1 

Transcriptional repressor, expression is induced by the Notch 

and c-Jun signal transduction pathways, implicated role in 

neurogenesis and somitogenesis. 
2,235594904 0,000894617 

Down-regulated      

Cytokines & their 

receptors 
Il17a interleukin 17A 

Proinflammatory cytokine produced by activated T cells, 

regulates the activities of NF-kappaB, can stimulate the 

expression of IL6 and cyclooxygenase-2 (PTGS2/COX-2). 0,67841365 0,03361092 

 Il1a interleukin 1 alpha 

Multifunctional, pro-inflammatory, proangiogenic cytokine. 

Involved in immune responses, inflammatory processes, 

hematopoiesis, and apoptosis. 0,55371993 0,10319214 

 Wnt11 

wingless-type MMTV 

integration site 

family, member 11 

WNT gene family member, plays a role in oncogenesis, 

developmental processes, cell fate and patterning during 

embryogenesis. 0,50403464 0,00127256 

Chemokines & their 

receptors 
Cxcl3 

chemokine (C-X-C 

motif) ligand 3 

Secreted growth factor that signals through the G-protein 

coupled receptor, CXC receptor 2, plays a role in inflammation 

and as a chemoattractant for neutrophils. 0,2765995 0,0489482 
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Cell viability 
Casp3 caspase 3 

Plays a central role in cell apoptosis and cleavage of amyloid-beta 

4A precursor protein, which is associated with neuronal death. 0,66548834 0,01145196 

 Casp6 caspase 6 

Part of cysteine-aspartic acid protease (caspase) family of 

enzymes, plays a role in cell apoptosis. 0,6444714 0,00411252 

Extracellular enzymes/ 

molecules 
Mmp28 

matrix 

metallopeptidase 28 

(epilysin) 

Acts in embryonic development, reproduction, and tissue 

remodeling, arthritis and metastasis. Has a role in tissue 

homeostasis and in wound repair. 0,65122606 0,01492316 

 Muc16 mucin 16 Cell surface associated mucin, associated with cell adhesion. 0,43926069 0,00686959 

Receptors & cell 

adhesion/signaling Ctsc cathepsin C 

Central coordinator for activation of many serine proteinases in 

cells of the immune system. 0,67955305 0,00171471 

 Tlr5 toll-like receptor 5 

Has a fundamental role in pathogen recognition and activation 

of innate immune responses, induces nuclear factor NF-kappaB. 0,65367406 0,02358608 

 Tlr2 toll-like receptor 2 

Toll-like receptor (TLR) family member, involved in pathogen 

recognition and activation of innate immunity, promotes 

apoptosis. 0,38642648 0,00895189 

 

 

Gene expression results of pL2.Dclk1.N2fl/fl mice 

Analysis of the microarray data of pL2.Dclk1.N2fl/fl mice showed 695 genes significantly upregulated, and 565 downregulated genes (based on cut-offs of fold 

changes >1.5 or <0.67 and p-values of <0.5).  Some selected genes are listed in Table 13. In pL2.Dclk1.N2fl/fl mice an upregulation of genes encoding for cytokines 

and their receptors (Tnfsf19, Wnt10a) and chemokines and their receptors (Cxcl12, Ccl7, and Ccl11) was seen. Furthermore cell viability (Igf2) and extracellular 

molecules and enzymes (Muc6 and Mmp2) were upregulated. A downregulation was seen in genes encoding for cytokines (Wnt10b, IL33, IL1b, and Wnt11) and 

chemokines (Cxcl5, Cxcl3) and cell viability (Casp3). Extracellular enzymes of the MMP family (Mmp15, Mmp28, and Mmp8) and receptors (Ctsz, Ctsc, Tlr2, and 

Notch4) were downregulated. 
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Table 13: Selected genes up- and down-regulated in pL2.Dclk1.N2fl/fl mice compared to pL2 control mice (based on cut-offs of fold changes >1.5 or <0.67 and 

p-values of <0.5). 

Up-regulated Symbol Description Main function FC P.Value 

Cytokines & their 

receptors 
Tnfrsf19 

tumor necrosis factor 

receptor 

superfamily, member 

19 

Member of the TNF-receptor superfamily, highly expressed 

during embryonic development, capable of inducing apoptosis. 2,41500766 0,00018382 

 Wnt10a 

wingless-type MMTV 

integration site 

family, member 10A 

Member of WNT gene family, implicated in oncogenesis and in 

several developmental processes. 1,69058144 0,02183185 

Chemokines & their 

receptors 
Cxcl12 

chemokine (C-X-C 

motif) ligand 12 

Extracellular matrix-degrading enzymes, involved in tissue 

remodeling, wound repair, progression of atherosclerosis and 

tumor invasion.  2,28865482 0,00495342 

 Ccl7 

chemokine (C-C 

motif) ligand 7 

Encodes monocyte chemotactic protein 3, a secreted chemokine 

which attracts macrophages during inflammation and 

metastasis. 1,85682355 0,0416831 

 Ccl11 

chemokine (C-C 

motif) ligand 11 

Antimicrobial gene, which displays chemotactic activity for 

eosinophils, and is involved in eosinophilic inflammatory 

diseases. 1,62676511 0,05713539 

Cell viability 
Igf2 

insulin-like growth 

factor 2 

Member of insulin family of polypeptide growth factors, involved 

in development and growth. 1,62838932 0,00912825 

Extracellular enzymes/ 
molecules 

Muc6 mucin 6, gastric 

Gastric mucin, a secreted glycoprotein that plays an essential 

role in epithelial cytoprotection. 2,14423266 0,00405101 

 Mmp2 

matrix 

metallopeptidase 2 

Located at cell membrane. Has roles in the nervous system, 

regulation of vascularization, and metastasis. 2,00102801 3,9113E-05 

Down-regulated      
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Cytokines & their 

receptors 
Wnt10b 

wingless-type MMTV 

integration site 

family, member 10B 

Member of WNT gene family, implicated in oncogenesis and in 

several developmental processes as well as adipogenesis. 0,61581963 0,0224855 

 Il33 interleukin 33 

Cytokine that binds to the IL1RL1/ST2 receptor. Is involved in the 

maturation of Th2 cells, activation of mast cells, basophils, 

eosinophils and natural killer cells. 0,54828521 0,05687704 

 Il1b interleukin 1 beta 

Multifunctional, pro-inflammatory, proangiogenic cytokine, 

involved in cell proliferation, differentiation, and apoptosis. 0,46624277 0,02464839 

 Wnt11 

wingless-type MMTV 

integration site 

family, member 11 

WNT gene family member. Involved in oncogenesis, 

developmental processes, cell fate and patterning during 

embryogenesis. 0,3846976 3,5722E-05 

Chemokines & their 

receptors 
Cxcl5 

chemokine (C-X-C 

motif) ligand 5 

Recruits neutrophils, to promote angiogenesis and to remodel 

connective tissues. It is thought to play a role in cancer cell 

proliferation, migration, and invasion. 0,2610346 0,00623829 

 Cxcl3 

chemokine (C-X-C 

motif) ligand 3 

Secreted growth factor that signals through the G-protein 

coupled receptor, CXC receptor 2. It plays a role in inflammation 

and as a chemoattractant for neutrophils. 0,21301528 0,01794575 

Cell viability 
Casp3 caspase 3 

Central role in cell apoptosis and cleavage of amyloid-beta 4A 

precursor protein, which is associated with neuronal death. 0,60965768 0,00252441 

Extracellular enzymes/ 

molecules 
Mmp15 

matrix 

metallopeptidase 15 

Acts in embryonic development, reproduction, and tissue 

remodeling, as well as in disease processes, such as arthritis and 

metastasis. 0,56573346 0,00890006 

 Mmp28 

matrix 

metallopeptidase 28 

(epilysin) 

Involved in breakdown of extracellular matrix for normal 

physiological processes, like tissue homeostasis and in wound 

repair, and disease processes, like metastasis.  0,44990191 6,9882E-05 
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 Mmp8 

matrix 

metallopeptidase 8 

Functions in the degradation of type I, II and III collagens in 

embryonic development, reproduction, and tissue remodeling, 

arthritis and metastasis. 0,39800567 0,02714275 

Receptors & cell 

adhesion/signaling 
Ctsz cathepsin Z 

Lysosomal cysteine proteinase, expressed ubiquitously in cancer 

cell lines and primary tumors, may be involved in tumorigenesis. 0,6782491 0,01301423 

 Ctsc cathepsin C 

Central coordinator for activation of many serine proteinases in 

cells of the immune system. 0,60674541 0,0001217 

 Tlr2 toll-like receptor 2 

Toll-like receptor (TLR) family member, involved in pathogen 

recognition and activation of innate immunity, promotes 

apoptosis. 0,28383 0,0008866 

 
Notch4 notch 4 

Member of the NOTCH family, has a role in vascular, renal and 

hepatic development.  0,48264718 0,00019672 

 

 

Gene expression results of pL2.Dclk1.N1fl/fl mice 

Analysis of the array data of pL2.Dclk1.N1fl/fl mice showed 367 genes significantly upregulated, and 644 downregulated genes (based on cut-offs of fold changes 

>1.5 or <0.67 and p-values of <0.5).  Some selected genes are listed in Table 14. An upregulation of genes encoding for cytokines (Wnt10a, IL7r, and Wnt3) as 

well as members of the chemokine family (Cxcl12, Ccl22, and Ccl27a) was seen. Furthermore extracellular enzymes of the MMP family (Mmp7 and Mmp2) as 

well as cell adhesion signaling (CD34) was upregulated. A downregulation was seen mainly in cytokines and their receptors (Tnfrsf10b, IL4ra, IL1b, Wnt11, and 

Tnfrsf11b) and in extracellular enzymes and molecules (Mmp15, Mmp9, Mmp13, Mmp8, Muc4, Muc16, Krt7, and Krt20) was noted. A number of receptors (Tlr4, 

Tlr3, Tlr5, and Notch4) were downregulated as well as factors acting in the viability of cells (Casp6, Casp3).  
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Table 14: Selected genes up- and down-regulated in pL2.Dclk1.N1fl/fl mice (based on cut-offs of fold changes >1.5 or <0.67 and p-values of <0.5). 

Up-regulated Symbol Description Main function FC P.Value 

Cytokines & their 

receptors 
Wnt10a 

wingless-type MMTV 

integration site 

family, member 10A 

Member of WNT gene family, implicated in oncogenesis and in 

several developmental processes. 1,69646672 0,03061668 

 Il7r 

interleukin 7 

receptor 

T cell-derived cytokine, reported to stimulate the release of TNFα 

and IL-1b. 1,68976285 0,01119944 

 Wnt3 

wingless-type MMTV 

integration site 

family, member 3 

WNT gene family member, involved in oncogenesis, 

developmental processes, cell fate and patterning during 

embryogenesis. 1,54611546 0,05088714 

Chemokines & their 

receptors 
Cxcl12 

chemokine (C-X-C 

motif) ligand 12 

Extracellular matrix-degrading enzyme, involved in tissue 

remodeling, wound repair, progression of atherosclerosis and 

tumor invasion.  2,15867041 0,01283113 

 Ccl22 

chemokine (C-C 

motif) ligand 22 

Antimicrobial gene, involved in immunoregulatory and 

inflammatory processes, it binds to chemokine receptor CCR4. 2,00748195 0,00275485 

 Ccl27a 

chemokine (C-C 

motif) ligand 27A 

Ligand for CC chemokine receptor (CCR) 10, produced by 

keratinocytes, induced by TNFα und IL-1b. 1,73848722 0,01559331 

Extracellular enzymes/ 
molecules 

Mmp7 

matrix 

metallopeptidase 7 

Enzyme with broad substrate specificity in extracellular matrix. 

Promotes wound healing, angiogenesis, tumor invasion and 

metastasis 3,58536578 0,0070143 

 Mmp2 

matrix 

metallopeptidase 2 

May play roles in the nervous system, regulation of 

vascularization, metastasis, and tumor invasion. 1,61536968 0,00272477 

Receptors & cell 

adhesion/signaling Cd34 CD34 antigen 

Involved in attachment of stem cells to the bone marrow, 

extracellular matrix or to stromal cells. 1,7437368 0,00739549 

Down-regulated      
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Cytokines & their 

receptors 
Tnfrsf10b 

tumor necrosis factor 

receptor 

superfamily, member 

10b 

Tumor necrosis factor (TNF) ligand family member, induces 

apoptosis in transformed and tumor cells, binds to several 

members of TNF receptor superfamily.  0,58384637 0,00750246 

 Il4ra 

interleukin 4 

receptor, alpha 

Encodes the alpha chain of the interleukin-4 receptor that can 

bind interleukin 4 and interleukin 13 to regulate IgE production 

and promote differentiation of Th2 cells. 0,52343188 0,01245965 

 Il1b interleukin 1 beta 

Multifunctional, pro-inflammatory, proangiogenic cytokine, 

involved in cell proliferation, differentiation, and apoptosis. 0,46222036 0,03347293 

 Wnt11 

wingless-type MMTV 

integration site 

family, member 11 

WNT gene family member, involved in oncogenesis, 

developmental processes, cell fate and patterning during 

embryogenesis. 0,41873146 0,00021771 

 Tnfrsf11b 

tumor necrosis factor 

receptor 

superfamily, member 

11b 

(osteoprotegerin) 

Member of the TNF-receptor superfamily, an osteoblast-

secreted decoy receptor that functions as a negative regulator of 

bone resorption. 0,24183081 0,00299151 

Chemokines & their 

receptors 
Cxcl3 

chemokine (C-X-C 

motif) ligand 3 

Secreted growth factor that signals through the G-protein 

coupled receptor, CXC receptor 2. It plays a role in inflammation 

and as a chemoattractant for neutrophils. 0,24945391 0,04354209 

 Cxcl5 

chemokine (C-X-C 

motif) ligand 5 

Recruits neutrophils, to promote angiogenesis and to remodel 

connective tissues. It is thought to play a role in cancer cell 

proliferation, migration, and invasion. 0,22416469 0,00496569 

Cell viability 
Casp6 caspase 6 

Member of cysteine-aspartic acid protease (caspase) family of 

enzymes, has a role in cell apoptosis. 0,64248545 0,00555648 
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 Casp3 caspase 3 

Has a central role in cell apoptosis and cleavage of amyloid-beta 

4A precursor protein, which is associated with neuronal death. 0,53363014 0,00062943 

Extracellular enzymes/ 

molecules 
Mmp15 

matrix 

metallopeptidase 15 

Acts in embryonic development, reproduction, and tissue 

remodeling, as well as in disease processes, such as arthritis and 

metastasis. 0,5506141 0,01058661 

 Mmp9 

matrix 

metallopeptidase 9 

Acts in embryonic development, reproduction, and tissue 

remodeling, as well as in disease processes, like metastasis. Has 

a role in IL-8-induced mobilization of hematopoietic progenitor 

cells. 0,48340392 0,03306069 

 Muc4 mucin 4 

Membrane glycoprotein found on the cell surface, acts in 

protection of the epithelial cells and has been implicated in 

epithelial renewal and differentiation. 0,45347885 0,05310381 

 Mmp13 

matrix 

metallopeptidase 13 

Acts in embryonic development, reproduction, and tissue 

remodeling, as well as in disease processes, like metastasis, and 

acts in articular cartilage turnover. 0,43474729 0,00970238 

 Krt7 keratin 7 

Member of the keratin gene family, acts during differentiation of 

simple and stratified epithelial tissues. 0,38592626 0,02021617 

 Mmp8 

matrix 

metallopeptidase 8 

Functions in the degradation of type I, II and III collagens in 

embryonic development, reproduction, tissue remodeling, 

arthritis, and metastasis. 0,36079489 0,02370592 

 Muc16 mucin 16 Cell surface associated mucin, associated with cell adhesion. 0,28239689 0,00030226 

 Krt20 keratin 20 

A cytokeratin that is a major cellular protein of mature 

enterocytes and goblet cells and is specifically expressed in the 

gastric and intestinal mucosa. 0,26140583 0,00185456 
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Receptors & cell 

adhesion/signaling 
Tlr4 toll-like receptor 4 

Member of the Toll-like receptor (TLR) family which plays a 

fundamental role in pathogen recognition and activation of 

innate immunity. 0,63900045 0,0238026 

 Tlr3 toll-like receptor 3 

Member of the Toll-like receptor (TLR) family which plays a 

fundamental role in pathogen recognition and activation of 

innate immunity, and mediates the production of cytokines. 0,6000886 0,01509092 

 Tlr5 toll-like receptor 5 

Fundamental role in pathogen recognition and activation of 

innate immune responses, induces nuclear factor NF-kappaB. 0,49336878 0,00102946 

 
Notch4 notch 4 

Member of the NOTCH family, has a role in vascular, renal and 

hepatic development.  0,49806811 0,00061961 

 

 

Comparison of gene expression between the Dclk1 mouse lines 

For a more comprehensive picture Table 12-14 were combined in Table 15-18 to see genes differentially regulated in the different genotypes. Genes being up- 

or down-regulated in pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2fl/fl mice but unchanged in pL2.Dclk1.N2IC mice (Table 15) were of special interest. Hereunder we found 

extracellular molecules (like Muc2) and cytokines (e.g. Wnt10a) to be upregulated. The chemokine Cxcl5 was downregulated, as were cytokines (IL33 and IL1b). 

Furthermore genes up-or down-regulated in pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2IC mice but unchanged in pL2.Dclk1.N2fl/fl mice (Table 16) appear to be of major 

importance. Here mainly extracellular enzymes and molecules were changed in was seen in both Dclk1 mouse lines with an upregulation of (MMP7 and Timp3) 

and a downregulation of Muc16. Genes being up- or downregulated in only of the Dclk1 mouse lines in Table 17. In this group a downregulation of a couple of 

genes in only the pL2.Dclk1.N2fl/fl mice was seen e.g. MMP28, Wnt10b, and Cathepsin Z (Ctsz).  
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Table 15: Genes up or down regulated in pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2fl/fl but unchanged in pL2.Dclk1.N2IC 
qPCR verification was performed for genes marked in red, the up- or downregulation is indicated by arrows. 

pL2.Dclk1.N1fl/fl  vs.  pL2 pL2.Dclk1.N2fl/fl  vs.  pL2 pL2.Dclk1.N2IC vs.  pL2 

Symbol Description FC qPCR  Symbol Description FC qPCR  Symbol Description FC qPCR  

Muc2 mucin 2 1,9758 ↑ Muc2 mucin 2 2,3955 ↑     

Wnt10a 

wingless-type 

MMTV 

integration site 

family, member 

10A 

1,6965   Wnt10a 

wingless-type 

MMTV integration 

site family, 

member 10A 

1,6906   

    

Il1b interleukin 1 beta 0,4622   Il33 interleukin 33 0,5483 ↓     

Cxcl5 
chemokine (C-X-C 

motif) ligand 5 
0,2242   Il1b interleukin 1 beta 0,4662   

    

    
Cxcl5 

chemokine (C-X-C 

motif) ligand 5 
0,261   
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Table 16: Genes up or down in pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2IC but unchanged in pL2.Dclk1.N2fl/fl 
qPCR verification was performed for genes marked in red, the up- or downregulation is indicated by arrows. 

pL2.Dclk1.N1fl/fl  vs.  pL2 pL2.Dclk1.N2fl/fl  vs.  pL2 pL2.Dclk1.N2IC vs.  pL2 

Symbol Description FC qPCR  Symbol Description FC qPCR  Symbol Description FC qPCR  

Mmp7 

matrix 

metallopeptidase 

7 

3,5854 ↑ 

    

Mmp7 
matrix 

metallopeptidase 7 
5,81279 ↑ 

Timp3 

tissue inhibitor of 

metalloproteinas

e 3 

1,7639 - 

    

Timp3 
tissue inhibitor of 

metalloproteinase 3 
2,15262 ↑ 

Muc16 mucin 16 0,2824 ↓     Muc16 mucin 16 0,43926 - 
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Table 17: Genes only down in pL2.Dclk1.N2fl/fl or up in pL2.Dclk1.N2IC mice 
qPCR verification was performed for genes marked in red, the up- or downregulation is indicated by arrows. 

pL2.Dclk1.N1fl/fl  vs.  pL2 pL2.Dclk1.N2fl/fl  vs.  pL2 pL2.Dclk1.N2IC vs.  pL2 

Symbol Description FC qPCR  Symbol Description FC qPCR  Symbol Description FC qPCR  

    

Ctsz cathepsin Z 0,6782 ↓ Hey1 

hairy/enhancer-

of-split related 

with YRPW 

motif 1 

2,23559  ↑ 

    

Wnt10b 

wingless-type MMTV 

integration site family, 

member 10B 

0,6158 ↓ Lgr5 

leucine rich 

repeat 

containing G 

protein coupled 

receptor 5 

2,15289  ↑ 

    

Mmp28 

matrix 

metallopeptidase 28 

(epilysin) 

0,4499   
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Table 18: Genes up or down in pL2.Dclk1.N2fl/fl and pL2.Dclk1.N2IC but unchanged in pL2.Dclk1.N1fl 

pL2.Dclk1.N1fl/fl  vs.  pL2 pL2.Dclk1.N2fl/fl  vs.  pL2 pL2.Dclk1.N2IC vs.  pL2 

Symbol Description FC qPCR  Symbol Description FC qPCR  Symbol Description FC qPCR  

    Ctsc cathepsin C 0,6067   Ctsc cathepsin C 0,67955   

    

Tlr2 toll-like receptor 2 0,2838   Mmp28 

matrix 

metallopeptidase 

28 (epilysin) 

0,65123   

        Tlr2 toll-like receptor 2 0,38643   

 

 

These results suggest that some of these genes shown the tables above (especially Table 16 and Table 17) may be the key responsible genes for the accelerated 

phenotype of pL2.Dclk1.N2IC mice. Some genes of Table 15 may be responsible for the reduced phenotype in pL2.Dclk1.N2fl/fl mice. Some of the listed genes 

were subject to qPCR verification, which results are shown Figure 5.119. Many of the tested genes show the same expression patterns in qPCR as seen in the 

microarray data. For example Muc2 was shown to be upregulated in pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2fl/fl mice (but not in pL2.Dclk1.N2IC). This upregulation 

was significant in pL2.Dclk1.N2fl/fl mice when compared to pL2 controls (p= 0.0082) and also in comparison with pL2.Dclk1.N2IC mice (p= 0.0189). The 

downregulation of IL33 was confirmed in pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2fl/fl mice but did not reach significance. The expression of MMP7 was confirmed to 

be elevated in pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2IC mice compared to controls, but reached significance only in the pL2.Dclk1.N2IC mice (p= 0.0204). The 

difference in MMP7 expression between pL2.Dclk1.N2IC and pL2.Dclk1.N2fl/fl mice was highly significant (p= 0.0070). Cathepsin Z (Ctsz) was significantly down 

regulated in pL2.Dclk1.N1fl/fl (p= 0.0499) and pL2.Dclk1.N2fl/fl (p= 0.0073) mice compared to controls.  
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Figure 5.119: Confirmation of Microarray results by qPCR analysis of different genes in all Dclk1 mouse lines.  
Genes are classified into A) chemokines and their receptors (CCL11, CCL7); B) cytokines and their receptors (IL33, Wnt10b); C) Extracellular enzymes and molecules (MMP2, 

MMP7, Timp3, Muc16, Muc2); D) Receptors and cell adhesion/ signaling (TLR5, CTSZ). 

 

 

The microarray results were further analyzed using gene enrichment analysis (GSEA) online. The differently regulated gene set was further compared to the 

BIOCARTA data set. Table 19  shows in comparison the list of differentially regulated pathways with the corresponding number of genes of the three Dclk1 mouse 

lines (each in comparison to pL2 controls). Pathways that seem most relevant for us are marked in bold. 

 

Table 19: BIOCARTA pathway analysis of the three Dclk1 mouse lines pL2.Dclk1.N1fl/fl, pL2.Dclk1.N2fl/fl and pL2.Dclk1.N2IC. 

(Most relevant pathways are marked in bold) 

pL2.Dclk1.N1fl/fl pL2.Dclk1.N2fl/fl pL2.Dclk1.N2IC 

NAME SIZE NAME SIZE NAME SIZE 

BIOCARTA_HCMV_PATHWAY 17 BIOCARTA_MCM_PATHWAY 18 BIOCARTA_MCM_PATHWAY 18 

BIOCARTA_MCM_PATHWAY 18 BIOCARTA_PITX2_PATHWAY 15 BIOCARTA_MTOR_PATHWAY 22 

BIOCARTA_ARF_PATHWAY 17 BIOCARTA_HCMV_PATHWAY 17 BIOCARTA_IGF1_PATHWAY 21 

BIOCARTA_CTLA4_PATHWAY 18 BIOCARTA_SHH_PATHWAY 15 BIOCARTA_AKT_PATHWAY 22 

BIOCARTA_SHH_PATHWAY 15 BIOCARTA_ATM_PATHWAY 19 BIOCARTA_EIF4_PATHWAY 24 

BIOCARTA_CSK_PATHWAY 20 BIOCARTA_WNT_PATHWAY 24 BIOCARTA_PITX2_PATHWAY 15 

BIOCARTA_CARM_ER_PATHWAY 33 BIOCARTA_P38MAPK_PATHWAY 35 BIOCARTA_HDAC_PATHWAY 25 

BIOCARTA_TCR_PATHWAY 40 BIOCARTA_VIP_PATHWAY 22 BIOCARTA_HCMV_PATHWAY 17 

BIOCARTA_P38MAPK_PATHWAY 35 BIOCARTA_CARM_ER_PATHWAY 33 BIOCARTA_LONGEVITY_PATHWAY 15 

BIOCARTA_IL2RB_PATHWAY 36 BIOCARTA_ATRBRCA_PATHWAY 20 BIOCARTA_ATRBRCA_PATHWAY 20 
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BIOCARTA_IL7_PATHWAY 16 BIOCARTA_IGF1MTOR_PATHWAY 18 BIOCARTA_IL7_PATHWAY 16 

BIOCARTA_FMLP_PATHWAY 33 BIOCARTA_RARRXR_PATHWAY 15 BIOCARTA_ACH_PATHWAY 16 

BIOCARTA_PITX2_PATHWAY 15 BIOCARTA_ARF_PATHWAY 17 BIOCARTA_IGF1R_PATHWAY 22 

BIOCARTA_NOS1_PATHWAY 17 BIOCARTA_MAPK_PATHWAY 82 BIOCARTA_G2_PATHWAY 22 

BIOCARTA_ATRBRCA_PATHWAY 20 BIOCARTA_CSK_PATHWAY 20 BIOCARTA_BAD_PATHWAY 25 

BIOCARTA_GCR_PATHWAY 16 BIOCARTA_CTLA4_PATHWAY 18 BIOCARTA_IGF1MTOR_PATHWAY 18 

BIOCARTA_EIF4_PATHWAY 24 BIOCARTA_ETS_PATHWAY 18 BIOCARTA_TEL_PATHWAY 18 

BIOCARTA_VIP_PATHWAY 22 BIOCARTA_IGF1_PATHWAY 21 BIOCARTA_ARF_PATHWAY 17 

BIOCARTA_MYOSIN_PATHWAY 28 BIOCARTA_CALCINEURIN_PATHWAY 15 BIOCARTA_CARM_ER_PATHWAY 33 

BIOCARTA_HER2_PATHWAY 22 BIOCARTA_MTOR_PATHWAY 22 BIOCARTA_ERK5_PATHWAY 17 

BIOCARTA_MTOR_PATHWAY 22 BIOCARTA_NOS1_PATHWAY 17 BIOCARTA_INSULIN_PATHWAY 22 

BIOCARTA_ETS_PATHWAY 18 BIOCARTA_HER2_PATHWAY 22 BIOCARTA_CTCF_PATHWAY 23 

BIOCARTA_MAPK_PATHWAY 82 BIOCARTA_ERK_PATHWAY 28 BIOCARTA_RAS_PATHWAY 23 

BIOCARTA_AKT_PATHWAY 22 BIOCARTA_FMLP_PATHWAY 33 BIOCARTA_ATM_PATHWAY 19 

BIOCARTA_TOB1_PATHWAY 18 BIOCARTA_IL7_PATHWAY 16 BIOCARTA_PAR1_PATHWAY 35 

BIOCARTA_WNT_PATHWAY 24 BIOCARTA_HDAC_PATHWAY 25 BIOCARTA_MYOSIN_PATHWAY 28 

BIOCARTA_TH1TH2_PATHWAY 19 BIOCARTA_IL12_PATHWAY 20 BIOCARTA_VIP_PATHWAY 22 

BIOCARTA_NO2IL12_PATHWAY 16 BIOCARTA_NO2IL12_PATHWAY 16 BIOCARTA_GH_PATHWAY 27 

BIOCARTA_HDAC_PATHWAY 25 BIOCARTA_TH1TH2_PATHWAY 19 BIOCARTA_GCR_PATHWAY 16 

BIOCARTA_PGC1A_PATHWAY 19 BIOCARTA_MYOSIN_PATHWAY 28 BIOCARTA_P53HYPOXIA_PATHWAY 19 

BIOCARTA_BARRESTIN_SRC_PATHWAY 15 BIOCARTA_GATA3_PATHWAY 15 BIOCARTA_ERYTH_PATHWAY 15 
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BIOCARTA_GATA3_PATHWAY 15 BIOCARTA_TCR_PATHWAY 40 BIOCARTA_NOS1_PATHWAY 17 

BIOCARTA_IGF1R_PATHWAY 22 BIOCARTA_PGC1A_PATHWAY 19 BIOCARTA_GSK3_PATHWAY 27 

BIOCARTA_ERK_PATHWAY 28 BIOCARTA_CTCF_PATHWAY 23 BIOCARTA_STEM_PATHWAY 15 

BIOCARTA_CALCINEURIN_PATHWAY 15 BIOCARTA_GSK3_PATHWAY 27 BIOCARTA_CXCR4_PATHWAY 24 

BIOCARTA_CTCF_PATHWAY 23 BIOCARTA_SPRY_PATHWAY 18 BIOCARTA_WNT_PATHWAY 24 

BIOCARTA_STATHMIN_PATHWAY 16 BIOCARTA_TEL_PATHWAY 18 BIOCARTA_ETS_PATHWAY 18 

BIOCARTA_RARRXR_PATHWAY 15 BIOCARTA_EIF4_PATHWAY 24 BIOCARTA_RARRXR_PATHWAY 15 

BIOCARTA_BCR_PATHWAY 30 BIOCARTA_BCR_PATHWAY 30 BIOCARTA_RACCYCD_PATHWAY 25 

BIOCARTA_IL2_PATHWAY 21 BIOCARTA_INSULIN_PATHWAY 22 BIOCARTA_TFF_PATHWAY 21 

BIOCARTA_BAD_PATHWAY 25 BIOCARTA_ALK_PATHWAY 35 BIOCARTA_SHH_PATHWAY 15 

BIOCARTA_ATM_PATHWAY 19 BIOCARTA_NO1_PATHWAY 26 BIOCARTA_EDG1_PATHWAY 27 

BIOCARTA_RAS_PATHWAY 23 BIOCARTA_IGF1R_PATHWAY 22 BIOCARTA_FMLP_PATHWAY 33 

BIOCARTA_GH_PATHWAY 27 BIOCARTA_GPCR_PATHWAY 30 BIOCARTA_CCR3_PATHWAY 23 

BIOCARTA_RACCYCD_PATHWAY 25 BIOCARTA_LONGEVITY_PATHWAY 15 BIOCARTA_P38MAPK_PATHWAY 35 

BIOCARTA_MEF2D_PATHWAY 15 BIOCARTA_BAD_PATHWAY 25 BIOCARTA_MAPK_PATHWAY 82 

BIOCARTA_ERK5_PATHWAY 17 BIOCARTA_MAL_PATHWAY 18 BIOCARTA_NO1_PATHWAY 26 

 
 BIOCARTA_AKT_PATHWAY 22 BIOCARTA_CDC42RAC_PATHWAY 15 

  BIOCARTA_FCER1_PATHWAY 34 BIOCARTA_VEGF_PATHWAY 28 

  BIOCARTA_CHREBP2_PATHWAY 38 BIOCARTA_NFAT_PATHWAY 47 

  BIOCARTA_EDG1_PATHWAY 27 BIOCARTA_IL2RB_PATHWAY 36 

  BIOCARTA_G2_PATHWAY 22 BIOCARTA_ERK_PATHWAY 28 
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  BIOCARTA_G1_PATHWAY 27 BIOCARTA_G1_PATHWAY 27 

  BIOCARTA_CELLCYCLE_PATHWAY 21 BIOCARTA_CALCINEURIN_PATHWAY 15 

  
 

 BIOCARTA_LAIR_PATHWAY 16 

    BIOCARTA_PGC1A_PATHWAY 19 

    BIOCARTA_NKT_PATHWAY 29 

    BIOCARTA_NGF_PATHWAY 18 

    BIOCARTA_PTEN_PATHWAY 17 

    BIOCARTA_MEF2D_PATHWAY 15 

    BIOCARTA_RAC1_PATHWAY 22 

    BIOCARTA_FCER1_PATHWAY 34 

    BIOCARTA_PTDINS_PATHWAY 21 

    BIOCARTA_CREB_PATHWAY 26 

    BIOCARTA_TOLL_PATHWAY 35 

    BIOCARTA_PDGF_PATHWAY 32 

    BIOCARTA_GLEEVEC_PATHWAY 23 

    BIOCARTA_TGFB_PATHWAY 18 

    BIOCARTA_BCR_PATHWAY 30 

    BIOCARTA_CELLCYCLE_PATHWAY 21 
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Many genes in Table 15-18 appeared to be correlated with the pathways highlighted bold in the 

BIOCARTA pathway analysis (Table 19). A cross talk between NF-ƙB pathway and Notch signaling 

pathway was described previously. Interestingly some of the investigated genes such as MMP7, CCL11 

and Timp3 were reported to have cross-regulation with the NF-ƙB RelA pathway. Further we were able 

to show active NF-ƙB pathway in the advanced phenotype of the Lgr5 mouse lines. This led us to 

analyze NF-ƙB RelA expression values in pL2.Dclk1.N2IC mice. As NF-ƙB was suggested to be the key 

upstream mechanism for the accelerated phenotype seen in pL2.Dclk1.N2IC mice. To prove this 

hypothesis, immunohistochemistry of phosho-IKKα/β and qPCR analysis of NF-ƘB pathways was 

carried out and will be shown in section 5.2.8. 

 

 

 

5.2.8. Evaluation of pIKKα/β in Dclk1 mouse lines  

Immunostaining for pIKKα/β was performed in all Dclk1 mouse lines. A decrease in positive pIKKα/β 

staining was seen in pL2.Dclk1.N1fl/fl mice (p= 0.0039) and pL2.Dclk1.N2fl/fl mice (p= 0.0389) of the 

latest time point (6+9). A significant increase in pIKKα/β was seen in all age groups of pL2.Dclk1.N2IC 

line (in the 6+3 age group p= 0.0251, in the 6+6 months age group p= 0.0001).  

The overall comparison between the genotypes showed a highly significant upregulation of pIKKα/β 

positive cells in the pL2.Dclk1.N2IC mice compared to pL2.Dclk1.N1fl/fl mice at both time points (6+3 

p= 0.0010, 6+6 p< 0.0001). The values of pIKKα/β positively stained cells in the pL2.Dclk1.N2IC mice 

were highly significantly increased compared to pL2.Dclk1.N2fl/fl mice (p< 0.0001 for both time 

points). The analysis of the relative mRNA expression (carried out with samples of the 6+6 age group) 

showed a significant elevation of RelA-A in pL2.Dclk1.N2IC mice compared to pL2.Dclk1.N2fl/fl mice 

(p= 0.0360). A significant difference between pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2fl/fl mice in the 

relative RelA-B expression was also noted (p= 0.0336). 
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Figure 5.120: Immunohistochemistry for pIKKα/β in the Dclk1 mouse lines. 
A-P) Immunohistochemistry for pIKKα/β in A-D) pL2.Dclk1 control mice of the different time points; E-H) 

pL2.Dclk1.N1fl/fl mice of the different time points; I-L) pL2.Dclk1.N2fl/fl mice of the different time points; M-P) 

pL2.Dclk1.N2IC mice of the different time points. Q-S) Quantification of pIKKα/β staining in BE areas of the 

respective genotype compared to controls Q) pL2.Dclk1.N1fl/fl; R) pL2.Dclk1.N2fl/fl; S) pL2.Dclk1.N2IC; T) 

overall comparison focusing on the different genotypes at the same time point.  P) RelA-A mRNA Expression; Q) 

RelA-B mRNA Expression.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 300µm; 100µm) 

 

 

Next, we wanted to address the question regarding the source cells that express pIKKα/β. Therefore 

we performed the combination of pIKKα/β immunostaining with Alcian Blue, which stains for mucus 

producing/ goblet-like cells (Figure 5.121) to analyze if pIKKα/β positive stain could be found mainly in 

columnar cells and cells of dysplastic appearance. pL2.Dclk1.N1fl/fl and especially pL2.Dclk1.N2fl/fl 

mice showed an increase in the number of mucus producing/ goblet cell like cells with the absence of 

pIKKα/β expressing cells. The number of positively stained cells was significantly increased in 

pL2.Dclk1.N2IC mice especially in the columnar regions.  
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Figure 5.121: Immunohistochemistry staining of pIKKα/β  
(A-D) Immunohistochemistry staining of pIKKα/β (brown cells) combined with Alcian Blue (blue) for mucus 

producing cells of the different Dclk1 mouse lines. 

(Scale Bars 300µm, 100µm) 

 

 

In summary the presented data of mice of the Dclk1 mouse lines showed a reduced pL2 phenotype in 

the pL2.Dclk1.N2fl/fl mice with less macroscopic and dysplastic lesions. These mice had higher body 

weight and a better survival compared to controls. pL2.Dclk1.N2fl/fl mice show high values of mucus 

producing cells in the examined lesions. pL2.Dclk1.N1fl/fl mice showed an intermediate phenotype 

with slightly elevated crypt fission events and elevated differentiation. pL2.Dclk1.N2IC showed an 

increased phenotype as demonstrated by an increase in macroscopic, metaplastic, and dysplastic 

lesions. They show a reduced survival and enhanced crypt fission events. A number of cytokines and 

extracellular enzymes were elevated in pL2.Dclk1.N2IC mice. In the dysplastic lesions of pL2.Dclk1.N2IC 

mice an upregulation of active pIKKα/β was noted, suggesting a crosslink between the two pathways.  
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6. Discussion 

6.1.  Definition and Discrimination of Barrett Esophagus 

Barrett Esophagus (BE), the replacement of normal stratified squamous epithelium by columnar 

epithelium [14, 45, 220], is the only known precursor of Esophageal Adenocarcinoma (EAC) [9, 19, 47]. 

It increases the risk for EAC development by 11-fold [221], which incidence has risen 5- to 7-fold in the 

last two decades [9, 58], and accounts therefore for one of the fastest rising cancers in the world [19]. 

As EAC has a poor prognosis with a high potential of metastasis [33, 71, 73, 74], there is an obvious 

need for identification of risk and prediction markers for initiation and progression of BE and EAC.  

Esophageal Adenocarcinoma is believed to develop in an ascending manner from GERD, to metaplasia, 

to dysplasia, to EAC [33, 222]. Contrasted by that only in rare occasions patients with GERD progress 

to BE, from which only few progress to EAC [36]. Most of the patients diagnosed with EAC have not 

been diagnosed with BE or GERD in their history [33, 222] suggesting another type of action. Two types 

of possible lesions have been described for BE: columnar lined esophagus (CLE)[48] and intestinal 

metaplasia (IM) [13, 19]. In intestinal metaplasia, the specialized columnar epithelium contains goblet 

cells [13, 37, 45] and was regarded as the hallmark for BE diagnosis [36, 37, 45, 49]. It was assumed to 

be the metaplasia most associated with EAC development [13, 19, 49, 50] and is still included in the 

diagnosis of BE of the American and German gastroenterological societies [36, 223-225]. Whereas 

others, like the British guidelines, also include BE with gastric metaplasia or columnar lined esophagus 

(CLE) without the presence of goblet cells into the diagnosis for BE [36, 226]. CLE, representing the 

gastric cardiac type epithelium, was discovered to show even a higher risk for neoplasia in patients [2, 

13, 19, 49, 51]. Awareness now arose that a premalignant condition without the presence of goblet 

cells, should also be diagnosed as BE [9, 13, 49, 51]. The amount of goblet cells was shown to be 

decreased in human EAC samples compared to BE samples [2, 51, 227] and decreased with increasing 

tumor stage. Therefore it seems likely to hypothesize that the state of metaplasia, with differentiated 

goblet-like cells, is distinct from the dysplastic state which is likely to progress to carcinoma [228].  

It was postulated that the occurrence of Barrett metaplasia may originate from transdifferentiated 

squamous cells of the esophagus that differentiate into metaplastic columnar cells [2, 50, 94, 222]. 

Many of the thereupon conducted studies have focused on the molecular mechanisms driving this 

conversion [222], but could not recapitulate a clear mechanism [2, 222]. Recent studies of our and 

other groups point in another direction. They suggest that the Barrett like lesions may arise from 

progenitor cells which are located in the gastric cardia [14, 19, 221, 229], representing one if not the 

only possible explanation for the fact that 75% of EAC cases evolve at the lower third of the esophagus 

[14, 66, 222].  

Progenitor or stem cells in the gastric cardia are present only in a small number and seem to serve a 

key task in the development of metaplasia and dysplasia. They undergo proliferation at a very low rate 

protecting the cell from damage [16, 26]. This normal balance of differentiation and proliferation can 

be shifted by an inflammatory state and/or deregulation of pathways like Notch, leading to higher 

proliferation and accumulation of progenitor cells. Both Lgr5+ and Dclk1+ cells have been described as 

putative gastrointestinal stem cells [19, 93], whos´ expression was elevated in  Barrett metaplasia of 

pL2-IL1beta mice as well as in human BE samples [2, 19]. They may expand and proliferate in states of 

chronic inflammation (see Figure 6.1). These distinct populations of putative stem cells have been 
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analyzed in this thesis according to their 

function in disease initiation and 

progression, as well as and their interplay 

with the Notch signaling pathway.  

Whereas both these stem cells were shown 

to have overlapping functions, Lgr5 was 

verified within this thesis as the stem cell of 

the gastric cardia, which proliferates and 

expands in the state of BE and EAC. Lgr5 was 

identified as a target gene of the Wnt/b-

catenin signaling pathway [230], which is 

involved in tumor initiation and tumor 

growth [231]. Lgr5 was shown to be elevated 

in a number of cancers, where it may 

enhance tumor formation, cell mobility, 

maintaining stemness and enhance 

proliferation [196, 232]. Dclk1 may show 

some overlap in expression, as well as in 

function, but can rather be described as 

progenitor or cancer initiating cell [105]. 

Their expression is elevated in BE [233], they 

are located closer to the +4 position [2]. A 

recent report shows that NF-ƙB can enhance 

Wnt activation and lead to the de-

differentiation of non-stem cells [234, 235]. 

Hypothesizing that these cells are Dclk1+ 

cells may enable us to link inflammation and 

the over-activation of Dclk1 expressing cells.  

An increased number of progenitor cells was 

noted in human BE samples and in the pL2-IL1b mouse model. These mice possess a constitutive 

overexpression of IL-1b in the squamous mucosa of the esophagus and forestomach [14, 236], leading 

to inflammatory esophagitis, hyperplasia, Barrett-like columnar metaplasia and dysplasia at the 

squamous-columnar junction [14, 19, 116]. An upregulation of IL-1b at the squamous columnar 

junction was described previously in human BE patients [2, 117-119]. A number of gastric and intestinal 

genes, like IL-6, TNF-α, and Notch, were significantly upregulated in both human BE and the pL2-

IL1beta mouse model [14]. 

 

The Notch signaling pathway is highly conserved and represents one key mechanism in cell-cell 

communication and important in development and cell fate decision [24, 123, 131]. The Notch 

signaling pathway is, despite its´ simple core architecture (composed of 4 receptors and 5 ligands), 

involved in virtually all mammalian embryonic tissues and in many biological processes [115, 131-134]. 

The possible receptor-ligand combinations which may differ in outcome depending on the specific 

environment, and a vast variety of receptor and/or ligand modifications, as well as a number of non-

canonical ligands have been described [123, 134, 151, 157].  

In adult tissue Notch mainly acts in cell fate decision of progenitor cells and can maintain stem cells in 

an uncommitted state [131, 139, 155, 173]. Notch was described to be essential in the small intestine 

Figure 6.1: Stem cells in the esophagus and origin of 

BE and EAC. 
a) Stem or progenitor cells of the gastric cardia are 

located near the gland base, expressing Lgr5 or 

CCKBR (cholecystokinin B receptor), b) Upon 

chronic inflammation gastric cardia glands expand 

and migrate towards the squamous-columnar 

junction, giving rise to metaplasia and dysplasia. 

Dclk1 expressing tuft cells are increased. 

Adjusted from Hayakawa et. al 2016 [2] 
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where high Notch expression causes hyperplasia and increased self-renewal, which keeps transit 

amplifying (TA) cells in an undifferentiated state [17, 139, 237]. A low expression of Notch leads to 

lower proliferation and an increased differentiation into goblet cells [24, 237]. In the murine stomach 

Notch signaling is restricted to progenitor cells in the isthmus of adult glands [17, 24], where it acts on 

proliferation and differentiation [2, 17, 22, 191, 192]. Notch signaling is a key driver in the development 

of Barrett Esophagus and the progression to EAC [19, 143]. Actively Notch expressing cells were found 

within columnar-lined esophagus and at the SCJ in dysplastic epithelial tissue [14, 17, 55]. An increase 

in Notch expression was seen in the pL2 model as well as in human samples concomitant with 

progression. The terminal differentiation of the progenitor or stem cells was suppressed [17, 24, 28, 

107, 198] leading to increased self-renewal [139].  

Notch plays an indispensable role in proliferation and differentiation decisions in the small intestine as 

in the gastric cardia, which could be demonstrated within this thesis. Mutations and dysregulation of 

Notch signaling take part at different stages of malignant transformation of various organs [123, 131, 

174]. In many cancers Notch hereby acts as an oncogene [123, 143, 179], leading to increased stability 

and tumor promotion [24, 123, 139, 178, 182]. In the state of inflammation like GERD, Notch serves an 

important task in development of Barrett-like metaplasia and dysplasia [19, 143].  

 

Figure 6.2: Schematic representation of our suggested hypothesis involving the influence of Notch 
signaling in differentiation and proliferation. 

Chronic Injury and Inflammation (induced by GERD, bile acids, and/or high fat diet) trigger the proliferation and 

expansion of organotypic stem or progenitor cells. Low expression of Notch leads to lower proliferation and 

high differentiation into goblet or goblet-like cells leading to intestinal metaplasia. High Notch expression and 

further inflammatory signals lead to higher proliferation and less differentiation values favoring the 

development of dysplastic epithelium.  

 

 

We therefore hypothesize not a stepwise progression from inflammation, to metaplasia, to dysplasia 

and cancer, but two independent modes of action (see also Figure 6.2):  
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The presence of reflux of acid and bile salts, GERD, or high fat diet, as well as visceral obesity and 

further external factors may chronically activate inflammatory signals like NF-ƙB. Depending on pH and 

the type of the bile acid and the surrounding microenvironment (also shaped by microbiome of the 

stomach, induced by genetic and life style factors) this state of chronic inflammation may lead to the 

expression of Cdx1 and Cdx2 [91] via binding of NF-ƙB to the Cdx promoter [199]. Cdx2 expression 

results in an activation of KLF4 and Atoh1 which lead to elevated Muc2 levels [2, 238] and low levels 

of Notch. This results in differentiation into a more intestinal metaplastic phenotype [239] without 

further disease progression (see Figure 6.2).  

On the other hand the presence of unconjugated bile salts like DCA (deoxycholic acid), a low pH, high 

fat diet, as well as further inflammation promoting factors lead to NF-ƙB downstream targets like IL-8, 

IL-1b, Hes1, and Jag1 [117, 119] and enhanced survival [240]. Concomitant activation of IL-6 and 

Notch1 genes by promoter demethylation [14, 55, 200] was reported. Furthermore production of 

reactive oxygen species was elevated, leading to DNA damage and the acquisition of mutations [55]. 

Hereby tumor suppressor genes like p53 can be altered. The activation of the Notch signaling and other 

inflammatory cytokines favors survival and proliferation of the progenitor cells of the cardia  region 

(which was presented to be Lgr5+)  [97]. Through increased proliferation and expansion of stem cells 

which migrate up into the esophagus [97] pre-neoplastic lesions develop. A possible feedback 

mechanism between Notch, NF-ƙB as well as with other key pathways like Wnt or TGFβ may enhance 

this situation leading to the development of EAC (as demonstrated in Figure 6.2).  

 

 

6.2.  Notch signaling in stem cells of the SCJ determines carcinogenesis 

One of the described stem cells of the cardia region are Lgr5+, where it  is expressed at the gland base 

and in antral glands, but is not expressed in the gastric corpus or normal esophageal squamous 

epithelium [14, 16, 18, 19]. Lgr5 was previously described as marker for intestinal and colonic stem 

cells at the crypt base [16, 19, 23, 26-28, 100]. Lgr5+ cells are long-lived stem cells in the gastric cardia 

which persist for several month (at least 60 days) that can give rise to all differentiated cell lineages 

and can repopulate the crypt after injury [14, 23, 26, 27, 101, 221]. 

Lgr5 was found to be expressed in BE and dysplastic tissue in humans and in pL2-IL-1b mice [14, 19, 

221]. Previous lineage tracing experiments showed labelling of the cardia epithelium after tamoxifen 

induction [14]. This could be verified in all assessed Lgr5 mouse lines (see Figure 5.10 and Figure 5.21) 

crossed to Rosa26-LacZ mice. The whole Barrett region of the mice could be lineage traced, meaning 

that this Barrett region originates from Lgr5+ stem or progenitor cell. The suggestion that Lgr5+ cells 

may function as progenitor cells that give rise to BE and dysplasia in the cardia region [14, 19] hereby 

could be proven. Furthermore Lgr5-positive cells can give rise to all differentiated cell types in the 3D 

in vitro cardia crypt cultures (Figure 5.52). Supporting their stem or progenitor cell abilities. 

 

Our Notch overexpressing model Notch2-IC possess a constitutively active intracellular domain of 

Notch2 in Lgr5+ cells upon tamoxifen induced Cre expression. Active Notch expression was proven by 

IHC where nucleic Notch staining was shown almost exclusively the pL2.Lgr5.N2IC mice (Figure 5.37). 

Furthermore Notch2 relative mRNA expression was significantly increased in N2IC mice. These mice 

display a massive increase in tumor load as represented by the macroscopic score (Figure 5.38) 

compared to all other mouse lines. This macroscopic score combines the extent and the size of the 

macroscopically observed lesions. All these aspects are significantly increased in pL2.Lgr5.N2IC mice 
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(see Appendix Figure 8.1 ), speaking for hyperplasia and increased self-renewal in the mice. Analyzing 

this macroscopic lesions more in detail revealed only a slight elevation in metaplastic epithelium but a 

significant increase in the amount of dysplastic epithelium in N2IC mice (Figure 5.9). N2IC mice 

therefore show a reduced survival rate and a slightly reduced body weight (Figure 5.11). This again 

supports the fact that active Notch signaling leads to a more dysplastic phenotype.  

In addition to the in vivo data our 3D cell cultures of cardia crypts of the same mouse lines show 

supportive results. A significantly better survival and enhanced sphere building abilities in N2IC crypts 

compared to all other genotypes (Figure 5.52) was noted, again supporting the enhanced self-renewal 

capacities and suppression of differentiation. Significantly more Notch-IC staining could be seen in 

N2IC mice (Figure 5.54).  

 

Inhibition of Notch signaling by GSI (gamma secretase inhibitors) was shown to lead to decreased 

proliferation and goblet cell hyperplasia [17, 19, 24, 55]. 3D cardia crypt cultures were used as in vitro 

models of our mouse lines, depicting genotypical differences shown in our mice. To further study the 

influence of Notch signaling in the Crypt Cultures, Notch signaling was inhibited by y-secretase inhibitor 

(DAPT) right after passaging twice every 12 hours. It was described previously that Notch inhibition by 

y-secretase inhibitor “induced rapid CBC cell loss, with reduced proliferation, apoptotic cell death and 

reduced efficiency of organoid initiation” [191], leading to goblet cell hyperplasia [55, 91, 239, 241]. 

Treatment of N2IC cardia crypts with DAPT resulted in inhibited Notch signaling demonstrated by 

significantly decreased Notch protein expression and highly significant decreased relative mRNA 

expression of Notch1 and Notch2 (Figure 5.57). Furthermore an increase in the thickness of the crypts 

wall alongside with a significant increase in PAS positive staining could be seen in the crypts (Figure 

5.56 and Figure 5.58). This was also supported by an increase in Muc2 mRNA expression in the N2IC 

crypts. The proliferation was less pronounced in both control and N2IC crypts (Figure 5.58) by DAPT 

treatment. 

The effect of Notch inhibition could be revealed also in our in vivo model of pL2.Lgr5.N2fl/fl mice. 

These mice have an inactive Notch2 receptor in Lgr5+ cells upon Cre expression. pL2.Lgr5.N2fl/fl mice 

show significantly reduced Notch expression which was verified by IHC and qPCR (Figure 5.18). As 

demonstrated high Notch expression leads to hyperplasia and a decreased differentiation in the mice, 

low Notch expression is known to result in lower progression rates and induction of intestinal 

metaplasia with the presence of goblet-like cells [14, 19, 147]. This is supported by our findings on our 

pL2.Lgr5.N2fl/fl mice. pL2.Lgr5.N2fl/fl mice show a reduced phenotype in terms of tumor load and 

macroscopic scoring (Figure 5.19). pL2.Lgr5.N2fl/fl mice had smaller and less abundant macroscopic 

lesions (see Appendix Figure 8.2). The pathologists´ analysis of the lesions showed a slight decrease in 

metaplastic and dysplastic tissue in the pL2.Lgr5.N2fl/fl mice which reached significance only at the 

oldest age group (16 months). Survival rates of pL2.Lgr5.N2fl/fl mice were superimposable to pL2.Lgr5 

controls. 

A highly significant increase in the amount of PAS positive, mucus producing cells (thereunder goblet-

like cells), was seen in N2fl/fl mice (Figure 5.23), which were also verified by a pathologist to be highly 

upregulated in pL2.Lgr5.N2fl/fl mice. Makers for mucus producing cells like Muc2 were elevated in 

N2fl/fl mice. The microarray showed furthermore an upregulation of other mucins like Muc3 and 

Muc16, pointing to their high expression level in lesions derived from N2fl/fl mice. 

In addition cardia crypt cultures of pL2.Lgr5.N2fl/fl mice show a highly significant increase in PAS 

positive cells (Figure 5.55). The observation that pL2.Lgr5.N2fl/fl crypts display a massive increase in 
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the thickness of the crypt wall (Figure 5.52) enabled us to speculate that this increase in wall thickness 

can be accounted to a differentiation into more goblet-cell shaped mucus producing cells.  

 

Lgr5+ cells have been described previously as stem cells of the small intestine [23, 27]. The analysis of 

small intestines concerning the amount of goblet cells and the proliferation rate of the mice lead to 

comparable results, as described above for the gastric cardia region (see Appendix 8.5.1). 

pL2.Lgr5.N2fl/fl mice showed a higher abundance of goblet cells, whereas pL2.Lgr5.N2IC mice have 

significantly less goblet cells (see Appendix Figure 8.20). The proliferation rate was significantly 

increased in pL2.Lgr5.N2IC mice at any given time point. It was described before that the accurate 

differentiation and proliferation in the small intestine is dependent on Notch signaling, where low 

levels of Notch lead to the differentiation into secretory lineages and high Notch expression leads to 

the maintenance of stem cells and their continuous proliferation. This statement could be 

substantiated in our model also in the small intestine.  

 

 

6.3.  Inflammation activates quiescent stem cells 

Doublecortin and CaM kinase-like-1 (Dclk1) was discussed as a putative progenitor or stem cell marker 

[25, 26, 100, 104].  Dclk1 expressing cells were shown to be localized at the +4 position of colonic crypts 

which also express Bmi1 [22, 25, 27, 104]. In gastric glands Dclk1+ cells are usually located at the 

isthmus, in the gastric cardia they are highly present just below the SCJ [5, 22]. Dclk1+ cells are long 

lived, quiescent cells and are therefore seen as a putative stem cells [25, 26], as they can also give rise 

to Lgr5-expressing cells [100, 104, 105]. More recently it was seen that Dclk1 marks tuft cells, which 

are present in the intestine, trachea and stomach and act in homeostasis and regeneration [5, 25, 104, 

105].  

An accumulation of Dclk1+ cells was found in situations of increased inflammation like BE [14, 19, 26, 

99] but diminished with disease progression [214, 215]. Dclk1 may serve as a marker for tumor stem 

cells or tumor initiating cells that expand in the setting of inflammation and metaplasia [100, 105, 106, 

242, 243]. Thereby representing a link between inflammation/injury and dysplastic progression [99, 

106]. The role of Dclk1+ cells in esophageal cancer is not clear yet, but it seems to increase progression 

to cancer [242]. In all our Dclk1 mouse lines a decrease of Dclk1 expressing cells over time could be 

noted (see Figure 5.107). Supporting the previously described overexpression of Dclk1+ cells in early 

tumor initiating events and a decrease in number with disease progression as described before [214, 

215]. 

In our lineage tracing experiments (see Figure 5.71 and Figure 5.82) we could demonstrate that, in the 

Dclk1 mouse lines, the Barrett area is originated from the Dclk1 expressing cells. It was shown 

previously that Dclk1 cells need the presence of inflammation as a trigger to become active and 

proliferate [14, 19, 26, 99]. The significantly increase in the size of the Barrett area in pL2.Dclk1.N2IC 

mice may point to an indispensable role of Notch in the development of BE. The presence of Dclk1-

positive cells in the cardia crypts of pL2.Dclk1 mice which can give rise to all differentiated cells their 

progenitor cell ability was shown (Figure 5.112). In our case Dclk1+ cells seem be involved in tissue 

homeostasis and is critical in the response to epithelial injury to possess cancer initiating abilities.  

pL2.Dclk1.N2IC mice showed active Notch signaling, as proven by IHC and RNA expression (Figure 

5.98). These mice display a massively increased macroscopic score (Figure 5.99), with increase in size 

an abundance of the lesions. The lesions were mainly dysplastic (Figure 5.100 and Figure 5.101), 
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resembling the situation in pL2.Lgr5.N2IC mice. Noteworthy pL2.Dclk1.N2IC mice show a massive 

decrease in survival rate (Figure 5.72) which cannot be explained solely by the displayed increased 

dysplastic phenotype of these mice. Dclk1 was described as being involved in the developing brain and 

nervous system and serves an important task in neuronal migration [14, 19, 26, 105, 242, 244]. 

Knockout studies of Dclk1 cells using inducible DTA-construct in our lab (unpublished data) did show a 

tremendous effect of knockout of Dclk1 cells even in the adult brain with severe effects on equilibrium 

sense and other neurological discrepancies. The overexpression of Notch2-IC resulted in partly 

neurological phenotype with paralysis of the limb and growth of gross ectopic tumors mainly at the 

tail and in the head-neck area (see Appendix Figure 8.9). Notch was already described as being 

important for glial cell specification and neurite development, learning and memory [115, 245, 246]. 

Dclk1 expression can be found in post-mitotic neurons and in neuroblasts [247]. The hypothesis that 

these tumors could be classified into neuroblastomas is currently analyzed. Also the effect on the brain 

of Notch overexpression in the Dclk1 cells of pL2.Dclk1.N2IC mice will be analyzed in the future.  

The in vitro data of the 3D cardia crypt cultures show a significantly enhanced survival and size in the 

pL2.Dclk1.N2IC crypts (Figure 5.113).  Speaking for their enhanced proliferation and self-renewal 

capacities in a Notch dependent mechanism. 

Notch inhibition in cardia crypts of the pL2.Dclk1.N2IC and pL2.Dclk1 lines by DAPT resulted in an 

increase in the thickness of the crypts wall and a significant increase in PAS positive staining (Figure 

5.116). The values of proliferation of pL2.Dclk1.N2IC (as well as pL2.Dclk1 control crypts but to a lesser 

extent) were reduced compared to untreated controls (Figure 5.116), pointing to a role of Notch in the 

differentiation abilities of Dclk1 cells and supporting our findings in the pL2.Dclk1.N2fl/fl mice.  

These pL2.Dclk1.N2fl/fl mice also show a highly significant increase in the amount of PAS positive, 

mucus producing cells (Figure 5.74). Which was also verified in cardia Crypt Cultures (Figure 5.115). An 

upregulation of mucins was seen in the microarray and qPCR analysis of the mice. 

The analysis of pL2.Dclk1.N2fl/fl mice show a significant decrease in the amount of dysplastic lesions 

at the first time point (9 months). This is possibly due to the decelerated activation of Dclk1 cells in the 

absence of Notch2. Which was also presented by the significantly reduced rates of Ki67 positive cells 

in the 3D cardia crypt cultures of pL2.Dclk1.N2fl/fl mice (Figure 5.114). Interestingly pL2.Dclk1.N2fl/fl 

mice show a slightly better survival with a significantly increased body weight compared to pL2.Dclk1 

controls (Figure 5.83).  

 

 

6.4.  Expansion of the whole Cardia in BE is Notch dependent 

The observed dysplastic cells in N2IC mice did not originate from a higher proliferation rate of the cells, 

as only a slight increase in Ki67 expression was noted at the latest time point (Figure 5.12 and Figure 

5.73). It was rather demonstrated in our results that N2IC mice show a tremendous increase in the 

number of crypt fissions in the Barrett area, which numbers increased steadily over all time points 

(Figure 5.12 and Figure 5.73). Crypt fission events were seen only seldom in pL2.Lgr5 control mice and 

in pL2.Lgr5.N1fl/fl mice and were absent in pL2.Lgr5.N2fl/fl mice. Crypt fission is as a physiologic 

mechanism of crypt reproduction, where the gland bifurcates, resulting in two daughter glands [220, 

248]. A high number of crypt fission events is an indicator of high cell turnover and was found to be 

increased in pathophysiologic situations like chronic inflammation [26, 100], “representing potential 

premalignant condition” [26].  
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This mechanism was also described for the expansion of Barrett metaplasia glands that contain tissue-

specific multipotential stem cells [55, 220, 249, 250]. This results in a massive increase in tissue 

quantity. In our mouse model we frequently discovered (in mice of all genotypes except for the N2fl/fl 

ones) an overlap of expanded tissue at the SCJ, resulting in a doubling of the muscularis mucosae (see 

Figure 6.3). This was frequently seen in human BE samples as well but has not yet been recognized as 

a diagnostic criteria for BE. This doubling was described previously to be present in 67% [251] or even 

87,5% [252] of all examined human BE samples and was not seen in tissue samples without BE. As this 

phenomenon always occurred at the SCJ it supports us to speculate that this is a result of rapid tissue 

growth by crypt fission. The mechanism of crypt fission is also described as “bottom up” crypt 

expansion [253] it suggests a direct involvement of the present stem cells in this region. Thus we 

suggest that the feature of crypt fission, which has so far only been evaluated in the colon and in colon 

carcinogenesis, should be observed in BE and EAC as well and may serve as a relevant marker of cancer 

risk or risk for dysplastic transformation. 

 

Figure 6.3: Representation of membrane doubling in the pL2 mouse model. 
(Scale Bar: 500µm) 

 

 

6.5.  Notch1 and Notch2 have opposing roles in esophageal carcinogenesis 

Besides the inducible knockout of Notch2, we also examined the inducible knockout of Notch1 in our 

model of both putative stem cells. The tremendous phenotypical difference between N1fl/fl and N2fl/fl 

mice seen in the Lgr5 mouse lines of our project was surprising at first. But it was described previously 

that different Notch receptors may have different effects even in the same surrounding on the growth 

of a single tumor type [127, 134, 157, 187]. Reasons for that include distinct Notch receptor expression, 

and function, as well as context specific differences [156, 203]. 

N1fl/fl mice show a decrease in Notch1 expression and a decreased expression of nucleic, active Notch 

signaling (Figure 5.29 Figure 5.90). Whereas the N2fl/fl mice matched our expectations in behalf of 

macroscopic score and differentiation into mucus producing cells, N1fl/fl mice of both lines showed a 

less explicit phenotype. A slight increase in macroscopic score was seen in N1fl/fl mice of both lines 
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(Figure 5.30 and Figure 5.91). N1fl/fl mice did not show any significant differences compared to the 

controls in terms of metaplastic or dysplastic regions (Figure 5.32 and Figure 5.92).  Values of 

proliferation and Crypt fission stayed at the same level as controls (Figure 5.34). Only in the oldest mice 

(15 months) of the pL2.Dclk1.N1fl/fl line a significant increase in crypt fission was seen (Figure 5.95). 

Nevertheless the percentage of PAS positive regions within the Barrett lesion showed a significant 

increase (Figure 5.33 and Figure 5.94), pointing to a higher differentiation rate.  

 

pL2.Lgr5.N1fl/fl mice show a high tendency to develop esophageal squamous cell carcinoma (ESCC) 

(see Figure 5.30). Other than their N2IC counterparts they tend to develop large lesions (>1mm) that 

may obstruct the whole esophagus and hinder the mice to ingest food. Their low body weight as well 

as their bad condition made it crucial to redeem the mice due to ethical reasons (Figure 5.31). Notch1, 

but not Notch2, was described as a tumor suppressor in some situations e.g. in the onset of squamous 

differentiation in the esophageal epithelium [91, 156, 239].  It is known that Notch1 is activated at the 

onset of squamous differentiation in the esophagus [192]. A deletion of Notch1 therefore inhibits 

squamous differentiation and results in massive development of papillomas [127, 131, 156] and 

squamous neoplasms of the esophagus [254], explaining the seen phenotype of the mice.  

The underlying mechanism leading to this obstruction could not be analyzed yet in detail, but our 

observation that the esophageal lesions of pL2.Lgr5.N1fl/fl mice show high expression of p63 may hint 

to an involvement of the p63/p53 signaling pathway in this situation (see Appendix Figure 8.8). The 

p63 tumor protein, a p53 homolog, is related to apoptosis and is expressed usually in normal basal 

cells of squamous epithelium and linked to cell fate determination [91, 179]. P63 decreases with 

differentiation and was found to be amplified in squamous cell carcinoma [179, 255, 256], including 

oral and skin squamous cell carcinomas [127, 255]. High p63 expression could be triggered by the 

deletion of Notch1 resulting in an epidermal hyperplasia [91, 127, 257]. 

A further possible explanation is that Notch1 usually acts as a tumor suppressor gene [185, 186] in 

keratinocytes of the skin, as it supports differentiation by inducing NF-ƙB and inhibiting AP-1 and 

facilitate an upregulation of ß-catenin [24, 123, 156, 185] thereby causing cell cycle arrest [133, 139, 

155]. Wnt serves an important task in formation and differentiation of the esophagus [2]. A knockdown 

of Notch1, as represented in our N1fl/fl mice, may therefore lead to hyperplasia and squamous cell 

carcinomas [123, 127, 156, 185, 187]. Lef1, a direct target of active ß-catenin, was described to be 

upregulated in Notch1fl/fl mice [185] and was also discovered (by the microarray analysis) to be 

upregulated in our pL2.Lgr5.N1fl/fl mice.  

For many of the above mentioned cases it was noted that a wounding or scratching event is necessary 

for triggering the activation of Notch1 ablation, resulting in an impaired wound healing and hyper-

proliferation leading to tumor formation in squamous tissue [156].  

 

Furthermore about 59% of pL2.Lgr5.N1fl/fl and 16% of pL2.Lgr5.N2fl/fl mice showed blindness of one 

or two eyes (see Appendix Figure 8.7). Lgr5 is expressed in the cornea of the eye, exclusively in 

glycinergic amacrine cells [23, 230, 258]. It was discovered that a knockout of Notch1 causes 

inflammation, hyperplasia, and keratinization in the corneal epithelium [259, 260]. This was attributed 

to a significant loss or delay of barrier function in these mice [259, 260], leading to the development 

of opaque plaques in the eye causing blindness [156, 185]. This mechanism was also described to be 

true for Notch2 but to a lesser extent [261], again supporting our findings in the phenotypical 

appearance of our mice. 
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Different outcomes of the expression of different Notch receptors have been described for many 

instances. This might be due to distinct Notch receptor expression, and function, as well as context 

specific differences [156, 203].  

Notch2 ablation was for example described to result in less PanIN progression, prolonged survival, and 

downregulation of Myc [144]. In the murine Myc promoter many Notch/RbpJ binding sites were 

described recently, identifying Myc as a downstream target of Notch signaling [123, 139, 178, 182]. An 

overexpression of Notch2 resulted in Myc overexpression [144], which is frequently amplified in EAC.  

 

 

6.6.  The Inflammation status contributes to carcinogenesis 

In order to further evaluate the effect of increased values of cytokines cardia crypts of all lines were 

treated with IL-1b and IL-6. These cytokines are known to be associated with esophagitis and BE 

development [2, 14, 262-264]. Crypts treated with cytokines were increased in size compared to 

untreated controls (Figure 5.59 and Figure 5.117), speaking for their elevated proliferation as 

demonstrated by higher Ki67 values in pL2.Dclk1.N1fl/fl crypts (Figure 5.117). pL2.Dclk1.N2fl/fl crypts 

show a significant decrease in PAS positive cells (Figure 5.117). The relative mRNA expression of Muc2 

was elevated in untreated pL2.Lgr5.N1fl/fl and pL2.Lgr5.N2fl/fl cardia crypts compared to untreated 

pL2.Lgr5.N2IC and pL2.Lgr5 controls (Figure 5.60), again supporting the influence of Notch deletion on 

the differentiation into more mucus producing phenotype. The cytokine treatment lowered this effect 

not significantly (Figure 5.60 and Figure 5.118). IL-1b but not IL-6 treatment resulted in a slight increase 

of the proliferation value (given by Ki67 relative mRNA expression) in all Lgr5 lines (Figure 5.60).  

The values of Notch positive cells seem to be increased in the IL-1b treated crypts but did not reach 

significance (Figure 5.59). Both Notch1 and Notch2 mRNA expression were slightly elevated by the 

cytokine treatment in most Lgr5 lines examined (Figure 5.60).  

 

The presentation of the abundant differences in tumor load and differentiation between Notch 

overexpression and downregulation in mice led to the hypothesis, that also the immune profile would 

be changed among genotypes. Within this thesis the determined genotypes did not show a change in 

the values of acute and chronic inflammation. Only at the latest time point (at the age of 16 months) 

Lgr5 mice show some differences concerning acute and chronic inflammation status (Figure 5.47 and 

Figure 5.48). pL2.Lgr5.N2fl/fl (and to a slight extend pL2.Lgr5.N1fl/fl) show a reduction in levels of acute 

and chronic inflammation which was significantly lower compared to pL2.Lgr5.N2IC mice, which 

showed an elevation. 

An increase in immune cells in our pL2 mouse model could be shown previously compared to wildtype 

[14]. The Flow cytometry analysis of myeloid cells, including macrophages, neutrophils, and IMCs 

(immature myeloid cells) did not reveal any drastic differences between the genotypes. Only in the 

10months old pL2.Lgr5.N2IC group IMCs showed a higher abundancy. Assuming this increase is valid 

we propose a contribution of these cells to tumor progression and tumor evasion of adaptive immune 

responses [217], via the JAK/STAT pathway as well as increased production of TGFβ and reactive 

oxygen species [123, 183, 217, 265]. This hypothesis could be verified in the microarray data were both 

pL2.Lgr5.N2IC and pL2.Dclk1.N2IC mice show an elevation of the TGFβ pathway. IMC were only shown 

to be increased in pL2.Lgr5.N2IC mice of the older time point (10 months), therefore we suppose that 
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this elevation was associated only with the tumor progression not with tumor initiation. On the other 

hand it is noteworthy to mention that these results were achieved by the analysis of four pL2.Lg5.N2IC 

mice of the 4+6 group. Analysis of further mice could reveal this effect. In summary we suppose that 

Notch signaling does not influence the recruitment nor infiltration of myeloid cells. Even though there 

is a possible change in the phenotype of myeloid cells that can be investigated in the future.  

No difference in the expression of T-cells could be noted between the genotypes. Speaking for another 

underlying mechanism in the phenotypically progression as the immune profile was not changed 

between the genotypes.  

 

 

6.7.  Notch interacts with a number of signaling pathways to promote 

carcinogenesis 

In order to evaluate the pathways involved in the phenotypical presentation of the mice a microarray 

analysis was done. Herein we could demonstrate that an over activation of Notch downstream 

signaling like Hey1 in the N2IC mice of both lines (Table 4 and Table 12). Again supporting our findings 

that the Notch signaling was indeed upregulated. Furthermore an upregulation of progenitor makers 

like Lgr5 was noted in pL2.Dclk1.N2IC mice, verifying the above mentioned overexpression of stem cell 

characteristics in the N2IC mice, keeping them in a rather uncommitted, proliferative state. 

N1fl/fl and N2fl/fl mice of the Dclk1 line did show a downregulation of Notch signaling (as presented 

by Notch4 – see Table 13 and Table 14), again supporting the functionality of our mouse model. 

 

Interestingly the microarray analysis also showed a downregulation of IL-1b in the pL2.Lgr5.N1fl/fl, 

pL2.Dclk1.N1fl/fl and pL2.Dclk1.N2fl/fl mice (Table 6, Table 13 and Table 14). This might speak for a 

rather lowered or rescued phenotype in these mice.  

Further cytokines and chemokines like Cxcl5, Cxcl3, IL4, IL17a, and IL33 were down regulated in N1fl/fl 

and N2fl/fl mice of both lines, speaking for a less inflammatory situation in these mice. Cxcl5 and Cxcl3 

were mainly downregulated in the N2fl/fl mice (Table 5 and Table 13). Both chemokines were 

described as enhancing tumor growth, invasion, and metastasis, as well as leading to a poor prognosis 

in hepatocellular carcinoma and prostate cancer [266-268]. Cxcl3 was described as being involved in 

cell migration and CSC maintenance [269, 270]. Speaking for a lower tumorigenic phenotype of the 

mice and also in part explaining the better survival values of N2fl/fl mice.  

The values of IL-33 expression were shown to be downregulated in pL2.Dclk1.N1fl/fl and 

pL2.Dclk1.N2fl/fl mice. IL-33 was seen to have a pro-inflammatory role in chronic pancreatitis and 

pancreatic cancer [271]. IL-1 resulted in an overexpression of IL-33 which led to IL-6 upregulation. This 

effect appears to be mediated by activation of NF-ƙB, which is also sequentially increased in BE and 

EAC [91, 271]. 

The chemokine receptor Cxcr4, was previously shown to be a key mechanism in migration and 

metastasis as well as tumor progression [67]. Cxcr4 expression was noted in esophageal 

adenocarcinoma [73] and was associated with poor prognosis. Cxcr4 expression was activated in 

pL2.Dclk1.N2IC mice. Cxcr4 may be activated via Hif1a [73].  
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Levels of Thrombospondin (Thbs1 or Tsp1) were upregulated in N2IC mice of both lines (Table 12). Tsp 

was described to function in tumor growth and metastasis in gastric carcinoma [272]. Tsp was shown 

to have overlapping functions with Notch, and was shown to enhance Notch activity [115, 149, 273]. 

Tsp was shown to interact with oncogenic Raps and p53 [274], which both were upregulated in our 

N2IC mice.  Tsp is discussed as a possible p53 target [274]. Tsp was also described as a target of TGFβ 

which in turn stimulated MMP expression, leading to invasion and metastasis [97, 275].  

A change in the composition of matrix metalloproteinases (MMPs) was furthermore seen in our 

examined mice. While N2fl/fl mice showed a downregulation of a number of MMPs (like MMP8, 

MMP15, and MMP28) an upregulation of MMP7 was only seen in pL2.Lgr5.N2IC and pL2.Dclk1.N2IC 

mice and interestingly in pL2.Lgr5.N1fl/fl mice. This MMP is known to be involved in breakdown of 

extracellular matrix in physiological processes in embryonic development and wound healing but was 

also described to be involved in pancreatic ductal adenocarcinomas, invasion and metastasis [97, 276, 

277]. 

 

Hypoxia inducible factor 1 (HIF1) is an important mediator in the response to hypoxia regulating a 

variety of genes involved in angiogenesis and apoptosis [278]. An association in the development and 

progression of many cancers, hereunder EAC, was described [278, 279]. HIF1a was found to be induced 

in N2IC mice whereas a downregulation in pL2.Lgr5.N2fl/fl mice was noted.  

Further pathways were elevated in the N2IC mice including p53, as widely known tumor suppressor 

gene, inactivated in many malignancies. p53 was accounted as a risk factor for dysplasia of BE [280] 

and has been discussed as a molecular prediction marker for Barrett dysplasia [281]. It was seen in 

N2IC mice of both lines.  

 

A number of intestinal (Muc2) and gastric (Muc6) mucins were upregulated in the N1fl/fl and N2fl/fl 

mice, with the highest values reached in pL2.Lgr5.N2fl/fl mice. Muc2 is often described as a hallmark 

for intestinal metaplasia [107, 224, 282] as it is a highly significant marker for goblet cells [224]. This 

supports our hypothesis, that the seen phenotype in the N2fl/fl mice resembles the situation of 

intestinal metaplasia. Noteworthy we found a reduction of mucin expression in N2IC mice, again 

supporting the finding of less differentiation into goblet or mucus producing cells. 

Colony stimulating factor 1 receptor (Csf1r) enhances invasiveness of carcinoma cell lines [283] and is 

discussed as being a useful marker for endometrial adenocarcinomas and prostate cancer and 

metastasis [284-286]. Csf1r was found to be upregulated in pL2.Lgr5.N2IC mice, explaining the high 

survival and sphere formation abilities in the 3D crypt cultures.  

 

In the microarray analysis several genes of the Wnt pathway were shown to be significantly altered. 

Nuclear activated b-catenin was not found in BE samples but was highly increased in dysplasia, 

particular in high grade [287], it is therefore proposed that Wnt signaling plays a role in progression to 

dysplasia not in the initiation of metaplasia [287, 288]. Various studies demonstrated an interaction of 

Wnt and Notch signaling [26, 123, 253, 288] in a context dependent manner [26, 123]. In the 

gastrointestinal tract secretory progenitors have a Notch low but Wnt high state of signaling, whereas 

absorptive progenitors show a Notch high and Wnt low state [289]. 

Gamma secretase kinase (GSK3) is important for degradation of both Notch and b-catenin [24, 199], 

and might be an important link between these two pathways [123, 253]. GSK3b was shown to be 

downregulated in N2IC mice of both lines, leading to increased stability of active Notch. This increased 
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stability is more important than increased levels of Notch in cancers. Wnt is shown to be more 

important in controlling proliferation [24].  

Wnt10b, was described previously as a proto-oncogene involve in oncogenesis [290]. It was seen to be 

downregulated only in pL2.Dclk1.N2fl/fl mice, speaking for the reduced phenotype in these mice.  

 

NF-ƙB has an important role in regulation of genes for host immunity and inflammatory responses 

[125, 291] and has key function in proliferation and apoptosis decisions [125]. NF-ƙB pathway is a key 

player in cell survival, proliferation and inflammation and is frequently involved in many human 

malignancies [125, 238, 292] as it has anti apoptotic effect [125]. NF-ƙB was reported to be activated 

in esophageal cells by the bile acid DCA (deoxycholic acid) [238] at neutral to low pH [125, 240]. The 

upregulated expression of growth factors and cytokines leads directly or indirectly to an increased NF-

ƙB signaling. This is induced by angiogenesis, cell survival, proliferation, and metastasis and a 

decreased apoptosis and drug resistance [26, 174]. Some factors of the NF-ƙB transcription factor 

family are also observed to be activated in many human cancers [174, 291, 293]. 

Cytokines like TNFα and IL-1 can directly activate NF-ƙB, leading to induction of anti-apoptotic genes 

[125]. NF-ƙB was found to be increased steadily in the sequence from BE (60%) to EAC (80%) of patients 

[119]. An overlap of IL-1b and NF-ƙB expression was seen only in EAC patients, which correlated with 

a poor response to neoadjuvant chemotherapy and radiation therapy [119, 125]. More NF-ƙB 

expression was noted at late disease stages (stage III or IV) [125]. No correlation between 

differentiation and NF-ƙB values were detected [125]. NF-ƙB was shown to affect proliferation (c-Myc), 

cytokine production (IL-1b, IL-8, IL-6, and TNFα) and apoptosis (p53, Bcl2) [125]. A positive or negative 

interaction between NF-ƙB and Notch signaling was described [293-295], depending on the cellular 

context [291]. NF-ƙB can induce the expression of Jagged1 [291] and Hes1 [292].  

Our results show that NF-ƙB is active in Lgr5+ cells and in columnar cells (Figure 5.63 and Figure 5.121) 

as demonstrated by pIKKα/β co-staining with Anti-GFP. IKKα/β phosphorylates inhibitors of the NF-ƙB, 

leading to a dissociation of the inhibitor/NF-ƙB complex and the degradation of the inhibitor.  It is 

therefore activating the NF-ƙB transcription factor cascade, which is involved in many inflammatory 

responses, innate immune responses, and is involved in apoptosis [26, 125, 296]. Higher levels of NF-

ƙB were detected in the N2IC mice, were we have a low percentage of alcian blue positive cells (Figure 

5.62 and Figure 5.120), we therefore conclude that pIKKα/β is not expressed in differentiated cells 

goblet like cells. We presented almost full overlap of Lgr5 and NF-ƙB in pL2.Lgr5.N2IC mice (Figure 

5.63). Lgr5 stem cells are one of the key source of pIKKα/β expression. Further immune cells such as 

macrophages and neutrophils could be the other source of cells that express pIKKα/β. This should be 

further confirmed by double staining of CD45, F480, Ly6G and pIKKα/β in the future. 

 

The vast interaction of many different factors and pathways in our mice once again demonstrates the 

complex situation in tumor development and progression. For mice of the both Cre lines we received 

a number of overlapping results. Many of the discussed pathways and genes have been described 

previously to be associated with BE and or EAC. This supports our findings that the pL2 mouse model 

shows high resemblance to the human situation. The differences could be explained by the differences 

in the promoter region and the Cre expression. Furthermore it should be noted that the microarray as 

well as all qPCR data was achieved by tissue of the gastric cardia region. This procedure was done by 

eye, so a presence of squamous epithelium of the forestomach and/or columnar epithelium of the 

corpus of the stomach cannot be excluded. To overcome this limitation more accurate tissue 
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harvesting procedures like tissue microdissection could be applied. The seen differences in qPCR 

analysis and protein levels seen in IHC can be in part be explained hereby. 

 

 

6.8.  Discussion of Differences and Similarities between the mouse lines 

6.8.1. Differences between Lgr5 and Dclk1 

In our mice Lgr5 mouse lines show a more prominent phenotype compared to Dclk1. This would be 

explainable by the rapidly cycling, Lgr5+ putative stem cell [297]. Dclk1+ cells are rather long lived, 

quiescent cells, but can become activated in the state of inflammation [25, 26, 298]. Ablation of Lgr5+ 

cells can be compensated by normally quiescent Dclk1+ cells [209, 299] to give rise to Lgr5-expressing 

cells [100, 104, 105]. Interestingly ablation of Dclk1+ expressing cells in normal intestine did not result 

in a “substantial damage to organ architecture” [106], but had drastic effect on polyps. Dclk1+ cells 

may therefore function as stem cell reservoir important in homeostasis and repopulation after injury 

[106, 242, 299].  

There is evidence that Notch signaling may be responsible in balancing the two populations, as 

increased Notch expression also leads to an elevation of Lgr5 and Bmi1 expressing cells [297, 300], a 

fact that was also seen in our experiments. Interconversion between Dclk1 and Lgr5 intestinal stem 

cells was described previously [297, 299, 301]. A number of Dclk1 positive cells was also positive for 

Lgr5 in intestinal polyps of APCMin mice [106]. It was suggested that Lgr5+ tumor stem cells express 

Dclk1 secondarily [105, 106]. 

Dclk1 expressing cells were found to have enriched CSC marker expression like Hes1 [104, 298, 302, 

303] and show putative stem cell abilities [253, 302]. Dclk1 Inhibition resulted in downregulation of c-

Myc, Kras, Notch1, Vegf and inhibited tumor growth [298, 303]. On the other hand Notch inhibition by 

DAPT treatment resulted in a 50% reduction of number of Dclk1+ epithelial cells [304] with an 

associated decrease of survival values [253]. Speaking for a kind of feedback loop, due to an increase 

in KLF4 which inhibits cell proliferation [91, 305, 306]. Notch deletion resulted in a decrease of Wnt 

target genes, including Lgr5 [253, 305]. Furthermore Bmi1+ knockdown resulted in lower Lgr5 and Wnt 

expression [307]. 

In our Dclk1 mice less Dclk1 expressing cells were found, possibly due to an earlier differentiation in 

the N1fl/fl and N2fl/fl mice. An increased crypt fission seen in N2IC was attributed with an increase of 

Dclk1 progenitors and crypt stem cells.  

It seems important to note that the induction time point between the two mouse lines Lgr5 and Dclk1 

in our project differs, as Lgr5 mice were induced at the age of 4 months and Dclk1 mice at the age of 6 

months. Initially induction of Dclk1 mice was also carried out at the age of 4 months, but as mice of 

the pL2.Dclk1.N2IC line died rapidly two to three months after induction we decided to shift the 

induction time point for all Dclk1-Cre expressing mouse lines to be able to study the effect of Notch 

overexpression and Notch downregulation in Dclk1+ cells at a later time point. The supposed 

neurological phenotype was still apparent in pL2.Dclk1.N2IC mice, even with a later induction time 

point (see Appendix Figure 8.9). Therefore only few mice could be carried on to the 6+6 (12 months 

total age) time point.  
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6.8.2.  Differences in Cre lines  

The two described mouse lines Lgr5 and Dclk1 both possess the tamoxifen-dependent Cre 

recombinase. The Cre-recombinase expression is activated by administration of tamoxifen (4-

hydroxytamoxifen) to the mice [308]. Tamoxifen is an estrogen receptor antagonist as it binds to 

estrogen receptors competitively, leading to the inhibition of transcription of estrogen-responsive 

genes [309]. The different Cre-lines are fused to different promoters which show distinct expression 

patterns and responsiveness.  

Lgr5 mice possess a knock-in allele that abolishes Lgr5 gene function and expresses EGFP and CreERT 

fusion protein. For these mice a variegated or mosaic expression of the transgene in crypt base 

columnar cells of the intestine and colon was reported [16, 23]. The Lgr5-CreERT therefore might not 

be fully activated, a fact that we wanted to overcome by inducing the Lgr5 mice by inducing the mice 

every second month. Still the fact that the Cre induction may not have resulted in 100% efficiency may 

account for some of the seen varieties in our mice.   

A couple of Dclk1-CreERT lines have been established, many of them were designed as Dclk1-CreERT 

knock-in mice, which are haploinsufficient for the Dclk1 gene [105, 310]. Our Dclk1-CreERT mice are 

BAC transgenic mice possessing two copies of the Dclk1 gene [105].  This might have an influence on 

the seen phenotype concerning quiescence and self-renewal of the Dclk1 cells [242].  

Furthermore the value of Cre expression of both lines may vary, even between littermates [311].  

 

6.8.3. Differences between mouse and human 

Despite the similar histological presentation in mouse and human a few differences should be noted. 

One of them being the existence of a squamous forestomach in mice and other rodents. Hereby the 

stratified squamous epithelium continues into the stomach, forming a squamous columnar junction 

that transverses the entire stomach [4, 13, 14]. In humans the stratified squamous epithelium of the 

esophagus passes into simple columnar epithelium at the cardia of the stomach, representing the SCJ 

[4, 12]. 

In addition it is important to mention that mice and other rodents do not show physiological reflux 

[33]. A number of surgical models have been implied in rats and mice since the 1980s but are still under 

discussion if they meet the human situation. Adding 0.2% deoxylic acid (bile acid) into the drinking 

water of our transgenic pL2 mouse model could markedly accelerate BE and EAC prevalence [14, 33].  

 

 

6.9.  Future Work and Perspective 

In this thesis an induction of NF-ƙB signaling pathway by Notch signaling was demonstrated. For the 

future we plan to evaluate the influence of the NF-ƙB signaling on Notch expression in our model. This 

influence can be either directed directly or by further factors.  

The proof that Notch and pIKKα/β are expressed by the same cells will be achieved by a possible double 

staining. Mice with an inducible knockout of p65 are currently bred. Some preliminary data of these 

mice crossed to pL2.Lgr5 show a reduction of the pL2-phenotype. This will be studied more in detail in 

the next months, hopefully leading to a full picture of the interaction of Notch and NF-ƙB. A possible 

interaction with other signaling pathways, like RAS/MAP kinase, TGF/BMP and Wnt pathway is 
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discussed [199]. For the future it might be useful to evaluate Notch and NF-ƙB levels in patients. It 

appears to be necessary to address and adjust the surveillance of Notch positive patients. 

Further we would like to evaluate the mode of action of the Notch1 knockout mice. Therefore more 

stainings e.g. of active b-catenin are planned. Furthermore pL2.Lgr5.N1fl/fl and pL2.Dclk1.N1fl/fl are 

needed for analysis of the immune profile and the comparison to the other Notch mouse models of 

both Cre-lines.  

In addition an investigation on the physiological expression of Notch and its ligands and in the course 

of disease should be assessed. It was described previously that columnar cells express the Notch ligand 

Dll1 [14]. Analysis of Notch receptor expression in the esophageal compartment and the gastric cardia 

needs to be analyzed [143].  

 

 

6.10.  Conclusion 

Barrett Esophagus is a multifactorial disease which evolves due to an interplay of many different 

factors. Many different hypothesis about the cell of origin for BE have been evolved during the last 

decades.  

An accelerated systemic and local inflammatory environment (like GERD), is induced by obesity and 

high-fat diet. This inflammation alters the microenvironment, which may act on the organotypic stem 

cells or progenitor cells and the stem cell niche. We here demonstrated the effect of two different 

putative organotypic stem cells located at the gastric cardia (Figure 6.4). Both these cells show tumor 

initiating and promoting abilities. We hypothesize a migration and expansion of these progenitor cells 

to the squamo-columnar junction, possibly by crypt fission. This mechanism is favored by high Notch 

expression. Our model demonstrates that Notch overexpression in stem cells of the gastric 

cardiapromotes carcinogenesis (as seen by elevated macroscopic and dysplastic score in the N2IC 

mice). We could show an involvement of Notch signaling on proliferation and differentiation. As 

pointed out earlier, we would postulate a mechanism where a stem cell gives rise to either a goblet 

cell rich or goblet cell poor metaplasia, with only the latter one representing an epithelium having an 

increased risk to transform to dysplasia and cancer. With prolonged survival and influence of further 

surrounding factors, these cells may acquire genetic alterations. These cells, supported by altered 

microenvironment, elevated inflammatory phenotype, and increased Notch signaling, can give rise to 

dysplastic epithelium and EAC (see Figure 6.4). 

The definition of BE still varies between different countries. In this thesis we could demonstrate a clear 

involvement of the Notch signaling pathway in proliferation and differentiation decisions. We could 

show that high Notch expression leads to more proliferation and less differentiation with a higher 

chance of dysplasia that even led to high-grade dysplasia and carcinomas in our mouse model. Low 

Notch signaling was in turn associated with a high differentiation rate into goblet cells without further 

progression into dysplasia. This, as well as previous reports, suggest that the differentiation into goblet 

cells is a rather protective mechanism and does not enable further disease progression. Therefore we 

argue to include columnar lined epithelium without the presence of goblet cells into the diagnosis of 

BE with a possible increased relevance in disease progression.  
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Figure 6.4: Proposed Model of Initiation and Progression of Barrett Esophagus (BE) and Esophageal 

Adenocarcinoma (EAC). 
Chronic inflammation and injury at the squamous-columnar junction (SCJ) leads to an altered 

microenvironment surrounding the stem or progenitor cells. In cooperation with elevated inflammatory signals 

and altered differentiation signals like Notch, stem cells of the gastric cardia show increased proliferation and 

expansion into the SCJ. Differentiation values are lowered as represented by columnar lined esophagus or BE 

without / with low abundance of goblet cells. A further accumulation of DNA damage and mutations lead to 

the development of EAC.  

 

 

We demonstrated an involvement of Notch signaling in the initiation and progression of disease. It was 

postulated that Notch may also play a role in epithelial-mesenchymal transition (EMT), and metastasis 

[131, 312], and is one of the most important pathways associated with drug resistance [313-315]. It 

was demonstrated in this thesis, as well as described before, that Notch inhibition resulted in 

decreased proliferation and differentiation into a goblet cell rich phenotype [19, 91]. It can therefore 

be hypothesized that Notch inhibition could be a useful agent for patients at high risk of developing 

EAC. It was demonstrated in previous studies that a treatment with GSI (gamma secretase inhibitors) 

in patients had adverse side effects on the intestines (a massive goblet cell hyperplasia). High levels of 

active NF-ƙB signaling were also detected in the series from BE to EAC [91, 125] and were shown to be 

associated with response to treatment [125]. Possibly a combination of GSI and glucocorticoids (non-

specific NF-ƙB inhibitors) [292] could be used to prevent malignant transformation. As a reduction of 

the toxic effects in the intestine of Notch inhibition alone could be overcome [292, 316]. In summary 

Notch and NF-ƙB expression should be checked as marker for progression likelihood and to be able to 

treat patients with a combination of inhibitors. 
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Given the still rising patient numbers of BE and EAC the need for identifying biomarkers to discriminate 

patients at high risk to develop EAC from patients with low risk is increasing. Identifying biomarkers 

could enable patient specific treatment and endoscopic surveillance intervals to favor a better 

outcome of the patients. Several markers, like goblet cell ratio, Notch, Lgr5, and Dclk1 expression have 

been analyzed in this thesis. It was postulated that a combination of these different markers can be 

used to determine the stem cell differentiation and may be used as possible biomarkers for cancer 

prediction and progression and should be subject to further research. 
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8. Appendix 

8.1.  Single values of macroscopic score  

8.1.1. Lgr5-mouse lines  

pL2.Lgr5.N2IC mice 

The individual tumor size shows highly significant differences in the 4+3 (p= 0.0058), 4+6 (p= 0.0022), 

and 4+12 (p= 0.0003) time points as well as the combined tumor size (sum of all tumors) reveals 

significant differences 4+3 (p= 0.0056), 4+6 (p= 0.0012), and 4+12 (p< 0.0001). The coverage of the 

cardia region (percentage of cardia covered with tumors) tends to be higher in the pL2.Lgr5.N2IC mice 

compared to the controls and reaches significance at the 4+12 (p= 0.0008) time point.  

 

Figure 8.1: Single Values of Macroscopic Score in pL2.Lgr5.N2IC mice  

A) Total Tumor Size. B) Individual Tumor Size. C) Tumor Coverage of Cardia.  
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

pL2.Lgr5.N2fl/fl mice 

The total tumor size is significantly reduced in the 4+6 and 4+9 age group (4+6 p= 0.021, 4+9 p= 0.0092). 

The individual tumor size shows significance in the 4+9 age group (p= 0.0258). The total tumor size. 

The amount of cardia region covered by tumors is significantly reduced in the 4+6 age group p=0.0086. 

Esophageal tumors were found only sparsely in pL2.Lgr5.N2fl/fl.  
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Figure 8.2: Single Values of Macroscopic Score in pL2.Lgr5.N2fl/fl mice  
A) Total Tumor Size. B) Individual Tumor Size. C) Tumor Coverage of Cardia.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

pL2.Lgr5.N1fl/fl mice 

The total size of macroscopic tumors found in pL2.Lgr5.N1fl/fl was higher compared to the controls 

and reached significance in the 4+6 and 4+12 time point (4+3 p= 0.9224, 4+6 p= 0.0073, 4+9 p= 0.5376, 

4+12 p= 0.0057). Also the individual tumor size was significantly higher in pL2.Lgr5.N1fl/fl mice of the 

4+6 and 4+12 time point (4+3 p= 0.8493, 4+6 p= 0.0307, 4+9 p= 0.716, 4+12 p= 0.0045). Whereas the 

percentage of cardia covered by tumor lesions did not differ between mouse lines at any given time 

point (4+3 p= 0.9085, 4+6 p= 0.998, 4+9 p= 0.9934, 4+12 p= 0.9919).  
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Figure 8.3: Single Values of Macroscopic Score in pL2.Lgr5.N1fl/fl mice  
Total Tumor Size. B) Individual Tumor Size. C) Tumor Coverage of Cardia.  

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

8.1.2.  Dclk1-mouse lines 

pL2.Dclk1.N2IC 

Looking at the total size of tumors also showed a significant elevation in pL2.Dclk1.N2IC mice compared 

to the controls (6+3 p= 0.0002, 6+6 p< 0.0001), a significant difference between the time points was 

noted (p= 0.0005). Comparing the individual tumor sizes revealed the similar results with a significant 

elevation in pL2.Dclk1.N2IC mice of both time points (6+3 p= 0.0025, 6+6 p< 0.0001) and a significant 

increase between the time points (p= 0.0007). The coverage of the cardia region with tumorous lesions 

showed a significant difference at all given time points (6+3 p= 0.0006, 6+6 p= 0.0435).  
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Figure 8.4: Single Values of Macroscopic Score in pL2.Dclk1.N2IC mice  
A) Total Tumor Size. B) Individual Tumor Size. C) Tumor Coverage of Cardia. D) Macroscopic Score of 

the Esophagus. 
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

pL2.Dclk1.N2fl/fl mice 

The total tumor size in pL2.Dclk1.N2fl/fl mice tends to be slightly lower but did not reach significance 

(6+3 p= 0.6053, 6+6 p= 0.9926, 6+9 p= 0.0992). A significant difference was noticed between 6+3 and 

6+6 time points (p= 0.0208). Furthermore the individual tumors tend to be smaller in size, significance 

could be noticed when comparing 6+3 and 6+6 months old mice of the pL2.Dclk1.N2fl/fl mouse line 

(p= 0.013). The percentage of cardia covered with tumor lesions in pL2.Dclk1.N2fl/fl mice failed to 

reach significance (6+3 0.8012, 6+6 p> 0.9999, 6+9 p= 0.0565). Significant differences between the age 

groups of the pL2.Dclk1.N2fl/fl mice could be seen (6+3 vs 6+6 p= 0.0429, 6+6 vs 6+9 p= 0.0229). 
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Figure 8.5: Single Values of Macroscopic Score in pL2.Dclk1.N2fl/fl mice  
A) Total Tumor Size. B) Individual Tumor Size. C) Tumor Coverage of Cardia. D) Macroscopic Score of 

the Esophagus. 
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

pL2.Dclk1.N1fl/fl mice 

The total tumor size as well as the individual tumor size also showed a slight (but not significant) 

increase in the pL2.Dclk1.N1fl/fl mice (total tumor size 6+3 p= 0.1331, 6+6 p= 0.5451, 6+9 p= 0.9443; 

individual tumor size 6+3 p= 0.3649, 6+6 p= 0.5687, 6+9 p= 0.9971). No significant difference in the 

percentage of cardia covered with tumors could be monitored (6+3 p= 0.239, 6+6 p> 0.9999, 6+9 p= 

0.5248). The presence and size of ESCC in pL2.Dclk1.N1fl/fl was evaluated and did not show significant 

differences (6+3 p> 0.9999, 6+6 p= 0.5177, 6+9 p> 0.9999). In fact only one pL2.Dclk1.N1fl/fl mouse of 

the 6+6 time point did show development of macroscopically ESCC. 
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Figure 8.6: Single Values of Macroscopic Score in pL2.Dclk1.N1fl/fl mice  
A) Total Tumor Size. B) Individual Tumor Size. C) Tumor Coverage of Cardia. D) Macroscopic 

Score of the Esophagus. 
Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
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8.2.  Phenotypical abnormalities  

8.2.1. Impairment of the eyes in pL2.Lgr5.N1fl/fl mice 

An impairment of the eyes with blindness was seen in 59% of pL2.Lgr5.N1fl/fl and 16% of 

pL2.Lgr5.N2fl/fl as mentioned above.  

 

Figure 8.7: Phenotypical appearance of impairment and blindness of the eyes in pL2.Lgr5.N1fl/fl mice 

 

 

8.2.2. Esophageal lesions in pL2.Lgr5.N1fl/fl mice are positive for p63 

pL2.Lgr5.N1fl/fl mice show a massive increase in appearance of Esophageal Squamous Cell Carcinoma. 

These lesions were stained positive for p63 (Figure 8.8), therefore an involvement of p63 in the course 

of ESCC development was hypothesized.  

 

Figure 8.8: Representative pictures of Immunohistochemistry for p63 in Esophagus  
of A-B) pL2.Lgr5 control mice 4+9, C-D) pL2.Lgr5.N1fl/fl 4+9 

(Scale Bars: 800 µm; 200 µm) 
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8.2.3. pL2.Dclk1.N2IC mice show huge lesions in the head/neck area and at the tail 

The majority of pL2.Dclk1.N2IC mice developed tumorigenic lesions mainly at the tail or in the 

head/neck area. These lesions occurred shortly after induction with tamoxifen. Mice had to be 

sacrificed due to ethical reasons mostly within two to three months after induction.  

 

Figure 8.9: Large ectopic tumorigenic lesions in pL2.Dclk1.N2IC mice in the head/neck area and at the 

tail 
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8.3. Flow Cytometry Data 

8.3.1. Gating 

Isolated cells from the cardia and forestomach of the mice (as well as esophagus- which was analyzed 

separately) were stained for different markers. Stains for T-cells and myeloid cell populations were 

used.  

According to these markers cells could be gated by flow cytometry. In brief from the CD45+ cells the 

CD11b+ population was gated. F480+ ly6G- cells were defined as macrophages. F480- and ly6G+ cells 

were defined as neutrophils. IMCs were defined as ly6C+ and ly6G+ cells. The same was done with the 

7ADD- cells as they were gated for CD45+ and Cd11b+ stain, and further separated into macrophages, 

neutrophils and IMCs. As there was no difference between the seen populations of 7ADD- gated cells 

in comparison with the whole population only the data of 7ADD- cells is shown.  

 

Figure 8.10: Representative Picture of Gating of Myeloid Cells 
 

 

T-cells were gated from the lymphocyte population into CD3+ and CD4+ cells, CD3+ and CD8+ cells, 

CD3+, CD4-, and CD8- were defined as gdT+ cells, and further CD3+, CD4-, and CD8- cells were defined 

as Natural killer cells (NK1.1+). 
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Figure 8.11: Representative Picture of Gating of T-cells 
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8.3.2. Analysis of Immune Cells of the Esophagus 

Lgr5 mice 

 

Figure 8.12: Flow cytometric Analysis of Myeloid Cells of Lgr5 mice in the Esophagus 
A-D) Quantification of Myeloid cells, A) CD45+, B) macrophages CD11b+ F480+ ly6G- %CD45 cells, C) 

neutrophils CD11b+ F48ß- ly6G+ %CD45+ cells, D) IMCs CD11b+ ly6C+ ly6G+ %CD45 cells. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
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Figure 8.13: Flow cytometric Analysis of T-Cells of Lgr5 mice in the Esophagus 
A-D) Quantification of T-cells, A) CD3+ CD4+ , B) CD3+ CD8+ , C) CD3+ CD4- CD8- gdT+, D) CD3+ CD4- CD8- 

NK1.1+. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
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Dclk1 mice 

 

Figure 8.14: Flow cytometric Analysis of Myeloid Cells of Dclk1 mice in the Esophagus 
A-D) Quantification of Myeloid cells, A) CD45+, B) macrophages CD11b+ F480+ ly6G- %CD45 cells, C) 

neutrophils CD11b+ F48ß- ly6G+ %CD45+ cells, D) IMCs CD11b+ ly6C+ ly6G+ %CD45 cells. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

 



  Appendix 

305 

 

 

Figure 8.15: Flow cytometric Analysis of T-Cells of Dclk1 mice in the Esophagus 
A-D) Quantification of T-cells, A) CD3+ CD4+ , B) CD3+ CD8+ , C) CD3+ CD4- CD8- gdT+, D) CD3+ CD4- CD8- 

NK1.1+. 

Data is presented as means ± standard deviation. Statistical analysis was performed using one-way ANOVA and 

Tukeys multiple comparison test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 
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8.4. Transfection of Cell Culture and Crypt Culture 

To transfect cultured cell lines or Crypt cultures lentiviruses were used. Lentiviruses belong to the 

group of retroviruses but have the unique ability of being able to replicate in non-dividing cells. Cells 

and Crypts were transfected with lentiviruses carrying shRNAs against Notch1 or Notch2. 

 

8.4.1. Transfection Methods 

Generation of expression plasmids 

For stable transfection of cultured cells or crypts with shRNA against Notch1 and Notch2 two different 

plasmids pSico (plasmid for stable RNA interference conditional - 11578, Addgene Tyler Jacks) and 

pSicoR (plasmid for stable RNA interference conditional reverse - 11579, Addgene Tyler Jacks) were 

used. Both plasmids possess a CMV-promoter, an EGFP protein as a marker and two Cre-inducible LoxP 

sites [317]. 

In the pSico plasmid EGFP is expressed whereas the shRNA is silenced by a stop codon. Upon Cre 

expression the EGFP construct and the stop are cut out to result in an active shRNA expression. In 

pSicoR EGFP and the shRNA oligo are both flanked by LoxP sites. An active Cre causes both constructs 

to be recombined out of the construct, shRNA expression is turned off [317]. Vector maps can be found 

in the Appendix. 

For both plasmids HpaI and XhoI restriction sites were used to clone in the shRNA coding oligos. Oligos 

were designed according to manufacturers´ instructions (on http://web.mit.edu/jacks-lab (Jacks Lab 

website)) shRNA sequences were taken from Delaney et al. 2005 [318].  

The following Oligos were designed and used: 

Sense Notch1 tGCATGTGTAACATCAACATCGttcaagagaGCATGTGTAACATCAACATCGttttttc 

Antisense Notch1 tcgagaaaaaaCGATGTTGATGTTACACATGCtctcttgaaCGATGTTGATGTTACACATGCa 

Sense Notch2 tGCATGTGTAACATCAACATCGttcaagagaGCATGTGTAACATCAACATCGttttttc 

Antisense Notch2 tcgagaaaaaaGTTAGCAGAAGAGTCCTCTGCtctcttgaaGTTAGCAGAAGAGTCCTCTGCa 

 

Oligos were used at a concentration of 100µM. Annealing of sense and antisense sequences was 

achieved using annealing buffer containing 10 mM Tris HCl, 100 mM NaCl, 1 mM EDTA at pH 7,5 for 

90°C at 4 min and subsequent cooling to 4°C. The vectors were digested with HpaI (R0105S, New 

England Biolabs) and XhoI (R0146S, New England Biolabs) with BSA and Buffer4 (B7004S, New England 

Biolabs). Vector and Oligos were ligated with T4 DNA ligase in T4 DNA ligase buffer for 2 h at room 

temperature. The ligated vector was transformed in DH5alpha competent bacteria 30 min on ice, heat 

shocked for 30 sec at 42°C, immediately transferred to ice for 2:30min. SOC Medium (S1797, Sigma) 

was added and shaken for 1 h at 37°C. Bacteria were plated on LB-Agar plates containing Amp and 

incubated at 37°C overnight. Next day colonies were picked and PCR-analyzed. The corresponding 

colonies were expanded in LB-Medium overnight at 37°C in a shaker. The next day plasmids were 

purified using QIAprep Spin Miniprep Kit (27106, Qiagen) and send for sequencing (MWG Sequencing). 
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Production of Lentivirus 

To produce the replication deficient lentiviruses 293FT Cells were transfected with the expression 

plasmid together with the ViraPower™ Packaging Mix (K497500, ThermoFisher) with the use of 

Lipofectamine 2000 (11668-019, ThermoFisher) according to manufacturers´ Instructions. In brief, a 

10 cm dish of 90-95% confluent 293FT cells was used, the antibiotic free medium was removed and 

substituted with 7 mL of Opti-MEM I Medium containing 2% FBS (sterile filtrated 0,2µm). In one tube 

9 µg of ViraPower Packaging Mix plasmids were mixed with 3 µg of the pSico or pSicoR expression 

plasmid together with 1.5 mL Opti-MEM. In a second tube 36 µL of Lipofectamine 2000 were mixed 

with 1.5 mL of Opti-MEM and incubated for 5 min at room temperature. After incubation the volumes 

of both tubes were combined, mixed gently and incubated for another 20 min at room temperature. 

The DNA-Lipofectamine 2000 complexes were added to the 293FT cells dropwise and were kept in a 

humidified 5% CO2 incubator at 37°C overnight. The next day medium was removed and discarded 

(S2-Waste!). It was replaced by 7 mL of sterile filtrated DMEM +2% FBS without antibiotics. Cells were 

incubated for 72 hours in an incubator at 37°C. After this incubation medium containing the viruses 

was removed, centrifuged at 2,000 g for 15 min at 4°C to pellet the debris. Thereafter the supernatant 

was sterile filtrated (0.45 µm filter), aliquoted and stored at -80°C until further usage. 

  

Transfection of Cell lines 

OE33, OE21 and OE19 cell lines were cultured to a confluency of 90%. Medium was removed and 

substituted with 3,5 mL of virus containing supernatant and 3,5 mL of normal RPMI +10% FBS +1% P/S. 

The next day medium was exchanged for normal OE medium. After approximately 24h to 36h 

expression of EGFP could be verified under a fluorescence microscope. For cells transfected with 

pSicoR one could emanate that shRNA is expressed contemporaneous.  

 

Transfection of Crypts 

Cultured SI and cardia crypts were transfected similar as described by Koo et al. 2012 [110]. Two days 

before transfection medium was changed to 50% Complete Medium + 50% Cardia Medium containing 

10 mM nicotinamide (N0636, Sigma). For transfection of crypts viruses were centrifuged either at 

8.000 g at 4°C overnight  or at 25.000 rpm for 1 h at 4°C, discarding the supernatant afterwards [110]. 

Matrigel drops containing organoids were dissociated as described previously and incubated with 

TripLE (12605036, Invitrogen) for 5 min at 37°C. To stop the digestion, medium with 5% serum was 

added to the crypts and spun down at 1.000 g for 5 min. The supernatant was removed. The pellet was 

re-suspended in 250 µL infection medium containing 50% Complete Medium + 50% Cardia Medium 

with 10 mM nicotinamide, 10 µM Y27632 (Y0503, Sigma) and 8 µg/mL Polybrene (hexadimethrine 

bromide - 107689, Sigma). The medium was halved and transferred into a 48-well plate. The plate was 

centrifuged at 600g at 32°C for 60min (spinocculation). The plate was placed for 6 h in an incubator at 

37°C with 5% CO2. Thereafter cells were collected and spun down at 1.000 g for 5 min. The supernatant 

was discarded and the pellet was re-suspended in 100 µL Matrigel and split into 2 wells of a 24-well 

plate. 500 µL of infection medium without Polybrene (50% Complete Medium and 50% Cardia Medium 

with nicotinamide and Y27632) were added to each well. After two days medium was changed to 

Complete Medium or Cardia Medium [110]. Cells were monitored every other day. Approximately 2 

days after transfection the EGFP signal could be detected.  
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8.4.2. Results of Transfection Experiments 

The transfection experiments were carried out to introduce specific downregulation of Notch1 or 

Notch2 in cell lines or Crypt Cultures. For this the two transfection vectors pSico and pSicoR were 

combined with shRNA sequences against Notch1 (N1) or Notch2 (N2) (see also section 8.4.1). Cells 

transfected with pSicoR express shRNA and GFP signaling, whereas cells transfected with pSico express 

GFP as well, but the shRNA expression was repressed upon Cre induced removal of the floxed stop 

codon. 

 

Transfection of cell lines 

Cell lines OE33, OE19, and OE21 were transfected according to the methods described in section 0. 

The used cell lines showed a high variety of transfection efficiencies, which was accepted to be equal 

to the amount of GFP-expressing cells. The expression of GFP started around 48h after transfection. In 

pSicoR it could therefore be assumed that shRNA expression is present in the GFP-positive cells.  

The used cell line OE33 showed a quite high transfection efficiency of approx. 80% (see Figure 8.16). 

In the OE19 cell line a transfection efficiency of only about 20% could be noted. Interestingly OE21 cells 

showed a maximum of 10%-GFP-positive cells.  

Due to the high efficiency seen in OE33 cell line this was mainly used for the confirmative experiments. 

OE33 transfected with pSicoR N1 or pSicoR N2 did cells showed a significant decrease in the relative 

Notch1 (p= 0.0001) or Notch2 (p= 0.0006) expression when compared to controls transfected with an 

empty vector. 

 

Figure 8.16: Transfected Cell lines 
A-C) Cell line OE33 transfected with pSico and pSicoR containing shRNA against Notch1 or Notch2; D) Notch1 

Expression in OE33 controls and transfected with pSicoR Notch1; E) Notch1 Expression in OE33 controls and 

transfected with pSicoR Notch2. Data is presented as means ± standard deviation. Statistical analysis was 
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performed using unpaired t-test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 

0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) 

 

 

The established cell lines OE33, OE19 could be used in a Matrigel containing environment. The cell 

lines tend to form 3D structures comparable to the seen phenotype of Crypt Cultures. This 

phenomenon was seen before and revealed more cancer stem cell like features and higher 

differentiated morphology compared to monolayers [319, 320]. 

 

Transfection of Crypt Cultures 

Small intestinal Crypt Cultures were derived using the protocol described in section 3.7.2. Small 

intestinal (SI) Crypt Cultures were used for the transfection experiments in the first place because of 

the higher value of Crypts derived by each isolation (compared to cardia crypts). 

The transfection of SI-Crypt cultures with pSico and pSicoR (see 0) resulted in about 65% GFP-

expressing crypts two days after transfection (see Figure 8.17). After one more week in culture GFP-

expression decreased to a level of 10% positive clones. The value of GFP-positive crypts was tried to 

be enhanced by selecting only positive clones, which were cultured in 48 well plates. The selection was 

repeated approximately 3 times to get a yield of about 80% positive clones. The resulting crypts did 

not show the same ability of self-renewal and proliferation compared to controls transfected with an 

empty vector. The GFP-positive crypts were pooled and expanded for further investigations like RNA 

extraction and analysis. Some of the so achieved results are shown in Figure 8.17. The relative mRNA 

expression of Notch1 or Notch2 (depending on which shRNA was used) was lowered but reached 

significance only in the SI crypts transfected with pSicoR N2 (p= 0.0230).  

 

Figure 8.17: Transfected Crypt Cultures  
A-C) SI Crypts of pL2.Lgr5 and pL2.Dclk1 mice transfected with pSico and pSicoR containing shRNA against 

Notch1 or Notch2; D) Notch1 Expression in pL2.Lgr5 SI crypts and crypts transfected with pSicoR Notch1; E) 

Notch1 Expression in pL2.Lgr5 SI crypts and crypts transfected with pSicoR Notch2. . Data is presented as 
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means ± standard deviation. Statistical analysis was performed using unpaired t-test. Asterisks indicate 

significant differences between the groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale Bars 

100µm) 

 

 

In order to increase the transfection efficiency the virus titer was enhanced by ultracentrifugation. A 

70Ti Rotor was used to concentrate the 7ml of Virus supernatant at 25,000g at 4°C for 1h. The resulting 

pellet was re-suspended in 500µl CM+ GF+ WENR+ Nicotinamide+ Y27632+ Polybrene to transfect two 

wells of fully grown crypts. This resulted in an enhanced transfection efficiency of approx. 40 to 60% 

but also a higher rate of crypt death due to a high virus load.  

Due to the low efficiency and relative low outcome of this transfection project, I focused on culturing 

crypts form mice of all different Notch lines that already possess Notch down- or upregulation 

construct. It was more constructive to isolate crypts form already induced mice. Mice were at least 3 

to 4 months of age. Therefore the whole or the half of the gastroesophageal junction or cardia region 

was removed and proceeded to the described protocol above. Whole or half of the small intestinal 

tissue was used.  

 

8.4.3. Vector maps 

 

Figure 8.18: Vector Map of pSico 
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Figure 8.19: Vector Map of pSicoR 
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8.5.  Small intestines  

The profound phenotype seen in Lgr5 as well as in Dclk1 mice of the different genotypes lead to the 

question if this phenomenon could be revealed in other organs. Given the connection of Barrett tissue 

being sometimes described as intestinal metaplasia analysis of the small intestines of mice of the 

different genotypes was valid.  

Therefore small intestines were removed, washed, embedded and cut as previously described (see 

3.3.1 and 3.3.2). 

 

8.5.1. Evaluation of Small intestines 

Hyper proliferation of the colonic epithelium is believed to be one major risk factor in the development 

of colorectal cancer. Microenvironment by nutrition and growth factors, like gastrin, plays a major role, 

leading to increased proliferation and mucosal thickness [100]. 
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Figure 8.20: Evaluation of Small Intestines of Lgr5 mice stained for Ki67 and Alcain Blue.  
A-L) Representative images of the small intestines of the different Lgr5 mouse lines at the different time points 

A-D) 4+3 months; E-H) 4+6 months; I-L) 4+9 months. M-O) Percentage of goblet cells in the different Lgr5 

mouse lines. P-R) Percentage of Ki67 positive cells in the different Lgr5 mouse lines. S) Comparison of the 

percentage of goblet cells in the Lgr5 mouse lines. T)  Comparison of the percentage of Ki67 positive cells in the 

Lgr5 mouse lines. Statistical analysis was performed using one-way ANOVA and Tukeys multiple comparison 

test. Asterisks indicate significant differences between the groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 

0.0001 ****) (Scale Bars: 200µm; 100µm) 
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Figure 8.21: Evaluation of Small Intestines of Dclk1 mice stained for Ki67 and Alcain Blue.  
A-H) Representative images of the small intestines of the different Dclk1 mouse lines at the different time 

points A-D) 6+3 months; E-H) 6+6 months. I-K) Percentage of goblet cells in the different Dclk1 mouse lines.  
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L-N) Percentage of Ki67 positive cells in the different Dclk1 mouse lines. O) Comparison of the percentage of 

goblet cells in the Dclk1 mouse lines. P)  Comparison of the percentage of Ki67 positive cells in the Dclk1 mouse 

lines. Statistical analysis was performed using one-way ANOVA and Tukeys multiple comparison test. Asterisks 

indicate significant differences between the groups (p≤ 0.05 *, p≤ 0.01 **, p≤ 0.001 ***, p≤ 0.0001 ****) (Scale 

Bars: 200µm; 100µm) 
 

8.5.2. SI Crypt Cultures 

 

Figure 8.22: Growth and budding of Small Intestinal Crypts 
A) Day of isolation (day 0); B) Day 1; C) Day 2; D) Day 3; E) Day 4; F) Day 5; G) Day 6; H) Day 7; I) Day 

8; (Scale Bar 100µm) 

 


