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Abstract

The Id4 protein is a member of a subclass of helix-loop-helix (HLH) proteins,
which are involved in the regulation of transcription as well as cell growth and
differentiation. It has been shown that during mouse development the Id4 is
exclusively expressed to the developing nervous system. In adult tissues, Id4
expression is more widespread and most abundant in brain, kidney and testis. The
Cre/loxP recombination system is a powerful tool that allows in vivo modifications of
genes in a tissue/ time restricted way. This thesis will describe the employment of the
Cre/loxP system, in order to assess the importance of the Id4 protein in the
development and cell lineage specification of the central nervous system in vivo. In
addition, the same system was used to address the question of functional redundancy

of the Id genes by ectopically expressing Id4 in thymocytes in vivo

First, mice carrying a dormant Id4 transgene were characterised. In these mice,
expression of the Id4 transgene is blocked by transcriptional and translation stop
signals (TSS), situated between the promoter and the 1d4 gene. The TSS are flanked

by loxP sites and can be deleted through Cre/loxP mediated recombination.

To activate the dormant Id4 gene specifically in neuronal cells, mice were
generated by Dr Elisa Cinato. These mice express the Cre recombinase in the
developing nervous system and adult brain. Mating of the two transgenic lines
resulted in mice, which overexpressed the Id4 protein specifically in the nervous
system. In these mice, accumulation of neurons and reduction in glial cells in the
cerebral cortex was observed. The shift in the neural cells numbers was accompanied
by proliferation and apoptosis. These results establish the importance of Id4 protein in

neural cell fate determination and differentiation.

Simultaneously, the Id4 transgenic mice were mated with mice expressing the
Cre recombinase in thymocyte specific way. The mice generated from these matings
overexpressed Id4 in thymocytes. This expression resulted in disrupted thymocyte
development and resembled the effect of overexpression of other Id proteins in
thymocytes. Since the Id4 is not normally expressed in thymocyte, our results support

the idea of functional redundancy of the Id genes.
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Id Inhibitors of differentiation and DNA binding
Ig Immunoglobulin

IMDM Iscove's Modified Dulbecco's medium
IPTG B-D-thiogalactopyranoside

LB Luria Bertani medium

Ick Leukocyte kinase

It Litter

m Mili-

i Micro-

M Molarity

NSE Neuron specific enolase

OD Absorbance (Optic Density)

O/N Overnight

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PE Phycoerythrin

PFH Parafolmadehyde

RNase Ribonuclease

pm Rounds per minute

RT-RCP Reverse transcription followed by PCR
RT Room temperature

12



SDS Sodium dodecyl sulphate
SSC Standard saline citrate
SV40 Simian virus 40
Taq DNA Polymerase DNA Polymerase from Thermus aquaticus
TBE Tris-Borate buffer
TBS Tris-buffered saline
TCR T cell receptor
TE Tris-EDTA buffer
TK Thymidine kinase
v/v Volume per volume
w/v Weight per volume
X-gal 5'-bromo-4'-chloro-3'-indolyl-B-D-galactoside
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THE Id PROTEINS
(THE 1d4 PROTEIN)

1.1 INTRODUCTION

The Id4 protein is a member of the Id sub-group of the helix-loop-helix (HLH)
protein family (Murre, Bain et al. 1994; Massari and Murre 2000). The HLH family
contains transcription factors that are involved in regulation of expression of genes
implicated in cell growth and differentiation (Norton, Deed et al. 1998 and reference
therein). These proteins are characterised by the existence of an HLH domain in their

structure.

1.2 MODE OF FUNCTION OF THE Id PROTEINS

Besides the HLH domain, most of the HLH proteins contain an N-terminal
conserved region of basic amino acids (bHLH subgroup) (Murre, Bain et al. 1994;
Massari and Murre 2000). Based on their expression pattern, these proteins are further
divided in the ubiquitously expressed class A and the tissue restricted class B,
(Appendix A). Class A proteins (E12, E47, E2-2, and HEB), also known as E
proteins, are expressed in many tissues and are capable of forming either homo- or
heterodimers (Murre, McCaw et al. 1989). The tissue restricted class B proteins (i.e.
MyoD, NeuroD, etc.) are, with few exceptions, incapable of homodimerisation and
preferentially heterodimerise with the Class A proteins (Murre, McCaw et al. 1989).
The basic regions of the class A/class B heterodimer recognise and bind specific
regulatory elements for the transcription of genes involved in differentiation (E box or
N box) (Figure 1.1), (Murre, McCaw et al. 1989). Thus, heterodimerisation and DNA
binding are essential for the bHLH proteins to exercise their function in the regulation

of gene expression.

In contrast to the other HLH proteins, the Id proteins (Ids) lack the DNA binding
basic region (Benezra, Davis et al. 1990; Benezra, Davis et al. 1990). They function
primarily as dominant negative regulators of the bHLH proteins by preventing them
from binding to DNA (Figurel.1). This is accomplished through the formation of non-
functional heterodimers with bHLH proteins, mainly of the class A type (Sun,

16



+%# 1 %+4  >> /4 ) L "& $ % "H*% %'+ ( H# "#3 %
$%& !"& 2 #1L (O#*!T #%+ 1 "& "$%IM # ( +%$S  %#

L #%& 0 1" $1%#$ (4 "t$ UHOUH3 %# "H U
(0 HIT%IT # . # A %0 %2"$ ! %+4 >> /4

"# "#
o O/O
% $"* | YHE*IT # %+
& % " # ! & "S%!" #

Y%# "# "#3 |

& #
! "& "$%!" #4
(

)%* + / 9 ( ()#*!II # ( ' ! II#$4 / # lllll!ll # ( Ill# Il#3 I5
! I "#$4 Lo 1% " +$ 4

+1 )3 %++ S % *% %'+ ( '"H# "#3 1" %++ *+%$S$ L "#$
$) Pl " % 1%l "# "2" )%+ & &' $ & %5 "#! %+ ( #!"%++5 1"!
*+%$S$ L "% % 1# $ . %#3+%# $0 "# | %+4 >>@N 0 P%S$" 6
"#$1%H* 0 % $ *"%++5 (%2 ) "HL %K1 # (o T N * -
1%$ "# "*%! '5 ,  "& #1$ 1"! (" H1 &"* 4 $$"#3 (! $ &

;0 )L # 1 +0 6# *6 )l &"* * )+ $*) | “7- + 1 %+ &' 5 #"*

%& 10 %" ! %+4 /4



Besides the bHLH proteins, a number of other proteins have been identified, as
partners of the Ids. The pocket proteins pRB, p107 and p130 for instance, have been
found to interact with the I[d2 HLH domain (Iavarone, Garg et al. 1994; Lasorella,
Iavarone et al. 1996). In contrast, Id1 and Id3 do not exhibit the same interaction.
Proteins of the ETS family and the MIDA 1 transcription like factor interact with Id1
(Inoue, Shoji et al. 1999; Yates, Atherton et al. 1999). The Id3 protein has been also
shown to interact with proteins of the ETS family (Yates, Atherton et al. 1999).The

functional significance of these interactions is still under investigation.

1.3 STRUCTURE OF Id GENES

Besides the Id4, three other mammalian members have been identified so far:

Id1, Id2 and Id3. The Id1 was the first to be discovered (Benezra, Davis et al. 1990).

The chromosomal localisation of the Id4 gene in human is in chromosomal
location 6p21.3-22 and in mouse in chromosome 13 (Pagliuca, Bartoli et al. 1995;
Mantani, Hernandez et al. 1998; van Cruchten, Cinato et al. 1998). The chromosomal
localisation of the other Id members in human and mouse are depicted in Appendix A.
In addition, homologues in other species, such as Drosophila melanogaster, (Ellis,
Spann et al. 1990), Xenopus laevis, (Wilson and Mohun 1995), Cynops pyrrhogaster,
(Shimizu-Nishikawa, Tazawa et al. 1999), zebrafish (Sawai and Campos-Ortega
1997) and trout (Rescan 1997), have been documented.

All four mammalian genes share a similar genomic organisation (three exons and
similar exon/intron structure), indicative of evolution from a common ancestor (Deed,
Hirose et al. 1994). It has been suggested that the common ancestor of the Id gene had
a DNA binding region, which was lost during evolution (Atchley and Fitch 1997).
Alternative reading frames encoding for proteins of different sizes have been
identified for genes Id1 and Id3 (Hara, Yamaguchi et al. 1994; Deed, Jasiok et al.
1996; Nehlin, Hara et al. 1997). These products appear to have attenuated
heterodimerisation properties (Deed, Jasiok et al. 1996). Moreover, a possible product
from a human Id2 pseudogene has also been reported (Kurabayashi, Jeyaseelan et al.

1993).

The Id4 gene gives rise to four transcripts of different sizes, due to differential
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polyadenylation (Riechmann, van Criichten et al. 1994; van Cruchten, Cinato et al.
1998). These transcripts seem to encode a single protein (van Cruchten, Cinato et al.
1998). Transcription of the Id4 gene is initiated in a region 300 bp up-steam of the
start ATG codon (van Cruchten, Cinato et al. 1998). Multiple transcriptional start sites
are used probably due to the lack of TATA box and the presence of GC rich regions
(van Cruchten, Cinato et al. 1998). The Id4 gene regulatory elements also contain
putative binding sites for the SP1 and Erg-1 proteins (van Cruchten, Cinato et al.
1998). In line to this, Pagliuca and co-workers, (1998) have shown that the human Id4
promoter is negatively regulated by proteins of the SP family (Pagliuca, Cannada-
Bartoli et al. 1998). These data suggest a functional role for these proteins in Id4 gene

regulation.

14 STRUCTURE OF THE Id PROTEINS

The Id proteins have relatively a small size of 13-20 KDa. The Id4 protein size is
16 KDa. Apart from the highly conserved HLH domain, they share five other areas of
homology (Figure 1.2), (Norton, Deed et al. 1998). These may possibly represent

areas of additional functional significance.

The HLH domain consists of two amphipathic helices separated by an
intervening loop of variable size. From analysis of a three-dimensional homology
model, constructed for the HLH domain of human Id3, it was deduced that Id proteins
are able to dimerize without DNA stabilisation (Wibley, Deed et al. 1996). This
prediction was also confirmed by in vitro protein-binding experiments (Wibley, Deed
et al. 1996). In addition, a similar model of the Id1 protein revealed a possible site of
charge-charge repulsion in the hypothetical Id1 homodimer. That might explain the
preference of Id proteins to form heterodimers rather than homodimers (Wibley, Deed
et al. 1996).

The necessity of the HLH domain for dimerisation was illustrated in experiments
by Pesce et al (1993). These investigators also established that two aminoacids at the
end of the loop are essential for its activity, most likely by defining the
heterodimerisation partners (Pesce and Benezra 1993). More recently, the HLH
domain was additionally found to be required for the trans-activation activity,

observed when Ids were fused to the GAL4 DNA-binding domain (Bounpheng,
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In other tissues, Id4 is present at very low levels or absent. Interestingly, no
expression of Id4 has been reported in the mouse haematopoietic and lymphoid
systems, where the other Id genes are predominately expressed in a stage specific
manner (Cooper, Brady et al. 1997). In human, however, medium to low levels of
expression have been observed in tissues, such as the spleen and lymph nodes, where

mature haematopoietic cells reside (van Cruchten, Cinato et al. 1998).

1.5.1 Expression in the central nervous system

All Id proteins are expressed in the nervous system during mouse development.
Each of these has a unique pattern of expression, but as a rule, they are all found in
proliferating neural precursors or presumptive neurons (a detailed account of their
sites of expression is provided in Table 1.1). Most of the data are based on RNA

detection studies, such as Northern and in situ RNA hybridisation.

Weak Id4 transcripts appear first around day 9.5 days post coitus, (dpc). In the
following days, expression is upregulated and at 12.5 dpc is distinctive of some areas
of the brain (An account of the areas of the developing and adult brain is presented in
Appendix A). More specifically, Id4 is found in the parietal and frontal ventricular
zone of the lateral ventricle, the epithalamus and thalamus, serotonergic nuclear
complex, pre-, supra- and post-optic areas and optic recess. Lower levels of
expression are also detected in the superior cerebellar penduncle, the pontine flexure,
the pyramidal tract and the medulla. Id4 positive signals are also found in the spinal
cord, but not in the mesencephalon or the metencephalon (Riechmann, van Criichten
et al. 1994; Riechmann and Sablitzky 1995; Jen, Manova et al. 1996; Jen, Manova et
al. 1997).

Later, at day 14.5 the expression pattern is similar to the one at 12.5 dpc. In
addition, Id4 expression is now detected in the mesencephalon and metencephalon.

The spinal root ganglia and the fifth cranial nerves also show some weak expression.
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Interestingly, Id4 expression is detected not only in proliferating cells, but also in
‘postmitotic nuclei that have initiated differentiation. The expression pattern is similar
at later stages (Riechmann, van Criichten et al. 1994; Riechmann and Sablitzky 1995;
Jen, Manova et al. 1996; Jen, Manova et al. 1997).

After birth, at post-natal (P) day 0.5 strong Id4 specific signals are detected in the
thalamus, ependyma and trigeminal ganglion. Some expression is also found in the
Purkinje cells of the cerebellum and the cortex. In adult brain Purkinje cells of the
cerebellum and few cells in the neocortex still express Id4, but the hybridisation

signal seems to be lost form the other areas (Andres-Barquin, Hernandez et al. 2000).

Interestingly, Id4 expression is detected not only in proliferating cells, but also in
postmitotic nuclei that have initiated differentiation. The expression pattern is similar
at later stages (Riechmann, van Criichten et al. 1994; Riechmann and Sablitzky 1995;
Jen, Manova et al. 1996; Jen, Manova et al. 1997). After birth, at post-natal (P) day
0.5 strong Id4 specific signals are detected in the thalamus, ependyma and trigeminal
ganglion. Some expression is also found in the Purkinje cells of the cerebellum and
the cortex. In adult brain Purkinje cells of the cerebellum and few cells in the
neocortex still express Id4, but the hybridisation signal seems to be lost form the other

areas (Andres-Barquin, Hernandez et al. 2000).

It appears that the Id4 and Id3 genes have mutually exclusive patterns of
expression during embryogenesis (Riechmann and Sablitzky 1995). For instance, at
stage 12.5 dpc of development Id4, but not Id3, is expressed in the serotonergic
nuclear complex, optic areas, cerebellar pendulle, pontine flexure and pyramidal
tracts. Conversely, Id3 is expressed in the ventricular zone of the 4™ ventricle,
chorioid plexus, the developing pons and tectum, where 1d4 is undetectable. Id3 and
Id1 are only expressed in proliferating neural precursors. In contrast, Id4 along with
Id2 are also expressed in postmitotic presumptive neurons that are differentiating (Jen,
Manova et al. 1996). Moreover, Id2 and Id4 are the only proteins still, present in the
adult brain (Andres-Barquin, Hernandez et al. 2000).

Recent studies have documented the expression of Id genes in glial cells.
Analysis in cultured Schwann cells (glial cell type found in the peripheral nervous

system) showed expression of all four Id genes in precursors and mature cells. In the



precursors, Id2 and Id4 were localised in the nuclei, whereas Id1 and Id3 in the
cytoplasm. In contrast, in mature cells, only Id4 had nuclear localisation (Stewart,

Zoidl et al. 1997; Thatikunta, Qin et al. 1999).

Similarly, Id1-Id4 were all detected in cultured astrocytes (Tzeng and de Vellis
1997). In primary astrocyte cultures derived from different areas of the mouse brain,
Id genes are expressed at variable levels. Id4 was highly expressed in cultures
generated from forebrain, cerebellum and quadrigeminal bodies (Andres-Barquin,
Hérnandez et al. 1998). Finally, Id2 and Id4 are expressed in oligodendrocyte
precursors. Moreover, Kondo and co-workers, (2000) showed that 1d4 expression is
present in rat oligodendrocyte precursors, but decreases with cell differentiation
(Kondo and Raff 2000).

1.6 FUNCTIONAL ROLE OF Id PROTEINS

1.6.1 Id proteins in development

The first evidence for the role of Id proteins in differentiation came from studies
in Drosophila. Multiple analysis with gain and loss of function mutations of the
- Drosophila 1d homologue, emc, revealed its role as a dominant negative regulator of
neurogenesis and sex determination (reviewed in Jan et al, 1993; Lee et al, 1997).
More precisely, in the sensory organs of Drosophila, a very sensitive balance is
established between the bHLH proteins encoded by the ubiquitous expressed
ddughterless gene, the specific gene complex achaete-scute and the emc, for normal
neurogenesis to proceed. Low levels of emc lead to inappropriate appearance of
sensory organs. Overexpression of emc on the contrary, prevents interaction between
the bHLH proteins and prevents organ formation. A similar situation is involved in

sexual differentiation (Murre, Bain et al. 1994).

In mammals, the function of the Id proteins, as inhibitors of differentiation, has
been established in a variety of in vitro experiments, in which overexpression of any
of Id1-Id3 proteins in cultured cells inhibited their differentiation (reviewed in
Norton, Deed et al, 1998). Indirect evidence was also derived by experiments with
bHLH proteins (Appendix A). E2A deficient mice for example, die before birth, due
to a variety of developmental defects (Bain, Engel et al. 1997; Yan, Young et al.
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1997). However in E2A/Id1 double knockout mice, there is a rescue in phenotype,

suggesting that a partial reason for the defects is increased levels of Id1 protein.

Analysis of mice deficient in any of the Id proteins did not reveal any major
developmental defect. This is probably due to functional redundancy between the
different Id proteins. Nevertheless, in double knockout mice the situation is different.
Id1/1d3 deficient mice are not viable and die at 12.5 dpc of embryogenesis with severe
brain haemorrhages (Lyden, Young et al. 1999). These mice show brain
developmental defects (discussed more in detail below) and additional problems in
vascular formation (angiogenesis). Interestingly, mice bearing only one Id1 allele and
none of the Id3 alleles functional (Id1*/1d3”) appeared to have increased endurance
in tumour xenografts due to inefficient tumour vascularisation (Lyden, Young et al.

1999).
1.6.2 Id proteins in cell cycle and apoptosis

1.6.2.1 Id proteins in cell cycle

Given the strong relationship between cell proliferation and cell growth, a
positive role for Id proteins in cell cycle progression has also been identified (for an
overview see Figure 1.4 (Norton and Atherton 1998)). Initial in vitro experiments
showed a role for Id1, Id2 and Id3 in enhancing progression of cells from G1 to S
phase (Barone, Pepperkok et al. 1994; lavarone, Garg et al. 1994). The Id genes’
expression pattern, after mitogen stimulation of cells in vitro, indicates an immediate
response. Yates et al, 1999, have recently documented that Id proteins are capable of
interacting with ternary complex factors (TCFs). This interaction inhibits upregulation
by the TCFs of early response genes such as c-fos and erg-1 (Yates, Atherton et al.
1999).

In addition, Id2 in vitro expression was able to reverse the inhibition of cellular
proliferation and the block in cell cycle progression mediated by the product of the
retinoblastoma tumour suppresser gene pRB (lavarone, Garg et al. 1994). These
experiments suggested that the block happened through an interaction between the
pocket domain or RB and the HLH domain of Id2. Interactions between Id2 and other

pocket proteins (p107 and p130) have also been documented (Lasorella, Iavarone et
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al. 1996). Contrary to this, Id1 and Id3 do not seem to interact with any of these

proteins (Lasorella, Iavarone et al. 1996).

In parallel, Id1 overexpression in NIH3T3 cells accelerated cell growth by
inhibiting E2A regulated expression of p21 (Prabhu, Ignatova et al. 1997). The
protein p21 is involved in negative regulation of pRB phosphorylation, which is

essential for activation of genes required for progression into S phase.

It seems that phosphorylation of Id proteins, is also involved in this mechanism.
Id2 and Id3 are all phosphorylated during late G1l/early S phase (Deed, Hara et al.
1997; Hara, Hall et al. 1997). Moreover, phosphorylation mutants of Id3 protein show
altered properties for cell cycle progression (Deed, Hara et al. 1997).

In addition, interaction with a novel cell growth promoting protein MIDA1 has
been discovered for Idl. It is speculated that MIDA1 may act as a mediator of the
growth-promoting function of Id1 (Inoue, Shoji et al. 1999).

Finally, very recent evidence has been provided for the role of Id4 protein as a
cellular timer involved in the regulation of timing of cell cycle withdrawal and

initiation of differentiation (Kondo and Raff, 2000, see more details below).
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1.6.2.2 |d proteins and apoptosis

Many independent studies suggest a pro-apoptotic role for the Id proteins
(reviewed in Norton, Deed et al, 1998). Atherton et al, 1998 were the first to
demonstrate a positive effect of the Id3 protein in cell cycle progression. In particular
they showed that ectopic expression of the Id3 gene in cultured C2C12 myoblasts
resulted in an enhanced proliferative capacity associated with a delay in exit from the
cell cycle (Atherton, Travers et al. 1996). In rat 3Y1 derivative cell lines for instance,
enforced expression of any of Id1, Id2 or Id3 also resulted in accumulation of cells in
S phase and apoptosis before entrance into G2 phase (Nakajima, Yageta et al. 1998).
Increased apoptosis was also observed in neonatal cardiac myocytes after infection
with Id1 expressing vector (Tanaka, Pracyk et al. 1998). In contrast, expression of Id1
in endothelial cells, vascular smooth muscle cells, or fibroblasts did not affect the
viability of these cells (Tanaka, Pracyk et al. 1998). In addition, thymocyte specific
expression of the Id1 protein in mice increased levels of apoptotic cells during T cell
development (Kim, Peng et al. 1999). More recently, treatment with trichostatin A
(TSA), an inhibitor of histone deacetylases in lung adenocarcinoma cells showed
upregulation of mainly Id2 but also Id1 and Id3 genes. The upregulation was
associated with increased susceptibility of these cells to programmed cell death
(apoptosis) (Eickhoff, Ruller et al. 2000). Interestingly, 1d2 pro-apoptotic function has
been assigned in an area outside the HLH domain. This area resides in the N-terminal
region and is involved in upregulation of pro-apoptotic proteins (Florio, Hernandez et
al. 1998).

1.6.3 Id proteins in tumorigenesis

The Id proteins are also involved in tumour formation. Expression of Id genes is
highly upregulated in a variety of human cancers, (reviewed in Israel, 1999). Enforced
expression of Id genes is capable of immortalising cell lines or inducing them to
exhibit tumourigenic phenotype (Alani, Hasskarl et al. 1999; Janatpour, McMaster et
al. 2000).

It has already been mentioned that mice deficient for Id3 and with only one

functional allele for Id1 exhibit reduced capacity for tumour formation, because of
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deficiencies in tumour angiogenesis (Lyden, Young et al. 1999). In line to this, a role
was assigned to Idl in human breast cancer cells (Desprez, Lin et al. 1998; Lin,
Parrinello et al. 1999). In these studies, it was observed that aggressive and metastatic
breast cancer cells have deregulated Id1 levels. Enforced expression of Id1 enhanced
the aggressive phenotype, while treatment with Idl antisense oligonucleotides
(reduction of Id1 levels) reduced the ability of estrogen to stimulate cell proliferation
(Lin, Singh et al. 2000). These results strongly suggest a role, for Id1 at least, in
tumour progression and development. An association between the Id1, Id2 and Id3
and Bone morphogenic protein 2 (BMP-2) gene expression in the breast cancer cell

line MCF-7 has also been reported recently (Clement, Marr et al. 2000).

1.7 SUMMARY

In brief, Id proteins are negative regulators of transcription factors and they are
involved in cell growth and differentiation in multiple ways. The Id1, Id2 and Id3
proteins have been studied extensively. However little analysis has been conducted on
the Id4. Given its intriguing unique expression in the developing nervous system, it
would be of interest to address its role in this system. In addition, it would be
constructive to establish if Id4 is also involved in functions where the other Id

proteins have been well known to contribute, such as the lymphoid system.



BIOLOGY OF THE NERVOUS AND THE
LYMPHOID SYSTEM

1.8 THE NERVOUS SYSTEM

1.8.1 Cell types in the nervous system

The nervous system consists of cells, whose main functional property is the
transfer of information between the body and the processing centre: the brain. The
specificity in the function of neural cells directs the specificity in their morphology
and structure. There are two main types of neural cells; the neurons and the glia. The
neurons constitute the basic functional units of the nervous system. They transfer
information from and to the brain. The neurons are morphologically a very diverse

population.

The glial cells represent the majority of cells in the nervous system (8-10X more
than neurons) and their primary function is to provide support and nourishment in the
neurons (Van Wynsberghe, Noback et al. 1995). They are further divided in three
categories the microglia, the oligodendrocytes and the astrocytes (Compston, Zajicek
et al. 1997).

1.8.2 Cell lineage and histogenesis of the nervous system

The origins of most of the cells found in the nervous system can be traced in the
multipotential stem cells (Figure 1.5). These cells proliferate very actively and
gradually give rise to the neural precursors. These precursors have the capacity to

develop in either neuronal or glial progenitor cells (Walsh and Cepko 1990).

The neuronal precursors maturate to give neuroblasts (cells undergoing mitosis,
which begin to produce cell processes that will ultimately become axons and
dendrites). The earlier neuroblasts are bipolar (contain two processes at the opposite
direction). Eventually, they develop many processes (multipolar), which contain
accumulations of masses of rough endoplasmatic reticulum in their cytoplasm. At this

point, the cells start to make connections with other neurons or organs.
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The glial progenitors also undergo mitosis and their progeny splits in the
oligodendrocytes, the astrocytes and the radial glial precursors (Debbage 1986; Noble,
Fok-Seang et al. 1990). Each of these precursors gradually gives rise to
oligodendrocytes, astrocytes and special glial cells (e.g Bergmann cells, Muller cells)
respectively (Van Wynsberghe, Noback et al. 1995). The microglia do not originate
from those glial progenitors, but they are mesodermally derived cells that migrate to

the brain through the blood vessels.

1.8.3 Id proteins and the nervous system

Given the interesting expression pattern of Id proteins in the nervous system,
many efforts have focused on the elucidation of their functional significance in
nervous system development and physiology (reviewed in Andres-Barquin et al,
2000). Most of these studies have focused on the regulation of Id expression in
neuronal cell lines. Id2 expression analysis in a variety of neuroblastoma cell lines
showed divergent results. For example, Id2 expression was downregulated upon
differentiation in NG108 neuroblastoma-glioma cells, whereas no change was
detectable in the N18 neuroblastoma or PCC?7 teratocarcinoma cells (Neuman, Keen

et al. 1993).

In rat PC12 cells, upon induction of differentiation with nerve growth factor
(NGF) treatment, all three Id1, Id2 and Id3 gene transcripts initially increased and
then decreased (Nagata and Todokoro 1994). When NGF was blocked with the DNA
methyltransferase inhibitor 5-azacytidine, no decrease in the Id levels was observed
(Persengiev and Kilpatrick 1997). These results strongly suggest not only that Id
proteins are downstream targets of NGF during neuronal differentiation, but also that
DNA methylation is involved in the process. A role for phosphorylation has also been
suggested for modulation of Id function during neuronal differentiation (Nagata, Shoji
et al. 1995).

More extensive analysis has been conducted for the Id4 protein's role in glial cell
cultures. In differentiating astrocyte cultures, activation of the cAMP-dependent
pathway, (a pathway involved in astrocyte differentiation) inhibited expression of the

Id4, but not the other Id genes (Andres-Barquin, Hernandez et al. 1999). This strongly



proposes a role for Id4 in astrocyte differentiation. In an astrocyte cell line,
overexpression of Id4 resulted in apoptosis (Andres-Barquin, Hernandez et al. 1998).
Moreover, levels of Id4 were decreased after astrogliosis by mechanical injury in
cultured forebrain astrocytes (Andres-Barquin, Hernandez et al. 1998). In contrast, the

other Id levels remained the same.

Recently, light was shed on the role of Id4 in oligodendrocyte differentiation.
Levels of Id4 decreased as cells differentiated in culture. In addition, induction of
premature differentiation by withdrawal of PDGF (Platelet Derived Growth Factor)
resulted in premature decrease in the Id4 levels. Accordingly, overexpression of Id4
inhibited differentiation and promoted cell proliferation. These results indicate that
the decrease in Id4 expression is part of a timing mechanism, which determines when
the cell will withdraw from cell cycle and start differentiating. (Kondo and Raff
2000).

Despite the extensive analysis of the Id proteins in vitro, limited data from in vivo
models are available. In the avian system, enforced expression of Id2 in ectodermal
precursors, (cells that have the potential to give rise epidermal or neural tissues),
resulted in increased proliferation. In addition, it acted as switch in ectodermal
precursors towards neurogenic fate, rather than becoming epidermal tissue (Martinsen
and Bronner-Fraser 1998). Premature neurogenesis was also observed in the 1d1/1d3
double knockout mice. In these mice, reduced proliferation of the neural precursors
and premature appearance of neuron markers was observed (Lyden, Young et al.

1999).

1.9 THE LYMPHOID SYSTEM

1.9.1 The T cell compartment of the immune system.

The immune system's main role is to protect the organism from pathogens (any
organism or component that can cause disease). The immune system responds to the
pathogen through a variety of cells. These cells are divided in the lymphoid lineage
and the myeloid lineage. Cells of the first category recognise antigens (specific
molecules on the pathogens), whereas cells of the latter internalise the pathogens and

degrade them. The cells of the lymphoid lineage appear as two major types: the B



cells and the T cells.

The B cells encode cell surface receptors that recognise specific antigens. Once
the B cells encounter the antigens, they are activated and start to secrete these receptor
molecules (antibodies). The antibodies bind to the antigen and initiate an immune

reaction (Janeway and Travers 1996)

The T cells are subdivided in various groups (Janeway and Travers 1996). One
group for instance interacts with the B cells and helps them to initiate the
immunological reaction (T helper cells). Another group interacts with cells of the
myeloid system and assists in the destruction of the pathogens (Janeway and Travers
1996). In addition, a group of T cells (T cytotoxic cells) protects the organism from
viruses by destroying the cells that host these pathogens. In all groups, the recognition
of the antigen is important for the T cell function. This is achieved by a specific T cell
receptor, which associates with surface cell markers on host cells (Class I MHC or

Class II MHC cell markers) (Janeway and Travers 1996).

In mammals, T cells maturate in the thymus and then they migrate in organs in

the periphery, such as the spleen and the lymph nodes.

1.9.2 Lymphoid system organs

1.9.2.1 Thymus

The thymus is an organ, which consists of two lobes. Each lobe is further divided
in smaller lobules, which are separated by connective tissue. Each lobule is divided in
the outer cortex and the inner medulla. The cortex is the area, where the early
thymocytes precursors reside, whereas the medulla is the area where more mature T

cells are found (Janeway and Travers 1996; Roit, Brostoff et al. 1996).

19.22 Spleen

The spleen consists of distinct areas: the red pulp, where blood cells,
macrophages and other cells of myeloid origin lie and the white pulp, which consists
of lymphoid cells (Martihn A. Nolte 2000). The white pulp is divided in the germinal

follicles, where B cells are found and a central artery that is surrounded mostly by T



cells (periarteriolar sheaths). The whole area is surrounded by a marginal zone, where

a mixture of T cells and other types of cells are observed (Martihn A. Nolte 2000).

1.9.3 Thymocyte development

Foetal haematopoietic precursors colonise the foetal thymus between 10.5-11.5
dpc of mouse development (Zuniga-Pflucker and Lenardo 1996). These precursors
originate from the foetal liver or of the first wave of multipotential stem cells, which
emerge at gestation day 9.5 from the aorta-gonad mesonephros region. For the rest of
gestation, the liver is the source of precursors, until around 16.5 dpc when the bone
marrow is established as the primary site of haematopoietic activity. From then on and
for the rest of adult life all the precursors that colonise the thymus are derived from
the bone marrow. At 11.5 dpc in the foetal thymus, the most immature precursors
resemble phenotypically and functionally in the Haematopoietic stem cells (HSCs-
cells that have the potential to become either myeloid or lymphoid cells). The
potential for the myeloid lineage is lost and not detectable by day 12.5-13.5 of
gestation. An overview of the lymphoid lineage development is depicted in Figure
1.6.

The multipotential precursor cells are becoming committed to specific cell fate
gradually. This process can be monitored by the detection of cell surface proteins that
are specifically expressed at certain stages of development (Rothenberg 2000). The
early precursors express the CD44 and CD25 markers and are negative for both the
CD4 and CDS8 markers (DN stage). At the next stage, the cells become double
positive for both the CD4 and CD8 (DP stage).
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corresponding gene segments (MacDonald and Wilson 1998). Presumably progenitor
cells split into two lineages, depending on whether the y silencer is switched on or
not. In mouse unlike the human the y§ TCR" cells predominate in association with
epithelial tissue (Roit, Brostoff et al. 1996). The first wave of foetal ¥& TCR" cells
expresses the same V genes and colonises the skin. The second wave uses the same &
gene combination but different y V-J pair and they seed the female reproductive
organs. In the adult, there is more receptor diversity and they colonise the intestine,

spleen, lymph nodes and blood (Roit, Brostoff et al. 1996).

The aff TCR" cells begin to appear just before birth (18.5 dpc). For the of
receptor, the development occurs as follows: The VP is first rearranged in the DN
cells and associates as B homodimer with the CD3 cell marker. These cells are
positively being selected in contrary with the unrearranged prothymocytes. Then the
cells are driven to the double positive stage, and another round of selection takes

place, until finally the mature oy TCR" arise (MacDonald and Wilson 1998).

1.9.4 Id proteins and lymphoid lineage specification

An extensive analysis of the Id1, Id2 and Id3 proteins role in thymocyte and B

cell development has been conducted.

Mice overexpressing Id1 specifically in the B cell compartment appear to have a
developmental stop at an early stage (Sun 1994). In human B cells, overexpression of
Id3, using a retroviral vector system in foetal liver precursors, inhibited the precursors
to become B cells, but not myeloid cells (Jaleco, Stegmann et al. 1999). Moreover,
Id3 expressing precursors exhibited a tendency to become NK cells when cultured in

appropriate conditions (Jaleco, Stegmann et al. 1999).

B cell deficiency was also observed in the Id3 knockout mice. These mice
showed impaired humoral immune responses, mainly due to reduced proliferation and

limited activation of B cells after stimulation (Pan, Sato et al. 1999).

The Id proteins are heavily implicated in T cell differentiation and lineage
specification. Overexpression of Id3 in bipotential T/NK human precursors for

instance, influenced their lineage specification capacity (Heemskerk, Blom et al.
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1997). As a rule, these cells primarily become T cells in the human thymus. However,
overexpression of Id3 blocked their development into T cells and favoured
development into NK cells. In addition, overexpression of Id3 at later stages of
development influenced the development of the o8 TCR" cells (Blom, Heemskerk et
al. 1999).

Mice overexpressing the Id1 protein specifically in thymocytes as well appeared
to have reduced numbers of mature thymocytes, due to massive apoptosis during
development (Kim, Peng et al. 1999). Despite the apoptosis, these mice developed T
cell lymphomas later in life (Kim, Peng et al. 1999). Lymphomas also appeared in
mice that overexpressed Id2 specifically in the thymocytes (Morrow, Mayer et al.
1999). An early developmental block at stage CD4 CD8 TCR™ was observed in these
mice (Morrow, Mayer et al. 1999). Id2 is also implicated in NK cells development.
Id2 deficient mice had reduced numbers of NK cells (Yokota, Mansouri et al. 1999).
This is probably due to a role of Id2 in NK precursor cells differentiation (Yokota,
Mansouri et al. 1999).

The above data are also supported by analysis of the Id major partners, bHLH
gene products, in B and T cells. For example, mice lacking the E47 bHLH protein had
more mature CD4" and CD8" T cells (Bain, Quong et al. 1999). A similar result was

obtained by overexpression of its inhibitor, Id3. (Bain, Quong et al. 1999).

All these findings collectively, establish a role for Id1, Id2, and Id3 in lymphoid
system development and lineage commitment. It is speculated that the three have a
partially overlapping but complementary role during lymphopoiesis. Whether Id4 has

a similar role remains to be tested.
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CRE-LOXP RECOMBINATION SYSTEM

1.10 INTRODUCTION

The potential to effectively manipulate the mouse genome, by introducing loss or
gain of function mutations, is the basis of current efforts to gain insight into the
function of mammalian genes. In the past, assignment of gene function was based on
defective phenotypes and random discovery of mutations (phenotype-based:
phenotype- discovery of gene and mutation- assignment of gene function). For at least
a decade however, gene targeting and transgenesis technology transformed this
process by permitting the production of irreversible changes in almost any gene
desired. Nowadays, the favoured approach for functional gene analysis is gene based
(identification of gene- introduction of mutation- phenotype- assignment of gene
function). This technology together with other advancements, such as the Mouse
Genome Project, provide a powerful tool for better understanding of the mammalian

genetic make up and function.

Indeed, there are many examples where gene targeting and transgenesis have
assisted in elucidating the role of genes involved in a variety of developmental and
physiological processes (Mullins, Morley et al. 1996; Mayford, Mansuy et al. 1997,
Gao, Kemper et al. 1999; Muller 1999). Despite their importance however, these
approaches are not ideal yet. One drawback for example, is that the introduced
mutations occur throughout ontogeny (formation of an organism) and in every tissue.
This denotes that compensation with other genes during development may hide the
gene’s effect and lead to an unaltered phenotype. Alternatively, changes in the
regulation of other genes are likely to give a misleading or too complex phenotype.
Mutation of a gene throughout development may as well cause embryonic lethality
and thus analysis of the effect of the mutation at later stages of development can not

be performed.

It has been made clear through the years therefore, that a more strict temporal
and/ or spatial control over the introduction of mutations is necessary for an in depth
analysis of gene function. One possibility for further manipulation of the introduced
DNA is by including targets for site specific recombinases in the experimental

strategy. So far, two recombinases have been used successfully for conditional
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mutagenesis of genes. These are the FLP recombinase from the yeast Saccaromyces
cerevisiae and the Cre recombinase from the bacteriophage P1 (Abremski and Hoess
1984). Cre recombinase is more efficient than FLP in vivo, consequently is more

widely used for genetic manipulation in animal models.

1.11 CRE RECOMBINASE

1.11.1 Properties and molecular structure

Cre recombinase is a 35-38 kDa bacteriophage P1 encoded protein (Abremski,
Hoess et al. 1983; Abremski and Hoess 1984). It belongs to the integrase protein
family, which consists of site-specific recombinases, involved in the integration and
excision of the bacteriophage genome during its life cycle. In particular, Cre
recombinases natural function is to disengage bacteriophage dimmers following
replication and thus to maintain the phage genome as a monomeric plasmid during the

lysogenic state (Sternberg, Hamilton et al. 1981; Abremski, Hoess et al. 1983).

The Cre recombinase protein contains two primarily helical domains (Guo,
Gopaul et al. 1997). The N-terminal domain consists of five helical segments
connected by a short loop. On the other hand, the C terminal domain forms a  sheet

packed against an area of nine helical domains (Guo, Gopaul et al. 1997).

1.11.2 Recombination mechanism

The Cre recombinase recognises repeats of a 34 bp DNA sequence, called loxP
sites (Hoess, Ziese et al. 1982). Each loxP site consists of two 13 bp palindromic
sequences separated by a core spacer sequence of 8 bp (Figure 1.7 C). The inverted
repeats comprise the recombinase binding sites, whereas the spacer region is where
cleavage and ligation occur (Hoess, Ziese et al. 1982; Hoess and Abremski 1984). An
important feature of the loxP sites is that they are relatively small (thus easy to
manipulate) and at the same time long enough to be unique. The possibility of random
occurrence of 34bp specific repeats in the eukaryotic genome is very unlikely (10,
Some cryptic loxP sites that recombine with low efficiency have been reported to
exist in the yeast and human genome (Sauer 1992; Thyagarajan, Guimaraes et al.

2000), but no such sites have been found in the mouse. This ensures that Cre mediated
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In all cases, the reaction takes place with no ATP or topoisomerase activity, or
any other additional cofactors or sequence elements (Abremski et al, 1984). In
addition, the reaction is independent of the mitotic stage of the cells, since Cre
mediated recombination has been shown to occur in highly differentiated postmitotic

cells (Adams, Bliska et al. 1992; Agah, Frenkel et al. 1997).

Recently, new information has been obtained about the molecular mechanism of
the Cre mediated recombination reaction (Figure 1.8). According to the proposed
model, Cre recombinase binds to the recognition sites by forming a C shaped clamp
around the DNA duplex (Gopaul and Duyne 1999). Two molecules of Cre protein are
bound per loxP site (each of them contacts 13 bp the palindromic sequence and 2 bp
of the core region) (Mack, Sauer et al. 1992). Both the N terminal and the C terminal
are involved in the binding, while there is supportive evidence that the DNA substrate
also contributes to the mechanistic course of the reaction (Guo, Gopaul et al. 1999)

(Lee and Saito 1998).

These Cre/DNA arm complexes form a pseudo-fourfold symmetric tetramer,
through an extensive network of protein-protein interactions. The site-specific
recombination takes place by stepwise cleavage and exchange of each strand in the
DNA substrate. At first, conserved tyrosine residues from the protein, cleave the DNA
by forming transient 3' phospho-tyrosine linkages and creating free 5' hydroxyl
groups. Intermolecular attack from these 5' hydroxyl groups to the phospho-tyrosine
bonds results in the transient formation of a Holliday Junction and the exchange of the
first pair of DNA strands. Another round of the same process generated the complete

recombinant products (Gopaul, Guo et al. 1998; Gopaul and Duyne 1999).

Further support for this mechanism is provided by studies in other integrases
(Guo, Gopaul et al. 1999). However, some aspects of the model have not yet been
fully elucidated. For example, it is not yet well established, whether the Cre molecule
that donates the aminoacid is bound immediately adjacent to the site of cleavage (cis)

or the tyrosine donor lies somewhere else in the synaptic complex (trans).

So far, evidence from two independent investigators supports both models (Guo,

Gopaul et al. 1997; Shaikh and Sadowski 1997).
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1.12 CRE RECOMBINATION SYSTEM APPLICATIONS

1.12.1 Gene targeting

One of the most widespread uses of the site-specific recombination system is in
gene targeting strategies. Using homologous recombination specific, genes are
targeted in embryonic stem (ES) cells. These cells can later be used for the generation

of mice lacking the gene targeted (gene knockout) (Muller 1999).

In addition to the alteration introduced in the genome, it is essential for a
selectable marker gene to be co-introduced. The product of the marker gene is used
for the identification of the targeted ES cells. However, this marker gene can and
often does interfere with gene expression of the targeted gene, as well as with
neighbouring genes (Fiering, Epner et al. 1995; Fiering, Bender et al. 1999). It has
been reported for instance, that introduction of a neomycin resistance gene (neo), as a
selection marker in a knockout strategy, reduced the expression of the targeted gene at
variable levels (Nagy, Moens et al. 1998). This usually means that hypomorphic
alleles of the targeted gene are created, which do not abolish its expression
completely, as required. Cre recombinase can help to overcome this problem. All that
is required is the incorporation of loxP sites flaking the selectable marker in the
targeting vector. After incorporation of the vector in ES cells and selection of the
targeted clones, transient expression of Cre protein removes the marker leaving a loxP
site behind (Figure 1.9 A). This loxP site does not seem to have any effect in the

expression of the gene of interest or its neighbours.

Simultaneously, this method permits the use of the hypomorphic alleles,
generated by the presence of the marker, in a constructive way. Using different
breeding schemes and expression of the Cre recombinase, mice bearing a combination
of such an hypomorphic allele with null or wild type allele can give rise to lines with
variable levels of the targeted expression. The importance of such an analysis is
exemplified in the case of N-myc gene (Nagy, Moens et al. 1998). Null mutations of
this gene are embryonic lethal. By employing the above strategy, Nagy and co-
workers managed to generate mice with reduced levels of expression of N-myc. These
mice were viable and their analysis revealed a role of N-myc in the development of a

variety of tissues, such as the lung, heart and skeleton. Furthermore, in mice carrying
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the hypomorphic alleles Cre expression could excise the neo marker, reconstituting
normal levels of gene expression. This conversion of the mutant phenotype to the wild
type holds further promise for use in a Cre mediated gene repair strategy, where a
gene is mutated and corrected in situ. Such an approach would expand the potentials

for the analysis of complex multiple gene functions.

Still, the most promising use of the Cre/loxP system at present lies in the
generation of conditional knockout mice (Rajewsky, Gu et al. 1996; Rossant and
McMahon 1999). These are mice that lack a certain gene, only in a specific tissue or
cell line and at certain time during development or adult life. The strategy relies on
the concept of flanking the gene of interest or essential part of it with loxP sites
(Figure 1.9 B). The integration of loxP sites should not influence gene expression and
mice carrying the floxed (flanked by loxP sites) allele should appear to be normal.
Expression of the Cre recombinase in a site and time restricted way results in the

inactivation of the gene at a site and temporal controlled way.

In a refined development of this approach, both the gene and the selection marker
gene are flanked by loxP sites. Cre expression and selection of the appropriate
recombination event gives rise to the proper mutation. Although this idea appears to
be simple, there are many complications especially, in regard to achieving the
appropriate Cre recombination events. Recently, along with the advances in the FLP
recombinase (Buchholz, Angrand et al. 1998; Buchholz, Ringrose et al. 1996), the
favoured strategy is to use a combination of FLP and Cre recombinase. More
precisely, FLP recombinase can be used for the removal of the selection marker and
Cre recombinase targeted to a specific tissue for the generation of the conditional
mutation (Rodriguez, Bucholz et al. 2000). Such a complex strategy was applied
successfully for the analysis of the FGF8 (Meyers, Lewandoski et al. 1998). A
transgenic line was created (allogenic) carrying an hypomorphic allele, which could
give rise to the null mutation, by crossing with Cre transgenic animals. At the same
time crossing with FLP expressing mice removed the selection marker and converted

the hypomorphic allele to wild type.
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1.12.2 Chromosomal alterations.

Cre mediated recombination has also been successfully employed for the
generation of large chromosomal deletions and inversions (Metzger and Feil 1999;
Ramirez-Solis, Liu et al. 1995). Since the frequency of the recombination is reduced
in this case, selection for the recombinant product is essential. The loxP sites are
usually introduced in Hrpt deficient lines and restoration of the Hrpt expression can
be achieved by Cre expression and the generation of the appropriate recombination
event (Figure 1.10 A). In a similar approach, Cre mediated inversion was used to
assess the process of mature B cell selection (Lam and Rajewsky 1998). Using a
targeting vector and Cre recombinase, B cells were engineered to switch on/off two
different types of B antigen receptors. Depending on the receptor expressed the cells

were committed to different B cell sublineages.

The Cre loxP system can also be used for the generation of duplications and
deletions by trans-allelic chromosomal recombination ( Figure 1.10 B). In this case,
the loxP sites are located in trans within the same genetic locus (Medberry, Dale et al.
1995);(Herault, Rassoulzadegan et al. 1998). Chromosome pairing and expression of
Cre recombinase during meiosis will generate two novel alleles; one carrying a
duplication and the other a deletion of the gene. This strategy (named TAMERE for
trans-allelic targeted meiotic recombination) is exemplified in the analysis of Hox12

locus by Yann Herault and co-workers (Herault, Rassoulzadegan et al. 1998).

Another area where Cre recombinase is employed is the site-specific integration
of genes. Intermolecular recombination between a circular DNA carrying a loxP site
and a loxP site bearing chromosome, can result in the integration of DNA at this site
(Feng, Seibler et al. 1999). This integration is not very stable due to persistent Cre
expression, which results in the excision of DNA. The development and use though,
of different mutant loxP sites has proved to eliminate this possibility (Araki 1997)
(Figure 1.10 C). Bearing also in mind that this integration can be restricted through
Cre expression in specific tissues/cell lineages, it seems that this approach holds a lot

of promise for the future.
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1.12.3 Conditional transgenesis

Transgenesis is another area where the Cre recombinase has proved to be very
useful. Traditional transgenesis, through the insertion of a gene early in the zygote by
microinjection, has the drawback that limited control can be exercised over when and
in which cells the exogenous gene is expressed. Conditional expression of transgenes
using the Cre/loxP system is based on the idea of transgene expression being
dependent on Cre mediated recombination. If Cre recombinase expression is under
spatial and temporal control, then the same control is acted upon transgene activation.

The binary systems of transgenes required for such a strategy is shown in Figure 1.11.

A promoter drives expression of the gene of interest, only after Cre mediated
deletion has excised a transcription and/or translation STOP cassette. If there is no
Cre expression, the transgene is not expressed (dormant state of the transgene).
Usually Cre recombinase is under the control of a lineage cell specific or inducible

promoter. The transgene can be under the control of a specific or ubiquitous promoter.

The latter option has the advantage that by crossing mice with the dormant
transgene with a panel of different tissue restricted Cre transgenes, extensive analysis
of the gene of interest in many tissues can be performed. The first example of such a
strategy is exemplified in the experiments of Lasko and colleagues, (Lakso, Sauer et
al. 1992), which achieved overexpression of an oncogene specifically in the mouse
lens. Since then, other studies have also shown the effectiveness of this approach
(Isaka, Ishibashi et al. 1999; Scott, Marples et al. 2000). For instance, this method has
been efficiently used to address questions about cell lineage connections and cell fate
determination. By Cre/loxP mediated excision of a STOP cassette, Yamauchi et al,
(1999), expressed a [-galactosidase gene in neural crest cells (multipotential cell
precursors). Cells that express this gene were stained blue, when treated with X-gal
solution. In this way, cell populations, which had been derived from the marked
neural crest cells, were identified at later stages of development (Yamauchi, Abe et al.
1999).

Furthermore, this approach has led to the generation of transgenic mice that

express a marker gene, such as the B-galactosidase or the green fluorescent protein,
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1.13 Future directions

Depending on the strategy and the specific requirements of an experiment, there
are many ways of introducing Cre recombinase into cells (in vitro electroporation or
calcium precipitation, in vivo transgenic line expressing Cre, pronuclear expression of
Cre expression vector, injection of Cre RNA and protein. retrovirus or adenovirus
delivery systems). Each of these methods has advantages and disadvantages.
However, in most of the cases the establishment and use of transgenic lines with

tissue specific Cre recombinase expression is preferred.

The advantage of this approach is that once the mice are generated, they provide
a permanent and reproducible tool for controlled Cre recombinase expression.
Obviously, for this to materialise, the transgenic lines need to fulfil some basic
requirements, such as reliable expression, sufficient levels of Cre protein, high fidelity
(reproducible) and specificity. These difficulties reflect the general problem of
transgenic expression. The Cre transgenic lines, presently available, only partially
fulfil the above requirements. The situation, although better than the past, still needs a

lot of improvement.

A limiting factor in using Cre recombinase is that recombination function
involves nuclear access to the cells. This problem has been solved by incorporation of
a specific sequence in the Cre gene. These include Kozac translation elements for
better transgene expression and nuclear localisation signals (Gu, Zou et al. 1993).
These sequences allow the transport of the Cre recombinase protein in the nucleus,

where it accesses the chromatin and thus recombines loxP flanked DNA segments.

One other problem is that the levels of Cre mediated excision are not always
100%. This, in most of the cases, is due to insufficient Cre protein levels or in
inaccessibility of the 1oxP a site to the protein. The partial excision constitutes a great
problem in conditional knockout strategies, where complete deletion of a gene in all
cells of a specific tissue or lineage is required. Yet, in other strategies it can be proved
to be useful, since mutant cells can be analysed in parallel with normal ones. Another
feature that needs to be taken into consideration, especially in conditional transgenesis

experiments, is the loxP sites copies. If there are too many copies of a transgene
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bearing loxP sites, there is the possibility that Cre mediated, recombination will result

in chromosome loss (Lewandoski and Martin 1997).

In addition, the kinetics of the Cre transgene expression itself may cause
problems. Cre protein expression is a stochastic event, i.e. there is a time lapse
between the onset of Cre expression (as dictated by the specific transgene promoter)
and the time when Cre protein reaches sufficient levels to induce recombination. With
the same logic, there is also a discrepancy between the time when Cre stops being
expressed and when the recombination events cease to occur. In some experiments
however, it is very important for a co-ordination of the onset of the Cre recombinase

expression and the actual biological effects of this expression.

One of the major problems that need to be resolved as well, is tissue specificity.
Although some promoter elements are well characterised to confer tissue/cell lineage
specific expression in vitro, when they are used to drive expression of transgenes the
resulting expression pattern is not the same. Some of the problems that arise are
mosaic or ectopic, variegated and not reproducible expression (Robertson, Garrick et
al. 1995; Martin and Whitelaw 1996; Garrick, Fiering et al. 1998; Henikoff 1998).
The integration sites of the transgene as well, have been reported to influence levels
and tissue specificity (Baubonis and Sauer 1993). An answer to these complications
can only be achieved by more precise characterisation of promoter elements and
better understanding of transgene expression mechanisms. For this, it is essential

more transgenic lines to be established and to be analysed.

To add further control in the timing of the Cre expression, systems for inducible
expression of the Cre protein have also been established. The idea is based on fusing
the Cre recombinase with regulatory elements that activate/suppress expression in the
presence/absence of an exogenous molecule. Presently, the most promising inducible
systems are the tetracycline and the RU-486 (a synthetic steroid ligand). For example,
Kellendonk and co-workers, (1999), made a fusion protein between the Cre
recombinase and a truncated ligand-binding domain of the progesterone receptor
(Kellendonk, Troche et al. 1999). This fusion protein could only be activated by the
synthetic steroid RU486, but not by its physiological hormone progesterone analogue
and its expression was targeted to the brain. By using the calcium-calmodulin-

dependent kinase II alpha or the Thy-1 genes promoter Cre expression was restricted
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to the adult brain. Administration of RU486 to mice resulted in Cre-mediated

recombination activation of a LacZ reporter transgene specifically in the brain.

1.14 SUMMARY

The Cre loxP system provides a powerful tool for in vivo gene functional
analysis. To date, despite the existing problems, it is widely applied in many aspects
of genome alterations. Further developments of the system and the generation of new
Cre recombinase transgenic lines will add significantly to potential. In addition, the
generation of a panel of transgenic mice expressing the Cre recombinase in a time and
tissue restricted way holds promise for unravelling issues in developmental biology

and physiology.



AIM OF THE PROJECT

In vivo analysis of the role of Id4 in central nervous system development and

lymphopoiesis.

Employment of the Cre/loxP recombination system to overexpress Id4

specifically in neuronal cells or thymocytes.

Characterisation of mice expressing the Cre recombinase in a neuronal specific

way.

Characterisation of mice carrying an Id4 dormant transgene.

Employment of these mice to overexpress and study the role of Id4 protein,

specifically in neuronal cells.

Utilisation of the 1d4 transgenic mice and a currently available transgenic line
that express Cre in thymocyte specific way to overexpress Id4 in thymocytes and

analyse the effect in thymocyte development.

The experimental strategy is depicted in Figure 1.12 .
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CHAPTER 2
MATERIAL AND METHODS
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MATERIALS AND METHODS

General laboratory reagents were of analytical grade and purchased from various
companies. A list of the reagents and the reagent suppliers, used for the experiments

described below, is presented at the end of the chapter in Table 2.3.

21 TRANSGENIC LINES

The nucleotide sequences of the transgenic constructs generated in our lab are

provided in Appendix B.

2.1.1 B-galactosidase reporter transgenic lines

For the analysis of the Cre transgenic lines, two different reporter transgenic lines
were used. The loxP-LacZ indicator mice, (pAMA) (Ayral et al, 1998), and the
plnlacZ13 indicator mice (Thorey, Muth et al. 1998). The pAMA mice carry a single
transgene, in which expression of the E.coli B-galactosidase gene is driven by the
polyoma enhancer and thymidine kinase (POE/TK) promoter. Between the promoter
and the gene, there have been placed transcriptional and translational stop signals
(TSS) that are flanked by loxP sites (Figure 2.1). Therefore, mice carrying the
transgene do not express the LacZ gene. Cre recombinase protein expression
however, induces excision of the loxP flanked stop signal and subsequently
expression of the LacZ gene. In a similar way, the plnlacZ13 indicator mice contain a
single copy of a transgene, in which the pgk promoter drives very strong expression

of the LacZ gene after Cre mediated deletion of a loxP flanked neo gene.
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Garber et al. 1992; Race, Priola et al. 1995). More precisely, the neuron specific
enolase (NSE, also known as y-enolase) is a neuron specific subunit of the dimeric
glycolytic enzyme enolase (Schmechel, Marangos et al. 1978). The onset of NSE
expression in the neurons coincides with their functional maturation during
synaptogenesis (Marangos, Schmechel et al. 1980; Schmechel, Brightman et al.
1980). During development, the level of transcription is low and only slowly attains
adult levels, after postnatal day 10 (Yoshida, Sakimura et al. 1983). Moreover, NSE
levels rise at a slower rate in brain areas known to develop over a more extended
period (forebrain, cerebellum), compared to areas that develop more rapidly (brain
stem) (Marangos, Schmechel et al. 1980). Neuron specific enolase was first believed
to be present exclusively in central neurons. More recently however, it has been found
in peripheral autonomic nerves and in a number of endocrine cells (Bishop, Polak et
al. 1982). It has also been reported that some NSE expression is detected in
differentiating oligodendrocytes and proliferating Shwann cells, but it is fully
repressed in adult mature glial cells (Vinores, Herman et al. 1987; Deloulme, Lucas et

al. 1996).

In agreement with the above, when the proximal 1.8 kb 5' flanking sequence,
including the first exon, of the rat NSE promoter was used to drive the expression of a
reporter LacZ gene in transgenic mice, reporter gene expression was targeted in
terminally differentiated, postmitotic and postmigrating neurons and endocrine cells
(Forss-Petter, Danielson et al. 1990). In other studies as well, fusion of genes with the
NSE promoter resulted in targeted expression in neurons of certain areas of the adult
brain, such as the striatum, cerebellum, hippocampus and the cerebral cortex (Race,
Priola et al. 1995) and (Chen, Kelz et al. 1998). Thus, there are sequences in the
proximal 5' flanking region of the NSE gene that are sufficient to confer neuron
specific expression. Recently, Twyman and Jones (1997) have restricted these
elements in the area within the proximal 255 bp of the NSE promoter (Twyman and
Jones 1997).
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22 MOLECULARBIOLOGY

2.21 Gel electrophoresis

2.2.1.1 DNA agarose gel electrophoresis

Visualisation of the DNA was performed by electrophoresis in agarose gels.
Because the DNA is a negatively charged molecule, if current is applied, the DNA
molecules are repelled from the negative electrode towards the positive one. During
the electrophoresis, the DNA molecules are fractionated by size through a porous

agarose gel.

The agarose gels were prepared as follows: 0.8 -1.5 % (w/v) of agarose was
added in 1X TBE buffer. The mixture was heated, until melting of the agarose. Then,
it was left to cool down (less than 65°C) and Ethidium Bromide, at a final
concentration of 0.5 pg/ml, was added in. The mixture was poured into an
electrophoresis gel tank and the agarose was left to solidify. The Ethidium Bromide
binds the DNA molecules and stains them bright under UV illumination. To assist the
loading of the DNA to the agarose gel, 1X DNA Loading Buffer was added to the
DNA samples. A marker with defined sizes of DNA was used (GIBCO, UK). Gels
were run at 20-60 mA. When low melting point agarose was used, the gels were run at

less than 40 mA.

2.2.1.2 RNA denaturing agarose gel electrophoresis

A 1.2% (w/v) Formaldehyde agarose (FA) gel was prepared. For electrophoresis
four volumes of RNA was mixed with one volume of 5X RNA Loading Buffer. The
sample was incubated for 5 min at 65°C and then was loaded in the gel. The gel was
run at 90V for 15-30 min in 1X FA Gel Running Buffer and then pictures were taken.
For Northern analysis, a medium size gel was prepared, which was run until the dye
was about 2 cm before the end. As indication of the RNA integrity, the ribosomal
bands at 26S and 23S had to be clear and double the amount of the ribosomal bands at
16S and 18S.
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2.2.2 DNA extraction techniques

2.2.2.1 Tail genomic DNA

Tail genomic DNA used for Southern analysis was extracted with standard
phenol/chloroform extraction (Sambrook, Fritsch et al. 1989), according to the

following procedure:

Tail snips of 1 cm length were being incubated O/N at 55°C in 700 pl Tail
Genomic Extraction Buffer +0.5 mg/ml Proteinase K (Sigma #P6556). Next day, 26
pul of 10 pg/ pl RNase A was added and the mixture was incubated at 37°C for 1 h.
Then, 700 pl of Phenol under 0.1 M Tris pH 8.0 was added and the mixture was
whirlmixed and centrifuged for 5 min at 10000 rpm. The supernatant was collected
and mixed with 700 pl of Phenol/Chloroform 1:1 (v/v). Again, the mixture was
whirlmixed and centrifuged for 5 min at 10000 rpm. The supernatant was collected
again and 700 pl chloroform was added followed by centrifugation at 10000 rpm for 5
min. These steps were performed in order to remove the protein debris from the

sample (proteins gather at the layer containing Phenol).

Afterwards, the supernatant was kept and mixed with 700 pl Isopropanol. It was
then subjected in whirlmixing for 30 min at RT, to precipitate the DNA. If the
precipitation did not occur, Sodium Acetate, pH 5.4, at a final concentration 2.8 mM,
was added and centrifugation for 5 min at 10000 rpm was employed. The white
precipitate was washed with 70% EtOH, by centrifugation at 8000 rpm for 3 min and
finally the pellet was resuspended in 100-200 pl TE or ddH,O after drying for 15 min
at RT.

For analysis by PCR, the DNA was extracted according to the Simplified
Mammalian DNA Isolation procedure (Laird 1991). In brief, tail snips were added in
0.5 ml Lysis Buffer followed by O/N incubation at 55°C. Next day, the lysate was
subjected to centrifugation at 10000 rpm for 15 min and the supernatant was mixed
with one volume of Isopropanol and whirlmixed for 1 h. The mixture was subjected to
10 min centrifugation to precipitate the DNA, the pellet was washed with 70% EtOH,
left to dry at RT and resuspended in 20-500 pl TE or sterile ddH,O. Complete

dissolution of the DNA sometimes required several hours of agitation at 37°C.



2.2.2.2 Tissue genomic DNA

For extraction of DNA from tissues, a DNA extraction kit (Boehringer, UK) was
used according to the company's instructions. Alternatively, a modified Simplified
Mammalian DNA Isolation procedure was applied. Depending on the tissue, 500-
2000 pl of Lysis Buffer was used. The procedure was the same as above (2.2.2.1), but
the volume of Isopropanol, used for the precipitation, was adapted to the initial

volume of the Lysis Buffer.

2.2.2.3 Plasmid DNA

All midi and maxi plasmid DNA preparations were performed using the Plasmid
DNA Purification kit (Qiagen # 2143, #12162) in accord with the protocol provided
by the company. For mini-preps, the alkaline lysis method was used (Sambrook,
Fritsch et al. 1989). The definitions maxi, midi and mini refer to the quantity of
plasmid DNA extracted from the preparation (maxi: up to 500 pg, midi: 50-100 pg
and mini: 2-5 pg)

For mini-preps, bacteria cells hosting plasmid DNA were inoculated O/N in 2 ml
of LB+Ampicillin. Since most plasmids have been engineered to contain an ampicillin
resistance gene, the ampicillin was used to ensure the growth of bacteria containing
the plasmid of interest only. The inoculate was centrifuged briefly, until a cell pellet
was formed. The supernatant was removed and the pellet was subjected to
centrifugation to remove any remaining LB medium. The bacterial cell pellet was
then resuspended in 100 pl cold Buffer I. For the cell lysis, 200 pl of Lysis Buffer II
was added in the resuspension. The tubes were mixed by inversion and kept at RT for
2 min. After that, 150 pl cold neutralisation Buffer III was included in the reaction to

stop the lysis and the tubes were inverted again and left on ice for 5 min.

Next, the samples were centrifuged at 4°C for 10 min at 10000 rpm. To acquire
RNA-free DNA, 100 pg/ml RNaseA was added to the supernatant and the mixture
was incubated at 65°C for 15 min. After that, one volume of Phenol/Isoamyl alcohol
pH 8.0 was included and the mixture was centrifuged at 10000 rpm for 5 min at RT.
The supernatant was collected and the DNA was precipitated with 1 ml Isopropanol,
washed with 100% EtOH and 70% EtOH and resuspended in ddH,O.



2.2.2.4 DNA purification from agarose gels

For purification of DNA from agarose gels, the Hybaid DNACleanTM (#DC-15)
was used. The concept of this kit lies in that the DNA is removed from the gel and
binds preferably a filter. It is then purified by washes with EtOH containing buffer
and finally is eluted from the filter to a clean tube. In brief, the procedure was as
follows: a Binding Buffer was put in a spin filter and the gel slice was added (300 mg
of gel per filter containing 3-5 pg of DNA approximately). The mixture was heated at
55°C for 5 min to melt the agarose. Then, it was spun for 30 seconds to transfer the
liquid in a catch tube. The Wash Solution was added in the filter and the spinning was
repeated. The catch tube was emptied and the filter was spun again for 1 min to dry
the pellet. Finally, the filter was transferred in a new catch tube and addition of 20 pl
of Elution Buffer and spinning for 1 min to transfer the eluted DNA in the catch tube
followed. The DNA solution was stored at —20°C.

2.2.2.5 Precipitation of DNA

To the aqueous DNA sample, 0.1 volumes of 3 M Sodium Acetate and 2 volumes
of cold 100% EtOH were added. The mixture was whirlmixed and centrifuged for 10
min at 12000 rpm at RT. The pellet was resuspended in five volumes of 70% EtOH
and centrifugation was repeated for 2 min. Finally, the pellet was left to dry at RT and
resuspended in ddH,O or TE.

2.2.2.6 Quantification of DNA

The approximate DNA quantity was estimated on an agarose gel stained with
ethidium Bromide using a DNA ladder of known concentration per band. For a more
accurate estimation, spectrophotometric measurement at wavelengths of 260nm and
280nm was used. The samples were considered pure if the ratio between OD260/280
was between 1.7-2. The concentration was determined based on the following

equation:

OD (260)=1= 50 pg/ml of double stranded DNA
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2.2.3 RNA extraction techniques

2.2.3.1 Total RNA isolation

For RNA extraction, the RNasy kit (Qiagen # 74104) was used according to the
instructions of the manufacturer. After isolation, the RNA was subjected to DNase I
treatment for 15 min at 37°C at a final concentration of DNase I (RNase free,
Boehringer Mannheim #776758) 1-2 U/ug of total RNA. The DNase was inactivated
by 15 min incubation at 70°C.

2.2.3.2 RNA precipitation

If needed the RNA was precipitated according to the following process: Three
volumes of DEPC treated ddH,0O and one volume of Phenol/Isoamyl alcohol pH 7.0
were added. The mixture was centrifuged for 5 min at 4°C at full speed (14.000 rpm).
The supernatant was recovered and an additional one volume of Chloroform was
added, followed by centrifugation for 5 min at full speed at 4°C. The supernant was
recovered again and a mixed with 0.1 volumes of 2 M NaCl and 2.6 volumes of 100%
EtOH. The mixture was being left from 20 min to O/N at —20°C and after that, it was
centrifuged for 10 min at full speed and the pellet was washed with 80% EtOH. After
drying for 15 min at RT, the pellet was dissolved in 10-20ul DEPC treated ddH,O.

2.2.3.3 RNA concentration estimation

The concentration and the purity of RNA were measured either by
spectrophotometry or by agarose gel electrophoresis. For the spectrophotometric
analysis, the absorbance was measured at OD 260 and 280. An absorbance value of
one corresponds to 40 pg/ml of RNA concentration. The RNA was considered pure, if
the ratio between the absorbance values at 260 and 280 was between 1.7-2. The
integrity of the RNA was checked by denaturing agarose gel electrophoresis and

staining with Ethidium Bromide.
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2.2.4 Restriction enzyme digestion

2.2.4.1 Genomic DNA digestion

The digestion of DNA with restriction nucleases (enzymes that recognise specific
sites in the DNA and cleave it) was performed at 30 pl final volume and followed the

general scheme:

Genomic DNA digestion reaction:

10 ng genomic DNA

1X  enzyme buffer suggested by the manufacturer

80 U restriction enzyme

1 mg/ml BSA

The reaction was incubated at 37°C in a waterbath for at least O/N and the
products of the digestion were then visualised by electrophoresis in 0.8% (w/v)

agarose gels.

2.2.4.2 Plasmid DNA digestion

The DNA digestion was performed at 20 pl final volume following the general

scheme:

Plasmid DNA digestion reaction:

0.5 -5 pg plasmid DNA

1X enzyme buffer suggested by the
manufacturer

1 mg/ml BSA

10 U restriction enzyme per pg of DNA

The reaction was incubated at 37° C in a water bath for at least 1 h (up to 3 h) and
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the products of digestion were analysed in an agarose gel (0.8% -1.5%). If necessary,
the digested DNA was purified and precipitated with 1/10 volume of Sodium Acetate
(3 M, pH 4.8) and 2.5 volumes EtOH by incubation at -70°C for 30 min. The DNA
was collected by centrifugation at 10.000 rpm at 4°C for 15 min, washed with 70%
EtOH, air-dried for 10 min and resuspended in the appropriate volume of ddH,O.

2.2.5 Southern blot of genomic DNA

In this analysis, the DNA is subjected to restriction enzyme digestion, agarose gel
electrophoresis, denaturation and transfer to a membrane. Specific sequences in this
DNA are then identified by molecular hybridisation with the use of specific probes. A
probe is a fragment of DNA or RNA, which is labelled in some way and is used to
identify the presence of DNA sequences that closely related to its sequence. The
molecular hybridisation involves mixing of the DNA molecules, separation of their
double strands by denaturation and reassociation of the strands. The probe therefore,
can bind complementary sites in the DNA. This binding can be easily visualised

because the probe is labelled.

2.2.5.1 Probe preparation

For the Southern blot analysis, fragments of DNA were radiolabelled with o-
[*2P]-dCTP. Plasmid DNA was digested and run on a 1 -1.5% (w/v) low melting point
agarose gel. Then, the DNA fragment was purified from the gel as described above

(2.2.2.4). At various experiments the following DNA probes were used:

Probes

CRE PROBE: Hind III-BamHI fragment from pNSE-Cre plasmid, 350bp.
Identifies the 3.9 kb and other band representative of the NSE Cre transgene

1d4 PROBE: Notl fragment from the pUbi-loxP-Id4 plasmid, 370 bp. Identifies
both the endogenous 1d4 gene and the bands representative of the Id4 transgene.
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pAMA LACZ PROBE: Clal-EcoRYV fragment 289 bp or from pAMA plasmid.
Identifies both the undeleted (5-6 kb) and the deleted (1.4 kb) versions of the pAMA

transgene.

2.2.5.1.1 Labeliing of DNA

The random primed DNA labelling method (Feinberg and Vogelstein 1983) was
employed. In this method, a DNA molecule is denatured and then left to cool down
gradually. This allows a pool of different oligonucleotides to identify and bind
complementary sequences within the DNA molecule. The bound oligonucleotides
form the primers for the synthesis of new DNA strands. The reaction is catalysed by
the Klenow subunit of the Polymerase I and the presence of dNTPs, one of which is
labelled. For this reaction, a random primed labelling kit (Prime -It II KIT from
STRATAGENE #300285) was employed. Between 25 ng and 40 ng of DNA
substrate was used for labelling. This DNA was mixed with H,O and 10 i1 of random
9-mer oligodeoxyribonucleotides (27 OD units/ml) at a final volume of 34 i 1. Boiling

at 95°C for 5 min denatured the mixture. The following substances were then added:

DNA labelling reaction mixture

1011 5X dCTP buffer containing dATP, dGTP, dTTP 0.1 mM each

1i1Exo () Klenow 5U/ul

5 i 1 Radioisotope [0-°*P] dCTP 3000Ci/mmol

The reaction was incubated at 37°C for 1 h and a drop of 0.5 M EDTA was added
to end it., Following 5 min of denaturation at 95°C, the whole reaction mixture was

finally added in the hybridisation mixture.

2.2.5.2 DNA electrophoresis and blotting

Genomic DNA was prepared and digested as described above (2.2.2 and 2.2.4.1)
then, loading buffer was added and the samples were electrophoresed O/N in 0.8%
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(w/v) agarose gel in 1X TBE buffer at 80 mA. Next day, the gel was soaked in 0.5
mg/ml Ethidium Bromide for 15 min, washed in 1X TBE +0.1 M MgCl, for 5-15 min
and marking of the ladder bands (by radioactive ink) was performed. After that, the
gel was placed in Depurination Buffer with agitation, until the dyes changed colour
(overall about 15 min). Subsequently, the gel was rinsed with H;O and placed in
Denaturation Buffer with gentle agitation for 30 min. The capillary blot was set up as
described elsewhere, (Sambrook, Fritsch et al. 1989), and the DNA was transferred in
the membrane (HybondTM N* Amersham #RPN 203B) by O/N incubation in transfer
buffer at RT.

The next day, the transfer apparatus was dismantled, the membrane was marked
with pencil and left to air dry O/N or baked at 80°C for 2 h. The membrane was then
kept at 4°C or used for the hybridisation after rinsing with 2X SSC.

In case of southern analysis of PCR products, the procedure was the same, apart
from the fact that the depurination step was not applied. In addition, most of the PCR
products were run in 1.2% (w/v) agarose gel at 45 mA for 2-5 h.

2.2.5.3 Southern hybridisation

All hybridisation solutions were done according to (Church and Gilbert 1984;
Church and Gilbert 1985). Filters were prehybridised at least for 30 min at 65°C in
prehybridisation solution. Then, the solution was thrown away and a mixture of fresh
hybridisation solution pre-warmed at 65°C containing denatured salmon DNA, at a
final concentration 100 pg/ml, and the denatured probe (see above) was added. The
hybridisation was carried out O/N at 65°C. Next day, the filters were washed four

times for 30 min each at 65°C with wash solution.

2.2.5.4 Autoradiographic detection of the hybridisation

Autoradiography is a method based on monitoring a radiolabelled compound in a
solid sample by the production of an image. The radiolabelled probe binds the DNA,
which is immobilised on the membrane. If this membrane, is placed in direct contact
with an X-ray film the radioactive emission from the sample will generated dark areas

on the developed film.
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For the Southern analysis the, filters were placed on a Kodak MS-1 film
(Anachem 1td.#8222648) inside an intensifying screen and exposed at —70°C in
various times (for 30 min to a few days). After exposure, the filters were washed for
30 min in boiling 1% SDS, then left for 30 min in 0.4 N NaOH at RT and finally
rinsed in 0.2 M Tris-HCI pH 7.0 and 2X SSC. After that, the filters were checked
again by autoradiography and if clean, stored at RT or 4°C.

A quantification of the signal was performed by using the Adobe PhotoShop
software (Microsoft). The intensity of each band was estimated by the median value

of light intensity after subtraction of the background signal.

2.2.6 Northern hybridisation

The Northern hybridisation is a modification of the Southern hybridisation. The
main difference is that the target nuclei acid is RNA instead of DNA.

Approximately 10-20 ug of total RNA was run on a denaturing agarose gel, as
described before (2.2.1.2), and was fixed onto a nylon membrane, using alkali blotting
(2.2.5.2). After permanent transfer of the RNA to the membrane, the membrane was
wet in 6X SSC and placed in a hybridisation tube. 1 ml of formamide solution per 10
cm’ of membrane was added and the tube was placed in a hybridisation oven rotating
for 1 h minimum at 42°C. The DNA probe was prepared, as described above,
(2.2.5.1), and was added to the hybridisation medium after 5 minutes of denaturing.
The probe was prepared to be at a final concentration of 10 ng/ml. Fresh pre-warmed
formamide solution was used for hybridisation. The tube was left rotating O/N at
42°C. Next day the hybridisation solution was poured off and the blot was washed
with 2X SSC/0.1% SDS for 3 min at RT twice. The wash solution was then changed
to pre-warmed 0.2X SSC/0.1% SDS and the tube was incubated with rotation at 68°C
for 15 min. This step was repeated once and then, the membrane was rinsed in 2X
SSC, covered with a plastic wrap and subjected to standard autoradiographic detection

(2.2.5.4) of the specific signals.

2.2.7 PCR analysis

The PCR is a rapid method for the selective amplification of certain DNA
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sequences in vitro. Two oligonucleotide primer sequences complementary to the
target DNA are required. These primers are designed so that in the presence of DNA
Polymerase and dNTPs they can initiate DNA synthesis, which results in
amplification of DNA sequences flanked by these two primers.

Approximately 500 ng of tissue genomic or tail DNA extracted according to the
fast mammalian protocol (2.2.2) were used for PCR analysis. All the PCRs were

performed in the following conditions:

PCR reaction
primers 0.2 UM each, Tween 0.05%,
dNTPs 100 uM each, MgCl; 1.5 mM,
BSA 1 mg/ml DMSO 0-9%
Taq Polymerase 1.25-25U.

In the PCR using the pair of primers, Ubil-SV40R, Q solution from Qiagen at 1X
final concentration was used instead of DMSO. All the PCRs were performed at a
final volume of 20 pl. The primer pairs and the PCR Programmes are depicted in
Table 2.1. The sequences of the primers and their position in the genomic substrates

are presented in Appendix B.
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