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Abstract Germline inactivating mutations of the

breast cancer associated gene 1 (BRCA1) predispose

to breast cancer and account for most cases of

familiar breast and/or ovarian cancer. The pig is an

excellent model for medical research as well as

testing of new methods and drugs for disease

prevention and treatment. We have generated cloned

BRCA1 knockout (KO) Yucatan miniature piglets by

targeting exon 11 using recombinant adeno-associ-

ated virus (rAAV)-mediated gene targeting and

somatic cell nuclear transfer by Handmade Cloning

(HMC). We found a very high targeting rate of

rAAV-mediated BRCA1 KO. Approximately 35% of

the selected cells were BRCA1 targeted. One BRCA1

KO cell clone (5D1), identified by PCR and Southern

blot, was used as nuclear donor for HMC. Recon-

structed embryos were transferred to three recipient

sows which gave birth to 8 piglets in total. Genotyp-

ing identified seven piglets as BRCA1 heterozygotes

(BRCA1?/D11), and one as wild type. The BRCA1

expression was decreased at the mRNA level in

BRCA1?/D11 fibroblasts. However, all BRCA1?/D11

piglets died within 18 days after birth. The causes of

perinatal mortality remain unclear. Possible explana-

tions may include a combination of the BRCA1

haploinsufficiency, problems of epigenetic repro-

gramming, presence of the marker gene, single cell

clone effects, and/or the special genetic background

of the minipigs.

Keywords BRCA1 � Breast cancer � rAAV �
Gene targeting � Minipig

Introduction

Germline inactivation mutations of the breast cancer

associated gene 1 (BRCA1) predispose to breast and/

or ovarian cancer and account for approximately

5–10% of all breast cancer cases, including approx-

imately 50% of familial breast cancer cases, and over
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80% of familial breast and ovarian cancer cases

(Rosen et al. 2003). More than 1,200 distinct

documented variants have been found in the human

BRCA1 gene, with a majority of variants leading to

loss of BRCA1 expression or protein truncation and

predisposition to cancers (Szabo et al. 2004).

Although BRCA1 variants are rarely described in

sporadic breast cancers, expression of BRCA1 is

altered in some sporadic breast cancers or cell lines,

mostly in association with abnormal DNA methyla-

tion status (Rice et al. 2000). The BRCA1 gene

encodes a nuclear protein of 1,863 amino acids (aa) in

human, 1,812 aa in mice and 1,863 aa in pigs (as in

man) (Lane et al. 1995; Miki et al. 1994). It

participates in a variety of biological processes

including checkpoint control of cell cycle, transcrip-

tional regulation, protein ubiquitination, homologous

recombination and DNA damage repair (Deng 2006;

Venkitaraman 2002; Yoshida and Miki 2004).

Attempts to create mouse models carrying targeted

disruptions of BRCA1 revealed the crucial role of this

gene in embryonic development and cell proliferation

regulation (Hakem et al. 1996). Homozygous mice

(BRCA1D11/D11) died during the embryonic stages

(E9.8-13.5) due to developmental delay and cellular

proliferation defects (Gowen et al. 1996; Hakem et al.

1996). On the other hand, an additional P53 mutation

(P53?/-) could rescue the BRCA1D11/D11 mice

embryos (Crook et al. 1997; Ludwig et al. 1997).

Several presumptive mouse models were generated

and tumors were developed in them with varying

degrees of similarity to their human counterparts, as

reviewed by Bouwman and Jonkers (2008). Hetero-

zygous BRCA1 KO mice are developmentally and

reproductively normal. However, heterozygosity for

BRCA1 mutations in mice is not sufficient to

predispose to breast cancer even at an advanced age

while human BRCA1 mutation carriers have a

50–80% risk of developing breast cancer by the age

of 70 (Alberg et al. 1999). Somatic loss of hetero-

zygosity (LOH) of the remaining wild type allele is

frequently found in human breast cancer cells but not

in mice. The discrepancy between humans and mice

could be due to differences related to the genetic

constitution, environment and/or lifespan.

The pig is an excellent model for medical research

including testing of new methods and drugs for

disease prevention and treatment. A porcine genome

survey revealed that the pig is genetically more

similar to man than conventional laboratory animals

(Wernersson et al. 2005) in agreement with the

similarities in organ development, physiology and

metabolism. Factors including the size of organs,

human-like physiology and longevity make the pig a

good model for studying the pathological develop-

ment of chronic or age-related illnesses, such as

degenerative and malignant diseases.

Methods to develop genetically designed pig

models of human diseases, especially targeted gene

disruption by homologous recombination have been

rapidly advanced during the last decade. The

recombinant adeno-associated virus (rAAV)-medi-

ated gene targeting was first reported by Russell et al.

in 1998 (Russell and Hirata 1998) and improved by

Kohli and co-workers (Kohli et al. 2004). A pig

model of Cystic Fibrosis has been successfully

generated using this method (Rogers et al. 2008).

Handmade Cloning (HMC) is a cost-efficient tech-

nology for porcine somatic cell nuclear transfer

(SCNT) without the use of micromanipulation (Du

et al. 2007; Vajta 2007). A pig model expressing the

dominant mutation APPsw for Alzheimer’s disease

has been created using HMC at our institution (Kragh

et al. 2009). In this study, we used rAAV-mediated

gene targeting and HMC to generate BRCA1 KO

piglets with the objective of creating a model for

BRCA1-associated mammary carcinogenesis.

Materials and methods

Chemical information

Primers used in this study were synthesized by DNA

Technology A/S, DK. PCR reactions were carried out

using Platinum Pfx DNA Polymerase (Invitrogen,

Cat#: 11708-039). Polyclonal rabbit Anti-human

BRCA1 antibody (BRCA1 (D-20)) was purchased

from Santa Cruz Biotechnology (Cat#: sc-641).

Polyclonal goat Anti-rabbit immunoglobulins/HRP

(Cat#: P0448) was purchased from DaKo. Rabbit

polyclonal antibody for beta Actin—Loading Control

(ab8227) was ordered from abcam, Cambridge, CB4

0FW, UK. DMEM was purchased from LONZA

(Cat#: BE12-604F). G418 (Cat#: 10131027) was

purchased from Invitrogen. Recombinant human

basic fibroblast growth factor (bFGF) was purchased

from Sigma (Cat#: F0291). Prime-It Random Primer
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Labeling Kit was purchased from Stratagene (Cat#:

300385). Plasmid Mini-prep and Maxi-prep kits were

purchased from QIAGEN (Cat#: 27104 and Cat#:

12163, respectively). Restriction enzymes used in this

study were purchased from New England Biolabs.

XL2-Blue Ultracompetent cells were purchased from

Stratagene (Cat#: 200150).

Cell culture

Primary porcine fibroblasts were established from

ear biopsies of fetal or newborn Yucatan minipigs.

Fibroblasts were cultured in DMEM media supple-

mented with 15% FCS, penicillin/streptomycin, and

glutamine. In one experiment the medium was

additionally supplemented with bFGF (5 ng/ml).

Construction of rAAV/BRCA1 KO vector

The rAAV/BRCA1 KO vector was constructed as

previously described (Kohli et al. 2004; Rogers et al.

2008). Two homology arms (*1 kb each), from exon

11 of the BRCA1 gene, were amplified by PCR using

Yucatan minipig genomic DNA as template. These

two homology arms were subsequently linked to a

neomycin/zeocin gene cassette by a three-way fusion

PCR. The neomycin/zeocin genes were comprised in a

4 kb PvuI fragment isolated from a pNeDaKO-Neo

plasmid (a generous gift from Bert Vogelstein &

Kenneth W. Kinzler, The Johns Hopkins University

Medical Institutions, Baltimore, MD 21231, USA).

The three-way fusion PCR was performed as described

by Kohli et al. (2004) using the following PCR

protocol: 1 cycle of 94�C for 1 min; 27 cycles of

94�C for 30 s, 57�C for 30 s, and 68�C for 4 min; 1

cycle of 68�C for 7 min. Fusion products were digested

with NotI and ligated to a NotI cleaved pAAV-MCS

plasmid backbone (Stratagene, Cat. #240071-5) con-

taining an ampicillin (Amp) resistance conferring gene

(B-lactamase gene, bla) and the viral inverted terminal

repeat sequences (ITRs). The final rAAV/BRCA1 KO

plasmid construct was verified by sequencing and NotI

digestions (Fig. S1, S2). PCR primers for making the

rAAV/BRCA1 KO constructs are listed in Table S1.

rAAV/BRCA1 KO virus packaging

Packaging of the rAAV/BRCA1 KO virus (serotype

1) was performed by the Vector Core Facility at the

Gene Therapy Center, University of North Carolina at

Chapel Hill (UNC), USA. Briefly, the pAAV/BRCA1

KO plasmid was co-transfected into 293 cells with

pXX680 and pHelper plasmids. Twenty-four hours

post-transfection, medium from the transfected cells

was removed and replaced with fresh medium. Virus

was harvested 48–72 h post-transfection and purified

using gradient purification. For a detailed protocol

please refer to the protocol published by Grieger

et al. (2006).

Transduction and selection

Primary fibroblasts (1 9 106) were seeded onto a

gelatin coated 10 cm cell culture dish 1 day before

transduction. The rAAV/BRCA1 KO virus particles

(5 9 1011 particles) were added to the cells for 24 h,

followed by trypsinization and seeding into gelatin-

coated 96-well plates at a dilution of one 10 cm dish

into fifty 96-well plates, which should give about 400

cells per well. Three days after transduction (2 days

after splitting into 96-well plates), cells were selected

with G418 (1 mg/ml) for 2 weeks with the medium

changed every 3–4 days. After selection, G418-

resistant cell clones were trypsinized, and 1/3 were

transferred to 96-well PCR plates for PCR screening;

1/3 were cultured in gelatin-coated 96-well cell

culture plates for Southern blot analysis; 1/3 were

cultured in gelatin-coated 96-well plates for freezing

and these cells were subsequently used as nuclear

donor cells for SCNT.

PCR screening

G418-resistant cells in 96-well PCR plates were

harvested, centrifuged, and re-suspended in 25 ll

lysis buffer (50 mM KCl, 1.5 mM MgCl2, 10 mM

Tris–Cl, pH 8.5, 0.5% Nonidet P40, 0.5% Tween,

400 lg/ml Proteinase K). The cells were lysed (65�C

for 30 min, 95�C for 10 min) (McCreath et al. 2000)

and 1 ll lysate was used for PCR screening. Primers

for screening of the BRCA1 targeting events are

listed in Table S1. PCR conditions were as follows:

(1) neo screening: 1 cycle of 94�C for 2 min; 35

cycles of 94�C for 20 s, 67�C for 30 s, and 68�C for

40 s; followed by 68�C for 7 min. (2) BRCA1 50

targeting screening: 1 cycle of 94�C for 2 min; 35

cycles of 94�C for 20 s, 61�C for 30 s, and 68�C for

3 min; followed by 68�C for 7 min. (3) BRCA1 30
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targeting screening: 1 cycle of 94�C for 2 min; 35

cycles of 94�C for 30 s, 67�C for 30 s, and 68�C for

3 min; followed by 68�C for 7 min.

RT–PCR

Total RNA were extracted from fibroblasts (passage

4) using RNAeasy plus Mini Kit (QIAGEN, Cat #:

74134) according to the manufacturers’ protocol.

Synthesis of cDNA was performed with the iScript

cDNA Synthesis Kit (BIO-RAD, Cat #: 170-8890)

from 1 lg of total RNA. 1 ll (two times diluted)

cDNA product was used as template for semi-

quantitative or quantitative real-time PCR analysis.

Quantitative RT–PCR was carried out using F-410

29 DyNAmo HS Master Mix (FINNZYMES) on

LightCycler 480 (Roche). Primers are listed in Table

S1.

Southern blot analysis

Genomic DNA (15 lg) was digested with BlpI

restriction enzyme (6 U/lg DNA) over night, fol-

lowed by gel electrophoresis and vacuum blotting.

Primers for generating the BRCA1 probe labeling

template and the Neo probe labeling template are

listed in Table S1. Random probe labeling was

performed using the Prime-It II Random Primer

Labeling Kit according to the manufacturer’s instruc-

tions. Pre-hybridization and hybridization were car-

ried out at 42�C, and all washing procedures were

performed at 53�C.

Western blot analysis

Western blots of the BRCA1 protein in porcine

primary fibroblasts were performed with a BRCA1

(D-20) polyclonal antibody (Santa Cruz Biotechnol-

ogy, Inc.) raised against a peptide mapping at the

N-terminus of the BRCA1 protein. Fibroblasts were

sequentially cultured in 10 cm cell culture dishes

until *80% confluence prior to being, washed twice

with PBS, and lysed with 100 ll lysis buffer. Twenty

micrograms of total protein lysates were electropho-

resed in 10% PreciseTM Protem Gels and transferred

onto nitrocellulose membranes by semidry-blotting

using a Bio-Rad Trans-Blot SD Semi-Dry Transfer

Cell cassette. Membranes were incubated with a

1:1,000 dilution of anti-BRCA1 D-20 antibodies and

a 1:10,000 dilution of anti-beta Actin antibodies,

followed by HRP-conjugated goat anti-rabbit immu-

noglobolins. Chemiluminescence detection was

achieved with SuperSignal West Dura extended

Duration Substrate (Thermo, Cat#: 34076).

Oocyte collection and in vitro maturation

Except where otherwise indicated all chemicals for

the embryological work were obtained from Sigma–

Aldrich Co. (St Louis, MO, USA).

Cumulus–oocyte complexes (COC) were aspirated

from 2 to 6 mm follicles from slaughterhouse-derived

sow ovaries and matured in groups of 50 in 400 ll in

vitro maturation (IVM) medium consisting of bicar-

bonate-buffered TCM-199 (GIBCO BRL, USA)

supplemented with 10% (v/v) cattle serum (CS),

10% (v/v) pig follicular fluid, 10 IU/ml equine

chorionic gonadotrophin, and 5 IU/ml human chori-

onic gonadotrophin (Suigonan Vet; Skovlunde, Den-

mark) in the Submarine Incubation System (SIS) for

41–44 h.

Handmade cloning and embryo culture

COCs were shortly treated with 1 mg/ml hyaluron-

idase and pipetted vigorously to remove the cumulus

cells attached to the zonae pellucidae. Zonae pellu-

cidae of oocytes were partially digested with 3.3 mg/

ml pronase solution dissolved in T33 (T for Hepes

buffered TCM199, GIBCO BRL, USA; while the

number refers to the concentration of CS, here 33%)

for 20 s, followed by quick washing in T2 and T20

drops. Oocytes with distended and softened zonae

pellucidae were lined up in T2 drops supplemented

with 2.5 lg/ml cytochalasin B. With a finely drawn

and fire-polished glass pipette, oocytes were rotated

to locate the polar body. Oriented bisection was

performed manually with ultra-sharp splitting blades

(AB Technology, Pullman, WA, USA) under a

stereomicroscope. Less than half of the cytoplasm

close to the polar body was removed from the

remaining putative cytoplast.

Fibroblasts (5D1) were trypsinized and re-sus-

pended in 20 ll of T2. Fusion was performed in two

steps, where the second one included the initiation of

activation. For the first step, 50% of the available
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cytoplasts were transferred into 1 mg/ml of phyto-

haemagglutinin (PHA; ICN Pharmaceuticals, Girra-

ween, Australia) dissolved in T0 for 3 s, and then

each one was quickly dropped over a single fibroblast

cell. After attachment, cytoplast-fibroblast pairs were

equilibrated in fusion medium (0.3 M mannitol and

0.01% polyvinyl alcohol; PVA) for 10 s and trans-

ferred to a fusion chamber (BTX microslide 0.5 mm

fusion chamber, model 450; BTX, San Diego, CA,

USA). Using AC of 0.06 kV/cm and 700 kHz, pairs

were aligned to the wire of the fusion chamber with

the somatic cells farthest from the wire, then fused

with a DC pulse of 2.0 kV/cm for 9 ls. After the DC

pulse, pairs were removed carefully from the wire,

transferred to T10 drops and incubated further to

observe whether fusion had occurred. Approximately

1 h after the first fusion, each pair was fused with

another cytoplast in activation medium (0.3 M man-

nitol, 0.1 mM MgSO4, 0.5 mM CaCl2 and 0.1%

PVA). By using an AC of 0.06 kV/cm and 700 kHz,

one fused pair and one cytoplast were aligned to one

wire of the fusion chamber, with fused pairs

contacting the wire. A single DC pulse of 0.86 kV/

cm was applied for 80 ls. When fusion had been

observed in T10 drops, reconstructed embryos were

transferred into PZM-3 supplemented with 5 lg/ml

cytochalasin B and 10 lg/ml cycloheximide. After a

4 h incubation at 38.5�C in 5% CO2, 5% O2 and 90%

N2 with maximum humidity, embryos were washed

three times and cultured in PZM-3 (Yoshioka et al.

2002) using the well of the well system (Vajta et al.

2000).

Embryo transfer

D5 and D6 fresh blastocysts were surgically trans-

ferred into both uterine horns of Danish Landrace

sows on day 4 after weaning. Pregnancy was

diagnosed by ultrasonography on day 21 and con-

firmed every second week. The farrowing was

induced with an injection of prostaglandine if the

sow did not show signs of labor as late as day 121.

All animals were housed and cared for in strict

accordance to the proposals for animal research

reviewed by the Danish Institute of Agricultural

Sciences and the Danish Centre for Bioethics and

Risk Assessment. Experimental permission was given

by the Danish Animal Ethics Committee.

Results

Porcine (Sus scrofa) BRCA1 gene

The human BRCA1 gene is located on chromosome

17 (17q21.33), contains 22 coding exons and encodes

a protein of 1,863 aa. As illustrated in the human

genome browser (http://www.genome.ucsc.edu/),

most of the disease-related single-nucleotide muta-

tions were found in the biggest exon (exon 11) of the

BRCA1 gene. The sequences within exon 11 are

unique (analyzed by RepeatMasker) in the genome

(Fig. 1a). Only two transcripts of the porcine BRCA1

gene are registered in the NCBI database

(AB271921.1 and AB355637.1) encoding a transcript

for 1863 aa (BAF62296) and 1592 aa (BAG09491),

respectively. By blasting the Sus Scrofa genome

(Sscrofa_9b) with the transcript AB271921.1, we find

that the pig BRCA1 gene is located in chromosome

12 and contains 22 coding exons, with exon 11

homologous to the human exon 11 (Fig. 1b). The

encoded porcine BRCA1 protein shows an overall

amino-acid identity to the human homolog of 74%

(Fig. 1c). Since the mouse BRCA1 protein only

shows 58% identity, the porcine BRCA1 protein is

evolutionary closer to the human homolog.

A very high BRCA1 targeting efficiency is

achieved by rAAV-mediated homologous

recombination

An rAAV-based BRCA1 KO viral vector was

generated as illustrated in Fig. 2a. The two homology

arms, approximately 1 kb each, were amplified by

PCR from exon 11 of the porcine BRCA1 gene.

Fifty-five base pairs (CACCTAGTCATACTGAGT

TACAAATTGATAGTTGTTCTAGCAGTGAAGA

GATGAA) should in this way be replaced by a

transgene cassette containing the Neomycin (Neo)

selection gene. BRCA1 targeted events were deter-

mined by targeting PCRs with primer pairs F1 ? R1

and F2 ? R2 that amplify the 50 and 30 targeting

products, respectively. Some PCR results with the

primer pair F1 ? R1 are presented in Fig. 2b,

showing that the targeted events can be clearly

detected in cell lysates. We measured the rAAV-

mediated BRCA1 targeting events in three experi-

ments (Fig. 2c). A rAAV-mediated BRCA1 targeting

rate of at least 30% (% of BCRA1 KO clones out of

Transgenic Res (2011) 20:975–988 979
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G418-resistant clones) was consistently observed in

these three experiments with an average targeting rate

of *35%. Due to the limited proliferative capacity of

primary fibroblasts, almost all the BRCA1 KO clones

identified from experiment 1 and 2 stopped growing

when expanded for Southern blot analysis. In

A
chr17 (q21.31) 13.1 17p12 17p11.2 q11.2 17q12 17q22 24.3 25.1 q25.3

Scale
chr17:

RefSeq Genes

Repeat Masker

20 kb
41210000 41220000 41230000 41240000 41250000 41260000 41270000

RefSeq Genes

Simple Nucleotide Polymorphisms (dbSNP build 131)

Repeating Elements by RepeatMasker

SNP

B

C

Equus caballus (XP_001492115.2)

Canis lupus familiaris (NP_001013434.1)

Macaca mulatta (NP_001108421.1)

Pan troglodytes (NP_001038958.1)

Homo sapiens (NP_009225.1)

Mus musculus (NP_033894.3)

Rattus norvegicus (NP_036646.1)

Sus scrofa (BAF62296.1)

Bos taurus (NP_848668.1)
0.1

74%

113

Fig. 1 Bioinformatics analysis of the porcine BRCA1 gene.

a The human BRCA1 gene with information on chromosome

location and presence of genetic variants and repeat sequences

(from the Human Genome browser). b Classification of coding

exons of the porcine BRCA1 gene (GenBank accession

number: AB271921.1). The porcine BRCA1 gene is located

in chromosome 12 and comprised of 22 coding exons.

c Phylogenic analysis of the BRCA1 protein among major

mammalians. The porcine BRCA1 protein (GenBank accession

number: BAF62296.1) has 74% amino acids sequences

similarity to the human BRCA1 protein (NP_009225.1)
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experiment 3, we added basic fibroblast growth factor

(bFGF2, 5 ng/ml) to the cell culture medium since

this growth factor has been reported to improve the

proliferative capacity of primary cells without affect-

ing cell functions. Indeed, addition of bFGF2 to the

cell culture medium can improve the proliferative

capacity of primary porcine fibroblasts without

affecting the targeting efficiency (Fig. 2c).

Eight BRCA1 KO clones and two random inte-

gration clones (identified by PCR screening) were

expanded for Southern blot analysis. Targeting

screening PCRs (50, 30 and Neo gene) were performed

Blp1

BRCA1 probe
Blp1 Blp1

11 12

Endogenous locus

(Not drawn to scale)

R1

F1,F2, R1, R2: PCR screening primers
BRCA1 probe ,            Neoprobe : Southern blot probes

LHA
RHA

ITR ITR

LHA PGK            Neo EM7      Zeo

Blp1

LHA
PGK               Neo EM7       Zeo

Blp1Blp1 BRCA1 probeNeo probeF1 2111

Targeting vector

Targeted locus

~1kb ~1kb

10 13

10
F2 R2

AHRAHL

4722 bp

5115 bp

,            

LHA
RHALHA PGK            Neo EM7      Zeo

LHA
PGK               Neo EM7       Zeo

10

AHRAHL

A

B

2 kb

  +                    +       +  +                     +   +  +   +  +                         +                         +                                               +    +  +         +          +  +  +  +  +

C

G418 clonesα BRCA1 KO clones β b-FGF TR (%) δ Mean TR (%)

Ex.1 168 64 - 38.10
Ex.2 74 23 - 31.08
Ex.3 151 51 + 33.77

34.32±3.53

α. Number of G418-resistant clones picked for PCR screening; β. Number of clones screened as BRCA1 
KO; δ. Targeting rate, determined by BRCA1 KO clones / G418-resistant clones (%).

Fig. 2 Generation of BRCA1 KO fibroblasts for SCNT.

a Schematic representation of the endogenous BRCA1 locus,

targeting vector and the targeted locus. Two homology arms

(*1 kb each) are homologous with sequences in exon 11 of

the endogenous BRCA1 gene. Fifty-five base pairs in exon 11

should be replaced by the ‘‘PGK-Neo-EM7-Zeo’’ selection

cassette from the targeting vector, resulting in a targeted

fragment of 5,115 bp when BlpI digested genomic DNA is

hybridized with Neo- or BRCA1-specific probes. Hybridization

of BlpI digested genomic DNA with a BRCA1-specific probe

yields a WT fragment of 2,722 bp. F1, R1, F2, and R2 are

primers used for targeting PCR screening. b PCR (F1 and R1)

screening for BRCA1 targeted events in cell lysates. An

amplicon of *2 kb indicates that a specific clone is correctly

targeted, marked as ‘‘?’’. c Summary of the rAAV-mediated

BRCA1 targeting rate in three independent experiments.

d Screening PCR on genomic DNA from the expanded cells.

Lanes 1–8 represent cell clones that were positive in PCR-

screening of cell lysates before being expanded. Lanes 9–10
represent clones with random integration of the targeting

vector. Lane 11 is a positive BRCA1 KO control. Lane 12 is

genomic DNA from WT cells. e Southern blot analysis of the

genomic DNA samples that were used in (d). Lanes 13–15
represent 1, 3, and 10 copies of the neo control. Southern blot

analysis showed that all BRCA1 KO clones (Lanes 1, 4–7)

were BRCA1 KO only, without any random integration. Cells

represented in lane 4 were used as nuclear donor cells for

SCNT to generate the BRCA1 KO piglets
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on the genomic DNA from expanded cells. However,

the 30 and 50 targeting PCR production for some

clones were rather weak compared to other clones

(Fig. 2d). Southern blot results further showed that

such clones (e.g. lane 1, 3 and 8 in Fig. 2d) are

heterogeneous, consisting of BRCA1 KO cells as

well as cells with random integration of the construct

with the selectable marker. Clones represented in lane

2, 4, 5, 6 and 7 of Fig. 2d were judged as BRCA1

KO. The clone represented in lane 4 (cell clone ID:

5D1) gave a very clear 1:1 ratio of the BRCA1-null

and BRCA1-WT bands when hybridized with the

BRCA1-probe suggesting that 5D1 should be a pure

BRCA1?/D11 cell clone.

Transgenic piglets generated by HMCs

The 5D1 fibroblasts were used as nuclear donor cells

for somatic cell nuclear transfer by HMC. Seventy-

nine, 110 and 158 reconstructed embryos were

transferred to three recipient sows which subse-

quently gave birth to 1, 2 and 5 piglets, respectively

D

F1+R1

F2+R1

1     2      3      4      5      6     7      8     9     10     11      12

3kb

2kb

500bp

1: 5A2

2: 5B1

3: 5B4

4: 5D1

5: 5D3

6: 5D8

7: 6A4

8: 6A8

9: 7H4

10: 5C7

11: 1G7

12: WT DNA

F2+R2

M     1     2     3     4      5     6      7     8      9   10   11   12  13   14   15           M

5kb

2kb

3kb

6kb

10kb

BRCA1-null

Neo-probe

E
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Fig. 2 continued
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(Table 1). One stillborn piglet and two mummies

were also retrieved. Pictures of the live cloned piglets

were taken at the age of 1 week (Fig. 3).

Genotyping identified seven piglets

as BRCA1 KO

PCR and Southern blot based genotyping were

carried out using genomic DNA from fibroblasts

established from ear biopsies obtained from the

cloned piglets. As illustrated in Fig. 4a, 50 targeting,

30 targeting and transgene PCR are expected to give

products of 1,953, 2,901 and 4,068 bp, respectively.

Results are shown for the genotyping of piglets No.

38, No. 39 and No. 104. The PCR-based genotyping

shows that piglets No. 38 and No. 104 were BRCA1

KO, while piglet No. 39 was wild type (WT)

(Fig. 4b). The genotypes of these piglets were further

confirmed by Southern blotting using the Neo- and

BRCA1-specific probes (Fig. 4c). In addition, all the

five piglets from the third transfer were BRCA1 KO

(Table 1/genotyping data not showed). The birth of

piglet No. 39 suggests that there must have been

some WT cells that survived the G418 selection

together with the BRCA1 KO cells. A similar

observation has previously been published in relation

to the development of a cystic fibrosis pig model

(Rogers et al. 2008). Unexpectedly, all the BRCA1

KO piglets survived no more than 18 days while the

WT pig still is alive after half a year (Table 1).

BRCA1 mRNA amounts are decreased in BRCA1

KO cells

Although all the BRCA1 KO piglets died within

18 days, primary fibroblasts were established from

each piglet allowing us to initiate analyses of their

properties. First, we checked whether the deaths were

due to cytogenetic abnormalities. However, all the

Table 1 Summary of embryonic transfers and their outcome

Donor

cells

Breed Recipient

sow ID

Embryos

transferred

Live

birth

Still

birth

Mummies Piglet

ID

Genotype Survival

period

5D1 Yucatan 2083 79 1 0 0 104 BRCA1?/- 18 days

5D1 Yucatan 2199 110 2 0 0 38 BRCA1?/- 3 days

0 0 39 WT Still alive

5D1 Yucatan 3139 158 2 1 2 199 BRCA1?/- 3 days

200 BRCA1?/- 4 days

S1 BRCA1?/- 0

M1 BRCA1?/- 0

M2 BRCA1?/- 0

cloned piglet (No. 39 ), 1 week

cloned piglet (No. 104 ), 1 week

Fig. 3 Cloned pigs. Photos of live cloned piglets, taken at

1 week of age
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piglets have the correct number of chromosomes

(2n = 38, XX) and seemingly normal karyotype (Fig.

S3). We then measured the BRCA1 expression of

the targeted locus (P1 ? P3, P2 ? P3) as well as the

endogenous BRCA1 gene (P4 ? P5) as shown in

Fig. 5a. A fusion transcript expression from the

transgene was detected by both of P1 ? P3 and

P2 ? P3 (Fig. 5b). Expression of endogenous

BRCA1 mRNA, detected by P4 ? P5, was altered

in the BRCA1 KO cells. Q-PCR showed that the

amounts of endogenous BRCA1 mRNA were about

1.5-fold and fourfold lower in No. 38 and No. 104

A

B

2 kb
3 kb

 38         39       104      WT     5D1    NC  38         39       104       WT      5D1    NC

5’ targeting PCR 3’ targeting PCR

C                             

F1 R11953 bp

F2 R22901 bp
3’ targeting PCR

5’ targeting PCR

Blp1

LHA PGK           Neo EM7    Zeo
Blp1Blp1

11 1210

RHA

Neo probe BRCA1 probe

F3 R3Transgene PCR
4068 bp

 38         39       104      WT     5D1    NC

2 kb
4 kb

Transgene PCR

Neo-probe

 38   39  104  WT 5D1  I    III    X

BRCA1-null

Neo

5kb

2kb

3kb

6kb

10kb  38   39  104   WT 5D1    I      III   X

BRCA1-null
BRCA1-WT

BRCA1-probe

Fig. 4 Genotyping of the cloned piglets. a Schematic repre-

sentation of the genotyping PCR (50, 30 and transgene) and the

localization of the Neo and BRCA1 probes used for Southern

blot analysis on BlpI digested genomic DNA. b PCR-based

genotyping. Cloned piglets No. 38 and No. 104 are BRCA1

KO and piglet No. 39 is WT. 5D1 represents genomic DNA

from the donor cells. WT, wild type genomic DNA; NC,

negative control, H2O. c Southern blotting-based genotyping

confirms that piglets No. 38 and No. 104 are BRCA1 KO

without random integrations. I, III, and X represent 1, 3, and 10

copies of the neo control
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KO cells, respectively, when compared to No. 39 WT

cells (Fig. 5c). Finally, we searched for truncated

BRCA1 proteins, since several in-frame stop codons

were introduced into the targeted locus. However,

Western blot analysis did not reveal any truncated

BRCA1 protein. Four different BRCA1 isoforms

were found using the anti-BRCA1 antibody D20. No

significant differences were observed with respect to

BRCA1 protein levels (Fig. 5d).

Discussion

We have generated the first BRCA1 knockout piglets

by targeting exon 11 (BRCA1?/D11) using an rAAV-

mediated gene targeting strategy. This is the first

large animal with genetically designed BRCA1

deficiency. The ultimate goal of this work is to

develop an appropriate model for investigating the

A P3P1 P2 P4 P5

LHA PGK            Neo EM7         Zeo

211110

RHA

B

P1 + P3

P2 + P3

P4 + P5

Beta-actin

3 kb

2 kb

4 kb

3 kb

2 kb

4 kb

WT    WT                                                                                H2O   N0.3
8

N0.3
8

N0.3
9

N0.3
9

N0.1
04

N0.1
04

100 bp

500 bp

100 bp

500 bp

C

0

20

40

60

80

100

120

No.39 WT No.38 
BRCA1 +/-

No.104 
BRCA1+/-

BRCA1 mRNA (% No.39 WT)
D Anti-BRCA1

beta-actin

199 K

116 K

  86 K

  51 K

 37 K

Lane      1      2       3

1: No. 38 BRCA1

2: No.39 WT

3: No.104 BRCA1

+/-

+/-

Fig. 5 BRCA1 expression. a Schematic representation of the

primers (P1, P2, P3, P4, and P5) used for semi-quantitative PCR

or quantitative PCR (Q-PCR). b Semi-quantitative PCR

detection of BRCA1 mRNA from the targeted and WT alleles.

P1 ? P3 and P2 ? P3 detected transcripts from the targeted

allele. P4 ? P5 measure the amount of transcripts from the

endogenous BRCA1 gene. Beta-actin was used as internal

control. PCRs were carried out in duplicate. WT refers to wild

type fibroblasts established from non-cloned newborn piglets.

c Q-PCR using primers P4 and P5. BRCA1 mRNA amounts were

significantly lower in the BRCA1 KO cells than in the WT cells

of piglet NO. 39. d Western blot analysis of BRCA1 proteins.

Four BRCA1 isoforms were detected using the BCRA1 antibody

D-20. Beta-actin was chosen as loading control
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pathogenesis of certain types of breast cancer, as well

as for testing of drugs and other anti-cancer therapies.

After the identification of the major breast cancer

susceptibility gene, BRCA1, a range of BRCA1 KO

mice with a variety of mutations have been generated.

These mice have greatly contributed to the discovery

of the basic biological functions of BCRA1 in

embryonic development, maintenance of genomic

integrity, cell cycle checkpoint regulation, and cell

proliferation control. Unfortunately, heterozygous

BRCA1 KO mice did not contribute to the elucida-

tion of the pathogenesis of BRCA1-associated breast

cancer since none of the heterozygous mice showed a

tumor predisposing phenotype. A possible explana-

tion might be the limited lifespan of the mice and the

protected environment that these mice experience.

Transgenic mice are normally kept in a germ-free

environment without genotoxic challenges such as

radiation and major oxidative stress. Consequently,

they may not accumulate enough genetic alterations

to develop breast cancer before they die for other

reasons. Compared to mice, pigs have a longer

lifespan and are genetically closer to man. They can

be exposed to environments and life styles that are

more similar to those of humans. Thus, a BRCA1 KO

pig model may contribute to a better understanding of

the specific pathogenesis of human BRCA1-associ-

ated breast cancer, and help us to expose the genetic

drivers of breast carcinogenesis.

A major methodological improvement in the

present study is the very high gene targeting rate

(*35%) that could be achieved by using the rAAV-

mediated homologous recombination strategy with

optimal design of the vector. The high targeting rate

obtained may thus in part be due to the complete lack

of repetitive sequences in the BRCA1 KO targeting

construct that consists of exon sequence only

(Fig. 1a). A targeting efficiency in the range of

0.4–13% has previously been reported in human cell

lines (Kohli et al. 2004). In the original study using

rAAV-based homologous recombination in porcine

primary fibroblasts a targeting frequency of

0.27–10.93% was observed (Rogers et al. 2008). In

another set of experiments, we have further improved

the gene targeting efficiencies of rAAV-mediated

BRCA1 KO (up to 76%) by cell cycle synchroniza-

tion of the targeted fibroblasts by serum starvation

followed by a serum shock (submitted for publica-

tion). This approach might eventually allow us to

obtain correctly designed cells without selection

procedures based on drug resistance.

The most unexpected observation in the present

study was the perinatal mortality of the BRCA1?/D11

piglets. Although BRCA1 mRNA levels in fibroblasts

established from the BRCA1?/D11 piglets were lower

than that in WT fibroblasts (Fig. 5), no major genetic

aberrations were detected in the heterozygous ani-

mals (Fig. S3). BRCA1?/- mice are developmentally

and reproductively normal and only mice homozy-

gous for BRCA1 mutations have a compromised

embryonic development (Gowen et al. 1996; Hakem

et al. 1996). Our BRCA1?/D11 piglets were able to

develop to term but had a high perinatal mortality.

The reason for the early deaths of the BRCA1?/D11

piglets is unclear, but SCNT cloning in general has

been found to be associated with various problems

including lower pregnancy rates (Campbell et al.

2005), gene expression alterations (Tian et al. 2009),

abortions, stillbirths, and a high incidence of perinatal

death (Young et al. 1998). Failure to thrive is

frequently observed in cloned pigs (WT or trans-

genic) generated by HMC (Schmidt et al. 2010). The

mean rate of piglets/transferred embryos has been

reported to be 7.3 ± 0.6% using landrace or Göttin-

gen/Yucatan minipigs. However, the perinatal mor-

tality rate is higher for Göttingen and Yucatan

minipigs than for Large White pigs (Schmidt et al.

2010). Insufficient epigenetic reprogramming has

been suggested to be associated with these perinatal

deaths. The perinatal mortality of our BRCA1?/D11

pigs may thus partly be explained by the genetic

background of the specific breed of miniature pigs as

we in other cloning experiments, involving other

transgenes, experience similar perinatal losses of

cloned Yucatan piglets. Embryonic mortality of 129/

B6 mice with a hypomorphic BRCA1 mutation

(Brca1-D11) can be completely rescued when back-

crossed onto 129/Sv or outcrossed using MF1 (Ludwig

et al. 2001). Likewise, the embryonic survival of

mice with lethal BRCA2 mutations was much shorter

with 129/SvEv than with BALB/cJ genetic back-

ground (Bennett et al. 2000). Furthermore, BRCA1

may not be as crucial for embryonic development in

humans, since a constitutionally homozygous patient

with a nonsense mutation in both BRCA1 alleles has

been described (Boyd et al. 1995). Accordingly, loss

of BRCA1 function may have different consequences

in different species and in individuals with different
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genetic backgrounds. In order to investigate whether

the mortality of BRCA1?/D11 pigs is associated with

the Yucatan genetic background, we are currently

generating Göttingen minipigs that are BRCA1?/D11

as we have observed that the pregnancy rate and the

piglets/transferred embryos rate are both higher when

using Göttingen fibroblasts as donor cells compared

to using Yucatan fibroblasts. Many other factors, such

as presence of the marker gene, SCNT itself, and use

of a single cell clone, may contribute to the perinatal

mortality observed. These issues will have to be

investigated further if targeting using Göttingen

fibroblasts results in similar perinatal losses.

Although BRCA1?/- mice did not show increased

predisposition to breast cancer (Hakem et al. 1996),

shortened life span and more frequent occurrence of

ovarian tumors have been observed when such mice

were subjected to ionizing irradiation (Jeng et al.

2007). Thus, BRCA1 haploinsufficiency might be a

predisposing factor to certain diseases when com-

bined with exogenous stress factors. The fibroblasts

used as nuclear donors in HMC are subjected to a

range of stress factors such as G418 selection, long-

term cell culture, and a severe reprogramming

process during HMC.

Importantly, the survival of the WT cloned pig

(No. 39) which has been subjected to exactly the

same procedures as the dead heterozygous littermates

strongly suggests that the loss of function of one

BRCA1 allele has, to some extent, affected the

developments of the genetically modified pigs gen-

erated by SCNT.

Still, the reasons for the prenatal deaths of

BRCA1?/D11 piglets are unknown. To investigate

this problem, fibroblasts established from the dead

BRCA1?/D11 piglets have been used as nuclear

donors for SCNT (re-cloning) as this approach may

exclude epigenetic effects, and succeed due to

improved reprogramming. We have made two trans-

fers, in which 100 and 97 reconstructed embryos

were transferred to two recipient sows. Unfortu-

nately, though both recipient sows were tested

pregnant, they aborted within few weeks. Eventually,

we aim at creating a conditional pig model of

mammary-specific BRCA1 KO (Liu et al. 2007).

In conclusion, we have produced cloned piglets

with haploinsufficiency of the BRCA1 gene

(BRCA1?/D11) via highly efficient rAAV-mediated

gene targeting. None of the piglets survived more

than 18 days, but pathological analyses and new

experiments are under way to understand and/or

eliminate the reason for the perinatal lethality.
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