
 

 

 

 

Role of Notch-Delta Signalling in Cell Fate 

Determination during Cutaneous Epithelial 

Differentiation  

 

Mohamed A. Al Shuaili 

 

 

A Thesis submitted in candidature for the degree of 

Master of Philosophy in Medicine 

(Dermatology) 

School of Medicine, Cardiff University 

 

 

 

MPhil (2011) 

 

 
 

 



2 

 

Table of Contents  
 

Declaration....................................................................................................................4 

Acknowledgements ..................................................................................................... 4 

Abbreviation ................................................................................................................ 5 

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

List of Tables .............................................................................................................. 11 

Abstract ...................................................................................................................... 12 

CHAPTER 1 ς Introduction .......................................................................................... 16 

1.1 Human Skin ......................................................................................................... 16 

 1.1.1 Skin Structure ...................................................................................... 16 

 1.1.2 Stem Cells and Transit Amplifying (TA) Cells ........................................ 17 

 1.1.3 Epidermal Differentiation (Keratinisation)........................................... 21 

 1.1.4 Keratin Expression in the Epidermis ..................................................... 26 

 1.1.5 Calcium Regulation of Keratinocyte Differentiation ............................ 30 

1.2 Notch Signalling Pathway ................................................................................. 33 

 1.2.1 Historical Background ....................................................................... 33 

 1.2.2 Notch Signalling in Epidermal Development ..................................... 35 

 1.2.3 Structure of Notch Receptors and Ligands........................................... 42 

 1.2.4 Notch Signalling Pathways ................................................................ 44 

 1.2.5 Notch Transcriptional Regulation ........................................................ 50 

 1.2.6 Target Genes of Notch Signalling ....................................................... 55 

 1.2.7 HES and HERP Gene Families ............................................................. 56 

 1.2.8 Regulation of HES and HERP Gene Families in the Epidermis........... 59 

1.2.9 Role of Notch Signalling in Epidermal Development: ........................ 61 

CHAPTER 2: Materials and Methods ........................................................................... 66 

2.1 Keratinocyte Cell Culture Models ........................................................................ 67 

 2.1.1 HaCaT Cells .......................................................................................... 67 

 2.1.2 Calcium-Induced Differentiation .......................................................... 71 

2.2 Immunofluorescence (IMF) ................................................................................. 73 

 2.2.1 Tissue and Cell Preparation ................................................................. 75 

 2.2.2 Antibodies ........................................................................................... 76 



3 

 

 2.2.3 Labelling Procedure ............................................................................. 78 

 2.2.4 Assessment of Results ......................................................................... 80 

2.3 Total Protein Extraction and Analysis .................................................................. 80 

 2.3.1 Extracting Proteins from Cultured Cells ............................................... 81 

 2.3.2 SDS-Polyacrylamide Gel Electrophoresis .............................................. 83 

2.4 RNA Extraction .................................................................................................... 85 

2.5 Polymerase Chain Reaction (PCR) ....................................................................... 87 

 2.5.1 Reverse Transcription PCR (RT-PCR) .................................................... 88 

 2.5.2 Standard PCR ....................................................................................... 90 

 2.5.3 Agarose Gel Electrophoresis ................................................................ 96 

 2.5.4 Quantitative Real Time PCR (QPCR)..................................................... 98 

2.6 Cloning and Plasmid Extraction ......................................................................... 105 

2.7 Sequencing ........................................................................................................ 118 

CHAPTER 3: Expression of Keratin Genes (KRT14 and KRT10) in HaCaT Cell Culture 

Model ................................................................................................................ 126 

3.1 Introduction  ..................................................................................................... 127 

3.2 Morphology of HaCaT Cells during Calcium-Induced Terminal Differentiation   130 

3.3 Expression of K10 in HaCaT Cell Culture Model ................................................ 132 

3.4 Expression of K14 in HaCaT Cell Culture Model ................................................ 157 

CHAPTER 4: Expression of Notch Receptors, Ligands and Target Genes in HaCaT Cell 

Model ................................................................................................................ 166 

4.1 Introduction ...................................................................................................... 167 

4.2 Expression of Notch Receptors in HaCaT Cells .................................................. 170 

4.3 Expression of Notch Ligands (DLL1, JAG1 and JAG2) in HaCaT Cells .................. 187 

4.4 Expression of Notch Target Genes (HES and HERT) in HaCaT Cells ................... 232 

4.5 Summary ........................................................................................................... 250 

CHAPTER 5: Discussion and Conclusions...................................................................251 

References .............................................................................................................. 266 

  



4 

 

 

Acknowledgements  
 

I would like to convey thanks to His Majesty Sultan Qaboos, Sultan of Oman, 

Diwan of the Royal Court and the Cultural Attaché at the Oman Embassy in 

London for providing my MPhil scholarship and the financial means to cover 

the necessary laboratory facilities. Also, this research would not have been 

possible without the support of many people. I owe my deepest gratitude to 

my lovely wife and to my beloved family for their understanding and endless 

love, through the duration of my studies. It is an honour for me to express 

gratitude to my supervisor, Dr. Paul E. Bowden who has been abundantly 

helpful and offered invaluable assistance, support and guidance from the very 

early stages of this research to the submission of this thesis. I would also like 

to thank my co-supervisor, Dr. Mark Lewis.  Above all, thanks go to Mrs. 

Tammy Greaves (ne Easter) and Mrs. Fiona Rouge who provided unflinching 

encouragement at the bench and support in many ways, without which the 

study would not have been successful. I am indebted to many colleagues for 

supporting me, especially other members of the research group: Dr. Musheera 

Mohammad Ali, Dr. Marisa Taylor, Dr. Chantal Suthananthan, and Mary 

Cleaton for sharing literature and methodology. I must also forget to thank my 

best friends Dr. Ausama Abou Atwan and Dr. Clarence Beavers who were 

always there to help.  

 



5 

 

 

Abbreviation s 

ADAM   A Desintegrin and Metalloproteinase  
 
bHLH   Basic Helix-Loop-Helix 
BM   Basement Membrane              
BMP   Bone Morphogenetic Protein            
BMPR   Bone Morphogenetic Protein Receptor             
 
CBF1   C-Binding Factor1 
CCDK8   Complex of Cyclin C and Cyclin Dependent Kinase 8 
cDNA   Complementary (Copy) Deoxyribonucleic acid 
CSL    CBF1, Su (H) and Lag1 
 
DSL    Delta, Serrate and Lag1 
DLL1   Delta like 1 
DMEM   5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜΩǎ ƳŜŘƛǳƳ   
DP   Dermal Papilla 
 
ECM    Extracellular Matrix  
EE   Epidermal Equivalent    
EGF   Epidermal Growth Factor                                     
EGFR   Epidermal Growth Factor Receptor  
EPU     Epidermal Proliferation Unit  
 
FA    Focal Adhesion 
FACS    Fluorescence-Activated Cell Sorter  
 
GFP    Green Fluorescent Protein 
GRP58   Glucose-Regulated Protein 58 
 
HaCaT   Human Keratinocyte Cell Line   
hARP   Human Acidic Ribosomal Phosphoprotein 
HERP   HES Related Repressor Protein 
HES1   Hairy Enhancer of Split 1 
 
IFE    Interfollicular Epidermis 
IPTG   Isopropyl-thio-2-D-galactopyranoside 
IRS    Inner Root Sheath 
 
JAG   Jagged  
 



6 

 

K    Keratin 
KCs     Keratinocytes 
KHG   Keratohyalin Granules 
 
MAML   Mastermind Like 
MAPK   Mitogen Activator Protein Kinase  
mRNA    Messenger Ribonucleic acid 
 
N    Notch  
NHK   Normal Human Keratinocytes 
NICD    Notch Intracellular Domain 
 
OFUT1   O-Fucosyl Transferase 
ORS    Outer Root Sheath 
 
PI3K   Phosphatidyl-Inositol-3-Kinase 
PBS   Phosphate Buffered Saline 
PCR   Polymerase Chain Reaction 
PEST   Proline, Glutamic Acid, Serine, Threonine Rich Sequence 
PPAR   Peroxisome Proliferators Activated Receptor  
 
RBP-Wɼ   Recombination Signal Binding Protein-J Kappa 
RNA   Ribonucleic Acid 
RPL13A   Ribosomal Protein Large 13 A 
RTK    Receptor Tyrosine Kinase          
 
SCs   Stem Cells         
Su (H)   Suppressor of Hairless 
 
TA    Transit Amplifying  
TACE   Trans-Activating Converting Enzyme 
TAD   Transcriptional Activator Domain 
TBP   TATA- Binding Protein 
TF    Transcription Factor 
TF2H   Transcription Factor 2H 
TNF   Tumour Necrotic Factor 

 
 

 

  



7 

 

List of Figures  

Figure  1.1: Schematic Illustration of the Structure of Human Epidermis ........................ 23 

Figure  1.2:  Organization of Keratinocytes and Corneocytes in the Epidermis. ............... 26 

Figure  1.3: Expression of Notch Receptors, Ligands and Target Genes in Human 

Epidermis .......................................................................................................... 38 

Figure  1.4: Schematic Structure of Notch receptor ............................................................ 40 

Figure  1.5: Schematic Diagram of Notch Signalling Pathway in Drosophila.  

Figure  1.6: Schematic Diagram of Notch signalling Pathway in Mammals. ..................... 42 

Figure  1.7: Schematic illustration of Notch Receptor and Ligand (Delta, Jagged) 

Structure. .......................................................................................................... 43 

Figure  1.8: Schematic of Canonical and Non-Canonical Notch Signalling Pathways....... 44 

Figure  1.9: Schematic Illustration of Notch Signalling Pathway in Mammals. ................ 48 

Figure  1.10: Domain Structure of Notch Receptor Proteins. ............................................. 50 

Figure  1.11: Notch1 Function in Epidermis........................................................................ 56 

Figure  1.12: Schematic of Notch Target Genes (HES, HERP and DEC). ......................... 59 

 

Figure  2.1: Counting cells under Light Microscope using a Haemocytometer. ................. 71 

Figure  2.2: HaCaT Calcium Shift Assay. ............................................................................ 73 

Figure  2.3 : Schematic Representation of Two Immunofluorescence Methods. ............... 74 

Figure  2.4: Schematic of Double Immunofluorescence. ..................................................... 75 

Figure  2.5: Diagram Illustrating Oligo dT Primed Reverse Transcription of Poly A
+ 

mRNA. .............................................................................................................. 90 

Figure  2.6:  Chart of Temperature Cycles during PCR. .................................................... 94 

Figure  2.7: Graph of Three Stages in Standard PCR. ....................................................... 95 

Figure  2.8: Analysis of PCR Fragments by Agarose Gel Electrophoresis. ........................ 97 

Figure  2.9:  Binding of SYBR Green to DNA in Real Time PCR. ................................... 100 

Figure  2.10: Graph of DNA Copy Number versus Cycle Number (qPCR). .................... 105 

Figure  2.11: Schematic of Cloning a PCR Fragment into pGEM-T Easy. ...................... 106 

Figure  2.12: Diagram to Illustrate DNA Cleavage by EcoR1. ......................................... 108 

Figure  2.13: Analysis of Housekeeping Gene (hARP) Insert by Agarose Gel (1.5%) 

Electrophoresis. .............................................................................................. 114 

Figure  2.14: Structure of pGEM-T Vector. ...................................................................... 115 

Figure  2.15: Standard View of a Sequence Chromatogram............................................. 121 

Figure  2.16: Multi -Panel View of Sequence Chromatogram ........................................... 122 

Figure  2.17: Sequencing Chromatogram of Data from a Typical Sample. ..................... 123 

Figure  2.18: Sequence of Notch 3 Insert. .......................................................................... 123 

Figure  2.19: Sequencing Chromatogram of pGEM-T vector and JAG2 insert. ............. 124 

 



8 

 

Figure  3.1: Phase Contrast Micrographs of Early Passage HaCaT Cells. ...................... 132 

Figure  3.2: Expression of K14 by SDS-PAGE and Western Blotting of Protein Extracts 

from HaCaT Cells Grown under Different Conditions................................. 133 

Figure  3.3: Expression of K10 by SDS-PAGE and Western Blotting of Protein Extracts 

from HaCaT Cells Grown under Different Conditions................................. 134 

Figure  3.4: Expression of K14 (Proliferation Marker) and Ki67 (Cell Division Marker) in 

HaCaT cells. .................................................................................................... 135 

Figure  3.5: Expression of K10 (Differentiation Marker) in HaCaT cells.  ....................... 136 

Figure  3.6: Assessing Genomic DNA Contamination in Total RNA Extracts of HaCaT 

Cells. ................................................................................................................ 138 

Figure  3.7: Analysis of K14 PCR Products from HaCaT Cell cDNA by Agarose Gel 

Electrophoresis. .............................................................................................. 140 

Figure  3.8: Analysis of K14 PCR Products from HaCaT Cell cDNA by Agarose Gel 

Electrophoresis. .............................................................................................. 141 

Figure  3.9: Analysis of K10 PCR Products from HaCaT Cell cDNA by Agarose Gel 

Electrophoresis. .............................................................................................. 142 

Figure  3.10: Analysis of K10 Plasmid Digests by Gel Electrophoresis. ........................... 143 

Figure  3.11: Analysis of K14 Plasmid Digests by Gel Electrophoresis. ........................... 144 

Figure  3.12: Analysis of Standard PCR with K10 Plasmid 5 Serial Dilutions. ............... 146 

Figure  3.13: Amplification Plot of K10 Plasmid Dilution Series...................................... 149 

Figure  3.14: Standard Curve of K10 Plasmid Dilution Series. ........................................ 150 

Figure  3.15: K10 Gene Expression in HaCaT Cells during Calcium-induced 

Differentiation.  ................................................................................................ 155 

Figure  3.16: K10 Gene Expression in HaCaT Cells during Calcium-induced 

Differentiation.  ................................................................................................ 156 

Figure  3.17: Amplification Plot of K14 Plasmid Dilution Series...................................... 157 

Figure  3.18: Standard Curve of K14 Plasmid Dilution Series. ........................................ 158 

Figure  3.19: Analysis of K14 Gene Expression (Copy Number) in HaCaT Cells during 

Calcium-induced Differentiation. .................................................................. 163 

Figure  3.20: Analysis of K14 Gene Expression (Fold Change) in HaCaT Cells during 

Calcium-induced Differentiation. .................................................................. 163 

Figure  3.21: Alterations in K14 and K10 Expression (Copy Number) in HaCaT Cells 

during Calcium-Induced Differentiation. ...................................................... 164 

 

Figure  4.1: Expression of NOTCH 1 during HaCaT Differentiation.  .............................. 173 

Figure  4.2: Expression of NOTCH 3 during HaCaT Cell Differentiation.  ...................... 174 

Figure  4.3: Expression of Notch 1 and Notch 3 in HaCaT Cell Differentiation. ............. 175 

Figure  4.4: Analysis of Notch 1 Plasmid Digests by Gel Electrophoresis. ....................... 176 

Figure  4.5: Analysis of Notch 3 Plasmid Digests by Gel Electrophoresis. ....................... 176 

Figure  4.6: PCR Reactions with Serial Dilutions of Notch 3 Plasmid 1 (N3plas1). ......... 179 

Figure  4.7: Amplification Plot of Notch 3 Plasmid Serial Dilutions. ............................... 180 

Figure  4.8: Standard Curve of Notch 3 Plasmid (Ct Value versus Original Copy 

Number). ......................................................................................................... 181 



9 

 

Figure  4.9: Notch 3 Expression (Transcript Copy Number) in HaCaT Cells during 

Calcium-induced Differentiation. .................................................................. 186 

Figure  4.10: Notch 3 Expression (Fold Change) in HaCaT Cells during Calcium-induced 

Differentiation.  ................................................................................................ 187 

Figure  4.11: DLL1  PCR with cDNA from HaCaT Cells. ................................................. 189 

Figure  4.12: DLL1  PCR Products using gDNA and cDNA from HaCaT Cells (D4+10). 191 

Figure  4.13: PCR with DLL1  Primers on cDNA from HaCaT Cell Cultures. ................ 192 

Figure  4.14: PCR with DLL1  Primers on cDNA from HaCaT Cells. .............................. 193 

Figure  4.15: PCR with DLL1 and DLL4 Primers on cDNA from Human Epidermis and 

Pancreas. ......................................................................................................... 195 

Figure  4.16: Analysis of PCR Products with DLL4 Primers. .......................................... 196 

Figure  4.17: Gel Analysis of Cloned Plasmids cut with EcoRI to Release the pGEM-T 

vector and DLL1 Insert. ................................................................................. 198 

Figure  4.18: Amplification Plot of DLL1 Plasmid Serial Dilutions. ................................. 200 

Figure  4.19: Standard Curve of DLL1 Plasmid Dilution Series. ...................................... 200 

Figure  4.20: DLL1 Gene Expression in HaCaT Cells during Calcium-induced 

Differentiation ................................................................................................. 201 

Figure  4.21: DLL1 Gene Expression in HaCaT Cells during Calcium-induced 

Differentiation.  ................................................................................................ 202 

Figure  4.22: JAG1 Expression in HaCaT Cells. ............................................................... 206 

Figure  4.23: JAG2 Expression in HaCaT Cells. ............................................................... 207 

Figure  4.24: Analysis of JAG1 PCR Products (fully optimized) from HaCaT Cell cDNA 

by Agarose Gel Electrophoresis. .................................................................... 208 

Figure  4.25: JAG2 PCR Products with cDNA from HaCaT Cells Analysed by Agarose 

Gel Electrophoresis. ........................................................................................ 209 

Figure  4.26: Analysis of JAG2 Plasmid Digests by Gel Electrophoresis. ........................ 210 

Figure  4.27: Analysis of Standard PCR with JAG1 Plasmid 3 Serial Dilutions.............. 211 

Figure  4.28: Analysis of Standard PCR with JAG2 Plasmid 6 Serial Dilutions.............. 213 

Figure  4.29: Amplification Plot of JAG1 Plasmid Dilution Series. .................................. 214 

Figure  4.30: Standard Curve of JAG1 Plasmid Dilution Series. ..................................... 215 

Figure  4.31: JAG1 Gene Expression in HaCaT Cells during Calcium-induced 

Differentiation.  ................................................................................................ 220 

Figure  4.32: JAG1 Gene Expression in HaCaT Cells during Calcium-induced 

Differentiation.  ................................................................................................ 221 

Figure  4.33: Immunoperoxidase (IMP) of Human Scalp Skin (frozen sections) to detect 

JAG1. .............................................................................................................. 222 

Figure  4.34: Amplification Plot of JAG2 Plasmid Dilution Series. .................................. 223 

Figure  4.35: Standard Curve of JAG2 Plasmid Dilution Series. ..................................... 224 

Figure  4.36: JAG2 Gene Expression in HaCaT Cells during Calcium-induced 

Differentiation.  ................................................................................................ 227 

Figure  4.37: Expression of Jagged 2 (J2) and K10 (Differentiation Marker) in HaCaT 

Cells. ................................................................................................................ 229 

Figure  4.38: Immunoperoxidase (IMP) of Human Scalp Skin (Frozen Sections). .......... 230 



10 

 

Figure  4.39: Alterations in JAG1 and JAG2 Expression (Copy Number) in HaCaT Cells 

during Calcium-Induced Differentiation. ...................................................... 231 

Figure  4.40: Expression of HES1 in HaCaT cell differentiation.  ..................................... 234 

Figure  4.41: Analysis of HES1 Plasmid Digests by Gel Electrophoresis. ........................ 235 

Figure  4.42: Amplification Plot of HES1 Plasmid serial dilutions. .................................. 237 

Figure  4.43: Standard Curve of HES1 Plasmid Dilution Series. ..................................... 238 

Figure  4.44: HES1 Gene Expression in HaCaT Cells during Calcium-induced 

Differentiation.  ................................................................................................ 243 

Figure  4.46: HES1 Gene Expression in HaCaT Cells during Calcium-induced 

Differentiation.  ................................................................................................ 244 

Figure  4.46: Immunoperoxidase (IMP) of the epidermis of human scalp skin (frozen 

sections). .......................................................................................................... 245 

Figure  4.47: HES5 Expression in HaCaT Cells. ............................................................... 246 

Figure  4.48: Analysis of HES5 Plasmid Digested with EcoRI. ......................................... 246 

Figure  4.49: Gel Analysis of HES7 PCR Products from HaCaT Cell cDNA. ................. 247 

Figure  4.50: HEY1 Expression in HaCaT Cells. .............................................................. 248 

Figure  4.51: HEY2 Expression in HaCaT Cell Cultures. ................................................. 249 

Figure  4.52: HEYL Expression in HaCaT Cells. .............................................................. 250 

Figure  4.53: Expression of JAG1, JAG2, DLL1, HES1 and Notch3 in HaCaT Cells during 

Calcium-Induced Differentiation. .................................................................. 252 

Figure  4.54: Expression Levels of DLL1, K14, K10, JAG2, HES1 and NOTCH3 in HaCaT 

Cells during Calcium-Induced Differentiation. ............................................. 253 

 
 

 

 

 

 

 

 

 

 

 

 

 



11 

 

 

List of Tables  

Table  1.1: Characteristics of Immortalized and Normal Human Keratinocytes .............. 32 

Table  1.2: Notch Receptors, Ligands and Co-activators in Different Species ................... 35 

Table  1.3: Classification of Basic Helix-Loop-Helix (bHLH) Proteins.  ............................. 58 

 

Table  2.1: Primary Antibodies used for IMF ..................................................................... 77 

Table  2.2: Secondary Polyclonal Antibodies used in IMF ................................................. 78 

Table  2.3: Preparation of 10% Resolving Gels (SDS-PAGE). ........................................... 83 

Table  2.4: Preparation of 4% Stacking Gel (SDS-PAGE). ................................................ 84 

Table  2.5: RT2 Components ................................................................................................ 89 

Table  2.6: Typical PCR Reaction Mixture ......................................................................... 92 

Table  2.7: Stages in PCR Reaction and Timing ................................................................. 93 

Table  2.8: Reaction Mixture for qPCR Experiment .........................................................101 

Table  2.9: Typical Segment Settings for Real Time PCR .................................................103 

Table  2.10: Ligation Reaction Component ........................................................................110 

Table  2.11: Reagent List for Restriction Enzyme Digest of Cloned Plasmids ..................113 

Table  2.12: Mass of Notch 1 Plasmid 3 equivalent to Specific Copy Number ..................116 

Table  2.13: Concentration of Notch 1 Plasmid 3 DNA ......................................................116 

Table  2.14: Dilution Series for N1plas3 Stock ...................................................................118 

Table  2.15: Different Primers used for Cloning ................................................................120 

 

Table  3.1: Table of Primers for Standard PCR and qPCR with cDNA. ..........................128 

Table  3.2: Sequence of K14 Oligonucleotide Primers for PCR and qPCR ......................137 

Table  3.3: Sequence of K10 Oligonucleotide Primers for qPCR ......................................139 

Table  3.4: Mass and Final Concentration of K10 Plasmid 5 .............................................145 

Table  3.5: Serial Dilutions of K10 Plasmid 5 for qPCR ....................................................146 

Table  3.6: Serial Dilutions of K14 Plasmid F for qPCR ....................................................147 

Table  3.7: K10 Gene Expression (Copy Number) during HaCaT Cell Culture ...............151 

Table  3.8: K10 Gene Expression (Fold Change) in HaCaT Cell Cultures .......................152 

Table  3.9: Comparison of K10 Expression Levels (Copy Number) in Different HaCaT 

Cultures ............................................................................................................153 

Table  3.10: Comparison of K10 Expression Levels (Fold Change) in HaCaT Cultures ..154 

Table  3.11: K14 Gene Expression (Copy Number) during HaCaT Cell Culture .............159 

Table  3.12: K14 Gene Expression (Fold Change) in HaCaT Cell Cultures .....................160 

Table  3.13: Comparison of K14 Levels (Copy Number) in Different HaCaT Cultures...161 

Table  3.14: Comparison of K14 Expression Levels (Fold Change) in HaCaT Cultures ..162 

 

Table  4.1: Table of Primers for Standard PCR and qPCR of Notch, Delta, Jagged, Hes 

and Hey ............................................................................................................169 



12 

 

Table  4.2: Sequence of Notch Primers ...............................................................................171 

Table  4.3: Agarose Gel Electrophoresis for PCR Products ..............................................172 

Table  4.4: Dilution Series for N1plas3 Stock .....................................................................178 

Table  4.5: Dilution Series for N3plas1 Stock .....................................................................179 

Table  4.6: Raw qPCR Data for Notch 3 Gene Expression ................................................183 

Table  4.7: Raw qPCR Data for Notch 3 Gene Expression ................................................184 

Table  4.8: Statistical Comparison of Notch 3 Levels (Copy Number) at Different Stages of 

HaCaT Culture ................................................................................................185 

Table  4.9: Statistical Comparison of Notch 3 Levels at Different Stages of HaCaT Culture 

(Fold Change) ..................................................................................................185 

Table  4.10: Sequence of Delta 1 like (DLL1 ) Primers .......................................................188 

Table  4.11: Delta 1 like (DLL1 ) Primer Sequences ...........................................................190 

Table  4.12: Sequence of Delta Like 4 (DLL4 ) Primers......................................................194 

Table  4.13:  Summary of DLL1 and DLL4 data experiments was conducted using 

standard PCR. .................................................................................................197 

Table  4.14: Dilution Series for DLL1 Cloned PCR Product .............................................199 

Table  4.15: Statistical Analysis of DLL1 Expression Data ................................................203 

Table  4.16: Statistical Analysis of DLL1 Expression Data ................................................203 

Table  4.17: Sequence of Oligonucleotide Primers for JAG1 and JAG2 ...........................205 

Table  4.18: Serial Dilutions of JAG1 Plasmid 3 for qPCR Standards. .............................211 

Table  4.19: Serial Dilutions of Jag 2 Plasmid 6 for qPCR Standards...............................212 

Table  4.20: JAG1 Gene Expression (Copy Number) during HaCaT Cell Culture ..........216 

Table  4.21: JAG1 Gene Expression (Fold Change) in HaCaT Cell Cultures ...................217 

Table  4.22: Comparison of JAG1 Expression Levels (Copy Number) in Different HaCaT 

Cultures ............................................................................................................218 

Table  4.23: Comparison of JAG1 Expression Levels (Fold Change) in HaCaT Cultures219 

Table  4.24: JAG2 Gene Expression (Copy Number) during HaCaT Cell Culture ..........225 

Table  4.25: JAG2 Gene Expression (Fold Change) during HaCaT Cell Culture ............225 

Table  4.26: Comparison of JAG2 Levels (Copy Number) in Different HaCaT Cultures 226 

Table  4.27: Sequence of HES & HEY Primer Pairs ..........................................................232 

Table  4.28: Serial Dilutions of HES1 Plasmid 5 for qPCR ...............................................236 

Table  4.29: HES1 Gene Expression (Copy Number) during HaCaT Cell Culture ..........239 

Table  4.30: HES1 Gene Expression (Fold Change) in HaCaT Cell Cultures ...................240 

Table  4.31: Comparison of HES1 Expression Levels (Copy Number) in Different HaCaT 

Cultures ............................................................................................................241 

Table  4.32: Comparison of HES1 Expression Levels (Fold Change) in HaCaT Cultures242 

 
  



13 

 

Abstract  
 

The notch signalling pathway is essential for the development and growth of 

all mammalian cells. The canonical pathway works by cell to cell 

communication and influences gene expression directly. Notch signalling plays 

an important role in cell differentiation processes in the embryo as well as in 

adult tissues. In Drosophila, signalling requires a single notch receptor and 

two ligands (delta and serrate). However, in mammals signalling is more 

complex and there are four notch receptors (NOTCH1-4), three delta like 

ligands (DLL1, DLL3, DLL4) and two jagged ligands (JAG1, JAG2). The 

interaction between a notch receptor at the cell surface and its ligand on a 

neighbouring cell, leads to sequential proteolytic cleavages which release the 

notch intracellular domain (NICD) from the cell surface receptor (Estrach et 

al., 2008). The NICD enters the nucleus and forms a complex with CSL and 

Mastermind to activate target genes (HES and HEY family members). Notch 

receptors have modified EGF-like repeats where fucose has been added to a 

serine or threonine residue and this O-linked fucose can be elongated by the 

action of an enzyme (fringe), enhancing or blocking ligand binding. There have 

been extensive studies on notch signalling in embryos but less is known in 

adult tissues, especially with regard to non-canonical pathways. 

 

The aim of this project was to examine the expression of notch receptors, 

ligands and specific target genes during epidermal differentiation in human 
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skin. This was examined both in human epidermis (in vivo) as well as in culture 

models using HaCaT, a keratinocyte cell line. Examining notch signalling 

activity at different stages of keratinocyte differentiation could help to 

understand the precise role of notch signalling in cell fate determination 

during normal cutaneous epithelial cell growth and development, and may 

indicate what role, if any notch signalling might play in the pathology of skin 

disease.  

 

Most of the work on delta ligands has been done in embryonic tissues with 

little work on adult skin. Thus, our approach focused on expression of DLL1, 

DLL3 and DLL4 in human epidermis and cultured HaCaT cells. DLL1 expression 

was confirmed (mRNA and protein level including sequence) but no convincing 

evidence of DLL3 or DLL4 expression was found. Evidence was also obtained 

for JAG1 and JAG2 expression in human epidermis and cultured cells, and 

there was some indication that differential expression might occur during 

terminal differentiation.  

 

RT-PCR results indicated possible changes in notch ligand levels with calcium-

induced differentiation in HaCaT cells and these were quantitated by real time 

PCR (qPCR). Expression levels could not be normalised to a housekeeping gene 

ό-̡Actin, human ARP, human TF2H, GRP58, B2H, RPL13 and TBP) as all those 

tested were not stable enough. Thus, cDNA probes for two notch receptors 

(N1 and N3), three ligands (DLL1, JAG1 and JAG2), six responsive genes (HES1, 
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HES5, HES7, HEY1, HEY2 and HEYL) and two keratin genes (KRT14, KRT10) 

were cloned and used to construct standard curves. This allowed quantitative 

estimation of expression levels in terms of copy number and fold change in 

both HaCaT cells and human epidermis. K14, Notch1 and DLL1 changed very 

little in HaCaT cells but K10, Notch3, JAG1, JAG2 and HES1 levels increased 

with differentiation. It was also concluded that signalling via Notch3 and JAG1 

may influence the progress of terminal differentiation in human keratinocytes. 
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1 CHAPTER 1: Introduction  

1.1 Human Skin  

1.1.1 Skin Structure  

Skin is the largest organ system in the human body and has three main 

components: an outer protective layer (epidermis), a central connective tissue 

matrix (dermis) and an inner subcutaneous layer of fat (adipose). Human 

epidermis is a keratinized stratified squamous epithelium that forms a semi-

permeable physical barrier to the environment (Hall and Watt, 1989; Watt, 

1989). Thickness varies according to body site, and epidermis is thickest on 

the palms of the hand and soles/heels of the feet (1.5 ς 4.0 mm) but much 

thinner at other body sites (0.4- 1.5 mm).  

 

A complex programme involving cell cycle arrest and terminal differentiation 

controls epidermal homeostasis, a process that involves complex co-ordinated 

changes in gene expression (Chuong et al., 2002). It is important to mention 

that the epidermis is a continuously self renewing stratified squamous 

epithelium and the stems cells that generate this tissue, reside in the basal 

layer. The skin appendages (pilosebaceous unit, nails and sweat glands) are 

epithelial structures that arise from the epidermis during embryonic 

development and are contiguous with the epidermis. They maintain their own 
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stem cell populations and have their own specialised differentiation 

pathways. 

1.1.2 Stem Cells and Transit Amplifying (TA) Cells 

In 1961, Till and McCulloch reported the first evidence of adult cells that can 

act as stem cells. This was identified after irradiation of the hematopoietic 

system and since this time, stem cells have been identified in many other 

tissues, including epidermis and the bulge area of hair follicles (Potten and 

Loeffler, 1990). The bulge stem cells can produce all the types of epithelial cell 

required to form all the different layers of the complex hair follicle including 

the hair shaft (Taylor et al., 2000). In the same way, the epidermal stem cell 

population produces the entire interfollicular epidermis that is necessary to 

maintain skin integrity.  

 

Epidermal stem cells are considered a small undifferentiated cell population 

of self renewing basal keratinocytes. They can produce a population of transit 

amplifying (TA) cells that account for the majority of basal cells (Bickenbach 

and Grinnell, 2004).  The relatively minor population of resident stem cells 

produce an impressive cell turnover rate to form this highly organized 

stratified tissue (Mackenzie, 1970; Potten & Bullock, 1983; Morris et al., 1985). 

Stem cells respond to multiple signalling networks that control their division, 

migration, proliferation and differentiation but precise mechanisms within 

human epidermis are not yet clear (Fuchs and Horsley, 2008). Moreover, 
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differences have been observed in relation to rates of basal cell proliferation 

versus stratification and differentiation, which vary considerably between 

embryonic and adult epidermal cells (Fuchs and Horsley, 2008). This can most 

easily be explained by the asymmetric division of stem cells and TA cells, a 

theory supported by in vivo cell kinetic assays (Potten 1974; Mackenzie 1975; 

Jones et al., 1995 and Clayton et al., 2007).  

 

It has been known for several years that stem cells provide the proliferative 

potential of adult human epidermis and this small cell population resides in 

the basal cell layer (Fuchs, 2008). Several studies have estimated that basal 

cells are a mixture of stem cells (~10%) and TA cells (~90%). However, stem 

cells are difficult to define precisely and difficult to isolate for study. They are 

said to have the capacity to self renew indefinitely and to generate large 

numbers of proliferative basal cells (transit amplifying or TA cells) and this 

extensive capacity for cell renewal has been demonstrated in vivo (Jones & 

Watt, 1993; Gambardella & Barrandon, 2003; Gallico et al., 1984 and 

Compton et al., 1989).  

 

Lƴ ǘƘŜ ƳƛŘ мфтлΩǎΣ ǘƘǊŜŜ ŘƛŦŦŜǊŜƴǘ ŎŜƭƭ ǎǳō-populations were identified in the 

epidermal basal layer: stem cells, TA cells and cells committed to 

differentiation (Potten, 1974; Christophers et al., 1974; Mackenzie, 1975, 

Potten and Morris, 1988).  In 1974, Potten introduced an idea about 
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epidermal stem cell units of specific structure and he defined a group of 

tightly packed proliferative cells (about 10) as an epidermal proliferative unit 

(EPU). The architecture of the epidermis was observed and this gave rise to 

the central stem cell theory, the need for TA cells, and the observation that 

daughter cells become committed to terminal differentiation as they move 

through the stratified epidermis as a vertical column. This architecture 

established the idea that stem cells sit at the centre of the EPU and 

continually renew themselves as well as producing sufficient daughter (TA) 

cells (Potten, 1974; Mackenzie, 1997; Fuchs, 2008). Meanwhile, stem cells also 

have a remarkable ability to give rise to differentiating cells (Fuchs, 2008). 

Based on previous observations in vitro, it was concluded that basal cells are 

likely to divide symmetrically giving rise to equal sized daughter cells (Lowell 

et al., 2000; Lowell and Watt, 2001). However, this debate carries on and 

more recent studies have suggested that basal cells divide asymmetrically in 

vivo (Clayton et al., 2007). 

 

More recent research has been dedicated to identifying epidermal stem cells 

with molecular markers. Lowell and colleagues pointed out that the level of 

ʲм ƛƴǘŜƎǊƛƴ όǳǎŜŘ ŀǎ ŀ ŎŜƭƭ ǎǳǊŦŀŎŜ ƳŀǊƪŜǊύ Ŏŀƴ ŘƛǎǘƛƴƎǳƛǎƘ ǎǘŜƳ ŎŜƭƭǎ ŦǊƻƳ ¢! 

cells, as stem cells express 3-5 fold more than TA cells (Lowell et al., 2000 and 

Kaur et al., 2004). This was demonstrated earlier by Jones and Watt (1993) 

ǿƘŜǊŜ ʲм ƛƴǘŜƎǊƛƴ ƭŜǾŜƭǎ ƛƴ ŎǳƭǘǳǊŜŘ ƘǳƳŀƴ ŦƻǊŜǎƪƛƴ ŘŜǘŜǊƳƛƴŜŘ ƻǾŜǊ н ǿŜŜƪǎ 

in culture were also found to be high. In addition, other investigators have 
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used different cell surface markers in an attempt to locate stem cells in situ. 

These include a small keratin (K19) which has been used as a stem cell marker 

in hair follicles (Michel et al., 1996; Lyle et al., 1998), whereas, p63 was used 

as a marker for interfollicular epidermis (Pellegrini et al., 2001). According to 

Kaur et al (2004), there are no current assays that can adequately distinguish 

stem cells from their more committed progeny (TA cells), and that 

measurement of stem cell activity requires long-term assays to measure 

sustained epithelial regeneration.  Nevertheless, researchers have so far failed 

to unequivocally establish if all the cells in the basal layer are stem cells or 

whether only a small number of stem cells exist (Fuchs, 2008). Although, 

distinct stem cells do serve different regions of skin, some do have the 

capacity to regenerate other regions when necessary. Thus, hair follicle bulge 

cells can regenerate interfollicular epidermis as well as the hair follicle, under 

the right conditions. However, it is not yet fully understood how stem cells are 

controlled so they can contribute to different levels of cell renewal at 

different times (Kaur and Potten, 2011). 

  

It is important to point out that stem cells are regulated by signals from 

surrounding keratinocytes. This behaviour is defined by an orchestrated 

interaction between intrinsic transcriptional programmes and external signals 

from local tissues (Fuchs et al., 2004; Watt and Driskell, 2010; Collins et al., 

2011). To execute different programmes of terminal differentiation, stem cells 

must be instructed by signal transduction at an early stage. However, the 



21 

 

nature of these signals remains unclear and the mechanism by which stem cell 

activity is regulated during tissue regeneration is still poorly understood 

(Lowell et al., 2000; Fuchs et al., 2004; Collins et al., 2011). However, an 

emerging network of signalling pathways has established that one gene (p63) 

controls stem cells at a certain stage in their development and their later 

commitment to differentiation of the epidermis (Koster and Roop, 2008). This 

was proven by Lechler and Fuchs (2005) where the data suggested that p63 

and 1̡ -hcatenin have a role in directing asymmetrical cell division in the 

epidermis. In addition, c-Myc also has an influence on stem cell fate where it 

stimulates stem cells to generate TA cells (suggested by Gandarillas and Watt, 

1997). 

 

1.1.3 Epidermal Differentiation (Keratinisation)  

Keratinocytes are the most abundant cell type in the epidermis and 

considered to represent 80% of the total cell population. They are highly 

specialized epithelial cells that perform specific functions required for 

epidermal renewal, cellular cohesion, and barrier formation (Gambardella et 

al., 2003). They are organized as four different layers (see Figure 1.1): basal, 

spinous, granular and corneum (Eckert and Rorke, 1989; Lee et al., 2010). In 

thicker skin at some locations, a fifth layer (stratum lucidum) can also be seen. 

Other minor cell types are also present in the epidermis such as Merkel cells 

όŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǎŜƴǎƻǊȅ ƴŜǊǾŜ ŜƴŘƛƴƎǎύΣ [ŀƴƎŜǊƘŀƴΩǎ ŎŜƭƭǎ όŘŜƴŘǊƛǘƛŎ ŎŜƭƭǎ ŦƻǊ 
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immune surveillance) and melanocytes (produce melanin to protect against UV 

damage).  

 

Keratinocytes are attached to each other by adhesive intercellular junctions 

known as desmosomes. These structures can bind intermediate filaments to 

an inner plaque at the plasma membrane and adhere to each other using 

intercellular proteins, desmocollins and desmogleins, which are members of 

the cadherin super family of calcium dependent adhesion molecules (Garrod 

and Chidgey, 2008). The term was introduced by Josef Schaffer in 1920 and is 

derived from a Greek word (desmo) meaning bond and (soma) meaning body 

(Delva et al., 2009). Interestingly, they were first observed under the 

microscope by Bizzozero (1846-1901) and his insightful interpretation defined 

them as adhesive cell-cell contacts (Matoltsy, 1975; Amagai and Stanley, 

2011ύΦ Lƴ ǘƘŜ мфслΩǎΣ Odland and his colleagues revealed that desmosome 

organization was more complex. Furthermore, Matoltsy (1974) isolated 

desmosomes from bovine nose epidermis using biochemical methods and 

defined several proteins.  

 

As the epidermis endures many mechanical stresses, it is crucial for 

desmosomes to form strong anchoring junctions between keratinocytes. As 

intermediate filaments also attach to the inner plaque, these sites of 

intercellular adhesion form a supra-cellular network of scaffolding that can 

http://en.wikipedia.org/wiki/Melanin
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facilitate and distribute mechanical forces throughout the epidermis (Green 

and Simpson, 2007).   

 
Figure  1.1: Schematic Illustration of the Structure of Human Epidermis. 

Epidermis has four major layers: basal layer attached to the basement 

membrane, spinous layer, granular layer and the upper stratum corneum 

(adapted from Zouboulis et al., 2008). 

 

This dynamic structure is critical for maintaining keratinocyte stability. In 

addition, there is evidence that desmosomes play a role in cellular process 

beyond that of cell adhesion (Delva et al., 2009). In fact, desmosomes appear 

to contribute to cell signalling, development and differentiation in various 

tissues including the skin (Garrod and Chidgey, 2008; Petrof et al., 2011). This 

means, they can participate in fundamental processes such as cell 

proliferation, differentiation and morphogenesis. In particular, desmosomal 

cadherins modulate intracellular signalling, control differentiation and may 

induce a switch from proliferation to differentiation upon stratification (Ishii 

et al., 2001; Garrod and Chidgey, 2008; Petrof et al., 2011). A similar related 
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structure, the hemidesmosome, anchors epidermal basal cells to the 

basement membrane zone. As the name suggests, this is a half-desmosome 

on the baso-lateral surface of the basal keratinocyte and a different set of 

specialised adhesion proteins connects this structure to the collagen fibres of 

the underlying dermis.   

      

As cells move from the deeper basal layer outwards to form the spinous, 

granular and cornified layers, they become specialized and this is reflected by 

alterations in specific mitotic and synthetic properties as well as obvious 

changes in morphology.  Early efforts by Epstein and Maibach (1965) 

calculated an accepted value of 28 days for normal human epidermis to turn 

over (from stem cell division to desquamation). This time includes stem cell 

division, TA cell amplification, programmed terminal differentiation, granular 

cell apoptosis, cornification and corneocyte desquamation.  

 

A series of genetic changes accompanied by specific metabolic events occur as 

the state of keratinocyte differentiation changes, a process called terminal 

differentiation or keratinisation (see Figure 1.2). Thus, keratinocytes have a 

relatively short life span in which they undergo a specific cycle of programmed 

cell death with rapid metabolism, growth and differentiation (Schallreuter and 

Wood, 1995). This process maintains structural stability of the epidermis and 
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is dynamic so that epidermal cell renewal is balanced by cell removal at the 

skin surface to maintain a constant thickness (homeostasis).  

 

It is important to point out that during keratinisation, keratinocytes change 

size and shape accordingly. As soon as keratinocytes move into the supra-

basal layer, the nucleus and cell body become larger and progressively assume 

a more flattened shape. In the granular layer below the stratum corneum, the 

nucleus breaks down, and organelles are removed. Lamellar bodies secreted 

by keratinocytes migrate towards the cell periphery, where they release their 

content of specialised lipids into the intercellular space in the form of 

ƘȅŘǊƻǇƘƻōƛŎ ŎŜƳŜƴǘΦ CƛƴŀƭƭȅΣ ŀǘ ǘƘŜ ōŀǎŜ ƻŦ ǘƘŜ ǎǘǊŀǘǳƳ ŎƻǊƴŜǳƳΣ ǘƘŜ άƭƛǾƛƴƎέ 

ƪŜǊŀǘƛƴƻŎȅǘŜ ƭƻǎŜǎ ƛǘǎ ƴǳŎƭŜǳǎ ŀƴŘ ƻǊƎŀƴŜƭƭŜǎ ǘƻ ōŜŎƻƳŜ ŀ άŘŜŀŘέ ŎƻǊƴŜƻŎȅǘŜΦ 

Corneocytes are not totally dead cells but they are unable to undergo any 

further gene transcription. However, the cells are full of structural proteins 

and have the enzymes required for desquamation. The epidermis therefore 

provides a waterproof barrier that is constantly renewed from the basal layer 

stem cells below. 

 

At each stage of differentiation, epidermal cells become more specialized and 

alter both in structure and function. These changes in cellular differentiation 

are controlled by both extrinsic and intrinsic factors determined mainly at the 
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gene level, so studying the detailed molecular changes that occur will allow a 

more detailed understanding of the process of epidermal keratinisation. 

 

 

 
Figure  1.2:  Organization of Keratinocytes and Corneocytes in the 

Epidermis. Keratinocytes at the basal layer are Hemidesmosomes 

anchor basal cells to BMZ (Basal Lamina) while desmosomes anchor 

basal cells (and suprabasal cells together). Keratinocyte structural 

stability is maintained by desmosomes in all living cells. They are 

replaced by corneodesmosomes in cells of the stratum corneum 

(adapted from Blanpain et al, 2006; Denecker et al., 2008).    

 

1.1.4 Keratin Expression in the Epidermis  

Intermediate filaments (IF) in epidermal keratinocytes are composed of 

keratin protein subunits. They form a 3D filament network around the cell and 

hold major organelles in place. However, there are several keratin proteins 

that form IF in the epidermis and their expression alters as cells proliferate 
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and differentiate (Bowden et al., 1987). The filaments in basal cells are 

constructed from two keratins, K5 (a larger basic type II keratin) and K14 (a 

smaller acidic type I keratin). In addition, smaller amounts of K15 and K19 

have also been reported in basal cells. However, as keratinocytes commit to 

terminal differentiation and move to a supra-basal position, they change their 

gene expression (Eckert and Rorke, 1989). K5 and K14 are specifically down-

regulated and differentiation related keratins (K1 and K10) are up-regulated. 

Spinous cells contain all four keratins (K1, K5, K10 and K14) but as further 

growth and differentiation occurs, granular cells contain more K1 and K10 as 

K5 and K14 are progressively diluted out. 

 

In addition, the cells of the upper spinous and granular cell layers express an 

additional keratin, K2. This is a marker of late differentiation and is believed to 

play a role in cornification. However, the precise role of K2 during late 

differentiation remains poorly understood (Collin et al., 1992; Bikle, 2004; 

Sporl et al., 2010).  

 

No additional keratin gene expression occurs in the stratum corneum at the 

skin surface. However, the keratins here do not show the same biochemical 

profile as those in the lower living layers due to post-translational 

modification that removes the basic terminal sequences from these 
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differentiation-related keratins (K1, K10). This renders the proteins smaller 

and more acidic than the original gene products (Bowden et al., 1984). 

 

Keratin filaments terminate at desmosomes and anchor into the desmosomal 

plaque on the inner plasma membrane. They do not pass through the 

desmosome, the two halves of which are held together by intracellular 

interactions between desmocollins and desmogleins. 

 

In addition to alterations in keratin gene expression, many other specific 

proteins are required for successful terminal differentiation and to hold the 

epidermis together. A few are synthesised in spinous cells (e.g. involucrin) but 

the majority are products of the granular cell (e.g. loricrin and filaggrin). 

Granular cells contain two types of keratohyalin granule (KHG): L-granules 

contain and release loricrin, a major component of the cornified envelope 

while F-granules contain and release filaggrin, essential for the close packing 

of keratin filaments in corneocytes. Granular cells also contain lamellar bodies 

(άƳŜƳōǊŀƴŜ ŎƻŀǘƛƴƎ ƎǊŀƴǳƭŜǎέ ƻǊ άhŘƭŀƴŘ ōƻŘƛŜǎέύ ǿƘƛŎƘ ǿŜǊŜ ŦƛǊǎǘ ŘŜǎŎǊƛōŜŘ 

by George Odland in 1964 (Ro et al., 1964). Lamellar bodies contain various 

types of complex lipid including ceramides (Blanpain and Fuchs, 2006). These 

form complex intracellular lipid bilayers that fill the space between 

corneocytes with a lipid rich environment that prevents the passage of 
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aqueous molecules. This lipid barrier also prevents water getting out so 

prevents dehydration via the skin.    

 

The other important part of the barrier is the cornified cell envelope. This is 

made by cross-linking a number of specialised proteins (e.g. loricrin, 

involucrin, envoplakin, periplakin, small proline-rich proteins, etc) to the 

transmembrane integrins of the granular cell by the action of 

transglutaminase. In this way, the cell membrane is significantly thickened 

and made impervious to water and small molecules. The envelope fills in the 

plasma membrane between the desmosomes and these are further modified 

to form corneodesmosomes so that the corneocytes and held firmly together 

at the skin surface. This protects the human body from external 

environmental factors (Chu and Morris, 2005). Once the cells reach the outer 

surface of the skin, the corneodesmosomes break apart under the influence 

of proteolytic enzymes and the outermost corneocytes are shed in a process 

called desquamation (Hoath and Leahy, 2003;  Barai et al., 2008).  

 

The integrins form another important family of structural molecules in the 

epidermis. Integrins are transmembrane proteins that act as cell surface 

receptors to transfer information between the outside and inside of the cell. 

They are very important for regulating epidermal growth, development and 

wound repair. They consist of two different glycoprotein subunits (alpha and 
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ōŜǘŀ ŎƘŀƛƴǎύΦ .ŀǎŀƭ ŎŜƭƭǎ ƘŀǾŜ ŀ ǾŜǊȅ ǎǇŜŎƛŦƛŎ ǇǊƻŦƛƭŜ ƻŦ ƛƴǘŜƎǊƛƴǎ όʰнʲмΣ ʰоʲм 

ʰрʲм ŀƴŘ ʰсʲпύ ŀƴŘ ǘƘŜǎŜ ŀƭǘŜǊ with epidermal differentiation (Jones et al., 

1995; Deyrieux and Wilson, 2007)Φ  ¢ƘŜ ʰсʲп ƛƴǘŜƎǊƛƴǎ ƻŎŎǳǊ ƻƴ ǘƘŜ ōŀǎƻ-

lateral surface and form part of the hemidesmosome. This keeps the basal cell 

firmly anchored to the basement membrane zone (BMZ). During epidermal 

ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴ ʰсʲп ƛƴǘŜƎǊƛƴ ŘƛǎǘǊƛōǳǘƛƻƴ ōŜŎƻƳŜǎ ƳƻǊŜ ŘƛŦŦǳǎŜ ŀƴŘ ƛǎ ǇŀǊǘ ƻŦ 

the mechanism that releases cells from the BMZ. Suprabasal cells express 

ʰнʲм ŀƴŘ ʰоʲм ǿƘƛŎƘ ŀǊŜ ƛƴǾƻƭǾŜŘ ƛƴ ǎǘƛŎƪƛƴƎ ŜǇƛŘŜǊƳŀƭ ŎŜƭƭǎ ǘƻƎŜǘƘŜǊ ƛƴ 

addition to the desmosomes. Interestingly, their function switches from 

contact between cells to contact with wound matrix molecules during wound 

ǊŜǇŀƛǊΦ CƛƴŀƭƭȅΣ ʰрʲм ƛǎ ŜȄǇǊŜǎǎŜŘ ƻƴƭȅ ƛƴ ƳƛƎǊŀǘƛƴƎ ŎŜƭƭǎ ǎƘƻǊǘƭȅ ŀŦǘŜǊ ǿƻǳƴŘƛƴƎ 

(De Luca et al., 1994; Ginsberg et al., 2005).    

 

1.1.5 Calcium Regulation of Keratinocyte 

Differentiation  

During migration of cells from the basal layer to the stratum corneum, 

keratinocytes change dramatically both in terms of morphology and cellular 

biochemistry. In recent years, much progress has been made in relation to 

understanding some of the detailed molecular mechanisms behind this 

process.  
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Calcium is critical for controlling the balance of proliferation and 

differentiation in epidermal keratinocytes (Eckert and Rorke, 1989). 

Extracellular calcium suppresses proliferation and promotes differentiation of 

keratinocytes (Yuspa et al., 1989). Other studies have also shown that calcium 

signalling is important and a sustained increase in calcium levels is necessary 

for induction and maintenance of terminal differentiation (Oda et al., 2000; Tu 

et al., 2001). Pillai et al (1990) have shown that extracellular calcium can also 

act as a modulator and activator keratinocyte differentiation. This was 

examined by a comparative study with cultured keratinocytes, using both the 

HaCaT cell line (Boukamp et al., 1988) and normal human keratinocytes 

(NHK). Increasing the extracellular calcium concentration from 0.09 mM to 1.2 

mM could induce morphological and biochemical changes in keratinocytes 

similar to those observed during differentiation in vivo (Micallef et al., 2009).  

 

The effect of extracellular calcium on the induction of terminal differentiation 

in cultured keratinocytes can be followed using markers of differentiation 

such as keratins K1 and K10. These are only found in the spinous layer in vivo 

and are only expressed by differentiating cells in culture. The same is true for 

other markers of differentiation such as involucrin and filaggrin, which are 

localized to the upper spinous and granular cell layers in vivo and again only 

ŦƻǳƴŘ ƛƴ ǘƘŜ ƳƻǊŜ ƳŀǘǳǊŜ άŘƛŦŦŜǊŜƴǘƛŀǘŜŘέ ŎŜƭƭǎ ƛƴ ŎǳƭǘǳǊŜ (Yuspa et al., 1989). 
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Keratinocytes cultured in low calcium medium (0.05-0.20 mM) grow as a 

monolayer and exhibit properties of basal cells including continuous 

proliferation and expression of basal type keratins (K5 and K14). Adding 

calcium to the medium induces these cells to undergo terminal 

differentiation. A sudden increase in calcium concentration in the culture 

medium arrests cell growth and switches cells into terminal differentiation. 

The morphological and biochemical changes that occur in these cultured cells 

resemble those occurring in suprabasal cells in vivo. This is also accompanied 

by the expression of terminal differentiation markers such as K1, K10 and 

involucrin (Bikle et al., 1996). There have been many studies of both primary 

keratinocytes (mouse and human) and various cell lines (e.g. HaCaT, Ntert) 

and a useful comparison illustrated below in Table 1.1 was published recently 

(Micallef et al., 2009).   

 

Table 1.1: Characteristics of Immortalized and Normal Human 

Keratinocytes. A number of measures of proliferation and 

differentiation are compared (data from Micallef et al, 2009). 

Immortalized Human 
Keratinocytes 

Normal Human 
Keratinocytes 

ҧ ƛƴ ǇǊƻƭƛŦŜǊŀǘƛƻƴ ŀǘ нл-30% in 
high Ca 

Ҩ ƛƴ ǇǊƻƭƛŦŜǊŀǘƛƻƴ ŀǘ нл-30% in 
high Ca 

Accumulation of S+G2 cells in high 
Ca 

Ҩ {ҌDн ŎŜƭƭǎ ƛƴ ƘƛƎƘ /ŀ 

Delay in K1, K10, Involucrin in low 
and high Ca 
K1, K10 expressed on day 3 low 
and high Ca 
Involucrin expressed on day 6 low 
and high Ca 

K1, K10, Involucrin expressed from 
day 1 (low Ca) 

YмΣ Yмл ŀƴŘ LƴǾƻƭǳŎǊƛƴ ҧ ƎǊŀŘǳŀƭƭȅ 
in high Ca 
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Organotypic cultures can also be used and here keratinocytes are grown at an 

air-liquid interface. These undergo more extensive differentiation and have 

been successfully used to study various aspects of keratinocyte growth and 

differentiation in the laboratory.   

 

1.2 Notch Signalling Pathway  

1.2.1 Historical Background  

Notch was first described as a genetic trait in the fruit fly (Drosophila 

melanogaster) by an American geneticist and a Nobel Laureate (TH Morgan) in 

the early 20th century (Morgan, 1917). He described a mutated strain of fruit 

fly which had notches in the wing blades and attributed this to a lack of gene 

function (haploinsufficiency). However, the gene involved was not isolated, 

analysed and sequenced until the 1980s.  

 

The initial characterization of notch mutants in Drosophila was done by 

Poulson while describing drosophila gut formation in the embryo (Poulson, 

1945). During that time (1937-1945), he examined embryological effects of an 

extensive series of notch locus deficiencies and managed to identify several 

other defects in embryonic and adult tissues. Later work showed that the 

Notch pathway was not only essential for Drosophila development but was 

necessary for all animal tissues (Wharton et al., 1985; Kidd et al., 1986; Fior 
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and Henrique, 2009). Furthermore, this work indicated that notch mutants 

were not only involved in the development of the nervous system but also in 

many cell fate decisions that take place in other animal tissues (Atravinas-

Tsakonas, 1999). 

 

Interestingly, the observations by Poulson helped to clarify the importance of 

notch activity, and how the absence of notch genes can lead to hyperplasia of 

neural tissue at the expense of epidermis (Lehmann et al., 1983; Fior and 

Henrique, 2009). Also, the notch pathway was identified as a cascade of 

interacting neurogenic genes that function to control the formation of the fly 

nervous system (Vassin et al., 1985). The molecular analysis and sequencing of 

notch homologues was independently undertaken by Wharton and colleagues 

ƛƴ ǘƘŜ мфулΩǎ (Wharton et al., 1985). In the early 1990s, the four mammalian 

homologues of notch (Notch 1ς4) were identified (Hansson et al., 2004).  

Ligands and co-receptors have now been identified in several species (Table 

1.2).  
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Table 1.2: Notch Receptors, Ligands and Co-activators in Different Species 

(data summarised from Fior and Henrique, 2009)  

Species  Drosophila C. elegans Chick Mammals 

Receptor Notch 
Lin-12      
glp-1 

Notch1 
Notch2 

Notch1 
Notch2 
Notch3 
Notch4 

Ligands 
Delta 

Serrate 

Lag-2      
Apx-1      
arg-2 

f16b122 

Delta1 
Delta4 

Jagged1 
Jagged2 

Dll-1         
Dll-3         
Dll-4 

Jagged1  
Jagged2 

CSL Su(H) Lag-1 
CBF1/ 

RBPJK 

CBF1/ 

RBPJK 

MAM Mam Lag-3 
Mam1  
Mam2  
Mam3 

Mam1  
Mam2  
Mam3 

 

1.2.2 Notch Signalling in Epidermal Development  

Normal epidermal homeostasis requires a tight control of proliferation and 

differentiation programs within the epidermis. It is well known that notch 

signalling regulates epidermal cell adhesion and all the necessary components 

are expressed in epidermal keratinocytes (Panelos and Massi, 2009) 

 

In recent years, there has been considerable progress in identifying the 

signalling pathway that regulates epidermal differentiation. It is important to 
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point out that movement of signals from outside to inside the cell is 

fundamental to many biological processes that take place in the skin and 

other tissues. This requires an interaction between two cells (a sending cell 

and a receiving cell) where specific signal transduction takes place. This 

means, cell growth or differentiation in the skin is somehow functioning in an 

integrative manner in which cellular processes are controlled (Lefort and 

Dotto, 2004).  

 

However, signal transduction can also be mediated by several other factors 

such as ion movements into and out of the cell and by modifying proteins by 

phosphorylation (Iversen et al., 2005). Thus, multiple signals from surrounding 

keratinocytes are involved in inducing the maturation of an individual 

epidermal cell. Several important signalling cascades have been implicated in 

the control of keratinocyte differentiation. These include the Wnt/̡-Catenin 

pathway (Huelsken et al., 2001), Sonic Hedgehog (Shh) (Fan and Khavari, 

1999; Hurlbut et al., 2007), NF-ɼŀǇǇŀ B (Seitz et al., 1998; Nickolof et al., 2002) 

and c-Myc (Gandarillas et al., 1997). Homeobox (HOX) genes are also 

considered as a critical player in the embryologic development of skin (Scott 

and Goldsmith, 1993). In addition, bone morphogenetic protein (BMP) 

signalling is expressed throughout most of the developing skin epithelium and 

this appears to inhibit the early stages of hair follicle morphogenesis (Andle et 

al., 2004; Blanpain and Fuchs, 2006). Notch signalling has now been added to 
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the list of intercellular communication pathways that are involved in cell fate 

determination within the skin.  

 

A broad spectrum of developmental processes is regulated by notch signalling 

(Artavanis-Tsakonas et al., 1999). There are a number of core players that 

participate and the initial interaction requires contact between two 

transmembrane proteins, a notch receptor on one cell and a delta-jagged 

family ligand on an adjacent cell (Fortini, 2001). However, there are 4 different 

notch receptors and 5 different ligands in human cells making interactions 

complex. Differential expression of notch receptors and ligands can vary in 

interfollicular epidermis and skin appendages, correlating with distinct cell 

fates and the control of different programmes of differentiation.  

 

Several studies have established a dual role for notch-mediated changes in 

some cells. For example, Notch 1 allows basal cells to detach from the BMZ by 

down regulating integrins but at the same time, it promotes early up-

regulation of differentiation markers such as keratins (K1 and K10) and 

involucrin. It also prevents the induction of loricrin and filaggrin in the lower 

epidermis so these molecules are only expressed in the granular layer.  
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Recently, it was shown by Moriyama et al (2008) that notch signalling induces 

granular cell differentiation and, simultaneously, prevents premature 

differentiation of spinous cells due to the simultaneous existence of both a 

transcriptional activator and repressor downstream of notch during epidermal 

development (Figure 1.3). 

 
Figure  1.3: Expression of Notch Receptors, Ligands and Target 

Genes in Human Epidermis (adapted from Watt et al., 2008). 

 

The original notch signalling pathway components (e.g. delta (DLL) and 

mastermind (MAM) genes) were isolated from neurogenic tissues of 

Drosophila (Egan et al., 1998). The notch signalling pathway is a process of cell 

to cell communication that mediates short signals that are able to regulate 

cell fate decisions and maintain stem cell populations.  
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The notch gene encodes a single transmembrane receptor protein (Figure 1.4) 

that contains many EGF repeats and three membrane-proximal repeats 

(Lin12/Notch/Glp-1). The intracellular domain also has four distinctive 

regions: a RAM domain, ankyrin repeats, TAD and PEST domains (Baron, 

2003). This polypeptide is synthesised in the endoplasmic reticulum, cleaved 

into two portions and these are linked in a non-covalent manner by the 

heterodimerization region.  
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Figure  1.4: Schematic Structure of Notch receptor. The extracellular region 

of the Notch receptor in Drosophila has 36 EGF-like repeats (coloured in 

purple) but fewer in mammals (29-36, differ in Notch1, 2, 3 and 4). This 

region is where Notch interacts with the ligand and EGF repeats 11 and 12 

are essential for binding. The adjacent  domain, known as a Lin-12 repeat 

(coloured in blue), is rich in cysteine and lies in close proximity to the 

heterodimerization domain (coloured in pink), responsible for binding the 

two portions of the notch receptor together. The intracellular part of Notch 

has four domains: a RAM (RBPjk Associated Molecule) domain (coloured in 

green) that enhances CSL (CBF1/Su(H)) binding, an adjacent series of 

Ankyrin repeats (coloured in orange) that mediate CSL binding and a 

transactivation domain (TAD, coloured in yellow) necessary for DNA 

binding. Finally, the PEST domain (coloured in red) which is rich in proline, 

glutamate, serine and threonine, targets Notch for degradation (adapted 

from Radtke et al., 2005; Fiuza and Arias, 2007). 

 

In Drosophila, notch signalling only requires three gene products: a single 

notch receptor and two ligands (delta and serrate). In contrast, mammals 

have four different notch receptors (NOTCH1, NOTCH2, NOTCH3 and 

NOTCH4), three delta-like ligands (DLL1, DLL3 and DLL4) and two jagged 

ligands (JAG1 and JAG2). The number of notch receptors and ligands also 
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varies with species but despite this variation, notch signalling plays an 

essential role in several developmental processes common to all vertebrates 

(Louvi and Artavanis-Tsakonas, 2006) as shown in Figures 1.5 and 1.6.  

 

 
Figure  1.5: Schematic Diagram of Notch Signalling Pathway in 

Drosophila. Notch receptors are single-pass membrane molecules 

activated by Delta-like and Serrate family membrane-bound ligands. 

Notch is transported to the plasma membrane as two cleaved but 

otherwise intact polypeptides. Interaction with ligand leads to two 

proteolytic cleavages that free the intracellular domain (NICD). The NICD 

translocates to the nucleus, where it forms a complex with DNA binding 

proteins (CSL) and displaces a histone deacetylase (HDAc)-co-repressor 

(CoR) complex. Components of an activation complex, such as MAML1 

and histone acetyltransferases (HATs), are recruited to the NICD-CSL 

complex and activate Notch target genes. Note: CBT and SMRT are not 

involved in target gene activation (adapted from the following website; 

http://www.genome.jp/keggbin/show_pathway?org_name=dme&mapno

=04330). 

http://www.genome.jp/keggbin/show_pathway?org_name=dme&mapno=04330
http://www.genome.jp/keggbin/show_pathway?org_name=dme&mapno=04330
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Figure  1.6: Schematic Diagram of Notch signalling Pathway in Mammals. 

Notch proteins (Notch 1-4 in vertebrates) are single-pass membrane 

receptors activated by Delta and Jagged families of membrane-bound 

ligands. Notch is transported to plasma membrane as two polypeptides 

bound together at the cleavage site. Ligand interactions lead to two more 

proteolytic cleavages that release the intracellular domain (NICD). The NICD 

translocates to the nucleus, forms a complex with a DNA binding protein 

(CSL) and displaces the histone deacetylase (HDAc)-co-repressor (CoR) 

complex. Components of the activation complex, such as MAML1 and 

histone acetyltransferases (HATs), are recruited to the NICD-CSL complex, 

leading to activation of notch target genes. Note: Hairless and Groucho are 

not involved in target gene activation (adapted from  

http://www.genome.jp/kegg/pathway/hsa/hsa04330.html). 

  

 

1.2.3 Structure of Notch Receptors and Ligands  

There are two main differences in structure between delta and jagged (Figure 

1.7). Firstly, jagged has 18 epidermal growth factor (EGF) repeats while delta 

only has 9. Secondly, the cysteine rich region within the extracellular portion 

of jagged is absent in delta (Fiuza and Arias, 2007). However, both are 

transmembrane receptors and have a cysteine rich called DSL (Delta-serrate-

lig2). This is considered the most interesting region for notch signalling as it 
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mediates the interaction with the notch receptor EGF repeats (11-12 regions 

associated with ligand binding). Moreover, the N-terminal region is crucial for 

this interaction. The structure of the notch receptor and both ligands (delta 

and jagged) is shown in Figure 1.7 below (Fiuza and Arias, 2007). 

 
Figure  1.7: Schematic illustration of Notch Receptor and Ligand (Delta, 

Jagged) Structure. Notch ligands (delta, jagged and serrate) are composed 

of a DSL region containing several EGF repeats responsible for receptor 

interactions Jagged (and serrate) also contain an extracellular cysteine-rich 

region but delta does not. Notch has up to 36 EGF-like repeats (in mammals 

varies between 29-36 EGF repeats depending on Notch 1, 2, 3 or 4). EGF 

repeat sites 11 and 12 are sufficient to mediate the interaction. Notch also 

contains a cysteine rich region (Lin-12 repeats) in close proximity to the 

heterodimerization domain that non-covalently tethers the extracellular 

domain to prevent ligand independent signalling. Notch intracellular 

domains have four specific regions: RAM (RBPjk Associate Molecule), 

Ankyrin repeats (mediate the interaction between Notch and CBF1/Su (H)), 

a transactivation domain (TAD) and a PEST domain (involved in notch 

degradation). PM: plasma membrane (adapted from Fiuza and Arias, 2007).  
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1.2.4 Notch Signalling Pathways  

Notch signalling can occur via canonical or non-canonical pathways 

(Figure 1.8). The canonical pathway is notch cleavage dependent while 

non-canonical pathway does not require cleavage of the receptor. 

 

 
Figure  1.8: Schematic of Canonical and Non-Canonical Notch Signalling 

Pathways. Canonical notch signalling requires an interaction between 

receptor and ligand that releases the intracellular domain (NICD) by a 

series of proteolytic cleavages. This domain translocates to the nucleus, 

dislodges transcriptional co-repressors and enables gene activation. Non-

canonical signalling does not require intra-membrane cleavage and 

interaction between the receptor and ligand signals via NICD, Trib/Dab or 

other signalling pathways can influence tissue development (adapted 

from Talora et al, 2008). 
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In 2002, Okajima and Irvine suggested that notch signalling via its ligands is 

positively regulated by a trans-golgi protein called OFUT1. However, when 

OFUT1 is over-expressed, it appears to inhibit notch signalling. This 

paradoxical effect was apparently due to increased removal of notch 

molecules from the cell surface (plasma membrane) and their entry into one 

of the protein degradation systems (e.g. the ubiquitin proteasome). This 

mechanism prevents excessive accumulation of notch receptors at the cell 

surface (Sasamura et al., 2007). Thus, how OUFT1 contributes to higher levels 

of notch activation during development is still not clear.  

 

In general, notch signalling is triggered by cell to cell contact and this 

communication is essential for the correct patterning of animal tissues. 

Interestingly, the interaction between the notch receptor and its ligands is 

complex and both serrate and delta can act as signal activators or inhibitors in 

a concentration-dependent manner (Fiuza et al., 2010). The notch receptor is 

presented on the surface of one cell where it can then interact with ligands on 

neighbouring cells. The signalling pathway has several stages (Figure 1.9) and 

these can be defined according to a series of proteolytic cleavages (labelled S1 

to S4). 

 

S1 cleavage takes place in the trans-golgi in mammals during the transport of 

the notch receptor to the plasma membrane but that does not appear to be 
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the case in Drosophila. A study by Kidd and Lieber (2002) using a furin 

resistant receptor showed that S1 cleavage was not required for notch 

function in Drosophila.  

 

However, there is still no consensus concerning the role of S1 cleavage in 

notch function in mammals. Additionally, S1 cleavage appears to have 

different effects on the surface expression of N1 and N2 but is not required 

for pathway activation. Another observation was that ligand binding makes a 

conformational change in the NRR (negative regulatory region) and then 

metalloproteinase cleavage (S2) can remove the extracellular domain (Gordon 

et al., 2009).  

 

The S1 cleavage site acts as a negative regulator of the receptor (NRR) to 

prevent notch activation in the absence of ligand (Kopan and Ilagan, 2009). 

This cleavage is done by an enzyme known as furin convertase within the 

Golgi complex during transport to the plasma membrane. This cleavage of 

mammalian notch receptors yields a non-covalently associated extracellular 

domain and transmembrane subunit which form a hetero-dimeric unit (Rand 

et al., 2000).  

 

The second proteolytic cleavage (S2) takes place at the cell surface after an 

interaction between the receptor on one cell and a ligand (delta or jagged) on 
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a neighbouring cell. This cleavage is mediated by members of the ADAM 

family of metalloproteinases (Gordon et al., 2009). The interaction between 

receptor and ligand exposes an extracellular metalloproteinase sensitive site 

and the cleavage is done by an ADAM metalloproteinase such as TACE. This 

releases the extracellular domain (ECD) but the NICD still remains membrane 

tethered as this cleavage occurs external to the cell membrane. The cell 

membrane tethered NICD is the substrate for the next proteolytic step (S3 

and S4).  

 

In vivo studies in drosophila have shown that these two consecutive cleavages 

(S3 and S4) require presenilin proteins in order to release the NICD and 

activate notch signalling by translocation to the nucleus. In mammals, 

presenilin is associated with a large number of other proteins that make up 

the -ɹsecretase complex. S3 cleavage takes place within tethered NICD where 

presenilin and nicastrin release a soluble NICD. Interestingly, a recent report 

by Taniguchi et al (2002) suggests that presenilin may not be the protein that 

directly cleaves notch (Baron, 2003). The notch intracellular domain (NICD) 

once released from the plasma membrane can move to and enter the 

nucleus. A repression complex consisting of CSL and co-repressor proteins 

binds to DNA and keeps gene expression levels low (see Figure 1.9).  
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Figure  1.9: Schematic Illustration of Notch Signalling Pathway in Mammals. 

Notch receptors on cell surface interact with ligand on a neighbouring cell. 

Receptor-ligand binding triggers notch signalling via a series of proteolytic 

cleavages. The first cleavage by furin convertase (S1) occurs before ligand 

triggering while the second cleavage by a transmembrane metalloproteinase 

(ADAM) termed TACE (transactivation converting enzyme) removes the 

extracellular domain. The final cleavage (S3 ϧ {пύ ōȅ ŀ ʴ-secretase complex 

releases the notch intracellular domain (NICD). This can then enter the nucleus 

and displace gene co-repressors. NICD binds to mastermind (MAM) and CSL 

(CBF1, Su(H) or LAG-1) to form a complex that can activate target genes HES 

and HEY family (adapted from Bianchi et al., 2006; Tien et al., 2009;  Yin et al., 

2010). 
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Therefore, in the absence of signalling, transcriptional repression of notch 

target genes occurs in the nucleus. However, once NICD is translocated to the 

nucleus, the RAM domain triggers structural changes in the co-repressor and 

this is displaced. RAM is an essential structure for the association of NICD and 

CSL. In mammals, C-Promoter binding factor 1 (CBF1) functions as the CSL unit 

and once the co-repressor has been displaced, MAM can bind to form a 

ternary complex that acts as a transcriptional activator. The MAM co-factor is 

very important in organizing this complex as it can recruit other proteins that 

play a role in the transcriptional up regulation of target genes (e.g. HES and 

HEY). However, it also recruits cyclin C and cyclin-dependent kinase 8 (CycC: 

CDK8) which can hyperphosphorylate the NICD so that it becomes a target for 

PEST-dependent degradation by Sel10 ubiquitin ligase (Fryer et al., 2004). This 

reduces nuclear levels of NICD and terminates activation of transcription, 

allowing a tight control of notch signalling (Fior and Henrique, 2008).  

 

Notch receptors contain three highly conserved Lin12/Notch repeats and a 

heterodimerization domain (HD) that interacts to prevent premature 

signalling in the absence of ligand (see Figure 1.10). The EGF repeats can also 

be modified by adding various sugars and this allows enzymes such as Fringe 

to modulate receptor activity.  
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Figure  1.10: Domain Structure of Notch Receptor Proteins. Notch ligands 

bind to the extracellular domain (EGF repeats 11-12) of the receptor in a 

non-covalent manner. The intracellular domain detaches after a series of 

proteolytic cleavages that releases the NICD. LIN12 repeats modulate 

interactions between extracellular and intracellular domains. RAM 

(CBF1/RBPJ kappa (RBPJɼ) associated molecule in mammals and the 

transactivation domain (TAD) aid release of NICD and allow activation of 

target genes in the nucleus. PEST = Proline-, Glutamic Acid-, Serine-, 

Threonine-rich and NLS = Nuclear Localisation Signal. Transcriptional 

activation domain (TAD) differs among the four notch receptors (adapted 

from Haltiwanger and Stanley, 2002; Wu and Griffin, 2004; Radtke et al., 

2005). 

 

1.2.5  Notch Transcriptional Regulation  

Although the NICD is a short-lived transcription factor, it is possible that some 

notch target genes encode stable transcription factors that could produce a 

sustained activity of the pathway. Signalling depends on the amount of NICD 

inside the nucleus and this only appears to require a low concentration. 

However, in the absence of NICD, CSL will bind to co-repressors (e.g. SMRT, 

SPEN) and these will keep transcription silent.  

 


