
Technical advance

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 118      Number 4      April 2008	 1571

Production of CFTR-null and CFTR-ΔF508 
heterozygous pigs by adeno-associated 

virus–mediated gene targeting and somatic 
cell nuclear transfer

Christopher S. Rogers,1 Yanhong Hao,2 Tatiana Rokhlina,1 Melissa Samuel,2 David A. Stoltz,1 
Yuhong Li,1 Elena Petroff,1 Daniel W. Vermeer,1 Amanda C. Kabel,1 Ziying Yan,3 Lee Spate,2  

David Wax,2 Clifton N. Murphy,2 August Rieke,2 Kristin Whitworth,2 Michael L. Linville,2  
Scott W. Korte,2 John F. Engelhardt,3 Michael J. Welsh,1,4,5 and Randall S. Prather2

1Department of Internal Medicine, University of Iowa Carver College of Medicine, Iowa City, Iowa, USA. 2Division of Animal Sciences,  
Office of Animal Resources, University of Missouri, Columbia, Missouri, USA. 3Department of Anatomy and Cell Biology,  

University of Iowa Carver College of Medicine, Iowa City, Iowa, USA. 4Howard Hughes Medical Institute, Iowa City, Iowa, USA.  
5Department of Molecular Physiology, University of Iowa Carver College of Medicine, Iowa City, Iowa, USA.

Progress toward understanding the pathogenesis of cystic fibrosis (CF) and developing effective therapies has 
been hampered by lack of a relevant animal model. CF mice fail to develop the lung and pancreatic disease that 
cause most of the morbidity and mortality in patients with CF. Pigs may be better animals than mice in which 
to model human genetic diseases because their anatomy, biochemistry, physiology, size, and genetics are more 
similar to those of humans. However, to date, gene-targeted mammalian models of human genetic disease have 
not been reported for any species other than mice. Here we describe the first steps toward the generation of 
a pig model of CF. We used recombinant adeno-associated virus (rAAV) vectors to deliver genetic constructs 
targeting the CF transmembrane conductance receptor (CFTR) gene to pig fetal fibroblasts. We generated cells 
with the CFTR gene either disrupted or containing the most common CF-associated mutation (ΔF508). These 
cells were used as nuclear donors for somatic cell nuclear transfer to porcine oocytes. We thereby generated 
heterozygote male piglets with each mutation. These pigs should be of value in producing new models of CF. 
In addition, because gene-modified mice often fail to replicate human diseases, this approach could be used 
to generate models of other human genetic diseases in species other than mice.

Introduction
Animals are an important resource in biomedical research. Mice 
with genetic alterations, in particular, have been responsible for 
many advances in our understanding of human disease pathogene-
sis and in the development of treatments and preventative measures 
(1). However, for many diseases, mice fail to replicate the human 
phenotype. One example is cystic fibrosis (CF). CF is an autosomal 
recessive disease caused by mutations in the gene encoding the CF 
transmembrane conductance regulator (CFTR) (2, 3). CFTR is a 
regulated anion channel expressed predominantly in epithelia (4). 
More than 11 different CF mice have been generated by targeting the 
mouse CFTR gene, yet none of them develop the lung or pancreatic 
disease that causes most of the mortality and morbidity in humans 
with CF (5, 6). The obvious differences in size, anatomy, biochem-
istry, and physiology as well as differences between the mouse and 
human genomes are likely responsible. The limitations of CF mice 
as a model have impeded understanding of disease pathogenesis and 
the development of novel therapeutic and preventive strategies.

Progress toward developing other gene-targeted animal models 
has been hindered by the inability to apply mouse embryonic stem 
(ES) cell technology to other species. Despite many attempts in 
other species, functional ES cells that can form chimeras and con-
tribute to the germ line have been developed only for mice (1, 7). 
This hurdle was overcome in part with the development of somatic 
cell nuclear transfer (SCNT) and the production of a cloned sheep 
in 1997 (8). In the ensuing 10 years, numerous animal species have 
been cloned using similar methods (9–16).

Another limiting factor has been difficulty in genetically modi-
fying cells. Unlike mouse ES cells, classical homologous recom-
bination in somatic cells results in extremely low gene targeting 
efficiencies (17, 18). Homologous recombination strategies often 
employ a promoter-trap strategy that improves gene targeting effi-
ciency by decreasing the number of random integration events. 
This strategy requires that the target gene be expressed in the 
nuclear donor cell. Because fetal fibroblasts are one of the few cell 
types known to be suitable for nuclear transfer, the gene of inter-
est must be expressed in those cells for that approach to work. 
An additional limitation of primary somatic cells is their relatively 
short life span in culture; they often senesce before the intended 
gene modifications can be identified. Nuclear transfer efficiency 
also falls when donor cells undergo extensive culturing (19); to be 
suitable nuclear donors, it is thought that somatic cells should not 
exceed 30 population doublings (20).
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The strategy for delivering the targeting vector also influences 
gene targeting efficiency. Electroporation and lipid-mediated 
transfection can deliver the targeting construct to a high percent-
age of cells, but they deliver a large quantity of targeting vector, 
resulting in many random, nonhomologous integrations (21, 22). 
As a result, it can be necessary to test a large number of antibiotic-
resistant cells to find the targeted cell. Nuclear microinjection has 
yielded favorable gene targeting ratios, likely due to delivery of the 
targeting vector directly to the nucleus (23). However, it is difficult 
to microinject a sufficient number of cells in a timely manner.

Because of these barriers, the number of successfully targeted 
genes reported in mammals other than mice is small. They include 
disruption of the α-1,3-galactosyltransferase gene in pigs (24, 25), 
the prion protein gene (PRNP) in cows and goats (26, 27), and the 
immunoglobulin μ (IGHM) gene in cows (28). In addition, a trans-
gene was targeted into a noncoding region of the α1 procollagen 
gene in sheep, but it did not prevent type I collagen expression (29). 
None of these attempted to reproduce a human genetic disease.

As a new model for CF, we chose the pig because it has been exten-
sively used in biomedical research, and it offers potential advan-
tages. Its lungs share many anatomical, histological, biochemical, 
and physiological features with human lungs (30–32). Porcine 
lungs have also been used as a model for pulmonary abnormali-
ties that are relevant to CF, including infection and inflammation 
(33, 34). Additional evidence of the similarity between porcine and 
human organs is the major effort to develop them for xenotrans-
plantation (35). The reproductive characteristics of swine also rec-
ommend them as a model. Their relatively fast maturation rate 
and the large number of offspring generated from a single sow in 
1 year allow a colony to rapidly expand. Furthermore, the longevity 
of pigs offers advantages for investigating the pathogenesis of CF, 
the long-term therapeutic efficacy of pharmaceuticals and gene 
therapy, and adverse effects of interventions that might only be 
revealed with time.

We wished to generate pigs with 2 different alterations in their 
CFTR gene, a null allele and the ΔF508 mutation. A null allele 
would lack any CFTR function. It should therefore prove use-
ful for assessing the porcine CF phenotype, for comparing the 
consequences of other CF-associated mutations, for exploring 
pathogenesis, and for evaluating many therapeutic strategies. 
The ΔF508 mutation deletes Phe508 and is the most common 
CF-associated mutation, accounting for approximately 70% of CF 
alleles (36). In humans, this mutation disrupts processing of the 

protein, so that nearly all CFTR-ΔF508 is retained in the endoplas-
mic reticulum (ER) and degraded, preventing maturation to the 
plasma membrane. In addition, this deletion reduces the activity 
of single CFTR channels and shortens their lifetime on the cell 
surface (37–39). Earlier work showed that reducing the incuba-
tion temperature and other interventions allowed some of the 
mutant protein to escape the ER and traffic to the cell surface, 
where it retained significant activity (40). These findings plus the 
prevalence of the ΔF508 mutation have driven efforts to correct 
the CFTR-ΔF508 defects (41, 42). We recently found that porcine 
CFTR-ΔF508 showed at least partial processing in vitro (43). A pig 
with the ΔF508 mutation could be of value for understanding the 
mechanisms responsible for the CFTR-ΔF508 biosynthetic defects 
in vivo and for developing pharmacological agents to correct the 
CFTR-ΔF508 biosynthetic defects. To begin developing these por-
cine models of CF, we combined gene targeting and SCNT.

Results
Fetal pig fibroblasts express little CFTR. We worked with fetal fibro-
blasts from domestic pigs (Sus scrofa), since they have been used 
successfully for transgenic SCNT (44). Because a promoter-trap 
strategy was previously used in porcine fibroblasts (24), we asked if 
CFTR is expressed in fetal fibroblasts. We used quantitative RT-PCR 
and compared the results to transcript levels in nasal and rectal 
epithelia, which are known to express CFTR at low levels (45). Fig-
ure 1 shows that the primary fibroblasts produced very little CFTR 
mRNA. This result prevented the use of a promoter-trap strategy, as 
was done for the only other gene targeted in pigs (24, 25).

Developing vectors to target the pig CFTR gene. We designed a “null” 
targeting construct to disrupt CFTR exon 10 with a neomycin resis-
tance cassette (NeoR) (Figure 2). Because CFTR can exhibit some 
alternative splicing, we chose to disrupt exon 10, which encodes 
a portion of nucleotide-binding domain 1; this exon is required 
for CFTR function. We also included an engineered stop codon 
at position 508. Therefore, F508X would be expected to trigger 
nonsense-mediated mRNA decay as well as prematurely interrupt 
any translation of CFTR. The ΔF508 targeting vector was designed 
to delete residue Phe508 (Figure 2). We also inserted a NeoR in 
the intron downstream of exon 10 as a positive selection marker. 
In this vector, NeoR was flanked by loxP sites so that it could be 
removed at a later time if it was found to markedly reduce the 
level of the CFTR-ΔF508 mRNA, a situation encountered in some 
attempts to make a CFTR-ΔF508 mouse (46, 47).

We initially used nuclear microinjection and then electropora-
tion to deliver the null targeting vector to fetal fibroblasts. How-
ever, we recovered no clones with homologous recombination, and 
we abandoned these approaches. We then investigated adeno-asso-
ciated virus–mediated (AAV-mediated) gene targeting, which has 
been used to deliver targeting vectors to cell lines and primary cells 
(48–51). Using an AAV vector has the advantage that it delivers 
single-stranded DNA to the nucleus, the amount of DNA per cell 
is small, and it can infect many cell types (52). To first determine 
which AAV serotypes could infect pig fetal fibroblasts, we infected 
them with EGFP-expressing recombinant AAV1 (rAAV1), -2, and -5  
(each with AAV2 inverted terminal repeats [ITRs]). Each rAAV 
infected the cells with at least 50%–80% efficiency, however rAAV1 
appeared to infect nearly 100% of cells (data not shown). Because 
of rAAV genome size constraints, the total length of the targeting 
vectors was limited to approximately 4.5 kb. NeoR was centrally 
located in both vectors (Figure 2).

Figure 1
CFTR expression in pig fetal fibroblasts. Data are quantitative RT-PCR 
of pig CFTR mRNA relative to GAPDH in primary pig fetal fibroblasts, 
nasal epithelia, and rectal epithelia. Similar results were obtained on 
2 other occasions.
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rAAV vectors introduced the CFTR-null and CFTR-ΔF508 alleles. We 
obtained fetal fibroblasts from males so that all our clones would 
be male; that would allow us to more rapidly expand the number 
of animals. Primary cultures of pig fetal fibroblasts were infected 
with rAAV1, carrying the null targeting vector. After 24 h, cells were 
transferred to a series of 96-well plates. Approximately 2 weeks later, 
cells in each well of the 96-well plates were passaged by splitting 
among 3 plates: 96-well culture plates for cell expansion, 96-well  
culture plates for potential cryopreservation, and 96-well PCR 
plates for cell lysis. We screened cell lysates by PCR to identify wells 
containing gene-targeted clones (Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI34773DS1) and then hybridized lysates with a NeoR-specific 
probe to test for inclusion of this marker (Supplemental Figure 
1B). We then froze positive clones; by that time, cells had been in 
culture 15–17 days. We also passaged positive clones from the “cell 
expansion” plates to generate DNA for genotype determination. 
Southern blots with CFTR- and NeoR-specific probes identified 
clones with a targeted CFTR allele that were free of random inte-
gration (Supplemental Figure 2). On average, 75% of PCR-positive 
clones were also positive by Southern blot and were clonal.

We used identical procedures to introduce the CFTR-ΔF508 con-
struct and screen for homologous recombinants. We identified 
numerous PCR-positive clones (Supplemental Figure 3A) that 
were confirmed by Southern blotting with a ΔF508 allele-specific 
probe (Supplemental Figure 3B). Eighteen of 25 (72%) PCR-posi-
tive clones contained the F508 deletion. The other 28% failed to 
contain the ΔF508 deletion, suggesting that gene targeting had 
occurred, but crossing over was downstream of F508 deletion. 
Subsequent Southern blots revealed CFTR-ΔF508–targeted clones 
(Supplemental Figure 4, A and B).

Variability in homologous recombination depended on the donor. Over 
the course of these studies, we targeted the CFTR gene in fibro-
blasts derived from several fetuses. The fetuses were all siblings 
harvested from the same uterus at the same time. Yet, surprisingly, 
we saw a striking fetus-to-fetus variability in targeting frequency 
(Table 1). Even when fibroblasts from different fetuses were  
infected and screened at the same time, with the same reagents and 
by the same people, pronounced differences occurred; an example 
is fetus 5 versus fetus 7 in Table 1. These results suggest the differ-
ence was not due to experimental process.

SCNT produced gene-targeted piglets. To produce heterozygote 
pigs, we used the CFTR-null–targeted fetal fibroblasts as nuclear 
donors for transfer to enucleated oocytes. Then to each of 8 sur-

rogate females, we transferred between 94 and 144 SCNT embryos. 
At 117–118 days of gestation (full term), we delivered piglets by 
cesarean section. Five surrogates produced 10 males; 3 surrogates 
did not produce offspring. Figure 3 shows the first CFTR+/– piglet. 
Southern blots revealed that 9 of the 10 offspring were CFTR-null 
heterozygotes and 1 was wild type (Figure 4). The CFTR+/– males 
reached sexual maturity, and they sired numerous litters of hetero-
zygote offspring, both males and females.

In addition, each of 4 surrogates received 103–185 CFTR-ΔF508 
SCNT embryos. Five males were recovered from 3 surrogates on 
days 116–117. Southern blots revealed that 4 were CFTR-ΔF508 het-
erozygotes and 1 was a wild type. The CFTR-ΔF508 males have not 
yet reached sexual maturity. All of the CFTR+/– and CFTR+/ΔF508 
were phenotypically normal.

The ΔF508 allele, but not the null allele generated mRNA. We asked 
whether the targeted alleles were transcriptionally active in an epi-
thelium, in which CFTR is normally expressed. We biopsied rectal 
epithelia and measured CFTR mRNA using quantitative RT-PCR. 
In CFTR+/– animals, mRNA was present at approximately 50% of 
wild-type levels (Figure 5A). We cannot be certain that the remain-
ing mRNA arose from the nontargeted allele; however, the result 
is consistent with disruption of 1 CFTR allele and nonsense-medi-
ated mRNA decay.

To assess the influence of the NeoR that resides in the intron 
downstream of exon 10, we used probes specific for wild-type CFTR 
and CFTR-ΔF508. CFTR-ΔF508 mRNA was present at 65%–70%  

Figure 2
Schematic of targeting constructs for homologous recombination for 
CFTR-null and CFTR-ΔF508. Exons 8–11 of pig CFTR are depicted 
as black boxes. NeoR contains a neomycin resistance cDNA (orange) 
driven by the phosphoglycerate kinase (PGK) promoter (yellow) and 
flanked by loxP sites (blue). The engineered stop codon is indicated 
in the CFTR-null targeting vector. The inverted terminal repeats (ITRs) 
are at both ends of the targeting construct. Position of probes for NeoR 
and CFTR Southern blots are indicated. PCR screen primers are 
depicted as arrowheads. BglII sites are indicated. Not drawn to scale.

Table 1
Gene targeting frequency is donor dependent

Donor	 G418-resistant 	 Targeted/G418-resistant
	 clones (%)	  clones (%)
9	 0.13	 0.30
5	 0.09	 10.93
7	 0.09	 0.07
2	 0.17	 7.29
3	 0.18	 7.22
4	 0.15	 0.27

CFTR targeting data from donor cells derived from multiple fetuses. 
“Donor” refers to the number of the donor for the fibroblasts. The 
percentage of G418-resistant clones was determined by dividing the 
number of G418-resistant clones by the number of rAAV-infected cells 
multiplied by 100. Targeted clones are those that were PCR-positive for 
homologous recombination.
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of wild-type levels (Figure 5B). This expression level suggests that 
the retained NeoR has only minimal effects on transcription. 
Moreover, this amount of transcript is likely sufficient to produce 
relatively normal amounts of CFTR-ΔF508 protein.

Discussion
Better animal models are needed for many human genetic diseases, 
including CF. SCNT opened the door for many different species 
to be considered, but a current limiting step has been generating 
genetically modified nuclear donor cells. We have developed a gene 
targeting approach that combines AAV and an efficient screen to 
successfully target the CFTR gene in pig fetal fibroblasts. Impor-
tantly, we have made both null (knockout) and ΔF508 (knockin) 
modifications, demonstrating the utility and repeatability of this 
strategy. Another article in this issue describes a similar approach 
to generate CFTR-null heterozygote ferrets (53). In doing so, we 
have overcome several obstacles that have hindered progress.

One challenge has been homologous recombination, which is 
generally thought to be more efficient at transcriptionally active 
loci (25, 54). In addition, promoter-trap strategies exploit active 
loci (17). However, CFTR and many other human disease genes are 
either not expressed or expressed at very low levels in fetal fibroblasts. 
By using AAV as a vector, we were able to target a nonexpressed dis-
ease gene in somatic cells. The fact that AAV delivers single-stranded 
targeting DNA to the nucleus in low numbers may have overcome 
many of the inefficient steps in homologous recombination.

Another challenge in gene targeting primary cells for use as 
nuclear donors is to perform all the necessary steps before they 
senesce or undergo so many cell doublings that they can not be 

reprogrammed. SCNT efficiency falls considerably after 30 cell 
doublings (20); this is thought to be related in part to altered 
DNA methylation as cells divide. With increasing numbers of cell 
divisions, a point is reached at which the cells can no longer be 
reprogrammed to an embryonic-like state. The pig fetal fibro-
blasts doubled about every 24–36 h. With our procedure, cells were 
infected, selected, screened, and frozen in 17 days, well within the 
safe window of operation.

We found substantial fetus-to-fetus variability in gene targeting 
efficiency. One potential explanation is that homologous recom-
bination occurred efficiently with only 1 allele inherited from the 
parents of the fibroblast donor. This might occur if the targeting 
vector shared greater identity with that 1 allele. In that case, the 
allele that was preferentially targeted would be expected to be pres-
ent in 50% of the fetal lines. Indeed, we saw good targeting rates 
in 50% of the lines tested. This speculation would be consistent 
with some observations that isogenic DNA may be targeted with 
greater efficiency than nonisogenic DNA (28). Another possibility 
is that the fetal fibroblasts express different amounts of the cel-
lular machinery required for homologous recombination. We are 
currently investigating these possibilities. A better understanding 
of the factors that influence AAV-mediated gene targeting in pri-
mary somatic cells could further enhance the ability to specifically 
modify their genomes.

We did not attempt to identify a phenotype in the CFTR-null 
or CFTR-ΔF508 heterozygote pigs. Noninvasive procedures, such 
as measuring the voltage across nasal airway epithelia (55–57) or 
measuring sweat chloride concentrations (55, 56), do not distin-
guish people who are heterozygotes for a CFTR mutation from 
people who possess wild-type CFTR at both alleles. CFTR heterozy-
gotes show intermediate rates of cAMP-stimulated sweat secretion 
relative to CF and wild type (58, 59). However, the large variability 
prevents interpretation from a small number of measurements.

The development of CFTR-null and CFTR-ΔF508 heterozygotes 
will allow new opportunities to understand CF and to develop novel 
therapeutic strategies. The methods we describe should also enable 
the production of other new animal models of human disease.

Methods
Fetal fibroblasts. Fetal fibroblasts were isolated from day 35 fetuses as previ-
ously described (20). Cells were grown at 39°C in F10 media (Invitrogen), 
containing 20% FCS and 30 μg/ml gentamicin. Fetus gender was deter-
mined by PCR amplification of the Y chromosome–specific Sry gene (60).

Figure 3
Photo of the first CFTR+/– piglet taken at 1 day of age.  

Figure 4
Southern blot of genomic DNA from CFTR-targeted pigs. BglII-digest-
ed genomic DNA was hybridized with a probe that detects pig CFTR 
downstream of the targeting vector boundary, shown in Figure 2. 
CFTR-null and CFTR-ΔF508–targeted alleles produced an approxi-
mately 9.7-kb band, and the wild-type band is approximately 7.9 kb. 
(A) CFTR-null. Lanes 1–11 contain DNA from individual cloned pigs. 
Note that pig 10 was wild type. WT well contains DNA from a wild-
type control. (B) CFTR-ΔF508. Lanes 1–5 contain DNA from individual 
cloned pigs. Note that pig 4 was wild type. WT well contains DNA from 
a wild-type control.
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Genomic clone construction. Genomic DNA was isolated (Puregene; Gentra) 
from pig fetal fibroblasts. A 5,683-bp PCR product, including CFTR exon 
10 and flanking intronic sequence, was amplified from pig fetal fibroblast 
genomic DNA, using primers GC1F and GC8R (for primer sequences 
see Supplemental Table 1) and a high fidelity polymerase (PfuUltra; 
Stratagene). Primers were designed based on the domestic pig genomic 
sequence from the NIH Intramural Sequencing Center (NISC) Compara-
tive Vertebrate Sequencing Project (Genbank accession no. AC092478 and 
AC092497). This PCR product was subcloned into pCR-Blunt II-TOPO 
(Invitrogen), verified by sequencing (using primers GC1F–GC8R; Supple-
mental Table 1), and served as the template for PCR amplification of 5′ and 
3′ targeting arms. This plasmid is referred to as pG16.

CFTR-null targeting vector construction. Using PCR, the 5′ and 3′ homolo-
gous recombination arms were amplified from pG16 and sequentially 
subcloned upstream and downstream of the NeoR in p–phosphoglycerate 
kinase-Neo-I (p-PGK-Neo-I) (a generous gift from Tim Ley, Washington 
University in St. Louis, St. Louis, Missouri, USA; Genbank accession no. 
AF335419), such that the NeoR is in the opposite orientation to the CFTR 
sequence. The following primers were used: 5′ arm, G16-Neo5′F-XhoI and 
G16-Neo5′R-EcoRV; 3′ arm, G16-Neo3′F-BamHI and G16-Neo3′R-HindIII 
(Supplemental Table 1). The NeoR consists of a NeoR cDNA driven by the 
PGK promoter and is flanked by loxP sites. In the resulting construct, the 
NeoR disrupts CFTR exon 10 immediately after an in-frame stop codon 
that was introduced to follow isoleucine 507. Thymidine 1531 is effectively 
deleted, becoming the first nucleotide of the stop codon. This targeting 
construct is referred to as pG16-Neo.

CFTR-ΔF508 targeting vector construction. The CFTR-ΔF508 targeting vec-
tor was constructed in a similar way, using the following primers: 5′ arm, 
dF-Neo 5′F-XhoI and dF-Neo 5′R-EcoRV; 3′ arm, dF-Neo 3′F-BamHI and 
dF-Neo 3′R-HindIII (Supplemental Table 1). To recreate the ΔF508 muta-
tion seen in humans, cytidine 1521 and thymidines 1522 and 1523 were 
deleted from exon 10 using PCR mutagenesis. This targeting construct is 
referred to as pdF-Neo.

rAAV production. The targeting vector sequences were amplified from 
pG16-Neo and pdF-Neo by PCR to include flanking SbfI sites and were 
subcloned into the rAAV2 proviral plasmid, pAV2 (ATCC 37216). Because 

of rAAV genome size constraints, the total length of the targeting vec-
tors is approximately 4.5 kb with the NeoR centrally located (G16-Neo, 
5′ targeting arm = 1,510 bp; 3′ targeting arm = 1,274 bp; NeoR = 1,706 
bp and dF-Neo, 5′ targeting arm = 1,475 bp; 3′ targeting arm = 1,296 bp;  
NeoR = 1,706 bp). The only viral sequences present in the targeting vector 
are the ITRs, and they would only be inserted into the porcine genome 
at the site of targeting or in the case of random integration. We rule out 
the former with PCR sequencing and the latter with the Southern blots 
(Supplemental Figures 2 and 3). pAV2-G16-Neo was grown in SURE2 cells 
(Stratagene) and purified via a CsCl2 method (61). rAAV1 (with AAV2 ITRs) 
was prepared as previously described (62). Helper-free virus stocks were 
treated with nuclease and purified by high-performance liquid chromatog-
raphy. Physical titers of rAAV were determined by slot-blot hybridization. 
These viruses are referred to as AAV-G16-Neo and AAV-dF-Neo.

Infection and selection. Fetal fibroblasts (1.5 × 106) were thawed and plated 
on a 100 mm collagen-coated culture dish. Twenty-four h later, cells were 
infected with AAV-G16-Neo or AAV-dF-Neo (200 μl, 2.5 × 1012 particles/
ml). Twenty-four h later, cells were trypsinized and transferred to forty-
eight 96-well collagen-coated plates (BD Biosciences). Forty-eight h later, 
G418 (100 μg/ml) was added to the cell media. Ten days later, each well was 
trypsinized (60 μl trypsin, 0.5% EDTA) and split among 3 different vessels. 
For cell freezing, one-third of the cells were transferred to 96-well collagen-
coated culture dishes and returned to the incubator for growth. For cell 
propagation, one-third of the cells were transferred to 96-well collagen-
coated culture dishes and returned to the incubator for growth. For PCR 
screening, one-third of the cells were transferred to 96-well PCR plates.

PCR screen and PCR Southern blot. Cells in the 96-well PCR plates were spun 
down and resuspended in lysis buffer (50 mM KCl, 1.5 mM MgCl2, 10 mM 
Tris-Cl, pH 8.5, 0.5% Nonidet P40, 0.5% Tween, 400 μg/ml Proteinase K)  
(29). Most wells (~70%) contained only dead cell debris following selection, 
but all wells were processed to minimize human error. The cells were lysed 
for 30 min at 65°C, followed by 10 min at 95°C, and 1 μl of lysate was used 
in a 50 μl PCR reaction. PCR conditions were as follows: 2 min at 95°C, 
30 cycles of 95°C for 20 s, 56°C for 20 s, and 68°C for 4 min, and then 
68°C for 5 min. Primers Ex10a5F and GC7R (Supplemental Table 1) were 
expected to amplify a 2.0-kb product from wild-type alleles and a 3.7-kb 
product from G16-Neo–targeted alleles. PCR products were electropho-
resed on 1.0% E-Gel 96 gels (Invitrogen). Positive PCR reactions were also 
electrophoresed on standard 1.0% agarose gels and transferred to a nylon 
membrane. The membranes were probed with biotin-labeled NeoR-specific 
or ΔF508-allele–specific oligonucleotides and detected by chemilumines-
cence (North2South; Pierce).

Processing screen-positive cells. Following identification of PCR-positive 
clones, the corresponding cells from the “freezing” plate were grown to con-
fluence (~10,000 cells). Cells were detached with 60 μl trypsin, and 20 μl of 
detached cells were placed into each of 3 cryovials. Three hundred microliters 
freezing media was added to each cryovial, and the vials were transferred to 
an isopropanol cryofreezing container at –70°C. After 24 h, the vials were 
transferred to liquid nitrogen. The corresponding cells from the propaga-
tion plate were transferred to 24-well plates, and subsequently to 6-well and 
100 mm culture dishes. The sequential transfer to increasingly larger culture 
dishes was carried out to achieve consistent cell growth and viability.

Southern blotting. For CFTR-null targeting, genomic DNA was isolated 
from 100 mm dishes (Gentra) and 10 μg was digested with BglII overnight. 
For CFTR-ΔF508 targeting, genomic DNA was isolated from 24-well dishes. 
Ten nanograms were used for whole genome amplification (Repli-G; Qia-
gen), and 25 μg amplified DNA was digested with BglII overnight. Genomic 
digests were electrophoresed on a 0.7% agarose gel and transferred to a 
positively charged nylon membrane (Roche) by using an alkaline trans-
fer procedure. Blots were prehybridized for 15 min at 65°C in Rapid-hyb  

Figure 5
CFTR mRNA expression in CFTR+/– and CFTR+/ΔF508 pigs. (A) 
Quantitative RT-PCR was used to measure wild-type CFTR mRNA 
levels in rectal epithelial samples from CFTR+/– and wild-type pigs. 
(B) Quantitative RT-PCR was used to measure ΔF508-CFTR mRNA 
relative to wild-type mRNA levels in CFTR+/ΔF508 and wild-type pigs. 
Error bars represent SD.
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buffer (Amersham). The blot was then hybridized in Rapid-hyb buffer 
with a 32P-labeled probe specific for a region of CFTR that is outside of the 
targeting vector boundaries. For Neo-specific probing, blots were either 
stripped or, in most cases, the BglII digest and Southern blot procedure was 
repeated using a 32P-labeled NeoR-specific probe.

Preparation of donor cells for SCNT. Frozen aliquots of CFTR-targeted cells 
were thawed at 37°C and prewarmed in F-10 medium (Invitrogen) with 
20% FCS. The cells were washed twice by centrifugation and cultured  
(F-10, Invitrogen; 20% FCS, Hyclone; gentamicin, 2.5 ng/ml, FGF and 
G418, Invitrogen) for 1–2 days in 24-well collagen-coated plates (35-4408, 
Biocoat cellware). Confluent cells were dispersed with 0.05% trypsin/
EDTA for 3–5 min at 38.5°C and 500 μl F-10 with 20 % FBS, followed by 
centrifugation twice at 850 g for 5 min. The supernatant was removed, 
and the cells were resuspended in micromanipulation medium (25 mM 
HEPES TCM 199, Gibco; 0.3% BSA).

Oocyte maturation and SCNT. Oocytes were received from BoMed Inc. approx-
imately 24 h after placing them into maturation medium and were then 
transferred to a 4-well dish and cultured for a total maturation of 42–44 h  
at 38.5°C in a humidified atmosphere of 5% CO2 in air. After 42–44 h of 
in vitro maturation, oocytes were stripped of their cumulus cells by gentle 
vortexing in 0.5 mg/ml hyaluronidase. After removal of the cumulus cells, 
oocytes with good morphology and a visible polar body (metaphase II) were 
selected and kept in micromanipulation medium at 38.5°C until SCNT.

SCNT was performed essentially as previously described (24, 63) in 
micromanipulation medium supplemented with 7.5 μg/ml cytochalasin B.  
The metaphase II chromosomes and the polar body were aspirated by 
inserting a micropipette through the zona pellucida and aspirating the 
polar body and the adjacent cytoplasm into the pipette. Next a donor cell 
was aspirated into the same pipette, the pipette was inserted into the previ-
ously made hole in the zona pellucida, and the cell was deposited under the 
zona pellucida. The nuclear transfer complex was fused in a medium with 
a low Ca2+ concentration (0.3 M mannitol, 0.1 mM CaCl2.2H2O, 0.1 mM 
MgCl2.6H2O, and 0.5 mM HEPES), activated with 200 μM thimerosal for 
10 min in the dark, and then rinsed and treated with 8 mM dithiothreitol 
(DTT) for 30 min. Finally, the oocytes were rinsed to remove any traces of 
DTT (64). Following fusion/activation, oocytes were washed 3 times with 
PZM3 as previously described for 30 min (65). Those that had fused were 
cultured for 15–21 h until surgical embryo transfer to a surrogate.

Surrogate preparation and embryo transfer. The embryonic cleavage rate was 
examined before transferring the reconstructed embryos into recipients. 
The recipients were synchronized by administering 18–20 mg Regumate 
and hCG as previously described (20). Twelve surrogates on the first day of 
estrus (designated day 0) or the first day after standing estrus were used. 
Embryo transfer was performed surgically as previously described (20), and 
94–185 embryos were inserted into 1 oviduct through the ovarian fimbria. 
Surrogates were checked for pregnancy by abdominal ultrasound exami-
nation after day 21, then checked weekly throughout gestation, and were 
allowed to go to term. A cesarean section was performed to recover the 
piglets on days 116–118. After delivery the piglets were provided medical 
care, fed colostrum, and initially raised on a commercial pig milk replacer 
until mature enough to be placed on standard pig diets.

Rectal biopsy. Pigs were lightly anesthetized with ketamine (20 mg/kg) 
and acepromazine (0.2 mg/kg). A 10-cm anoscope was partially inserted 
in the rectum, and rectal tissue was collected using gastrointestinal biopsy 
forceps (2.2 mm). Tissue samples were immediately placed in RNAlater 
(Ambion). Recovery from anesthesia was monitored continuously until 
the pigs returned to normal activity (2–4 h). All animal experiments were 
approved by the Institutional Animal Care and Use Committees of the Uni-
versity of Iowa and the University of Missouri.

Quantitative RT-PCR. Quantitative RT-PCR using TaqMan chemistry and 
an ABI 7500 Fast Real-Time PCR System was used to measure pig CFTR 
mRNA. Briefly, total RNA was isolated from fibroblasts or nasal and rec-
tal biopsy tissue (RNeasy; Qiagen). First-strand cDNA was synthesized with 
random primers (SuperScript III; Invitrogen). Sequence-specific primers 
and probes for pig CFTR and GAPDH were designed and ordered using 
Assays-by-design (Applied Biosystems). For measuring total CFTR mRNA, 
primer/probe sets spanning exons 18 and 19 of CFTR and GAPDH were used 
in separate reactions. For measuring ΔF508 mRNA levels, 1 primer set and  
2 probes (F508 and ΔF508) were used in separate reactions. Primer and probe 
sequences are included in Supplemental Table 1. TaqMan Fast Universal 
PCR Master Mix was used for all reactions. The reaction volume was 20 μl 
(10 μl of 2× Master Mix without UNG, 1 μl of 20× target primer and probe,  
8 μl of nuclease-free water, and 1 μl of cDNA sample). The reaction plates 
were covered with optical film and centrifuged briefly. The thermocycler 
conditions were as follows: 20 s at 95°C, 40 cycles of 95°C for 3 s, and 60°C 
for 30 s. All experiments were run in triplicate. Because the efficiencies of 
CFTR and GAPDH amplification were not equal, the relative quantification 
of transcript levels was performed using the standard curve method.
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