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Novel Strategies for Gene Manipulation in Mammalian Cells 

Abstract 

The work here described 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. 
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Introduction 
 

Notch signalling is an evolutionary conserved pathway that controls a wide range of cell fates and developmental 

processes in many organisms from Caenorhabditis elegans to humans (reviewed in Louvi and Artavanis-Tsakonas, 

2006). The Notch gene encodes for a 300 kDa transmembrane receptor protein, what suggests its role in communication 

among cells, and consists of an extracellular (NECD) and an intracellular domain (NICD). In fact, Notch provides a way to 

link the fate decisions of one cell to those of its neighbours by a mechanism known as lateral inhibition.  Intercellular 

communication mediated by this pathway starts with the binding of the Notch receptor to one of its ligands. These ligands, 

which like Notch are transmembrane proteins with large extracellular domains are encoded by the Delta and Serrate genes 

in Drosophila, being this last one also known as Jagged in mammals. Upon ligand binding, a series of proteolytic cleavages 

lead to the translocation of the Notch intracellular domain to the nucleus, where 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. In the vertebrate nervous system, 

the Notch targets are the hairy and enhancer of split (hes) genes, which are basic helix-loop-helix (bHLH) transcriptional 

repressors (Figure 1, reviewed in Bray, 2006).  In mammals there are four Notch receptors (Notch 1-4) and five ligands from 

the Delta (Dll1,3,4) and and Jagged (Jag 1,2) families. Here special attention will be given to Dll1 and Dll4.  

 

Figure 1 – Overview of the core Notch pathway. See text for details. Dl- Delta ligand; Ser- Serrate ligand; N- Notch 

receptor (adapted from Bray, 2006) 

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

begins in the vascular system at E8.0 and is observed throughout embryogenesis and in the adult mouse on endocardial 
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cells of the heart and endothelial cells of the arteries, but not in smooth muscle cells or veins. 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 as well as in the developing retina (Benedito and Duarte, 2005).   

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

 The work here described is the first step towards the generation of two transgenic lines of mice where a Site-

Specific Recombinase (SSR), the enzyme Cre, is expected to be expressed exactly in the same cells as either Dll1 or Dll4. 

These lines will then be used to follow the track of Dll1 and Dll4 expressing cells with a strategy called Genetic Fate Mapping 

(GFM). To carry out GFM the lines generated must be bred with other line containing a transgene constituted by the 

following elements: a broadly active promoter, 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 (recognized by Cre recombinase) or FRT (recognized by Flp recombinase) sites. In the double transgenic mice, the 

action of Cre, which is limited, as stated, to the Dll1 or Dll4 cells, will excise the STOP cassette from the reporter gene, 

leading to its permanent expression in those cells (Figure 2). Additionally, since the reporter transgene is integrated into the 

mouse genome, the progeny of the Dll1 and Dll4 cells will inherit  it in the “repaired”, active, form being thus labelled as well 

(reviewed in Dymecki and Kim, 2007). The incorporation of a broadly active promoter (BAP) in the reporter transgene 

guarantees (ideally) that these cells will be marked by the reporter independently of subsequent differentiation. 

 

Figure 2- 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.  In the lower panel the GFM strategy depicted above is used to study the development of the 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 
profile in the “driver line” 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. 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). (Adapted from Dymecki and 
Kim, 2007). 

  
However, before generating the transgenic mice, a DNA construct must be created capable of driving Cre 

expression exactly in the desired cells, upon pro-nuclear injection into recipient oocytes.  
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 To achieve this directed expression, three approaches have been commonly used:   
 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 the desired 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 like bacterial, yeast or P1 bacteriophage-derived artificial 

chromosomes (BACs, YACs, PACs). 

 The first hypothesis could not be used because of haploinsufficiency problems. Removing one copy of the Dll4 

gene causes lethal problems and pre-natal death of mice, turning nonviable the generation of a stable line of mice; with Dll1, 

the problems are not so serious but still exist. The second hypothesis prevents haploinsufficiency problems, since the 

endogenous gene is not disrupted, but other problems exist. First, concatemerization may occur leading to non-

physiological levels of expression in the transgenic mice (reviewed in Miyoshi and Fishell, 2006). Second, the integration 

within the host genome might result in transgene silencing or ectopic expression, due to interfering elements located in the 

region surrounding the place of transgene integration in a phenomenon known as chromosomal position effect (reviewed in 

Giraldo and Montoliu, 2001).   

 Thus, the third hypothesis was selected, since it avoids haploinsufficiency, has low probability of problematic 

concatemerization and the large fragment of genomic DNA contained in the artificial chromosome vectors are supposed to 

contain all the regulatory elements required for the expression profile of the transgene to resemble that of the original gene.  

In particular, BAC vectors, which may contain genomic inserts with sizes up to 300 kb, were chosen to carry out this work. 

This choice relies, in the one hand, in the fact that although YACs have the capacity to harbour megabased-sized inserts, 

they are difficult to handle and unstable, having the possibility to suffer rearrangements or unwanted, unpredictable deletions. 

On the other hand, PACs, although more stable and easy to handle, can accommodate only smaller inserts, up to 130-150  

kb. 

 Finally, a method had to be chosen to replace Dll1 or Dll4 in the BACs’ insert. The conventional genetic 

engineering techniques, based in cleavage with restriction enzymes and ligations with DNA ligases, are hard to use, 

because in the large genomic inserts, like the ones present in these BAC vectors, even rare recognition sites for restriction 

enzymes occur often making it hard to manipulate the DNA with these methods. To overcome this problem a new 

technology was developed, called recombineering, that allows to perform efficient homologous recombination in bacteria 

(reviewed in Copeland, 2001). The system used is based in recombination functions encoded by the λ  bacteriophage, 

called the Red system, which includes the genes exo, bet and gam.  These genes are expressed in bacteria through a 

stably integrated defective λ prophage where exo bet and gam expression is controlled by a temperature-sensitive 

repressor. While at 32ºC the repressor is active and no recombination activity is found in cells, shifting bacteria to 42ºC 

inactivates the repressor and leads to the activation of the recombination functions, which work efficiently (Warming et al., 

2005). Other systems exist to use homologous recombination in bacteria (reviewed in Copeland, 2001) but this is probably 

the most efficient and with fewer problems associated (Warming et al., 2005).  The Red system encoded by the defective λ 

prophage is present in the SW105 E. coli strain and, because the BACs are inserted into other strain, DH10B, they must be 

first transferred to SW105 cells before modification.  
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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.  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. 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 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 
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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 min at 4ºC for two times. The supernatant 

was discarded and each pellet was resuspended in 16 ml of P1+RNaseA 

solution (Table  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.  

 

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, 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 3). The glass plate is then kept at -20ºC for 5 minutes for the 

agarose to solidify. 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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Figure 3- Preparation of agarose discs 

 
Table  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) 

 
 
Results 

 The first step in this project was the choice of appropriate BACs containing Dll1 or Dll4 coding regions 

as well as the genomic regions surrounding them. This selection was done with the help of the Ensembl Genome Browser 

(http://www.ensembl.org/). For Dll1 the choice was BAC RP23-6411 and for Dll4 the choice was BAC RP23-14H24. 

These clones were ordered from the Children's Hospital Oakland Research Institute BAC/PAC resource center 

(http://bacpac.chori.org/). Before starting further work, the BACs were confirmed with a digestion with a restriction enzyme. 

The expected band pattern could be predicted with the software NEB Cutter (http://tools.neb.com/NEBcutter2/index.php), 

after generation of the complete molecule, with the BAC vector, pBACe3.6 (http://bacpac.chori.org/) and the genomic insert. 

In order to analyse the pattern of DNA fragments in a gel, however, as most of the expected DNA fragments are too big 

and must be separated by a technique called pulsed-field gel electrophoresis (PFGE).  

The BACs were indeed confirmed and then targeting vectors for recombination had to be constructed, with Cre 

flanked by homology regions for the Dll1 and Dll4 coding regions. A mouse codon-optimized version of Cre, named iCre 

(Shimshek et al., 2002), was used, followed by a polyadenylation signal cassette, and a “flrtd” (flanked by FRT sites – 

recognized by the Flp recombinase) kanamycin resistance cassette. The targeting vector for Dll1 was already available but 

the Dll4 had to be constructed from existing plasmids with 5’ homology arm (5’HA) fused to iCre and PolyA-FRT-Kan-FRT 

fused with 3’ homology arm (3’HA).  The restriction map for the final vector is shown in Figure 4. Before further cloning steps, 

the structure of the existing plasmids was verified by digestions with restriction enzymes. Although everything was correct 

with the PolyA:3’HA fusion, the 5’HA:iCre produced unexpected results, like bands with smaller lengths than expected or 

missing recognition sites for some enzymes. This was later attributed to the fact that the cloning vector containing iCre, into 

which the 5’HA was cloned, was incomplete, because  of experimental errors.Thus the iCre sequence was isolated from 

the vector and re-cloned, together with the 5’HA into a new vector, pBluescript II KS (+).. After verifying the correction of this 

newly constructed plasmid, the final cloning step consisted in the isolation and cloning of the fusions 5’HA:iCre (as a AscI-

EcoRI fragment) and PolyA:3’HA (as a EcoRI-PacI fragment) into a special pUC18 vector with a modified multiple-cloning 

site from pBluescript, with PacI and AscI sites added.The final vector obtained was also verified with digestions, which 

produced the expected results (Figure 5). The vector was then ready. 

 The next step was the electroporation of the BACs into SW105, the strain with Red recombination functions. This 

is a difficult step and the protocol had to be optimized in order to achieve success.   



 7 

 

Figure 4- Restriction map for the Dll4 targeting vector (upper figure) and detail of the 5’HA:iCre:PolyA:3’HA region. The 
smaller division of the scale corresponds to 100 bp. 

   

 

Figure 5- Digests of 5’HA:iCre:PolyA:3’HA construct in pUC18 Asc/Pac. 1- 1kb ladder (in detail in the left); 2- EcoRI; 3- 
PstI;4- XbaI; 5- XbaI/BglII  

 

For instance, cells had to be always freshly prepared for electroporation before each experiment, as well as the 

BAC DNA which was manipulated with large diameter pipette tips. Additionally, a growth medium with low salt 

concentration, LB low salt, was used and a growth curve of SW105 bacteria was performed in order to determine the better 

timing to start the preparation of cells for electroporatiion. Different electroporation conditions were also tested but with no 

significant improvement of the results, so the conditions proposed in the original protocol were followed (see materials and 

methods). The original SW105 bacteria are resistant to tetracycline but not to chloramphenicol, therefore, since the BAC 

vector carries a chloramphenciol resistance gene, the capacity of growing in plates supplemented with this antibiotic was 

used to detect cells transformed with BACs.  Candidate colonies were obtained both for Dll1 and Dll4 BACs  (Figure 6). 

With the exception of Dll1 clone 2 and Dll4 clones 1 and 2 all the clones were electroporated correctly.  The next step would 

be replacing Dll1 or Dll4 by iCre. After this event, the final BAC should be digested with the NotI 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 was added to the BAC 
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vector through recombination with an appropriated targeting vector. This targeting plasmid, called pPISceAmp was already 

available 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 

present in the BAC vector will be also removed. The new PI-Sce site will replace the removed loxP site, so it will have the 

same location in the vector. 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 excision of the genomic insert from the vector, 

since it is flanked by the loxP sites.  

 

Figure 6- Left figure:The molecular weight marker used for PFGE- λ DNA-mono cut mix ; Middle Figure: 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; Right figure: 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; 

 

Cells were electroporated with the cassette extracted from the pPISceAmp vector and were plated in ampcillin 

plates to detect effective recombination. 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. In case of successful recombination, the NotI band size should remain the same. 

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.  There were some problems with the PI-Sce digestion probably because homing endonucleases like PI-SceI 

remain associated with the cleaved DNA, causing abnormal migration during electrophoresis. A SDS treatment was then 

performed to the DNA digested with PI-Sce, to release the enzyme from the DNA. The results obtained are shown in 

Figure 7. The Dll4 r1 clone and Dll1 r3 clone were selected for carrying out the final recombination step. In the latter, 

however, the recombination success is dubious given that while the NotI band has the expected size, the PI-Sce, instead of 

the predictions, seems to appear below the NotI band. This may be due to the SDS treatment of this digestion that 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. Even though more digestions were done with this clone to clarify the 

result, they were inconclusive as well and because there was no time to repeat the experiment, this clone was selected, 

since it was the best candidate to have successfully recombined. 
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Figure 7- Left Figure: Analysis of Dll1 presumptive recombinants (named 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); Right Figure:  Analysis of Dll4 clones presumptively recombined with the PI-Sce cassette.  

(Dll4r clones).   1-  λ DNA 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);  

 

 Before carrying out the final recombination experiment it was necessary to extract the iCRE cassete from the 

previously prepared Dll1 and Dll4 targeting vectors. This was done by digestion with AscI and PacI and purification of the 

fragments. The purified DNA cassette was then electroporated into the Dll1 r3 and Dll4 r1 clones. Selection of recombinants 

was done in presence of Kanamycin, as the iCRE cassette carries a Kan-resistance gene. To detect successful 

recombinants a strategy was developed that involved digestion of candidate clones with selected restriction enzymes (XhoI 

and ClaI) and comparison of the pattern of DNA bands in a PFGE gel with the original non-recombined BAC (Figure 8).The 

gel obtained is hard to interpret and unconclusive. 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. 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.  The visible bands did not allow infer anything because the gel had not enough resolution. 

Even with better band separation and no black spots it could not be possible to conclude anything for sure as there is 

always some uncertainty in this kind of analysis that may put in danger the work final success. So, other strategies must be 

developed to confirm, without any doubts, if the BAC is ready for use with mice.  

  

Figure 8- 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 
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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 mainly due to poor gel resolution and the lack of suitable 

restriction enzymes that produce a limited number of diagnostic DNA fragments. 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. 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. 

Finally, to generate the transgenic mice an additional step would be required: the preparation of BAC DNA for 

microinjection into mouse eggs, but there was no time to perform it. This step consists in the excision of the insert band in a 

PFGE gel and its purification by dialysis against a buffer with salt (usually NaCl) and polyamines. 

 
Future Perspectives 

 
In the last years, artificial chromosome transgenesis has been fundamental for new discoveries. In fact, the 

generation of transgenic animals is appealing in a myriad of biological, medical and biotechnological applications (reviewed 

in Giraldo and Montoliu, 2001) and in the future this potential will for sure be exploited.   

With the Genetic Fate Mapping approach used here, it is possible to trace the fate map of a molecularly defined 

cell population. However, it is impossible to distinguish, among the labelled population, cells that express the SSR in different 

temporal periods of development. To overcome this limitation, new methods were developed to improve the “resolution” of 

the 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). Other 

variation, known as Genetically Induced Fate Mapping (GIFM, reviewed in Dymecki and Kim, 2007) provides great 

temporal control over SSR activity. Moreover, in the future creative variations of these strategies used for fate mapping can 

provide new information on cell behaviour, connectivity and function. These variations may consist in the use of SSR-based 

methods conjugated with various genetically encoded effector molecules (reviewed in Dymecki and Kim, 2007). 

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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