
 

 
 
 
 
 

 
 
 

Novel Strategies For Gene Manipulation in Mammalian 
Cells 

 
 
 
 
 

Carlos André Vitorino Rodrigues 
 
 

 

Dissertação para obtenção do Grau de Mestre em 
Engenharia Biológica 

 

 
 
 
 
 
 
Júri  
Presidente: Prof. Luís Joaquim Pina da Fonseca  
Orientador: Prof. Domingos Manuel Pinto Henrique 
Orientador: Prof. Joaquim Manuel Sampaio Cabral  
Vogal:         Prof.  Claudia Alexandra Martins Lobato da Silva 
 
 
 
 
 
 
 
 
 

Setembro de 2007 



 Agradecimentos 
 
 
  

Agradeço às pessoas importantes para mim e para a elaboração deste trabalho em 
especial aos orientadores, Professor Joaquim Sampaio Cabral, sempre disponível para um 
bom conselho e ao Professor Domingos Henrique com quem aprendi muito durante o tempo 
em que estive na UBD. Um agradecimento especial também às minhas supervisoras Susana 
Rocha e Evguenia Bekman. Finalmente a todos na UBD/UMO. 
 Agradeço também a Tom Waits.  
  

 

 

 

 

 

 

 

 

 

 

 

 

 

I hear your winter 
I hear your rain 

I've failed your summer ways 
And I feel no pain 
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Resumo 

 

 O projecto descrito nesta tese consistiu na modificação de dois Cromossomas Artificiais 

Bacterianos (Bacterial Artificial Chromosomes, BACs), um contendo uma inserção com o gene Delta-like-1 

(Dll1) do rato e outro com o gene Delta-like-4 (Dll4), tal como as sequencias genómicas que os rodeiam 

nos respectivos cromossomas. As modificações foram introduzidas para substituir estes genes pela 

enzima Cre recombinase. As construções obtidas serão posteriormente utilizadas para a geração de linhas 

transgéncias de rato, por pró-injecção nuclear. Nestas linhas espera-se que a enzima Cre seja expressa 

exactamente nas mesmas células que expressam o gene endógeno. Assim, seria possível desenvolver 

uma estratégia para traçar um mapa genético (Genetic Fate Mapping) que permita seguir o destino das 

células que expressam Dll1 ou Dll4.  

 Para modificar os BACs, foi utilizada a tecnologia de Recombineering, que permite efectuar de 

forma eficiente eventos de recombinação homóloga em E. coli. Em particular foi utilizado o sistema Red, 

codificado pelo profago λ incompleto. Este sistema está presente na estirpe SW105 de E. coli, que teve de 

ser transformada, por electroporação, com os BACs. Foram construídos e utilizados vectores com a 

enzima Cre flanqueada por regiões de homologia para os genes Dll1 e Dll4, de forma a recombinarem com 

os respectivos BACs em células SW105. 

 Os BACs foram inseridos com sucesso nestas células e foram obtidos recombinantes, no entanto, 

o método de verificação dos resultados ainda não permitiu uma conclusão definitiva sobre a experiência. 

São propostas alternativas para a identificação, com sucesso, de recombinantes correctos. 

 

 

 

 

 

Palavras-Chave: Sinalização Notch; Dll1; Dll4; Cromossoma Artificial Bacteriano (BAC); Mapa genético do 
destino celular; Recombineering;   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 2 

Summary 
 
 

The work described in this thesis consisted in the modification of two Bacterial Artificial 
Chromosomes (BACs), containing either an insert with the mouse Delta-like-4 (Dll4) gene or the 
mouse Delta-like-1 (Dll1) gene, as well as genomic sequences that surround them in the respective 
chromosomes. These modifications were intended to insert the coding region of the Cre recombinase 
enzyme into the Dll1 or Dll4 loci, replacing these genes. The resulting BACs will then be used to 
generate transgenic mouse lines, by pronuclear injection of the BAC DNA insert. In these lines, it is 
expected that the Cre recombinase is expressed in exactly the same cells as the endogenous Dll1 or 
Dll4 genes. These transgenic lines will be the initial tool to the development, in the next part of the 
project, of a Genetic Fate Mapping strategy through which the fates of the Dll1 and Dll4 expressing 
cells can be followed throughout embryonic development and in the adult. 

To modify the Dll1 and Dll4 BACs, the recombineering technology, which allows efficient E. 
coli homologous recombination, was used, in particular the Red system encoded by the defective λ  
prophage. This system is present in the E.coli SW105 strain, and the BAC DNA was first transferred 
into this strain, using electroporation. Targeting vectors carrying homology arms for the Dll1 and Dll4 
genes were built and used to recombine with the respective BACs in SW105 cells. Recombinants 
were obtained but the initial screening method did not allow the definitive identification of the 
correctly recombined BACs, to be used for transgenic generation. Alternative strategies are proposed 
to be used in the continuation of this work, to successfully identify the correct recombinants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key Words: Notch Signalling; Dll1; Dll4; Bacterial Artificial Chromosome (BAC); Genetic Fate Mapping; 

Red Recombineering.  
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I - INTRODUCTION 

 

1.1- Revealing the importance of Notch in Development Biology 

 

There is a long way to run before a multicellular organism is built, with a defined structure, size and 

shape, starting from a single cell. In order to achieve this, there must be a coordinated action of a myriad of 

genes directing the fate of each individual cell. Mechanisms such as cell proliferation, migration, growth, 

differentiation and death will ensure that all the “pieces” are assembled in the expected way. Cells are 

guided through these different developmental paths not only by autonomous cell factors but also by non-

autonomous factors transmitted through short and long range signals (Wolpert, 2004). Developmental 

Biology studies how these different factors interact and specify cell fates.  

Surprisingly the majority of cell fate decisions during bilaterian animal development are governed 

by only a few major signalling pathways, like Wnt, TGF-β, Hedgehog (Hh), receptor tyrosine kinase (RTK), 

nuclear receptor, Jak/STAT, etc (Gerhart, 1999). The cell-cell communication mediated by the Notch 

receptor is also one of these pathways.  

Notch signals link the fate decisions of one cell to those of its neighbours. This evolutionary ancient 

and conserved mechanism controls a wide range of cell fates and developmental processes in many 

organisms from Caenorhabditis elegans to humans. In fact, extensive studies on this pathway revealed its 

role, alone or together with other signalling pathways, in differentiation, proliferation and apoptotic events at 

all stages of development. These conclusions were obtained by analysis of loss- and gain-of-function Notch 

mutations in several animals, like worms, flies, sea urchins, frog, fish, chicken, mice and humans, and 

demonstrate the astonishing importance this pathway has in metazoan development. In Drosophila, it is 

even possible to say that there is hardly a tissue that is not affected by Notch, as it was shown that Notch 

mutations affect tissues derived from all three germ layers and it is involved in the elaboration of the central 

and peripheral nervous systems, spermatogenesis, oogenesis, myogenesis, heart formation and imaginal 

disc development  (reviewed in Artavanis-Tsakonas et al., 1999). In other words, the pleiotropic function of 

Notch is evident.  

Notch has also an important function in vertebrate neurogenesis, somite formation, angiogenesis 

and lymphoid development. Furthermore, disorders associated with this pathway have been associated 

with some kinds of tumours (reviewed in Artavanis-Tsakonas et al., 1999).  

The study of Notch began in 1914-1919 (Dexter, 1914, Morgan and Bridges, 1916, Mohr, 1919) as 

one of the first genetic variations observed in Drosophila: the notching wing phenotype (Figure 1) which was 

a result of a partial loss of function of this gene (haploinsufficiency). However, only in the 40’s, with Donald 

Poulson’s classic analyses of the embryonic lethal phenotype of a homozygous loss-of-function mutant for 

Notch, the importance of this pathway was recognized. Moreover, this was perhaps the first mutation 

associated with an embryonic phenotype, since at the time the relationship between genes and embryonic 

development was far from established (reviewed in Louvi and Artavanis-Tsakonas, 2006).  
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Figure 1.1 – Notch wings: average (left), extreme (center), almost normal (right). (taken from http://chervil.bio.indiana.edu:7092/allied-

data/lk/interactive-fly/aimorph/wing.htm) 

 

These studies showed that the deletion of Notch results in the failure of the early neurogenic 

ectoderm to generate, as expected, neural and epidermal cell lineages, causing instead a striking 

hypertrophy of the neural tissue. Hence the resulting phenotype is called “neurogenic” (Figure 1.2). 

 
Figure 1.2 -  Drosophila melanogaster embryos stained to detect neural tissue (through detection of horseradish peroxidase). The 

hypertrophy of both the central nervous system (CNS) and peripheral nervous system (PNS) is clear in the Notch null mutant embryo 

(taken from Louvi and Artavanis-Tsakonas, 2006) . 

 
After some important work developed over many years by W.J. Welshons, the cloning of the Notch 

locus in the 80’s opened the doors to the understanding and characterization of the gene, which encodes for 

a 300 kDa transmembrane receptor protein (reviewed in Louvi and Artavanis-Tsakonas, 2006). Meanwhile, 

Doe and Goodman (1985), with their work on grasshopper embryos, discovered that, by selectively killing 

with a laser a presumptive neuroblast in the neurogenic ectoderm, one of the neighbouring cells takes on 

the neuroblast fate. This suggests that the killed neuroblast was delivering some kind of inhibition to the 

neighbourhood, revealing a new process -“Lateral Inhibition” that controls neural commitment. Together, 

these findings provided a possible explanation to Poulson’s results, as they suggest a role for Notch in cell-

cell interactions. In Notch loss-of-function mutants, the nervous system’s hypertrophy could be explained by 
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a “communication breakdown” between neighbouring cells which become incapable of generating the 

correct proportion of neural and epidermal cells, leading to overproduction of neuroblasts (Figure 1.2). This 

lateral inhibition mechanism guarantees not only that cells with an equivalent potential acquire one of two 

alternative fates, but also that both fates are in the end adopted. More details about this process will be 

discussed below. Another way in which Notch communication may work is called lateral induction. Whereas 

in lateral inhibition the result is a fine-grained pattern of cellular differentiation, in lateral induction interactions 

occur between groups of cells and the result may be the formation of boundaries between different cellular 

fields (reviewed in Greenwald and Rubin, 1992). 

1.2- The architecture of the Notch pathway 

 

Now that some of the more relevant roles and features of the Notch pathway were described, it’s 

time to take a look to the molecular details of its functioning.  

Communication mediated by this pathway starts with the binding of the Notch receptor to one of its 

ligands. These ligands are encoded by the Delta and Serrate genes in Drosophila, being this last one also 

known as Jagged in mammals. 

As previously said, Notch signalling is a highly conserved mechanism throughout the animal 

kingdom. The number of paralogues (genes at different chromosomal locations in the same organism that 

have functional and structural similarities) for the different elements of the pathway differ between species 

(Table 1). The number of Delta and Notch genes, for instance, is different in Drosophila and mice and there 

are even differences among vertebrates like birds and mammals (reviewed in Louvi and Artavanis-

Tsakonas, 2006).  

 

Table 1 – Notch pathway components in different species (adapted from Louvi and Artavanis-Tsakonas, 2006) 
 Drosophila C. elegans Chick Mammals 

Notch Receptor Notch 
lin-12 

glp-1 

Notch1 

Notch2 

Notch1 

Notch2 

Notch3 

Notch4 

Ligand 
Delta 

Serrate 

lag-2 

apx-1 

arg-2 

f16b12.2 

Delta1 

Delta2 

Jagged1 

Jagged2 

Dll-1 

Dll-3 

Dll4 

Jagged1 

Jagged2 

CSL Su(H) Lag-1 CBF1/RBPJK CBF1/RBPJK 

 

Like Notch, its ligands are transmembrane proteins with large extracellular domains that consist of 

a N-terminal DSL (after Delta, Serrate and C. elegans Lag-2) domain, for interactions with Notch, a varying 

number of epidermal growth factor (EGF)-like repeats and, in the case of Serrate and Jagged, a cysteine 

rich (CR) domain (reviewed in Bray, 2006, Figure 1.3). The Notch receptor is a large transmembrane 

receptor that consists of an extracellular (NECD) and an intracellular domain (NICD). NECD contains EGF 

repeats, cysteine-rich LIN repeats and a region that links to the transmembrane and intracellular fragments. 
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The NICD consists of a RAM domain, six ankyrin (Ank) repeats, a C-terminal PEST domain and nuclear 

localization signals (Figure 1.13).  

 

 

Figure 1.3 – The structure of the Notch ligands Delta or Delta-like (Dll) and Serrate or Jagged (left figure); structure of the Notch receptor (right figure) 

(taken from Bray,2006) 

 
Upon ligand binding, a series of proteolytic cleavages in the Notch receptor are triggered. The 

crucial cleavage, catalyzed by an enzyme complex called γsecretase, leads to the release of NICD which is 

translocated to the nucleus. In the nucleus, NICD binds to the CSL protein (acronym for mammals’ CBF1, 

Drosophila’s Supressor of Hairless and C. elegans’ Lag-1) and to its co-activator Mastermind (Mam), 

forming a complex that recruits additional factors to activate transcription of target genes (reviewed in Bray, 

2006). Without NICD binding, CSL acts as a transcription repressor of these Notch target genes, along with 

other co-repressors (Figure 1.4). 

 

 
Figure 1.4 – Overview of the core Notch pathway. See text for details. Co-R: co-repressors (adapted from Bray, 2006) 

 

 Notch signals thus exert their action by directly controlling the transcriptional regulation of its target 

genes, which include various basic helix-loop-helix (bHLH) transcriptional repressors.  

To better understand how the Notch pathway works a brief overview of Drosphila’s neurogenesis 

may be useful. The major part of the nervous system of Drosophila is derived from the ventro-lateral portion 

of the cellular blastoderm, called “neuroectoderm”. When neurogenesis begins, this neurogenic region of the 

ectoderm is a single cell layer and the first sign of neurogenesis is the enlargement of a number of cells 

which then undergo a process called delamination, modifying their shape and squeezing out of the layer of 

cells around the periphery, eventually lying internally (Figure 1.5). The cells that delaminate are called 
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neuroblasts and are the progenitor cells that will originate the fly nervous system. The cells remaining on the 

periphery will become the ventro-lateral epidermis.  

 
Figure 1.5 – Schematic view of the delamination of neuroblasts in Drosophila. The embryo is first shown (top) at the blastoderm stage. After 

gastrulation the neurogenic region lies in the ventral surface of the embryo. Scattered cells within this region, the prospective neuroblasts (in 

red), then enlarge, migrate into the interior of the embryo and divide several times to make neurons and glia. (taken from Sanes et al., 2006)  

 

The phenotypes of some mutations, like deletions at the Notch locus (Figure 1.2), suggested that 

there is a crucial neural-epidermal decision in the neuroectoderm, given the exaggerated production of cells 

committed to a neural pathway at the expense of the epidermal pathway (Poulson, 1937, 1940). Further 

studies over the years confirmed the existence of this decision and provided clues about the way this 

system worked. 

In Drosophila, the genes of the achaete-scute complex (AS-C) promote the commitment of a cell to 

a neural fate and therefore are called proneural genes (reviewed by Campuzano and Modolell, 1992). 

These genes are expressed in groups of ectodermal cells, called proneural clusters. From each cluster only 

one cell will develop into a neuroblast, inhibiting the neighbours from following the same fate. This is the 

process, already mentioned, of lateral inhibition, mediated by the Notch pathway.  When cells begin to 

commit to a neural fate, their expression of Delta is increased, activated by the bHLH factors encoded by the 

AS-C genes, and an inhibitory signal is sent to the cells around, which express the Notch receptor. In these 

signal-receiving cells, the Notch signalling cascade is activated and there is a transcriptional up-regulation of 

its target genes, at the Enhancer-of-split (E(spl)-C) complex which encode various bHLH transcriptional 

repressor proteins. These, together with the co-repressor Groucho (or by direct protein-protein interactions, 

forming inactive heterodimers with the proneural proteins), downregulate the expression of the AS-C genes 
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(reviewed in Bray 2006). Thus, cells expressing the E(spl)-C genes in response to Notch will be prevented 

from becoming neuroblasts and might become instead epidermis. Accordingly, deletions of the E(spl)-

Complex lead to neurogenic phenotypes, like the one shown in Figure 1.2, i.e., as a result of the increase in 

the number of cells committed to a neural fate.  

Activation of Notch leads to the repression of the AS-C genes. Thus, in the signal receiving cell 

there is no activation of Delta expression. The result of this intercellular communication event will be a 

“winner cell”, with strong signalling capacity which adopts a neural fate, and “loser cells”, net signalling 

receivers, unable to signal back. This intercellular feedback loop, which is a powerful feature of the Notch 

signalling pathway, allows the amplification of random or biased differences in Delta/Notch expression in 

groups of cells, leading to the desired fate diversity  

Notch signalling is also involved in the differentiation, morphogenesis and functioning of the 

vertebrate nervous system. In this case, the function of Notch seems to be related with aspects such as 

neural progenitor maintenance, the decision between neural and glial lineages, some behaviours of 

terminally differentiated neurons, neuronal migration and also contribute to brain morphogenesis by 

patterning cellular fields (reviewed in Louvi and Artavanis-Tsakonas, 2006). 

Nearly all the neurons and glia of vertebrates are originated in a structure called neural tube, 

derived from the neural plate, which, shortly after its formation during gastrulation, begins to fold onto itself to 

form the tube-like structure named neural tube (Figure 1.6).  

 

 
Figure 1.6 – The neural plate (light red) rolls up and fuse at the dorsal margins, separating from the rest of the ectoderm (taken from Sanes 

et al., 2006) 

 
The neural tube of most vertebrates is initially a single layer thick. As neurogenesis proceeds, the 

progenitor cells undergo a considerable number of cell divisions to produce a much thicker tube, with 

several layers. These layers are divided into an inner zone, called the ependymal (or ventricular) zone, the 

intermediate mantle zone and an outer zone known as the marginal zone, where the differentiated neurons 

are (Figure 1.7, Sanes et al., 2006). Cells in the ventricular zone become committed as neuronal precursors, 

cease dividing and migrate to the mantle zone where they differentiate. 

In the neuroepithelium of the neural tube, the first neurons appear as scattered postmitotic cells in a 

number of distinct regions, in some way similar to Drosophila’s proneural clusters, surrounded by neural 

progenitors (Sechrist and Bronner-Fraser 1991). Notch signalling has an important role in the process of 

progenitor maintenance through a lateral inhibition mechanism. In this process, Notch homologues are 

expressed by all the cells in the regions where neurogenesis is occurring, while the Delta homologue Dll1 is 

expressed transiently in the prospective primary neurons as they prepare to migrate away from the lumen to 
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the mantle layer of the neural tube (Figure 1.8, Chitnis et al., 1995, Henrique et al., 1995, reviewed in Lewis, 

1996). 

 
Figure 1.7 – The different layers of the neural tube. The left image is a section through the chick embryo neural tube. In the ependymal or ventricular zone the 

progenitor cells undergo mitosis and thus are visualized with an antibody against an histone present only in late G2 phase and mitosis; in the mantle zone, where 

progenitors are in S phase, they are visualized with BrdU. Finally, in the marginal zone, cells differentiate and can be visualized with an antibody against 

neurofilament protein. (taken from Sanes et al., 2006)   

  

 
Figure 1.8 – Expression of the chick Notch and Delta homologues C-Notch-1 (upper figure) and C-Delta-1 (lower figure) through the spinal 

cord at stage 28/29 (E6) at or just anterior to the level of the forelimbs. Note that C-Notch-1 is expressed throughout the ventricular zone, 

where cells are proliferating, but not in the mantle zone where cells are differentiating. C-Delta-1 is also expressed in the ventricular zone but 

not in the cells closer to the lumen. There are two stripes where C-Delta-1 is not expressed that correspond to the zone where the gene 

encoding another C-Notch-1 ligand, C-Serrate-1, is expressed (Adapted from Myat et al., 1996). 

 
In Xenopus, it was shown (Chitnis et al., 1995) that neurogenesis is sensitive to X-Delta-1 (a 

Xenopus homologue of Delta) activity as a raised activity of this gene leads to a decrease in the number of 

cells that become neurons, while a reduced activity caused more cells to adopt that fate. X-Notch-1 is 
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expressed in similar domains and the constitutive activation of this gene had a phenotype similar to the one 

verified with the overexpression of X-Delta-1 confirming that the lateral inhibition mechanism, well studied in 

Drosophila is conserved. 

 Moreover, activation of the Notch signalling pathway inhibits cellular differentiation, ensuring that 

some progenitors are kept and allowing them to adopt different cell types at later stages, producing a fine-

grained pattern of differentiation. Without the Notch pathway, this control of the number of differentiating cells 

does not exist and the number of precursors decreases. Thus, most or even all cells differentiate into the 

early-born cell types, resulting obviously in small-sized disorganized tissues that lack late-born cell types with 

consequences in the tissue’s morphogenesis and cell type diversity reviewed in Kageyama and Ohtsuka, 

1999). 

There are also proneural genes in mammals, homologues of the Drosophila AS-C genes. In rat 

and mouse, two genes were identified, Mash-1 and Mash-2 (for mammalian acheate-scute homologue); in 

Xenopus, Xash-1, Xash-3a and Xash-3b; in chicken Cash-1 and Cash-4. These genes show transient 

expression restricted to zones of the developing nervous system that contain proliferating neuronal 

precursors and are needed, at some time in development, for their differentiation and consequent 

production of neurons (reviewed in Calof, 1995). Notch signals can inhibit differentiation through the 

repression of proneural genes, mediated by the pathway effectors encoded by the hes family of genes. 

These constitute the best characterized Notch effector genes validated in vivo, and are homologues of 

Drosophila Enhancer of split genes (Figure 1.9, reviewed in Kageyama and Toshiyuki, 1999; Louvi and 

Artavanis-Tsakonas, 2006).  

 
Figure 1.9 – Activation of Notch induces HES1 and HES5 expression. The luciferase reporter gene was expressed under the control of 

different hes promoters. The picture shows the relative luciferase activity with or without the presence of a Notch1 active form. hes1 and 

hes5 are upregulated by Notch1. This phenomenon depends on RBP-J (other name for CBF-1) because disruption of its binding sites ( 

Hes1/RBP-J(-) ) in the promoter completely abolish Notch1 upregulation (taken from Kageyama and Toshiyuki, 1999). 

 

In the vertebrate CNS, there are two main lineages of cells generated from the neuroepithelium, 

which are neurons and glia. While neurons are generated in embryonic life from multipotent progenitors 

close to the ventricle, migrating after their final mitotic division to their final destination where they differentiate 

and are integrated in the brain circuitry, glial cells are generated in the proliferating subventricular zone, at 

late embryonic and early postnatal stages. Although there is no consensus about this question, it is thought 

that a first neuroglial progenitor originates neuronal progenitors and glial progenitors. Neuronal progenitors 
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differentiate as they express proneural genes like Mash1, NeuroD1 or Neurogenin. In this case, Notch 

signals will inhibit neuronal differentiation, maintaining the cell in the progenitor state. In the case of glial 

progenitors, if the Notch pathway is activated the glial progenitors will generate astrocytes; otherwise they 

will generate oligodendrocytes (Figure 1.10, reviewed in Louvi and Artavanis-Tsakonas, 2006). 

 
Figure 1.10 –Notch role on cell fate decisions in the nervous system (Adapted from Louvi and Artavanis-T 

sakonas, 2006) 

1.3- Two Notch Ligands 

 

As previously mentioned, in mammals there are 5 Notch ligands: Delta-like-1 (Dll1), Delta-like-3 

(Dll3), Delta-like-4 (Dll4), Jagged-1 and Jagged-2. In this work special attention will be given to Dll1 and Dll4. 

The Dll4 ligand is known to be essential to normal vascular development (Duarte et al., 2004). Because of 

this role in development, mouse Dll4+/- embryos display lethal haploinsufficiency and Dll4-/- embryos die 

between embryonic day 9.5 (E9.5) and E10.5 due to serious vascular defects.  

Dll4 expression, inferred by replacing the first coding exons of a Dll4 allele by the lacZ reporter 

gene, begins in the vascular system at E8.0 and is observed throughout embryogenesis and in the adult 

mouse on endocardial cells of the heart and endothelial cells of the arteries, but not in smooth muscle cells 

or veins (Figure 1.11, Benedito and Duarte, 2005). 

However, Dll4 importance does not restrict itself to the vasculature, even though this is the best 

studied site of expression. Expression in neural tube is also observed, at E9.5 in the marginal zone, 

especially in the ventral half, and after E10.5, in blood vessels and in a ventral stripe of neurons (Figure 

1.12). After E12.5, the expression of this gene is limited to the neural tube blood vessels.  

Another important site of Dll4 expression is the developing retina where this gene is expressed 

after E11.5 around the optic nerve, spreading laterally until E12.5. Although at E13.5 Dll4 expression is 

detected in all cellular layers of the retina, from E14.5 to E16.5 three layers of expression develop, one with 

little expression, an intermediate layer and an outer layer with strong expression (Figure 1.12).  
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Figure 1.11- Dll4 expression in the vascular system. Whole-mount x-gal staining.  Dll4+/- E10.5 embryo showing expression in the arterial 
system (ao- dorsal aortae; va- viteline artery; ica- internal carotid artery), neural tube (nt) and hindbrain (h) (taken from Benedito and Duarte, 

2005) 

 

 
Figure 1.12- Dll4 expression in the neural tube at E10.5 (left). Expression appears in  blood vessels (bv) and in a defined stripe of cells. Dll4 
expression in the retina  (right). Expression starts to be regionalized by E14.5. Note the three different layers of expression. r- retina; cm- 

ciliary margin x-Gal staining on transverse cryosections (taken from Benedito and Duarte, 2005). 

 
Dll4 expression is also reported in the hindbrain, forebrain, olfactory system, thymus and gut 

epithelial cells, reflecting the described pleiotropy of the Notch pathway. 

 

Another Notch ligand important in vertebrate development is Dll1. The expression of this gene 

during mouse embryogenesis was studied by Bettenhausen et al. (1995). Dll1 is expressed transiently 

during gastrulation and early organogenesis: between E7.0 and E12.5 expression was detected in the 

paraxial mesoderm (the area of mesoderm that forms laterally to the neural tube on both sides), related with 

somitogenesis, as well as in subsets of cells in the nervous system (Bettenhausen et al., 1995). After day 8 

of development, expression of Dll1 is detected in the CNS and on day 9.5 strong expression was found 

throughout the neural tube (Figure 1.13).  
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Figure 1.13 – Lateral view of a E9.0 embryo. Dll1 is expressed throughout neural tube. Bar, 30 µm. (taken from Bettenhausen et al., 1995)  
 
 To better study the importance of Dll1 in embryogenesis, De Angells et al. (1997) generated mice 

with a mutant allele, Dll1lacZ, where the lacZ gene of E. coli replaced, in frame, a part of the coding region of 

Dll1. The expression of Dll1 in mice heterozygous for this gene, matched the one observed in wild-type 

mice. In homozygous Dll1lacZ embryos, there are severe problems in the compartmentalization of the 

somites due to severe patterning defects in the paraxial mesoderm,  and the pattern of spinal ganglia and 

nerves is perturbed (De Angells et al., 1997). Dll1 mutants become severely haemorrhagic after E10 and die 

around day 12 of development (De Angells et al., 1997). 

1.4- FOLLOWING THE TRACK OF CELLS 

 

So far we have seen how the Notch pathway works, the processes in which it is involved and the 

importance of two particular Notch ligands.  Pertinent questions that could be asked by now are: what 

happens to the cells that express these ligands? what kind of neural cells they originate? where in the adult 

organism do these cells localize and in which circuits are they involved?  

Behind these questions is one of the contemporary challenges of neuroscience: understanding 

which neurons depend on which genes. The fact that over one third of the human genome is thought to be, 

at least, largely dedicated to control the development, maintenance and function of the various cells and 

circuits of the nervous system (reviewed in Dymecki and Kim, 2007) turns this challenge into an Herculeous 

task. To find the answer to these questions there must be a process that allows visualizing gene activity and 

the fate not only of the progenitor cells but also of the cells they originate. In order to achieve this goal, cells 

must be marked in a way that allows the transmission of the marker to its descendents. Several methods 

have been used by development biologists in model organisms to do this kind of work. However, most of 

them involve physical marking of cells and even though progress was made in investigating the genes 

responsible for the development of brain structures in fruit flies or in the chick, the progress has been slow in 

mammals. One of the main problems that arose in this context was the manipulation of mammalian 
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embryos’ brains without disturbing its development (reviewed in Dymecki and Kim, 2007). However, 

nowadays the magnitude of this problem strongly decreased as various advances were made to easily turn 

on or off gene expression in specific subsets of cells either in undisturbed mouse embryos or in organs of 

adult living mice. The progress made in these methods therefore allowed the tracking of populations of cells 

defined by the expression of particular genes, i.e., molecularly defined, as they take place in the developing 

mouse brain structures leading to the elaboration of “genetic fate maps”. These maps provide information 

about where in the brain specific cells arise, journey and settle down definitely, as well as the gene products 

involved along the way. This emerging field of molecular neuroanatomy relies on three fundamental 

concepts: Genetic Access, Genetic Lineage and Genetic Anatomy (reviewed in Dymecki and Kim, 2007). 

These concepts will be now briefly defined. 

Genetic access consists in the capability to introduce into particular cells in the nervous system of a 

living animal a genetically encoded molecule that, when expressed, allows to visualise, assay or perturb 

those neuron’s development, connectivity or function.  By genetic lineage is understood a population of cells 

that had origin in a progenitor cell population defined by the expression of a particular gene. Finally, genetic 

anatomy consists in the ability to connect gene expression domains, either embryonic or adult, with 

anatomical structures (reviewed Dymecki and Kim, 2007).  

To understand molecular neuroanatomy we must understand how these concepts relate to each 

other; Dymecki and Kim (2007) call them the “three G’s” and draw an analogy with general education which 

relies on the “three R’s” of “reading, ‘riting and ‘rithmetics”. 

In order to have genetic access, there must be something to “drive” that genetically encoded 

“modifying” molecule to the desired cell types. Metaphorically, this molecule would act somehow like a 

secret agent doing “sabotage” in the cells we are “spying” either by flashing a light reporting the position of 

the cells, or by changing something inside them that allows us to follow their track. In addition, there must be 

a “Trojan horse” to take our spy inside cells. Hence, the coding sequence of the molecule must be paired, in 

a transgene, with promoter and enhancer elements specific of the desired cells. These constructions have 

been typically made in the the following ways: using isolated enhancers known to be transcriptionally active 

just in the selected cells; introducing the coding sequence of the molecule into the actual driver gene locus 

by homologous recombination in embryonic stem cells (in this case the transgene could be called a 

“knockin’ allele”); by inserting the coding sequence into an artificial chromosome that contains a subset of 

promoter and enhancer elements considered to be relevant. The selection of one of these methods is a 

central question in this work so their advantages and disadvantages will be further discussed later. 

Great advances were made in this field with the use of molecules that can undoubtly be considered 

spies with versatile “gadgets”, the site-specific recombinases (SSRs). The most widely used SSRs are Cre 

(causes recombination of the bacteriophage P1 genome) and FLP (named for its ability to invert or “flip” a 

DNA segment in Saccharomyces cerevisiae). These molecules are able to recombine specific sequences 

of DNA at specific target sites, called loxP (locus of crossover (x) in P1) in the case of Cre and FRT (Flp 

recognition target) in the case of Flp, with high fidelity and without the need for cofactors. Additionally these 

SSRs work well in many species, like mice, in which genome their target sites are not normally found. 

 Wisely used, SSRs allow creating DNA rearrangements that can result in deletion, insertion, 

inversion or translocation of chromosomal DNA (reviewed in Branda and Dymecki, 2004). When introduced 
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into a cell, the SSR is able to modify DNA sequences existent in that cell, in particular gene sequences 

effectively turning gene expression on or off. 

An elegant and quite standard approach (for reported applications see Dymecki and Kim (2007)) 

consists in using genetic access to deliver SSRs to the cells of interest and associating a creatively designed 

target transgene encoding a reporter molecule. In this situation, the SSR action will switch on permanently 

an otherwise inactive reporter (even without further SSR expression), making it is possible to identify the 

localization not only of the cells that “drive” SSR expression but also their progeny, which will also express 

permanently the reporter. This leads us to the second “G”, since the possibility to trace, by searching for the 

marker, progenitors and descendants, independently of cell type, is the possibility to trace a genetic lineage. 

This strategy is called Genetic Fate Mapping (GFM, reviewed in Branda and Dymecki, 2004; Joyner and 

Zervas, 2006; Dymecki and Kim, 2007) and will be discussed later in detail. 

The genetic fate maps obtained this way provide extraordinary information about the genes 

expressed throughout the history of a given cell, some of which might have been important for the cell’s 

development. These maps might also reveal the way in which different cells arise and assemble to originate 

the different structures of the nervous system (reviewed in Dymecki and Kim, 2007). The relation between 

these structures and the genetic lineages that originated them constitutes a genetic anatomy, which is the 

third “G”. The importance of genetic fate mapping here is not to so much the identification of the progeny of 

cells but to understand the contribution of the different genetic lineages to the assembly of various 

anatomical structures opening the way to a new kind of classification of neurons, not based in 

cytoarchitecture but in the molecular programs active earlier in their development. Even if these new groups, 

composed in the basis of this criterion, are constituted by spatially dispersed neurons they might have 

relevant and important physiological functions otherwise impossible to know by the traditional classification, 

since often the history of gene expression is critical to final cell function (reviewed in Dymecki and Kim, 

2007). 

Besides the data about the genetic programs active in particular neural cell types, invaluable to 

understand how particular cell physiologies and functions are obtained and maintained, understanding 

genetic anatomy is fundamental to “close the cycle” and gain genetic access (the first “G”) to new cell types 

in the adult organism. With the knowledge of which progenitors originate which cells, and since in this 

strategy the genetic modifications are inherited by all the cells originated by the progenitor, it is possible to 

modify cells in the adult by acting in the correct progenitors. This would allow looking for subtle phenotypes 

in the adult animal, even long after the time of normal expression of the gene in study. Moreover, it is not 

hard to imagine how this knowledge could be useful to understand the function of these genes, the cell 

types that express them and the circuits in which they are integrated in the adult, as well as important 

disease issues. 

 

1.4- Genetic Fate Mapping 

 

Fate mapping, given its potential to relate embryonic and adult structures is, as previously said, one 

of the most powerful pieces in the development neurobiologists’ toolbox. The traditional techniques relied on 

physical access to the embryo for injection of, for instance, retroviral, fluorescent or vital dye lineage tracers 
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or even the grafting of quail cells into chick embryos (reviewed in Dymecki and Kim, 2007). If it is true that 

these techniques were hardly adaptable to the study of mammalian animal models, another serious 

limitation they face is the inhability to unmistakably define in molecular terms the initially labelled population. 

 The advent of Genetic Fate Mapping solves some of these problems because the use of SSRs, 

as described, permits the activation of reporter molecules in a non-invasively, cell-heritable way turning them 

into effective genetic lineage tracers. Returning to the analogy, these signals from the reporter would be our 

“secret agent” informing about the position of the cells we are interested in.  

But how, in practice, can a GFM strategy be undertaken?  GFM needs the combination of a “driver 

line” and a “reporter line”. In this work, the strategy will be illustrated using mice as the animal model. In the 

“driver line”, the expression of the SSR is restricted to the population of cells where a specific genetic locus is 

actively transcribed. The “reporter line” harbours a transgene constituted by the following elements: a 

broadly active promoter, for example the ROSA26 promoter (Zambrowicz et al., 1997), ideally transcribed in 

any cell type at any stage of development; a reporter gene encoding molecules like GFP or β-Gal; an 

inserted STOP cassette that functionally silences the gene and is flanked by loxP (floxed) or FRT (flrted) 

sites. The most frequently used STOP cassettes are the lox2 cassette, containing Simian vacuolating virus 

40 (SV40) intron and polyadenylation (pA) signals sequences, a gratuitous ATG translation start and 5’ 

splice donor signal; a concatemer of SV40 pA sequences; a concatemer of bovine growth hormone pA 

sequences (reviewed in Dymecki and Kim, 2007). 

In SSR:reporter double transgenic mice, the STOP cassette is removed from the reporter 

transgene only in the SSR-expressing cells (the ones we want to study). The reporter gene is thereby 

“repaired” and it is possible to visualize the cells where the recombination event took place, assuming that 

the promoter/enhancer sequences that drive the expression is effective (Figure 1.14, Figure 1.15). 

 

 

 

 
Figure 1.14 – To generate a mouse strain suitable for GFM  it is necessary first to generate a reporter line, carrying a transgene with a  
floxed STOP cassette and the reporter gene and a diver line carrying the SSR (Cre in the figure) transcribed under the control of 
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enhancer/promoter elements specific of the cells of interest. Breeding the two strains should provide the desired transgenic mouse (adapted 
from García-Otín and Guillou, 2006).  

 
An important aspect of GFM is the fact that the reporter transgene is integrated into the mouse 

genome. Thus, if recombination occurs in a progenitor cell, all daughters (and their descendents) will inherit 

the reporter transgene in the recombined, active, form. The combination of this feature with a broadly active 

promoter ensures that the reporter will be expressed not only in the progenitors where recombination first 

took place but also in all the progeny, independently of the kind of cell they differentiate into or the 

development stage we want to observe. 

The broadly active promoter used in the reporter transgene is thereby of great importance. One of the 

most used solutions consists in collectively using the chicken β-actin promoter and the cytomegalovirus 

enhancer sequence, referred as CAG when paired together, which seem to drive constitutive expression in 

most cells of the animal. Another solution is to use the regulatory sequences from the endogenous mouse 

Gt(ROSA)26Sor (R26) locus, which is ubiquitously expressed in all mouse tissues. The simultaneous use of 

R26/CAG may offer improved breadth and levels of expression in relation to R26 or CAG alone (reviewed in 

Dymecki and Kim, 2007). A rival of this “team” are the regulatory elements of the tau gene, also expressed 

ubiquitously in the mouse (Kramer et al. 2006). Finally, it must be taken into account that the efficiency of the 

SSR-mediated excision events depend on the location of the loxP or FRT sites in the mouse genome, with 

some loci being more favourable than others. According to Dymecki and Kim (2007) both tau and R26 

seem to be efficient concerning this aspect.  

 

 
Figure 1.15 – Illustration of a GFM strategy using SSRs to study what happens to progenitor cells and their descendants during 

development. In the upper panel the structure of a SSR responsive transgene is shown. SSR-mediated recombination occur between its 

recognition sites (triangles) leading to excision of the STOP cassette introduced between them. Spatial control of transgene activation is 

obtained by the regulatory elements used to drive SSR expression.  The incorporation of a broadly active promoter (BAP) in the reporter 

transgene ideally guarantees that after a recombination event in a given cell both that cell and its progeny will be marked by the reporter 

independently of subsequent differentiation. In the lower panel the GFM strategy depicted above is used to study the development of the 
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neural tube, schematized as a simple cylinder and progressing temporally from left to right in each row. In the top row the dorsal/ventral and 

anterior/posterior orientation is shown. An hypothetical geneA is expressed transiently in progenitor cells in the yellow domain shown in the 

dorsal neural tube, early in development.  In the middle row the SSR expression domain in the “driver line” (see text) is shown; as 

enhancer/promoter elements from geneA were used, their expression domains are identical. In the SSR:reporter double transgenics, cells 

expressing the SSR activate the reporter transgene and the reporter molecule is produced (shown in blue). The activation of the reporter 

expression is permanent and is inherited by all cells descended from the SSR-expressing, or geneA expressing progenitors (descendent 

cells are illustrated as blue circles in the figure). This way a genetic lineage is marked and its contributions to the different parts of the 

nervous system can be evaluated throughout development (Adapted from Dymecki and Kim, 2007). 

 

In the previous lines, we have been discussing pertinent topics respecting the reporter transgene 

but important questions remain to be analyzed in what matters to the “driver line”. One important question is 

how to express the SSR only in a selective group of cells or, using the “three Gs” nomenclature, how to gain 

genetic access to those cells. It was said before that, to achieve this, the use of cell-type restricted 

promoter/enhancer elements was essential. But how can this be done?                                                         

The first approach consists in the use of conventional transgenic methods in which isolated enhancer 

elements are responsible for the expression of a gene in the subset of cells of interest. These elements are 

used to direct the expression of a desired cDNA linked to a polyadenylation signal cassette, a DNA 

sequence that serves to increase the stability and translation of messenger RNAs (Figure 1.16). Typically, 

the size of the resulting constructs is under 20 kb (reviewed in Miyoshi and Fishell , 2006). However, not 

always a single, effective and strong enhancer element capable of driving high levels of expression in 

particular kinds of cells has been identified.The second approach circumvents this problem using what is 

called a “knockin” method. In this case, the locus of interest is targeted so that one allele is replaced by a 

transgenic construct using homologous recombination in ES cells (Figure 1.16). This way, the transgene 

has exactly, or almost, the same intrinsic regulatory machinery and, consequently, expression pattern as the 

endogenous gene. Nevertheless, this solution has some complications. The loss of one copy of the original 

gene can be problematic due to the subsequent lower level of expression, or in other words, 

haploinsufficiency. In the case of the Notch ligand Dll4, for instance, this would be a problem because of the 

lethal haploinsufficiency; it would be impossible to generate a stable line of transgenic animals where one 

copy of Dll4 is replaced because they would die before birth. A possible way to avoid this situation would be 

to knock-in the SSR encoding sequence, preceded by the addition of an internal ribosome entry site (IRES) 

sequence, into the 3’ untranslated region of the endogenous gene. Thus, a bicistronic transcript would be 

produced resulting in the production of the original gene followed by the SSR. The most widely used IRES 

sequence is the one derived from the encephalomyocarditis virus (reviewed in Miyoshi and Fishell , 2006).  

Although there are successful applications of this strategy (Lee et al., 2000), sometimes the generation of 

two proteins from a single transcript may result in lower levels of expression of both proteins compared with 

that produced normally by the endogenous locus, in particular the protein encoded after the IRES 

sequence. It is not hard to imagine how this could influence the fate maps as low levels of SSR would 

compromise recombination efficiency and perhaps not all the cells that express the gene of interest, 

especially the ones with low expression, would have the reporter activated. An alternative described by 

Miyoshi and Fishell  (2006), but not very common yet, is the use of the short self-cleaving 2A peptide 

sequence as a linker separating the two genes; a single fusion protein would be first produced and then 

automatically cleaved. The limitation of this procedure would be also the levels of SSR that can be obtained: 
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at best the level of expression of the original gene, which sometimes could not be enough for our goal. 

Thus, if a knockin approach is chosen to drive SSR expression, there must be found a variation, among the 

ones just described, that results in the best compromise between haploinsufficiency issues, level of 

transgene expression, time and cost.  

 
Figure 1.16- Traditional transgenic approach (left figure); “Knockin” transgenic approach. The expression domain is the genome region 

thought to contain all the gene’s regulatory elements  (right figure) 

 

The third and last approach is the use of large fragments of mouse genomic DNA inserted into 

special vectors called artificial chromosomes that allow their replication in host cells to produce large 

amounts of DNA. There are three kinds of artificial chromosomes depending on the host: yeast, 

bacteriophage P1-derived and bacterial artificial chromosomes (YAC, PACs, BACs). These vectors can 

handle stably constructs from 130 kb, in the case of PACs, 100-300Kb in BACs and up to 1-2 Mb in the 

case of YACs. Instead of using a single enhancer element to drive transgene expression to specific cells, 

like described for the conventional transgenics, the DNA contained in these artificial chromosome-based 

vectors is expected to contain all necessary regulatory elements of a gene (Figure 1.17). The assembly of a 

transgene in these artificial chromosome-based vectors is usually done by homologous recombination in the 

host microrganism. More on this subject will be discussed below. After transgene assembly, the DNA is 

introduced into recipient oocytes on the basis of random integration into the genome. The large size of these 

transgenes limits concatemerization and subsequently copy number, leading to physiological levels of 

expression. 

Figure 1.17- Artificial chromosome transgenesis approach. In the artificial chromosome at least most of the expression domain is present 
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1.5- Recombineering: A tool to manipulate DNA 

 

E. coli is the organism where the genetic engineering steps are traditionally done in order to 

construct recombinant DNA molecules for use in other organisms. The cloning methods with E. coli are 

laborious and use restriction enzymes to cleave DNA and DNA ligases to join DNA fragments. The new 

molecules are produced through these successive “cut and paste” steps and are cloned into plasmid 

vectors for amplification and subsequent manipulation, if required.  

Another organism used for similar purposes, Saccaromyces cerevisiae, has efficient homologous 

recombination pathways, which is something that turned its use very appealing for the creation of 

recombinant DNA. The yeast recombination pathways are able to recombine transformed linear, double 

stranded DNA (dsDNA) with homologous regions in the yeast genome. A remarkable feature of these 

pathways is their capability to recombine even fragments with little stretches of homology, allowing the 

recombinant DNA to be created in vivo and without the use of the “cut and paste” steps. This efficient 

homologous recombination system was thereby explored for the study of yeast gene function (reviewed in 

Copeland et al., 2001) and besides this, special vectors were created with the capacity to harbour huge 

inserts, even megabased-sized, to clone large fragments of genomic DNA of other species into yeast. 

These vectors, already mentioned (see section 1.4) are called Yeast Artificial Chromosomes (YACs). The 

possibility to combine YACs’ huge capacity to contain large DNA inserts with the homologous recombination 

machinery of S. cerevisiae opened the way to an easy method to clone large pieces of mammalian 

genomic DNA, which can be used for several purposes like the generation of transgenic mice. However, 

YACs have several limitations, for instance, it is hard to purify YAC DNA with suitable conditions for mouse 

transgenesis either in terms of concentration and integrity and, besides, a yeast cell may contain wild-type 

and modified YACs which makes their purification even harder. Furthermore, as the yeast recombination is 

so efficient and always active, unwanted deletions or rearrangements in the YAC may occur frequently.  

Due to these limitations, the use of other types of artificial chromosomes that can be manipulated in 

bacteria like PACs and BACs become popular. PACs are circular vectors derived from bacteriophage P1 

vectors that can accommodate inserts up to 130-150 kb. BACs are also circular vectors, derived from the F 

factor of E. coli, but with the capacity to contain inserts up to 300kb. BACs are propagated as low-copy 

number plasmids in recombination-deficient strains of E. coli (to avoid unwanted rearrangements)   Opposite 

to YACs, inserts are more stable in these vectors and their manipulation and purification is easier. Therefore, 

PACs and BACs have been used to generate genomic libraries, instrumental for most sequencing projects 

(reviewed in Giraldo and Montoliu, 2001; Heintz, 2001). Because of their larger capacity BACs are often 

preferred to PACs. 
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Manipulation of BAC DNA in 

bacteria, however, is not easy with the 

classical genetic engineering approach. 

When the cloning vectors and the inserts 

are large, with thousands of kilobases of 

DNA, even rare recognition sites for 

restriction enzymes occur often in the 

molecules. Thus, when BAC clones 

become available in E. coli, the primary 

problem was to modify the genomic DNA 

to be inserted into the BAC vectors. These 

problems were solved with the advent of a 

new technology, called recombineering 

(recombination-mediated genetic 

engineering), based in homologous 

recombination functions encoded by 

phages. While in classical homologous 

recombination systems, homology regions 

of ∼500 bp were needed, with the 

recombineering technology, recombinant 

molecules can be generated using 

homology sequences as short as 40-50 

bp. Since many cloning vectors do not 

tend to tolerate large inserts this is a major innovation provided by recombineering, approximating the 

efficiency of yeast recombination.  

To generate BAC recombinants by traditional genetic engineering, first a DNA cassette with the 

modifications we want to introduce must be cloned into a vector containing homology regions that in the end 

will flank the cassette and the resulting construct is transformed into a BAC-containing strain so that the 

cloned cassette is introduced in the BAC by homologous recombination (Figure 1.18 a). With 

recombineering, the PCR cassette is amplified flanked by short regions of homology and is introduced into a 

strain containing a BAC and recombination functions; the recombinants are then generated in vivo and are 

then detected by specific methods (Figure 1.18 b; reviewed in Copeland et al., 2001) 

To better understand how recombineering in E. coli was developed some earlier recombination 

strategies will be explained in brief. 

Early Strategies 

The original model for homologous recombination in bacteria was proposed by Holliday in 1964 

and envisioned single stranded DNA (ssDNA) breaks in both of the DNA homologs as the initiators of the 

recombination event. A variation of this model, the dsDNA break repair model, modified this view and, 

instead, proposed that recombination could be initiated by a dsDNA break (Figure 1.19). 

 

Figure 1.18- Classical genetic engineering versus recombineering (taken 
from Copeland et al., 2001) 
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Figure 1.19- Recombination initiation by double-strand breaks 

 

In E. coli, recombination during conjugation or transduction is believed to initiate at dsDNA breaks, 

since the DNA involved in each of these physiological processes is at least transiently linear, while the 

homologous partner is normally the covalently closed circular chromosome. Recombination thus occurs 

between linear dsDNA and supercoiled molecules (reviewed in Kowalczykowski et al., 1994). According to 

this fact, to achieve homologous recombination in E.coli the transformed DNA must be linearized.  

However, linear dsDNA is unstable in E. coli, due to the presence of degradation mediated by the 

RecBCD enzyme. RecBCD, which has helicase and exonuclease activity, has functions in recombination 

and repair and is an essential component of the principal pathway for recombination of linear DNA in E. Coli, 

the RecBC pathway (reviewd in Kowalczykowski et al., 1994).  

In order to transform E. coli with linear dsDNA, a recBC mutation that eliminates RecBCD 

expression must therefore be used. To restore recombination activity to these mutants, additional sbcB and 

sbcC mutations have also to exist to allow recombination via the alternative RecF pathway (reviewed in 

Kowalczykowski et al., 1994). 

These recBC–- sbcBC-- strains were used in various applications such as recombining exogenous 

DNA with the E. coli chromosome, introducing selectable markers in the latter and mutagenizing plasmid 

cloned genes (reviewed in Copeland et al., 2001). Also, these strains were used to insert PCR products into 

plasmids by a process called in vitro cloning. In this process, the linear PCR product and a linearized 

plasmid vector have stretches of homology to each other at their ends. After a recombination event, the 

plasmid is closed (or repaired) by recombining with the PCR-amplified DNA. With this method the ligation 

between fragments is done without enzymatic “cut and paste” steps.  

This system has some limitations, however, like for instance the fact that only special strains of 

bacteria can use these recombination pathways which, furthermore, are always active in them. Thus, 

unwanted recombination events are expected to happen if BACs or PACs are used, since repeat 

sequences occur frequently in eukaryotic DNA, causing problematic rearrangements and deletions. 

Other strategy to use homologous recombination in E. coli is called “Chi-stimulated recombination”. 

This system allows the use of linear dsDNA in wild-type cells since Chi sites (5’ –GCTGGTGG- 3’) not only 

protect the DNA from RecBCD digestion but also provide activation sites for RecBCD mediated 

recombination. When RecBCD finds a Chi site its exonuclease activity is attenuated but, as it maintains its 
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helicase activity, it acts on linear dsDNA producing a long single stranded DNA (ssDNA) tail with a 3’ end 

which is the presumptive substrate for DNA strand transfer that is promoted by the RecA protein and single-

stranded binding (SSB) proteins. Recombination might then occur between these single-stranded ends and 

homologous sequences in the E. coli chromosome or in artificial chromosomes.  

Chi-stimulated recombination was used, with good results, to modify BACs, for instance by 

replacing the first coding exons of genes in the BAC with reporter genes (reviewed in Copeland, 2001). 

Although these experiments were done with zebrafish DNA, and there are no reported similar works with 

mouse DNA, it is expected that Chi-stimulated recombination occurs with DNA of any species. However this 

system is highly inefficient, even with long stretches of homology, so to find the scarce recombinants a 

highly efficient strategy of positive-negative selection must probably be used.  

The third strategy relies on the fact that RecBCD does not degrade circular DNA and hence such 

molecules can be used to modify the E.coli or artificial chromosomes. Still, in order to achieve this, the 

strains used must be wild-type for recA since the activity of the protein encoded by this gene, RecA, is 

essential for the integration of circular DNA by homologous recombination. As the E. coli strain used to 

generate most of the BAC libraries, DH10B, is defective for recA, a plasmid was constructed that carries the 

wild-type gene which, upon transformation, provides competence to carry out homologous recombination. 

This plasmid also contains a tetracycline resistance cassette, a temperature sensitive origin of replication 

and it is designed to carry large DNA fragments with segments of homology to the desired targets (reviewed 

in Copeland et al., 2001). To use this recombination system, the special plasmid is first transformed into E. 

coli cells that contain the BAC so that recombination occurs between the vector and the gene in the BAC 

through one of the homology sequences. With tetracycline selection, only bacteria with the plasmid 

integrated into the BAC survive. Cells are grown again in the presence of fusaric acid, which selects for 

tetracycline-sensitive cells. In these conditions only bacteria where a second recombination event happens 

will survive. This event, called resolution, may occur through either homology arm and depending on which 

one is used the original BAC can be restored or the wanted modification can be created.  With this system 

the lacZ gene was inserted into the mouse Ru49 zinc-finger gene carried on a BAC which was used to 

generate a transgenic mouse where lacZ expression was similar to that of the original gene (Figure 1.20, 

Yang et al., 1997). Even though this experiment was done with BACs, the method could be adapted to 

modify PACs or other vectors.  

 
Figure 1.20- RecA-mediated recombination and gene modification. tet- tetracycline resistance; ts-ori-temperature sensitive origin of 

replication; recA- RecA gene (taken from Copeland et al., 2001) 
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The limitations of this system are mainly the need to pre-engineer the vector that contains the 

homology sequences, for sometimes they are very large (more than 500 bp in the mentioned example) and 

the time during which this special vector that carries recA is present in the cells. To carry out two 

recombination events the vector must be present in cells for quite a few growth generations and during this 

time unwanted recombination events may occur between repeat sequences in the BAC. Some of these 

rearrangements can create growth advantages of these cells over the ones carrying the correct BAC and 

the selected cells may thus contain BACs that are correctly constructed in the target but with problems 

elsewhere. 

New Strategies based in phage-encoded recombination systems 

 

Although these systems provided some interesting results, they all have serious limitations. 

Recently, some advances were made in this field with the discovery of a way to target linear dsDNA to 

plasmids with homology sequences as short as 42 bp (reviewed in Copeland et al., 2001). This could be 

done with a strain carrying sbcA as well as recBC mutations. sbcA mutations activate the normally 

unexpressed E. coli genes recE and recT, which are encoded by the part of the cryptic Rac prophage that is 

present in E. coli  K12 strains. This new system, called RecET cloning, or ET cloning, provided the possibility 

to modify DNA directly with linear dsDNA PCR products without the need for long homologies and the 

laborious steps involving subcloning into plasmids. Although the initial work were done in recA recBC sbcA 

strains, to avoid degradation of the PCR product by RecBCD, some strains used for carrying BACs or PACs 

are recBC+  and so a plasmid was developed to use ET cloning in these strains, the pBAD-ETγ. This 

plasmid contains the recE gene under the control of the pBAD promoter, which is arabinose-inducible, the 

recT gene under the control of the constitutive promoter EM7 and the gam gene, from the bacteriophage-λ, 

under the control of the constitutive Tn5 promoter. This way, through the addition of arabinose, cells 

containing pBAD-ETγ obtain recombination functions, independent of RecA, and the inclusion of the gam 

gene inhibits the activity of RecBCD ensuring the stability of the linear dsDNA (reviewed in Copeland et al., 

2001). 

The Red system is another phage-encoded recombination system, this time from the 

bacteriophage-λ, and analogous to Rac’s RecET system. Red-mediated recombination works, like RecET, 

by the action of two genes, exo or redα, which are analogous to recE and redβ, or bet, which is analogous 

to recT. Exo as well as RecE are 5’-3’ exonucleases that produce 3’ overhangs from introduced dsDNA 

targeting cassettes, while Bet and RecT are pairing proteins that bind to the 3’ overhangs and mediate its 

annealing and homologous recombination with complementary DNA present on the BAC (Figure 1.21; 

reviewed in Muyrers et al., 2000). The functioning of these is also assisted by the bacteriophage-λ Gam 

protein to inhibit RecBCD activity (reviewed in Copeland et al., 2001). 
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Figure 1.21- Activities of Exo and Beta, proteins encoded by the the bacteriophage-λ (taken from Copeland et al., 2001) 
 

 

A plasmid was also developed to introduce Red activity in bacterial cells. In this plasmid, called, 

pBADαβγ, exo is under the control of pBAD, bet is expressed constitutively from EM7 as well as gam is 

expressed from TN5. The arabinose inducible promoter, present both in pBAD-ETγ and pBADαβγ, 

introduces something new and impossible to do with most of the previously described methods: the 

possibility to control the period in which the recombination machinery is highly active in the cell which, 

without the presence of RecA eliminates the probability of unwanted recombination events in the BAC or 

any other vector utilized.  

Following the development of these plasmids, Daiguan Yu and his group (2000) found a way to 

express the gam, exo and bet genes from a defective λ-prophage. In this system, gam, exo and bet are 

integrated into the E. coli chromosome, under the control of the temperature sensitive λ-cI857 repressor. 

Similarly to what happens with the arabinose inducible promoter, the recombination activity can be 

controlled but, in this case, by changing the temperature at which cells are incubated. At 32ºC, the repressor 

is active and the expression of these genes is minimum; if cells are incubated at 42ºC, for about 15 minutes, 

the repressor is inactivated and genes are expressed from the λ-pL promoter at very high levels. Likewise 

no unwanted recombination occurs. Furthermore, the prophage itself is stable and does not require drug 

selection for maintenance. According to Yu et al. (2000) it is possible to achieve a recombination success as 

high as 104 recombinant cells per 108 electroporated cells. 

 

E. Coli strains with recombineering functions 

 

In the context of BAC modification or BAC recombineering, the defective λ-prophage system is of 

great importance, since it has been transferred to the BAC host strain DH10B, being the resulting strain 

known as DY380.  

An important limitation of BACs is the difficulty in introducing subtle mutations or in-frame fusions of 

cDNAs, without simultaneously leaving a selectable marker or loxP/FRT site at the modification site. A 

possible solution would be the use of the RecA dependent system, however, besides the inherent problems 

of this method, already mentioned, it involves a lot of enzymatic “cut and paste” steps. New methods had to 

be developed to overcome this situation.  



 27 

A simpler method consists in the use of a positive/negative selection approach, for instance with a 

sacB-neo fusion gene. sacB encodes the SacB protein which converts sucrose into a toxic form that kills 

bacteria and thereby is used for negative selection after neo resistance (reviewed in Copeland et al., 2001). 

This method also has some problems because of spontaneous mutations that can occur in the sacB gene 

that increase the background after the negative selection step. Other methods have been developed that 

make use of rare restriction enzymes or PCR-based screenings all showing limitations (reviewed in 

Warming et al., 2005). A recent method is based in a galK-based positive/negative selection. The galK gene 

is a part of the E. coli galactose operon and encodes an enzyme involved both in the degradation of 

galactose and the formation of a toxic substance thereby allowing positive and negative selection based in it. 

As the background is reduced, no colony screening is required. A bacterial strain derived from DY380 was 

created to make use of this method. This strain, called SW102, contains a fully functional gal operon but 

without the galK gene that can be inserted into a BAC and then replaced by the DNA with the desired 

mutation. The strain SW105 used in this work is based in SW102 and contains, like EL250, an arabinose-

inducible Flpe gene that may be used in many ways, for instance, the removal of an antibiotic resistance 

cassette flanked by FRT sites when its functions are no more required, simply by addition of arabinose. 

 

1.6- Objectives 

 

 The final goal of this project is to develop a genetic fate mapping strategy that allow us to establish 

the link between the activity of the Dll1 and Dll4 genes and the cell fate decisions they control in the 

developing CNS. To achieve this, the initial step is to generate two lines of transgenic mice, each expressing 

the SSR Cre under control of the Dll1 or Dll4 gene regulatory regions. Upon breeding of these lines with a 

“reporter line”, one can generate mice where the cells expressing Dll1 or Dll4 throughout embryonic 

development become permanently labelled, allowing their easy identification in embryonic and adult tissues.  

One can then relate their phenotype with the previous activity of the Dll1 or Dll4 genes, which constitutes the 

long-term goal of this project. 

The availability of such mice shall allow, for instance, to follow the fate of a small group of Dll4-

expressing cells located ventrally in the developing neural tube (Figure 1.12, Benedito e Duarte, 2005) 

thereby correlating gene activity with the final fate of these cells. In the case of Dll1, this GFM strategy shall 

allow us to establish whether all Dll1-expressing cells in the neural tube will become neurons or, instead, 

whether other fates are generated from these cells. 

The aim of the work here described was to generate the initial DNA constructs containing the SSR 

Cre under control of the Dll1 and Dll4 gene regulatory regions, using BAC recombineering technology. 

These DNA constructs shall then be used to generate transgenic mouse lines by pronuclear injections, in 

the next phase of the project. 

 

1.7- Experimental Strategy 

 

 According to what was just described, transgenic mice must be generated where Cre is expressed 

in Dll1 or Dll4-expressing cells. Three possible approaches can be used, in order to achieve that objective:  
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i) insertion of the Cre cDNA into the Dll1 or Dll4 genes by homologous recombination in embryonic 

stem cells; 

ii) pronuclear injection of a pDNA construct where the Cre cDNA is controlled by a single or a 

combination of enhancer elements known to drive expression in neural tissues  

iii) pronuclear injection of a DNA construct containing  a large fragment of mouse genomic DNA 

containing the Dll1 and Dll4 genes (>100Kb), using artificial chromosome vectors (BAC, PAC or YAC).  

 The first hypothesis was not possible to carry out with Dll4 because of haploinsufficiency issues; 

removing one copy of the gene would result in the pre-natal death of mice and the generation of a stable line 

would be impossible. For Dll1, the haploinsufficiency problem is not as severe but still exists, although not 

lethal.   

 The use of a conventional transgenic approach, where isolated enhancer elements are used to 

drive gene expression, prevents haploinsufficiency problems, since the transgene is randomly inserted in 

the genome and the endogenous gene is not disrupted. Nonetheless, other problems exist. First, the small 

size of the constructs may lead to concatemerization and thereby to transgenic alleles with high copy 

number resulting in non-physiological levels of expression in the transgenic mice (reviewed in Miyoshi and 

Fishell, 2006). Second, the stochastic event of transgene integration within the host genome might result in 

transgene silencing or ectopic expression, due to interfering elements located in the genome surrounding 

the place of transgene integration. This phenomenon is known as chromosomal position effect (reviewed in 

Giraldo and Montoliu, 2001).  

A strategy developed to overcome position effects consists in the use of large fragments of DNA 

containing, in principle, all the regulatory elements of the gene plus large pieces of the flanking DNA, so that 

it might escape silencing effects and provide transgene expression independently of the integration site.  

The problem is to manipulate (clone and modify) such big pieces of genomic DNA, which can be 

circumvented with the use of bacterial vectors behaving as artifical chromosomes. 

This approach avoids also the haploinsufficiency problems and, since at least almost all the 

expression domain of the gene is present in the large genomic insert, the expression profile of the transgene 

should resemble that of the original gene.  It is important to refer that this choice also has its drawbacks. The 

insertion of another copy of various genes in the mouse genome, which is something that happens with this 

strategy, may lead to problems related with excessive gene dosage. It is well known the effect of an extra 

copy of chromosome 21 in humans: the Down syndrome. It is then possible that the addition of extra gene 

copies may result in unpredictable phenotypes. For instance, a phenomenon called regulatory squelching is 

described (Cahill et al., 1994) that consists in the sequestration of transcription coactivators or corepressors 

by transcription factors. If something like this happens with transcription factors encoded in the transgene, 

the introduction of more copies could influence the regulatory networks of endogenous genes with 

consequences that might not be predictable. However, the advantages of using transgenesis based in 

artificial chromosomes are significant and the technology is becoming more widespread (reviewed in 

Giraldo and Montoliu, 2001)  

A last decision has yet to be discussed that consists in the choice between yeast, bacterial or P1 

artificial chromosomes (YACs, BACs or PACs). As mentioned before, although the great cloning capacity of 

YACs is unique and yeast recombination is highly efficient, handling and working with YACs requires 
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specific skills and expertise and could result in additional problems, like insert instability, DNA 

rearrangements,etc. To avoid these problems, the use of BACs and PACs is recommended and, as the 

BAC cloning capacity is bigger, these vectors are usually preferred.  

Facing this scenario, our choice was to use BAC transgenesis. My work, reported here, consisted 

in the generation of the transgenic construct that will be inserted in the mouse genome. This was done first 

by choosing a method for the modification of the original BAC. Then, targeting vectors both for Dll1 and Dll4, 

with Cre flanked by homology regions were constructed and finally, after the recombination step and the 

confirmation of its success, the final transgene would be ready. 

  

To modify the BAC in order to construct the transgene, the recombineering technology was used. 

The particular system had to be chosen between RecET and Red and, if Red was chosen, between the 

system with recombination functions expressed from a plasmid or from the defective λ-prophage. According 

to Lee et al. (2001), the λ-prophage system appears to be at least 50- to 100- fold more efficient than the 

RecET or the Red systems expressed from plasmids. Moreover, the defective λ-prophage avoids other 

problems presented by plasmids, like the need for drug resistance to maintain them in the cells, the 

reduction of the possibility to use other plasmids because of incompatibility and the leaky expression of 

recombination functions that makes them always present in cells at some level. The continuous presence of 

Gam, for instance, would result in loss of cell viability, not to mention the possibility of unwanted and 

unpredictable rearrangements in the BAC. Thus, the defective λ-prophage system was selected to carry out 

the recombineering steps and so the original BACs containing Dll1 and Dll4, available in DH10B cells, had 

to be isolated and electroporated into SW105 cells, which contain the chosen recombination functions.  
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II- Materials and methods 

2.1- Bacterial Strains 

For the construction of the Dll4 targeting vector, the E. coli strain DH5α was used. For the 

recombineering steps, SW105 cells (Warming et al., 2005) were transformed with BAC DNA and used in 

the subsequent work. The phenotype of this strain is:  F- mcrA ∆(mrr-hsdRMS-mcrBC) Φ80dlacZ 

M15 ∆lacX74 deoR recA1 endA1 araD139 ∆(ara, leu) 7649 galU galK rspL nupG [ λcI857 (cro-

bioA) <> tet][(cro-bioA) <> araC-PBADflpe]   (http://recombineering.ncifcrf.gov/). 

2.2- DNA extraction 

Plasmid DNA was extracted from bacterial cultures by the alkaline lysis method (Sambrook and 

Russel, 2001) and purified using the Promega Wizard kit (www.promega.com), for minipreps and the 

Roche Genopure Plasmid Midi Kit (www.roche-applied-science.com) for midipreps.  

DNA fragments extracted from agarose gels were purified with the Wizard
®
 SV Gel and PCR 

Clean-Up System (www.promega.com). 

2.3- DNA digestion with Restriction Nucleases and Electrophoresis 

Analytical digestions with restriction enzymes were done in a final volume of 20µL volume, in the 

case of a digest with a single enzyme, or 30µL in the case of a double digest. Buffer composition, incubation 

temperature and enzyme compatibility with each buffer followed suppliers’ (www.neb.com and www.roche-

applied-science.com). Usually, 1µg of DNA was used, together with 5-10 Units of enzyme. 

Additionally, bovine serum albumine (BSA), required to stabilize some enzymes during digestion 

and to prevent their adhesion to the reaction tubes, was used when required. A 1µL volume of 100x 

concentrated solution, from NEB, was then added. 

 BAC DNA digestions were always done in a final volume of 30 µL with 24 µL of DNA, 3µL of 10X 

concentrated buffer, 1 µL of BSA (if needed) and 2 µL of Enzyme (10U/µl), and incubated for about 4h at 

37ºC. 

 Preparative digestions were performed when a specific band had to be purified from a gel. In this 

case the total volume was 100 µL. The DNA was quantified using a Nanodrop® spectrophotometer and 10 

µg were used in each preparative digestion. The appropriate buffer and BSA, if needed, were added as well 

as the enzyme(s), generally 3 µL (about 30U). To check for complete digestion, 5µl of the reaction were 

analysed in an agarose gel.  

Conventional agarose gel electrophoresis was done, according to standard protocols, to separate 

the DNA bands, which were detected by ethidium bromide staining and visualized in a UV transiluminator.  

2.4- Ethanol Precipitation 

DNA had to be precipitated every time a preparative digestion was performed, to concentrate the 

DNA in smaller volumes to be loaded in agarose gels. If double digestions with restriction enzymes had to 

be done sequentially, DNA may also have to be precipitated if the enzymes need incompatible buffers. 

 Precipitation was done by adding to the digestion mixture half of its volume of 7,5M Ammonium 

acetate (NH4CH3COO), to reach a final concentration of 2,5M. Glycogen (1µl of a 10mg/ml solution) was 
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added to facilitate pellet visualization. Finally, two volumes of 100% ethanol were added and this mixture 

incubated at -20ºC for at least 2 hours. The tube was then spinned for 15 minutes at 13000 rpm. The 

supernatant was poured off and the pellet was washed with 70% ethanol and dried at room temperature.  

Finnaly, DNA was resuspended, usually in 30 µL of Tris 10mM buffer. 

2.5- DNA Ligation 

Ligations were performed in a final volume of 10µL. The proportion bewteen backbone vector and 

the insert to be cloned was 1:3, based on DNA concentrations assessed by visualizing the fragments after 

agarose gel electrophoresis. Generally, 1 µL of vector (around 25ng) was used.    

2.6- DNA Transformation 

100 µL aliquots of competent cells were thawed on ice and transferred to 2 mL Eppendorf tubes, 

where they were incubated with 5 µL of DNA for 25 minutes, always keeping the tube on ice. This 

incubation is done for the DNA to agglomerate over the bacteria cell wall. After 25 minutes cells were heat-

shocked by transferring them to a water bath set to 42ºC for exactly 45 seconds, leading to the formation of 

pores in the cell wall; then cells were incubated in ice for 2 minutes to keep the pores opened so the DNA 

could enter the cells.  

Finally 900 µL of SOB broth were added to the tube which was then incubated with agitation at 

37ºC to recover cells from the shock and allow them to express the antibiotic resistance genes. After 45-60 

minutes the tube was centrifuged, about 800 µL of supernatant were removed and the pellet was 

resuspended in the remaining liquid. The suspension was plated into Petri dishes with LB medium 

supplemented with the appropriate antibiotic and were kept at 37ºC overnight.  

2.7- BAC Minipreps 

To prepare BAC DNA at miniprep scale, an isolated colony was grown in 10mL of LB medium 

supplemented with 12.5µg/ml of chloramphenicol, or the appropriate antibiotic. The cultures were incubated 

at 32ºC, to repress the expression of the homologous recombination genes. Alkaline lysis was then 

performed, using buffers described in Table 2.1. The culture was pelleted and the pellet was resuspended in 

400 µL of resuspension buffer (P1). 600 µL of lysis buffer (P2) were added, the tubes were inverted a few 

times and incubated for 5 minutes at room temperature. Then 600 µL of neutralization buffer (P3) were 

added, the tubes well mixed (by inversion) and incubated for 10 minutes on ice. The suspension is then 

centrifuged for 10 minutes at 13000 rpm and 4ºC. The supernatant was split into two 2mL tubes (about 750 

µL for each tube) and 750 µL of isopropanol were added to precipitate the DNA, with 5 minutes of 

incubation at room temperature. The next step was a centrifugation for 20 minutes at 13000 rpm and 4ºC, 

followed by the removal of the isopropanol. The pellet was washed with 750 µL of 70% ethanol, spinned for 

10 minutes at 13000 rpm, dried at room temperature and resuspended in 50 µL of TE buffer (Tris 10mM 

pH7.5, 1mM EDTA pH8). 

2.8- BAC Maxipreps 

To prepare BAC DNA in large amounts, an isolated colony was grown overnight, at 32ºC (to 

repress recombination genes), in 500 ml of LB medium supplemented with the appropriate antibiotic. Five 

50mL Falcon tubes were used to pellet in each one 100ml of culture, by centrifugation at 4000rpm for 15 
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min at 4ºC for two times. The supernatant was discarded and each pellet was resuspended in 16 ml of 

P1+RNaseA solution (Table 2. 1). 16 mL of freshly prepared P2 solution was then added and the mixture 

was gently inverted before an incubation time of no longer than 5 minutes at room temperature. Then, 16mL 

of P3 solution were added and the tube was inverted a few times until a homogenous white suspension was 

obtained.  The tubes remained on ice for 1 hour and then were centrifuged for 30 minutes at 4000 rpm. The 

supernatant was split into two new Falcon tubes but passing through a double sheet of autoclaved muslin to 

avoid any accidental transfer of white precipitate. The tubes were centrifuged again for 15 minutes at 4000 

rpm. The supernatants were transferred to other Falcon tubes and an equal volume (about 24 mL) of ice-

cold isopropanol were added and mixed by inversion. The mixture remained at room temperature for 5 

minutes and was was then centrifuged for 30 minutes at 4000 rpm at 4ºC. The supernatant was carefully 

removed and the tubes spinned to remove residual isopropanol. The pellet was then washed with 70% 

ethanol, spinned and, after ethanol removal, the pellets were dried at room temperature. Each pellet was 

then resuspended in 500 µL of TE buffer and transferred to 1.5 mL Eppendorf tubes. To manipulate BAC 

DNA large-diameter pipette tips are recommended to avoid breaking the large DNA molecules. 500 µL of 

Phenol/Chloroform were added to each tube, which was inverted 8 times and spinned for 5 minutes at 

13000 rpm. The top phase was then transferred to new 1.5 tubes and the phenol/chloroform extraction was 

repeated. Finally, DNA in the aqueous phase (around 500µl) was precipitated with 1mL of 100% Ethanol 

and recovered by centrifugation for 10 minutes at 13000 rpm. The supernatant was poured-off and the 

pellets washed with 1 mL of 70% EtOH, dried at room temperature and resuspended in 100 µL MiliQ water.  

 
Table 2. 1 – Solutions for alkaline lysis (Sambrook and Russel, 2001) 

P1 P2 P3 

Tris 50mM pH 8 

EDTA 10mM pH8 

RNase A 100µg/mL 

NaOH 0.2N 

1% SDS 

KCH3COO 3M 

Glacial Acetic Acid (until pH 5.5) 

 

2.9- Preparation of electrocompetent cells and electroporation 

To prepare electrocompetent cells, bacteria are freshly streaked in selective plates (if necessary) 

and incubated at 32ºC overnight. A 10 mL LB-low salt culture is then grown overnight, from an isolated 

colony. 1mL of this culture is used as pre-inoculum for a 50mL LB-low salt culture which is grown at 32ºC 

(220 rpm) until an OD600 of 0.5-0.6 is reached (takes about 3 hours). Two samples of 10mL are taken from 

the culture to 50mL Falcon tubes and one is placed at 42ºC, which will be the recombineering induced 

culture, while the other is placed at 32ºC (non-induced control culture), both shaking for 15 minutes. The 

cultures are then placed on ice for 5 minutes and, from this step on, no more than 45 minutes should be 

taken until the electroporation step. Items like Eppendorf tubes, electroporation cuvettes, pipettes and tips 

were kept in ice, in the cold room so that evertything that contacted with bacteria was cold.The tubes were 

spinned for 8 minutes at 4000 rpm and 4ºC, the supernatant is discarded and the pellets are resuspended, 

in the cold room, in 1mL of ice-cold water and transferred to 1.5mL Eppendorfs. The bacteria are washed 

three times with 1mL of sterile water, each time spinning down for 20 seconds and resuspending gently. 

After 3 washes, the pellet is resuspendend in 100 µL of ice-cold water. 50 µL of the above bacteria are 

incubated with 100-300 ng of the linear targeting DNA and are placed in a 0.1cm electroporation cuvette. 

The electroporation was performed in a Bio-Rad Gene Pulser system and the applied voltage was 1800V, 
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with the capacitance set to 25 µF and the Pulse controller set to 200 Ω.  The time constant was usually 

about 4.5-5 ms. After this step, bacteria were kept on ice for 5 minutes. 500 µL of LB medium are then 

transferred to the cuvette and bacteria are recovered by incubation at 32ºC, shaking, for 1-2h. For both 

induced and non-induced bacteria, 1 µL and 10 µL were spreaded in control plates where both should grow, 

to test for survival. For the induced culture, 50 µL were also plated in selective medium for recombinants. 

Both cultures (induced and non-induced) were spinned-down and, after pouring-off the supernatant, cells 

were resuspended in the liquid remaining in the tube. Finally, this suspension was plated in the selective 

medium. The non-induced bacteria should not grow in these plates. 

2.10- Pulse Field Gel Electrophoresis 

 To perform Pulse Field Gel Electrophoresis (PFGE) a Bio-Rad Chef-DRII system was used. Two 

hours before the run, the electrophoresis chamber was loaded with double-distilled water and the pump and 

cooling device, set to 14ºC, were turned on for cleaning and cooling. After 1 hour, water was replaced by 

running buffer (0.5x TBE: 45mM Tris-Borate, 1mM EDTA). To prepare the agarose gel for PFGE, 3g of 

SeaKem® LE agarose (Cambrex Bioscience, Rockland, ME, No. 50004) were added to 300mL of TBE 

0.5x and heated in a microwave until complete dissolution. The agarose is transferred to a mold, with a 30 

well comb, to prepare a 1% gel. Simultaneously, 50mL of a 1.5% solution of Sea Plaque GTG low-melting 

agarose (FMC BioProducts, Rockland, ME; No. 50111) were prepared in PIV buffer (Tris 10mM pH8, NaCl 

1M). The DNA samples, with a drop of loading buffer (1%OrangeG, 30%glycerol), as well as 2mL aliquots 

of low-melting agarose are equilibrated in a waterbath at 41ºC. 

 The DNA samples must be prepared in agarose discs. This preparation is done in a glass plate 

covered with parafilm and scratched with a cloth to increase the surface tension. Two rows of microscope 

slides were placed over the glass plate. 30 µL of 1.5% low melting agarose (equal to the sample volume) 

were added to the samples and the mixture briefly vortexed. 20µL of the mixture were dropped onto the 

parafilm-covered glass plate, in the middle of the two rows of slides, and another slide (“bridge” slide”) is 

placed over the drop, resting in both slide’s row, in order to make a disc (Figure 2. 1). The glass plate is then 

kept at -20ºC for 5 minutes for the agarose to solidify.  

 

Figure 2. 1- Preparation of agarose discs 

 
 The agarose discs containing the BAC DNA are then transfered to 1.5 mL Eppendorfs with 0,5x 

TBE buffer and loaded into the gel wells, subsequently covered with standard 1% agarose. Finally, the gel is 

removed from the mold and placed in the electrophoresis chamber. The original conditions used were an 

initial pulse time of 1s, a final pulse time of 2s, with a field strength of 6V/cm, running for 14h. Conditions 

were altered for subsequent gels and are described in each particular case in the text. 
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III - RESULTS 
 
 

3.1- BAC Selection 
 
The first step in this work was the choice of a BAC containing the Dll1 and Dll4 genes, as well as the region 

around them, so that most of the regulatory elements that control the expression of these genes might be 

present in the genomic DNA inserted into the BAC. 

To achieve this, the Ensembl Genome Browser (http://www.ensembl.org/) was used to visualize the position 

of those genes in the mouse (mus musculus) genome. Using the “contig view”, the option “BAC map” can 

be selected from the “Decorations” menu in the “detailed view” of the region (Figure 3. 1; Figure 3. 2). 

The goal is to choose a BAC with a cloned DNA fragment containing the region of the mouse 

genome in which the genes of interest are located centrally, so that both the regulatory regions located  5’ 

and 3’ to the gene’s coding regions are present. 

 For Dll1 the choice was BAC RP23-6411 and for Dll4 the choice was BAC RP23-14H24 (red 

boxes in Figure 3. 1; Figure 3. 2). These clones were ordered from the Children's Hospital Oakland 

Research Institute BAC/PAC resource center (http://bacpac.chori.org/).  

 The nucleotide sequence of the genomic regions in the BACs can be obtained in the Ensembl 

Genome Browser and is useful both for preparing a strategy to confirm if the BACs are correct and for 

designing primers for the synthesis of the homology arms needed for the targeting vectors.  
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Figure 3. 1- Chromosome 17 diagram showing the Dll1 locus (red box) and the regions contained in the available BACs. The chosen BAC 

is highlighted with a red box. 
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Figure 3. 2 - Chromosome 2 diagram showing the Dll4 locus (red box) and the regions contained in the available BACs. The chosen BAC 
is highlighted with a red box 
 

 

 

 

 



 37

 
The backbone vector in these BACs is called pBACe3.6 (Figure 3. 3, Frengen et al., 1999) and the 

fragment of mouse genomic DNA is inserted in the pUC LINK region. This region is flanked symmetrically 

by two sets of restriction sites within the sacB gene region which, as described before (vide section 1.5) 

encodes an enzyme that converts sucrose to levan, which is toxic to the host cells. This feature in the vector 

allows that during the cloning process the insertion of large genomic DNA fragments results in the 

inactivation of the sacB gene, thus disrupting toxic product formation in the presence of sucrose. The 

flanking restriction enzymes may be used to remove the vector backbone from the insert after the desired 

modifications are made. 

 Additionaly the vector contains a chloramphenicol resitance gene, that can be used for selection, 

two loxP sites and a recognition site for the homing endonuclease PI-Sce that can be used to linearize 

library clones, for instance for restriction mapping (Frengen et al., 1999). 

 

 
 

Figure 3. 3- The BAC vector, pBACe3.6.  The loxP site highlighted will be removed from the vector  (taken from http://bacpac.chori.org/) 
 
 

 Knowing the DNA sequence of the plasmid and of the genomic insert allow us to assemble a 

restriction map for the BAC. We could then confirm the identity of the ordered BACs by digestion with the 

restriction enzyme XhoI and comparison of the resulting pattern of DNA fragments with the predictions 

obtained from the BAC structure. The insert and overall sizes, restriction maps and the expected band 

lengths for a XhoI digestion, both for the Dll1 and Dll4 BACs are shown in Table 3. 1, Figure 3. 4, and 

Table 3. 2 respectively. 
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Table 3. 1- Insert and total BAC sizes 

BAC Insert length (bp) Total length (bp) 

Dll1 253236 264248 

Dll4 220055 231067 

 

 
Figure 3. 4- XhoI digestion of the Dll1 BAC (left) and Dll4 BAC (right). The smaller division of the scale corresponds to 10 kb 

 
 

Table 3. 2 – Expected band length for the XhoI digestion of the Dll1  and Dll4  BACs 

Dll1  BAC  Length (bp)  Dll4  BAC   
 Length 

(bp)  
1 40593  1  46848  
2 38040  2  30929  
3 31742  3  23793  
4 30130  4  23533  
5 28626  5  23436  
6 24172  6  19423  
7 20507  7  11909  
8 18677  8  9363  
9 7828  9  6588  
10 6660  10  6566  
11 5754  11  6425  
12 4576  12  4675  
13 3986  13  3805  

14 2957  14  3711  
   15  3686  
   16  3316  
   17  2535  
   18  334  
   19  192  

 
 

 In order to analyse the pattern of DNA fragments in a gel, however, conventional agarose 

electrophoresis could not be used as most of the expected DNA fragments are too big. In fact, conventional 

electrophoresis can only separate DNA fragments up to about 20-30 kb and in the present case there are 

bands with more than 40 kb (Table 3. 2). This is due to the fact that all linear double-stranded DNA 
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molecules that are larger than a certain size migrate through agarose gels at the same speed. Above this 

critical length the velocity of the DNA molecules depends not so much of their size but mainly in the strength 

of the electric field. Thus, large molecules cannot be separated by constant electrical fieds but instead must 

be separated by a technique called pulsed-field gel electrophoresis (PFGE). In this technique, the electric 

field is switched periodically between two different directions, with pulse times ranging from 0.1 to 1000 

seconds. The principle behind the separation is the time required for a DNA molecule to change the 

direction in which it is migrating in response to the fluctuating electric field: while shorter molecules can 

reorient quickly and move faster through the gel, longer molecules take more time and migrate slower. DNA 

molecules up to 5Mb in length can be separated with PFGE (Sambrook and Russel, 2001) and so this was 

the chosen technique to separate the fragments from the BAC digestions. The molecular weight marker 

used in the PFGE experiments in this work is a mixture of intact λ bacteriophage DNA and λDNA separately 

digested with ApaI, KpnI, XbaI and XhoI called λ DNA-Monocut Mix (Figure 3. 5).  

 

 
Figure 3. 5-  λ DNA-Monocut Mix, the molecular weight marker used in PFGE between 1,5 and 48,5 kb.  

  

In PFGE, the relation between molecular weight and relative mobility of the fragments is linear, 

instead of what happens in conventional electrophoresis, where mobility is proportional to logarithm of band 

size. It is important to refer that there is a length threshold above which this linear relation is not verified, 

resulting in a “compression zone”. This means that above a determined molecular weight, different DNA 

fragments do not migrate separately.  

The XhoI digestion of both BACs was thus run in a PFGE gel shown in Figure 3. 6.  
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Figure 3. 6- BACs digestions with XhoI. 1- λDNA Mono cut mix; 2- Dll1 BAC digestion; 3- Dll4 BAC digestion 

 
 
 The Dll1 BAC seems to be correct, producing the expected pattern of DNA fragments. However, 

the Dll4 BAC has some strange bands that may be due to incomplete digestion. Another digestion was 

done with more time of incubation (Figure 3. 7). 

 
Figure 3. 7- Dll4 BAC digestion with XhoI (lane 2); 1- λDNA Mono cut mix 

 
 Now, this digestion seems to be complete and produces also the expected pattern of DNA 

fragments, so the BACs were considered ready for use. The next step was the construction of targeting 

vectors for recombination in order to replace the Dll1 or Dll4 coding regions with the Cre recombinase. 
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3.2- Construction of a Cre targeting vector 
 

To insert the Cre recombinase into the BACs containing the mDll1 and mDll4 genes by 

homologous recombination, two targeting vectors must be first constructed with the following elements: a 

homology arm for the 5’ region of the gene, the coding region of Cre, a polyadenylation signal cassette, a 

“flrtd” (flanked by FRT sites) antibiotic resistance cassette and the homology arm for the 3’ region.  

PolyA-FRT-Kan-FRT

EcoI SpeI PacI

3’ HA5’ HA iCre

NcoIAscI

pUC18 Pac/Asc

PolyA-FRT-Kan-FRT

EcoI SpeI PacIPacI

3’ HA5’ HA iCre

NcoIAscI

5’ HA iCre

NcoIAscI

pUC18 Pac/Asc

 
The final aim of these vectors is to insert the Cre recombinase in the BACs, so that recombination mediated 

by this SSR may occur in the transgenic mice created. Since Cre is derived from the bacteriophage P1, its 

codon usage is not optimal for eukaryotes, like mice, and this may sometimes cause low levels of 

recombinase activity. To improve the expression of Cre, an altered version, termed iCre (improved Cre) was 

assembled by Shimshek et al. (2002) from oligonucleotides to introduce silent base mutations 

corresponding to human codon-usage preferences and other relevant modifications like for example the 

introduction of an optimal Kozak consensus sequence, to improve mRNA translation.  

 

 The homology arm for the 5’ region was obtained by polymerase chain reaction (PCR) using the 

appropriate BAC as template and primers chosen to amplify a 300-500 bp region flanking the region where 

we intend to integrate the reporter. A recognition site for AscI was added in the 5’ primer and a NcoI site in 

the 3’ primer, so that the amplified fragment contain these sites at each end. The NcoI site has an ATG and 

was used to fuse to iCre, creating a Kozak consensus sequence ( if it is not present in the original gene).  

The PCR products, with a length of about 500 bp for mDll1 and 410 bp for mDll4, were cloned into 

the pGEM-T Easy vector, by T-cloning (Figure 3.8). Briefly, this system improves the efficiency of ligation of 

the PCR product into the plasmid by providing a compatible overhang for PCR products generated by 

certain thermostable polymerases that add a single deoxyadenosine to the 3 -́ends of the amplified 

fragments, in a template-independent fashion.  
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Figure 3.8 - 5' Homology arm (5’ HA) cloned in pGEM T-easy 

 
The Cre recombinase was available cloned into pCRII-TOPO vector with a NcoI recognition site in 

the 5’ end and a EcoRI site in the 3’-end.  

 
Figure 3. 9- iCre sequence cloned into the pCRII TOPO vector. The smaller division of the scale corresponds to 10bp. All the restriction 

maps in this work were generated by the NEBCutter software (http://tools.neb.com/NEBcutter2/index.php) 

 
After isolation, the 5’ homology arm was cloned as a NcoI – NcoI fragment into the iCre@pCRII-

TOPO vector, linearized with NcoI (Figure 3. 10). This plasmid will be called 5’HA:iCre from now on, for 

simplicity. 

 

5’ HA iCre

NcoI NcoI EcoRI

pCR II-TOPO

5’ HA iCre

NcoI NcoI EcoRI

5’ HA iCre

NcoI NcoI EcoRI

pCR II-TOPO

 
Figure 3. 10 - 5' Homology arm (5’ HA) and iCre in pCRII- TOPO 

 
  

 
The 3’ homology arm was also amplified by PCR and a SpeI site was added at the 5’ end and a 

PacI site at the 3’ end of the fragment. The PCR products had approximately 450 bp (mDll4) and 440 bp 

(mDll1) and were also cloned into pGEM T-easy. 
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Figure 3. 11 – 3’ homology arm (3’HA) cloned into pGEM T-easy 

 

 The 3’ homology arm was then transferred from pGEM T-easy, to a new vector, containing a 

polyadenylation sequence. This sequence is important to protect mRNA from exonucleases, for 

transcription termination, for the export of the mRNA from the nucleus and for translation. The vector 

contained, in addition to the polyA sequence, the “flrted” kanamycin resistance cassette. The vector’s 

backbone is pUC18 but with a modified version of the multiple cloning site of pBluescript II KS, with added 

AscI and PacI sites (Figure 3. 12). 

 
Figure 3. 12 –Modified pBluescript II KS multiple cloning site included in the pUC18 vector where the polyA sequence and the flrtd 

kanamycin resistance is present. The smaller division of the scale corresponds to 10bp. All the restriction maps in this work were generated 

by the NEBCutter software (http://tools.neb.com/NEBcutter2/index.php) 

 

This vector was digested with SpeI and PacI and the 3’ homology arm was inserted in these sites 

(Figure 3. 13). This plasmid will be called PolyA:3’HA from now on, for simplicity. 
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PolyA-FRT-Kan-FRT

EcoRI SpeI

PolyA-FRT-Kan-FRT@pUC18 Pac/Asc

PolyA

PacI

3’ HAPolyA-FRT-Kan-FRT

EcoRI SpeI

PolyA-FRT-Kan-FRT

EcoRI SpeI

PolyA-FRT-Kan-FRT@pUC18 Pac/Asc

PolyA

PacIPacI

3’ HA

 
Figure 3. 13 - 3' Homology arm (3’ HA) and PolyA-FRT-Kan-FRT in pUC18 Pac/Asc 

 
The targeting vector for the Dll1 BAC was already prepared and verified so I constructed the targeting vector 

for the Dll4 BAC. To check the correction of the cloning procedures, I performed several enzymatic 

digestions with restriction endonucleases. To diagnose a correct cloning, I first analysed the restriction maps 

of the DNA fragments (Figure 3. 14, Figure 3. 15), after which it was decided to use PstI/BglII and XhoI/BglII  

(double digestions) for the 5’HA:iCre plasmid and NheI/SacI for the PolyA:3’HA plasmid 

 

 
Figure 3. 14 – Restriction map of the relevant part of the 5’HA:iCre construct in the pCRII-TOPO vector. The smaller division of the scale 
corresponds to 10bp. 
 

 
Figure 3. 15 – Restriction map of the relevant part of the 3’HA:PolyA construct in the pUC18 Pac/Asc vector. The smaller division of the 
scale corresponds to 10bp. 
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 The molecular weight marker used in all the experiments is Invitrogen’s 1kb DNA ladder (Figure 3. 
16). 

 

 
Figure 3. 16 – 1kb DNA Ladder, the molecular weight marker used in the following experiments  

 
 The results are shown in Figure 3. 17. 

 

 
Figure 3. 17 - Digested DNA after agarose gel electrophoresis. 1- 5’HA:iCre digested with XhoI/BglII; 2- 5’HA:iCre digested with PstI/BglII; 3- 
5’HA:iCre digested with NheI/SacI; 4- 1kb Ladder; . The 1kb ladder band corresponding to a molecular weight of 1000 bp is indicated just 
for comparison with Figure 3. 16. 
 

 
 
 

 
 

The analysis of the complete plasmid maps (Figure 3. 18, Figure 3. 19) allows us to predict the 

result expected if the cloning procedure was successful and to compare it with the obtained results. 
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Figure 3. 18 – Complete 5’HA:iCre plasmid map. The smallest division of the scale corresponds to 100 bp. Please compare with Figure 3. 
14 to identify the 5’HA and iCre positions in the plasmid. Note that some enzymes are not shown because of a limitation of the software 
used. 

 
 

Figure 3. 19- Complete PolyA:3’HA plasmid map. Please compare with Figure 3. 15 to identify the positions of the PolyA and 3’HA 
sequences in the plasmid. The smallest division of the scale corresponds to 100 bp.  
 

The way to “theoretically” predict the number and length of the DNA fragments resulting from the 

digests will be illustrated for the 5’HA:iCre plasmid XhoI/BglII digest, being analogous for the others. For 

these predictions, a simplified version of the map above is useful (Figure 3. 20).  
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Figure 3. 20- Simplified version of the map shown in Figure 3. 18. XhoI and BglII sites are depicted. 

 
   According to this map the digest should produce 4 DNA fragments, resulting in 4 bands in the gel, as there 

are 4 recognition sites for the enzymes used (Table 3. 3). 
 

Table 3. 3 – DNA fragments resulting from a 5’HA:iCre plasmid double digest with XhoI/BglII 
Fragment Ends Length (bp) 

1 BglII-BglII 3710 

2 BglII-XhoI 949 

3 XhoI-BglII 561 

4 XhoI-BglII 256 

 

The Xho/BglII digest (see Figure 3. 17, lane 1) produced only one band with a length of about 4000 

bp. This result suggests that the plasmid was only linearized (cut in only one place). Furthermore, the 

expected length for the linearized plasmid was ∼5000 bp and not the observed 4000 bp. The “theoretical” 

prediction and the experimental result are not identical at all.  

 The PstI/BglII digest, according to the plasmid restriction map, should produce 5 DNA fragments, 

with a length of about 180, 200, 600, 980 and 3500 bp. Again that is not the result observed in the gel. 

 The PolyA:3’HA plasmid digest with NheI/SacI should result in three bands, one with 1900bp, one 

with 3000 bp and a small band that will not appear in the gel. This prediction matches the experimental 

result.  

 Some additional digests were performed with the PolyA:3’HA plasmid, with PstI and EcoRI/SacI. In 

addition, the Xho/BglII digest was repeated to confirm the previous result. 
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Figure 3. 21 –1- 5’HA:iCre digested with XhoI/BglII;  2- polyA:3’HA digested with PstI; 3-  polyA:3’HA digested with EcoRI/SacI;  4- 1kb DNA 
ladder. The 1kb ladder band corresponding to a molecular weight of 1000 bp is indicated just for comparison with Figure 3. 16. 
 

 The PstI digestion of PolyA:3’HA should have produced 4 bands with about 80, 200, 1900 and 

2800 bp.  In fact, three of these bands are visible although one of them, with about 200bp, is faint. The 80 bp 

band is not present perhaps because it is too small and is poorly stained with ethidium bromide, since the 

intensity of the band is inversely proportional to the size of the DNA molecule. The fact that the 200 bp band 

is hardly visible sustains this hypothesis. Finally, the digestion of the same plasmid with EcoRI/SacI was 

supposed to produce 4 bands with about 2, 20, 2190 and 2700 bp. Since the first two bands are too small 

only the last should appear.  However, although 2 bands are visible, one of them has about 650 bp which 

was not expected. The Xho/BglII digestion produced results identical to the ones obtained before. 

 Since these results were inconclusive, more digests were done. Thus EcoRI, EcoRV/BglII and 

XhoI digests were performed with the 5’HA:iCre plasmid (Figure 3. 22). The EcoRI digest should release the 

5’HA:iCre sequence (the “insert band” with ∼1450 bp) from the vector backbone (∼4000 bp). The 

EcoRV/BglII digest should produce a band of ∼800 bp and the “vector band” with ~4680 bp. By cutting in the 

iCre sequence and before the 5’HA, this digestion could confirm the presence of the insert. Finally, the XhoI 

digest would show if there was any recognition site for this enzyme in the plasmid in order to clarify what 

happened in the first lanes of Figure 3. 17 and Figure 3. 21. 
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Figure 3. 22- 5’HA:iCre digests. 1- EcoRI; 2- EcoRV/BglII 3- XhoII; 4- 1kb Ladder  

 

 The results are once again surprising. The “insert band” in the EcoRI digest seems to have the 

correct size but the “vector band” has about 2000 bp less than predicted. The EcoRV/BglII digest only 

linearized the DNA, since there’s only one band with ∼4000 bp; this result again suggests that the actual 

complete plasmid size is abnormally small. The XhoI digest, on the other hand, revealed an uncut DNA, with 

the plasmid in the 3 different forms: supercoiled (form I, the form that migrated more in the gel), nicked circle 

(form II, the slower form) and linear (form III, the middle speed form). Note that form III has a similar size as 

the linearized DNA in lane 2, still smaller than expected.  

 These differences were intriguingly enough to proceed with another set of digestions. The 

5’HA:iCre plasmid digests with EcoRI and XhoI were repeated together with a Pst/BglII digest. Additionally, 

the PolyA:3’HA plasmid was digested with KpnI/SacI, XbaI/SacI, PstI and ClaI/SacI.  XbaI/SacI and 

ClaI/SacI are supposed to remove the insert from the vector backbone. 

 The expected results from the new digestions are summarized in Table 3. 4. 

 
Table 3. 4 – Expected results from the PolyA:3’HA digestions (band lengths in bp). The 20bp bands are not visible in the gel. 

ClaI /SacI PstI XbaI/SacI KpnI/ SacI 

2655 2805 2982 2641 

1445 1865 1351 2216 

757 207 524 20  

20   20  

Table 3. 5- Expected results from the 5’HA:iCre digestions (band lengths in bp) 
PstI/BglII XhoI EcoRI 

3500 5224 3974 

980 250 1500 

600   

200   

180   
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Figure 3. 23- Digestions. 1- PolyA:3’HA with ClaI/SacI; 2- PolyA:3’HA with Pst1; 3- PolyA:3’HA with XbaI/SacI; 4- PolyA:3’HA with 
KpnI/SacI; 5- 5’HA:iCre with PstI/BglII; 6- 5’HA:iCre with XhoI; 7- 5’HA:iCre with EcoRI; 8- 1 kb ladder 
 

None of the 5’HA:iCre digestions is according to the predictions. The PstI/BglII shows only two 

bands, with ∼650 and ∼3500bp; the sum of the length of this bands in about 1kb inferior to the plasmid size 

which is abnormal. The XhoI digestion does not cut the plasmid at all because what appear in the gel are 

the 3 different forms of the uncut plasmid. Finally, the EcoRI digestion produced the expected 1500bp band 

but the 3974bp band does not appear and instead a 2500bp appears. These results suggest that the 

plasmid has a smaller size than the expected for unknown reasons.  

With the exception of the ClaI/SacI, all PolyA:3’HA digests are according to the predictions in Table 

3. 4. Additionally something wrong happened with the PstI digestion. These dubious digests were repeated. 

However since the SacI sites seem to be present in the plasmid, because the XbaI/SacI and KpnI/SacI 

digests were correct, a ClaI single digest was done to check the presence of this enzyme’s sites (Figure 3. 

24).  
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Figure 3. 24- Digestions. 1- 1kb ladder; 2- PolyA:3’HA digestion with PstI; 3- PolyA:3’HA digestion with ClaI 

 
The PstI digest is correct but the ClaI enzyme only linearized the plasmid when two bands were 

expected. This means that only one ClaI site is present in the plasmid. To verify whether the site that is 

present is the one contained in the vector (pUC18 Pac/Asc) or the one in the insert, the original vector was 

digested with ClaI (Figure 3. 25).  

 
Figure 3. 25- PolyA in pUC18 Pac/Asc vector digested with ClaI 

 
This digestion shows that the plasmid was linearized. Thus it can be concluded that it is the insert 

site that did not cut in Figure 3. 23 and Figure 3. 24. This prompted a closer examination of the plasmid map 

provided by NEB Cutter which revealed that the ClaI site in the insert may be affected by Dam methylation 

(the *# symbol in Figure 3. 19). This phenomenon is caused by Dam methylase, a site-specific methylase 

existent in some laboratory E. coli strains, which transfers a methyl group to the adenine residues in the 

sequence GATC. The recognition site for ClaI is ATCGAT so, if the next base is a cytosine cleavage by ClaI 
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is blocked by methylation of one of the adenine base in the recognition site. In fact this is what happens in 

the present case, so the results are correct. 

 To clear the doubts around the construction of these plasmids, the original 5’HA and 3’HA in pGEM 

T-easy plasmids were examined. The restriction maps of 5’HA and 3’HA in pGEM T-easy are shown in 

Figure 3. 26, Figure 3. 27. 

 
 

 
Figure 3. 26- Restriction map of 5’HA in pGEM T-easy (left). The smallest division of the scale corresponds to 100 bp. 
Detail of the 5’HA sequence (right). The smallest division of the scale corresponds to 10 bp.  

 

 
 
Figure 3. 27- Restriction map of 3’HA in pGEM T-easy.  The smallest division of the scale corresponds to 100 bp. Detail of the 5’HA 
sequence (right). The smallest division of the scale corresponds to 10 bp. 

 



 53

To confirm the structure of the homology arms, a few digestions were chosen (Figure 3. 28). For 

the 5’HA a XhoI/Sal I double digest, a PstI and an EcoRI single digests were performed. While the last 

digest should “release” the homology arm (∼450bp) from the vector backbone (∼2980bp), the first two 

digests have a similar purpose and should both cut either in a site inside the arm and in a site in the multiple 

cloning site of the vector, in the region after the 3’ end of the arm, resulting in 240 and 3190 bp bands in the 

XhoI/Sal I digest and 320 and 3110bp bands with Pst I (approximate values based in the restriction maps 

above). 

The 3’ homology arm was digested with Pst1 and EcoRI. The idea behind these digests is identical 

to the one described for the 5’ arm digest. EcoRI should “release” the arm (∼500bp) from the vector 

backbone (∼2990 bp) and the PstI should cut in two sites inside the arm and in a site in the multiple cloning 

site of the vector, this time in the region before the 5’ end of the arm (two bands of ∼200 bp and the “vector 

band” with ∼3080bp). 

 
Figure 3. 28 – 5’HA and 3’HA in pGEM T-easy digests. 1- 5’HA in pGEM T-easy with XhoI/Sal I; 2- 5’HA in pGEM T-easy with PstI; 3- 5’HA 
in pGEM T-easy with EcoRI; 4- 3’HA in pGEM T-easy with PstI; 5- 3’HA in pGEM T-easy with EcoRI; 6- 1kb Ladder 
 
 The experimental results are consistent with the predictions, confirming that the homology arms are 

OK and correctly cloned into pGEM T-easy. This way the PolyA:3’HA was considered correct. Furthermore 

it was then decided to re-clone the 5’arm into the iCre vector. But first, this pDNA was checked by digestion 

with EcoRI, which should release the iCre sequence (∼1100bp) from the vector backbone (∼4000 bp). 
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Figure 3. 29-  Digest of iCre in pCRII TOPO plasmid (lane1). Lane 2: 1kb ladder 

 
 The “iCre band” seems to have the expected length as well as the vector band, although there is a 

smear around it.  The iCre pCRII TOPO plasmid was then digested with NcoI and so was the 5’HA in 

pGEM T-easy plasmid, in order to produce identical cohesive ends in both the insert and the cloning vector. 

A small sample of the 5’HA from the pGEM T-easy digest was run in an agarose gel to confirm if the digest 

was complete and the DNA was subsequently precipitated with ethanol. The resulting solution was loaded 

in a gel and the DNA fragment containing the homology arm was purified. Before the ligation, 3 μL of both 

the digested vector and the insert were run in a gel (Figure 3. 30). 

 
Figure 3. 30- Vector and insert for ligation reaction. 1- 1kb DNA ladder; 2-iCre in pCRII TOPO digested with NcoI; 3- 5’HA gel purified 
  
 
 The ligation reaction was performed with 3μL of insert and 1μL of vector, but was unsuccessful as 

well as two subsequent repeats. However in order to repeat the experiment once again the iCre in pCRII 

TOPO vector, linearized with NcoI, had to be prepared again. A previously overlooked result revealed that 

something wrong was happening. A 5 μL sample of the NcoI digest for preparative electrophoresis was run 

in a gel (Figure 3. 31). 
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Figure 3. 31- iCre in pCRII TOPO vector digested with NcoI (lane 2). Lane 1: 1kb ladder. 

 
The fact that a NcoI digest does not linearize the vector (as mistakenly thought when the vector 

was first prepared) but instead produces two DNA fragments somehow answers why the ligations didn’t 

work. Figure 3. 32 shows the restriction map of the plasmid and the two NcoI sites are highlighted.   

 
Figure 3. 32- iCre in pCRII TOPO restriction map.  

 
The first time the vector was prepared only the band with the highest molecular weight was isolated 

from the gel, since by the time the existence of the second NcoI site in the plasmid was not known – it does 

not appear in the plasmid map provided by the supplier and the map in Figure 3. 32 was not constructed 

yet. Thus the following steps were done with the resulting purified fragment because the ampicillin 

resistence cassette and the replication origin were present. The abnormalities in the number of bands 

present and their sizes, particularly the vector bands with sizes inferior to the expected  in the previous 

digests can therefore be  explained. 

Even though the situation was somehow bizarre, the “incomplete” vector was used to perform the 

ligation reaction with the homology arm. After the gel purification the DNA fragment was dephosphorylated 
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with Calf Intestinal Alkaline Phosphatase and the vector and the insert were run on a gel to decide the 

volumes of each to use. 

 
Figure 3. 33- Vector and insert for ligation reaction. 1- 5’HA gel purified; 2-iCre in pCRII TOPO digested with NcoI; 3- 1kb DNA ladder  
 
 This time the ligation was successful and some colonies grew in the ampicillin plate after 

transformation with plasmid DNA from the ligation. The constructed plasmid’s map is shown in Figure 3. 34. 

 
Figure 3. 34- Restriction map for 5’HA:iCre in the “defective” pCRII TOPO vector 

 

 
Eighteen colonies were screened for the presence of the desired contruct with a XhoI/BglII digest. 
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Figure 3. 35- XhoI/BglII digest of plasmid DNA from 18 colonies transformed with DNA from the ligation reaction of 5’HA and iCre in pCRII 
TOPO. The first and last lanes show the 1kb ladder. 
 

In a correct plasmid, a Xho/BglII digest should produce two bands, one with about 560 bp and 

other with 3300 bp. Only clone 12 was considered to show this result. To verify if this was really a positive 

clone, two more digestions were performed, an EcoRI digest and an EcoRI/PstI (Figure 3. 36). According to 

Figure 3. 34, an EcoRI digest should produce a band with about 2400 and other with about 1500 bp. In the 

other hand, an EcoRI/PstI digest should produce the same 2400 bp band and the 1500bp should be split 

into a 1360 bp and a 130 bp bands. 

 
Figure 3. 36- Clone 12 digests. 1- 1kb DNA ladder; 2- EcoRI/PstI; 3- EcoRI 

 
However it seems that the “prospective” 1500 bp band in lane 3 remains with the same length in 

lane 2 and the change occurs in the 2400 bp band, which originates the 130 bp new band. Additionally, the 

smaller band in lane 3, the so-called “prospective” 1500bp band, seems to remain in the same position.    

 New digests were made to clear the doubts about the correction of the plasmid in clone 12. This 

time a NcoI, a Xho/BglII and a PstI/BglII digests were performed. 
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Figure 3. 37- Clone 12 additional digests. 1-XhoI/BglII; 2-BglII/PstI; 3-NcoI; 4- 1kb DNA ladder; the 1000bp band in the 1kb ladder is shown 
for reference as there are some low molecular weight bands missing 
 
 It is easy to verify that the plasmid is not well constructed. The NcoI digest releases, as expected, 

the 5’HA with about 450 bp and the XhoI/BglII result was consistent with what was previously described (for 

the ligation screening, see Figure 3. 35). Nevertheless, the result in lane 2 is strange; in the XhoI/BglII digest 

the smallest band should have about 560 bp and by looking to the plasmid restriction map it is clear that in 

the PstI/BglII digest the corresponding band should have a higher molecular weight. Instead we see the 

opposite. As there were too many doubts around this plasmid it was decided to play safe and ligate the 5’HA 

and iCre again, but in a different (and complete) cloning vector.  

 A new strategy was therefore developed to do this ligation. The 5’ HA in pGEM T-easy plasmid 

(Figure 3. 26) would be digested first with NotI and then with NcoI in order to isolate the homology arm. 

Then the iCre in pCRII TOPO (Figure 3. 32) would be digested with NcoI and EcoRI and both fragments 

would be cloned into pBluescript II KS +, into the NotI and EcoRI sites. The scheme and map of the final 

plasmid is shown in Figure 3. 38 and Figure 3. 39. 

5’ HA iCre
NotI

NcoI EcoRI

pBluescriptII KS +

AscI

5’ HA iCre
NotI

NcoI EcoRI

pBluescriptII KS +

AscI

 
                    Figure 3. 38- Scheme of the 5’HA:iCre fusion in pBluescriptII KS + plasmid 
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Figure 3. 39 – Restriction map of  5’HA:iCre in pBluescript II KS + 

 
 The results of the mentioned digests are in Figure 3. 40.  
 

 
Figure 3. 40-  1- 5’ HA in pGEM T-easy plasmid digested with NotI and NcoI; 2- iCre in pCRII TOPO digested with NcoI and EcoRI;3- 1kb 
ladder 

 
The digests are according to predictions based in Figure 3. 26 and Figure 3. 32. The NcoI/NotI digest in lane 

1 should release the 5’HA with about 410 bp and the vector band with about 3kb. The digest in lane 2 

should produce, as observed, a band which contains iCre, with 1100 bp and both a 1580 and a 2400 bp 

bands as well as a small band with 20 bp (not visible due to the small size). 

The chosen fragments were gel purified and run in a gel, together with pBluescript II KS+ digested with NotI 

and EcoRI. 
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Figure 3. 41- DNA fragmentes to be ligated. 1- 1kb ladder; 2- pBluescript II KS+ with EcoRI and NotI ends; 3- iCre with EcoRI and NcoI 
ends; 4- 5’HA with NotI and NcoI ends 
 
 
After the ligation reaction and subsequent transformation, there were a lot of colonies in an ampicillin plate 

and six of them were chosen to screen for positive clones, that is, colonies with bacteria containing the 

correct plasmid. The screening method used consisted, as before, in a Xho/BglII digest (Figure 3. 42). 

According to Figure 3. 39, digestion of the correct plasmid, should produce bands with about 560, 770 and 

3100 bp. 

 

 
Figure 3. 42-  Xho/BglII digests of plasmid DNA extracted from 6 colonies. 1- 1kb ladder. 

 

All the colonies screened apparently contained bacteria with well-constructed plasmids. To confirm this, 

more digestions were performed in one of the clones (clone 3). Two more digests were done (Figure 3. 43) 

to create a better sustained opinion: XhoI (∼3080 and 1330 bp) and EcoRI/NotI (∼2930, 1500 and 10 bp) 

being the latter supposed to release the whole insert (the1500bp band) from the cloning vector. 
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Figure 3. 43- 5’HA:iCre in pBluescript II  KS + digests. 1- 1kb ladder; 2- EcoRI/NotI digest; 3- XhoI digest 

 

These last digests produced the right results so the plasmid was considered to be correctly assembled. This 

way, the last step of all this cloning procedure would be to join the 5’HA:iCre fragment with the PolyA:3’HA 

fragment in the pUC18 vector with the modified multiple cloning site of pBluescript. The restriction map of 

the final construct is shown in Figure 3. 44 and Figure 3. 45. 

 

 
               Figure 3. 44 – Restriction map of the final construct. The smaller scale division corresponds to 100 bp. 
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Figure 3. 45- Restriction map of complete plasmid with the final construct.  The smaller scale division corresponds to 100 bp. 

 

The DNA fragment containing the 5’HA:iCre fusion was isolated from the vector by an AscI digest 

followed by an EcoRI digest and the PolyA:3’HA fragment was isolated by a PacI digest followed also by an 

EcoRI digest. The digests were verified by running 1μL sample in an agarose gel (Figure 3. 46). 

 
Figure 3. 46- PolyA:3’HA and 5’HA:iCre fragments. 1- 1kb ladder; 2- Poly:3’HA in pUC18 Asc/Pac; 3- 5’HA:iCre in pBluescript KS + 
 
After gel purifying the chosen fragments, a ligation reaction was done with both fragments (3μL of 5’HA:iCre, 

2μL of PolyA:3’HA)  and the cloning vector (1μL). 
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Figure 3. 47 – Fragments before ligation. 1- 1kb ladder; 2- pUC18 Pac/Asc; 3- 5’HA:iCre; 4- PolyA:3’HA 
 

After ligation and transformation of bacteria with the DNA a lot of colonies grew on the ampicillin 

plate. Ten of these colonies were screened for the correct construct with a Nhe/Xho digest. Two bands were 

expected in a NheI/XhoI digest of this plasmid, one with 4800 and other with 1570 bp. The screening results 

are shown in Figure 3. 48. 

 
Figure 3. 48- Screening for correct 5’HA:iCre:PolyA:3’HA construct. Xho/BglII digests of plasmid DNA extracted from 10 colonies. 1- 1kb 
ladder. 
 
 With the exception of the clone in lane 4 (and the clone in lane 6 which shows no DNA) all the other 

clones seem to display the correct bands. Thus, clone 10 was selected and further verified with EcoRI,  PstI, 

Xba and Xba/BglII digests. The expected results are in Table 3. 6. 
 

Table 3. 6- Expected results from the digests 

 

Digest Expected Bands’ approximate size (bp) 

EcoRI 2200, 4110  

PstI 200, 1360, 1870, 2890 

XbaI 1350, 4970 

Xba/BglII 1050, 1350, 3920 
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Figure 3. 49- Digests of 5’HA:iCre:PolyA:3’HA construct in pUC18 Asc/Pac. 1- 1kb ladder; 2- EcoRI; 3- PstI;4- XbaI; 5- XbaI/BglII  
 

 The 200 bp band in the PstI digest that does not appear in the gel probably because the ethidium 

bromide, which migrates in the opposite direction of DNA had already migrated too far; supporting this 

hypothesis, the smaller bands of the 1kb ladder are also hardly visible. All the other bands seem a little 

“heavier” than predicted but the number of bands is correct as well as their relative positions. For instance, 

the XbaI and the XbaI/BglII digests produce an equal band, with 1350 bands, and the “vector band” is 

smaller in the case of the double digest, resulting in the appearance of the new smaller band. Also, the PstI 

digest produces a band of about 1360 bp that migrates more or less the same as the 1350 bp band of the 

XbaI digests. With these results, I considered that the construct is correct. 

 

3.4- BAC Engineering 
 

In the last section, I described the construction of the targeting vector for Dll4, ready for recombination 

with the Dll4 BAC. After this event, the final BAC should be digested with the Not1 enzyme to release the 

DNA insert that will be used to generate the transgenic mice by pronuclear injection. However, as both the 

Dll1 and Dll4 inserts in the BACs have NotI sites, another strategy had to be used, involving the addition of 

unique and rare restriction sites to the BAC, flanking the insert. With this purpose, a recognition site for the 

homing endonuclease PI-SceI had to be added to the BAC vector through recombination with an 

appropriated targeting vector. PI-Sce is a double stranded DNase with large asymmetric recognition sites 

(40 bp) usually encoded by introns or inteins (segments of proteins that are able to excise itself and rejoin 

the remaining portions). This targeting plasmid, called pPISceAmp was already available (Figure 3. 50) and 

contains an ampicillin resistance gene flanked by homology regions to the BAC vector and the PI-SceI 

recognition sites. Upon recombination with the BAC, the PI-SceI recognition sites will be added and one of 

the loxP sites will be also removed. The removal of a loxP site is important because the final BAC will have 

iCre; the expression of this recombinase in the BAC containing bacteria could result in iCre-mediated 
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excision of the genomic insert from the vector, since it is flanked by the loxP sites (see BAC vector map – 

section 3.1).  

 
Figure 3. 50 – pPISceAmp plasmid 

 

 In this plasmid, the exchanging cassette is flanked by the XhoI and BamHI sites, which can be 

used to prepare the cassette free of the remaining vector for the recombination step.   

10 μg of plasmid were digested with BamHI and XhoI, precipitated and gel purified. The purity of the 

fragment was confirmed by running an aliquot in an agarose gel (Figure 3. 51). 

            
Figure 3. 51- - pPISceAmp digests and purified fragment 1- Verification of the XhoI/BamHI digest of 10 μg of DNA; 2,4- 1kb ladder; 3- gel 
purified  2kb  fragmentI 
 
 

As explained before, the original BACs containing the genomic regions around the Dll1 and Dll4 loci, 

available in DH10B cells, had to be isolated and electroporated into SW105 cells, which contain the chosen 

recombination functions. The BAC vector contains a cloramphenicol resistance gene, so cells successfully 

electroporated would be able to grow on cloramphenicol plates. The first attempts to obtain electroporated 

colonies were unsuccessful as no colonies grew in presence of cloramphenicol. However, a survival test 

was made that consisted in plating electroporated cells in LB plates without antibiotics, and revealed that 

bacteria survived the procedure thereby allowing to conclude that the electroporation conditions were not 

too aggressive for the cells but, instead, the BACs were not being transferred to them. 
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 To optimize the electroporation procedure, I started by modifying the parameters used.  Two sets 

of conditions were compared. The first (CD1) consisted of 1800 V, 10 μF with the pulse controller set to 

600 Ω, while the second (CD2) used 1800 V, 25 μF and 200 Ω. Additionally, frozen electrocompetent cells 

were compared with freshly prepared cells in order to compare their performances and to check whether it is 

preferable to prepare competent cells every time an electroporation was performed.  

In order to assess the efficiency of the procedure a control experience was made in parallel that 

consisted in the electroporation of 10 ng of a regular plasmid, pBluescript, with 3kb. The efficiency could be 

determined by estimating the number of bacterial colonies obtained per μg of plasmid DNA used. Different 

volumes of the 1ml bacterial culture recovered after electroporation were plated in order to obtain different 

colony densities so that their counting is facilitated. The control plate with 50 μL of culture, from both the 

frozen and freshly prepared cells and both conditions are shown in (Figure 3. 52, Figure 3. 53). 

 
Figure 3. 52 - 50 μL CD1 control plates. Left: freshly prepared cells; right: frozen cells 

 

 
Figure 3. 53- 50 μL CD2  control plates. Left: freshly prepared cells; right: frozen cells 

 

The results show that the freshly prepared cells are electroporated with higher efficiency. A more 

rigorous quantifying method was used by counting the cells with the software ImageJ 

(http://rsb.info.nih.gov/ij/) and expressing the electroporation efficiency as the number of  electroporated cells 

per μg of pDNA (Table 3.1): 

 
Table 3. 7 – Number of cells in the 50μL control plates  

Cell type\ 
electroporation conditions 

CD1 CD2 

Frozen cells ∼400  ∼300 

Freshly prepared cells ∼1000 ∼1000 
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Table 3. 8-  Electroporation efficiency (cells / μg DNA) 
Cell type\ 

electroporation conditions 
CD1 CD2 

Frozen cells 8 x 105  3 x 105 

Freshly prepared cells 2 x 106 2 x 106 

 

With these results two conclusions can be inferred. First, the freshly prepared cells provided an 

electroporation efficiency one order of magnitude higher than the frozen cells. Second, the difference 

between the electroporation conditions can be neglected. Thus, since the efficiency is not very high, when 

compared with reported electroporation efficiencies of 109 (Dower et al., 1988), it was decided that it would 

be worth to prepare electrocompetent cells before every procedure and to use CD2 because these were the 

recommended conditions for BAC electroporation and changing them did not produce much better results.  

Other two aspects were changed to improve the process. First, a LB medium with a low 

concentration of NaCl, named “LB low salt”, was used, containing about 5g NaCl/L, to reduce the residual 

amount of salts when cells are ready for electroporation. Second, a growth curve of SW105 bacteria was 

performed in order to determine the correct time to reach the early-mid exponential growth phase, when the 

recombination machinery is expressed at optimal condition. By plotting cell density against time (Figure 3. 

54), one can observe that the exponential phase begins at about 0.15 and the stationary phase at 1.00. 

Therefore, in subsequent experiments, cells were collected for electroporation at an OD600 of 0.5-0.6 (in 

previous experiments, an OD600 of 0.77 was used). 
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Figure 3. 54- Growth curve of SW105 bacteria in LB low salt medium 

  

 Other improvements were done, like for instance preparing the BAC DNA freshly before 

electroporation and using large -diameter tips to resuspend BAC DNA (to avoid breaking the large DNA 

molecules). Additionally, the cuvettes with electroporated cells were kept in ice for about 5 minutes so that 

the pores in cell wall remained open more time to allow BAC entry. 

 With the contribution of all these small improvements, a new control electroporation was 

done, which resulted in an efficiency of 2x107 cells/μg pDNA. This value is one order of magnitude bigger 

than the one obtained previously demonstrating the importance of the improvements made in the protocol. 
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Using this protocol for electroporating the purified BACs, it was the possible to electroporate 

successfully the Dll1 and Dll4 BACs into SW105 cells.  

 Six colonies were picked from the Dll1 transformation plate, the BAC DNA was extracted and 

digested with XhoI. The DNA was then run in a PFGE gel together with the XhoI-digested BAC DNA from 

the original DH10B strain to serve as comparison (Figure 3. 55). In this and the next PFGE gels the 

parameters used for the run were changed to other values reported in the literature for similar experiments.  

 
Figure 3. 55- PFGE gel with XhoI digestion of BAC DNA from the electroporated clones; 1 and 9– λ DNA- mono cut mix; 10– 1 kb ladder; 
2- Dll1 original DNA; 3-8-  clones electroporated with Dll1 BAC (clone 1 in lane 3 to clone 6 in lane 8). Conditions used in this gel: initial pulse 
time: 0.6s; final pulse time: 1.6s; 6V/cm and run time of 14h. 
 
  

 

The results confirm that the electroporated Dll1 clones are correct (with exception of clone 2 in lane 4) and 

were not rearranged during transformation, as the XhoI digestion produces an equal pattern to the original 

BAC DNA from DH10B. An analogous procedure was done with the electroporated Dll4 clones (Figure 3. 

56), revealing that the electroporated BACs are OK in the new strain (with exception of clones 1 and 2 in 

lanes 3 and 4, respectively). 
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Figure 3. 56-  Dll4 clones digestions. 1– 1 kb ladder; 2– λ DNA-mono cut mix; 3-7- clones electroporated with Dll4 BAC (clone 1 in lane 3 to 
clone 5 in lane 7); 8- Dll4 original DNA; 
 
  

After these successful electroporations, the next step was to transform one of these clones with the 

cassette from the pPISceAmp plasmid in order to remove one of the loxP sites (highlighted with a box in  

Figure 3. 3) and to add a new PI-Sce recognitions site, by homologous recombination. This new 

PI-Sce site will replace the removed loxP site, so it will have the same location in the vector. This step was 

first performed with one of the Dll1 clones. Presumptive recombinant colonies were obtained in the first 

attempt (Figure 3. 57). Five of these colonies were picked and their BAC DNA was extracted.  

 
 

Figure 3. 57- Ampicillin plates with bacterial colonies obtained after electroporation of the pPISceAmp DNA cassette into 
Dll1 BAC containing cells. Left: non-induced control plate; right: induced plate. Bacteria were also plated in 
chloramphenicol plates as a control that the procedure was not lethal 

 

The strategy to assess recombination success was to compare PI-Sce and NotI digestions of the 

purified BAC DNA. The NotI digestion of the non-recombined BAC should produce a band with about 9 kb 

and bands with high molecular weight that will appear in the “compression zone” of the gel, above the 48 kb 

band. In case of successful recombination, the NotI band size should remain the same, as the 
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recombination does not involve this region of the vector. However, a PI-Sce digestion, that should only 

linearize the non-recombined BAC, should now produce two bands, the smaller of which with about 11 kb. 

Thus, there should be a shift in the lower molecular weight band from 9 to 11 kb, when comparing a NotI 

digestion with a PI-Sce digestion. DNA from each colony was digested with these enzymes  and ran in a 

PFGE gel (Figure 3. 58).  

 
Figure 3. 58- Recombination of the BAC DNA with the cassette from the pPISceAmp plasmid. These clones were named “Dll1 r” clones;  1 
and 7- 1kb ladder; 2-6 – Dll1 r clones recombined with the DNA cassette from the pPISceAmp plasmid (from clone 1 in lane 2 to clone 5 in 
lane 6); 7- λ  DNA-Mono cut mix. For each clone the left lane is the NotI digestion and the right lane is the PI-Sce digestion. 
 
 
 The PI-SceI digestion, as can be observed in the gel, produced quite abnormal results. This could 

be explained by the fact that homing endonucleases like PI-SceI remain associated with the cleaved DNA, 

causing abnormal migration during electrophoresis. To overcome this, it is recommended that SDS is added 

to the reaction prior to electrophoresis (www.neb.com). The digested DNA was therefore incubated for 5 

minutes with SDS 0,5% at 70ºC, then kept in ice for other 5 minutes, centrifuged for 1 minute and the 

supernatant was loaded in the gel. This procedure is expected to release the enzyme from the DNA 

allowing a regular PFGE run. The new gel for the Dll1 presumptive recombinants is shown in Figure 3. 59. 
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Figure 3. 59 – Analysis of Dll1 presumptive recombinants (Dll1 r). 1- 1kb ladder;  2-λ  DNA-Mono cut mix;  Dll1 r clone 1 digested with NotI 
(3) and PI-Sce(4);  Dll1 r clone 2 digested with NotI (5) and PI-Sce(6);  Dll1 r clone 3 digested with NotI (7) and PI-Sce(8);  Dll1 r clone 4 
digested with NotI (9) and PI-Sce(10);  Dll1 r clone 5 digested with NotI (11) and PI-Sce(12);    The contrast is exaggerated so that the faint 
low molecular weight bands are better viewed 
 
 

Clone 3 (lanes 7 and 8) was chosen since both the NotI and the PI-Sce digestions produced visible 

bands. However, if the NotI band has the expected size, the PI-Sce, instead of the predicted, seems to 

appear below the NotI band. This may be due to the SDS treatment of this digestion that although releasing 

the enzyme from the DNA may affect band migration thereby invalidating the comparison with the NotI 

band. Nevertheless, it is important to remember that if a PI-Sce band with about 8kb appears, a 

recombination event must have occurred, since otherwise the BAC would only be linearized and no such 

band would be produced. Still, other restriction digestions were then performed in order to confirm 

recombination success. The results are shown in Figure 3. 60. In this and in the next gels the PFGE 

conditions were changed again, to the original settings (see Materials and Methods, section III) since these 

provided better band separation. 
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Figure 3. 60-. New digestions of the Dll1 r clone 3; 1-λ concatamers marker 2- λDNA Mono cut mix; 3- 1 kb ladder;  Dll1 BAC from the 
original cells digested NotI (4), PI-Sce (5), XhoI (6), SnaBI (7); Dll1 r3 clone digested with NotI (8,9),PI-Sce (10,11), XhoI (12,13) and SnaBI 
(14,15) 
 

 The original Dll1 BAC digestions are well visible, and according to what was expected, but there 

was not enough DNA from the Dll1 r3 clone to analyse. Even though these results are not clear at all, this 

was, among the available clones, the one with better possibilities to be correct. Since there was no time 

neither to repeat this gel nor to screen other colonies, Dll1 r3 was chosen to carry out the final recombination 

step.    

With the Dll4 BAC, recombination was also successful and 5 clones were isolated. DNA was 

extracted and purified from each clone, being then digested with NotI and PI-Sce (Figure 3. 61). 
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Figure 3. 61- Analysis of Dll4 clones presumptively recombined with the PI-Sce cassette. These were called Dll4r clones.   1-  λDNA Mono 
cut mix;  2-  1 kb ladder;  Dll4 r clone 1 digested with NotI (3,4) and with PI-Sce (5);  Dll4 r clone 2 digested with NotI (6) and with PI-Sce (7);   
Dll4 r clone 3 digested NotI(8) and with PI-Sce (9);  Dll4 r clone 4  digested with NotI (10) and with PI-Sce (11);   Dll4 r clone 5 digested with 
NotI (12) and PI-Sce (13); 14- λ concatamers marker 
 

The results reveal that three clones are not correct (clones 2, 4 and 5), while clones 1 and 3 show a 

NotI band with the right size and a PI-Sce band below the NotI band, likely due to the incorrect migration in 

presence of SDS, as discussed for the Dll1 clones. The Dll4 r1 clone was chosen to carry out the final 

recombination step. 

Before carrying out the final recombination experiment it was necessary to extract the iCRE 

cassete from the previously prepared Dll1 and Dll4 targeting vectors (see section 3.2). This was done by 

digestion with AscI and PacI and purification of the wanted DNA fragments with about 3800 bp (Figure 3. 

62).The purified DNA cassette was then electroporated into the SW105 cells containing the Dll1 or Dll4 

BACs after successful recombination with the pPI-SceI cassette. Selection of recombinants was done in 

presence of Kanamycin, as the iCRE cassette carries a Kan-resistence gene (Figure 3. 63). 

 
Figure 3. 62- Purified Dll1 and Dll4 cassettes containing iCre. 1,3- 1 kb ladder; 2-Dll1 cassette; 4- Dll4 cassette 
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Figure 3. 63- Kanamycin plates with bacterial colonies obtained after electroporation of the DNA cassette from the 
targetin vector into Dll1  and Dll4 BAC containing cells. Left: Dll1; right: Dll4. Bacteria were also plated in ampicillin 
plates as a control that the procedure was not lethal 

 

To screen the kanamycin-resistant clones for correctly recombined clones, the initial strategy 

involved digestion of candidate clones with selected restriction enzymes and comparison of the pattern of 

DNA bands in a PFGE gel with the original non-recombined BAC.However, because of the large size of the 

genomic DNA present in each BAC, most of the common restriction enzymes cut the DNA at multiple sites, 

originating too many bands and preventing their use for screening of the correctly recombined BACs. In the 

case of the Dll1 and Dll4 BACs, analysis of the respective DNA sequences within the BACs suggests that 

XhoI and ClaI are the best candidates for this screening strategy. The following tables show the expected 

DNA bands for each enzyme and each BAC (Table 3. 9 - Table 3. 12). In these tables, the expected and 

possibly diagnostic differences in band pattern are highlighted in yellow. 

 
Table 3. 9 – Comparison between XhoI digestions of original and recombinant Dll1 BAC 

Dll 1 BAC with XhoI 

   Band length (bp)  

 Original Recombinant 

1  40593  40593  

2  38040  38040  

3  31742  31742  

4  30130  30130  

5  28626  28626  

6  24172  24172  

7  20507  20507  

8  18677  18677  

9  7828  7828  

10  6660  7323  

11  5754  6660  

12  4576  5754  

13  3986  3986  

14  2957  2957 
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Table 3. 10- Comparison between ClaI digestions of original and recombinant Dll1 BAC 

Dll 1 BAC with ClaI 
   Band length (bp)  

  Original Recombinant 

1  76406  76406  
2  29439  29439  
3  22767  22767  
4  21815  21815  
5  17555  17555  
6  17183  17041  
7  17041  14922  
8  14922  11026  
9  10492  10492  
10  9101  9101  
11  6886  8904  
12  6677  6886  
13 6553  6677  
14 6254  6553  
15 755  6254  
16 402  755  
17  402  

 
Table 3. 11- Comparison between XhoI digestions of original and recombinant Dll4 BAC 

 
Dll 4 BAC with XhoI 

   Band length (bp)  
  Original Recombinant 
1  46848  46848  
2  30929  30929  
3  23793  26270  
4  23533  23793  
5  23436  23436  
6  19423  19423  
7  11909  11909  
8  9363  9363  
9  6588  6588  
10  6566  6566  
11  6425  6425  
12  4675  4675  
13  3805  3805  
14  3711  3712  
15 3686  3686  
16 3316  3316  
17 2535  2535  
18 334  334  
19 192  192  
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Table 3. 12- Comparison between ClaI digestions of original and recombinant Dll4 BAC 

Dll 4 BAC with ClaI 
   Band length (bp)  
  Original Recombinant 
1  79815  79815  
2  67961  67961  
3  39734  39734  
4  24615  24615  
5  9088  11826  
6  8697  8697  
7  1157  1157  

 

Five Kan-resistant clones were selected from each electroporation, DNA was prepared, digested 

with XhoI and ClaI and run on a PFGE gel, side by side with similarly digested DNA from the original non-

recombined BACs. The results are shown in Figure 3. 64.   

 

 
Figure 3. 64- PFGE gel with the digestions of the presumptive final recombinants (Dll1 f and Dll4 f). 1, 6-λ DNA-Mono cut mix; 2,7- 1kb 
ladder; 3- Dll1 BAC original DNA digested with XhoI (left) and ClaI (right); 4,5,8- Dll1 f clones 1 to 3. XhoI digestions on the left and ClaI 
digestions are on the right; 9- Dll4 BAC original DNA digested with XhoI (left) and ClaI (right); 10-14- Dll4 f clones 1 to 5. XhoI digestions on 
the left and ClaI digestions are on the right 

 

It is not easy to interpret this gel. Only bands above 5kb appear in the gel and some of the lanes, 

like for instance those with the Dll4 clones, are blurred with some zones impossible to analyse. Additionaly, 

digestion of the original BAC DNAs didn’t produce a clear pattern and couldn’t serve for comparison with the 

newly recombined clones. 

Beginning with the Dll1 BAC digestions, the Dll1 f2 clone (lane 5) is the one with the clearest 

results. In the XhoI digestion, I expect that a new band around 7300 bp should appear, while the band with 
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4600 bp should not be present, in case of a succesful recombination event. However, bands below 5Kb are 

not present in the gel and it is hard to say if the band between 7 and 8kb is the 7828 bp band or a double 

band including the 7828 bp band and the new 7323 band together. Nevertheless, this last scenario is 

unlikely as all the 3 lowest molecular weight bands seem equivalent and the 5754 and 6660 bp bands are 

single. 

 In the ClaI digestions, the digestion of the original BACs is clear. The difference between the 

original Dll1 BAC and the newly recombined BAC should be the disappearance of the 17183 bp band and 

the appearance of a 11026 and a 8904 bp band. Again, it is not clear from the gel what happens, because 

in the original BAC there are three unresolved bands in the range of ∼17 kb and it is thus impossible to 

identify the presence (or not) of the 17183 bp band; also, no 11026  and 8904 bp bands seem to be present, 

so it is likely that none of the clones is OK. 

In what respects to Dll4, the Dll4 f2 clone is impossible to analyse as well as the ClaI digestion of 

the Dll4 f1 clone. In the other clones, all the results are similar so what is true to one is true to all. The 

digestion with XhoI differs in the original and the recombinant BACs by the shift in the 23793bp (in the 

original) to a 26270 bp band (in the recombinant). The new band had to appear between the marker’s 24.5 

and 30 kb bands but it is not present in any of the clones. In the ClaI digestion there should be a shift in the 

9088bp band to 11826bp. Unfortunately, in the relevant zone the bands produced huge black spots and so 

with this gel it is not possible to say whether the clones are correct or not. 

The main conclusion to take from the gel is that, probably, the use of a strategy based in digestions 

with restriction enzymes to confirm recombination is not a good idea. Even with better band separation and 

no black spots it could not be possible to conclude anything for sure as there is always uncertainty. This 

uncertainty is especially relevant for fragments with molecular weights between those of two λ marker’s 

bands, like for instance the 17 and 24 kb bands. So, other strategies must be developed to confirm, without 

any doubts, if the BAC is ready for use with mice.  
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IV- Discussion  

 

In the work here presented, I was able to construct one of the targeting vectors and successfully 

perform all the steps leading to the isolation of recombined BAC clones for Dll1 and Dll4. However, lack of time 

didn’t allow me to finish the final screening to identify the correctly recombined BAC clones. The strategy I used 

to perform this screening, by restriction mapping of the candidate BAC clones, was not successful. The results 

were inconclusive, mainly due to poor gel resolution and the lack of suitable restriction enzymes that produce a 

limited number of diagnostic DNA fragments. Once again, time did not allow me to devise and undergo 

different strategies but certainly further work will lead to the identification of the right BAC clones, which can then 

be used to generate transgenic mice. 

A better strategy to be used in further work would be to use the Southern blotting technique to detect 

the presence of the recombined DNA targeting cassette in the candidate BAC clones. DNA from each BAC 

can be digested with 1 or 2 restriction enzymes, run in a PFGE gel and blotted into a membrane filter. 

Hybridization with labelled probes from the DNA targeting cassette shall reveal the presence of the recombined 

cassette at the right DNA fragment, thereby identifying the correctly recombined BACs. 

 An alternative and complementary strategy to diminish the background generated in the 

recombination step and, therefore, facilitate the final screening, is to use the recently described 

positive\negative selection system based in the galK gene (Warming et al., 2005), which can be adapted to the  

SW105 strain used in this work. To grow and use galactose as carbon source, E. coli cells must express the 

galactose operon which consists in four genes, galE, galT, galK and galM. The galK gene encodes an 

enzyme, galactokinase, that catalyses the first step in the galactose degradation pathway, phosphorylating 

galactose to galactose-1-phosphate. Galactokinase also catalyses the phosphorylation of the galactose analog 

2-deoxy-galactose (DOG) leading to the production of the non-metabolized, toxic product, 2-deoxy-galactose-

1-phosphate. If wisely used, the galK gene therefore may be used for positive or negative selection (Figure 4. 

1).   

This system has some advantages in relation to other methods, like the small size of the galK 

cassette (1231bp + homology arms) in relation to, for instance, the sacB-neo cassette (3kb) facilitating PCR 

amplification and transformation into bacteria; the homology arms could be added to the galK cassette by 

inclusion of their sequences in the 5’ ends of the primers used for PCR, avoiding enzymatic “cut and paste” 

steps. Since galK is used for both selection steps, bacteria transformed with galK cassettes with mutations 

caused by PCR amplification can be eliminated in the positive selection step, reducing the background in 

the final negative selection step. Furthermore, the high efficiency of this method reduces significantly the 

post-selection screening and thus the hands-on-time. 

 However the system is not perfect and some background clones are likely to appear, due to 

spontaneous deletions in the galK gene because of the strong selection force (Warming et al (2005). The 

high frequency of recombination obtained with the defective λ prophage system minimizes this problem and 

additionally, by increasing the length of the homology arms, the number of colonies containing BACs without 

galK will be even higher minimizing the percentage of spontaneous mutants able to contaminate the final 

culture. 

 



 79 

 

 

 

Figure 4. 1- The galK selection system. A first recombination event is used to introduce in the BAC a constitutively active galK gene, in the 
position we want to modify, in the present case the Dll1 or Dll4 genes. Selection can be done using chloramphenicol, to select for BAC 
maintenance and on a minimal medium containing galactose, so that only the successful recombinants can grow using this carbon source. 
The selected bacteria are now phenotypically Gal

+
. Next the galK cassette would be replaced with the targeting cassette containing iCre 

(indicated by a star) flanked by the same homology arms used to insert the galK gene before. The final selection would be done using a 
minimal medium, with glycerol as the only carbon source, supplemented with DOG. Thus only the recombinants, which do not express 
galK and are Gal

-
, will survive because they do not produce the toxic product. H1 and H2: homology arms; cat: chloramphenicol resistance 

gene; ori2: BAC origin of replication; galK: E. coli galactokinase gene (taken from Warming et al., 2005) 
 

  

 In relation to the method I used in this work, the galK system implies an extra recombination step, 

the introduction of the galK cassette in the BAC, but the minimization of background that this system 

provides would certainly compensate for the extra-work.  

Finally, it is also important to mention the last step in the generation of the transgenic mouse, which 

will be the preparation of BAC DNA for microinjection into mouse eggs, even though I did not perform it. The 

preparation of DNA consists in the extraction of the genomic insert from the BAC vector. This is done by 

enzymatic digestion with subsequent excision of the insert band in a PFGE gel. The DNA is eventually 

purified by dialysis against a buffer with salt (usually NaCl) and polyamines, like spermine or spermidine, 

before injection. BAC transgenic animals have also been prepared via co-transfection of BAC constructs 

along with selectable markers into ES cells (reviewed in Giraldo and Montoliu, 2001). 
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V- Future Perspectives 

 

In the last years, artificial chromosome transgenesis has been fundamental for the discovery of 

new genes by complementation of mutations, for the identification of key regulatory sequences crucial for 

the proper expression of genes and for the generation of improved animal models of human genetic 

diseases (reviewed in Giraldo and Montoliu, 2001).  In fact, the generation of transgenic animals is 

appealing in a myriad of biological, medical and biotechnological applications. For instance, in complex 

systems, like the mammalian CNS, rather than loss-of-function approaches, which often do not uncover the 

roles of genes, gene dosage experiments may be more elucidative in this respect (reviewed in Heintz, 

2001). Interestingly, in biotechnology, artificial chromosome vector transgenesis may be used for the 

production of pharmaceutical proteins, if their production is directed to the mammary glands of transgenic 

animals (reviewed in Giraldo and Montoliu, 2001). 

Artificial chromosome vectors have to be used to clone very large fragments of genomic DNA 

thereby increasing the likelihood that all the regulatory elements needed to achieve the proper expression 

pattern of a given gene are present in the transgenic animal. This highlights an interesting question recently 

discussed by Gerstein et al. (2007), concerning the definition of what is a gene. According to these authors’ 

definition, although the regulatory regions are probably too complex to be included in the definition of gene, 

the fact is that without all those regulatory elements the gene may not be correctly expressed in spatial and 

temporal terms. 

The transgenic lines that are the final aim of the project here initiated could be also used to 

generate conditional knock-outs (CKO) of genes expressed in the target cells. In order to achieve this, the 

Dll1 or Dll4 BAC transgenics had to be bred with another genetically modified line where the target gene is 

flanked by loxP sites (floxed). For instance, the Dll4-Cre line could be used to make CKO for genes 

expressed in arteries, since this is a reported place of Dll4 expression (Benedito e Duarte, 2005) while the 

Dll1-Cre line could be used to knock-out genes involved in the process of neuronal differentiation, since this 

gene is transiently expressed in differentiating neurons. 

In this work, a DNA construct was prepared having in mind the creation of a line of mice for genetic 

fate mapping of cells expressing Dll1 and Dll4, two ligands of the Notch pathway. By tracing the fate maps of 

these cells it will be possible to know which cells express these genes, at any point in their development, as 

well as their progeny. This happens because once the reporter gene is “repaired” in one cell, that is, the 

STOP cassette is removed by the action of the SSR, a “repaired” copy will be present in the genome of all 

cells originated from the one in which the recombination occurred. This feature of GFM is striking per se as it 

allows, like described before (vide section 1.4), to trace a genetic lineage and identify the adult cells it 

generates. Moreover, while we follow those cells we can see their role in the formation of different brain 

structures in what was called the definition of a genetic anatomy. Thus the GFM approach is quite different 

from the more conventional strategy of “gene promoter”::reporter transgenes, because in the latter the 

reporter is expressed in the cells that express the gene but only while they are expressing it; it is easy to 

understand that, because of degradation, the reporter protein will not remain in the cells forever and the 

progeny of those cells will not, obviously, express the reporter unless they also start to express the gene. 
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The fate maps obtained with this kind of strategies will miss some lineages that may eliminate the reporter 

faster and those with lower levels of its expression (reviewed in Dymecki and Kim, 2007). With GFM, 

inversely, since enough SSR activity is provided in the cell, the reporter will be expressed from a broadly 

active promoter capable of driving permanent and detectable expression in all kinds of cells. 

 We can conclude that even though this GFM technique could be a more laborious strategy the 

results it can provide will be far more interesting and exact than the conventional approach. However since 

these maps are cumulative, as they include all cells that ever expressed the SSR (and the cells originated 

by them), it may not be possible to establish clonal relationships between cells, ie, trace the fate map of a 

single cell. Instead the fate map of a molecularly defined cell population, with a broad extent of cell types, will 

be traced. Also, it is impossible to distinguish, among the marked population, cells that express the SSR in 

different temporal periods of development.  Fortunately there are ways to improve the “resolution” of this 

basic GFM system both spatially and temporally. To restrict the number of cells where the reporter is 

switched-on new methods were developed, named intersectional and subtractive fate mapping (reviewed in 

Dymecki and Kim, 2007). Intersectional fate mapping relies in the use of two SSR, Cre and Flp, with their 

expression driven by the regulatory regions, for illustrative purposes, of gene A and gene B respectively. 

The SSRs are paired in a system where reporter activation is dependent of two recombinase-mediated 

events in their history, one mediated by Cre, in gene A expressing cells, and other mediated by Flp, in gene 

B expressing cells. These systems are designed in such a way that only the cells in the intersection of the 

two gene-expression domains will activate the reporter. Subtractive fate-mapping consists in a variation of 

the previous strategy where the simultaneous tracing of Cre/non-Flp lineages, that is, cells that express 

gene A and do not express gene B or vice-versa (Figure 4.2).  

 

Figure 4.2 – Intersectional and subtractive genetic fate mapping strategies. The neural tube is again presented as simple cylinder. Two different indicator allele 

configurations are shown with different recognition sites for the SSR, implying different labelled populations. White P triangles are loxP sites, F squares are FRT 

sites; BAP- broadly active promoter (adapted from Dymecki and Kim, 2007).   

  

With these strategies the spatial resolution of GFM is improved. Although intersectional and 

subtractive fate mapping may also be used to improve temporal resolution (if gene A and gene B are 

expressed at different development stages, see Dymecki and Kim, 2007), a particular variation provides 

great temporal control over SSR activity. This variation is known as Genetically Induced Fate Mapping 

(GIFM, reviewed in Joyner and Zervas, 2006). In GIFM the SSR is fused to a mutated estrogen receptor 

ligand-binding domain (ER-LBD) which is responsive to the syntetic ligand 4-hydroxitamoxifen (4-OHT). 
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Before induction with 4-OHT, the ET-LBD sequesters the SSR in the cytoplasm. After induction with 4-OHT, 

a conformational change occurs that allows the SSR::ET-LBD fusion to enter the nucleus and mediate 

recombination in the previously engineered sites in the genome (Figure 4. 3). With this strategy, 

recombination events may occur after a lag phase of 6-12h and for a period of about 24-48h, according to 

the half-life of 4-OHT which is about 24h. 

 

Figure 4. 3- Genetically Inducible Fate Mapping. The triangles are the recognition sites for the SSR; BAP-Broadly active promoter (adapted 

from Dymecki and Kim, 2007)  

 

In the case of the genes used in this work, Dll1 and Dll4, interesting things could be done with 

these systems. For example, a possibility would be to do subtractive fate mapping, in the neural tube for the 

cells that do not express Dll1 and express Jagged-1. This experiment would be interesting, since, if we look 

again to Figure 1.9, there are two stripes of cells that do not express Dll1 but express Jagged-1. In fact, the 

expression patter of these genes is perfectly complementary (Figure 4. 4).  

 

Figure 4. 4 – Complementarity in the expression of Dll1 (green) and Jagged-1 (red) in the neural tube (taken from Myat et al., 1996) 

 

With the suggested strategy, the fate map of the cells in the Jagged-1 stripe could be traced 

probably with great accuracy, because cells that express both genes are excluded. Such map could show 

what happens to those cells and which structures they will integrate as development proceeds and perhaps 

it could even explain the reasons behind the complementarity observed in the expression of these genes.  

An intersectional approach could be used with Dll4, which is also expressed in a stripe of cells in 

the neural tube (vide section 1.2), but contrasting the previous case, the strategy should rely in the mapping 

of cells with simultaneous expression of another gene specifically expressed in the same group of cells, like 

scl (Benedito and Duarte, 2005). This way Dll4 expressing cells in the blood vessels are excluded from the 

fate map. Cells in the neural tube zone where Dll4 is expressed are known to originate two kinds of neurons, 
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called v2a and v2b interneurons (v2aIN and v2bIN) and, in addition, the gene lhx3 is known to be a v2aIN 

progenitor marker as well as gata2 is a v2bIN progenitor marker. Thus, both interseccional and subtractive 

fate mapping strategies could be used to study the role of Dll4 in those neurons’ specification, demonstrated 

recently by Chian-Yu Peng and colleagues (2007). 

A GIFM system could be useful to trace the fate map of temporarily restricted Dll1 expressing cells, 

that is, the SSR would be only active in a limited time period, “repairing” the reporter only in the cells that 

express Dll1 in that time. Thus we would only follow the fate of the progenitors that differentiated in that 

period. A possibility would be to verify if they all originate the same kind of neurons or if they originate other 

kinds of cells, like for instance glial cells. 

The importance of genetic fate mapping is undeniable. But what is the next step, after the definition 

of genetic lineages and anatomies? In the field of neuroscience, it will be very important to add to this 

knowledge new information on cell behaviour, connectivity and function (reviewed in Dymecki and Kim, 

2007).  

In the future, creative variations of the strategies described for fate mapping can provide the tools to 

investigate these fields. These variations may consist in the use of SSR-based methods conjugated with 

various genetically encoded effector molecules. Examples of these new effectors are trans-synaptic tracers, 

that can be used to map functional afferent and efferent connections of molecularly distinct neuron classes; 

neuromodulators, that allow the control of the activity of discrete circuits as a means to assess their roles in 

development, perception, behaviour and/or cognition; cell-death-inducing molecules, that could allow 

physiological functions to be revealed by selectively killing cells as well as the creation of animal models of 

neurodegenerative diseases; potential fate-specification genes, that could give some insights on the genetic 

programs that instruct the development of particular neurons (reviewed in Dymecki and Kim, 2007). Finally, 

molecules that act to reversibly modify the expression of another target transgenes could also be used as 

effectors. This way, it is clear that the philosophy behind the genetic fate mapping strategy illustrated in this 

work was a revolution in neuroscience, since the use of SSR in a cell-specific way are opening the door to 

lots of future studies that will enlighten obscure areas of our understanding of the nervous system. 
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