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Introduction

Hemophilia A is an inherited X-linked bleeding disorder caused
by abnormalities in the coagulation factor VIII (FVIII) gene (F8).
The genetic abnormalities result in FVIII deficiency, which in turn
creates a bleeding diathesis, such as life-threatening bleeding in the
brain and harmful bleeding in joints and muscles. The morbidity
of hemophilia A is one in 5,000 male live births [1]. The current
standard therapy for hemophilia A is intravenous injection of
recombinant FVIII or monoclonal antibody-purified FVIII from
plasma. Prophylactic administration of FVIII is effective in
preventing harmful bleeding; however, hemophilia A patients
are still not free from the risks of life-threatening intracranial and
other harmful bleeding [1] {2]. In addition, severe hemophilia A
patients develop antibody against FVIII (inhibitor) upon infusion
of FVIII frequently [1].

Gene therapy, that enables sustained elevation of coagulation
factor levels, will provide the next-generation therapy for
hemophilia {1,3,4]. In fact, gene and cell therapy for hemophilia
clinical trials were conducted. Compared with clinical trials of the
gene therapy for hemophilia B [5,6], gene and cell therapies for

PLOS ONE | www.plosone.org

hemophilia A have had limited successes [7,8]. Upcoming
therapeutic alternatives for hemophilia A are FVIII variants with
a slower clearance rate. Therapeutic factors, such as recombinant
activated factor VII and plasma-derived activated prothrombin
complex, are used for the treatment of hemophilia A patients with
inhibitors, and the second generation therapeutic factors for
hemophilia A patients with inhibitors are also currently under
development. For studying next-generation therapeutics, good
animal models are required. Hemophilia A mice generated by
targeted ablation of mouse F8 [9] have been the mainstay for
assessment of hemophilia A gene therapy and evaluation of FVIII
variants. However, there are significant species differences
between mice and humans. For example, the half-life of human
FVIII in the mouse circulation is very short, making it difficult to
analyze the efficacy of human FVIII-expressing vectors for gene
therapy or novel FVIII variants. As alternatives, there are natural
hemophilia A dogs and hemophilia A sheep. Hemophilia A dogs
have been used for gene therapy studies [10,11,12]. Hemophilia A
sheep would be an alternative model [13]. There may be
interspecies differences, such as body size, physiology, disease
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progression and chromosome structure homology, between these
animal models and humans.

Pigs are excellent biomedical models of human diseases [14,15].
The porcine blood coagulation system is very similar to that in
humans, because of the high homology between the coagulation
factor amino acid sequences [16,17,18]. In addition, porcine FVIII
has been used to treat hemophilia A patients with FVIII inhibitors
[19,20,21]. Therefore, the hemophilia A pig could be a good
anmimal model to study the next-gencration therapeutics for
hemophilia A. Morcover, a miniature pig strain exists, and thus,
cloned pigs could be downsized to an adequate size, approximately
20-30 kg in weight. For these reasons, we decided to generate
hemophilia A pigs by cloning technology.

Results

Firstly, we constructed a 8 targeting vector (Figure 1A) and
targeted F8 in male porcine embryonic fibroblasts (PEF) with the
F8-targeting vector as shown in Figure 1. The DNA fragment
amplified from the non-transfected PEF DNA migrated at 6.5 kb
on agarose gel clectrophoresis, whereas two DNA fragments,
migrating at 6.5 kb and 8.3 kb, were amplified from PEF colony
134. The 8.3 kb DNA was not amplified from genomic DNA of
PEF colonies 135-137. The 8.3 kb fragment PCR-amplified from
PEF colony 134 was cleaved into a 2.4-kb fragment and a 5.9-kb
fragment by S I, whercas the PCR-amplified 6.5-kb DNA
fragment was not susceptible to Six I digestion. This supports that
the PCR-amplified 8.3-kb fragment is derived from the F8-
targeted genome because a Stu I recognition sequence present in
the neo-resistant gene but not in the PCR amplified DNA
fragment from the wild-type F8. The expected DNA fragments
were amplificd by PCR with Neo primers from genomic DNA
from PEF colony 134, but not from wild-type genomic DNA
(WT). PCR analysis of genomic DNA with three primer sets
revealed a recombination event in F8 of a colony, 134 (PEF-134).
PEF-134 nuclei were then injected into enucleated oocytes. After
an electrical pulse, the oocytes were transplanted into the oviduct
of a female pig [22,23]. Transplantation of nucleus-transferred
oocytes to the oviducts of female pigs was repeated four times.
Three months later, a fetus was obtained by induced abortion.
Dermal fibroblasts from this PEF-134-derived fetus (134-fetus)
were isolated and cultured, and genomic DNA was isolated for
analysis by PCR and by Southern blotting (Figure 2). The PCR
amplified wild-type (WT) F8 exon 14-18 fragment migrated at
6.5 kb, whereas the 8.3-kb targeted DNA fragment was amplified
solely from 134-fetus fibroblast DNA. PCR-amplified DNA
fragments using an F8 exonic primer and a Neo primer were
obtained only from 134-fetus DNA. The PCRs demonstrated
insertion of the neomycin-resistance gene in F8 (Figure 2A).
Southern blotting showed that the 5’ probe hybridized with the
8.1 kb DNA fragment of Sac I-digested wild-type DNA while the
5" probe hybridized with 9.9 kb DNA fragment of Sac I-digested
134-fetus DNA. Southern blotting with the 3’ probe confirmed
recombination in the F8 gene in the 134-fetus genome because a
Sph I recognition sequence and a Xba I recognition sequence
located in the 3’ end of the Neo resistant gene of the targeted allele
(Figure 2B). Therefore, five transfers of fetal fibroblast nuclei to
oocytes followed by ococyte transplantation were performed. Four
females became pregnant and each produced a full-term delivery.

Four live offspring were obtained and PCR analysis and
Southern blotting were carried out. As shown in Figure 3A, the
8.3 kb DNA fragments were PCR amplified from piglets DNA as
same as that of 134-fetus (Figure 2). Similarly, Southern blotting of
Sac I-treated and Sac I and Stz I-treated DNA of the piglets with
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Figure 1. F8 targeting of porcine fetal fibroblasts (PEF). (A)
Schematic diagram of part of porcine F8, the positions of the restriction
endonuclease sites, the £8 targeting vector structure, and the targeted
F8 (F8 KO) allele are shown. The neomycin-resistance gene (PGK-neo)
was inserted in the exon 16 DNA fragment with deletion of a part of
exon 16 and was flanked by two F8 DNA fragments (5’ arm: 3.2 kb; 3/
arm: 4.1 kb) in F8 targeting vector. The positions of PCR primers
(arrowheads), expected amplified DNA fragments (bars), and restriction
endonuclease sites used for the Southern blot analysis are indicated in
the schema for F8 KO. (B) F8 exon 14-18 PCR on genomic DNA from
non-transfected PEF (WT), PEF colony 134 (134), and three other PEF
colonies (135-137) was shown. (C) The F8 exon 14-18 PCR products
were treated with Stu | and analyzed by agarose gel electrophoresis. (D)
PCR analyses with two sets of primer pairs for exon 14 and the
neomycin resistance gene and for the neomycin resistance gene and
exon 22 were shown.

doi:10.1371/journal.pone.0049450.g001

the 5’ probe confirmed the recombination of F8 of piglets and
showed that each piglet had a single copy of the targeted F8
(Figure 3, A & B). RT-PCR analysis revealed that FVIII mRNA
was not detected in the liver of piglet #3 (Figure 3C). Analysis of
the blood of piglets #3 and #4 confirmed that the FVIII level was
severely decreased to less than 1%, using an activated partial
thromboplastin time (APTT)-based coagulation assay for human
FVIII (Table 1). Other coagulation factors were moderately
decreased (Table 1). The levels of albumin and cholinesterase of
these piglet blood were also measured as the references to study
whether the decreased level of coagulation factors II, V, VII, IX,
and X were specific or not. The albumin levels of piglet #3 and
#4 were decreased significantly compared with the wild type
piglets. However, the cholinesterase activities of piglets #3 and #4
were not decreased. The data suggested that synthesis of some
proteins in the liver of the cloned piglets was altered. The precise
mechanism of the moderately decreased levels of coagulation
factors II, V, VII, IX, and X, and albumin was not elucidated in
this study.
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