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1. INTRODUCTION              1 

 
 
The embryonic development of higher organisms requires a tight control in cell 

communication. A small number of signal transduction pathways such as Notch, 

Ras/MAPK, Hedgehog, Wnt, TGF-b, and JAK/STAT control these cellular 

interactions. These pathways are highly conserved among species and are essential 

for coordinating cellular differentiation, proliferation and apoptosis during 

development. Hence, these pathways are crucial for the diverse arrays of tissue (49). 

Our focus is to study Notch and Hedgehog signalling pathways.   

 

1.1 The Notch signalling pathway 

 

1.1.1 The discovery of Notch pathway 

 

In 1914 John S. Dexter described the first Notch mutant in D. melanogaster  

melanogaster. The Notch signalling pathway was named after the X-linked dominant 

D.melanogaster genetic mutants. These mutants exhibit irregular notches of missing 

tissue at the tips of the fly wing blades (130). However, the role of Notch in 

development was not appreciated until the 1940s, when the complete loss of Notch 

gene was found to cause lethal hyperplasia (165, 166). Further studies demonstrated 

that Notch deletion generates a “neurogenic” phenotype in cells destined to become 

epidermis. (5, 48). Notch lacks DNA binding domain, and in the nucleus 

heterodimerizes with the DNA binding protein CSL (203). Other studies demonstrate 

that Notch signalling is involved in many cellular processes of D.melanogaster and 

vertebrates, such as apoptosis, cell proliferation, differentiation and lineage decisions 

during embryonic development, as well as homeostasis of adult self-renewing organs 

(20).  Finally, missregulation of Notch signalling has been associated with cancer (30, 

56, 194, 202). 

 

1.1.2 RBP-Jk transcription factor 

 

RBP-Jk (RBP-J) was first isolated as a 60 kDa DNA-binding protein from murine B-

cell progenitors (61). RBP-J is part of the CSL family of protein and is highly 

conserved in a wide variety of organisms. In humans RBP-J is known as CBF-1, in 
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D.melanogaster and Xenopus as Suppressor of Hairless Su(H) and in C.elegans as 

Lag-1 (19, 29). RBP-J is a transcription factor. Studies in the promoter of the 

adenovirus capsid protein polypeptide IX (pIX) show that RBP-J (RBP-2N) variant, 

isolated from HeLa cells, binds to the sequence 5’-TGGGAAAGAA-3’ located in pIX, 

and inhibits the transcriptional expression of pIX promoter (39). RBP-J is a direct 

target of Notch, and is a mediator for activating transcription due to its DNA binding 

properties (67, 109, 203). RBP-J is ubiquitously expressed in mice tissues, as shown 

in experiments performed with specific anti-RBP-J monoclonal antibodies (60).  RBP-

J function is essential for mice development, as RBP-J-/- mice die in early stages of 

embryonic development (e10.5) (150). Recent studies showed that pancreatic 

conditional deletion of RBP-J at the initial stage of pancreatic development induced a 

premature endocrine and ductal cell differentiation in the pancreas (50). 

 

1.1.3 Structure of Notch receptors and ligands 

 

The Notch signalling pathway has a simple constitution and it is highly conserved 

among species. This conserved mechanism is also referred to as ‘‘canonical’’ Notch 

signalling, to distinguish it from some atypical signalling modes (41). The canonical 

Notch signalling includes a Notch receptor and a Notch ligand. The Notch receptor 

family includes one isoform in D. melanogaster and Xenopus, two isoforms in C. 

elegans and four isoforms in mammals (Table 1.1). On the other hand, Notch ligands 

are part of the DSL family of proteins that activate Notch signalling by physical 

interaction with the Notch receptor. Notch receptors and ligands are summarized in 

Table 1.1 (20, 49, 101, 132, 168, 205). 

 
Table. 1.1: Notch receptors and ligands described in mammals, D. 
melanogaster, C. elegans and Xenopus. 

 

 Mammals D. melanogaster C. elegans Xenopus 

Receptor Notch-1-4 Notch Lin-12 X-Notch 

   Glp-1  

Ligand Delta-like 1,3 & 
4  

Delta Lag-2 X-Delta 1& 
2 

 Jagged 1-2 Serrate Apx-1 X-Serrate-1 

   Arg-1  

   Dsl-1-7  
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As shows Figure 1.1 Notch receptor is a type I transmembrane. The extracellular 

domain of all Notch proteins contains 29–36 tandem epidermal growth factor (EGF)-

like repeats (20, 101). The EGF repeats within the Notch extracellular domain, are 

followed by a region composed of three cysteine-rich repeats (L/N) (101). On the 

other hand, Notch intracellular domain (NICD) is involved in cellular signalling and 

the best described NICD contains five different domains: i) a RAM (RBP-J 

association module) domain that includes the nuclear localization signals (NLSs) and 

is responsible for the binding to RBP-J (70, 203) ii) seven tandem-ankyrin repeats, iii) 

the transactivation domain (TAD), iv) a glutamine-rich OPA domain that seems to be 

associated with Notch self-association in D.melanogaster (91) and v) a proline-, 

glutamine-, serine- and threonine-rich PEST domain that is crucial for NICD 

degradation (168, 203, 215 216).  

 

Recently, three other functional regions of NICD have been found. The first one 

called PPD (potential phosphorylated domain) is located at the C-terminal of the 

Notch ankyrin repeats, and is responsible for enhancing NICD/RBP-J affinity (108). 

The second one called DTS (downregulation targeting sequence) is important for the 

endocytic trafficking of Notch and for the interaction with the Ras signalling pathway 

(187). Finally, S4 (for WSSSSP) located in the Notch C-terminal region is important 

for Notch phosphorylation and turnover by CycC/Cdk84 (19).  

 

                  

 
Figure 1.1. Schematic representation of the Notch receptor. The 
extracellular domain consists of 36 EGF-like repeats (green) and 3 
cysteine-rich repeats region (N/L) (blue). The intracellular domain consists 
of RAM domain (white), seven ankyrin repeats (orange), a glutamine OPA 
domain (grey), a proline, glutamine, serine and threonine rich (PEST) 
domain (black).  
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Notch receptor is synthesized from 300-350 kDa precursor protein that is 

proteolytically cleavaged by furin-like convertase (S1) in the trans-Golgi apparatus 

(Figure 1.3) (118). The resulting extracellular N-terminal fragment (NTF) and the 

transmembrane C-terminal fragment (CTF) are assembled by a Ca+2-bridge, and are 

presented in the cell membrane (Figure 1.3) (18, 172). Once in the membrane, Notch 

NTF portion undergoes extensive N- and O-linked glycosylation mediated by Fringe, 

O-fut1 and Rumi in D. melanogaster and by Lunatic Fringe, Radical Fringe, Manic 

Fringe in Xenopus and mammals (1, 20, 120, 141). In D. melanogaster Notch 

receptor glycosylation mediated by Fringe increases Notch sensitivity to Delta ligand 

and reduces it to Serrate, leading to spatial modulation of Notch sensitivity to the 

different DSL ligands within a cellular zone (49). In Xenopus and mammals, Fringe 

proteins are also expressed in restricted patterns and modulate Notch signalling (49, 

141).  

 

Most Notch ligands are type I transmembrane proteins (41). The largest class of 

Notch ligands contains an N-terminal DSL (Delta/Serrate/LAG-2) motif and EGF-like 

repeats. Jagged/Serrate and Delta can be classified on the basis of the presence or 

absence of a cysteine-rich domain, respectively (101). Figure 1.2 shows a schematic 

representation of the ligand Jagged/Serrate and Delta-like.  

 

                             

 
Figure 1.2. Schematic representation of the Notch ligand: Jagged/Serrate 
and Delta-like.  Both proteins contain an N-terminal DSL domain (blue) 
and a variable number of EGF repeats (green). In addition, Jagged/Serrate 
ligands have a cysteine-rich domain next to the EGF repeats (orange). 
CR: cysteine-rich domain; DSL: Delta-Serrate-Lag-2, EGF: epidermal 
growth factor repeats, CM: cell membrane. 
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1.1.4 Notch signalling pathway   

 

Notch receptors and Notch ligands interactions are limited to adjacent cells. Upon 

ligand-activation, Notch receptor undergoes a second proteolytic cleavage (S2), 

which removes the Notch ectodomain (21, 114, 135). This process is mediated by 

metalloproteinases identified in mammals as ADAM10 (Kuzbanian) and ADAM17 (or 

TACE: tumor necrosis factor alpha-converting enzyme) family of proteins. In D. 

melanogaster metalloproteinases are known as Kuzbanian and Kuzbanian-like 

(TACE), in X.laevis as Kuzbanian, and in C. elegans metalloproteinases are known 

as SUP-17 (Kuzbanian) and ADM-4 (TACE) (Figure 1.3) (20, 49, 101, 156). Finally, 

Notch is released into the intracellular space by the g-secretase enzymatic complex 

(S3) (Figure 1.3). g-secretase complex contains in D. melanogaster Presenilin, 

Nicastrin, APH-1, PEN-2, in C. elegans SEL-12, APH-1, APH-2, PEN-2, and in 

mammals Presenilin 1 and 2, Nicastrin, APH-1a-c, PEN-2 (101)  
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Figure 1.3. Notch receptor precursor is proteolytically cleavaged by furin 
convertase in the trans-Golgi apparatus (S1). The resulting Notch 
extracellular N-terminal fragment (NTF) and the intracellular C-terminal 
fragment (CTF) are bound by Ca+2 bridges. Upon ligand-binding activation 
Notch receptor is proteolytically cleavaged by Kuzbanian/TACE 

metalloproteinases (S2), and NICD is released by g-secretase complex 
into the intracellular domain (S3). NICD translocates to the nucleus and 
starts transcription of genes. The stars indicate the proteolysis region. 
NTF: extracellular N-terminal fragment, CTF: intracellular C-terminal 
fragment, NICD: Notch intracellular domain.  

 

Once NICD is cleavaged, NICD translocates to the nucleus as a transcriptional 

coactivator without any amplification signal (20, 103). NICD lacks DNA binding 

domain, and heterodimerizes in the nucleus with the DNA binding protein CSL (1.1.2) 

(19). NICD/CSL heterodimer forms a ternary activation complex in association with 

the co-activator Mastermind in D.melanogaster, MAML(1-3) in mammals, Xmam1 in 

X.laevis and LAG-3 in C. elegans (19, 85, 101, 162, 218,). In mammals, 

NICD/CSL/MAML complex recruits the histone acetyltransferase p300 (HAT), PCAF 

and GCN5, promoting histone acetylation and inducing the expression of Notch 

target genes (Figure 1.4) (19, 154, 209). NICD/CSL activation complex controls the 

expression of the basic helix-loop-helix (bHLH) transcription factor “enhancer of split” 

(E(spl)) in D. melanogaster, and the expression of the "hairy enhancer of split”  (HES) 

in vertebrates (7, 77). In mammals the best described Notch target genes are the 

transcription factors Hes1, Hes5 and Hey1 (47). In Xenopus, Notch targets genes 

include xEsr-1, xEsr-2, xEsr-7, xEsr-10, xHesR1 (208).  

 

In the absence of Notch activation, CSL commonly acts as transcriptional repressors 

by interacting with the TFIID transcription factor (151) or by recruiting Histone 

deacetylases 1 or 2 (HDAC-1 and HDAC-2) (Figure 1.4). In concert with co-

repressors including CtBP, CIR, CtIP, SHARP, SMRT, SAP30, NCor, mSin3A and 

HDAC-1 and HDAC-2 (69, 84, 153), CSL forms a repressor complexes that inhibit 

the transcription of Notch target genes (Figure 1.4).  
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Figure 1.4. Schematic representation of Notch signalling pathway in the 
presence and in the absence of Notch ligand. Upon ligand-binding 
activation, Notch receptor is proteolytically cleavaged (S2 and S3), NICD 
(orange) translocates to the nucleus and binds to CSL proteins. NICD/CSL 
heterodimer associates to co-activators (green) and induces the 
transcription of Notch target genes. In the absence of Notch, the CSL 
family of proteins in association with co-repressors (red) inhibit the 
transcription of Notch target genes. CSL: CBF1(RBP-J)/Su(H)/Lag-1, EC: 
extracellular domain; IC: intracellular domain; CoAs: coactivators, CoRs: 
corepressors, NU: nucleus; CM: cell membrane; CP: cytoplasm. 

 

1.1.5 Function of the Notch signalling pathway  

 

Notch receptors and ligands are involved in the regulation of many biological 

functions, such as apoptosis, cell proliferation, differentiation and lineage decisions 

during embryonic development, and homeostasis of adult self-renewing organs (20). 

The Notch mechanisms of action in these cellular processes can be divided into four 

categories: lateral inhibition, lateral induction, boundary formation and asymmetric 

cell division and are summarized in figure 1.5.  
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The lateral inhibition mechanism is the best characterized function of the Notch 

signalling pathway. This model explains the origin of two different cell types from a 

pool of equipotent precursor cells that express equal amounts of Notch receptor and 

ligand. Gradually, the expression pattern changes and cells start expressing either 

Notch receptor or Notch ligand, which thus determines the fate of cell development. 

In D.melanogaster and in vertebrates this mechanism acts in neurogenesis (92, 122). 

A single “proneuron” cell synthesizes Notch ligand; however, the surrounding cells 

express Notch receptor. The activation of Notch signalling in the surrounding cells 

inhibits neurogenesis, inducing these cells into a non-neuronal fate (13, 19, 112, 122) 

(Figure 1.5A). On the other hand, the lateral induction mechanism (Figure 1.5.B), 

explains the origin of two different cell types from a single non-differentiated cell, 

based on the presence or absence of a Notch ligand. This mechanism applies to 

lymphopoiesis in mammals. In this case, a common lymphoid progenitor develops 

into a pre-T cell, when a thymic stromal cell next to it provides the Notch ligand, or 

develops into a B-cell in the absence of Notch inductive signal as in the bone marrow 

(63).  

 

The boundary formation mechanism is crucial for development of the dorsal-ventral 

boundary in the developing wing D.melanogaster. In contrast to lateral inhibition, this 

mechanism employs the wide expression of Notch ligand and Notch receptors in 

cells. The boundary formation mechanism generates a positive feedback that 

induces cell cycle arrest within a non-proliferative region in the dorsal-ventral 

boundary of the developing wing (49). Fringe glycosyl transferase plays and 

important role in the formation of this cell population asymmetry. Fringe expression in 

the dorsal compartment increases Notch sensitivity to Delta and reduces it to 

Serrate, enhancing Notch activation in the band of dorsal cells running along the 

dorsal/ventral border where Delta ligand is more abundant. On the other hand, the 

neighbouring band of ventral cells lack Fringe, and cells increase Notch activation 

due to higher responsiveness to Serrate. Therefore, Notch activation is enhanced 

along two contiguous rows of cells that precisely border the dorsal/ventral boundary 

(Figure. 1.5C) (38, 49). On the other hand, in the asymmetric cell division 

mechanism, Notch is regulated by a protein that segregates asymmetrically into the 

daughter cells, giving them different sensitivity to Notch and different cell fates. Numb 

(in D.melanogaster) and Numb-like homologue (in vertebrates) are Notch inhibitors 
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that segregate asymmetrically into one of the daughter cells during cell division (163). 

In neurogenesis, Numb/Numb-like acts as a Notch repressor and gives one daughter 

cell a neurogenic fate (Figure. 1.5D) (49, 163, 211).  

 

 
 

                 
 

 
Figure 1.5. Schematic representation of the functional mechanisms of the 
Notch signalling pathway. (A) The mechanism of lateral inhibition is 
important during neurogenesis. From a collection of equipotent cells (gray) 
a cell expressing Notch ligand (orange) differentiates into a neuronal 
precursor cell, preventing the surrounding cells from expressing Notch 
receptor (blue) and differentiating into neurons. (B) The mechanism of 
lateral induction is important in lymphomogenesis. A single cell 
differentiates into two different cell types (green and purple) in the 
presence (orange) or absence (gray) of a Notch ligand. (C) The 
mechanism of the boundary formation is based on the different sensitivity 
to Notch ligand in two different cell populations (blue and orange). In both 
cell populations Notch signalling pathway is activated. (D) Asymmetric cell 
division occurs by unequal distribution of the negative Notch regulator as 
Numb/Numb-like (black frame). This unequal distribution produces two 
different daughter cells (blue and orange) from a common precursor cell 
(gray). Notch signalling pathway is only active in the cells that do not 
express Numb (blue).  

 

1.1.6 Epigenetic regulation of Notch 

 

Epigenetic refers to the study of heritable changes in gene expression or a 

phenotype, caused by alternative mechanisms that do not involve changes in the 

DNA sequence. Approximately 147bp of eukaryotic nuclear DNA is compacted 

around a nucleosomal octamer, which contains two copies of the histone proteins 

A B 

C D 
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H2A, H2B, H3 and H4 (186). Recently, cumulating evidence indicates that specific 

post-translational histone modifications define transcriptional activation or inactivation 

(102, 185, 190). Histone acetylation and methylation represent the most common 

modifications of the histone tails, and have been involved in the regulation of gene 

activation and repression of Notch target genes (69, 84, 115, 125, 154). The histone 

acetyltransferase (HAT) p300 is a Notch co-activator and has been shown in 

association with Notch/RBP-J complex (155, 209). Moreover, PCAF and GCN5 also 

show histone acetyltransferase activity in association with Notch/RBP-J complex, and 

both activate Notch target genes (106, 149). Finally, histone deacetylases have been 

implicated in repression mediated by the RBP-J corepressor complexes (84, 153). 

These data show the importance of histone acetylation and deacetylation in the 

regulation of the activation and repression of Notch target genes. The role of histone 

tails methylation and demethylation in gene transcription will be discussed in detail in 

section 1.1.7.  

 

1.1.7 Histone tails methylation/demethylation in Notch epigenetic regulation 

 

In contrast to other histone modifications, histone methylation is restricted to specific 

lysine residues (K). Histone methylation shows three modification states: mono-, di- 

or trimethylated. These modifications are restricted to histone H3 (residues K4, K9, 

K27, K36, and K79) and histone H4 (residue K20). The roles of these modifications 

are diverse and are associated with gene transcriptional activation and repression. 

Histone tails methylation is catalyzed by specific enzymes in D.melanogaster and 

mammals (113). However, the dynamic nature of histone methylation was recognized 

with the discovery of the first histone demethylase (LSD-1) (189). Recently, a new 

family of proteins with a conserved JumonjiC (JmjC) domain showed demethylase 

activity in mono-, di- or trimethylated histones (97). A subclass of JmjC proteins 

contains a conserved N-terminal motif (JmjN domain), and is called JmjN/JmjC. So 

far, four JmjN/JmjC proteins has been found in mammals, called KDM5a 

(JARID1a/Rbp2), KDM5b (JARID1b/Plu-1), KDM5c (JARID1c/SMCX) and KDM5d 

(JARID1d/SMCY). In lower eukaryotes such as D.melanogaster and C.elegans, each 

has a single ortholog, Little imaginal discs (Lid) and rbr-2 respectively (186) (Figure 

1.6). 
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Figure 1.6. Schematic representation of the KDM5 family of proteins. 
These proteins demethylate mono, di- and trimethylated histone H3 lysine 
4. From top to bottom we show the four mammalian isoforms KDM5a, 
KDM5b, KDM5c, KDM5d, D.melanogaster isoform Lid and C. elegans 
isoform Rbr-2. From left to right we show the protein domains called JmjN 
(brown), ARID (green), PHD1-3 (red), JmjC (purple), Zinc finger (blue) and 
inter (cyan). 

 

Mammalian KDM5c and KDM5d proteins are similar and are encoded on the human 

X and Y chromosomes, respectively. Little is known about the in vivo function of 

KDM5d, however, mutations in KDM5c have been identified in X-linked mental 

retardation patients (79, 181). KDM5a and KDM5b are highly related (76% identity, 

90% similarity) and both have been linked to cellular transformation. KDM5b 

expression is usually restricted to the testis; however, it is over-expressed in breast 

carcinomas (9, 121). Finally, KDM5a is a 1690 aa ubiquitously expressed nuclear 

protein that was first isolated based on its association with the Retinoblastoma (pRB) 

tumor suppressor (45).  

 

1.1.8 RITA (RBP-J interacting and tubulin associated) 

 

Human RITA (RBP-J interacting and tubulin associated) was initially identified as an 

RBP-J interacting protein in a Yeast Two Hybrid screen. RITA is a 36 kDa protein, it 

has no significant homologies to any other protein and is highly conserved among 

species. RITA mediates the nuclear export of RBP-J to a-tubulin through a rapid 

nucleo-cytoplasmic shuttling. In X.laevis over-expression of RITA represses the 

transcriptional activation of notch target genes (208).   
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1.2 Hedgehog Pathway 

 

1.2.1 The discovery of the Hedgehog pathway 

 

The hedgehog gene (Hh) was first identified by Wieschaus and Nusslein-Volhard in 

1980. Hh genes control the segmentation pattern in D.melanogaster embryos. The 

Hh loss of function mutant develops a spiny balls phenotype resembling a hedgehog 

(145). Years later, it was shown that Hh acts in the patterning of the imaginal discs in 

D.melanogaster (12, 129, 200). Further studies described that the D.melanogaster 

Hh gene encodes an unusual secreted protein (110, 204). In mammals, three Hh 

homologous genes have been described, called Desert hedgehog (DHH), Indian 

hedgehog (IHH) and Sonic Hedgehog (SHH), all of them are implicated in 

development (44, 27, 173). Recently, it has been shown that misregulation of 

Hedgehog signalling can in some cases lead to certain forms of cancer (87, 95, 159, 

183).  

 

1.2.2 Structure of Hedgehog ligand and receptor 

 

The Hh signalling pathway is conserved among species and includes an Hh ligand 

and an Hh receptor. A single Hedgehog gene has been found in D.melanogaster, 

however in mammals, three Hedgehog genes have been found: SHH, IHH and DHH. 

The three mammalian Hedgehog genes have similar physiological effects and the 

different roles they play in development result from diverse patterns of expression 

(178). SHH is broadly expressed in many mammalian tissues during early 

embryogenesis as the notochord, ventral neural plate, and in the patterning of left–

right and dorsoventral axes in the embryo. IHH expression is limited and specific for 

the primitive endoderm, gut, and prehypertrophic chondrocytes in the growth plates 

of bones (43, 207). DHH expression is mostly restricted to the gonads including 

sertoli cells of testis and granulosa cells of ovaries (217, 219). SHH is the most 

studied ligand in vertebrates. SHH ligands are translated as a ~45kDa precursor; it 

contains a signal peptide at its N-terminus and is translocated into the endoplasmic 

reticulum (ER) (Figure 1.7). Once in the ER, SHH undergoes autocatalytic 

processing between glycine-cysteine residues in a conserved GCF motif to produce 
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a ~20kDa N-terminal signalling domain (SHH-N) and a ~25kDa C-terminal domain. 

The N-terminal domain retains all signalling capabilities while the C-terminal domain 

has no known signalling role. During this cleavage, a cholesterol molecule is added 

to the carboxyl end of SHH-N (Figure 1.7) (17). Moreover, the amino end of SHH-N 

undergoes palmitoylation catalyzed by Hedgehog acyltransferase (HHAT) (Figure 

1.7). Palmitoylation of Hh is required for effective long and short range Hh-mediated 

signalling (17, 22, 33). Missense mutations due to alterations either in N-terminal or 

C-terminal processing of the SHH-N domain are associated in humans with 

holoprosencephaly (175).  

 

                    

 

Figure 1.7. Sonic Hedgehog is synthesized as a ~45kDa precursor and is 
translocated into the ER. Once translocated, SHH undergoes 
autocleavage resulting in a ~20kDa N-terminal signalling domain (SHH-N) 
and a ~25kDa  C-terminal catalytic domain (SHH-C). An esther-linked 
cholesterol moiety (CHOL) is added to the C-terminal SHH-N. Hedgehog 
acyltransferase (HHAT) adds an amide-linked palmitate (PAL) to the N-
terminal end of SHH-N. In the responding cell, this bilipidated Sonic 
Hedgehog (PAL-SHH-CHOL) becomes the ligand for the Patched 
receptor. Modified from (Cohen et al., 2010) (33). 

 

SHH signalling can act in an autocrine fashion, affecting the cells in which it is 

produced, or act in a paracrine way, affecting the surrounding cells. The paracrine 

secretion of cholesterol modified SHH ligands is mediated by Dispatched1 protein 

(Disp1) (23, 86) (Figure 1.8_2). Disp1 is highly conserved in D.melanogaster, 

zebrafish, and mice remarking the importance of this mechanism (23, 90, 139, 206). 

Mice have two Disp homologs, Disp1 and Disp2, but only Disp1 is involved in the Hh 

signalling pathway (123). Once out of the cell, mammalian Hh ligands (Sonic, Indian 

and Desert) initiate signalling in the target cells by binding to the 12-pass 
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transmembrane receptor Patched (Ptch) (Figure 1.8_3). Hh/Ptch interaction 

inactivates Ptch inhibition over the 7-pass transmembrane protein Smoothened 

(Smo) (Figure 1.8_4) (2), and triggers the intracellular signalling cascade mediated 

by GLI transcription factors (Figure 1.8_5-7). Hh has been shown to act over ~300 

μm in the vertebrate limb bud, however, the mechanism involved is yet not clear, but 

it could entail passive diffusion, active transport, and/or transcytosis (17, 223).  

 

               

 
Figure 1.8. Overview of Sonic hedgehog signalling. (1) SHH is 
synthesised as a ~45KDa precursor. Catalytic autocleavage produces a 
~20KDa fragment called SHH-N (black). A cholesterol moiety (yellow) and 
a palmitoyl residue (orange) are added to SHH-N forming the mature 
ligand. (2) Disp1 allows the SHH ligand to leave the cell. (3) SHH binds 
and inactivates the 12-pass transmembrane receptor Patched (Ptch). (4) 
The inactivation of Ptch removes the inhibition of Smoothened (Smo). (5) 
Smo triggers the intracellular signalling cascade that (6) activates GLI 
(purple) activators, (7) inducing the expression of target genes. 

 

Ptch protein is similar to the Niemann-Pick disease type C1 (NPC1) protein. It is 

involved in cholesterol trafficking, and has a pump function (16). Two Patched 

homologs (Ptch1, Ptch2) are found in mice and humans. In mice the Ptch1 gene has 

23 exons, is located on chromosome 13 (13 36.0 cM) and encodes a 1434 aa 

protein. Ptch2 gene has 22 exons, is located in chromosome 4 (4 56.5 cM) and 

encodes a 1182aa protein. Ptch1 and Ptch2 proteins each contain 12 

transmembrane domains, two large extracellular loops essential for Hh ligand 

binding, and both protein share 54% of sequence identity (24, 134) (Figure 1.9). 
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Ptch1 and Ptch2 have intracellular N-terminal and C-terminal ends. Despite the 

sequence differences Ptch1 and Ptch2 share many functional domains. Ptch1 and 

Ptch2 have a sterol sensing domain (SSD), consisting of approximately 180 amino 

acids. The specific role SSD in Ptch1 and Ptch2 remains unknown to date (33). Other 

functional studies have ascribed particular roles to regions of Ptch that show no 

apparent similarity to conserved domains, for example the Ptch C-terminal fragment 

that has been involved in signal transduction (81). Furthermore, in vertebrates the 

intracellular loop between the SSD and the following transmembrane domain 

interacts with cyclin B1 and regulates cell-cycle progression (8) (Figure 1.9).  

              

 

  

Figure 1.9. Patched 1 and Patched 2 are 12-pass transmembrane 
proteins. Both have different intracellular N-terminal and C-terminal 
domains. Patched 1 and Patched 2 extracellular loops are essential for 
hedgehog ligand binding. The sterol sensing domain (SSD) is highly 
conserved (green). An intracellular small loop between the SSD and the 
following transmembrane domain is important for cyclin B1 interaction. 
Modified from (Cohen et al., 2010) (33). 

 

In mammals, hedgehog ligands bind to both receptors with similar affinity, so Ptch1 

and Ptch2 cannot discriminate between the ligands. However, Ptch1 and Ptch2 are 

differently expressed during development. Ptch2 deficient (Ptch2-/-) mice develop 

alopecia, ulceration, and epidermal hyperplasia suggesting that Ptch2 is required for 

adult skin homeostasis (142). On the other hand Ptch1 deficient (Ptch1-/-) mice die 

around embryonic day e9.5 with neural tube defects (54). Recently Nybakken and 

colleagues described that splicing has a significant role in Hh signalling regulation 

(146). Ptch2 shows three different isoforms, all of which are able to interact with Smo 

(170). On the other hand, in mice and humans, Ptch1 is reported to have at least four 
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Ptch mRNAs, generated by alternative use of four first exon variants, resulting in 

Ptch1, Ptch1A, Ptch1B and Ptch1C (59, 82, 99, 138, 192). All isoforms work as 

functional receptors of SHH IHH and DHH, and inhibit in vitro, the transcription 

factors GLIoma 1 (GLI1) (169, 191). In addition to Ptch, other proteins such as Hip1 

and iHog bind Hedgehog and modulate the range as well as the level of hedgehog 

signalling (71, 212). Hip1 is found in vertebrates but not in D.melanogaster. Hip1 

encodes a membrane bound glycoprotein that binds to Shh, which attenuates 

hedgehog signalling and reduces its effective range (31). iHog consists of two 

transmembrane proteins, called Cdo and Boc, that increase Hh association with the 

Ptch receptor through conserved fibronectin repeats. These proteins act positively in 

the Hh pathway. Hh signalling activation downregulate Cdo and Boc, and regulate Hh 

pathway activity by negative feedback (220). 

 

1.2.3 Hedgehog signal transduction 

 

In the canonical Hh signalling pathway, Ptch1 inhibition of Smo is removed and 

signal transduction is activated upon Hh ligand activation (Figure 1.8). Smo is a 7-

pass transmembrane protein with an extracellular N-terminal region and an 

intracellular C-terminal region.  In vertebrates, physical interaction of Ptch1 and Smo 

is not required for transduction of Hedgehog signal. Hedgehog-binding to Ptch 

shuttles Smo from an endocytic vesicle to the primary cilia. This location is essential 

for initiating the Hh signal transduction cascade (72, 73) (Figure 1.10). Ptch1 

repression of Smo is catalytic and not stoichiometric, in fact a Ptch/Smo ratio of 1:45 

inhibits almost 80% of Smo activity (36, 76, 201). Proposed intermediate candidates 

for Ptch/Smo crosstalk are Oxysterols. These molecules are downstream 

intermediates of Vitamin D3 in the cholesterol biosynthetic pathway and activate Smo 

(34). Moreover, Ptch1 induces the secretion of Vitamin D3, and inhibits Smo activity 

(16). Hence, Ptch1 may suppress Smo activity by acting as a sterol pump that 

removes sterol from the intracellular space. Upon Hh ligand binding activation, the 

Ptch1 sterol pump activity is repressed and oxysterols accumulate in the 

surroundings of Smo inducing its secretion to the primary cilia (Figure 1.10).   
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Figure 1.10. Proposed regulation pathway for Smo via Hedgehog and 
Ptch1. Ptch1 is a structurally related Niemann-Pick disease type C1 
(NPC1) protein and has sterol pump activity. Without Hh ligand, Ptch1 
inhibits Smo activity by pumping the endogenous oxysterol out of the cell 
(left). Upon Hh ligand binding (or loss of Ptch1), Ptch1 is inhibited, 
oxysterols accumulate in the cell and bind to Smo, inducing Smo 
translocation from the vesicles to the primary cilia, initiating gene 
transcription (right).  

 

The Hh ligand binds to Ptch and the activated Smo mediates the activation of signal 

transduction by regulating the GLI complex. The GLI family of proteins (GLI1, GL2, 

and GLI3) are zinc finger transcription factors that share five highly conserved 

tandem C2H2 zinc fingers with a histidine–cysteine linker sequence between them 

(176). GLI2 and GLI3 have an N-terminal repressor domain and a C-terminal 

activator domain flanking the central five zinc-finger DNA-binding domains (197). 

However, GLI1 lacks a similar N-terminal repressor domain. Upon Hh ligands 

activation, GLI1 is activated transcriptionally and the partial degradation of GLI2 and 

GLI3 of the C-terminal activator domain is inhibited, leading to the accumulation of 

full length proteins that bind to the 5’-GACCACCCA-3’ motif and enhance the 

transcription of target genes such as GLI1, PTCH1, PTCH2, HHIP1, MYCN, CCND1, 

CCND2, FOXF1, FOXL1, JAG2, and Follistatin (33, 197). The balance of GLI 

activator and repressor complex of these three transcription factors seems to 

determine the status of the Hh transcriptional program and the behaviour for 

responding cells. In mice, GLI1 is dispensable for normal development (158), 

however GLI2 deletion is embryonically lethal (37, 126). Loss or mutation of GLI3 

leads to limb malformations (6, 184) 
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In the absence of Hedgehog signalling, Ptch inhibits Smo, and induces the formation 

of the GLI degradation complex. GLI3 family of proteins are phosphorylated by 

protein kinase A (PKA), casein kinase 1 (CK1) and glycogen synthase kinase 3β 

(GSK3β) (188, 210). Phosphorylated GLI3 proteins, recruit the ubiquitination 

machinery by interacting with E3 ligase β transducin repeat containing protein, 

FBXW1/ßTRCP1 and FBXW11/ßTRCP2. These degradation complexes partially 

degrade GLI3 by removing the C-terminal activation domain, thus producing 

truncated forms of GLI3 that act as a gene repressor (212). The same kinases that 

act on GLI3 also phosphorylate GLI2, leading to GLI2 association with bTrCP 

proteins and ubiquitin proteasome mediated degradation. GLI2 is almost fully 

degraded in the process and only a minor fraction of GLI2 acts as a gene repressor 

(157). In contrast, GLI1 undergoes complete degradation mediated by PKA and 

bTrCP. Additionally, GLI1 can also be targeted for proteolysis by another E3 ubiquitin 

ligase called Itch, and by the ubiquitin E3 ligase adaptors Roadkill and HIB/SPOP 

(26, 74, 197).  

 

1.2.4 Hedgehog pathway in exocrine pancreas development 

 

Hh proteins act as a morphogen that controls many different developmental 

processes (127), and participates in pancreas development. The pancreas contains 

two primary tissues, referred to as the endocrine and exocrine pancreas. The 

endocrine pancreas is important for blood sugar homeostasis, and gather five 

different cell types: a-cells (which produce glucagon), b-cells (insulin), d-cells 

(somatostatin), 3-cells (ghrelin) and PP-cells (pancreatic polypeptide) which form the 

islets of Langerhans. On the other hand, the exocrine pancreas represents the 

majority of the pancreas, and is formed by acinar cells and ductal cells. The acinar 

cells produce digestive enzymes that drain into the duodenum via the ductal tissue. 

(136, 167). During mouse development, gastrulation results in the formation of three 

principal germ layers: ectoderm, mesoderm, and endoderm. Specific morphogenetic 

movements in the anterior endoderm region result in the formation of the foregut and 

hindgut pocket (e8.0). These cylindrical pockets will form the gut tube. During early 

stages of gut tube development (e8.5 to e9.5), a series of appendices originate from 

the gut tube by a process of budding and elongation (93). These buds generate the 

thymus (e9.5–e10.5) (124), thyroid (e8.5) (35), lungs (e9.0 –e9.5) (116), liver (e8.5) 
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(83), and pancreas (e8.5) (193). In vertebrates the pancreas develops from the 

foregut and forms two buds, the dorsal and ventral sides. Between e13 and e14, the 

dorsal and ventral sides rotate and fuse into a single organ (57, 136).  

 

The foregut formation depends on a proper anterior posterior (A-P) patterning of the 

endoderm. The fibroblast growth factor (FGF), Retinoic acid (RA), Wnt, and 

hedgehog pathways are essential for A-P patterning by controlling the expression of 

key transcription factors, including Fox/HNF, ParaHox, and Hox factors and cell fate 

(55, 214). RA is important in pancreatic precursor commitment. The absence of RA in 

mice embryos, results in deletion of pancreatic and duodenal homeobox 1 (Pdx1) 

transcription factors in the dorsal pancreatic precursor (131, 213).  Pdx1 is a 

transcription factor encoded by a Hox-like homeodomain gene, essential for 

pancreas development, insulin production, and glucose homeostasis. Pdx1 is 

expressed in all early pancreatic precursor cell populations. Pdx1 expression is first 

detected at e8.5 and marks the endodermal area destined to give rise to the dorsal 

and ventral pancreas buds (148, 193). Pdx1 homozygous mutant mice arrest 

pancreatic bud development (148). Pdx1 is also important in later stages of 

development for ß-cells differentiation and regulation of the insulin expression (Figure 

1.12) (104). Pancreatic progenitor cells expressing Pdx1 are maintained by FGF10 

(fibroblast growth factor). FGF10 is produced and secreted by pancreatic 

mesenchyme between e9.5 and e11.5 and has been shown to promote proliferation 

and thus is an important player in pancreatic development. Loss of FGF10 results in 

a dramatic reduction in the epithelial progenitor cells that express Pdx1, leading to 

pancreatic hypoplasia and the absence of endocrine cells (15). In the adult mouse, 

Pdx1 expression is maintained in the duodenal epithelium. Finally, the transcription 

factors Isl-1, HNF6, HNF1a, Hlxb9, and Ptf1a/p48 are also involved in foregut 

patterning and early pancreas development (Figure 1.12) (78, 136).  

 

The global patterning of the gut tube requires the Hedgehog signalling. Hh ligands 

are implicated in the early pancreatic development. Shh expression is initiated at 

e7.75 in the node, the notochord, the endodermis, and is involved in the development 

of the gut tube along the A-P axis (44, 66, 94). Shh and Ihh expression are repressed 

at e9.5 in the dorsal and ventral pancreatic buds of the developing pancreas. Ectopic 

expression of Shh at the beginning of pancreas development under the control of the 
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Pdx1 promoter results in almost complete organ deletion (4). At e13.5, Ihh and Dhh 

along with Ptch1 and Smo, are expressed in the developing murine pancreas. In 

adult pancreas, Ptch1, Ihh and Dhh are expressed in the islets, and Ptch1 is also 

expressed the ducts (66). In mice, Ptch1 expression starts at e9.5 in the 

mesenchyme, but missing from the pancreas anlage, as shown in by situ 

hybridization studies on pancreas tissue (4).   

 

After pancreatic specification, progenitor cells proliferate and differentiate into the 

endocrine and exocrine lineages. Notch-Delta signalling has a primary role in 

governing pancreatic cell fate by regulating the expression of the transcription factor 

neurogenin (Ngn3). Ngn3 is a bHLH transcription factor that gives rise to the 

endocrine lineage by lateral inhibition (3). Activated Ngn3 enhances the expression 

of NeuroD and extracellular Notch-Delta ligands, activating the expression of Hes1 in 

the receptor cell, and forcing the surrounding cells to adopt a non endocrine fate 

(Figure 1.11 & 1.12) (57). Ngn3 expression starts at e9.5, peaks at e15.5 and then 

decreases at birth, with almost undetectable levels in adult pancreas. 

Overexpression of Ngn3 in the developing pancreas results in accelerated 

differentiation of endocrine progenitor cells (3). Finally, the expression of Pax4 and 

Pax6 are essential for later stages of endocrine pancreas development (Figure 1.12) 

(195, 198).   

                                                                           

                    

 
Figure 1.11. Notch is critical for differentiation of endocrine and exocrine 
pancreas. Ngn3 expressing cell leads to the expression of NeuroD and 
Notch ligand, activating Hes1 in the receptor cell, and forcing the 
surrounding cells to commit into exocrine fate.   
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Exocrine pancreas development and gene expression is under control of the cell 

specific transcription factor PTF1, hetero-oligomeric basic helix–loop–helix (bHLH) 

protein constituted of Ptf1a/p48, a class of A bHLH proteins, and RBP-L 

(recombination signal-binding protein 1-like). Ptf1a/P48 interacts with class A bHLH 

proteins through the N-terminal domain and with RBP-L through the C-terminal 

domain. Ptf1a/p48 C-terminal domain also interacts with RBP-J in a Notch 

independent manner (14, 147, 174). PTF1 complex recognizes and binds to DNA 

sequences TC-box (TTTCCCA) and E-box (CACCTG) (14). Ptf1a/p48 expression in 

murine pancreatic buds starts at e9.5 (104, 147), and gives rise to all acinar cells 

from a progenitor population and is essential for pancreas maintenance. P48-/- is 

lethal for mice shortly after birth, with the mice showing complete absence of 

exocrine pancreatic tissue and its specific products (104).  Recent studies indicate 

the b-catenin/Wnt signalling pathway is required for maintenance of Ptf1a/p48 

exocrine progenitor cells (137). Functional binding sites for the PTF1 complex are 

present in the 5′ promoter regions of all the acinar digestive enzyme, as alpha-

amylase 2, elastase 2, chymotrypsinogen B, carboxypeptidase A and trypsina genes 

(32).  Figure 1.12 summarizes the steps involved in pancreas development 

progression in mice.        
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Figure 1.12. Summary of the signalling sequence involved in mouse 
pancreas development. P48 starts at e9.5 and is essential in exocrine 
pancreas development and maintenance. Modified from Gasa et al (51). 

 

Further studies remark the importance of p48 in the nervous system development. 

p48 inactivation by homologous recombination in murine, results in pancreatic and 

cerebellar agenesis, defective specification of GABA-ergic (γ-aminobutyric acid) 

neurons in the spinal cord and defects in the development of the retina (68, 88, 104, 

160, 174). 

 

1.3 Objectives 

 

The first objective of this work is to characterize the role of RITA and KDM5A in the 

canonical Notch pathway. To that end, we will use biochemical methods such as 

GST-pull-down and cell biology methods such as protein co-localization. Finally, we 

will characterize the functional role of RITA and KDM5A in the expression of Notch 

target genes by luciferase reporter gene assay.  The second objective of this work is 

to characterize the role of Ptch1 in mouse exocrine pancreas development. We will 

use the mice strain p48_Ptchflox/flox that produces a truncated Ptch1 protein in early 

stages of pancreas development (e9,5). We will evaluate the Ptch1 deletion 

efficiency by PCR and we will compare the morphological differences in exocrine 

pancreas between wild type and knock out animals by immunohistochemistry.  
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2.1 Cell Line 

 

Cell Line ATCC-Designation Origin 

HEK293 CRL-1573 Human kidney cell line 

HeLa CCL2 Human cell line of cervical cancer 

 

2.2 Cell culture media 

 

The media were purchased from the company GIBCO (Karlsruhe, Germany), 

Biochrom (Berlin) and PAA (Cölbe). 

   

Media Concentration used 

D-MEM + 4,5 % Glucose, L-Glutamine 

FCS  Final concentration 10 % 

Penicillin/streptomycin   10.000 U/ml Penicillin G, 10.000 µg/ml 
Streptomycin. Final concentration 1 % 

Trypsin-EDTA  5 % 

 

2.3 Bacterial and Yeast strains 

 

Strain Company Genotyp 

XL1-Blue (bacteria) Stratagene (Heidelberg) recA1 endA1 gyrA96 thi-1 hsdR17 
supE44 relA1 lac [F´ proAB 
lacIqZΔM15 Tn10 (Tetr)] 

BL21 Star™(DE3) 
(bacteria) 

Invitrogen (Karlsruhe) F- ompT hsdSB (rB-mB-) gal dcm 
rne131 
(DE3) 

 

2.4 Bacteria Media 

 

LB Reagents Amount added 

  Bacto-Trypton 10 g 

  Bacto-Yeast Extract 5 g 

  NaCl 10 g 

  Bacto-Agar (in solid media) 15 g 

    add 1 L dest. H2O 

SOB Reagents Amount added 

  Bacto-Trypton 20 g 

  Bacto-Yeast Extract 5 g 
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  NaCl 0,5 g 

  250 mM KCl 10 ml 

    add 1 L dest. H2O 

Ampicillin Reagents Amount added 

    100 mg/ml (added after autoclaving) 

 

2.5 Used buffers and solutions 

 

2.5.1 Other buffer 

 

PBS (pH 7,5) Reagents Amount added 

  NaCl 80 g 

  Na2HPO4 14,4 g 

  KCl 2 g 

  KH2PO4 2 g 

    add 1 lt dest. H2O 

PBS-T (pH 7,5) Reagents Amount added 

  PBS 1 l 

  10 % Tween-20 10 ml  

TAE Reagents Amount added 

  Tris/HCl 242 g 

  Glacial acetic acid 57,1 ml 

  0.5 M EDTA 100 ml 

    add 1 L dest. H2O 

TE Reagents Amount added 

  Tris/HCl (pH 7,5) 100 mM  

  EDTA 10 mM  

 

2.5.2 SDS-PAGE 

 

Running buffer Reagents Amount added 

  SDS 10 g 

  Tris/HCl 30 g 

  Glycine 144 g 

    add 1 L dest. H2O 

Stacking gel buffer Reagents Amount added 

  Tris/HCl (pH 6.8) 0,5 M  

Resolving gel buffer Reagents Amount added 

  Tris/HCl (pH 8.8) 1,5 M 

  Reagents Amount added 

  Acrylamide/ bisacrylamide stock  (37.5 : 1) 

 

2.5.3 Coomassie brilliant blue staining 

 

Coomassie staining 
solution Reagents Amount added 
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  100 % Acetic Acid 50 ml 

  Methanol 250 ml 

  Brillant blue 0,7 g 

   add 500 ml dest. H2O 

Distaining Reagents Amount added 

  100 % Acetic Acid 70 ml 

  Methanol 50 ml 

   add 1 L dest. H2O 

 

2.5.4 Western-Blot 

 

Transfer buffer Reagents Amount added 

  Tris/HCl 3 g 

  Glycine 11,26 g 

  Methanol 100 ml 

    add 1 L dest. H2O 

 

2.5.5 Southern Blot 

 

NaPi Reagents Amount added 

  Na2HPO4-2H2O 89g 

    Adjust pH=7.2 and add 1L dest. H20 

Depurination Buffer Reagents Amount added 

  HCl (37%) 22ml 

   Add 1L dest. H2O 

Denaturation Buffer Reagents Amount added 

  NaOH 20g 

  NaCl 87.5g 

    Add 1L dest. H2O 

20X SSC Reagents Amount added 

  NaCl 175.3g 

  Na3-Citrate-2H2O 88.2g  

    Adjust pH=7.0 and add 1L dest. H2O 

Church’s Buffer Reagents Amount added 

  NaPi (1M) 250ml 

  SDS (20%) 175ml 

  EDTA (0.5M) 1ml 

    Add 500ml dest. H2O 

Washing Buffer Reagents Amount added 

  NaPi (1M) 20ml 

    Add 500ml dest. H2O 

 

2.5.6 GST-Pull-Down 

 

Buffer A (50 ml) Reagents Amount added 

  1 M HEPES 2 ml 

  1 M MgCl2 250 µl 
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  0.5 M EDTA 20 µl 

  10 % NP-40 2,5 ml 

  2 M KCl 2,5 ml 

    Add 50 ml dest. H2O 

Buffer B (50 ml) Reagents Amount added 

  see buffer A   

  2 M KCl 7,5 ml 

 

2.5.7 Cell lysis buffer 

 

CHAPS-Buffer (50 ml) Reagents Amount added 

  CHAPS 307 mg 

  1 M Tris/HCl (pH 7.8) 2,5 ml 

  1 M NaCl 7,5 ml 

  Complete Mix (per ml Buffer) 40 µl 

  0.5 M NaF (per ml Buffer) 10 µl 

  100 mM PMSF (per ml Buffer) 5 µl 

    add 50 ml dest. H2O 

Laemmli-Buffer (10 
ml) Reagents Amount added 

  Tris/HCl (pH 6.8) 0,424 g 

  SDS 1,028 g 

  80 % Glycerine 4,5 ml 

  5 % Mercaptoethanol 500 µl 

  Bromphenol blue 1,2 mg 

 

2.5.8 Fixation and AP/LacZ staining solutions 

 

Tissue-fixation  Reagents Amount added 

  Paraformaldehyde  4% 

AP-Fixation  Reagents Amount added 

  PFA (4%) 50 ml 

  Glutaldehyde (25%) 800 µl 

  NP-40 (10%) 200 µl 

  Na-Desoxycholate (1%) 1ml  

    Add 100ml 1x PBS 

AP-Buffer Reagents Amount added 

  Tris-Cl (1M; pH=9.5) 10ml 

  NaCl (5M) 2ml 

  MgCl2 (1M) 1ml 

    Add 100ml dest. H2O 

AP-Stop Solution Reagents Amount added 

  MgCl2 (1M) 200 µl 

  Tween-20 100 µl 

    Add 100ml 1x PBS 

LacZ-Fixation Reagents Amount added 

  PFA (4%) 2,7 ml 

  Glutaldehyde (25%) 800 µl 

  NP-40 (10%) 2 ml 
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  Na-Desoxycholate (1%) 5 ml  

  20X PBS 2,5 ml  

    Add 100 ml dest. H2O 

LacZ-Buffer Reagents Amount added 

  MgCl2 (1M) 200 µl 

  Na-Desoxycholate (1%) 1ml  

  NP-40 (10%) 200 µl 

    Add 100ml 1x PBS 

LacZ-Staining 
Solution Reagents Amount added 

  K3Fe(CN)6 (250mM) 200 µl 

  K4Fe(CN)6 (250mM) 200 µl 

  X-Gal (40mg/ml) 125 µl 

    Add 10ml LacZ-Buffer 

 

2.5.9 Pancreas isolation buffer 

 

KRH-Buffer Reagents Amount added 

  HEPES (1M; pH7,5) 10ml 

  NaCl (5M) 26ml  

  KCl (2M) 2,5ml 

  MgCl2 (1M) 1ml 

  KH2PO4 (200mM) 6ml 

  CaCl2 (100mM) 10ml 

  Glucose (500mM) 20ml 

 

2.6 Antibodies 

 

2.6.1 Primary antibody 

 

Antibodies Company Dilution 

Anti-atubulin (mouse 
monoclonal IgG)  

Sigma (T9026), Deissenhofen 
 

1:2000 

Anti-GST (rat polyclonal IgG) BioGenes, Berlin 1:1000 

Anti-Flag M5 (mouse 
monoclonal IgG) 

Sigma (F 4042), Deissenhofen 1:2000 

Anti-Ck19 (mouse 
monoclonal IgG) 

Abcam (ab7755) 1:100 

Anti-Amylase (rabbit 
polyclonal IgG) 

Sigma (A8237) 1:150 

Anti-Ki67 (rat polyclonal IgG) DAKO (M 7249) 1:100 

Anti-Cre antibody (rabbit 
polyclonal IgG)  

Novagen (69050) 1:1000 
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2.6.2 Secondary antibodies used for Western Blot 

 

Antibodies Company Dilution 

Anti-Mouse IgG 
Peroxidase-marked 

GE HeaLhcare, Freiburg 
(NA931V) 

1:5000 

Anti-Rat IgG Peroxidase-
marked 

Dianova, Hamburg 
(112035071) 

1:5000 

 

2.6.3 Secondary antibodies used for Immunofluorescence and 

Immunohistochemestry 

 

Antibodies Company Dilution 

Anti-mouse Cy3TM-
coupled sheep anti-mouse 
IgG 

Sigma (C2181) Deissenhofen 
 

1:100 

Biotinylated anti-rabbit Vector (BA-1000) 1:100 

Biotinylated ant-rat Vector (BA-4000) 1:100 

Biotinylated anti-goat Vector (BA-5000) 1:100 

 

2.7 Vectors 

 

Vector Firma 

pcDNA3(-Flag1/Flag3) Invitrogen (Karlsruhe) 

pGEX-6-P1 GE HeaLhcare (Freiburg) 

 

2.8 Enzyme 

 

New England Biolabs (Schwalbach): Acc65I, BamH I, EcoR I, EcoR V, Hind III,  

KpnI,NheI, Not I, SacII, Sma I, Xba I, XhoI,  Klenow, Cip and T4-Ligase.  

 

Merck (Darmstadt): Benzonase 

 

2.9 Oligonucleotides 

 

2.9.1 Primers used for PCR 
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The table gives the primers used for genotyping the mice strain p48_Ptchflox/flox, 

p48_Z/AP. Here, we also indicate the primer used to evaluate the pancreatic mRNA 

expression of Ptch, amylase and ß-actin. 

 

Name Sequence (5´-3´) 

P48 Cre-F ACCAGCCAGCTATCAACTCG 

P48 Cre-R TTACATTGGTCCAGCCACC 

LacZ_F TTGGCGTAAGTGAAGCGA 

LacZ_R AGCGGCTGATGTTGAACTG 

p910F.4 ACGACCCTGGACGACATCCTAAA 

p1011R.2 TCTGTCCTGTTTCACTGAATGCATGG 

Neo-F CGTGATATTGCTGAAGAGCTTGG 

Neo-R GCATCAGAGCAGCCGATTGTCTG 

Exon 7 AGGAAGTATATGCATTGGCAGGAG 

wt/flox_R CAATCAAGGAGCAGAGGCCCAA 

mPTC_F AAAGCCGAAGTTGGCCATGGGTAC 

mPTC_R CAGGAGGAAGACATCATCCACACCA 

AmylaseF ACAAGAGTAATGTCAAGTTACCGTTGGAATAG 

AmylaseR TTACAATTTTGAGTCAGCATGGATTGCAATAAATG 

ß-actin_F GGTCAGAAGGACTCCTATGTG 

ß-actin_R AGAGCAACATAGCACAGCTTC 

 

2.9.2 Primers used for Quantitative Real-Time-PCR 

 

Primers used to quantify the expression of Ptch, Gli1, Gli2, Gli3 and Smo.  

 

Name Sequence (5´-3´) 

Ptch1rt_wtF ACGCCCTGCAAACCATGTTC 

Ptch1rt_wtR CCACCTCCACGTAAGTCCTCTG 

Smo  Mm_Smo_2_SG QuantiTect Primer Assay (200) (QT00494683) 

Gli1 Mm_Gli1_1_SG QuantiTect Primer Assay (200) (QT00173537) 

Gli2 Mm_Gli2_2_SG QuantiTect Primer Assay (200) (QT01062236) 

Gli3 Mm_Gli3_1_SG QuantiTect Primer Assay (200) (QT00102256) 

Hprt SuperArray (PPM03559A) 

 

2.9.3 Primers used for cloning  

 

Constructs Sequence (5´-3´) 

RBP-1-165-NTD_UP AACTCGAGATGGCGCCTGTTG 

RBP-1-165-NTD_DO GGTCTAGATTAGTCAGCATTTTTCAATGACTGC 

RBP-1-315_DO GGTCTAGATTACCAGGAAGCGCCA 

RBP-1-487_DO GGTCTAGATTATACCACTGTGGCTGTAG 
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RBP-166-315-BTD_UP AACTCGAGTTATGCATTGCCTCAGG 

RBP-166-315-BTD_DO GGTCTAGATTACCAGGAAGCGCCA 

RBP-166-334_DO GGTCTAGATTAGGCAAGGACAGGGCC 

RBP-166-487_DO GGTCTAGATTATACCACTGTGGCTGTAG 

RBP-316-487-CTD_UP AACTCGAGACAATCATTAGCACAGATAAGG 

Flag-RBP(ta)_UP ATGAATTCAGAAAATACCTTGCTGGAAGATGTTATC 

Flag-RBP(ta)_DO TATCTCGAGTTAAATTATAGGTAATAGTGAACAGTCAG 

dmSu(H)_UP ATGAATTCAAGAGCTACAGCCAATTTAATTTAAACG 

dmSu(H)_DO ATCTCGAGTCAGGATAAGCCGCTACCATG 

RITA(hs)_UP GCGAATTCAAGACCCCCGTGGAGCTGGCC 

RITA(hs)_DO GCTCTAGATGAAAGAGTATCATTTCCAAGGG 

RITA(xl)_UP CGGAATTCATGCCTGATAATCTGTATGCTACCAAC 

Flag-RITA(xl)_UP CGGAATTCCCTGATAATCTGTATGCTACCAAC 

RITA(xl)_DO GCTCTAGATCATTTCCATGGAGGTCTCTCC 

RITA(ta)_UP ATGAATTCTCCGATTCTATTGCTAGAAGAAGC 

RITA(ta)_DO ATTCTAGATTATCTCCATGGTGGTCGAACAG 

hsRITA-156_UP CGGAATTCCCCAGGGAGGCACCACTG 

hsRITA-269_DO GCGATATCATTTCCAAGGGGGCTTTGG 

hsRITA-del1_UP ACCCGCGGGAGGCACCAC 

EGFP_UP ATGGTACCATGGTGAGCAAGGGCG 

EGFP_DO ATGAATTCCTTGTACAGCTCGTCCAT 

KDM5A_UP ATAACTCAGGGGCCAGCTC 

KDM5A_DO CGACAAAGCCAAGAGTCTCC 

PHD3_UP GAATTCAAAAGTGGCCTATGTGACTGCT 

PHD3_DO CTCGAGTAACTGGTCTCTTTAAGATCCTCC 

Inter_UP GGATCCAGCCATGCATTCTCTCAG 

Inter_DO GGATCCAAAGGATCCCTATTTTAATTTCTTCTTTCTAGG 

 

2.9.4 Plasmid clone list  
 
The table gives plasmid names, used oligonucleotides (see 2.10.3) and restriction 

enzyme sites for cloning into pcDNA3-Flag, pcDNA3 and pGEX6P1. 

 

Fragments cloned in 
expression vector 

Oligonucleotides Restriction 
enzymes 

pcDNA3-flag1-RBP(ta) FlagtaRBP_UP/FlagtaRBP_DO EcoRI/XbaI 

pcDNA3-flag1-RBP-1-
315 

RBP-1-315_UP/RBP-1-315_DO XhoI/XbaI 

pcDNA3-flag1-RBP-
166-487 

RBP-166-478_UP/RBP-166-487_DO XhoI/XbaI 

pcDNA3-flag1-RBP-
166-334 

RBP-166-478_UP/RBP-166-334_DO XhoI/XbaI 

pcDNA3-flag1-NTD RBP-1-165_NTD_UP/RBP-1-
165_NTD_DO 

XhoI/XbaI 

pcDNA3-flag1-BTD RBP-166-315-BTD_UP/ RBP-166-
315-BTD_DO 

XhoI/XbaI 

pcDNA3-flag-CTD RBP-316-487-CTD_UP/ RBP-1-
487_DO 

XhoI/XbaI 
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pcDNA3-flag-RITA(hs) RITA(hs)_UP/ RITA(hs)_DO EcoRI/XbaI 

pcDNA3-RITA(xl) RITA(xl)_UP/ RITA(xl)_DO  EcoRI/XbaI 

pcDNA3-flag-RITA(xl) Flag-RITA(xl)_UP/ RITA(xl)_DO EcoRI/XbaI 

pxDNA3-flag-RITA(ta) Flag_RITA(ta)_UP/Flag_RITA(ta)_DO EcoRI/XbaI 

pcDNA3-flag-RITA 
(156-269) 

hsRITA_156_UP/ hsRITA_269_DO EcoRI//EcoRV 

pcDNA3-flag-RITA-del1 RITA_del1_UP/ RITA(hs)_DO SacII/XbaI 

Fluorescent 
constructs 

  

pcDNA3-GFP EGFP_UP/EGFP_DO 
 

Acc65I/EcoRI 

pcDNA3-GFP-RITA(hs) RITA(hs)_UP/ RITA(hs)_DO EcoRI/XbaI 

GST constructs used   

pGEX6P1-dmSu(H) dmSu(H)_UP/ dmSU(H)_DO EcoRI/XhoI 

 

Plasmids for bacterial expression of GST-RITA fusion proteins from different species 

were made as follows: The human RITA DNA was isolated from pcDNA3-Flag1-

hsRITA(wt) plasmid after XbaI/Klenow/EcoRI digestion. The isolated RITA DNA was 

ligated into pGEX6P1 vector (2.8) previously digested with XhoI/Klenow/EcoRI, 

resulting in pGEX6P1-hsRITA. The Xenopus RITA DNA was isolated from pcDNA3-

flag-RITA(xl) expression plasmid after ApaI/Klenow/EcoRI digestion. The isolated 

RITA(xl) DNA was ligated into the EcoRI/SmaI opened pGEX6P1 vector, resulting in 

pGEX6P1-RITA(xl). The same strategy was used for construction of pGEX6P1-

RITA(ta) starting with pcDNA3-Flag1-RBP(ta). 

 

The following plasmids were already available in Dr. Oswald lab: pcDNA3-flag-

RBP2N, pcDNA3-xlSu(H), pcDNA3-flag-mNotch-1DE, pcDNA3-flag-RBP-VP16, 

pcDNA-3-mNICD, pGEX6P1-mNICD, pcDNA3-mRuby-mNICD, pcDNA3-Flag-

hKDM5A, pcDNA3-HA-hKDM5A, pcDNA3-HA-hKDM5A(H483A), pGEX6P1-RBP2N, 

pGL2_Hes1-Luc and  pGA981/6.  

 

2.9.5 Southern Blot Probe 

 

Name Sequence (5´-3´) 

Probe_F CCACGACGGGCGTTCCTTG 

Probe_R CCAGAAAAGCGGCCATTTTCCA 

 

2.10 Reaction Kits 
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Kit Company 

DNeasy Blood & Tissue Kit  Quiagen (Hilden) 

DNA labelling Kit (decalabel) Fermentas (St. Leon-Rot) 

ECLM Streptavidin-HRP conjugate and Blocking 
Reagent Kit GE HeaLhcare (Freiburg) 

EndoFree® Plasmid Maxi Kit Qiagen (Hilden) 

QIAshredderTM  Quiagen (Hilden) 

QIAquick®Gel Extraction Kit Quiagen (Hilden) 

Luciferase Assay System Promega (Heidelberg) 

Nanofectin Kit PAA (Cölbe) 

ProFection®Mammalian Transfection System-  Promega (Heidelberg) 

Calcium Phosphate   

RNeasy Mini Kit Quiagen (Hilden) 

RT2 Real-TimeTM SYBR Green/Rox PCR 
SuperArray (Frederick, 
USA) 

Taq DNA Polymerase (1 of 5x 1000 units)  Quiagen (Hilden) 

TdT FragEL™ DNA Fragmentation Detection Kit 
(QIA33)      Calbiochem (Darmstadt) 

TNT®T7 Coupled Reticulocyte Lysate Systems + 
RNAsin Promega (Heidelberg) 

Wizard®Plus SV Minipreps Promega (Heidelberg)  

 

2.11 Chemicals 

 

Chemical Company 

1 kb DNA Ladder Invitrogen (Karlsruhe) 

10 x PCR-Puffer (- MgCl2) Invitrogen (Karlsruhe) 

PCR Q-solution Invitrogen (Karlsruhe) 

Anti-Flag® M2 Affinity Gel Sigma (Deissenhofen) 

Bradford Reagent BioRad (München) 

Gelatin from cold water fish skin Sigma (Deissenhofen) 

CHAPS Applichem (Darmstadt) 

Complete Mix Roche (Mannheim) 

ECLM Western Blotting Detection Reagents GE HeaLhcare (Freiburg) 

Glutathion SepharoseTM 4B Beads GE HeaLhcare (Freiburg) 

High-Range Rainbow Molecular Weight Marker GE HeaLhcare (Freiburg) 

MgCl2 (50 mM) Invitrogen (Karlsruhe) 

Mounting Medium 
Immunotech (Marseille, 
France) 

Orange G Merck (Darmstadt) 

Protein G Sepharose Beads GE HeaLhcare (Freiburg) 

The following radioactive chemicals were used: [35S], [32P] 
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2.12 Consumables 

 

Consumables Company 

Coverslips Roth (Karlsruhe) 

Disposable Ratiolab (Dreieich) 

High Performance Chemiluminescence Film GE HeaLhcare (Freiburg) 

Kodak BioMax MR Film Kodak (Rochester, USA) 

Neubauer counting chamber   

Slides Roth (Karlsruhe) 

PCR-tubes Peqlab (Erlangen) 

Polystyrene tubes BD Falcon (Heidelberg) 

PVDF membrane Millipore (Eschborn) 

Hybond XL membrane  Promega (Heidelberg) 

Quartz cell VWR (Darmstadt) 

Safe –Lock Eppendorf tubes Eppendorf (Hamburg) 

Siliconized Eppendorf tubes Eppendorf (Hamburg) 

Cell Culture Dishes: Tissue Culture Plate 96-Well Nunc (Wiesbaden) 

 Tissue Culture Plate 24-Well Greiner (Nürtingen) 

 Tissue Culture Plate 6-Well Greiner (Nürtingen) 

 Tissue Culture Plate 10 cm Greiner (Nürtingen) 

 Chamber cover glass, Lab-Tek Nunc (Wiesbaden) 

 Tissue Culture Flasks 250 ml Greiner (Nürtingen) 

25-well 100mm square petridishes          Sterilin (Standforshire)  

 

2.13 Appliances 

 

Devices Company 

7500 Fast Real time PCR System 
Applied Biosystem 
(Darmstadt) 

Agarose gel chamber Hoefer (Heidelberg) 

Fluorescence microscope Olympus Olympus  

Image processor (550) 
Leica microsystem 
(Mannheim)  

Incubators Heraeus (Hanau) 

Incubator shaker Certomat R Braun (Melsungen) 

Refrigerated centrifuge Sorvall RC-5B DuPont (Bad Homburg) 

Refrigerated centrifuge MuLifuge S-R Heraeus (Hanau) 

Luminescence unit Lumat LB 9501 Berthold (Bad Wildbad) 

Microscope (DM550B) 
Leica microsystem 
(Mannheim)  

NanoDrop 2000c  PEQLAB (Erlangen) 

pH-Meter Microprocessor pH 537 WTW (Weilheim) 

PeLier Thermocycler PTC-200 Biozym (Oldendorf) 

Pipettes Abimed (Langenfeld) 
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Protein minigel apparatus BioRad (München) 

Protein transfer apparatus Keutz (Reiskirchen) 

Scintillation counter Rackbeta 1219 LKB (Uppsala, Sweden) 

Sonicator Heinemann (Germany) 

Speed gel dryer 2106 Savant (NY, USA) 

Table centrifuge Modell 5417 R Eppendorf (Hamburg) 

UV Illuminator Modell 2011 LKB (Uppsala, Sweden) 

 

2.14 Animals 

 

Mice strain Laboratory  

p48_Cre   
Martin Wagner (Innere Medizin I, 
Universitätsklinikum Ulm) 

Z/AP (reporter mice) 
Martin Wagner (Innere Medizin I, 
Universitätsklinikum Ulm) 

Ptchflox/flox 
Heidi Hahn (University of Goettingen, 
Goettingen, Germany) 
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3.1 Cell biology methods 

 

3.1.1 Cultivation of human cell lines 

 

To study the Notch pathway elements in vitro, we used the human cell lines HEK293 

and HeLa. We cultured the cells with 10ml Dulbecco’s modified Eagle’s medium 

(DMEM, Gibco) supplemented with 10% fetal calf serum (FCS), 1% penicillin and 

streptomycin. Once HeLa and HEK293 cells completely covered the dish (confluent 

state), the cells were subcultured into new plates. To subculture the HeLa cells from 

a 10cm dish, cells were washed with 37°C with PBS and were incubated with 2ml 

trypsin/EDTA solution for about 2 minutes at 37°C. The cells were gently removed 

from the plate and were placed in 8ml of DMEM medium. HEK293 cells do not 

require trypsin treatment, because they are weakly attached to the plate. After 

HEK293 cells were gently removed from the plate, they were placed directly in 8ml of 

DMEM medium. Finally, cells were counted in a Neubauer hemocytometer and 

plated in the appropriate dilution (0.3 million cells/dish) on 10cm tissue culture 

dishes. For long term cell storage, about 106 HeLa or HEK293 cells were centrifuged 

at 1000rpm for 7 min and the supernatant was discarded. Then, the cell pellet was 

resuspended in 1ml of cold FCS supplemented with 10% DMSO and was frozen at    

-80°C (Liquid nitrogen). To reactivate the frozen cell stocks, cells were defrosted in a 

water bath at 37°C and were gently resuspended in the initial medium. Then, cells 

were centrifuged at 1000rpm for 6min, the supernatant was discarded and the cell 

pellet was resuspended in 5ml of fresh DMEM medium. Finally, cells were counted in 

a Neubauer chamber, and were diluted in appropriate dilution (0.3 million cells/dish) 

on 10cm culture dishes. 

 

3.1.2 Transient transfection with CaCl2/Ca3(PO4)2 and Nanofectin 

 

HEK293 cells were transfected with DNA using the CaCl2/Ca3(PO4)2 coprecipitation 

method provided by ProFection®Mammalian Transfection System Kit from Promega. 

This method is based on the controlled addition of calcium chloride which generates 

a DNA precipitate that can be absorbed by the cells via endocytosis. To achieve high 
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transfection efficiency, cells were placed in culture dishes 24h before the assay to 

ensure a semiconfluent state on the day of transfection (1,5×106 cells per 10cm 

dish). For transfections, DNA was mixed with H2O and 2M CaCl2, vortexed, pipetted 

drop wise to 2xHBS buffer, and incubated for 30 min at RT. Then, the transfection 

mixture was vortexed again, added to the cells, and incubated at 37°C for about 18 

hours. The following Table 3.1 describes the volumes used for cell transfection in 25-

well, 6-well and 10cm tissue culture dishes.  

 

Table 3.1. Volumes used for transfections of HEK293 cells, cultured in 25-well, 6-well 
and 10 cm tissue culture dishes 
 

 25-well 6-Well 10 cm 

DNA 1 µg 2 µg 15 µg 

2 M CaCl2 9,25 µl 18,5 µl 62 µl 

H2O Add to 75 µl Add to 150 µl Add to 500 µl 

    

2 x HBS Buffer 75 µl 150 µl 500 µl 

   

HeLa cells were transfected using Nanofectin Kit (PAA). This method is based on a 

positively charged polymer that binds to the DNA and forms a complex with 

nanoparticles. This complex can then be absorbed by the cells. For transfection, 

HeLa cells were seeded the previous day to 25-well tissue culture dishes (5x104 cells 

per well). The transfection was carried out according to protocol described by the 

manufacturer. The cells were incubated after transfection for 18-24 h at 37°C. 

 

3.2 Molecular biological methods 

 

3.2.1 Transformation and storage of competent E.coli bacteria 

 

To amplify DNA constructs we used transformed of XL1-Blue E.coli bacteria strain. 

50µl of competent bacteria were defrosted slowly on ice and incubated with 1µg of 

plasmid DNA or 10µl of ligation product (3.2.9). The mixture was incubated for 20 min 

on ice, so that the DNA could interact with the competent bacteria. Afterwards, the 

mixture was exposed to heat shock for 2min at 42°C and incubated for 2 min on ice. 

Then, we added 600µl of SOB to the bacterial mixture and incubated it in a shaker 
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(220rpm) for 1h at 37°C. Finally, the transformation mixture was either spread on a 

LB agar plate and incubated for 12-16h at 37°C, or it was placed in LB-ampicillin 

medium and incubated in a shaker (220rpm) at 37°C overnight. To obtain single 

colonies of transformed E. coli for further DNA extraction, we plated the transformed 

bacteria in a LB agar plate containing ampicillin, and incubated them for 12-16h 

overnight at 37°C. Then, individual colonies were picked, transferred to 3ml LB 

medium (previously treated with the proper amount of 1000x ampicillin stock) and 

incubated at 37°C under shaking (220rpm) overnight. For long term storage of 

transformed bacteria, we took 850µl of LB media with an OD600 value of 0.6 

(equivalent to 5x108 of bacteria) and added 150µl of glycerol (86%). The final mixture 

was stored at -80°C. 

 

 3.2.2 Preparation of plasmid DNA from E. coli 

 

To prepare small amounts of plasmid DNA (150ng/µl) from transformed E.coli 

bacteria, we used the Wizard®Plus SV Miniprep Kit from Promega. Transformed 

E.coli bacteria (3.2.1) were picked and incubated in 3ml LB medium overnight at 

37°C. The bacterial lysis and DNA purification were performed according to the 

instructions provided by the manufacturer. Each DNA isolated was eluted with 100µl 

of demineralized H2O. The DNA concentration was measured as described in 3.2.3. 

The DNA obtained was then used for restriction digestion (3.2.5) and sequencing 

(3.2.10).  

 

To obtain higher amounts of plasmid DNA for further in vitro experiments, we used 

the Endotoxin Free®Plasmid Maxi Kit from Qiagen. Bacteria were transformed 

(3.2.1), placed in a 100ml LB medium and cultured overnight at 37°C. Subsequently, 

the bacteria were centrifuged at 5000rpm and the bacterial pellet resuspended in 

10ml P1 buffer (provided). To lyse the bacteria, we added 10ml of lysis P2 buffer 

(provided) and incubated the mix for 5 min. The lysis was stopped by addition of 

10ml neutralization P3 buffer (provided) and the mix was filtered to remove the 

precipitated proteins and cell membranes from the bacterial lysate. To remove the 

bacterial endotoxins from the lysate, the mixture was incubated on ice with ER buffer 

(provided) for 30 min. For DNA purification we used Qiagen-tip500 columns 

(provided). The columns were initially equilibrated with 10ml QBT equilibration buffer 
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(provided) before addition of the bacterial lysate mixture. Once the lysate mixture 

was added and eluted, the column was washed two times with 30ml QC wash buffer 

(provided). The DNA was subsequently eluted from the column with 15ml elution 

buffer QN (provided). The DNA was precipitated by adding 10,5ml 2-propanol and 

centrifuged at 5000rpm for 40 min at 4°C. The DNA pellet was washed with 70% 

ethanol, air dried and resuspended in 100µl TE (provided). The DNA concentration 

was determined as described in 3.2.3.  

 

3.2.3 Determination of the DNA and RNA concentration 

 

To measure the DNA or RNA concentration in a sample, we used the Nanodrop 

system. This photometric detection system measures the DNA and RNA absorption 

maximum at 260nm. An A260 reading of 1.0 is equivalent to about 50 µg/ml of DNA 

and 40 µg/ml of RNA, so OD at 260 nm was used to determine the DNA and RNA 

concentration in a solution. Moreover, the ratio of the absorbance at 260 nm and 280 

nm was used to assess the DNA or RNA purity of a DNA or RNA preparation. A 

260/280 value of 1.8-2.0 indicates that the DNA or RNA are pure of proteins in the 

sample. To measure the DNA or RNA concentration, we placed 1µl of purified DNA 

or RNA solution in the previously calibrated Nanodrop2000c machine. Results were 

expressed in µg/µl.  

 

3.2.4 Polymerase chain reaction (PCR) 

 

The polymerase chain reaction is an effective method to make DNA copies from very 

small starting amounts of DNA in a short time. The standard PCR (QUIAGEN) was 

used to amplify DNA fragments for cloning into vectors (2.9.3), for genotyping the 

mice strain (3.4.1) and for studying the Ptch expression in p48+/Cre Ptchflox/flox animals. 

For the PCR assays we used the Taq DNA polymerase from Thermus aquaticus. As 

a template we used 1µg of plasmid DNA, 5µl of purified genomic mouse DNA (3.4.2) 

or 2µl of cDNA (3.4.4). A PCR standard mixture (total 50µl) was composed as 

described in Table 3.2 

 
Table 3.2. PCR standard mixture used in a 50µl reaction. Here we 
indicate the volume of DNA template and the reagents used in each 
assay. From left to right the templates plasmid DNA, genomic DNA and 
cDNA are indicated.  
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Reagents PCR for plasmid 

DNA 
PCR for Genomic 

DNA 
PCR for cDNA 

10 x Buffer* (- 
MgCl2) 

5 µl 
 

5 µl 
 

2 µl 
 

Oligonucleotide1 
(upstream) (10 

pmol) 

1 µl 1 µl 1 µl 

Oligonucleotide 2 
(downstream) (10 

pmol) 

1 µl 1 µl 1 µl 

MgCl2* (50 mM) 0,5 µl 0,5 µl 0,5 µl 

dNTP-Mix (1 mM) 2 µl 2 µl 2 µl 

Q-solution** - 5 µl - 

DNA-Template 2 µl 
([DNA]=0,5µg/µl) 

5 µl  2 µl 

Taq-DNA-
Polymerase* 

1 µl (5U/µl) 1 µl (5U/µl) 1 µl (5U/µl) 

H2O 37,5 µl 29,5 µl 40,5 µl 
*Provided by the QUIAGEN Kit. 

**Only used for mice genotyping.  

 

The following PCR program was used in each assay: 

 

  95 °C   5 min 
   95°C  60 sec 
   X°C  60 sec 
   72°C  60 sec 
  72 °C   10 min 
 
Each PCR reaction proceeded for 35 cycles; the annealing temperature (X) varied 

between 60°-65°C. The primers used for PCR are listed in 2.9. Usually, the PCR 

products were separated in a 1% agarose gel by electrophoresis. A picture of the gel 

under UV light was used as a record. For cloning, PCR products were separated in a 

1% agarose gel by electrophoresis and extracted from the gel (3.2.8). The isolated 

DNA fragment was incubated for digestion with the corresponding restriction 

enzymes (3.2.5), ligated with the corresponding vector (3.2.9) and sequenced for 

control (3.2.10).  

 

For quantitative real-time PCR we used the 7500 Fast Real time PCR System l from 

Applied Biosystem. For each assay we used cDNA as a template (3.4.4). The 

reaction solutions were provided by RT2 Real-TimeTM SYBR Green/Rox PCR Kit from 
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SuperArray. The protocol was followed as indicated by the manufacturer. The 

primers used for this purpose are listed in 2.9.2.  

 

3.2.5 Preparation of DNA fragments with restriction enzymes 

 

Three categories of restriction enzymes are described. Type II is of particular interest 

for molecular biology work. These enzymes cut the DNA at precisely defined 

locations of four, six or eight bases. The DNA recognition sequences of these 

restriction enzymes are palindromic.  

 

To clone PCR products into specific vectors (2.7) we used the restriction enzymes 

listed in 2.8. For DNA digestions, we took 1 to 1.5µg of plasmid DNA or 20µl of 

isolated PCR product (3.2.8) in a reaction volume from 30µl to 50µl. Each enzymatic 

reaction included a 10x reaction buffer which changed according to the enzyme 

used. The selection was based on the manufacturer recommendation (New England 

Biolabs). Once the buffer was selected the final concentration in the reaction mixture 

had to be 1:10. Finally, we added 1µl (20U/µl) of the enzyme to the reaction mixture 

and incubated at 37°C overnight. An exception is the digestion with the enzyme Sma 

I, its optimum temperature is at 25°C. After incubation, the cleaved DNA fragments 

were separated by gel electrophoresis and purified from the agarose gel (3.2.8). 

Volumes used are indicated in Table 3.3.  

 

Table 3.3. Volumes used to digest the plasmid DNA with the DNA derived 
from PCR product.   

 Plasmid DNA PCR product 
H2O 24 24 

10 x Buffer 3 µl 5µl 

DNA 1-1,5µg (2µl aprox) 20µl 

Enzyme 1µl (20U/ul) 1µl (20U/ul) 

       
 

3.2.6 Production of blunt 5'-ends using Klenow polymerase 

 

The Klenow polymerase, also known as Klenow fragment of DNA polymerase I, is 

derived from E. coli. It has the ability to fill 5'-ends after a restriction enzyme digestion 

and therefore produces blunt ends. To fill 5'-ends, we added 1µl (5U/µl) of Klenow 

enzyme and 2µl dNTP (10mM) to the DNA restriction digestion mixture (3.2.5) and 
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incubated the mixture at RT for 15 min. After incubation, the blunt 5'-end DNA 

fragment was separated by gel electrophoresis and purified from the agarose gel 

(3.2.8). 

 

3.2.7 Dephosphorylation of plasmid DNA 

 

To increase the ligation efficiency of DNA fragments with the vector DNA, it is 

necessary to eliminate the phosphate residues that remain at the 5'-ends after a 

restriction enzyme assay in order to prevent vector religation. For dephosphorylation 

assays, we used the Calf Intestinal Alkaline Phosphatase (CIP).  The linearized and 

previously digested DNA vector was incubated with 1µl (10U/ µl) CIP and 5µl of 10X 

Cip-buffer (buffer 2, New England Biolabs) for 1h at 37°C. After incubation the DNA 

was separated by electrophoresis, gel purified (3.2.8) and resuspended in 40µl of 

demineralized water.  

 

3.2.8 DNA electrophoresis separation and DNA isolation from agarose gels. 

 

For the electrophoretic separation of DNA fragments of a size between 500bp and 

7kb, we used 1% agarose gels. The samples were mixed with 1/6 volume of loading 

buffer (80% glycerol, Orange G). The separation was carried out at 140mV. The gel 

was cast and ran with TAE buffer.  

 

For DNA fragment purification from the agarose gels, the bands were cut out of the 

gel under UV light. The DNA was purified following the protocol of QIAquick®Gel 

Extraction Kit. The DNA vector was resuspended in 35-50µl demineralized water. 

Smaller DNA fragments were resuspended in 20-30µl of demineralized water. 

 

3.2.9 Ligation of DNA fragments in vectors 

 

For ligation of digested PCR fragments and a selected vector, we used a ligation 

mixture of 20µl. The ligation mixture was incubated for 1h at room temperature or at 

4°C overnight: 

 

  Vector-DNA   1 µl 
  DNA-Fragment  3 µl 
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  10 x Ligase-Buffer  2 µl 
  T4-DNA-Ligase  1 µl (400 U/µl) 
  H2O    13 µl 
 

3.2.10 Sequencing 

 

All DNA sequencing was carried out by the company Sequiserve (Vaterstetten). 

 

3.3 Biochemical methods 

 

3.3.1 Preparation of total cell extracts from cell cultures 

 

To prepare total cell extracts for SDS-PAGE analysis (3.3.4), confluent culture dishes 

of transfected cells (3.1.2 & 3.1.3) were washed with cold PBS. The cells were 

harvested in 600µl of the lysis buffer CHAPS and were incubated for 90 min on ice. 

To eliminate the insoluble cell fraction we centrifuged the mixture for 30 min at 4°C at 

14.000rpm. The protein extracts were stored at -20°C and can still be used. 

 

3.3.2 Preparation of protein lysate with Laemmli buffer 

 

To prepare protein Laemmli lysate from bacteria, transformed bacteria (3.2.1) were 

cultured the day before. 1ml of the bacterial culture was removed and centrifuged at 

14000rpm, for 1min. After removing the supernatant were added to the bacterial 

pellet (100µl of Laemmli buffer and 2µl (25U/µl) of Benzonase). The bacterial pellet 

was resuspended and placed on ice for 20 min. The resulting sample was used for 

SDS-PAGE (3.3.4) and Western blot (3.3.6) assays.  

 

To prepare protein Laemmli lysate from HEK293 cells, the cells were plated on 6-well 

tissue culture dishes and transfected the day before (3.1.2). Each well was washed 

with cold PBS, gently removed from the plate, and centrifuged for 7min at 1000rpm. 

The supernatant was removed and 100µl of Laemmli-buffer and 2µl (25U/µl) 

Benzonase were added to the precipitated cells. The cell lysate was resuspended, 

incubated for 20min on ice, and boiled at 95°C for 5 min. After centrifugation 

(14000rpm, 1min, 4°C) the cell pellet was discarded and the supernatant was stored 
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at -20°C. The analysis of the protein lysate was performed by SDS-PAGE (3.3.4) and 

Western blot (3.3.6). 

 

3.3.3 Determining the concentration of protein lysate 

 

The Bradford assay is a photometric method for the quantitative determination of 

proteins. The method is based on the binding of Coomassie Brilliant Blue to the basic 

side chains of the protein, which shifts the protein’s absorption maximum from 465 

nm to 595 nm. The strength of the shift can be quantified and therefore provides a 

value for the protein concentration. For the Bradford assay 2µl of protein lysate 

(3.3.1) were added to 1ml of Bradford reagent (BioRad). The mixture was vortexed 

and incubated for 10min at RT. The samples were measured in the Nanodrop2000c 

system. As standard we used a BSA solution.  

 

3.3.4 Separation of proteins by SDS-PAGE 

 

To separate the proteins by their molecular weight we used the SDS-polyacrylamide 

gel electrophoresis (SDS-PAGE) according to Laemmli. To separate proteins 

between 20kDa and 50kDa we used a 12% Resolving gel. To separate proteins over 

50kDa we used a 10% Resolving gel. The compositions of the gels are given in 

Table 3.4. The data is valid for two gels and the gels have an area of 9x6cm and a 

thickness of 0,75 cm. 

 

Tab. 3.4: Composition of resolving and stacking gels.  

 Resolving Stacking 

10 % 12 % 

H2O 4,1 ml 3,4 ml 3,0 ml 

RG/SG*-Buffer 2,6 ml 2,6 ml 1,3 ml 

30 % AA 3,3 ml 4,0 ml 750 µl 

10 % SDS 100 µl 100 µl 50 µl 

10 % APS 50 µl 50 µl 25 µl 

TEMED 25 µl 25 µl 15 µl 

* RG: Resolving gel; SG: Stacking gel 
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The polymerization reaction started with the addition of ammonium persulfate (APS) 

and TEMED. Each loaded sample was previously boiled for 5 min at 95°C with 

Laemmli buffer. For the electrophoresis, we adjusted the electric field to 20mA per 

gel. As a size marker we used the High-Range Rainbow Molecular Weight Markers 

from GE Healthcare. After electrophoresis, the stacking gel was removed. The 

separated proteins were either blotted a membrane (3.3.6) or fixed and stained with 

Coomassie brilliant blue (3.3.5). 

 

3.3.5 Staining of proteins in acrylamide gels 

 

To see the proteins separated in a polyacrylamide gel, the gels were stained with 

Coomassie brilliant blue. To that end, after electrophoresis the gel was incubated 

with a Coomassie brilliant blue staining solution at RT for 1h. The dye stains all 

proteins in the gel and is not specific. To reduce the background, the gel was 

decolorized using destaining solution. The process included several buffer changes 

and it takes at least 12h. The lower detection limit of this method is 0,2mg protein per 

protein band. 

 

 3.3.6 Western blot 

 

To detect specific proteins in either a bacterial or a cell culture protein extract, we 

used a Western blot assay. For Western blot, the proteins were separated with SDS-

PAGE (3.3.4) and were transferred to a PVDF membrane using an applied electric 

field in a semi-dry chamber with carbon electrodes. Before the transfer, the PVDF 

membranes were activated with methanol and soaked in transfer buffer. The transfer 

procedure is as follows: The anode from the chamber was wet with transfer buffer 

and three wet layers of Whatman paper were placed over it. The gel and the PVDF 

membrane were placed sequentially over the anode and the Whatman paper. Finally, 

three layers of wet Whatman paper were placed over the membrane. The transfer 

was carried out at 250mA for 1 h. After transferring the proteins to the membrane, we 

blocked all non-specific protein binding places by incubating the membrane with 

blocking buffer (PBS-T + 2-3% milk powder) for 1h in a shaker at RT or overnight at 

4°C. Afterwards, we incubated the membrane with the primary antibody (2.6.1) for 1h 

at room temperature or overnight at 4°C. The excess primary antibody was removed 
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by washing three times (10min each) with PBS-T. Thereafter, we incubated the 

membrane with secondary antibody (2.6.2) for 1h at RT. To remove the excess 

secondary antibody we washed the membranes three times with PBS-T (10min 

each). All antibodies were diluted as recommended by the manufacturer in blocking 

buffer. After washing, we developed the membranes with the ECL system by GE 

Healthcare, according to the manufacturer procedure. The exposure of "High 

Performance Chemiluminescence" films was carried out at RT.  

 

To stain the membrane with another primary antibody, we had to first remove the 

antibodies used in the previous assay. For striping, the membrane was initially 

incubated for 10min with 100mM glycine (pH 2.5). The membrane was then 

incubated for 10min with 100mM Tris (pH 8.8). Finally, the membrane was blocked 

as described above and stained with another antibody. 

 

3.3.7 Immunofluorescence staining (IF) 

 

HEK293 cells were plated into 25-well culture dishes and transfected with an 

expression vector (3.1.2). 18h after transfection, the cells were fixed for 15min with 

4% formaldehyde in PBS buffer. To remove the residual formaldehyde, the cells were 

washed twice with 1x PBS, incubated for 10min with 50mM ammonium chloride in 

PBS and again washed twice with PBS. To permeate the cell membranes, the cells 

were incubated for 10min with 0.1% Triton in PBS and washed twice with 1x PBS. 

Then, to block all the nonspecific binding sites, the cells were incubated for 30 

minutes with 0.2% fish skin gelatin in PBS (blocking buffer). Afterwards, the cells 

were incubated for 1h with the primary antibody: anti-atubulin (1:2000 in blocking 

buffer). To eliminate the excess primary antibody the cells were washed three times 

for 3min with blocking buffer. Then, cells were incubated for 1h with the secondary 

antibody (anti-mouse Cy3TM) (1:1000 in blocking buffer). Finally, the samples were 

again washed 8 times with blocking buffer (5min each) and finally mounted with 

mounting medium and placed in darkness.  

 

3.3.8 In vitro transcription-translation of proteins 
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The in vitro transcription/translation was carried out using the reticulocyte lysate 

(rabbit) coupled TNT system from Promega. All proteins were labeled with 

radioactive [35S]-Methionine. For the transcription/translation mixture of 50µl we 

proceeded as follows: 

 

  DNA      1.5 µl (1 µg/µl) 
  H2O (DEPC- treated)   14.5 µl 
  RNAsin     1 µl 
  Amino Acid mix (without Methionine) 1 µl 
  25 x Buffer     2 µl 
  Reticulocyte lysate    25 µl 
  T7 RNA-Polymerase   1 µl 

  [
35S]-Methionine    4 µl (10 µCi/µl) 

 

The mixture was incubated for 90 min at 30°C. Then 1µl and a 1:10 dilution of the 

mixture were analyzed by SDS-PAGE (3.3.4). The 35S-labeled proteins were used for 

GST pull-down (3.3.11).  

 

3.3.9 Synthesis of GST-fusion proteins 

 

To fuse a desired protein with GST tag we cloned the protein DNA sequence in a 

pGEX-6-P1 vector. For GST-protein synthesis, we transformed bacteria (BL21 DE3) 

with the appropriate vector construct and incubated them in 50ml of LB medium at 

37°C overnight (220 rpm). The next day we inoculated 10-20ml of the preculture in 

300ml of LB medium and the resulting bacteria expression mixture was incubated at 

37°C until it reached an OD600 of 0.6. To induce the production of GST-fusion 

proteins in the bacteria culture, we added IPTG (1mM final concentration). The 

culture was incubated at 37°C for 3h with shaking (220 rpm). To control the course of 

the expression, every hour 1ml of the bacteria culture was centrifuged (14000rpm, 

1min, 4°C) and lysed with Laemmli buffer (3.3.2). The protein lysate was later 

analyzed by SDS-PAGE and stained with Coomassie brilliant blue (3.3.5) or by 

Western Blot (3.3.6). After completion of the IPTG-incubation, the bacteria were 

centrifuged (5000rpm, 30min, 4°C), resuspended in 10ml cold PBS and again 

centrifuged (5000rpm, 10min, 4°C). The supernatant was discarded and the pellet 

was incubated overnight at -20°C. The next day the pellet was resuspended in 20ml 

of PBS and Complete mix 40µl/ml. To lyse the bacteria we sonicated them with a 

Sonicator ((Heinemann): Cycle 4, intensity 3, 5 x 5min). To digest the bacteria 
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inclusion bodies we added 2ml of Triton (10%) to the bacterial lysate and we 

incubated the mixture for 30 min on ice. To remove the insoluble cell material the 

lysate was then centrifuged for 45min at 14000rpm at 4°C. The supernatant was 

placed in Eppendorf tubes and stored at -80°C.  

 

3.3.10 GST-pulldown  

 

The GST-pulldown is a method used to analyze protein interactions in vitro. In this 

method glutathione S-transferase (GST) fusion proteins were immobilized in 

Glutathione-SepharoseTM 4B beads. This enabled the GST-proteins to interact and to 

capture 35S-Methionine labeled proteins in solution (3.3.9). Glutathione SepharoseTM 

4B beads were prepared for the GST-pulldown according to the manufacturer 

indications. To reduce nonspecific binding to GST alone, we performed a 

"preclearing" step. To that end, we mixed 50µl Glutathione-SepharoseTM 4B beads 

with 50µl of GST protein and 150µl PBS-T. The mix was incubated for 5 min at RT 

and washed 3 times with PBS-T (1000rpm, 1 min, 4°C). The beads were incubated in 

a rotator with 120µl buffer A and 10-20 µl of translated protein for 1 h at 4°C. 

Glutathione-SepharoseTM 4B beads were removed by centrifugation (1000rpm, 1min, 

4°C) and the supernatant was ready for use in our GST-pulldown assay. For the 

GST-pulldown we incubated 20µl of Glutathione-SepharoseTM 4B beads with GST or 

with GST-protein (3.3.10) for 5min at RT. Afterwards, the mixture was washed 3 

times with PBS (1000rpm, 1min, 4°C). As a control, Glutathione-Sepharose beads 

were covered with GST. The amount of GST and GST-protein used in each assay 

are shown in Table 3.5. 

 

Table. 3.5: Volume of GST and GST-protein used in each GST-pulldown 
assay.  

GST-fusion protein Volume 

GST 5 µl 

GST-RITAh 20 µl 

GST-RITAx 20 µl 

GST-RITAta 20 µl 

GST-Su(H) 100µl 

GST-mNICD 50 µl 
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GST-RBP-J 20 µl 

GST-Inter 20 µl 

GST-PHD3 20 µl 

 

The Glutathione-Sepharose beads previously incubated with GST or GST-protein 

were mixed with the supernatant obtained from the "preclearing" step (see above) 

and the mixture was incubated for 1h at 4°C in a rotator. Afterwards, we washed the 

beads 4 times with 600µl of buffer A (2.5.6) and 4 times with 600µl of buffer B (2.5.6) 

(1000rpm, 1 min, 4 ° C). To the washed beads we added 20µl of Laemmli buffer, 

incubated the mixture for 5min at 95°C and centrifuged the mixture at 14000rpm. The 

supernatant was then separated by SDS-PAGE (3.3.4). The gel was then fixed with 

5% methanol and 7% acetic acid and dried over Whatman paper. The dried Gel was 

exposed to Kodak BioMax MR film at room temperature for at least 12h. 

 

3.3.11 Luciferase experiments 

 

The day before the experiment, HeLa cells were transfected (3.1.3) and incubated for 

18-24 h at 37°C. For the luciferase experiments, we used the Luciferase assay kit 

from Promega. The cells were washed with PBS and lysed with 200µl of lysis reagent 

(provided) and the mixture was frozen for 1h at -20°C. Then, to remove all non-

soluble cell components, the mixture was centrifuged at 14000rpm for 4min and the 

pellet was discarded. 50-20µl of the supernatant was mixed with 50µl of luciferase 

substrate. The measurements were made on the luminometer (Lumat LB 

Luminisence devise 9501). The measurement period was 2 to 10 seconds. For the 

experiments, we used the results of at least three independent assays. 

 

3.4 Animal methods  

 

3.4.1 Animal crossing  

 

A. p48+/Cre Ptchflox/flox mice strain.  

 

To study the role of Patched1 (Ptch) in mice pancreatic development, we generated 

the Ptch conditional knock out mice strain specific for pancreatic tissue p48+/Cre 
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Ptchflox/flox. To that end, Ptchflox/flox mice strain provided by Dr. Hahn (Göttingen, 

Germany) was crossed with p48+/Cre animals provided by Dr. Wagner (Innere Medizin 

I, Universitätsklinikum Ulm). DNA derived from 3 week old animals was extracted 

(3.4.2) and used as a template for PCR. To genotype the animals and to detect the 

p48 Cre-mediated deletion of Ptch (Ptchdel) in exons 8 and 9, we used the primer 

combination Neo-F/p1011R.2, p910F.4/p1011R.2 and Exon7-F/NeoR described by 

Hahn, 1998 (58) and the primer wt/flox_R described by us (2.9.1). For primer 

location, see Figure 4.16.A. All experiments were carried out taking into account all 

legal considerations.  

 

B. p48+/Cre Z/AP mice strain.  

 

To study the p48-Cre-mediated deletion specificity in pancreatic acinar cells, we used 

p48+/Cre Z/AP mice strain. This strain expresses the lacZ reporter throughout all 

embryonic and adult stages until p48-Cre-mediated excision occurs, which allows the 

expression of the second reporter Alkaline Phosphatase (AP) gene (117). To 

generate the p48+/Cre Z/AP mice strain, we crossed the p48+/Cre mice strain with the 

Z/AP mice strain, both provided by Dr. Wagner (Innere Medizin I, 

Universitätsklinikum Ulm). DNA derived from 3 week old animals was extracted 

(3.4.2) and used as a template for PCR. To genotype the animals we used the primer 

combinations p48 Cre_F/P48 Cre_R and LacZ_F/ LacZ_R. Once genotyped, p48+/Cre 

Z/AP animals were stained for LacZ and AP (3.4.8). All experiments were carried out 

taking into account all legal considerations.  

 

3.4.2 Isolation of total DNA from tissue 

 

To extract total DNA from mice tissue and use it as a template for the PCR assays, 

we used the DNeasy Blood & Tissue Kit from Quiagen. The protocol was followed 

immediately after tissue extraction. For DNA isolation, 5mm3 of tissue were extracted 

and digested overnight at 37°C with 20µl of proteinase K solution and 180µl of ATL 

solution (provided). Afterward, we added 200µl of ethanol (96-100%) and 200µl of AL 

solution (provided). We vortexed, placed the mixture into the spin-column (provided) 

and centrifuged it (8.000rpm, for 1min at RT). Afterwards, the flow through was 

discarded and the spin-columns were washed with 500µl of washing solution A and B 
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(14.000rpm, for 1min at RT). Finally, the DNA was eluted from the column in 200µl of 

AE buffer (provided). The isolated total DNA was later used in PCR assays (3.2.4). 

 

For Southern Blot (3.4.5) we required higher amounts of genomic DNA. To that end, 

we used an alternative method for DNA extraction. The protocol was followed 

immediately after tissue extraction. 5mm3 of tissue were extracted and digested 

overnight at 37°C with 30µl of proteinase K solution and 230µl of ATL solution 

provided by the DNeasy Blood & Tissue Kit from Quiagen. Afterwards, we added 

50µl of NaCl 6M, mixed and centrifuged at 14.000rpm for 10min at RT. We discarded 

the pellet, added 200µl of isopropanol to the supernatant, mixed gently, and we 

centrifuged the mixture at 14.000rpm for 10min at RT. The supernatant was 

discarded and a white precipitate corresponding to the isolated DNA was observed. 

The DNA was washed with 1ml of ethanol (70%) and the mixture was again 

centrifuged at 14.000rpm for 10min at RT. Finally the ethanol was discarded and the 

DNA was resuspended in 60µl of distilled water. The DNA concentration was 

measured using the Nanodrop system (3.2.3). These samples were used for 

Southern Blot assays (3.4.5). 

 

3.4.3 Isolation of total RNA from Pancreatic cells 

 

To extract total RNA from mouse tissue and use it as a template for cDNA synthesis 

and later on for PCR assays, we used the RNeasy Mini Kit from Qiagen. In each 

case, the protocol was followed immediately after extraction of the Pancreas. 5mm3 

were extracted and homogenized with 600µl of RTL buffer (provided) and 6µl of b-

mercaptoethanol. The mixture was placed in QIAshredderTM column and centrifuged 

at RT for 1min at 14.000rpm. Afterwards, 600µl of ethanol (70%) were mixed with the 

flow through. The mixture was placed in the RNeasy column (provided) and 

centrifuged at RT for 10min at 14.000rpm. The column was washed with RW1 buffer 

(provided) and incubated for 15min with DNase solution (10µl of Dnase and 70µl of 

RDD buffer, provided). Afterward, the column was washed with RW1 buffer and twice 

with RPE buffer (provided). The total RNA was eluted in 40µl RNase-free water. The 

RNA concentration was measured with the Nanodrop system (3.2.3). The RNA 

quality was tested running 1µg of purified RNA in 1% agarose gel. The total isolated 
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RNA was used as a template for cDNA synthesis (3.4.4). The synthesized cDNA was 

later used for PCR and quantitative real-time PCR assays (3.2.4). 

 

3.4.4 Synthesis of cDNA by reverse transcription 

 

To study the mRNA gene expression we used the reverse transcriptase to 

synthesized cDNA from RNA. For cDNA synthesis from RNA, we used the 

SuperScriptTM II reverse transcriptase kit from Invitrogen. 2µl (1 µg/ µl) of total RNA 

were mixed with 1µl of Random primers (100 ng/µl), 1µl dNTP Mix (10 mM) and 9µl 

DEPC treated water for 5 min at 65°C. Afterwards 4µl of 5x Firststrand buffer, 2 µl 

0.1M DTT, and 1 µl (200 U) SuperScriptTM II reverse transcriptase were added. The 

mix was incubated for 1 h at 42°C and the transcriptase was then inactivated by heat 

at 70°C (15 min). 

 

3.4.5 Southern Blot  

 

Southern blot is a method routinely used in molecular biology for detection of specific 

DNA sequences in DNA samples. Southern blotting combines the transfer of 

electrophoresis-separated DNA fragments to a filter membrane with the subsequent 

DNA fragment detection by probe hybridization. For southern blot, DNA was 

extracted from tissue according to the method described in (3.4.2). 30µg of DNA 

were digested overnight at 37°C using Nhe I restriction enzyme. The sample was 

loaded in a 0.8% agarose gel. We ran the gel at 80V for about 4hrs and took a 

picture of the gel under UV light. Afterwards, the gel was depurinated using the 

depurination solution (2.5.5) for 20min under shaking. The Gel was rinsed with water 

and denaturated with denaturation buffer (2.5.5) for 30min under shaking. We 

proceeded to transfer the gel into a Hybond XL membrane (Promega). For 

transferring the DNA, a plastic or glass supporting plate, and 3 layers of Whatman 

paper wet with 10x SSC buffer (2.5.5) were placed over it. On top of this we placed 

the gel and then the Hybond membrane XL. We covered the membrane with 3 

sheets of Whatman paper wet with 10x SSC buffer and placed paper towels over it to 

soak out the buffer from the gel. The transferring process is mechanical and takes 

overnight. The next day the membrane was washed with 50mM NaPi solution for 

10min at RT and the DNA was then crosslinked to the membrane with UV light. The 



 Methods 

 52 

membrane was incubated at 65°C overnight with the 32P-labeled hybridization probe 

(3.4.6) in 15ml of Church buffer (2.5.5). The membrane was washed 3 times for 

15min at 65°C with washing solution (2.5.5). The membrane was exposed to a Kodak 

BioMax MR for 2 weeks at -80°C.  

 

3.4.6 Southern Blot probes  

 

The hybridization probe for southern blot was synthesized by PCR assay (3.2.4), 

using a pair of primers designed to address the Neo-cassette present in our KO 

animal system (2.9.5). The probe was radiolabeled with 50 µCi of g-dCTP (32P) using 

the fermentas DNA labelling Kit (decalabel). The procedure was followed as 

described by the manufacturer. To eliminate the g-dCTP (32P) remanents in the 

probes, we used the amersham G25 DNA purification columns. The procedure was 

followed as described by the manufacturer. The radioactively 32P-labelled DNA 

probe, was quantified using the Scintillation counter Rackbeta 1219. We used 1,5 to 

4 counts per million/ml for Southern blot assays (3.4.5).  

 

3.4.7 Immunohistochemistry and histological analysis  

 

Immunohistochemistry (IHC) refers to the process of detecting antigens as specific 

proteins, in cells of a tissue section by exploiting the antibodies antigen specificity. 

For immunohistochemical assays, tissues extracted from 3 week old animals were 

fixed in 4% phosphate-buffered paraformaldehyde, embedded in paraffin and 

sectioned (4 mm). Afterwards, paraffin was extracted by sequentially immersing the 

slides for 5min in xylene and in ethanol solutions of decreasing concentrations 

(100%, 90%, 80% and 70%). The ethanol was removed by washing the slides with 

distilled water. Then, to inactivate the endogenous peroxidases and to reduce 

background, the tissue was incubated for 5min at RT with 100µl of 3% H2O2 and 

washed with distilled water. For antigen demasking we incubated the slides in Citrate 

buffer (pH:6,0) for 20min in the microwave. Then, tissue slides were chilled and 

washed with distilled water. Afterwards, we blocked the unspecific interactions by 

incubating the tissue slides in 2% BSA solution for 20min at RT. Tissue sections 

were stained with anti-Ck19, anti-amylase, and anti-Ki67 antibodies (2.6.1) in 2% 

BSA solution for 60min at RT or overnight at 4°C. The antibody was washed out with 
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1x TBS and the tissue sections were incubated with the proper secondary antibody: 

Biotinylated anti-rabbit (Vector, BA-1000), Biotinylated anti-rat (Vector, BA-4000) and 

Biotinylated anti-goat (Vector, BA-5000) secondary antibody (2.6.3) in 2% BSA for 

30min at RT. The antibody was washed out with 1x TBS and the samples were 

stained for 1 min in hematoxilyn dye. Finally, we washed the tissue slides with 

distilled water and dehydrated in ethanol solutions of increasing concentrations (70%, 

80%, 90% and 100%) and xylene. Once the tissue slides were stained the slides 

were analyzed under the microscope.  

 

For histological analysis, pancreas extracted from 3 week old animals was fixed in 

4% phosphate-buffered paraformaldehyde, embedded in paraffin, sectioned (4 mm) 

and stained with hematoxilyn & eosin. Once the tissue slides were stained the slides 

were analyzed under the microscope. 

 

3.4.8 LacZ and AP staining 

 

To study the recombination specificity in pancreatic acinar cells we used p48+/Cre 

Z/AP mice strain (3.4.1). For LacZ staining, the tissues extracted from 3 week old 

animals were fixed for 30min in LacZ fixing solution at RT (2.5.8) and washed twice 

with 1x PBS. Afterwards, we incubated the tissues with LacZ-buffer (2.5.8) for 10min 

at RT and washed twice with 1x PBS. We added the LacZ-staining solution (2.5.8) 

and incubated the tissues from 1h to 12h at 37°C in darkness. The incubation time 

depends on the LacZ-staining intensity in the tissue. Afterwards, the tissue was 

rinsed in 1x PBS to stop the reaction. Finally, the stained tissues were fixed in 4% 

phosphate-buffered paraformaldehyde, embedded in paraffin and sectioned (4 mm). 

Tissue slides were analyzed under the microscope. 

 

For AP staining, the tissues extracted from 3 week old animals were fixed for 60min 

in AP fixing solution on ice (2.5.8). The fixed tissues were washed twice with 1x PBS. 

To avoid the reaction of endogenous alkaline phoshatase, the tissues were incubated 

for 30min at 72°C and washed twice with 1x PBS. Afterwards, we stained the tissue 

with BM-Purple at 4°C, overnight in darkness. The staining reaction was stopped the 

next day by rinsing the tissues with 1x PBS, 1% tween-20/2mM MgCl2. Finally, the 
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stained tissues were fixed in 4% phosphate-buffered paraformaldehyde, embedded 

in paraffin and sectioned (4 mm). Tissue slides were analyzed under the microscope. 

 

3.4.9 Apoptosis in pancreas  

 

Apoptosis is the process of programmed cell death that may occur in multicellular 

organisms. Biochemical events lead to characteristic cell changes (morphology) and 

death. These changes include loss of cell membrane asymmetry, cell shrinkage, 

nuclear fragmentation and chromosomal DNA fragmentation.  

 

To evaluate apoptosis in pancreatic tissue we used TdT FragEL™ DNA 

Fragmentation Detection Kit (QIA33). This kit allows the recognition of apoptotic 

nuclei in paraffin-embedded tissue sections by Fragment End Labeling (FragEL™) of 

DNA. The enzyme, terminal deoxynucleotidyl transferase (TdT) (provided) binds to 

exposed ends of DNA fragments (generated by apoptotic signals) and catalyzes the 

addition of biotin-labeled and unlabeled deoxynucleotides. Biotinylated nucleotides 

are detected using streptavidin-horseradish peroxidase (HRP) conjugate. 

 

To study apoptosis in pancreas, we extracted the pancreas from 3 week old animals. 

Tissues were fixed in 4% phosphate-buffered paraformaldehyde, embedded in 

paraffin and sectioned (4 mm). Afterwards, paraffin was extracted by sequentially 

immersing the slides for 5min in xylene and in ethanol solutions of decreasing 

concentrations (100%, 90%, 80% and 70%). The ethanol was removed by washing 

the slides with 1x PBS. Then, to permeate the cells we covered the tissue within the 

slides with 100µl of 20µg/ml Proteinase K (in 10mM Tris pH 8) and incubated it for 

20min at RT. Then, to inactivate the endogenous peroxidases and to reduce 

background, the tissue was incubated for 5min at RT with 100µl of 3% H2O2 and 

washed with 1x PBS. Before labeling, we incubated the tissue with 100µl of 1X TdT 

equilibration buffer (provided) for 30min at RT. To label the tissue we removed the 

equilibration buffer and added 60µl of TdT Labeling reaction mixture (57µl TdT 

labeling reaction mix and 3µl of TdT enzyme, provided). The slides were covered 

with parafilm and incubated with the Labeling reaction mixture for 90min at 37°C. To 

stop the labeling reaction we incubated the tissue with 100µl of 1x Blocking Buffer 

(provided) for 30min at RT and then washed with 1x TBS. Next, we incubated the 
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tissue with 100µl of DAB solution (provided) for 15min at RT and washed with 

distilled H2O. Finally, we counterstained the slides to evaluate the morphology and 

characteristics of normal and apoptotic cells. To that end, we incubated the tissue 

with 100µl of methyl green counterstaining solution (provided) for 3min at RT. The 

slides were washed 2-4 times for 5min at RT in 100% ethanol and subsequently in 

xylene. Tissue slides were analyzed under the microscope. 

 

3.5 Software  

 

3.5.1 RITA protein alignment. 

 

Protein alignments were performed using the CLC free Workbench 2.5.1 software, 

Abbreviations: HU, human, accession: AAH22092, MA, Macaca mullata, accession: 

XP_001111386, BO, Bos taurus, accession: NP_001039809, MO, Mus musculus, 

accession: NP_083372, RA, Rattus norvegicus, accession: NP_001037691, XL, 

Xenopus laevis, accession: BC070862 (EST), TA, Trichoplax adhaerens, accession: 

XP_002114203.  
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4.1.1 RITA-RBP-J interaction is both structurally and functionally conserved 

between species 

 

As described above, human RITA was initially identified as an RBP-J interacting 

protein in a Yeast Two Hybrid screen. Database searches revealed that RITA is 

conserved within species (Figure 4.1). To test if RBP-J-RITA interaction is also 

conserved, we used RBP-J and RITA proteins from Homo sapiens, Xenopus laevis 

and the marine placozoan Tricholplax adhaerens. The open reading frames were 

amplified by PCR using either a stage 3 cDNA library from Xenopus laevis or a 

Trichoplax adhaerens cDNA library (obtained from Berd Schierwater, Hannover). The 

detailed cloning strategies are specified in Materials and Methods. Physical 

interaction of RITA and RBP-J proteins from various species was tested by GST-

pulldown assays using GST-RITA(hs), GST-RITA(xl) and GST-RITA(ta) which were 

already available in the lab. RBP-J proteins [RBP2N(hs), xl Su(H), and RBP-J(ta)] 

were synthesized using an in vitro transcription/translation system (3.3.8). As shown 

in Figure 4.2 RBP2N and xlSu(H) interact with GST-RITA(hs) and GST-RITA(xl) 

(Figure 4.2.A, lane 2, 5, 10 and 13). No interaction was observed with GST alone 

(Figure 4.2.A, lane 3,6,11 and 14) with beads (figure 4.2.A, lane 1,4,9 and 12). 

  

In addition, in vitro translated RBP-J from Trichoplax adhaerens interacts with GST-

RITA(hs) (Figure 4.3.A, lane 3) and GST-RITA(ta) (Figure 4.3.A, lane 2). Again no 

interaction was observed with GST (Figure 4.3.A, lane 1). Taken together, the data 

show that the physical interaction between RITA and RBP-J is conserved within 

species. 
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Figure 4.1. RITA is an evolutionary conserved protein. Conservation of 
aminoacids is represented by color code. Abreviations: HU, homo sapiens, 
MA, macaca mulatta, BO, bos taurus, MO, mus musculus, RA, rattus 
norvegicus, XL, Xenopus laevis, TA, Trichoplax adhaerens. 

                     

 

 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. RITA/RBP-J interaction is conserved in Xenopus laevis. (A) 
Cell-free synthesized 35S-labeled RBP2N and xlSu(H) interact with GST-
RITA(hs) (lanes 2 and 5) and with GST-RITA(xl) (lanes 10 and 13) but not 
with GST alone (lanes 3, 6, 11 and 14) or with beads (lanes 1, 4, 9 and 
12).  (B) Western Blot analysis of GST proteins. Protein extracts purified 
from bacteria expressing GST (lane 1), GST-RITA(hs) (lane 2) and GST-
RITA(xl) (lane 3) were loaded on SDS-polyacrylamide gels (10%) and 
transferred to polyvinylidene difluoride membranes (Millipore). Blots were 

incubated with 1:1000 aGST antibody.  

B 

A 
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Figure 4.3. RBP-J(ta) interacts with human and trichoplax RITA. (A) Cell-
free synthesized 35S-labeled RBP(ta) (lane 4) interacts with GST-RITA(ta) 
(lane 2) and GST-RITA(hs)  (lane 3), but not with GST (lane 1) in GST-
pulldown assay. (B) Analysis of the expression of GST-RITA(ta) 
synthesized in E.coli. Competent E.coli (BL21, Stratagene) transformed 
with pGEX6P1-RITA(ta) vector were grown and induced with 1 mM IPTG 
for 3h. Cell extracts were loaded on SDS-polyacrylamide gel (10%) and 
stained with Coomassie brilliant blue. Lane 1, uninduced crude extract; 
lane 2, crude extract IPTG-induced for 3h. (B) Western Blot analysis of 
GST proteins. Protein extracts purified from bacteria expressing GST (lane 
1) and GST-RITA(ta) (lane 2) were loaded on SDS-polyacrylamide gel 
(10%) and transferred to polyvinylidene difluoride membranes (Millipore). 

Blots were incubated with 1:1000 aGST antibody.  
 

4.1.2 Mapping the interaction of RITA with RBP-J 

 

As has been previously shown (103), the RBP-J crystal structure shows three 

conserved domains: The N-terminal domain (NTD), the beta-trefoil domain (BTD) 

and the C-terminal domain (CTD, Figure 4.4.). Within RBP-J, NTD and BTD, but not 

CTD, bind to DNA. In addition, the BTD domain interacts with Notch and 

corepressors like SMRT/N-Cor. A hydrophobic pocket on BTD was identified as the 

likely site of Notch interaction with RBP-J, which has a functional relation with the 

Notch signaling mechanism (103). 

 

             

C A B 
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Figure 4.4. Schematic representation of the physical structure of RBP-J 
and the described RBP-J domains NTD, BTD and CTD. NTD and BTD but 
not CTD are described as DNA interacting domains.   

 

To study which RBP-J domains are involved in the physical interaction with RITA, we 

used GST-pulldown assays. Full lengh RBP2N (aa 1-478) and its fragments (aa 1-

315), (aa 166-487), (aa 166-334) were synthesized in vitro, 35S-labeled (3.3.8) and 

incubated with GST, GST-mNICD and GST-RITA (Figure 4.5.E). Sepharose beads 

coupled with GST alone (Figure 4.5.C) and with GST-mNICD (Figure 4.5.D) were 

used as negative and positive controls, respectively. RBP-2N strongly interacted with 

both GST-mNICD (Figure 4.3.D lane 1) and with GST-RITA (Figure 4.3.E lane 1). 

Within the RBP-J fragments, the BTD domain (aa 166-334) showed a strong 

interaction with both GST-mNICD (Figure 4.3.D lane 4) and GST-RITA (Figure 4.3.E 

lane 4), while no or only weak interactions were observed with fragments which did 

not contain this domain (Figure 4.3.C lane 2, Figure 4.3.D lane 2 and not shown). 
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Figure 4.5. RITA interacts with the BTD of RBP-J in GST-pulldown assay. 
(A) Schematic representation of the RBP-J fragments, used in the 
experiment. RBP-J (166-334) represents the BTD (black). (B) Cell free 
synthesized 35S-labeled full length RBP2N (aa 1-487; lane 1) and 
fragments [aa 1-315-lane 2, aa 166-487-lane 3, aa 166-334-lane 4) were 
incubated with GST alone (C), GST-mNICD (D) and GST-RITA (E). RBP-J 
fragment 166-334 which contains BTD, is the smaller interacting fragment 
(D, lane 4). (F) Western Blot analysis of GST proteins. Protein extracts 
purified from bacteria expressing GST (lane 1), GST-mNICD (lane 2) and 
GST-RITA (lane 3) were resolved on SDS-polyacrylamide gel (10%) and 
transferred to polyvinylidene difluoride membranes (Millipore). Blots were 

incubated with 1:1000 aGST antibody.  
 

 

4.1.3 RITA is a tubulin-binding protein 
 
 
We evaluated RITA subcellular localization by fluorescent microscopy on using HeLa 

cells, transfected with a construct coding for a GFP-RITA fusion protein. GFP-RITA 

showed a fibrillar localization (Figure 4.6.a) suggesting that RITA associates to 

a-tubulin.  

 

We studied the RITA/tubulin association by costaining GFP-RITA transfected HeLa 

cells with an anti-a-tubulin antibody. RITA and a-tubulin showed clear regions of 

colocalization (Figure 4.6.c). Similar results were also observed in HEK293 cells 

(data not shown). RITA-tubulin interaction was confirmed by GST-pulldown assay 

with lysates from HEK293 cells (208). 

 

               

 
Figure 4.6. RITA colocalizes with a-tubulin in HeLa cells transfected with 
GFP-RITA (a). At 24 h after transfection, cells were fixed and 
immunostained using an anti-tubulin antibody (b). GFP-RITA colocalized 

with a-Tubulin (c), indicating that RITA is localized in the cytoplasm and 
associates to tubulin.  
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4.1.4 RITA does not interact with Notch in vitro  

 

Notch/RBP-J interaction was described by Tamura et al (203) and we described 

above that RITA interacts with RBP-J in vitro (Figure 4.2.A, lane2). To test the 

physical interaction of RITA and NotchIC (mNICD) we used GST-pulldown assays. 

To that end, NotchIC and RBP2N (used as a positive control) were synthesized in 

vitro, 35S-labeled (3.3.8) and incubated with GST-RITA and GST-mNICD (Figure 

4.5.F). As shown in Figure 4.7.A. (lane 1 and 2) mNICD does not interact with GST-

RITA nor with GST. In contrast, RBP2N (used as a positive control) strongly interacts 

with GST-RITA and GST-mNICD (Figure 4.7.B). Therefore we conclude that RITA 

does not interact with Notch in vitro. 

                              

 
Figure 4.7. NotchIC does not interact with RITA in GST-pulldown assays. 
(A) Cell free synthesized 35S-labeled NotchIC (lane 3) does not interact 
with GST-RITA (lane 2) nor with GST (lane 1). (B) Cell free synthesized 
35S-labeled RBP2N (lane 4) interacts strongly with GST-RITA (lane 2) and 
GST-Notch (lane 3) but not with GST (lane 1).  

 

4.1.5 RITA does not mediate nuclear export of Notch  

 

RITA is located in the cytoplasm at tubulin fibers (Figure 4.6). In addition, RITA was 

characterized as a nucleo-cytoplasmic shuttle protein. Shuttling of RITA is mediated 

by an NLS (aa 92–100) and a Nuclear Export Signal (NES) at the N-terminus. When 

RITA and RBP-J are coexpressed, their interaction results in a rapid nucleo-

cytoplasmic shuttling, exporting both proteins to the cytoplasm at tubulin fibers (208). 

A B 
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Although, we do not have evidence for a direct RITA/Notch-IC interaction (see Figure 

4.7.A), a RITA/RBP-J/NICD trimeric complex might exist because of the strong RITA 

RBP-J interaction (see Figure 4.2.A). To evaluate if NotchIC, as a putative part of a 

trimeric RBP-J-RITA-NICD complex, undergoes a RITA dependent nuclear export, 

we fused NotchIC (NICD) to the red fluorescent protein mRuby (mRuby-NICD) and 

RITA to GFP (GFP-RITA). mRuby Notch and/or GFP-RITA transfected HeLa cells 

were then analyzed by fluorescence microscopy.  

 

As shown in Figure 4.8. mRuby-NICD localized in the nucleus and GFP-RITA 

localized in the cytoplasm at tubulin fibers (Figure 4.8. a and c). Coexpression of 

GFP-RITA did not direct mRuby-NICD out of the nucleus to tubulin fibres (Figure 

4.8.e). When cells were treated with the specific nuclear export inhibitor leptomycin B 

(62) (LMB; 2.5 ng/ml) for 60min, RITA was found in the nucleus together with 

mRuby-NICD. We conclude that (I) RITA expression does not change the subcellular 

localization of NICD and (II), RITA still shows nucleo-cytoplasmatic shutteling after 

NICD over-expression, indicating that NICD is not a part of the RITA–RBP-J 

complex. 

  

                             

 
Figure 4.8. RITA does not mediate nuclear export of NotchIC (NICD). 
GFP-RITA localizes in the cytoplasm (a). mRuby-NICD localizes in the 
nucleus (c). Coexpression of GFP-RITA did not direct mRuby-NICD out of 
the nucleus to tubulin fibres (e). In cells treated with leptomycin B (LMB) 
for 60min, GFP-RITA and mRuby-NICD colocalized in the nucleus (f). 
HeLa cells were transiently cotransfected with GFP-RITA and/or with 
mRuby-NICD. After 24 h, cells were analyzed by fluorescence microscopy. 
Where indicated, cells were treated with leptomycin B (LMB; 2.5 ng/ml) 1 h 
prior to imaging. 
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4.1.6 RITA interferes with Notch-1 and RBP-VP16 mediated transcription 

 

To study the functional role of RITA on the transcriptional regulation of a Notch target 

gene, we performed luciferase experiments in HeLa cells using an HES-1 specific 

reporter construct (154) together with expression plasmids mNotch-1DE (a dominant 

active form of Notch-1), RBP-VP16, RITA, and RITA proteins defective in the RBP-J 

binding: RITA (156-269) and RITA-del1 (aa 128-156 deleted). (208). 

 

As previously described (154), mNotch-1 (mNotch-1DE) which lacks a major portion 

of its extracellular domains, strongly activated the Hes1-Luc reporter (Figure 4.9.A). 

Additional expression of increasing amounts of RITA(wt) negatively regulates the 

transcriptional activity of the luciferase reporter gene. This effect seems to be 

specific, as expression of RITA proteins lacking the RBP-J-interaction domain: RITA 

156–269 and RITA-del1 (aa 128-156 deleted), showed no inhibition on Notch-1DE 

mediated transcriptional activation (Figure 4.9.A).  

 

Similar results were obtained with the transcriptional activator RBP-J protein (RBP-

VP16). When RBP-VP16 was coexpressed with increasing amounts of RITA(wt), 

HES-1 promoter activity was down regulated (Fig. 4.9.B). This effect was also 

specific, as coexpression with additional amounts of RITA(156-269) or RITA-del1 

(lacking the RBP-J-interaction domain) showed no inhibition of RBP-VP16 mediated 

transcriptional activation. These experiments demonstrate that RITA down regulates 

the transcriptional activation through Notch-1 and RBP-VP16. 
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Figure 4.9. RITA interferes with Notch-1 and RBP-VP16-mediated 
transcription. The reporter construct HES1-Luc was transfected into HeLa 

cells alone (1 µg) or together with 50 ng of pCMV-mNotch-1DE (A), or 50 
ng of pCMV-RBP-VP16 (B) with increasing amounts (50 ng and 100 ng) of 
pCMV-RITAwt, pCMV-RITA156-269 and pCMV-RITA-del1 expression 
plasmid. RITA(wt) was able to decrease the HES1-Luc reporter activity. 
Neither RITA156-269 nor RITA-del1 could reproduce this effect. Mean 
values and s.d. (error bars) based on at least four independent 
experiments are shown.     

 

In this study we cloned RITA and demonstrated that it represents a highly conserved 

RBP-J interacting protein. In addition to RBP-J, RITA binds to a-tubulin thereby 

proving a potential scaffold for cytoplasmic RBP-J localization. RITA undergoes a 

rapid nucleo-cytoplasmic shuttling and is involved in the transport of RBP-J, but not 

in the transport of NotchIC from the nucleus to tubulin fibres. Given that in vitro, 

overexpression of RITA suppresses NOTCH-mediated transcription, we postulate 

that RITA represents a novel, negative regulator of Notch signalling. 

 

4.2.1 KDM5A (JARID1a) interacts with RBP-J in vitro 

 

As shown above, the Notch family of transmembrane receptors regulates the cell fate 

determination in vertebrates and invertebrates (5, 20). Recently, the role of histone 

methylation in the regulation of Notch target genes has been suggested in 

tumorigenesis in D.melanogaster (46, 105). Furthermore, in mammals an enrichment 

of trimethylated histone H3 Lys 4 (H3K4me3) can be found at regulatory elements as 

well as at transcriptional start sites (10, 128) indicating the important role of histone 

lysine methylation/demethylation in the regulation of specific target genes. Here we 

describe the histone H3K4me3 demethylase (KDM5A) (96, 186) as an RBP-J 

interacting protein.  

 

To evaluate the physical interaction between KDM5A and RBP-J, we used GST-

pulldown assays. KDM5A was synthesized in vitro, 35S-labeled (3.3.8) and incubated 

with GST-RBP-J. As shown in Figure 4.10.A. (lane 2 and 3) KDM5A strongly 

interacts with GST-RBP-J but not with GST alone.  
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Figure 4.10. KDM5A interacts with RBP-J in GST-pulldown assay. (A) Cell 
free synthesized 35S-labeled KDM5A interacts with GST-RBP-J (lane 3) 
but not with GST (lane 2). KDM5A input was loaded as a control (lane 1). 
(B) Western Blot analysis of GST proteins. Protein extracts purified from 
bacteria expressing GST (lane 1) and GST-RBP-J (lane 2) were loaded on 
SDS-polyacrylamide gel (10%) and transferred to polyvinylidene difluoride 

membranes (Millipore). Blots were incubated with 1:1000 aGST antibody.  
 

4.2.2 Mapping KDM5A and RBP-J interacting domain 

 

As described above KDM5A interacts with RBP-J in GST-pulldown assays. The 

KDM5A domain PHD3 and the KDM5A region between PHD2 and PHD3 are 

involved in the KDM5A/RBP-J interaction (Figure 4.11) (115).  

 

                 

 

Figure 4.11.Schematic representation of KDM5A domains. From left to 
right JmjN-ARID, PHD1, JmjC-ZF, PHD2, PHD3 domains and the KDM5A 
region between PHD2 and PHD3 “inter” are shown.  

 

To study what RBP-J domains (Figure 4.4) are involved in the physical interaction 

with KDM5A, we used GST-pulldown. To that end, RBP-J domains NTD, BTD and 

CTD were synthesized in vitro, 35S-labeled (3.3.8) and incubated with GST-Inter and 

GST-PHD3, which were already available in the lab. Among the RBP-J fragments, 

NTD strongly interacts with both GST-Inter and with GST-PHD3 (Figure 4.12, lane 3 

and 4), BTD interacts weakly with GST-Inter (Figure 4.12, lane 3) and no interactions 

were observed with the CTD fragment.  

 

A B 
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Figure 4.12. KDM5A interacts with NTD and BTD domains of RBP-J in 
GST-pulldown. Cell free synthesized 35S-labeled RBP-J constructs (NTD, 
BTD and CTD) were incubated with immobilized GST-Inter or GST-PHD3. 
The NTD and BTD of RBP-J interacts with the domain Inter and PHD3 of 
KDM5A, although PHD3 of KDM5A binds only to the NTD of RBP-J. 

 

4.2.3 KDM5A-RBP-J interaction is functionally conserved between species  

 

Database searches revealed that KDM5A is conserved within species. To study if 

KDM5A/RBP-J physical interaction is also conserved between species, we used 

GST-pulldown assays. The KDM5A D.melanogaster homologue Lid and 

D.melanogaster corepressor Hairless were synthesized in vitro, 35S-labeled (3.3.8) 

and incubated with GST-RBP-J and with RBP-J D.melanogaster homologue GST-

Su(H). The D.melanogaster RBP-J protein Su(H) cDNA was inserted into the 

bacterial expression vector pGEX6P1 and expressed in E. coli (Figure 4.13). 

 

                                               

 
Figure 4.13. Analysis of the expression of GST-Su(H) synthesized in 
E.coli. Competent E.coli (BL21, Stratagene) transformed with pGEX6P1-
Su(H) vector were grown and induced with 1 mM IPTG for 3h. Cell 
extracts were loaded on SDS-polyacrylamide gel (10%) and stained with 
Coomassie brilliant blue. Lane 1, uninduced crude extract; lane 2,3 and 4, 
IPTG-induced crude extract was taken every hour.  
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Figure 4.14 shows that GST-RBP-J and GST-Su(H) interacted strongly not only with 

Hairless (Figure 4.14.A lane 2 and 4), but also with Lid (Figure 4.14.B lane 2 and 4). 

Moreover, D.melanogaster GST-Su(H) also interacts with mouse KDM5A (data not 

shown). Taken together, the data show that the physical interaction between KDM5A 

and RBP-J is reciprocally conserved.  

 

 

      

 

             
 

Figure 4.14. KDM5A/RBP-J interaction is conserved in D.melanogaster. 
(A) Cell-free synthesized 35S-labeled Hairless interacts with GST-RBP2N 
(lane 2) and with GST-Su(H) (lane 4) but not with GST alone (lane 1 and 
3). (B) Cell-free synthesized 35S-labeled Lid interacts with GST-Su(H) 
(lane 2) and with GST-RBP2N (lane 4) but not with GST alone (lane 1 and 
3. (C) Cell free synthesized 35S-labeled KDM5A and Lid inputs used in the 
experiment. (D) Western Blot analysis of GST proteins. Protein extracts 
purified from bacteria expressing GST (lane 1), GST-RBP2N (lane 2) and 
GST-Su(H) were resolved on SDS-polyacrylamide gel (10%) and 
transferred to polyvinylidene difluoride membranes (Millipore). Blots were 

incubated with 1:1000 aGST antibody.  
 

4.2.4 KDM5A interferes with RBP-VP16 mediated transcription 

 

To study the functional role of KDM5A on the transcriptional regulation of a Notch 

target gene, we performed luciferase experiments in HeLa cells using the HES-1 

A B 
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specific reporter construct (154) or the luciferase reporter consisting of several RBP-

J-binding sites (pGA981/6), together with expression plasmids for RBP-VP16, Flag1-

hKDM5A, HA-hKDM5A and the catalytically inactive HA-hKDM5A(H483A). As 

previously described by (153, 180) the transcriptional activator RBP-J protein (RBP-

VP16) strongly activated the HES1-Luc reporter (Figure 4.15.A). Additional 

expression of Flag1-hKDM5A or HA-hKDM5A negatively regulates the transcriptional 

activity of the luciferase reporter gene. This effect seems to be specific, as 

expression of the catalytically inactive HA-hKDM5A(H483A) showed no effect on 

RBP-J-VP16 mediated transcriptional activation (Figure 4.15.A). Similar results were 

obtained with the pGA981/6 reporter (Figure 4.15.B). These experiments 

demonstrate that KDM5A interferes with the transcriptional activation of Notch target 

genes through RBP-VP16. 

 

          

 
Figure 4.15. KDM5A interferes with RBP-VP16 mediated transcription. (A) 
The reporter construct HES1-Luc was transfected into HeLa cells alone (1 
µg) or together with 100 ng RBP-J-VP16, 100 ng Flag1-hKDM5A, HA-
hKDM5A or HA-hKDM5A(H483A). (B) The reporter construct pGA981/6 
was transfected into HeLa cells alone (1 µg) or together with 100 ng RBP-
J-VP16, 100 ng Flag1-hKDM5A, HA-hKDM5A or HA-hKDM5A(H483A). 
KDM5A inhibits both reporter gene systems. 
 

In this study we identified the histone H3K4me3 demethylase (KDM5A) as a novel 

RBP-J interacting protein, an interaction which is highly conserved among species. 

Experiments with truncated RBP-J demonstrated that RBP-J domains NTD and BTD 

are necessary for KDM5A/RBP-J interaction. Overexpression of KDM5A suppresses 

NOTCH-mediated transcription. In conclusion, we postulate that KDM5A represents 

a novel, negative regulator of Notch signaling. 
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4.3.1 p48+/Cre_Ptch1flox/flox conditional K.O. mice  

 

Patched1 (Ptch1) is a member of the patched gene family and is the receptor for 

sonic hedgehog, a secreted molecule involved in the formation of embryonic 

structures and in tumorgenesis. In addition, Ptch1 might function as a tumor 

suppressor (182). To study the role of Ptch1 in the pancreatic development, 

Ptch1flox/flox mice were crossed with p48+/Cre animals to produce a Ptch1 conditional 

knock out mouse specific for pancreatic tissue p48+/Cre Ptch1flox/flox. Mice were 

genotyped as described by (58) and (140). 

 

We genotyped the animals by PCR (3.2.4), using as a template the total DNA 

extracted from pancreas or tail (3.4.2) from 3 week old animals. We screened the 

Ptch1 alleles using the primer combinations NeoF/p1011R.2, p910F.4/p1011R.2 and 

Exo-7/NeoR to identify the Ptch1 wild type allele (Ptch1wt or Ptch1+), Ptch1 flox allele 

(Ptch1flox or Ptch1-) and Ptch1 p48-cre mediated deleted allele (Ptch1del or Ptch1-

//Cre+/-) respectively. To confirm Ptch1 wild type allele and the Ptch1 flox allele we 

used an additional PCR assay using the primers p910F.4/ wt/flox_R, the same pair of 

primers amplifies Ptch1wt and Ptch1flox alleles. Figure 4.16.B shows the hybridization 

region for each pair of primer used. Finally, Cre-recombinase gene was screened by 

PCR using the primer combination P48Cre-F/P48Cre-R. Figure 4.16.A shows the 

expected PCR out come for a Ptch1 wild type animal without Cre recombinase 

(Ptch+/+//Cre+/+), Ptch1 flox heterozygous animal with Cre recombinase (Ptch+/-//Cre+/-

) and Ptch1 flox homozygous animal with Cre recombinase (Ptch-/-//Cre+/-). 

Experiments were performed in two independent animals for each expected 

genotype.   
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Figure 4.16. p48+/Cre_Ptch1flox/flox genotyping strategy (A) Animals were 
genotyped by PCR, from left to right Ptch1 wild type animal without Cre 
recombinase (Ptch+/+//Cre+/+), Ptch1 flox heterozygous animal with Cre 
recombinase (Ptch+/-//Cre+/-) and Ptch1 flox homozygous animal with Cre 
recombinase (Ptch-/-//Cre+/-). (B) Schematic representation of the PCR 
used to identify the Ptch1 alleles. From top to bottom Ptch1flox (2500bp & 
1735bp), Ptch1wt (1400bp & 521bp), Ptch1del (950bp) and Cre 
recombinase (200bp) amplicon are shown. Each experiment was carried 
out in two animals for each expected genotype.  
 
 

4.3.2 p48 cre-mediated deletion of Ptchflox allele is specific for brain and 

pancreas 

 

To evaluate the tissue specificity of Ptch1 deletion in p48+/Cre_Ptch1flox/flox animals, we 

used PCR (3.2.4). We used the DNA isolated from brain, colon, heart, liver, lung, 

pancreas and stomach (3.4.2) from a Ptch+/-//Cre+/- animals as a template. As 

expected Ptch1 p48 Cre mediated deletion was only found in brain and pancreas of 

Ptch+/-//Cre+/- animals (Figure 4.17).  

B 
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Figure 4.17. p48 cre mediated deletion of Ptchflox allele is specific for brain 
and pancreas in Ptch+/-//Cre+ animals. DNA isolated from brain, colon, 
heart, liver, lung, pancreas and stomach was used as a template to 
amplify by PCR the Ptch1flox (1750bp) and Ptch1del (950bp) allele in Ptch+/-

//Cre+/- animals. Ptch1del allele is only present in brain and pancreas 
tissue. Experiments were carried out in two animals.  

 

4.3.3 Ptch1 deletion in p48+/Cre_Ptch1flox/flox at the DNA and the mRNA level 

 

To study the p48-Cre-mediated deletion of p48+/Cre_Ptch1flox/flox animals at the DNA 

level we used a Southern Blot (3.4.5). Total pancreatic DNA from 3 week old mice 

was extracted (3.4.2) and digested with NheI (3.4.5). Samples were loaded on an 

agarose gel, separated and transferred on a Hybond XL membrane. Finally, the 

membrane was incubated with a 32P-labeled probe specific for the the Neo-cassette 

(Figure 4.18.A). As shown in Figure 18.A Ptch1-/-//Cre+/- and Ptch1+/-//Cre+/- samples 

show positive Ptch1 deletion (Ptch1del fragment 2200bp). No deletion was observed 

in Ptch1+/-//Cre+/+ samples (Ptch1flox fragment 3700bp). These data indicate that the 

Ptch1 p48-Cre-mediated deletion in p48+/Cre_Ptch1flox/flox mice occurs at the DNA 

level.  

                                              

A 
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Figure 4.18. Ptch1+/-//Cre+/+, Ptch1-/-//Cre+/- and Ptch1+/-//Cre+/- Southern 
Blot from total pancreas. (A) Ptch1del fragment is only present in the Ptch1-

/-//Cre+/- and Ptch1+/-//Cre+/- sample (lower band). (B) Schematic 
representation of the 3700bp fragment expected for Ptch1flox (upper) and 
the 2200bp fragment expected for Ptch1del (lower) allele after digestion 
with NheI and hybridization with the 32P-labeled probe. Total DNA 
extracted from pancreas was digested with NheI overnight. Samples were 
loaded on an agarose gel, transferred into polyvinylidene difluoride 
membranes (Millipore) and incubated overnight with 32P-labeled probe 
which hybridized with the Neo Cassette.  

 

To evaluate the Ptch1 deletion at the RNA level in p48+/Cre_Ptch1flox/flox, we used PCR 

assays. Total RNA was extracted from pancreas from 3 week old animals (3.4.3). 

cDNA was produced from the extracted RNA and used as a template for PCR 

(3.2.4). To study the mRNA expression of Ptch1wt and Ptch1del alleles in Ptch1+/-

//Cre+/+, Ptch1+/-//Cre+/- and Ptch1-/-//Cre+/-animals, we used the primers 

mPTC_F/mPTC_R to amplify Ptch1wt (731bp) and Ptch1del (451bp) allele. Amylase 

and ß-actin served as a control. As shown in Figure 4.19 Ptch1del gene was only 

expressed in Ptch1+/-//Cre+/- and Ptch1-/-//Cre+/-animals.    

 

                         

 

B 
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Figure 4.19. Ptch1del allele mRNA expression in pancreas derived from 
p48+/Cre_Ptch1flox/flox mice strain (A) PCR from cDNA derived from 
pancreas from (left to right) Ptch1+/-//Cre+/+, Ptch1+/-//Cre+/- and Ptch1-/-

//Cre+/- animals are shown. From top to bottom PCR analyses for 
expression Ptch1wt (731bp) and Ptch1del (451bp) allele. Ptch1del allele was 
only detected in Ptch1+/-//Cre+/- and Ptch1-/-//Cre+/- samples. Amylase 
(486bp) and ß-actin (521bp) were used as a control.  
 
 

4.3.4 Relative mRNA expression of Ptch1, Gli1, Gli2, Gli3 and Smo in 

p48+/Cre_Ptch1flox/flox mice 

 

To quantify the mRNA expression of Ptch1wt, Ptch1 downstream target gene Gli1, the 

Gli proteins Gli2 and Gli3, and the receptor Smoothened (Smo) in 

p48+/Cre_Ptch1flox/flox pancreas, we used Real-time (RT) PCR. Total RNA was 

extracted from the pancreas of 3 week old animals (3.4.3). cDNA was produced from 

the extracted RNA and was used as a template for PCR (3.2.4).  

 

To study the expression of Ptch1wt, Gli1, Gli2, Gli3 and Smo in Ptch1+/-//Cre+/+, 

Ptch1+/-//Cre+/-and Ptch1-/-//Cre+/- animals, we measured the relative mRNA 

expression of Ptch1wt, Gli1, Gli2, Gli3 and Smo with a specific set of primers listed in 

2.9.2. Amplification of Hprt1 served to normalize the amount of cDNA in the sample. 

As shown in Figure 4.20 Ptch1wt expression is reduced to 84% in Ptch1-/-//Cre+/- and 

50% in Ptch1+/-//Cre+/- animals compared to the control. However, no significant 

differences in the expression of Gli1, Gli2, Gli3 and Smo (p<0,01) were observed 

among the three groups. Therefore, we conclude that Ptch1wt allele expression is 

significantly reduced in p48+/Cre_Ptch1flox/flox animals, however, no significant 

differences were observed for Gli1, Gli2, Gli3 and Smo, suggesting that 

p48+/Cre_Ptch1flox/flox animals might have a compensatory mechanism for pancreas 

development and maintenance.  
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Figure 4.20. Relative mRNA expression of Ptch1, Gli1, Gli2, Gli3 and Smo 
in pancreas derived Ptch1+/-//Cre+/+, Ptch1+/-//Cre+/- and Ptch1-/-//Cre+/- 
(from left to right). Ptch1wt allele expression is reduced to 84% Ptch1-/-

//Cre+/- and to 50% in Ptch1+/-//Cre+/- animals compared to control. No 

significant difference was detected (p<0,01) in the mRNA expression of 
Ptch1 downstream target gene Gli1, the Gli proteins Gli2 and Gli3 and the 
receptor Smo among the three groups. Total pancreatic mRNA was 
extracted from 3 week old animals and was used to synthesize cDNA, 
which served as a template for Real-time PCR assays (n=3). Amplification 
of Hprt1 served to normalize the amount of cDNA in the sample. 

 

4.3.5 Ptch1 p48-Cre-mediated deletion is specific for acinar cells  

 

We studied the p48-Cre-mediated deletion specificity in pancreatic acinar cells in 

p48+/Cre_Ptch1flox/flox animals. To that end, we crossed the p48+/Cre mice strain with the 

Z/AP mice strain, which contains the Z/AP reporter system to generate p48+/Cre Z/AP 

mice (117). The p48+/Cre Z/AP animals express the lacZ reporter, throughout all 

embryonic and adult stages until p48-Cre-mediated excision occurs, which allows the 

expression of the second reporter Alkaline Phosphatase (AP) gene (117). To 

evaluate the recombination specificity in pancreatic acinar cells, we extracted the 

pancreas from 3 week old p48+/Cre Z/AP animals and we checked for LacZ and AP 

staining (3.4.8).                  

 

As shown Figure 4.21 p48-Cre-mediated LacZ deletion was specific for acinar cells 

as indicated by the blue staining only in the islets and ducts (Figure 4.21.B). These 

results were confirmed with the AP staining (3.4.8), in which Cre-mediated LacZ 

deleted acinar cells appeared red in color (Figure 4.21.D). Moreover, no red stained 

cells were found in other pancreatic cell types (Figure 4.21.D). We conclude that p48-
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Cre-mediated gene deletion is specific for acinar cells and the gene deletion is close 

to 100%. 

 

       

 
Figure 4.21. p48-Cre mediated recombination efficiency in pancreatic 
tissue. Pancreatic tissue from p48+/Cre Z/AP mouse line was extracted, 
fixed, LacZ (A)(B) or AP (C)(D) stained, embedded in paraffin, cut into 
4mm slides and analyzed under the microscope. Without p48-Cre-
mediated LacZ deletion, blue staining is ubiquitously present (A) and red 
AP staining absent (C). With p48-Cre-mediated LacZ deletion, blue LacZ 
staining is absent in acinar cells (B) and red AP staining is present in 
acinar cells (D).  

 

4.3.6 Weight progress in p48+/Cre_Ptch1flox/flox mice 

 

To investigate the weight progress of Ptch1+/-//Cre+/+, Ptch1+/+//Cre+/-, Ptch1+/-//Cre+/- 

and Ptch1-/-//Cre+/- animals, we separated and weighed 5 animals in each group 

every week for 8 week. As shown in Figure 4.22, no significant differences were 

found among the four groups studied. These data suggest that the 

p48+/Cre_Ptch1flox/flox animals might have a compensatory mechanism for pancreas 

development and maintenance.  
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Figure 4.22. p48+/Cre_Ptch1flox/flox weight progress. Animals were 
separated in four different groups: Ptch1+/-//Cre+/+, Ptch1+/+//Cre+/-, Ptch1+/-

//Cre+/- and Ptch1-/-//Cre+/- and were weighed for 8 week. Results show no 
significant difference among the four groups (n=5).  

 

4.3.7 Pancreas morphology in p48+/Cre_Ptch1flox/flox mice  

 

To study the morphological differences in the pancreas of p48+/Cre_Ptch1flox/flox mice, 

we performed Hematoxilyn and eosin staining and immunohistochemical analyses. 

Pancreatic tissue extracted from Ptch1+/-//Cre+/+ and Ptch1-/-//Cre+/- animals was 

fixed, embedded in paraffin, sectioned into 4 mm samples and stained (3.4.7). As 

shown in Figure 4.23 Ptch1+/-//Cre+/+ and Ptch1-/-//Cre+/- pancreatic slides stained with 

hematoxylin and eosin, indicate no pancreatic morphological differences (Figure 

4.23.A and B).  Immunohistochemistry assays from Ptch1+/-//Cre+/+ and Ptch1-/-//Cre+/- 

pancretic slides confirmed no morphological differences either in ducts (Ck19) or 

pancreatic acinar cells (amylase) (2.6.1)(3.4.7)(Figure 4.23.C-F).  
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Figure 4.23. Pancreas morphology analysis from slides derived from 3 
week old animals Ptch1+/-//Cre+/+ (left) and Ptch1-/-//Cre+/- (right). 
Hematoxylin & eosin staining show no morphological differences in 
pancreas from Ptch1+/-//Cre+/+ (A) and Ptch1+/-//Cre+/- (B). 
Immunohistochemical analysis from pancreatic slides from Ptch1+/-//Cre+/+ 
and Ptch1-/-//Cre+/- animals were stained with anti-Ck19 (C)(D) and anti-
amylase antibodies (E)(F), respectively and showed no differences. 
Pancreas extracted from each animal studied was fixed in 4% phosphate 
buffered paraformaldehyde, embedded in paraffin, and sectioned (4 mm). 
Original magnification: 40x (n=3) 

 

4.3.8 Cell proliferation and apoptosis in pancreas from p48+/Cre_Ptch1flox/flox 

mice 

 

To evaluate cell proliferation and apoptosis in pancreas from p48+/Cre_Ptch1flox/flox, we 

used immunohistochemistry, and studied cell proliferation in Ptch1+/-//Cre+/+ and 

Ptch1-/-//Cre+/-, pancreatic slides by staining with anti-Ki67antibodies. To evaluate 
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apoptosis we used TUNNEL assay (3.4.8). As shown in Figure 4.24.A-D, no 

differences were detected between Ptch1+/-//Cre+/+ and Ptch1-/-//Cre+/- for cell 

proliferation or apoptosis. This data suggests that alternative pathways may be 

involved in pancreas development and maintenance.  

                        

 
Figure 4.24. Ptch1+/-//Cre+/+ and Ptch1-/-//Cre+/- mice showed no difference 
in cell proliferation and apoptosis by immunohistochemistry. Pancreatic 
slides derived from Ptch1+/-//Cre+/+ and Ptch1-/-//Cre+/- were stained with 
anti-Ki67 (A)(B) antibodies. No difference in cell proliferation was detected. 
TUNNEL assay (C)(D) shows no differences in apoptosis. All pancreas 
extracted from each animal studied was fixed in 4% phosphate buffered 
paraformaldehyde, embedded in paraffin, and sectioned (4 mm). Original 
magnification: 40x (n=3) 

 

In this project, we analyzed the consequences of a conditional pancreas-specific 

Ptch1 knockout. P48-driven, cre-mediated Ptch1 deletion resulted in a significant 

reduction in pancreatic Ptch1wt DNA and mRNA levels, which is consistent with the 

expected Patch deletion in pancreatic acinar cells. In support of that, a de novo 

expression of a cre-mediated reporter gene was seen in all pancreatic acinar cells. 

No differences between knockout and wild type animals were seen in pancreas 

histology, in cell proliferation or apoptosis rates. No significant difference between 

knock out and wild type was observed in Ptch1 target gene RNA expression. From 

our data, we postulate that Ptch1 deletion is well compensated in exocrine pancreas 

under non-stressed conditions.  
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5.1 RITA interact with a-tubulin and RBP-Jk 

 

In the presence of activated Notch, RBP-J acts as a mediator for activating 

transcription due to its DNA binding properties (67, 109, 203). In this study we 

present the novel, highly conserved RBP-J interacting protein called RITA, previously 

identified as an RBP-J interacting protein in a two hybrid Yeast screen (208). 

Interestingly, RITA and RBP-J are ubiquitously expressed in mice (60, 208). In this 

study we demonstrated that RITA interaction with RBP-J is highly conserved among 

species. We identified both, the required domains within RBP-J and within RITA for 

the RITA/RBP-J interaction. On the other hand, here we showed that RITA interacts 

with microtubules and undergoes a rapid nucleo-cytoplasmic shuttling. On a 

functional level, RITA negatively affects Notch mediated transcription. In this study, 

we propose that RITA acts as a negative modulator of Notch signalling.  

 

Interestingly, RITA protein is highly conserved from Trichoplax adhaerens to humans.  

Trichoplax adhaerens is part of Placozoa, and recent studies suggest that Trichoplax 

adhaerens could be the earliest branching basal metazoan phylum (196). Trichoplax 

adhaerens genome is complex and shares similarities with human and other 

eumetazoan genomes (196). The fact that RITA is present in Trichoplax adhaerens 

suggests that RITA protein could have arisen relatively soon after the evolutionary 

transition of metazoans (196). The fact that RITA/RBP-J physical interaction is 

conserved among Trichoplax adhaerens, mouse, and humans despite the sequences 

differences, suggests that RITA is part of a highly conserved mechanism. Protein 

sequence alignment of RITA proteins from different species showed no homology 

with any known protein domain. However, RITA possesses a few highly conserved 

tyrosine, proline, threonine and serine residues. These residues are probably 

important protein phosphorylation sites that may have effects on RITA protein–

protein interactions and subcellular location (119, 177, 208). RITA possesses a 

highly conserved S/T-P consensus sequences for MAPK/ERK phosphorylation in aa 

83-83, aa 89-90 and aa 143-144 (Figure 4.1) (25). Interestingly, a recent study has 

described that Notch pathway inhibits myogenesis by inducing the expression of 

MKP-1, a member of MAPK phosphatase, in a RBP-J depend manner (100). 
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Moreover, Notch signalling triggered by the MAPK signalling pathway plays a critical 

role in tumor angiogenesis (42, 221). The fact that RITA is a negative modulator of 

Notch signalling that is intensively phosphorylated (data not shown) suggets that 

RITA could play a role in cross-talks among intracellular signalling pathways. Further 

studies are required to evaluate the differential expression and phosphorylation 

states of RITA during embryogenesis and cancer, in order to find possible 

correlations with Notch target gene expression.  

 

In this manuscript, we report that RITA actively shuttles between the nucleus and 

cytoplasm and is excluded from the nucleus by NES located in the amino terminus of 

RITA (208). The rate of nuclear export exceeds the rate of nuclear import, giving the 

appearance of constitutive localization of RITA in the cytoplasm. RITA colocalizes 

with a-tubulin, and shared similar a-tubulin associated distribution in humans and 

mouse (208). RITA C-terminal fragment (aa 156–269) seems to be important for a-

tubulin binding.  The deletion of RITA’s last 12 aa results in a diffuse cytoplasmic 

localization (208). However, a C-terminal fusion of RITA’s last 14 aa to EGFP did not 

bind to a-tubulin (data not shown), suggesting that additional amino acids are 

required for RITA/a-tubulin interaction. On the other hand, RITA also showed 

association with centrosomes and co-localize with γ-tubulin. RITA domains involved 

in centrosomes interaction differ from those involved in a-tubulin association, as a 

carboxy-terminally truncated RITA protein (aa 1–257) still localizes at the 

centrosomes (208). The physiological importance of RITA in the association with a-

tubulin and the centrosome still need to be investigated. Interestingly, other proteins 

such as p53 and SIRT2 are also a-tubulin and centrosome associated proteins that 

regulate cell cycle. Therefore these data suggest that RITA may share similarities 

and perhaps physical association with these proteins (40, 52, 144).  

 

Previously it has been shown, that RBP-J/CSL proteins can be detected in the 

nucleus as well as in the cytoplasm and their subcellular distribution changes in 

defined physiological contexts (105, 179, 222). RITA shuttles RBP-J out of the 

nucleus and changes the cellular distribution of RBP-J (208). This mechanism seems 

to be physiologically relevant, as the nuclear transport of RITA is an essential 

prerequisite for inhibiting primary neurogenesis in X. laevis (208). Interestingly, RITA 

and Notch have a highly conserved W-X-P motif in the RBP-J binding domain. W-X-P 
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motif within RITA may contribute to RBP-J interaction and could eventually compete 

with NICD binding to RBP-J. However, we could not find any experimental evidence 

to prove this idea. Besides the C-terminal sequences, the NLS, and the W-X-P motif 

within RITA, we also identified two highly conserved, almost identical amino acid 

stretches (SYVDETLFGS) and (PSYCDESLFG) (Figure. 4.1). These conserved 

sequences show the consensus motif S-Y-X-D-E-(S/T)-L-F-G, which could represent 

specific protein–protein interaction motifs for target sites for posttranslational 

modifications (208). Indeed, RITA is highly phosphorylated (not shown). A database 

search for putative kinases revealed target sites for several serine/threonine kinases 

(208). Therefore, yet not specified kinases and phosphatases may mediate RITA 

action in regulating the subcellular localization of RBP-J. The regulation of RBP-J 

abundance in the nucleus might affect not only the expression of Notch target genes, 

but also other nuclear component such as NF-kappaB (NF-kB) (98, 152, 164). Notch 

and NF-kB crosstalk has been related in many cellular processes, such as cell 

differentiation and tumour angiogenesis (152). Therefore, one could speculate that 

RITA regulation of the RBP-J abundance in the nucleus, and therefore, 

downregulation of Notch signalling could also affect and modulate cell processes in 

which Notch and/or NF-kB are involved, such as cell differentiation, reactivity to 

reactive oxygen species (ROS), reactivity to tumor necrosis factor alpha (TNFα), 

interleukin 1-beta (IL-1β) and bacterial lipopolysaccharides (LPS) (11, 152). Given 

the fact that after signal activation NICD is found at very low concentrations in the 

nucleus the abundance of its major interaction partner RBP-J might be critical for 

functional association of NICD with additional nuclear factors such as NF-kB (208). 

Hence, the regulation of the subcellular distribution of RBP-J by RITA and, as a 

consequence, its concentration in the nucleus, might be critical for Notch signalling 

cross-talk with other pathways (Figure 5.1) (208). Further studies are required to 

evaluate the differential expression of RITA during development and disease. 
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Figure 5.1:  RITA undergoes a nucleo-cytoplasmatic shuttling and 
transports RBP-J out of the nucleus. The regulation of RBP-J 
concentration in the nucleus may induce Notch to interact with other 

nuclear component such as NF-kB. CoAS: Co-activators; NC: Nuclear 
components; Nu: Nucleus; Cyt: Cytoplasm.  

 

5.2 KDM5A (JARID1a) interact with RBP-Jk  

 

The regulation of histone tail modifications by methylation and acetylation has been 

involved in the regulation of Notch target genes (69, 84, 154). These mechanisms 

master a variety of cellular functions including stem cell maintenance, cellular 

differentiation and tumour formation (125). In this study, we identified that the histone 

demethylase KDM5A interacts directly with RBP-J. We showed that KDM5A/RBP-J 

interaction is conserved among species and we have also identified that the NTD and 

BTD domains of RBP-J are involved in the KDM5A/RBP-J interaction. On a 

functional level, we demonstrated that KDM5A interferes with Notch target genes 

expression.  

 

Interestingly, KDM5A/RBP-J interaction seems to be highly conserved among 

species, indicating that KDM5A/RBP-J interaction is an important mechanism of gene 

regulation among species. However, the fact that KDM5a-/- mice are viable and 

fertile, showing only a slight decrease in apoptosis of hematopoietic stem cells, 

suggests that three other KDM5 proteins, KDM5b (JARID1b/Plu-1), KDM5c 
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(JARID1c/SMCX) and KDM5d (JARID1d/SMCY) might have overlapping function 

(96, 186). Moreover, the fact that mutations of the KDM5 ortholog in organisms that 

encode a single KDM5 gene as Little imaginal discs (Lid) (D.melanogaster) and rbr-2 

(C.elegans), show stronger phenotypes, support the idea of overlapping functions 

among mammalian KDM5 proteins (186, 189). Mutations in the Drosophila KDM5A 

homolog Lid are lethal and some animals show a small optic brain lobe and small 

imaginal discs (53). Inactivation of the C. elegans KDM5A ortholog Rbr-2, results in 

undeveloped vulvas or a multivulval phenotype (28). Taken together these data 

suggest that KDM5A/RBP-J interaction is highly conserved among species and is 

crucial for Notch-mediated patterning, growth, and tumorigenesis responses in vivo. 

However, in higher eukaryotes KDM5A/RBP-J interaction seems to be redundant 

with the other three KDM5 proteins, and further studies are required to understand 

these compensatory mechanisms. 

 

Human KDM5A-containing and Drosophila KDM5A/Lid-containing complexes have 

been analyzed by several groups (65, 111, 133, 161). KDM5A is found to be a part of 

an MRG15-containing complex comprising multiple subunits, including Sin3B, 

HDAC1/2, and RbAp46, and two histone acetyltransferases, TRRAP and Tip60 (65). 

The dynamic removal of H3K4me3 has been also associated with changes in 

acetylated H3K9, pointing the combined action of KDM5A and histone acetyl 

transferase in gene downregulation (115). Interestingly, Histone acetyl transferase 

(HAT) p300 (Notch co-activator), which is part of the RBP-J/Notch/MAML coactivator 

complex (155), is localized at the RBP-J binding site of the Deltex-1 promoter in 

activated Notch signalling, and p300 is removed rapidly upon Notch signalling 

inhibition. On the other hand, Notch signalling inactivation induces an enrichment of 

KDM5A at the RBP-J binding sequence in the promoter regions of the Notch target 

genes Hes-1 and Deltex-1 (115). Moreover, we showed that KDM5A negatively 

regulates the transcriptional activation of Hes1 through RBP-J and similar results 

were observed for the Notch target genes Deltex-1 (115). In vivo experiments carried 

out on a Notch induced tumorigenesis model in D.melanogaster are in agreement 

with our findings. In D.melanogaster KDM5A/Lid acted as a specific Notch tumour 

suppressor (115). These observations support the idea that Lid is required for 

endogenous Su(H) repressor function in vivo and point out a pathway-specific tumor 

suppressor role of KDM5A in cancer. This evidence provides the basis for studies in 
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novel strategies to manipulate Notch-mediated carcinogenesis and clearly point the 

gene repressive role of KDM5A/Lid. Here we propose that KDM5A acts as a negative 

regulator of Notch (Figure 5.2), however, further studies are required to elucidate the 

mechanism involved in the silencing of Notch specific target genes.  

 

            

 
 
Figure 5.2 Modulation mechanism of KDM5A in the Notch pathway. We 
propose that in the presence of NICD, RBP-J interacts with co-activators, 
acetylates and methylates the histones and induces Notch target genes. 
However, in the absence of NICD, KMD5A is recruited by RBP-J, removes 
the methyl groups from histone, and deactivates Notch target gene 
expression and thereby inhibits gene expression.  CoAs: Notch co-
activators; CoRs: Notch co-repressors; Nu: Nucleus; Cyt: Cytoplasm; Me: 
Methyl groups.   

 

5.3 P48_Ptch1-/- mice develop normal pancreas 

 

Hh signalling pathway is conserved among species and includes an Hh ligand and an 

Hh receptor. The Ptch1 gene encodes an Hh receptor (33). In this project, we 

analyzed the consequences of a conditional pancreas-specific Ptch1 knockout. P48-

driven, cre-mediated Ptch1 deletion resulted in a significant reduction of pancreatic 

Ptch1wt mRNA levels, which is consistent with the expected Patch deletion in 

pancreatic acinar cells. In support of that, a de novo expression of a cre-mediated 

reporter gene was seen in all pancreatic acinar cells (Figure 4.21). No differences 
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among knockout and wild type animals were seen in pancreas histology, in cell 

proliferation or apoptosis rates. From our data, we postulate that Ptch1 deletion is 

well compensated in exocrine pancreas development.  

 

Global patterning of the gut tube and early pancreatic development requires 

Hedgehog signalling (66, 94). Shh and Ihh expression are repressed at e9.5 in the 

dorsal and ventral pancreatic buds of the developing pancreas (4). The expression of 

the Hh receptor Ptch1 is missing in the pancreas anlage until e13.5 (4). In the adult 

mouse, Ptch1 is primarily expressed in the pancreatic islets and ducts (107). The low 

and delayed Ptch1 expression in pancreatic acinar cells suggests that a 

compensatory mechanism could be involved in exocrine pancreas development 

(107). Our findings support the idea that Ptch1 deletion is well compensated in early 

stages of pancreatic development. We found no morphological differences between 

the adult pancreas extracted from p48_Ptch1-/- and wild type animals. In agreement 

with our findings, the conditional deletion of Hh signalling in pancreatic acinar cells 

through deletion of Smo also showed no difference in pancreas development (143). 

Moreover, despite the significant reduction of Ptch1 RNA expression level in 

p48_Ptch1-/- animals, we found no differences in the expression of the target gene 

Gli1. In agreement with our findings, the conditional deletion of Hh signalling in mice 

through deletion of Smo also showed no differences in the expression of Ptch1 and 

Gli1 in the pancreas (143). These data suggest that an alternative mechanism might 

be involved in the regulation of the Gli1. Recently, KRAS and TGFb have been 

involved in Pancreatic ductal adenocarcinoma (PDAC) tumorigenesis (143). These 

two signalling molecules regulate the Smo-independent expression of Gli target 

genes in mouse PDAC cells. Therefore, the role that these alternative pathways play 

in mouse pancreatic development must be investigated. On the other hand, in mouse 

Gli1, Gli2 and Gli3 show different expression pattern and importance in development. 

In mouse GLI1 is dispensable for normal development (158). However, GLI2 deletion 

is lethal at the embryonic development stage (37, 126) and loss or mutation of GLI3 

leads to limb malformations (6, 184). Despite Gli2 and Gli3 seem to be good 

candidates for a compensatory mechanism; we could not find any significant 

differences in the expression of Gli2, and Gli3 in p48_Ptch1-/- pancreas. One could 

think that the combined deletion of Ptch1 with other transcription factors as Gli2 and 



 Discussion 

 86 

Gli3 could have more severe effects in pancreatic development as Gli1/Gli2 double 

mutants have stronger developmental defects than the single Gli2 mutants (158).   

 

Hedgehog signalling is essential for proper development of the pancreas, stomach 

and spleen (64, 171, 199, 212). Shh-/- and Shh-/-;Ihh+/- mutants have a threefold 

increase in pancreas mass, and a four fold increase in pancreatic endocrine cell 

numbers (66). On the other hand, the overexpression of Shh in a Pdx1-Shh 

transgenic mouse model turn the pancreatic mesoderm into smooth muscle and 

interstitial cells of Cajal, characteristic of the intestine, rather than into pancreatic 

mesenchyme and spleen (4). A possible explanation for the milder phenotype in 

p48_Ptch1-/- animals is that loss of Ptch1 might not increase hedgehog signalling to 

the level observed in Pdx1-Shh transgenic mice. The activity of the hedgehog 

proteins is partially controlled by ligand binding proteins that limit their diffusion (75). 

These binding proteins, including Hhip1 and Ptch1, are transcriptional targets of 

hedgehog signalling and their expression is activated in cells that receive hedgehog 

signals. Hhip1 binds to Hedgehog and modulate the range as well as the level of 

hedgehog (71, 80, 212). In addition to Ptch1, Hhip1 is also expressed in pancreatic 

tissue. Thus, it is likely that loss of Ptch1 function is partially compensated for by the 

remaining function of Hhip1. In fact, loss of Hhip1 in mice results in increased 

hedgehog signalling within the pancreas anlage and showed no signals of pancreas 

morphogenesis, islet formation and endocrine cell proliferation. However, additional 

loss of one Ptch1 allele in Hhip1–/– embryos further impairs pancreatic growth and 

endodermal cell differentiation, demonstrating that Hhip1 and Ptch1 function jointly to 

restrict hedgehog signalling activity during pancreas organogenesis (89). Taken 

together these data indicate that the regulation of Hh signalling in pancreas 

development is complex and suggest that compensatory mechanism for Ptch1 might 

be involved in mice pancreas development. Further studies are required to elucidate 

the molecular mechanism involved in pancreatic development.  
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6.1 RITA project summary 

 

The Notch signalling pathway is highly conserved among species. Notch signalling 

includes Notch receptors and Notch ligands. Upon ligand-activation, the Notch 

receptor undergoes proteolytic cleavage steps, is released into the intracellular 

space, and finally translocates into the nucleus as a transcriptional coactivator 

without any known amplification signal. Once in the nucleus the Notch intracellular 

domain (NICD) heterodimerizes with the DNA binding protein RBP-Jk and induces 

gene transcription by recruiting co-activators. In the absence of Notch activation, 

RBP-Jk commonly recruits transcriptional repressors such as HDACs. In this study 

we characterized the role of RITA in the canonical Notch pathway. Here we 

demonstrated that human, mouse, Xenopus and Tricholplax adhaerens RITA are 

each a highly conserved RBP-J interacting protein. GST-pulldown assay provided 

evidence that the BTD domain of RBP-J is essential for RITA/RBP-J interaction. In 

addition to RBP-J, we showed that in transfected cells RITA colocalizes with a-

tubulin. RITA/a-tubulin interaction was confirmed by GST-pulldown, and thus RITA 

was proposed as a potential scaffold for cytoplasmic RBP-J localization. RITA 

undergoes a rapid nucleo-cytoplasmic shuttling and is involved in the transport of 

RBP-J, however, we showed that RITA does not shuttle Notch from the nucleus to a-

tubulin fibers. Finally, functional assays provide evidence that overexpression of 

RITA suppresses Notch-mediated transcription. We postulate that RITA represents a 

novel, negative regulator of Notch signaling.  

 

6.2 KDM5A project summary 

 

Epigenetics refers to the study of heritable changes in gene expression or a 

phenotype, caused by alternatives mechanisms that do not involve changes in the 

DNA sequence. The regulation of histone tail modifications by acetylation, 

methylation, ubiquitination, sumolation and phophorylation master a variety of cellular 

functions including stem cell maintenance and cellular differentiation. Recently, 

cumulating evidence indicates that specific post-translational histone acetylation and 
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methylation define gene transcription activation or inactivation and represents the 

most common modifications of the histone tails, and have been involved in the 

regulation of Notch target genes. In this study we identified the histone demethylase 

KDM5A as a novel RBP-J interacting protein. Through GST-pulldown assay, carried 

out with the D.melanogaster KDM5A homologue Lid and D.melanogaster RBP-J 

homologue suppressor of hairless (SuH), we showed that KDM5A/RBP-J interaction 

is highly conserved among species. GST-pulldown assay further demonstrated that 

the RBP-J domains NTD and BTD are necessary for KDM5A/RBP-J interaction. 

Finally functional assays showed that KDM5A suppresses Notch-mediated 

transcription. In summary, this study unveils that histone methylation is dynamically 

regulated by Notch signaling 

 

6.3 Ptch1 conditional knock out project summary 

 

The Hh signalling pathway is conserved among species and includes Hh ligands and 

Hh receptors. In D.melanogaster Hh gene encodes an unusual secreted protein, 

however, in mammals Hedgehog family of ligands are represented by three genes 

Desert hedgehog (DHH), Indian hedgehog (IHH) and Sonic Hedgehog (SHH), all of 

them are implicated in development. Once Hh ligands are out of the cell, Hh ligands 

initiate signalling in the target cells by binding a Patched (Ptch) receptor, which 

triggers the intracellular signalling cascade mediated by GLI transcription factors. In 

this project, we analyzed the consequences of a conditional pancreas-specific Ptch1 

knockout. We used the mice strain p48_Ptchflox/flox that produced a truncated Ptch1 

protein in early stages of pancreas development (e9,5). Here we showed by PCR 

and Southern Blot that a P48-driven cre-mediated Ptch1 deletion resulted in a 

significant reduction in pancreatic Ptch1wt mRNA levels, which is consistent with the 

expected Ptch deletion in pancreatic acinar cells. We analyzed the pancreas 

histology, cell proliferation and apoptosis rates by immunohistochemistry, and we 

found no differences between knockout and wild type animal. Finally we studied 

Ptch1 target genes RNA expression, and we found no significant differences among 

knock out and wild type pancreata. From our data, we postulate that Ptch1 deletion is 

well compensated in exocrine pancreas development.  
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