
T O R  V E R G A T A  U N I V E R S I T Y  
 

 
 
 
 

Application and optimization of a gene targeting strategy called Small 
Fragment Homologous Replacement for the treatment of the  

Spinal Muscular Atrophy 
 

 
by  

 
Antonio  F i lareto  

 
 
 

DOCTORAL DISSERTATION 
 

XIX CICLO  
(2004-2006) 

 
 
 
 
 
 
 
   Faculty opponent                                                             Supervisor    
Emiliano Gardina PhD    Prof. Paolo Rossi 
                         
 
 

 
 

Department of Pediatrics,  Tor Vergata Universi ty,  Rome, I taly  



  1 

 
 
 
 
 
 
 
 

 
A mio padre, mia madre, 

 mio fratello e le mie sorelle. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Non credo che la pratica della scienza  
possa andare disgiunta dal coraggio e  

che la scienza possa proporsi altro  
scopo che quello di alleviare la  

fatica dell’esistenza umana  
 

Galileo Galilei 
in Vita di Galileo di Bertold Brecht 



  2 

I N D E X  

 

 

ABSTRACT        PG 4 

 

INTRODUCTION       pg 5 

SPINAL MUSCULAR ATROPHY      pg 8 

GENE TARGETING       pg 11 

SMALL FRAGMENT HOMOLOGOUS REPLACEMENT (SFHR)  pg 13 

DELIVERY SYSTEMS       pg 20 

CATIONIC-LIPOSOME DELIVERY     pg 21 

MICROINJECTION       pg  22 

ELECTROPORATION       pg  23 

 

MATERIALS AND METHODS      pg 25 

Small DNA Fragment design and synthesis    pg 25 

Cell culture        pg  25 

Cell transfection by microinjection     pg  26 

Cell transfection by electroporation      pg  28 

Analysis of DNA fromtransfected cells    pg  29 

Quantitative expression analysis of SMN transcripts  pg  30 

Western blot analysis       pg  31 

Immunofluorescence analysis     pg  32 

Statistical analysis       pg  33 

 

RESULTS        pg 34 

Molecular analyses of transfected cells for SMN transcripts pg  34 



  3 

SMN protein expression in transfected cells    pg  37 

Western blot analysis       pg  42 

Stability of the genomic modification    pg  43 

 

DISCUSSION        pg   46 

 

ABBREVIATIONS                                pg  49 

 

REFERENCES        pg   50 

 

PUBLICATIONS        PG    61 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  4 

ABSTRACT 
 
The majority of patients affected by spinal muscular atrophy (SMA) have 

deletion of the survival of motor neuron 1 (SMN1) gene, but they retain a 

“nonfunctional” copy of the duplicate gene (SMN2) in their genome. SMN2 

produces defective SMN protein because of a C>T transition in exon 7, 

which causes the skipping of exon 7 during SMN mRNA maturation. Many 

attempts have been made to correct altered SMN gene expression and to 

increase the level of normal SMN protein, but to date an effective treatment 

for this disease has not been established. Small Fragment Homologous 

Replacement (SFHR) is a site-specific gene modification approach that has 

the potential to maintain the genomic organization necessary for expression. 

The target modification in the genome is mediated by small DNA fragments 

(SDFs) 400–800 bp in length. In this study we used SFHR to induce a T > C 

transition at codon 280 in exon 7 of the SMN2 gene in order to produce an 

increase in functional SMN protein. SDFs were transfected in vitro into 

cells obtained from five human fetal chorionic villi of embryos, 

homozygous for the SMN1 deletion, by either electroporation or 

microinjection. Transfected SMA cells showed an increase of up to 53% in 

full-length SMN mRNA compared with untransfected controls, as detected 

by real-time polymerase chain reaction. Consistent with the RNA data, 

immunocytochemistry and immunoblotting revealed a significant 2-fold 

increase in wild-type SMN protein. Furthermore, genotype and phenotype 

of transfected cells remained stable after several in vitro passages, 

demonstrating the stability of the correction over time  
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INTRODUCTION  
 
 
Spinal Muscular Atrophy  (SMA; OMIM 601627) is a common recessive 

autosomal disorder that results in destruction of motor neurons in the 

anterior horn of the spinal cord (Dubowitz, 1995). Motor neuron 

degeneration affects voluntary muscles and causes proximal symmetrical 

weakness and atrophy of the limbs and trunk. The survival of motor neuron 

(SMN) gene has been shown to be the SMA-determining gene (Lefebvre et 

al., 1995). Two SMN genes are present on chromosome 5q13: the telomeric 

or SMN1 gene and the centromeric or SMN2 gene (Melki et al., 1994; 

Lefebvre et al., 1995; Burglen et al., 1996). All forms of SMA are caused 

by homozygous loss of the SMN1 gene as a result of gene deletion, 

conversion, or mutation. In about 95% of affected patients exon 7 of the 

SMN1 gene is absent, and other, more subtle mutations have been identified 

in the remaining affected patients (Melki et al., 1994). SMN2 copy number 

influences the severity of the disease (Campbell et al., 1997; McAndrew et 

al., 1997; Wirth et al., 1999; Feldkotter et al., 2002; Mailman et al., 2002). 

Patients with a milder form of SMA, type II or III, have been shown to have 

more copies of SMN2 than do type I patients. Eleven nucleotide differences 

exist between SMN1 and SMN2 transcripts, but none of these differences 

leads to changes in the amino acid sequence (Monani et al., 1999). The 

critical difference between SMN1 and SMN2 is a C-to-T transition in the 

SMN2 gene, which affects the activity of an exonic splicing enhancer (ESE), 

reducing the recognition of SMN2 exon 7 by the spliceosome (Cartegni and 

Krainer, 2002). This results in the transcription of two isoforms, the full-

length functional SMN protein and more predominant transcripts lacking 

exon 7 (Monani et al., 1999; Lorson and Androphy, 2000; Lorson et al., 
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1999). The full-length SMN transcript produces a protein of 38 kDa that is 

present in both the cytoplasm and the nucleus with variable expression 

levels among the different tissues examined: greatest in the brain, spinal 

cord, and muscle and lowest in lymphocytes and fibroblasts (Coovert et al., 

1997; Lefebvre et al., 1997). Nuclear SMN is concentrated in aggregates 

called Gemini of coiled bodies (gems; Liu and Dreyfuss, 1996). The number 

of gems per cell is drastically decreased in SMA patients, and can be used as 

a prognostic indicator of disease severity. The SMN protein acts within 

macromolecular complexes together with the SMN-interacting proteins, 

gemin 2, 3, and 4. The complex in the nucleus is involved in pre-mRNA 

splicing, ribosome production, and transcription (Fischer et al., 1997;  Liu et 

al., 1997; Charroux et al., 1999, 2000), whereas that in the cytoplasm is 

involved in biogenesis of the spliceosomal UsnRNP (uridine-rich small 

nuclear ribonucleoprotein).  

To date, no effective therapy exists to rescue the motor neuron degeneration 

of SMA. However, the discovery of the SMA-determining gene, and of the 

differences between SMN1 and its highly homologous copy SMN2 in the 

human genome, has led to the development of novel therapeutic strategies 

for SMA. In this regard, SMN2 provides a natural target for therapeutic 

intervention in almost all SMA patients and many attempts have been made 

to devise strategies to enhance the incorporation of exon 7 during mRNA 

splicing, or to increase the activity of the SMN2 promoter (Hofmann et al., 

2000; Zhang et al., 2001; Young et al., 2002; Brichta et al., 2003; Skordis et 

al., 2003; Andreassi et al., 2004). Several approaches are being explored to 

develop potential therapies for SMA, but no gene-targeting strategies have 

been successfully attempted. Gene targeting induces a site-specific 

chromosomal modification that leads to long-term and genetically 
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inheritable expression of the correct gene, regardless of its size. Moreover, 

direct conversion of genomic sequences preserves the integrity of the gene 

in such a way that the coding sequences and regulatory elements remain 

intact. The availability of better delivery methods, such as electroporation 

and microinjection, has made nonviral transfer an increasingly safer and 

more viable method for gene therapy. One of these oligonucleotide-based 

gene-targeting strategies, Small Fragment Homologous Replacement 

(SFHR), has been successfully used to correct or modify gene sequences 

responsible for some inherited disease in vitro and in vivo (Kunzelmann et 

al., 1996; Goncz and Gruenert, 1998, 2000, 2001; Goncz et al., 1998, 2001, 

2002; Kapsa et al., 2001; Bruscia et al., 2002; Sangiuolo et al., 2002, 2005; 

Thorpe et al., 2002; Gruenert et al., 2003; Zayed et al., 2006 Goncz et 

al.2006).. In this study, we investigated the efficacy of SFHR to induce a T 

> C transition in exon 7 of the SMN2 gene in order to rescue physiological 

level of SMN transcript and protein, after transfection by either 

electroporation or microinjection in human fetal cells obtained from 

embryos affected by SMA.  
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SPINAL MUSCULAR ATROPHY  
 

Spinal Muscular Atrophy (SMA) is a heterogeneous group of disorders 

characterised by the  degeneration of alpha motor neurons in the anterior 

horns of the spinal cord and the lower brainstem. SMA occurs in childhood 

with muscle weakness and respiratory failure. Muscle weakness is always 

symmetrical and associated with a marked decrease in deep reflexes, muscle 

fasciculation and hypotonia. The disease represents the most frequent 

inherited cause of infant mortality (Pearn et al., 1978). Depending on the 

age of manifestation and achieved motor abilities, SMA has been classified 

into four different types. Type I patients (approximately 50% of all SMA 

cases) are never able to sit or stand unaided and usually die before the age of 

2 years. Type II SMA patients are able to sit, but are never able to stand, 

whereas type III SMA patients are able to sit and stand, but mostly get 

wheelchair bound while muscle weakness is progressing (Munsat et al., 

1992). The mildest form of SMA, type IV, is defined as a slowly 

progressing disease, which typically occur after the age of 30 (Zerres et 

al.,1995). Regardless of SMA type, disease progression and life expectancy 

is strongly correlated to age of onset. Moreover, patients with SMA tend to 

have the greatest rate of loss of muscle power at disease onset (Zerres et 

al.,1995). Mutations of the Survival of Motor Neuron (SMN) locus, on 

chromosome 5q13, are responsible for the disease. In humans, the SMN 

locus contains an inverted duplication consisting of the telomeric SMN1 

gene and the centromeric, highly homologous SMN2 gene. More than 95% 

of SMA patients are homozygously deleted for SMN1 (Lefebvre et al., 

1995), and the remaining cases (5%) show missense, nonsense or splicing 

mutations within SMN1 gene (Wirth et al., 2000). All patients deleted for 
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SMN1 retain at least one centromeric copy of the gene, SMN2, which is 

unable to complement SMN1 because of a crucial mutation in an exonic 

splicing enhancer (Lorson et al., 1998), leading to an alternative splicing 

phenomenon. In fact the SMN2 gene mainly produces a protein isoform, 

which has exon 7 deleted (delta7 SMN) (about 80%), and reduced amounts 

of full-length (FL-SMN) mRNA (about 20%). Delta7 SMN encodes for an 

unstable protein and consequently the insufficient levels of SMN protein in 

motor neurons represents the cause of the disease phenotype. To support 

this hypothesis, there is evidence of a clear inverse correlation between the 

severity of the SMA phenotype and the SMN2 copy number. SMN2 is the 

major modifier of SMA phenotype and the critical parameter being the 

amount of total SMN (both fulllength and delta7) it can produce (Thanh et 

al., 2005). In fact, the more SMN2 copies a patient has, the milder the 

phenotype (Burghes et al., 1997; Feldkotter et al., 2002; Helmken et al., 

2003). Other evidence sustaining this supposition comes from Smn-/- 

knockout mice. In fact introducing one or two copies of human SMN2 in 

this murine model makes it possible to improve the clinical phenotype, 

trasforming the embryonic lethal phenotype into a severe one (Hsieh-Li et 

al., 2000; Monami et al., 2000). SMN is a protein of 38 kDa involved in a 

series of pathways, the most essential of which is the housekeeping function 

in snRNP biogenesis and spliceosome assembly (Liu et al., 1997; Pellizzoni 

et al., 1998) and the neuron-specific function in RNA transport along the 

axons (Rossoll et al., 2002; Zhang et al., 2003). The SMN gene does not 

have an exclusively neuronal expression or function, but it is ubiquitously 

expressed, with only few tissue and developmental differences (Yong et al., 

2004; Will et al., 2001). Within a single cell, the protein is present in both 

the cytoplasm and the nucleus, where it is concentrated in two sub-
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structures that often overlap, Cajal bodies and Gems (Rossoll et al., 2002; 

Zhang et al., 2003; Gabanella et al., 2005; Wan et al., 2005). Gems contain 

high levels of factors involved in transcription and RNA processing. At least 

seven additional proteins (from Gemin2 to Gemin8) are stably associated 

with the SMN protein in large macromolecular complexes (Carissimi et al., 

2006; Gubitz et al., 2004). The number of gems inversely correlates with 

disease severity, with type I patients showing few or even no gems (Coovert 

et al., 1997; Patrizi et al., 1999) while there is an increase in type II and III 

patients. For this reason the number of gems per cell drastically decreases in 

SMA patients, and represents a useful prognostic indicator of disease 

severity. Also the localisation of the gems correlates with the phenotype, 

whereas in affected cells the gems are localised more within the cytoplasm 

than in the nuclei compared to wild type cells (Liu et al., 1997; Lefebvre et 

al., 1997). However the precise function of SMN is not yet known. 

Furthermore, it is not quite clear why SMA motor neurons are the only cell 

type for which SMN expression levels are unadequate for their normal 

activity. To date, no effective therapy exists which is able to rescue the 

motor neuron degeneration of SMA patients. However, the discovery of the 

SMA-determining gene, and of the differences between SMN1 and its highly 

homologous copy SMN2 in the human genome, has led to the development 

of novel therapeutic strategies for SMA. To this aim, SMN2 provides a 

natural target for therapeutic intervention in almost all SMA patients. The 

general hypothesis is that increasing full-length SMN protein levels should 

have a positive impact on the onset and progression of SMA disease. This 

goal can be reached by increasing the expression of SMN, or changing the 

splicing pattern of the SMN2 gene or even stabilizing the SMN protein. The 

therapeutical approach could be pharmacological or genetic. Moreover the 
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development of stem-cell therapies has great potentiality, since this recent 

developments in stem cell differentiation and transplantation.  

 

 

 

GENE TARGETING 

 

The genome-based approaches are aimed to an in situ permanent correction 

of defective endogenous gene (gene targeting approach).  These procedures 

are clearly distinct from the cDNA-based strategies that utilize viral cDNA-

based methods by relying on non-viral DNA delivery vehicles. Furthermore, 

they are preferable to the delivery of such exogenous non-integrating 

vectors, transiently expressing wild type versions of non functional genes or 

their cDNA (gene augmentation approach). 

Gene therapy has very straight-forward goals to effectively correct the 

pathogenic phenotype resulting from genetic mutation(s) and to insure that 

the therapeutic strategy is safe for the patient.   

The Gene Therapy approaches can be broadly divided into viral and non-

viral gene transfer technology. Viral vectors take the advantage on the facile 

integration of the gene of interest into the host and high probability of its 

long–term expression but are plagued by safety concerns vehicles. The main 

risk of retrovirus-mediated gene transfer is insertional mutagenesis resulting 

from random retroviral integration. In fact, random integration has been 

reported in viral gene delivery to increase the possibility of gene disruption, 

including disruption of genes involved in cell cycle or tumour suppression 
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(Remus et al., 1999; Muller et al., 2001), and as a result gene targeting 

strategies have being received increasing attention.  

Recently the observation that retroviral gene transfer induced T cell 

leukaemia in two children of ten patients treated for typical X-linked severe 

combined immunodeficiency (SCID-X1) has raised significant safety 

concerns for traditional gene strategies (Williams et al., 2003; Hacein-Bey-

Abina et al., 2003, 2003a). Hacein-Bey-Abina and colleagues showed 

retrovirus vector integration in proximity to the LMO2 proto-oncogene 

promoter, leading to aberrant transcription and expression of LMO2, 

suggesting that retrovirus vector insertion can trigger deregulated 

premalignant cell proliferation with unexpected frequency, most likely 

driven by retrovirus enhancer activity on the LMO2 gene promoter. 

Accordingly, the American Food and Drug Administration (FDA) placed on 

"clinical hold" all active gene therapy trials using retroviral vectors and 

suspended the enrolment of new patients in clinical trials that involve the 

use of retroviruses.  Furthermore in the 2005, another clinical trial reports 

the failure of retroviral gene therapy in 2 such patients affected by a severe 

combined immunodeficiency (SCID-X1, c-deficiency), despite effective 

gene transfer to bone marrow CD34+ cells, suggesting that there are 

intrinsic host-dependent restrictions to efficacy (Thrasher et al., 2005). 

Non-viral vectors (naked DNA fragments and plasmid DNA), although less 

efficient at introducing and maintaining foreign gene expression, have the 

profound advantage of being non-pathogenic and non-immunogenic. 

Above all, gene targeting strategies retain the integrity of the target gene in 

terms of relationship between the protein coding sequences and gene-

expression. By preserving the integrity of the targeted gene, the relationship 

between the coding sequences and regulatory elements remains intact and 
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the corrected gene would still undergo the cell-specific regulatory elements. 

Therefore, targeted gene would be expressed at physiological levels in the 

appropriate cell type. Consequently, cell-specific expression is not altered.  

It is therefore mandatory to develop vectors with an improved safety profile 

and/or transfect cells in ex vivo, followed by checking them carefully by 

genetic analysis before infusing back into the patient.  

At the present time, the recent availability of better delivery methods (e.g. 

electroporation and microinjection) has made the non-viral gene transfer an 

increasingly more important and viable method for gene therapy. Therefore 

if further developed, gene targeting strategies will gain a higher capacity of 

correction and will lead to fewer mutagenic side effects than do methods 

that randomly insert genes into the genome (Sullenger et al., 2003). 

 

SMALL FRAGMENT HOMOLOGOUS REPLACEMENT 

(SFHR) 
 

SFHR is a gene repair strategy that involves the introduction of small DNA 

fragments (SDFs) (up to 1 kb) into cells. These SDFs involve homologous 

exchange between their sequences and the endogenous (genomic or 

episomal) ones, resulting in phenotypic changes. The technique has been 

used to modify endogenous genomic DNA in both human and mouse cells. 

After entering the cells, the fragment pairs with its genomic homologue and 

replaces the endogenous sequence with the exogenous fragment through an, 

as yet, undefined mechanism (Gruenert et al., 1998, 1999); ( Yanez et al., 

1998), that probably involves similar pathways to those of homologous 

recombination and/or uncharacterized pathways of DNA repair (Goncz et 

al., 2000). It is likely that SFHR functions by targeting and replacement, 
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involving the necessary proofreading and annealing to homologous target 

regions, with subsequent strand invasion, and exchange of genetic material.  

Typically, small DNA fragments are utilized double stranded although in 

2004 Kamiya’s group reported a very significant enhancement of the SFHR-

mediated gene correction efficiency using a sense ssDNA fragment. In this 

model, an inactivated Hyg-EGFP fusion gene was utilized in a gene 

correction assay, obtaining a 12-fold enhancement in gene correction 

(Tsuchiya et al., 2004). 

Genotype and phenotype analyses have shown specific modification of 

disease causing genetic loci and suggested that it has potential as a 

therapeutic modality for the treatment of inherited disease, if not with a 

single treatment, with repeated applications. Different kinds of genomic 

mutations have been altered by using this approach, suggesting a broad 

range of utility in terms of target genes and cell types able to support SFHR. 

Moreover the SFHR technique appears to be effective both in vivo and in 

vitro. In fact, genetic modification of several kinds of cells was reported, 

including mouse embryonic stem cells (Gruenert et al., 1998; Goncz et al., 

2000, 2001; Kapsa et al., 2002). The recent application of this strategy to 

stem cell and demonstration that these cells can be efficiently targeted 

would mean that a single treatment could correct a genetic defect within a 

given organ for the lifetime of the patient, using an ex vivo strategy (Goncz 

et al., 2000,2006; Hatada et al., 2000; Gruenert et al., 1998; Zayed et al., 

2006). By targeting gene repair to stem cell populations, it is possible that 

long-term correction might be achieved through clonal expansion.  

Different efficiency values of SFHR-mediated modification were reported. 

This variability can depend from purity of the synthetized olionucleotides 

and transfection efficiency, specific for each cell line (Schindelhauer et al., 
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2002). In this way any improvement in gene delivery will be fundamental to 

the success of gene repair, especially for somatic gene repair in vivo where 

transfection efficiencies are considerably lower than in vitro. The efficiency 

of transfection could be increased using a different way of delivery of SDF 

into cell nuclei. Recent studies have reported the successful use of 

microinjection techniques in progenitor stem hematopoietic cells-HPCs, 

human lung sarcoma-HT1080, and immortalized lung epithelial-16HBE14o- 

and primary human fibroblasts (Goncz et al., 2001,2006; Schindelhauer et 

al., 2002). This technique, together with an innovative electroporation 

protocol, might overcome the inefficient nuclear delivery of DNA that was 

observed using chemical delivery vehicles. Another factor surely 

influencing SFHR efficiency is represented by the absence of a selection 

mechanism to accurately define the genetic changes induced by this 

strategy. For this purpose a subcloning of the transfected cells by using the 

limited dilution technique could be attempted (Bruscia et al. 2002), 

demonstrating the stability of the modification over multiple generations.  

The lack of a detailed knowledge of the mechanism of action of the SDF at 

the molecular level sets a limit to a precise reproducibility of this strategy. 

The efficiency of modification is very variable and depends from different 

conditions. In fact the transfection protocol, the kind of fragment, its length 

and also its concentration and the chromatin structure, which changes 

throughout the cell cycle, may be key factors underlying these variations in 

efficiency. These hypothesis prompted us to systematically investigate 

SFHR-mediated gene repair process during various phases of the cell cycle 

using different kinds of SDF. To this purpose, we design and constructed an 

“assay system” that can be used to optimize SFHR protocol in vitro in order 

to improve the SFHR efficiency in eukaryotic cells. A mutated copy of 
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EGFP gene were stably integrated within immortalized embryonic 

fibroblasts (MEF), obtained from Sma mice model (Smn-/-; SMN2). 

Different parameters such as the concentration, the length and the nature of 

the wtSDF, but most importantly different phases of cell cycle (G0/G1-S-

G2/M ) were tested to understand which was the exact mechanism 

underlying the SDF-mediated integration within genomic DNA. The 

efficiency of modification was quantified by Flow cytometry analysis, 

measuring the percentage of EGFP-positive cells obtained. Transfection 

protocol was optimized by nucleofection (Nucleofector Amaxa) and the 

SDF for the corrected EGFP sequence were transfected into the GFPneg cell 

line. While in phase G0/G1 the efficiency of correction was estimated about 

0.01%, this value double in phase S (0.02%). The best results was achieved 

after synchronizing the cells in G2 phase and transfecting 7,5x106 molecules 

of SDF/cell. In fact, during this phase the efficiency of correction increased 

10 times, up to 0.1%. We also tested the effect of the methylation status of 

the “corrective” fragment, comparing PCR-amplified SDF versus plasmid-

digested one. The latter gave best results in terms of recombination 

efficiency thanks to its higher methylation grade. In fact, transfecting 

plasmid-digested SDF in G2 synchronized cells the percentage of 

fluorescent cells increased 50 times respect to the standard condition. After 

cell sorting and several doublings the stability of genomic modification 

SDF-mediated was assessed by Southern blot and microscopy analyses. In 

conclusion, this study allows us a better comprehension of SDF molecular 

way of action (G2 phase and homologous recombination) and consequently 

open up new perspective for considering SFHR as a gene targeting strategy 

applicable to the ex vivo protocols (Filareto et al. manuscript in 

preparation). 
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The SFHR technique has been successfully applied to modify mouse 

genomic loci, as the Cftr (Cystic fibrosis transmembrane conductance 

regulator) gene, and the dystrophin gene, both in vitro and in vivo. 

Phenotypic and genotypic changes have been demonstrated for the Cftr 

gene, while only genotypic modifications have been shown in mdx mice 

(Kapsa et al., 2002).  A study by (Goncz et al., 2001), has demonstrated the 

importance of the delivery during the application of SFHR-mediated 

protocols. The authors used the SFHR technique to introduce in the genome 

of a wild-type mouse a 3bp deletion within the cftr gene. SDFs were 

transferred in normal mouse lung via intratracheal instillation, after 

complexation with four different transfecting agents. Detectable levels of 

sequence alteration were observed, but the data suggests a gradient of these 

DNA vehicles in terms of reproducibility and specifically, the artificial viral 

envelope (AVE) gave better results than LipofectAMINE, dimethyl-

dioctadecyl-ammonium-bromide (DDAB) and SuperFect. This study 

underscored the difficulties in extrapolating results from the in vitro to in 

vivo settings. A similar approach was used in our laboratory to introduce the 

same modification in mouse embryonic stem cells (D3) using cationic 

liposome as the SDFs transfection vehicle (manuscript submitted). Confocal 

microscopy was carried out to track the entry of Cy-5 labelled SDFs (red) 

into the nuclei (green). The 3 bp deletion (TTT) was detected at the DNA 

and mRNA level, after amplicon cloning, to avoid PCR artefacts. 

Modification efficiency of cftr locus was quantified at the mRNA level by 

using real-time PCR, resulting in more than 5 % of transfected cells. In 

addition, we demonstrated that a mutated gene product was obtained using 

this technique. This high frequency of selective change in ES cells using 
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SFHR is encouraging for the future development of therapeutic protocols 

based on cell therapy.  

The Mdx mouse model of Duchenne muscular dystrophy (DMD), (Kapsa et 

al., 2002, 2001) was also repaired by using SFHR. A nonsense mutation in 

the dystrophin locus was targeted in both primary myoblast cultures and by 

direct injection of affected muscle (tibilias anterior). In vitro and in vivo 

application of a wild-type SDF (603bp) was used to mediate a T to C 

conversion in exon 23 of the dystrophin gene. Different conditions in the 

lipofectamine complex enhanced the efficiency of SFHR-mediated 

modification in vitro. Conversion was observed at both the DNA and RNA 

levels. The conversion of mdx to wild-type sequence in vitro was about 15 

% by PCR analysis, although there was no detection of normal dystrophin 

protein. In vivo the correction efficiency was up to 0.1 % in the tibialis 

anterior of male mdx mice, but again there was no evidence of gene 

expression at either the transcript or protein level. It was suggested that the 

disparity between the genomic repair and protein expression was possibly 

due to toxicity of the transfected agent on myoblasts, or a delay in protein 

expression. The correction in myoblasts from mdx mice persisted at least 28 

days in culture and up to 3 weeks in vivo. These genomic conversion 

frequencies were lower than those reported for chimeraplasty, which did 

result in protein expression (Rando et al., 2000; Bartlett et al., 2000), after 

direct injection into muscles of mdx mice. Two weeks after single injections 

into tibialis anterior muscles, the maximum number of dystrophin-positive 

fibers in any muscle represented 1–2 % of the total number of fibers in that 

muscle. The expression appears to be stable until ten weeks after single 

injections.  
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More recently the SFHR technique has been successfully applied to modify  

the DNA-PKcs gene responsible of the SCID mouse (Zayed et al. 2006) and 

the hβ-globin gene (Goncz et al. 2006). The human β-globin (βA -globin) 

sequence has been modified into the sickle β-globin (βS-globin) sequence. A 

DNA fragment (559 bp) homologous to β S-globin sequence was 

microinjected into the nuclei of lin-/CD38- hematopoietic cells. Individual 

microinjections delivered from 2.5 x 102 to 1 x104 SDFs per cell. In 72 

separate experiments, site-specific conversion (βA -globin -> βS -globin) 

was observed in 42% of the experiments when DNA and RNA were 

analyzed 2–5 weeks postinjection. The conversion frequency generally 

ranged from approximately 0.2 to 3%, as determined by assuming a minimal 

conversion frequency of one cell per experiment showing SFHR-mediated 

modification. The conversion frequency in one experiment was assessed by 

evaluating the cloned polymerase chain reaction (PCR) products generated 

from the amplification of genomic DNA harvested 24 days postinjection. 

The frequency of β -globin alleles converted from βA-globin -> βS-globin in 

this experiment was determined to be ~13%. When sickle cell patient-

derived lymphoblastoid cells were transfected with wild-type, βA-globin 

SDFs, conversion of the βS-globin to the βA-globin sequence was observed 

up to 10 days posttransfection. 

Zayed et coll. have also shown that such gene targeting strategy can occur in 

murine severe combined immune deficiency. Using a T cell thymoma line 

derived from severe combined immunodeficient (SCID) mice with a point 

mutation in the gene encoding the DNA-dependent protein kinase catalytic 

subunit (DNA-PKcs), they have shown that short DNA fragments (SDFs; 

621 bases) can provide genotypic and functional correction of these cells. 
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Double-stranded SDFs (dsSDFs) or single-stranded SDFs (ssSDFs) were 

designed to span the wild-type sequence of exon 85 in the DNA-PKcs gene 

and part of the 3’ and 5’ flanking intron regions. SCID cells were 

nucleofected with both single- and double-stranded wild-type SDF 

sequences. Corrected cells were selected on the basis of protection from 

radiation hypersensitivity that occurs as a consequence of the SCID 

mutation. Correction was mediated by both SDF forms (double and single 

stranded). These results have indicated that SDFs can correct point 

mutations by HR with the possibility of harnessing ionizing radiation (IR) as 

a selection method to eliminate noncorrected cells and enrich for corrected 

SCID radioresistant cells. 

 

 

 

 

DELIVERY SYSTEMS 
 

Certainly one of the deepest effects on the targeting ratio is the method of 

delivery of the vector DNA. Aware of that, scientists attempted different 

gene-transfection methods during the past years and parallel studies, meant 

to increase the efficiency of the most promising ones, were carried on. At 

the present time the three most common techniques still are liposome-

mediated delivery, microinjection and electroporation, therefore now most 

of the efforts have shifted to improving their efficacy both for in vitro and in 

vivo applications.  
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CATIONIC-LIPOSOME DELIVERY 

 

The cationic-liposome based gene delivery, first reported by Felgner in 1987 

(Felgner et al., 1987), allows transfer of genetic material trough the cell-

membrane and its subsequent release into the cytoplasm. Once inside, the 

DNA is thought to pass into the nucleus, maybe by physical association with 

the chromatin during mitosis or by crossing the nuclear membrane. Initially 

the negatively charged DNA is electro-statically bound to the liposome in a 

lipocomplex that is able to associate with the cellular membrane 

(negatively-charged) and is then up-taken by the cell. Although both the up-

take and the release mechanisms have not been completely clarified yet, it 

has been claim that, maybe, endocytosis and/or lipocomplex fusion with the 

membrane permit the liposome entrance into the cell, and that once inside 

the DNA could be released by mixing of the lipid membranes with the 

liposomes and the consequent disruption of the latter (Wiethoff, 2003) 

Cationic liposomes (CL) are wildly used as delivery system in mammals 

(Gao, 1995), although they show a general high toxicity to cells. In fact, 

CLs are membrane active elements, that is to that they can hamper the 

membrane functions and equilibrium (Xu, 1996). 

This was recently confirmed by transfection experiments on salmonid cell 

lines of hepatocyte and macrophage origin (Romoren et al., 2004). Those 

observations lead to the conclusion that differences in the transfection 

efficiency and in CL toxicity-levels between the cell lines had to be mainly 

addressed to their different membrane compositions, although in the above 

mentioned cell lines the CL cytotoxicity increased with the increasing lipid 

concentration. 
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Furthermore, in general, different results suggest that the DNA/liposome 

mixing ratio significantly affects the intracellular trafficking of plasmid 

DNA complexed with the cationic liposomes (Sakuraia et al., 2000). 

Nevertheless liposome transfer has several advantages: they can be used 

both for in vitro and in vivo transfections, are non –immunogenic, can 

transfer any type of nucleic acids and their use and preparation is relatively 

simple. 

 

 

 

MICROINJECTION 

 

Another way of physically introducing DNA into a cell is through 

microinjection that consists in directly injecting foreign DNA into cells. A 

cell positioned under a microscope, is manipulated to a blunt capillary and 

the DNA or RNA is inserted into the cytoplasm or nucleus.  

Microinjection has been successfully used with large frog eggs, cultured 

mammalian cells, mammalian embryos, and plant protoplasts and tissues.  

Examples of its application to transfer in the cells molecules capable of 

either transitorily compensate mutated gene or directly repair mutations on 

the chromosomal DNA, is reviewed by Davis et al. In particular, the work 

focuses on glass needle-mediated Micro-injection as a method for the 

delivery of genetic material into blood stem cells (Davis et al., 2000). 

An illustration of the use of the microinjection technique was reported in a 

recent study where the efficiency of correction of two differently designed 

chimeraplasts were compared (Goncz et al., 2002). These constructs were 

evaluated for their ability to correct a point mutation in the gene encoding 
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recombinant enhanced green fluorescent protein (eGFP) that rendered the 

protein non fluorescent. To realize this, a plasmid encoding this mutant 

eGFP gene and a chimeraplast were co-introduced directly into the nuclei of 

primary fibroblasts by microinjection (Tran et al., 2003) 

 

 

 

 

ELECTROPORATION 

 

Electroporation is an efficient method that can be used both in vitro and in 

vivo to transfer physiologically the gene into the cell without complicated 

preparations. 

This technique is based on the application of external electric fields that 

results in transient, reversible breakdown of the cell membrane. During the 

process, the membrane becomes extremely conductive and as a consequence 

of the current passage inside the cell, is achieved formation of pores, trough 

which small molecules are transferred into the cytosol. 

Developments over the past decades have led to sophistication of equipment 

and optimization of protocols; among all the different successful innovation, 

the most interesting one is the electroporation of small molecules delivered 

directly inside the nucleus, using the new Amaxa Nucleofector technology 

that is able to introduce the genetic material directly into the nucleus. This 

reduces assay time to a couple of hours versus 24 to 48 hours for standard 

transfection methods that use liposome mediated delivery. Ideally the 

system is matched for selected primary cell populations (including 

hematopoetic cells, chondrocytes, cardiomyocytes, endothelial cells, 
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keratinocytes, stem cells, neurons, and DC cells). Furthermore it is not 

restricted to DNA only but it can also be used for transferring siRNA (small 

interference RNA) into cells, especially primary cells. The only drawbacks 

to the machine are that not optimized cell systems require a protocol 

optimization and in general it must be used trial and error on each of the 

programs provided.  Very recently the nucleofector method was exploited to 

transfect different cell lines. It showed a transfection frequency higher than 

50% used in nature killer (NK) cells (Maasho et al., 2004; Trompeter et al., 

2003), 60% in dendritic (DC) cells (Lenz et al., 2003). Transfection of 

primary cells and stem cells, a problem in the laboratory routine since most 

methods working effectively for cell lines in culture fail to transfect them, 

has been achieved as well by Hamm (Hamm et al., 2002). 
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MATERIALS AND METHODS 
 

Small DNA fragment design and synthesis 

Fragment was generated by polymerase chain reaction (PCR) of human 

genomic DNA wild type at the SMN1 locus and lacking the SMN2 gene. 

Primers used to generate a small DNA fragment (SDF) homologous to the 

human SMN1 sequence were located within introns 6 and 7, respectively 

(Fig. 1A). The sense primer sequence was SMN1F (5’-

AGTTGTGGGATTGTAGGCATG-3’) and the antisense primer sequence 

was SMN1RBsmI (5’-GCATTCTAGTAGGGATGTAGA-3’). The reverse 

oligonucleotide was designed to incorporate a base change at base pair 

position 497 of the amplified fragment. The point modification together 

with the SMN1 sequence allowed the incorporation of a unique BsmI 

restriction site that can be used as a marker to verify SFHR-mediated 

specific correction (Goncz and Gruenert, 1998; Goncz et al., 1998). PCR 

was performed (annealing temperature, 55°C) in a total volume of 50 μl, 

using 1.5 U of Pfu DNA polymerase, 20 pmol of each primer, and 300 ng of 

genomic DNA. The SDF was cloned into a plasmid vector for large-scale 

production and, before use, always gel and ethanol purified (DNA gel 

extraction kit; Millipore, Bedford, MA).  

 

 

Cell culture 

Primary cell cultures from human placental villi were established from five 

normal and five SMA embryos after transabdominal chorionic villus 

sampling (CVS) at week XII of pregnancy (Zahed et al., 1988) from normal 
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women and women at 25% risk of SMA who were undergoing prenatal 

molecular diagnosis. Informed consent from patients was obtained. Cells 

were grown in Chang medium (Irvine Scientific, Santa Ana, CA) 

supplemented with 10% fetal bovine serum (FBS), 1% Lglutamine, and 1% 

penicillin–streptomycin. After about 10 days of culture cells grown from the 

explants of the villi were detached from the dish, using a standard EDTA–

trypsin solution (Sigma-Aldrich, St. Louis, MO) and subcultured in fresh 

medium for an additional 2–4 days as indicated, before transfection. In some 

experiments, after transfection, cells were propagated several times (>40 

passages).  

 

 

Cell transfection by microinjection  

Injection was performed into cells cultured for at least 48 hr from the first 

subculture and at about 30% confluency. In each experiment, about 1000 

cells were microinjected (Table 1) under a Nikon Eclipse TE 300 inverted 

microscope, equipped with a Narishige MO-188NE micromanipulator 

(Narishige International, East Meadow, NY) and a FemtoJet microinjector 

(Eppendorf, Hamburg, Germany). Microinjection needles had a 1.0 ± 0.2 

±m outer tip and an inner tip diameter of 0.5 µm  (Femtotips; Eppendorf). In 

preliminary experiments, to establish the efficiency of the injection process 

in delivering molecules into the nucleus and cell viability after injection, 

SDFs were injected together with rhodamine B isothiocyanate–dextran 10S 

(RITC–dextran, MW 10,200; Sigma-Aldrich). Observation under a 

fluorescence microscope revealed that up to 85% of cells remained intact 

after microinjection and between 77 and 90% of these showed nuclear 

fluorescence (Table 1).  
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In each experiment up to 1000 cells were microinjected with 0.7 µl of SDF 

(~24 ng), corresponding to ~4 x107 molecules of SDF per cell. SDF 

concentration has been exactly calculated with a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Wilmington, DE). Cells were 

then grown and expanded for various periods as indicated, harvested, and 

stored for analysis. Untransfected cells harvested after the same amounts of 

time in culture were used as controls. 

 

 

TABLE 1. MICROINJECTION CONDITIONS FOR HUMAN FOETAL 
TROPHOBLAST 

Sample Cells plated Cells injected Viable injections 

CVS01-Mi 01 700 531 389 (73%) 

CVS01-Mi 03 1000 976 800 (82%) 

CVS01-Mi H20 700 515 400 (77%) 

CVS02 750 630 478 (75%) 

CVS03 900 751 600 (80%) 

CVS04 850 670 570 (85%) 

CVS05 910 790 630 (79%) 
The growth rate of rhodamine 3 isothiocyanate-dextran 10s (RITC-Dextrane) 
- injected, SDF-injected and water-injected controls was similar; 1 population 
dobling every 24 hours. Abbreviation: Mi, microinjection. 
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Cell transfection by electroporation 

Nucleofection (i.e., transfection of DNA directly into the nucleus) of human 

CVS cells in culture was performed according to the optimized protocol for 

adult human dermal fibroblasts (NHDF-Adult) developed by Amaxa 

Biosystems (Cologne, Germany). Human CVS cells were grown in flasks 

(25 cm2; Corning, Corning, NY) until they reached 80% confluence, 

corresponding to approximately 5.6 x105 cells per flask. At this time cells 

were detached with EDTA–trypsin and resuspended in 100 µl of 

Nucleofector solution (Amaxa Biosystems), to which 3 µg of pEGFP or 3 

µg of SDF-SMN1 (~1.0 x107 molecules of SDF per cell) was added. 

Samples were nucleofected with the Amaxa apparatus. To assess the best 

nucleofection conditions (in terms of transfection efficiency and cell 

survival), we tested various Amaxa programs (U-23, P-22, G-16, and A-24), 

using pEGFP DNA. After electroporation, cells were immediately plated, 

expanded for various periods of time, harvested, and stored for analysis.  

The number of SDF per cell was calculated as follows (Maurisse et 

al.2006):  

 

    (MWbp)(N)/NA = Y g/SDF, 

 

where MWbp = 660 amu/base-pair (bp) = 660 g/mole bp, N = the number of 

bp/SDF (491-bp), NA = 6.022 x 1023 molecules/mole (Avogadro's number). 

 

Therefore, 

 

Y = (660 g/mole bp) (498-bp/SDF molecule)/(6.022 x 1023 molecules/mole) 

= 5.46 x 10-19 g/SDF 
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Thus, 107 SDF/cell added 106 cells = 1013 SDF or (1013 SDF) (5.46 x 10-19 

g/SDF) = 5,46 μg of wt-SDF/106 cells. 

 

 

 

Analysis of DNA from transfected cells 

Genomic DNA from transfected cells was amplified with two 

oligonucleotide primers (HDNAF and HDNAR) located outside the SDF 

region. This amplicon (694 bp) was gel purified (DNA gel extraction kit; 

Millipore) and used as a template for an amplification-refractory mutation 

system (ARMS)-PCR using hSMN7WT/hSMN7Comm and 

hSMN7MUT/hSMN7Comm primers, specific for SMN2 and SMN1 

sequences, respectively (Fig. 1B). The presence of the BsmI restriction site 

has been demonstrated to be a marker of the SDF-induced recombination 

event. The reaction was run on a 6% polyacrylamide gel.  
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FIG. 1. (A) SDF design and synthesis using two primers (SMN1R BsmI and SMN1F) one 
of which contains a mutation that inserts a BsmI site. (B) Analysis of genomic DNA 
consists of two successive amplification rounds. The first  was done using two primers 
(HDNAF/HDNAR) located outside of  SDF and gave a 694 bp-fragment,  and the second 
was developed with an internal allele specific primer (hSMN7WT/ hSMN7Comm - 
hSMN7MUT /hSMN7Comm) producing a 308bp-fragment whose specificity was checked 
by BsmI enzymatic restriction, releasing  two bands of 265 and 43 bp respectively. 

 

 

Quantitative expression analysis of SMN transcripts 

mRNA was reverse-transcribed to cDNA according to protocols provided 

with the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster 

City, CA USA). 50 µl of 2X RT Master Mix ( 2X RT buffer, 2X dNTP 

mixture, 2X random primers, 5U of MultiScribe RT) was added into each 

tube containing 50 µl of RNA sample (500ng-1500ng). Incubation 

conditions were 10min at 25° C and 2 hours at 37°C. Real time RT-PCR 
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was performed on a TaqMAN ABI 7000 Sequence Detection System 

(Applied Biosystems, Foster City, CA USA) as previously reported with 

further modification (Andreassi et al., 2004).  

The relative level of expression was calculated from the ratio of SMN1 

cycle threshold (Ct) to SMN2 Ct values, both of which were normalized to 

the control transcript β 2 macroglobulin Ct value using the formula 2 x [ΔCt 

(SMN1)- ΔCt (SMN2)], in which ΔCt represents the difference in Ct values 

between the wild-type transcript and the delta7 transcript. All PCR reactions 

were performed in triplicate.  

 

 

Western blot analysis 

Electroporated or microinjected cells were grown to confluency, rinsed in 

phosphate-buffered saline (PBS), and scraped from the culture flask in ice-

cold lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% Triton X-

100, 1% sodium deoxycholate, 100 mM NaF, 0.1% sodium dodecyl sulfate 

[SDS]) containing freshly added protease inhibitor cocktail (Sigma-

Aldrich). Samples were analyzed for protein concentration by Bradford 

protein assay (Bio-Rad, Hercules, CA). Thirty micrograms of protein 

resuspended in Laemmli buffer was electrophoresed on a 10% SDS–

polyacrylamide gel and subsequently electrotransferred to a nitrocellulose 

membrane, in accordance with standard procedures. Membranes were 

incubated in blocking solution (PBS, 3% bovine serum albumin [BSA], 

0.1% Tween 20) overnight at 4°C and then incubated with anti-SMN 

polyclonal antibody, diluted 1:250 in blocking solution, for 1 hr at room 

temperature. The antibody was produced in rabbit, using 250 _g of purified 



  32 

peptide (Inbios, Pozzuoli, Italy), the sequence of which corresponds to exon 

7 of SMN, as reported (Hsieh-Li et al., 2000).  

The membranes were washed in PBS containing 0.1% Tween 20 and 

incubated with the secondary antibody (anti-rabbit IgG conjugated to 

horseradish peroxidase) for 1 hr at room temperature. After extensive 

washes the immune complexes were revealed by autoradiography, using an 

enhanced chemiluminescence (ECL) kit (Amersham Biosciences/GE 

Healthcare, Piscataway, NJ). Blots were reprobed with a mouse polyclonal 

antiactin antibody, diluted 1:1000 (Sigma-Aldrich). Western blot 

quantification was performed by scanning the autoradiographs, using a 

VersaDoc imaging system (Bio-Rad).  

 

 

Immunofluorescence analysis 

Cells grown on glass coverslips were rinsed in PBS and fixed in methanol 

for 5 min at _20°C. Samples were then rinsed for 30 min at room 

temperature in PBS containing 3% BSA and 0.1% Triton. Primary 

antibodies against SMN protein (H195; Santa Cruz Biotechnology, Santa 

Cruz, CA), pancytokeratins (C-2562; Sigma, St. Louis, MO), and vimentin 

(V6630; Sigma) were added (diluted 1:150) and applied to the coverslips 

overnight at 4°C. After extensive washes in PBS, cells were incubated for 1 

hr in the dark in the presence of the appropriate secondary antibodies 

(Molecular Probes, Eugene, OR), diluted 1:800. Last, samples were treated 

with Hoechst (diluted 1:2000 in PBS) for 5 min to identify nuclei and 

mounted with a solution of 50% glycerol in PBS. Fluorescence was 

observed under a Zeiss Axioplan microscope, equipped with a _100 

objective. 
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Negative controls included cells incubated with IgG of the same species as 

the primary antibodies instead of the primary specific antibodies.  

 

Statistical analysis 

Real-time PCR data were analyzed by analysis of variance (ANOVA) 

(SPSS version 10.0; SPSS, Chicago, IL). For gem number studies, variance 

between the means was analyzed by paired t test analysis (SPSS version 

10.0). A p value less than 0.05 was considered statistically significant. 
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RESULTS 
 

Molecular analyses of transfected cells for SMN transcripts 

Genotypes of the cultured cells obtained from normal and SMA fetal villi 

were confirmed by DNA diagnostic tests. The latter showed deletion of the 

SMN1 locus and retention of the SMN2 locus. SMA cells were then 

transfected by either electroporation or microinjection and analyzed in 

comparison with untransfected cells harvested after the same number of cell 

doublings. Figure 2A shows the setting of the optimal transfection protocol 

on CVS01 samples, using electroporation or microinjection. Only one of the 

four electroporation programs tested, specifically G-16, led to high 

transfection efficiency (95%) associated with high viability of cells (75%). 

In fact, G-16 electroporated cells revealed an increase of about 18% in the 

amount of full-length SMN and a 2.1-fold increase in the ratio of full-length 

SMN1 to SMN2 (Δ7) isoforms compared with untreated cells. Conversely, 

microinjection experiments showed that the amount of full-length SMN 

mRNA increased up to 53% compared with untransfected cells, whereas the 

full-length: Δ7 isoform ratio increased up to 3.11- fold (Fig. 2A). No 

modification in transcript levels was observed in cells electroporated 

according to the U-23, A-24, and P-22 programs and in water-microinjected 

cells. 

These results were confirmed successively in four independent samples of 

villi transfected under the optimal conditions selected (Fig. 2B).With the 

exception of CVS05 (see below), microinjection always gave better results 

than electroporation, underlining the importance of the route of delivery of 

SDFs into cells. After electroporation, the full-length SMN transcript 
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increased up to 17% and the full-length: Δ7 ratio reached a value of 2 in 

CVS04. Microinjected CVS04 cells also gave the maximum value of 20% 

full-length SMN transcript increase and a 2.29 SMN1:_7 ratio (Fig. 2B). In 

CVS05 cells the situation seemed to be reversed; in fact, the electroporated 

sample showed an increase in full-length mRNA up to seven times than 

seen in the microinjected sample. All samples (CVS01 to CVS05) were 

previously tested for DNA genomic modifications and were positive by 

BsmI analysis, except for samples electroporated according to U-23, A-24, 

and P-22 (data not shown).  
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FIG. 2. Quantitative analysis of full length and delta7 SMN mRNA and protein nuclear gem number 
in CVS01 cells transfected with several electroporation and microinjection protocol (A) and in all 
other cultured cells (CVS02, CVS03, CVS04, CVS05) transfected by the G16 electroporation 
program or microinjection (Mi) (B). White bars represent the full-length/delta7 SMN ratio for each 
transfected sample (left axis). Grey bars represent the increase of SMN full-length amount in 
transfected cells (right axis). Black triangles indicate the percent increase in of nuclear gems (right 
axis). CTR = untransfected sample; P22, U23, G16 and A24 indicate different electroporation 
protocols. Mi01 and Mi03 are two independent microinjected samples. MiH20 corresponds to a 
sample microinjected with water. All values obtained from treated cells represent the mean of at least 
three independent experiments performed in triplicate and were significantly different from those 
obtained with untreated cells. Bars indicate SD. Samples were always compared at the same number 
of cell doublings. Gems counts were performed on three different cover slips and two operators 
evaluated each sample. P value <0.05 was considered statistically significant. 
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SMN protein expression in transfected cells 

We first analyzed cells from wild-type villi and untransfected SMA cells by 

immunocytochemistry (Table 2). As previously described, the SMN protein 

was found both in the cytoplasm and in the nucleus of cells as gems (Liu 

and Dreyfuss, 1996). Unlike wild-type cells, however, in which many gems 

are localized to the nucleus, in SMA cells few gems were present in the 

nucleus. In such cells most of the gems were localized in the cytoplasm, 

likely because of inefficient import of the Δ7 SMN isoform into the nucleus 

(Liu et al., 1997; Patrizi et al., 1999). We predicted that corrected SMA 

cells should produce more full-length SMN protein and, therefore, should 

have an increased number of gems in the nuclei (Di Donato et al., 2003). 

After transfection, cytoplasmic and nuclear gems were counted and 

compared between untransfected and transfected SMA cells from all 

samples of cultured villi (Table 2).  
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TABLE 2.  GEMS COUNTS OF FOETAL TROPHOBLASTS FROM   
HUMAN  PLACENTAL VILLI 

Individual Phenotype Total N. 
Cells 

Nuclei with 
Gems % Gems/100 

Cells with 
cytoplasmic 

signal % 
CVS - 1       Normal 309 70 1947 0,09 
CVS - 2      Normal 301 70 1651 1,04 
CVS - 3       Normal 212 70 1483 1,05 
CVS - 4       Normal 291 69 1820 0,35 
CVS - 5       Normal 200 68 2044 0,35 

Untransfected           
CVS - 01     SMA 1 235 42 240 10,09 
CVS - 02     SMA 1 213 59 773 8,05 
CVS - 03     SMA 1 326 53,9 693 9,02 
CVS - 04     SMA 1 234 54,4 247 11,00 
CVS - 05     SMA 1 270 61 521 10,03 

Transfected            
CVS - 01     SMA-Mi 01 357 48 363 9,04 

 SMA-Mi 03 342 53 546 7,09 
 SMA-G16 330 59 543 8,04 

CVS - 02     SMA-Mi  215 70 1172 5,08 
 SMA-G16 193 70 1127 6,01 

CVS - 03     SMA-Mi  331 70 1251 4,06 
 SMA-G16 330 70 1126 5,05 

CVS - 04     SMA-Mi  310 67 597 7,00 
 SMA-G16 300 65 385 6,05 

CVS - 05     SMA-Mi  299 64 599 7,09 
  SMA-G16 305 65 1181 6,06 

Gems counts were performed on three different cover slips and two operators evaluated each 
sample. P value<0,05 was considered statistically significant. 

 

 



 

 

 
FIG. 4. Evaluation of SMN protein expression in transfected and untransfected cells by gem counts: 
Gems per 100 nuclei value: Gems per 100 nuclei value (A), percentage of nuclei with gems (B), and 
percentage of cytoplasm with gems (C) in untreated and treated cells observed by 
immunolocalization.. Shaded columns correspond to  control untransfected samples (ctr), solid 
columns to G-16-electroporated cells (G-16), and open columns to microinjected cells  (Mi). Error 
bars indicate the SD. Samples were always compared at the same number of cell doublings. Gem 
counts were performed on three different coverslips and two operators evaluated each sample. Mean 
values obtained from treated cells (G-16 and Mi) were significantly different from those obtained 
from untreated cells. p < 0.05 was considered statistically significant. 
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A statistically significant 2-fold increase in the number of gems per 100 

nuclei was estimated in all transfected samples, both microinjected and 

electroporated (Figs. 3 and 4A, and Table 2). Moreover, the increase in 

nuclear gems was associated with a decrease in cytoplasmic gems in both 

electroporated and microinjected cells (Fig. 4B and C). These data support 

the hypothesis that the SFHR-mediated transition leads to an increase in 

full-length SMN mRNA, which restores appropriate import of the SMN 

protein into the nucleus. According to the mRNA analyses, no changes in 

gem numbers or localization were observed in cells electroporated 

according to other protocols or in water-injected control cells (data not 

shown).  
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Western blot analysis 

To confirm the increased synthesis of SMN1 protein, Western blot analysis 

was performed (Fig. 5A). Because the commercially available antibody was 

unable to discriminate between SMN isoforms, a polyclonal antiserum was 

produced against SMN exon 7-encoded peptide in order to quantify changes 

in full-length protein after cell transfection (Hsieh-Li et al., 2000). 

Densitometric analysis of Western blot results (Fig. 5B) showed an 

SMN1:actin ratio consistent with results obtained in the 

immunocytochemical analyses. In particular, a 2.3- and 1.7-fold increase in 

SMN protein level was observed when microinjected (Mi) and 

electroporated (G-16) cells were compared with their respective 

untransfected controls (CTR Mi and CTR G-16). Wild-type and SMA 

samples were also loaded as controls. 
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Stability of the genomic modification 

To monitor the stability of SFHR-induced genomic modification over time, 

transfected CVS01 cell cultures were passaged in vitro for more than 2 

months, equivalent to 45 doublings, and again analyzed both by molecular 

and biochemical assays. Cells transfected by either electroporation or 

microinjection maintained higher levels of full-length transcript and protein 

expression, evaluated by gem count, compared with untransfected controls 

(data not shown). The persistence of SFHR-induced genomic change was 

monitored in these cells by BsmI restriction analysis (ARMS-PCR; Fig. 6).  

 

FIG. 5. Western blot analysis of SMN 
protein in untransfected and transfected 
cells. (A) Expression of SMN was 
detected with a polyclonal antibody, 
produced against an SMN exon 7-
encoded peptide, that is able to recognize 
only the full-length SMN1 isoform. 
Lanes  1 and 2, water-microinjected 
(CTR Mi) and SDF-microinjected (Mi) 
samples, respectively; lane 3, wild-type 
(WT) cells; lanes 4 and 5, SDF-
electroporated (G-16) and 
bufferelectroporated (CTR G-16) 
control, respectively; lane 6, untreated 
SMA cells (SMA). (B) Densitometric 
analysis was performed, normalizing the 
SMN value to actin (used as a loading 
control). 
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FIG. 6. Allele specific PCR using 
hSMN7WT/hSMN7Comm primers from 
genomic DNA of CVS01 transfected cells 
after 45 cell doublings (two months).  
Lane 1 and 2 are amplicon from genomic 
DNA.  
Lane 3 and 4 are the same amplicon of lane 
1 and 2, digested by BsmI 
restriction enzyme.  
Lane 5 is the negative control (no DNA).  
M: 100 bp ladder.  
 

 

Moreover, the isogeneic nature of cells cultured in vitro for 2 months was 

detected by DNA fingerprinting analysis, using an AmpFlSTR Identifiler 

PCR amplification kit (Applied Biosystems) and genotyping data on an ABI 

PRISM 310 genetic analyzer (Applied Biosystems). The fingerprint patterns 

of the transfected cell lines cultivated for 2 months were identical to the 

starting ones, suggesting that they are isogeneic and derived from 

untransfected cells (data not shown). We further characterized cells grown 

in culture for the abovedescribed immunochemistry analysis. To do this, we 

double stained cultured cells with anti-vimentin and anti-pancytokeratin 

antibodies to identify mesenchymal-derived and epithelial cells, 

respectively. Results showed that whereas in primary cultures after 10 days 

both cytokeratin-positive cells (20–30%) and vimentin-positive cells (60–

70%) were present (data not shown), in cells obtained after about 30 
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passages nearly all of the cells were vimentin positive. Thus, from a 

heterogeneous primary culture, containing many cell types present in the 

original tissue, a more homogeneous cell line has been selected in favor of 

vimentin-positive mesenchymal cells.  
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DISCUSSION 

 

In humans, two copies of the SMN gene, which is the SMAdetermining 

gene, are present, called SMN1 and SMN2. It is known that the mutated 

SMN2 gene is unable to produce sufficient amounts of SMN protein for 

survival of motor neurons because of a single nucleotide difference in exon 

7,  resulting in defective splicing of the pre-mRNA and in a protein that is 

rapidly degraded and therefore unable to form gems efficiently (Le et al., 

2000; Lorson and Androphy, 2000). Correcting the SMN2 splicing defect in 

motor neurons should provide a therapeutic benefit to patients with SMA. In 

line with this notion, the introduction of different copies of the human 

SMN2 gene in knockout mice caused the rescue of the SMA phenotype 

(Monani et al., 2000). Moreover, the possibility of modulating the SMN 

splicing process was demonstrated by generating minigenes containing, or 

not containing, the splicing enhancer element and expressing those 

constructs in cell culture or in transgenic mice. Only in the presence of the 

splicing enhancer element were high levels of SMN detected (Di Donato et 

al., 2001). Three unrelated asymptomatic individuals, with family histories 

of SMA, were found to have a homozygous deletion of the SMN1 gene 

(Prior et al., 2004). Quantitative studies indicated that these individuals had 

increased SMN2 copy numbers compared with the general population, 

specifically up to five, supporting the role of SMN2 in modifying the SMA 

phenotype. Various experimental approaches have been taken to modulate 

SMN2 splicing, such as the use of small molecule modulators and antisense 

oligonucleotides directed to a splicing silencer in intron 7 or to the intron 7–

exon 8 junction (Lim and Hertel, 2001; Miyajima et al., 2002). In this paper, 
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we demonstrate that the splicing pattern of the SMN2 gene can be modified 

in embryonic cells, and that the increased incorporation of exon 7 into the 

transcript can restore protein levels and gem numbers to nearly normal 

levels. We documented the in vitro conversion of the SMN2 gene into the 

SMN1 gene in cells obtained from the fetal villi of SMA embryos, using the 

SFHR technique. When a 498-bp SDF containing the SMN1 exon 7 

sequence was transfected into these cells, using two different techniques 

(electroporation and microinjection),  

a high increase in full-length transcript was obtained (from 7 to 53%). In 

terms of protein, this resulted in a 2-fold increase. The relatively high 

percentage of cells producing high levels of SMN1 protein is likely due to 

both the recombinogenicity of the SMN locus and/or to optimization of the 

transfection protocols. However, it is also possible that fetal cells are more 

“receptive” to SFHR than are mature and differentiated cells (Kunzelmann 

et al., 1996). Critical considerations on gene repair strategies, on their 

occurrence and potency, have emerged, highlighting the necessity to better 

understand basic mechanisms. The SFHR technique has been the subject of 

criticism; for example, De Semir and Aran (2003) described how PCR 

artifacts due to SDF contamination could give false positive results. With 

this in mind, the methodology used in this study was tailored to validate the 

protocol used. In fact, we adopted an accurate procedure aimed at avoiding 

artifacts because the production of SDFs to the analysis of gene conversion. 

The specificity of the SFHR-mediated conversion was demonstrated by 

genomic DNA analysis testing the presence of the BsmI restriction site. PCR 

primers utilized for analysis were outside the region of homology defined by 

the SDF in order to exclude any artifact from fragment contamination. We 

estimated that at the time of cell harvest, there was less than the equivalent 
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of 312,500 fragments per cell, a figure compatible with the absence of PCR 

artifacts (Kunzelmann et al., 1996; Goncz et al., 1998, 2001; Gruenert et al., 

2004). In addition, total RNA was DNase treated before analysis, which was 

performed with primers located in different exons to avoid any 

contamination from SDF and from genomic DNA. 

However, our study offers a functional evidence of induced genomic 

change. In fact, a significant increase in SMN functional protein was 

documented in transfected cells as revealed by both immunocytochemistry 

and immunoblot analyses. In this respect, the increase in the number of 

nuclear gems observed in transfected cells provides direct and formal proof 

of a genetic modification of transfected cells, because only full-length SMN 

protein is assembled into such structures (Liu and Dreyfuss, 1996; Lefebvre 

et al., 1997). This was corroborated by the use in Western blot analysis of a 

selective antibody, specifically directed against exon 7, that was able to 

detect only the wild-type SMN protein. Notably, this is evidence of the 

stability of the SDF-induced correction of the SMN locus and of the 

maintenance of a wild-type cellular phenotype. This aspect is crucial for 

future human applications. The principal finding of this paper is that an 

appropriately designed SFHR protocol can induce a functional and stable 

genetic modification in fetal SMA cells. This approach offers several 

advantages, such as stable and long-term expression of the recombinant 

gene, in comparison with gene complementation strategies based on viral 

transfection. 

Two papers have reported SMN correction using adenovirus-mediated gene 

delivery (Di Donato et al., 2003) or, more recently, lentiviral vectors 

(Azzouz et al., 2004). Although the restoration of cellular phenotype seems 

to be better than that achieved by SFHR, there are several drawbacks to  the 
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use of viral systems, such as the lack of long-term expression, the position 

effects on gene expression, and, more important, the presence of viral 

promoters driving gene expression. The present study performed for the first 

time on fetal cells highlights the possibility of rescuing an SMA fetus by 

delivering SDF in utero for an early treatment of SMA as proposed (Azzouz 

et al., 2004). We suggest that SDFs, delivered by microinjection, might cure 

SMA in humans by an ex vivo approach.  

 

 

 

 

 

 

Abbreviaions:  

SMA: Spinal Muscular Atrophy; SMN1-2: survival motor neuron gene 1-2; 

SFHR: small fragment homologous replacement; HR: homologous 

recombination; SDFs: Small DNA Fragments; CFTR: cystic fibrosis 

transmembrane conductance regulator, CF: cystic fibrosis, SDF: small DNA 

fragment, ES cells: embryonic stem cells. 
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 1. ABSTRACT    

 

Different gene targeting approaches have been developed to modify 

endogenous genomic DNA in both human and mouse cells. Simply stated, the 

process involves the targeting of a specific mutation in situ leading to the gene 

correction and the restoration of a normal gene function.   

Most of these protocols with therapeutic potential are oligonucleotide based,  

and rely on endogenous enzymatic pathways. One gene targeting approach, 

“Small Fragment Homologous Replacement (SFHR)”,  has been found to be 

effective at modifying genomic DNA. This approach uses small DNA 

fragments (SDF) to target specific genomic loci and induce sequence-specific 

and subsequent phenotypic alterations. 

This study shows that SFHR can stably introduce a 3-bp deletion (deltaF508, 

the most frequent cystic fibrosis (CF) mutation) into the Cftr (CF 

Transmembrane Conductance Regulator) locus in the mouse embryonic stem 

(ES) cell genome. After transfection of deltaF508-SDF into murine ES cells, 

SFHR-mediated modification was evaluated at the molecular levels on DNA 

and mRNA obtained from transfected ES cells.  

The data indicate that the SFHR technique can be used to effectively target and 

modify genomic sequences in ES cells. Once the SFHR-modified ES cells 

differentiate into different cell lineages they can be useful for elucidating tissue-

specific gene function and for the development of transplantation-based cellular 

and therapeutic  protocols (1,2). 
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2. INTRODUCTION 

 

Oligonucleotides-mediated gene modification in eukaryotic cells has the potential to 

correct or introduce specific mutations in the genome while maintaining the integrity of 

the target gene.  These gene targeting strategies will retain the relationship between the 

protein coding sequences and the gene-specific regulatory elements and make it 

possible to have a long term, tissue specific, and genetically heritable expression of the 

modified sequences. 

We and others have shown that a gene targeting approach Small Fragment Homologous 

Replacement (SFHR) efficiently introduces chromosomal gene alterations into 

mammalian cells either “in vitro” and “in vivo” (3-10).   

SFHR employs small DNA fragments (SDF) that are homologous to the genomic target to 

catalyze intracellular enzymatic mechanisms that mediate homologous exchange (11-17).  

SDFs, once introduced into nuclei, facilitate homologous exchange between incoming 

SDF sequences and endogenous sequences that ultimately result in genotypic and 

phenotypic changes (18-19).  The process can lead to different genomic alterations that 

include single base substitutions as well as concomitant insertion or deletion of multiple 

bases.  These SFHR-mediated modifications have been observed within the CFTR gene, 

the human ß-globin gene (Hß-G), the mouse dystrophin (mdx) gene, the human SMN 

(Survival Motor Neuron) gene, and the murine DNA-PKcs gene, responsible for SCID 

disease (7,8,20-23).  These findings suggests that SFHR has a broad range of utility both 

in terms of the target gene  and of the cell type.   

SFHR gene modification frequency is estimated to be in the range of 1-10% in vitro (7) 

and appears to be influenced by the method with which the DNA is delivered.  Recent 

studies suggest that this efficiency can be significantly increased by nucleofection or by 

direct nuclear injection of the SDF (10,22,23).  However, the enzymatic mechanisms 

underlying SFHR have yet to be elucidated (24). 

This study shows that SFHR is able to stably modify the CFTR locus in the genome of 

mouse embryonic stem (ES) cells and introduce a 3-bp deletion specifically within the 

mouse equivalent of human exon 10. 

 SFHR-mediated modification was evaluated at both the DNA and RNA levels. 
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SFHR application to modify  the ES cell genome has important implications for cell and 

gene therapy in general. ES cells have the ability to differentiate into a variety of tissues 

that could potentially be used to repair organ damage caused by disease pathology (2,25-

27).  Furthermore, this novel methodology facilitates the generation of “in vitro” modified 

tissues that can be used as models for genetic diseases and to analyze gene function in 

specific tissues.  

 

3. MATERIAL AND METHODS 

 

3.1 SDF Preparation  

 

SDF (783-bp) containing the ∆F508 mutation and a unique KpnI restriction site was 

synthesized by PCR amplification using primers mCF1 and mCF15, (Figure1A) as 

described previously (4).  The KpnI site described for this locus is absent within murine 

genomic DNA and can be used as a secondary marker to assess SFHR-mediated 

modification.  The single base modification was introduced into the ∆F508-SDF by a 

modified megaprimer protocol (28).  The resultant SDF cloned in a plasmid, was used for 

large-scale SDF production. Before transfection the SDF was used, always gel and ethanol 

purified (DNA gel extraction kit; Millipore, Bedford, MA).  Briefly, preparative amounts of 

∆F508-SDF were generated in a total volume of 50 µl, containing 1X PCR buffer, 1.5 U of 

Pfu DNA polymerase, 20 pmol of each primer, 2 ng of plasmide (ΔF508-SDF) genomic 

DNA with an initial denaturation at 94°C for 3 min, followed by 30 cycles of: denaturation 

(94°C for 30 sec), annealing (61°C for 30 sec), extension (72°C for 1 min) and a final 

extension for 8 min at 72°C. 

  

3.2 Cell Culture  

 

ES-D3 cells were obtained from the ATCC and grown in Dulbecco’s modified Eagle 

medium (DMEM) supplemented with 15% FCS and 1000 U/ml LIF (ESGRO, Chemicon 

Inc., CA, USA; http:// www.esgro-lif.com) at 37°C under 5% CO2.  The ES cells were 

adapted to grow off feeders onto gelatin-coated tissue culture dishes, to avoid obscuring 

the interpretation of the results.  The differentiated state of ES cells was routinely 
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monitored by assaying for the presence of alkaline phosphatase.  Under these growth 

conditions the ES-D3 cells form colonies of 23-25 cells within four days of seeding on 

glass coverslips. 

 

3.3 ES Nucleofection  

 

Transfection of the D3-ES cells was achieved by electroporation (nucleofection) with the 

AMAXA Nucleofection System according to the mouse ES cell protocol developed by the 

manufacturer (AMAXA Biosystems, Köln, Germany).  Approximately, 1.5x106 cells were 

trypsinized, washed in Phosphate Buffer Saline (PBS, Cambrex, NJ, USA) and resuspended 

in 100 µl of Mouse ES Cell Nucleofector solution (AMAXA Biosystems). ∆F508-SDF 

(800, 1600, and 2400 µg was equivalent to ~ 6.4 x105 , 1.2 x106, 1.9 x106  SDF molecules 

per cell, respectively) was used to transfect ES cells. SDF concentration was determined 

spectrophotometrically (ND-1000, Nanodrop Spectrophotometer, Wilmington, 

Delaware USA).  Program A30 was used in conjunction with the Mouse ES Cell 

Nucleofector solution to transfect the ∆F508-SDF into D3 cells.  After electroporation, cells 

were plated immediately, expanded, and then harvested for analysis.  As a control, theD3-

ES cells were also transfected with 107 SDF per cell of a 498 bp SDF homologous to Smn 

gene (10). 

 

3.4 DNA and RNA Isolation  

 

DNA was isolated using  phenol-chloroform.  

RNA was extracted with Trizol (Gibco BRL, Gaithersburg, USA), DNAse treated, and then 

resuspended in DEPC water.  All nucleic acids were quantified spectrophotometrically 

(ND-1000 Nanodrop Spectrophotometer).  The mRNA was reverse-transcribed into cDNA 

according to the manufacturer’s instructions (High-Capacity cDNA Archive Kit Applied 

Biosystems, Foster City, CA USA; http://www.appliedbiosytems.com).  Briefly, a 50 µl 

aliquot of 2X RT Master Mix (2X RT buffer, 2X dNTP mixture, 2X random primers, 5U of 

MultiScribe RT) was added to tubes containing 50 µl of RNA (500ng-1500ng) and then 

incubated for 10min at 25°C and 2 hours at 37°C. 
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3.5 PCR Amplification of DNA and mRNA 

Allele-specific PCR (AS-PCR) protocols were used for both DNA and mRNA analysis of 

the transfected ES cells.  The ∆F508 allele was detected by a two-step PCR amplification 

performed on genomic DNA from transfected and untransfected cells.  The first step used 

primers that were located outside the region of homology defined by the ∆F508-SDF 

(mCFf: 5’-TTAAAGATGAAAGCAAATTTTCATA-3’  and mCFr: 5’-

ATTCACTGACCCACCCACTC-3’ and produced a 1080/1077 bp amplicon for both 

wild type and deleted sequences, respectively (Figure 1B). PCR was performed in a total 

volume of 50 µL containing 200 mM each of four dNTPs, 2.5 mM MgCl2, 0.25 U Taq 

polymerase, 20  pmol of each primer, and 150 ng of genomic DNA.  The  initial 

denaturation 95°C for 5 min was followed by 35 cycles of  denaturation: 94°C for 1 min, 

annealing: 58°C for 1 min, and extension: 72°C for 1 min, with a final extension step of 

72°C for 7 min. Amplicons were gel-purified by spin columns (Millipore, MA, USA, 

http://www.millipore.com) and used as the template for a second round of amplification .  

The second step involved a nested PCR amplification in which the primer mCF4: 5’-

CACACTCATGTAGTTAGAGCATAGG-3’ was located outside of SDF paired with the 

allele-specific primers mCF3N: 5’-ATCATAGGAAACACCAAA-3’ or mCF3∆F: 5’- 

ATCATAGGAAACACCGAT -3’ (wild type or mutant , respectively) (Figure 1B). PCR 

was carried out in a total volume of 30 µL of reaction solution described above, using  15  

pmol of each primer.  Amplification was for 35 cycles as follows; denaturation: 94°C for 

30 sec, annealing: 59°C for 30 sec, and extension: 72°C for 30 sec with a final extension 

cycle at 72°C for 7 min. 

Digestion of the 478-bp analytical PCR fragment with KpnI produces two restriction 

fragments (442-bp and 36-bp) for the ∆F508-specific amplification, while there will be 

no digestion of the wtCFTR-specific 481-bp .  The KpnI restriction site is used as a 

secondary marker of an SDF-induced homologous exchange.  After KpnI digestion, the 

sample was banded on a 6% polyacrylamide gel. 

For analysis of CFTR mRNA, one primer was in exon 9 (mCF11) and was paired with 

either mCF3N or mCF3∆F (wild-type and deltaF508, respectively) localized within exon 

10(figure 1C).  The 234-bp ∆F508-specific amplicon yields a 198 and a36 bp fragment 

following KpnI digestion if the SDF-derived sequences have been appropriately 

introduced into the genomic DNA and correctly transcribed into mRNA (4). 
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3.6 Cloning of PCR amplicons 

 

AS-PCR products from mRNA-derived cDNA were cloned into the pCR 2.1 of the TA 

cloning system following manufacturer’s instructions (InVitrogen, Carlsbad, CA, USA). 

Each bacterial clone was grown in LB (100 µg/ml ampicillin) at 37°C. The cellular pellet 

was lysed by heating at 94°C and then directly amplified in 50 µL total volume of 200 mM 

each of four dNTPs, 2.5 mM MgCl2, 0.25 U Taq polymerase, 20  pmol of each primer, 

DMSO 1,8 µL with primers M13 forward (5’-GTAAAACGACGGCCAGT-3’) and M13 

reverse (5’-CAGGAAACAGCTATGAC-3’) primers using the following amplification 

conditions:  35 cycles of; denaturation: 94°C  for 30 sec,  annealing: 55°C for 30 sec, and 

extension: 72°C for 30 sec with a 7 min extension on the last cycle.  PCR amplicons were 

then digested with KpnI and run on a 2.5% agarose gel.   

Each clone was also sequenced to verify the presence of the deletion and the KpnI 

restriction site. 

 

 

3.7 Real-time PCR Analysis of Gene Expression 

 

Real time RT-PCR was performed using a TaqMAN ABI 7000 Sequence Detection 

System (Applied Biosystems, Foster City, CA USA) using the following conditions: a 2 

min incubation at 50°C (for optimal AmpErase UNG activity) followed by a 10 min 

incubation at 95°C (for deactivation of AmpErase UNG activity and activation of 

AmpliTaq Gold).  Samples were then amplified for 40 cycles of; denaturation: 15 sec at 

95°C and annealing/extension: 1 min at 60°C .  Primers were designed using the Primer 

Express 2.0 software (Applied Biosystems, Foster City, CA).  Wild type and mutant 

alleles were differentiated using MGB probes.  CFTR forward primer: 5’-

TTTCTTGGATTATGCCGGGTACT-3’; CFTR reverse primer: 5’-

GCAAGCTTTGACAACACTCTTATATCTG-3’; CFTR wt–specific MGB probe: 5’-

FAM-TATCATCTTTGGTGTTTCC-3’; CFTR ∆F508–specific MGB probe: 5’-VIC-

ATATCATCGGTGTTTTCCTAT-3’.  A commercially available endogenous gene, 

phosphoglycerate kinase 1 gene (Pgk1: Mm 00435617_m1) was used as a reference for 
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the TaqMan assay.  This reference gene is assumed to be constant in both transfected and 

untransfected samples and was used to normalize the amount of cDNA added per sample.  

A comparative CT method was used to quantify relative gene expression.  All PCR 

reactions were performed in triplicate.  Results are expressed as relative levels of the 

∆F508 allele mRNA compared to wtCFTR expression (represented as a 1X expression of 

the CFTR gene).  The samples were calibrated against a sample of untransfected cells that 

was analyzed on every assay plate with the transfected cells.
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4. RESULTS 

 

4.1 SDF Nucleofection  

 

A SDF (783-bp) was synthesized as previously described (4,28) introducing the 3-bp 

deletion (∆F508 ) and a silent mutation, that gives rise to a unique KpnI restriction enzyme 

cleavage site (Figure 1A).  The ∆F508SDFs were delivered into cultured ES cells (D3), 

using the AMAXA Nucleofection System. Preliminary experiments performed in D3 cells 

with green fluorescent protein plasmid (pEGFP) showed that the optimal electroporation 

program (A-30), gave a transfection efficiency of ~ 45-50% and survival of ~90% (data not 

shown).  

  

4.2 DNA Analysis  

 

At 5 days after transfection, cells were harvested to assess whether SDF sequences were 

correctly incorporated into the genomic DNA. At this time point ~5-6 x106 cells were 

present, equivalent to ~8-10-fold population doublings.  Given the original SDF dose there 

should now be a maximum of 3,200 SDF molecules per cell assuming that none have been 

degraded.  Given this SDF dosage the potential of generating a PCR artifact is unlikely 

(29).  No PCR artifact was detectable if a quantity of ≤104 (or ≤ 106 depending on the 

primer) free SDF/cell is mixed within cells and the genomic DNA isolate is amplified.   

Transfected cells were analyzed by AS-PCR, and subsequent KpnI restriction enzyme 

digestion of the PCR amplification products (Figure 1B).  SFHR-mediated, site-specific 

deletion (∆F508) was detected.  KpnI digestion of the PCR amplicons from DNA of 

electroporated cells was also observed with the different doses of SDF, thus demonstrating 

SFHR-mediated site-specific modification (Figure 2).  Specifically DNA sample amplified 

with the wild type and ∆F508-specific primers and then digested by KpnI.  Only the 

mutant allele was digested, indicating that SFHR-mediated modification had occurred.  To 

further substantiate the specificity of the molecular analysis, two other control analyses 

were carried out. First, different amounts of ∆F508-SDF (from 106 to 10-1 molecules per 

cell) were mixed with mouse genomic DNA of untransfected cells.  Moreover mouse ES-

D3 cells were transfected with SDF homologous to Smn gene and then extracted and 
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analyzed (Figure 2).  Both samples were used as templates to assay for any potential PCR-

mediated artifacts that might arise from the amplification of the SDF. No anomalous PCR 

amplification products were observed (data not shown) . 

 

4.3  Analysis of mRNA  

 

To evaluate if SFHR-modified DNA was properly expressed, mRNA from transfected cells 

was converted to cDNA after DNAse treatment, and then amplified by allele specific-PCR 

(Figure 1C).  Two amplicons, 237-bp and 234-bp, were generated for the wild type and 

∆F508 CFTR alleles, respectively (Figure 3). These PCR products were subsequently 

cloned and sequenced to confirm the presence of both modifications (the deletion and the 

restriction site) within the SDF (TA Cloning, Invitrogen, San Diego, CA; 

http://www.invitrogen.com).  Sequence analysis showed the presence of the expected 

∆F508 mutation together with the KpnI restriction site, as indicated by arrows (Figure 3).  

Both variations were absent in wild-type allele.  At the same time, clones were screened for 

the presence of the KpnI restriction site by PCR amplification and enzymatic digestion. 

The ∆F508 transcript was quantified by TaqMan-based real-time quantitative RT-PCR, 

using the ABI PRISM 7700 Sequence Detection System (Applera; 

http://www.applera.com).  Two oligonucleotide probes homologous to wild type and 

∆F508 alleles were designed.  Control mRNA was isolated from ∆F508 homozygote, 

heterozygote, and CFTR knockout mouse cells and included in the analysis (data not 

shown).  Real-time PCR analysis of each sample was performed in triplicate and the 

individual experiments were repeated at least three times.  The “recombinant allele”, i.e., 

the ∆F508, was detected at about 12%the frequency of the endogenous wild-type allele 

(Figure 4).  These results indicate that the SDF-modified allele was transcribed and 

expressed in D3 cells.  Cells transfected with Smn-SDF and untransfected ones were 

negative for the expression of the ∆F508 allele.  
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5. DISCUSSION 

 

Gene targeting by homologous replacement makes it possible to precisely manipulate 

genomic DNA and maintains genetic integrity by retaining the relationship between the 

protein coding sequences and the gene-regulatory elements (7).  This aspect of homologous 

replacement overcomes any potential for inappropriate gene expression either in the amount 

of protein produced or in the type of cell expressing the gene (30). A recent study suggests 

that preclinical experimental treatments involving transgenes should include long-term 

follow-up before they enter clinical trials (31). Authors reports a long latency period before 

lymphomas develop in mice transplanted with cells that have been transduced with LV-

IL2RG.  This observation further highlights the need to develop vectors capable of 

regulated therapeutic gene expression. 

Oligonucleotide-mediated modification has been applied by a number of different groups 

both in vitro and in vivo to modify both plasmid and genomic DNA targets (32-39). Among 

the various oligonucleotide-based gene targeting approaches, SFHR has been shown to 

correct specific mutations at a target locus (7). In a recent study SFHR was shown to restore 

the Smn full length protein in human SMA cells obtained from chorionic villi, 

demonstrating the feasibility of using this approach to stably correct human fetal cells (10). 

Another study described genotypic and functional correction of a point mutation in the gene 

encoding the DNA-dependent protein kinase catalytic subunit (DNA-PKcs)(23).  In 

addition, a number of studies have shown specific modification of the CFTR gene by SFHR 

(4,6,8,10,19,21,40).   

Based on these studies, the potential for of SFHR-mediated modification for “in vivo” or 

“ex vivo” genetic therapy of monogenic disorders is significant when compared to the 

cDNA-based "gene complementation" approaches (7,30,41-45). 

In fact, targeted gene repair approach has received increasing attention because of the 

safety and of efficacy issues encountered with more traditional gene therapy strategies, 

where additional copies of therapeutic genes are delivered to and expressed in transduced 

cells (gene complementation). The direct conversion of mutant genomic sequences to a 

wild-type genotype, restoring the normal phenotype, has obvious implications for 

maintaining genomic integrity and cell-specific expression. By preserving the integrity of 

the targeted gene, the relationship between the coding sequences and regulatory elements 
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remains intact, and therefore targeted gene would be expressed at physiological levels in 

the appropriate cell type. Consequently, cell-specific expression is not altered. Therefore, 

once adequately developed, gene targeting strategies will result in less random mutagenesis 

of the genome and lead to fewer mutagenic side effects than do methods that randomly 

insert genes into the genome (30). 

This study showed that it was possible to insert a 3-bp (∆F508) deletion into the genomic 

DNA CFTR gene of mouse embryonic stem cells by SFHR following electroporation 

(nucleofection) of a783-bp ∆F508 fragment containing the unique KpnI restriction site. As 

a result, the SDF-derived ∆F508 mutant mRNA was expressed. Furthermore potential PCR 

artifacts  that could result from the presence of free SDF within the cell (22,29,46,47) was 

not detected . To minimize the potential for  artifact, the PCR primers used were outside the 

region of homology defined by the SDF.  In addition, the SDF copy number at the time of 

analysis was about 3200 molecules per cell, assuming that there was no degradation or loss 

of the transfected SDF. This number is less than that required to give rise to any PCR 

artifacts as already reported in DNA mixing reconstitution analyses (22,29).  Moreover, the 

treatment of the isolated RNA with DNase eliminates any contaminating SDF that might be 

present in the crude RNA isolate.  

In addition to its role as a tool for developing an in vitro means for understanding the 

pathophysiology of monogenic disorders, SFHR can be applied to ES cells for 

therapeutically correcting genetic mutations and repairing disease dependent tissue damage 

(7). SFHR has already been used for modifying hematopoietic stem cells (7,22-25) that 

have been shown to have the capacity to differentiate into human airway epithelial cells 

(48). Mouse ES cells have also been shown to generate a fully differentiate and functional 

tracheobronchial airway epithelium (49-51) and could also potentially be applied to repair 

damaged CF airways.  

Moreover, mutating genes in ES cells by homologous recombination has been a powerful 

research tool for developing animal models of human disease.  The approach described here 

could potentially augment these classical homologous recombination strategies in mice to 

develop a range of animal models through nuclear transfer (2,7,22,52). 

In conclusion, the present study represents the basis for developing innovative cell and 

gene-based therapeutic strategies for CF or other monogenic disease.  While it has not yet 

been possible to effectively to carry out somatic cell nuclear transfer in human oocytes, the 
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potential of generating patient derived stem cells with corrected mutant genes could 

conceivably translate into a significant improvement and possible cures for many inherited 

diseases.  
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Legend to figures 

 
Figure 1.  Schematic of small DNA fragment (SDF) generation and PCR analysis of SFHR  

(A) SDF (783bp) containing the ∆F508 mutation and a KpnI restriction enzyme cleavage 

site was synthesized using primers mCF1 and mCF15, localized within introns 9 and 10 of 

Cftr gene respectively (2). The unique KpnI site is a secondary marker for assessment of 

SFHR-mediated modification. 

(B) Analysis of genomic DNA using two successive rounds of PCR amplification.  The 

first round of PCR used primers (mCFf/mCFr) were located outside the region of homology 

defined by the SDF and resulted in a 1080- or 1077-bp amplicon (wild tyoe of ∆F508, 

respectively). The second round of amplification used the amplicon generated in the first 

round as a template and allele specific primers (mCF4/mCF3N or mCF4/mCF∆F for wild 

type and ∆F508 sequence respectively). The 478-bp fragment was then digested with KpnI 
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to determine whether the 442- and 36-bp restriction fragments, indicating SFHR mediated 

replacement, were present. 

(C) Allele specific RT-PCR for analysis of transfected ES cells using primers located 

within exon 9 (mCF11) and exon 10 (mCF ΔF or mCF3N, wild type and ∆F508 

respectively). The 237- or 234-bp amplicon was then digested with KpnI to assay for 

restriction fragments of 198-bp  and 36-bp indicating expression of SDF-derived sequences. 

 

Figure 2.  Polyacrylamide gel analysis of allele-specific PCR amplification products 

generated from the genomic DNA of transfected cells and digested with KpnI. Lane M: 

50-bp DNA ladder (Invitrogen, Carlsbad, CA). Lanes 1-6: amplicons derived from ES 

cells transfected with different quantities of SDF; lane 1 and 2 correspond to cells 

transfected with 6.4 x 105 SDF/cell, lane 3 and 4 with 1.2 x 106 SDF/cell, and lane 5 and 

6 with 1.9 x 106 SDF/cell.  Lanes 1, 3 and 5 are amplicons obtained with primers 

mCF4/mCF3N while lanes 2, 4 and 6 with primers mCF4/mCF3∆F. Ctr sample is 

derived from ES cells transfected with Smn-SDF (8). All samples amplified with primers 

mCF4/mCF3N and mCF4/mCF3∆F and digested by KpnI.  The 442-bp band is the result 

of KpnI digestion of SFHR-modified genomic DNA. Arrows indicate the molecular 

weight of amplicons and of its digestion products. 
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Figure 3.  Gel electrophoresis analysis of AS-PCR performed on mRNA-derived cDNA 

from transfected ES cells.  Wild type  and ∆F508 amplicons were generated using primers 

mCF11/mCF3N and mCF11/mCF3∆F, respectively (see Figure 1 C).  These amplicons 

were cloned into vectors which were then isolated clones and sequenced. Sequencing of 

mCF11/mCF3∆F (MUT) exclusively showed the presence of both the ∆F508 allele and 

the KpnI restriction site (arrows) indicating that the SDF-derived sequences were 

expressed as CFTR mRNA.   
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Figure 4.  Quantitative PCR analysis of the ∆F508 and wild type Cftr transcript in 

transfected D3 ES cells.  Open columns represent the wild type transcript, while shaded 

columns represent the ∆F508 transcript.  Sample 1 corresponds to cells transfected with no 

SDF, sample 2 to cells transfected with SDF homologous to Smn gene, and samples 3 to 

cells transfected with 1 x 106 SDF/cell.  The values obtained from treated cells represent 

the mean of at least three independent experiments that were performed in triplicate. 

Values were significantly different from those obtained from cells transfected with no 

SDF (sample1) and from cells transfected with Smn SDF (sample 2) . Error bars indicate 

the SD. A p value of < 0.05 was considered statistically significant. 
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SFHR GENE TARGETING STRATEGY OPTIMIZATION:  

USEFUL TOOLS AND INCREASED EFFICIENCY OF REPAIR 

Filareto A.1, Sarra M.1, Malgieri A. 1, Bruscia E. 3, Fina D.2, Spitalieri P.1, Monteleone G.2, 
Sanchez M. 4,  Novelli G. 1, Sangiuolo F.1  1 Dep Biopathology, 2.Dep. Internal Medicine 
Tor Vergata University,  Rome, Italy.; 3 Department of Laboratory Medicine, Yale 
University, New Haven, CT;  4 Dep Cell Biology and Neurosciences, Istituto Superiore di 
Sanità, Rome, Italy. 
SFHR (Small Fragment Homologous Replacement) is a gene targeting strategy  which uses 
small DNA fragments (SDF) to induce homologous replacement into the genomic DNA of 
recipient cells. We and others have previously demonstrated that this targeting approach is 
capable of inducing chromosomal gene alterations in mammalian cells in vitro and in vivo. 
Consequentially, the SFHR technique has been successfully applied to modify genomic 
loci, as the Cftr gene, the dystrophin gene, the DNA-PKcs gene responsible of the SCID 
mouse, the hSMN2 gene and the hβ-globin gene. 
The lack of a detailed knowledge of the mechanism of action of the SDF at the molecular 
level sets a limit to a precise reproducibility of this strategy. The efficiency of modification 
is very variable and depends from different conditions. In fact the transfection protocol, the 
kind of fragment ,its length and also its concentration (in terms of molecule number 
transfected) and the chromatin structure, which changes throughout the cell cycle, may be 
key factors underlying these variations in efficiency. These hypothesis prompted us to 
systematically investigate SFHR-mediated gene repair (process) at various phases of the 
cell cycle using different kinds of  SDF.  To this purpose, we design and constructed an 
“assay system”  that can be used  to optimize SFHR protocol in vitro in order to improve 
the SFHR efficiency in eukaryotic cells. A mutated copy of EGFP gene  were stably 
integrated within  immortalized embryonic fibroblasts (MEF), obtained from Sma mice 
model (Smn-/-; SMN2). Different parameters such as the concentration, the length and the 
nature of SDF, but most importantly different phases of cell cycle (G0/G1-S-G2/M ) were 
tested to understand which was the exact mechanism underlying the  SDF-mediated 
integration within genomic DNA. The efficiency of modification was quantitatively 
evaluated by FACS analysis, measuring the percentage of EGFP-positive cells obtained. 
Transfection protocol was optimized by nucleofection (Nucleofector Amaxa). While in 
phase G0/G1 (mimosine treated) the efficiency of correction was estimated about 0.01%, 
this value double in phase S (thymidine treated) (0.02%). The best results was achieved 
after synchronizing cells in G2 phase (vinblastine treated)  and transfecting 7,5*106 
molecules of SDF/cell. In fact, during this phase the efficiency of correction increased 10 
times, up to  0.1%. We also tested the effect of the methylation status of the “corrective” 
fragment, comparing PCR-amplified SDF versus plasmid-digested one. The latter gave best 
results in terms of recombination efficiency thanks to its lower methylation grade. After 
transfecting plasmid-digested SDF in G2 synchronised cells the percentage of fluorescent 
cells increased 50 times respect to the standard condition. After cell sorting , the stability of 
the correction after several doublings was also assessed by Southern blot and  by 
microscopy analyses. This study allows us a better comprehension of SDF molecular way 
of action (G2 phase and homologous recombination) and consequently open up new 
perspective for considering  SFHR as a gene targeting strategy applicable to the  ex vivo 
protocols.   
Work supported by FightSMA, FFC (grant: FFC 5# 2005),  ASAMSI and Famiglie SMA 
Foundation. 
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