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Abstract

In pig-to-primate xenotransplantation, multiple transgenic pigs are required to overcome a series of transplant rejections.
The generation of multiple transgenic pigs either by breeding or the introduction of several mono-cistronic vectors has
been hampered by the differential expression patterns of the target genes. To achieve simultaneous expression of multiple
genes, a poly-cistronic expression system using the 2A peptide derived from the Thosea asigna virus (T2A) can be
considered an alternative choice. Before applying T2A expression system to pig generation, the expression patterns of
multiple genes in this system should be precisely evaluated. In this study, we constructed several bi-cistronic T2A expression
vectors, which combine target genes that are frequently used in the xenotransplantation field, and introduced them into
porcine fibroblasts. The proteins targeted to the same or different subcellular regions were efficiently expressed without
affecting the localization or expression levels of the other protein. However, when a gene with low expression efficiency was
inserted into the upstream region of the T2A sequences, the expression level of the downstream gene was significantly
decreased compared with the expression efficiency without the insertion. A small interfering RNA targeting one gene in this
system resulted in the significant downregulation of both the target gene and the other gene, indicating that multiple
genes combined into a T2A expression vector can be considered as a single gene in terms of transcription and translation. In
summary, the efficient expression of a downstream gene can be achieved if the expression of the upstream gene is efficient.
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Introduction

Due to the severe shortage of human donor tissues and organs,

xenotransplantation has been considered as a potential alternative

to allotransplantation. However, the clinical application of pig-to-

primate xenotransplantation has been hampered by a series of

obstacles, including hyperacute rejection (HAR), acute humoral

xenograft rejection (AHXR), and cellular rejection [1]. Because of

these complex and robust immune responses, it has become clear

that the modulation of one or two target genes is insufficient for

successful xenotransplantation. For example, the kidneys from

a1,3-galactosyl transferase-knockout (GT-KO)/human CD46

(hCD46) transgenic pigs that were transplanted into baboons

were rejected within 16 days [2], and the kidneys from GT-KO

pigs transgenic for human CD55 (hCD55), hCD59, hCD39, and

H-transferase (hHT) that were transplanted into baboons were

rejected by AHXR within 15 days [3]. Thus, the generation of

transgenic pigs that stably express multiple immune-modulating

molecules is essential for overcoming xenograft rejection.

Multiple transgenic pigs have generally been produced by

breeding [4] or via the transfection of multiple mono-cistronic

plasmids containing target genes [5,6]. However, breeding is time-

consuming and expensive, and the target gene expression levels

frequently decrease over time. Pigs generated by multiple plasmid

transfections exhibit poorly synchronized expression of target

genes. The alternative approach for generating multiple transgenic

pigs is the use of a poly-cistronic expression system containing an

internal ribosome entry site (IRES) or a viral 2A peptide. Various

IRESs derived from viral genomes or eukaryotic messenger RNAs

(mRNAs) have been widely distributed [7]. However, one of the

major problems with the use of an IRES system is that the IRES-

dependent expression of the second gene is significantly reduced

compared with that of the first cap-dependent gene in mammalian

cells [8,9]. Furthermore, the translation efficiency was highly

variable depending upon the origin of IRES or the transduced cell

types [10,11] because each IRES requires different IRES trans-

acting factors (ITAFs) [12,13].
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Viral 2A peptides were initially identified in the viruses of the

picornaviridae family, such as foot and mouth disease virus

(FMDV) and cardiovirus. 2A peptides are composed of approx-

imately 19 amino acids, including the consensus motif D(V/

I)EXNPGP. ‘‘Self-cleaving’’ occurs through a ribosomal skipping

mechanism, which might inhibit the formation of a peptide bond

between the glycine and proline residues within the consensus

motif [14]. When a 2A peptide exists between two genes, after the

translation of the upstream gene, the ribosome skips translation at

the glycine-proline junction in the 2A peptide and continues to

translate the downstream gene. Previous studies have shown that

the efficiency of this ribosomal skip is highly variable, depending

on the sequences in upstream region of the consensus motif in the

2A peptides [15]. The efficiencies of the ribosomal skip were not

equal among representative 2A peptides [16], such as the F2A

peptide from FMDV, E2A from the equine rhinitis A virus, P2A

from the porcine teschovirus-1, and T2A from the Thosea asigna

virus [17–19]. Therefore, the selection of an optimal 2A peptide is

determinant for the stable expression of target genes. Donnelly

et al. previously tested several 2A peptides from different viral

genes and showed that the T2A peptide exhibited favorable

cleavage efficiency [15]. For this reason, we used the T2A peptide

as a linker for all of the bi-cistronic vectors used in this study.

Although 2A peptides are useful for the simultaneous expression

of multiple genes at the same site and have received significant

attention in the xenotransplantation field, factors influencing the

expression levels of the target genes in a poly-cistronic T2A

expression (T2A-Ex) system have not been fully elucidated. Several

studies have shown that 2A peptide-mediated gene expression

might be influenced by protein cleavage and the positioning of the

genes within the vector [20–22]. For example, although most

proteins are synthesized in ribosomal complexes, some proteins

that localize to the plasma membrane are also integrated within

the endoplasmic reticulum (ER) but not in the cytosolic fractions.

Therefore, differential subcellular localization might influence the

expression pattern of target genes coupled to the 2A peptide.

Because the stable and consistent expression of all of the target

genes is essential for xenograft survival, we evaluated the impact of

the gene positioning and subcellular localization of target genes on

their expression patterns using bi-cistronic T2A-Ex constructs

driven by a CMV promoter. The combination of four commonly

used genes, including the enhanced green fluorescent protein

(EGFP), HA-tagged human heme oxygenase 1 ((HA)HO1), human

thrombomodulin (hTBM), and hCD46, were used to determine

the protein expression patterns using the T2A-Ex system.

Materials and Methods

Cells and Cell Culture
Porcine fibroblasts were isolated from White Yucatan miniature

pig fetuses on day 35 of gestation as previously described [23]. The

cells were kindly provided by Dr. Hyunil Kim and OPTIFARM

SOLUTION. The cells were maintained in Dulbecco’s modified

Eagle medium (DMEM; WelGENE, Daegu, Korea) supplemented

with 20% (v/v) fetal bovine serum (FBS; Gibco, MD, USA) and

1% (v/v) antibiotic-antimycotic solution (Gibco, MD, USA) at

38uC in a humidified carbon dioxide-controlled (5%) incubator.

Plasmid Construction and Transfection
The bi-cistronic gene combinations used in this study are

summarized in Table 1 and the primers used in this study are

summarized in Table S1. For the IRES-related constructs, each

upstream gene was inserted into the pIRES vector (Clontech, CA,

USA) using NheI and XhoI. After the insertion of the upstream

gene, each downstream gene was inserted using BamHI and NotI.

In the T2A-Ex constructs, each of the upstream genes except for

hTBM was inserted into the pBlue-T2A vector (pBluescript II

KS(-) vector including a T2A peptide with an N-terminal furin

cleavage sequence at the EcoRV site) using KpnI and EcoRI. The

hTBM gene was inserted into the pBlue-T2A vector between the

BamHI and EcoRI. Each of downstream genes was inserted using

HindIII and XhoI. After the insertion of both upstream and

downstream genes, the entire coding region was subcloned into the

pcDNA3.1(+) or pCAG1.1 vectors (in which the CMV promoter

was exchanged with the CAG promoter in pcDNA3.1(+) vector)

using KpnI and XhoI, or BamHI and XhoI, respectively. The stop

codons of all upstream genes were deleted in the bi-cistronic T2A-

Ex vector. After construction of the bi-cistronic T2A-Ex vectors,

EGFP-T2A-(HA)HO1 and hTBM-T2A-(HA)HO1 sequences

were used for construction of the tri-cistronic T2A-Ex vectors.

Upstream EGFP-T2A-(HA)HO1 and hTBM-T2A-(HA)HO1

sequences without stop codon were amplified by polymerase

chain reaction (PCR) and 59-regions were digested by KpnI or

BamHI, respectively. Downstream T2A-hCD46 sequences were

amplified and 39-region was digested by XhoI. After treatment with

T4 poly nucleotide kinase (Elpis Biotech, Daejeon, Korea),

upstream and downstream sequences were inserted together into

pcDNA3.1(+) using KpnI and XhoI or BamHI and XhoI.

To examine the protein expression pattern of these constructs,

2 or 3 mg of each plasmid were transiently introduced into 16106

porcine fibroblasts. For RNA interference, we used 1 mg of small

interfering RNA (siRNA) targeting GFP or luciferase GL2 (siGFP

or siLuc, respectively; GenePharma, Shanghai, China). The

sequences of the siRNAs were designated as follows: siGFP, 59-

GGCUACGUCCAGGAGCGCACC-39 and 59-UGCGCUC-

CUGGACGUAGCCUU-39, and siLuc, 59-CGUACGCG-

GAAUACUUCGAdTdT-39 and 59-UCGAAGUAUUCCGC-

GUACGdTdT-39. For transfection, we electroporated the cells

using Nucleofector IITM and the NucleofectorTM Kit V (Lonza,

Cologne, Germany) according to the manufacturer’s protocols.

Table 1. The combinations of target genes within the bi-
cistronic T2A-Ex vector.

Promoter Gene A Gene B Verification

CMV1 (HA)EGFP2 (Myc)EGFP Position

(Myc)EGFP (HA)EGFP

EGFP (HA)HO13 Intracellular protein

(HA)HO1 EGFP

hTBM4 hCD465 Transmembrane protein

hCD46 hTBM

EGFP hTBM Mixed

hTBM EGFP

hCD46 EGFP –

EGFP hCD46

hTBM (HA)HO1

1Cytomegalovirus.
2Enhanced green fluorescent protein.
3Human heme oxygenase 1.
4Human thrombomodulin.
5Human cluster of differentiation 46.
doi:10.1371/journal.pone.0070486.t001
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Flow Cytometry
Detached cells were incubated in phosphate-buffered saline

(PBS; Invitrogen, CA, USA) with 2% (w/v) bovine serum albumin

(BSA; Invitrogen, CA, USA) and the indicated antibodies. For

intracellular staining, FIX & PERMTM and permeabilization

buffers (Invitrogen, CA, USA) were used. For the detection of the

HA-epitopes, a mouse anti-HA-Tag antibody (1:200; Abcam, MA,

USA) and allophycocyanin (APC)-conjugated goat anti-mouse IgG

antibody (1:50; Santa Cruz Biotechnology, CA, USA) were used

sequentially. For the detection of hTBM and hCD46, APC-

conjugated mouse anti-human TBM (1:100; R&D Systems, MN,

USA) and CD46 (1:100; Abcam, MA, USA) antibodies were used,

respectively. The immunostained cells were analyzed using a

FACSCalibur flow cytometer (Becton Dickinson, CA, USA) with

FlowJo software (Tree Star, OR, USA). The levels of the proteins

expressed by multiple gene constructs were determined more than

three times each and applied for quantitative analysis, as shown in

Table 2.

Western Blotting
The transfected cells were harvested and lysed in RIPA buffer

(BIOSESANG, Seongnam, Korea) supplemented with a protease

inhibitor cocktail (Complete Mini; Roche, NJ, USA). Five

micrograms of each cell lysate were quantified using a Bradford

assay reagent (BIOSESANG, Korea) and loaded per lane. The

lysate samples were resolved using SDS-PAGE and transferred to

PVDF membranes (Merck Millipore, MA, USA). The membranes

were blocked in TBS containing 0.1% (v/v) Tween-20 (TBST;

Bio-Rad, CA, USA) and 5% (w/v) skim milk (Becton Dickinson,

CA, USA). After 1 hour of blocking at room temperature, the

membranes were sequentially incubated with the indicated

primary and secondary antibodies diluted in TBST containing

2% (w/v) BSA (Invitrogen, CA, USA). The following primary

antibodies were used for immunoblotting: mouse anti-GFP

antibody (1:5000; Santa Cruz Biotechnology, CA, USA), mouse

anti-HA-Tag antibody (1:4000; Abcam, MA, USA), mouse anti-

Myc-Tag antibody (1:2000; Cell Signaling, MA, USA), mouse

anti-hTBM antibody (1:1000; Abcam, MA, USA), and rabbit anti-

hCD46 antibody (1:1000; Abcam, MA, USA). The following

secondary antibodies were used for immunoblotting: horseradish

peroxidase (HRP)-conjugated goat anti-mouse IgG (1:10000;

AbFrontier, Seoul, Korea) and HRP-conjugated goat anti-rabbit

IgG (1:5000; AbFrontier, Seoul, Korea). After three washes with

TBST, chemiluminescent detection was performed using the

AbSignalTM Kit (AbClon, Seoul, Korea), followed by X-ray film

exposure.

Fluorescent Microscopy
Coverslips were incubated with 0.01% (w/v) poly-L-lysine

solution (Sigma, MO, USA) for 1 hour. After washing with 70%

ethanol, the coverslips were placed into the individual wells of a

six-well plate. Ten thousand transfected cells were seeded into

each well. After washing twice with 1X PBS, the cells were fixed

with 3.7% (w/v) paraformaldehyde at room temperature for 30

minutes. After washing with 1X PBS, the cells were incubated with

2 mg/ml of Hoechst 33342 at room temperature for 10 minutes to

stain the nuclei (DNA) of the cells. After three washes with 1X

PBS, GFP expression and Hoechst 33342 were examined using a

Zeiss LSM 410 confocal microscope (Carl Zeiss AG, Oberkochen,

Germany).

RNA Isolation and Semi-quantitative Reverse
Transcription Polymerase Chain Reaction

Total RNA was isolated from the transfected cells using the

RNeasyTM Mini Kit (Qiagen, CA, USA) according to the

manufacturer’s protocols. To remove the residual plasmid DNA,

1 mg of total RNA was incubated with 0.2 units of RQ1 RNase-

Free DNase (Promega, WI, USA) at 37uC for 30 minutes. After

the addition of 0.2 ml of RQ1 DNase Stop Solution, the samples

were incubated at 65uC for 10 minutes to inactivate the DNase.

After the removal of the residual plasmid DNA, the total RNA was

reverse transcribed into complementary DNA (cDNA) using

SuperScriptTM III Reverse Transcriptase (Invitrogen, CA, USA)

according to the manufacturer’s protocols. Next, 23 cycles of

polymerase chain reaction (PCR) were performed using a PCR

Thermal Cycler DiceTM (TAKARA, Shiga, Japan) and HiPi

Thermostable DNA Polymerase (Elpis Biotech, Daejeon, Korea)

with the EGFP or b-Actin primer pairs summarized in Table S1.

Table 2. The quantitative analysis of each gene by multi-cistronic vectors used in this study.

MFI (Mean±SE)

Promoter Gene combination Linker N EGFP (HA)HO1 hTBM hCD46

CMV EGFP–(HA)HO1 IRES 3 690.0695.7 31.966.7

(HA)HO1–EGFP IRES 3 21.163.9 95.5619.7

EGFP–(HA)HO1 T2A 8 755.6674.0 129.6611.4

(HA)HO1–EGFP T2A 7 306.3648.8 109.0613.3

hTBM–hCD46 T2A 7 584.5623.8 690.0624.8

hCD46–hTBM T2A 3 53.665.2 96.567.6

EGFP–hTBM T2A 4 752.66135.0 840.2673.0

hTBM–EGFP T2A 7 79.264.3 563.9611.2

hCD46–EGFP T2A 3 13.162.9 85.4612.8

EGFP–hCD46 T2A 4 742.16108.9 1201.4650.4

hTBM–(HA)HO1 T2A 4 69.8615.7 558.969.8

EGFP–(HA)HO1–hCD46 T2A 4 729.7663.9 125.8616.1 1128.1684.2

hTBM–(HA)HO1–hCD46 T2A 4 64.3614.7 516.5621.2 627.1625.7

doi:10.1371/journal.pone.0070486.t002
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The PCR products were electrophoresed on 1.5% (w/v) agarose

gels in 0.5X TBE buffer and visualized by UV transillumination.

Statistical Analysis
The SPSS version 18.0 (SPSS Inc., IL, USA) was used for

statistical analysis. Unpaired Student’s t-test was used to compare

results between groups. P-values less than 0.05 were considered

statistically significant (*, p,0.05; **, p,0.01; ***, p,0.001; ns,

not significant). Error bars represent standard error of the mean.

Results

IRES-dependent Downstream Genes are not Efficiently
Expressed

It has been well established that the IRES sequence does not

produce efficient gene expression in mammalian cells [8,9]. To

resolve this issue, we used the bi-cistronic IRES expression (IRES-

Ex) system shown in Figure 1A. We constructed two bi-cistronic

IRES-Ex vectors containing upstream and downstream combina-

tions of the EGFP and (HA)HO1 genes and introduced each

construct into porcine fibroblasts. Using flow cytometric analysis,

we found that the expression levels of the downstream EGFP and

(HA)HO1 genes were significantly reduced compared with those

of the upstream EGFP and (HA)HO1 genes (Figure 1B). The

expression levels of both genes were also confirmed by immuno-

blot analysis using the antibodies specific for each gene. Consistent

with the flow cytometric results, the expression of the downstream

EGFP and (HA)HO1 was barely detectable (Figure 1C).

The Position of the Target Gene within the T2A-Ex Vector
does not Affect its Expression Levels

A schematic diagram of the bi-cistronic T2A-Ex constructs is

presented in Figure 2A. To compare the expression levels of the

upstream genes with those of downstream genes, either HA- or

Myc-tagged EGFP ((HA)EGFP or (Myc)EGFP) were used. First,

we constructed two mono-cistronic vectors containing either the

(HA)EGFP or (Myc)EGFP sequences and confirmed similar levels

of EGFP expression by flow cytometry. Next, bi-cistronic vectors

containing (HA)EGFP-T2A-(Myc)EGFP or (Myc)EGFP-T2A-

(HA)EGFP sequences were generated. Flow cytometric analysis

using porcine fibroblasts transfected with each bi-cistronic vector

revealed that both constructs produced similar EGFP signals.

However, these signals were stronger than those of the mono-

cistronic vectors, suggesting that two copies of the EGFP gene in a

single transcript resulted in increased protein synthesis compared

to one copy (Figure 2B). The expression levels of both upstream

and downstream EGFP genes were further confirmed by

immunoblot analysis. The data showed that the expression levels

of the downstream EGFP were similar to those of the upstream

EGFP and the EGFP derived from mono-cistronic vector.

Tagging using different epitopes did not affect EGFP expression

levels (Figure 2C).

The Combination of Genes Targeted for Different
Subcellular Regions does not Influence the Protein
Expression Efficiency in the T2A-Ex System

To explore whether the targeting of genes to different

subcellular locations can influence the expression patterns of

multigene, we generated six bi-cistronic T2A-Ex vectors contain-

ing combinations of two intracellular proteins, EGFP and

(HA)HO1, and two trans-membrane proteins, hTBM and hCD46.

Immunostaining with an anti-HA antibody, followed by flow

cytometric analysis, showed that (HA)HO1 was expressed

relatively efficiently, regardless of its position within the bi-

cistronic T2A-Ex construct. The EGFP signals were rather

different according its sequence position. When the EGFP gene

was located within the downstream region, its expression levels

were quite reduced compared with those of the EGFP gene within

the upstream region (Figure 3A). However, compared with the bi-

cistronic IRES-Ex construct (Figure 1B and 1C), the bi-cistronic

T2A-Ex construct maintained significantly high expression of each

gene within the downstream position (EGFP, p = 0.022; (HA)HO1,

p = 0.009; data not shown). These results were confirmed by

immunoblot analysis. Both the EGFP and (HA)HO1 proteins were

clearly detectable, regardless of their position within the bi-

cistronic T2A-Ex construct, even though the signal of the

downstream EGFP was negligibly weaker than that of the

upstream EGFP. The molecular sizes of the upstream genes were

slightly larger due to the addition of a C-terminal T2A peptide,

indicating that furin-dependent cleavage did not occur in the

cytosol, although the protease target site was inserted upstream of

T2A peptide (Figure 3B).

The expression pattern of the two trans-membrane molecules,

hTBM and hCD46, were examined using the bi-cistronic T2A-Ex

constructs containing the hTBM-T2A-hCD46 or hCD46-T2A-

hTBM sequences, respectively. The porcine fibroblasts transfected

with the hTBM-T2A-hCD46 vector expressed both hTBM and

hCD46 proteins at the cell surface. However, in flow cytometric

analysis with the hCD46-T2A-hTBM-transfected cells, the protein

expression levels of both hCD46 and hTBM were extremely low

compared with hTBM-T2A-hCD46-transfected cells. Similar to

this, they were undetectable in western blotting (Figure 3C and

3D).

To evaluate the expression of the combined genes in the context

of different subcellular localization, bi-cistronic T2A-Ex constructs

containing either EGFP-T2A-hTBM or hTBM-T2A-EGFP se-

quences were generated. Flow cytometric analysis showed that

both EGFP and hTBM proteins were well expressed at their

differential subcellular locations. Interestingly, however, the

protein expression levels of both genes were quite different

between the groups (Figure 3E). Immunoblot analysis showed that

the upstream EGFP was present at an increased size due to the

addition of the T2A peptide. However, the upstream hTBM was

detected at its original size due to cleavage by furin, which is

present in the ER lumen (Figure 3F).

The Influence of Upstream Gene Expression on
Downstream Gene Expression in the T2A-Ex Constructs

In Figure 3A, reduced EGFP expression was observed when the

EGFP gene was located within the downstream region. The

expression of the EGFP protein was also decreased when the

EGFP gene was located within the downstream region of the

hTBM gene (Figure 3E). Moreover, in hCD46-T2A-hTBM-

transfected cells, negligible expression of hTBM protein was

observed, although when the hTBM gene was located in the

upstream position or in the mono-cistronic vector, it was highly

expressed (Figure 3C and data not shown). Interestingly, hCD46

was expressed efficiently by the T2A-Ex construct containing

hTBM-T2A-hCD46, whereas when the hCD46 gene was located

in the upstream position or in the mono-cistronic vector, it was not

efficiently expressed. In this study, we used a CMV promoter-

derived gene expression system. The other genes were expressed

efficiently by this promoter. However, the hCD46 gene was not

expressed efficiently. To determine the promoter dependency of

the hCD46 gene, we subcloned hCD46-T2A-hTBM sequences

into a chicken b-actin (CAG) promoter-containing vector. Because

the upstream hCD46 gene was expressed efficiently under the

T2A Expression System in Porcine Fibroblasts
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control of the CAG promoter, the downstream hTBM gene was

also expressed efficiently. The protein expression levels of both

genes were not different from hTBM-T2A-hCD46-transfected

group in CAG promoter-driven expression system (Figure 3C and

3D). These findings suggest that the expression efficiency of the

upstream genes may influence the expression efficiency of the

downstream genes.

To exclude the interference of different antibody binding

affinities, we generated a structural sequence of Gene A–T2A–

EGFP. After inserting the three different genes ((HA)HO1, hTBM,

and hCD46) into the Gene A position, each bi-cistronic vector was

introduced into porcine fibroblasts, and the mean fluorescent

intensity (MFI) of EGFP was measured by flow cytometry. The

EGFP expression levels decreased in order of combination with

(HA)HO1, hTBM, and hCD46 (Figure 4A). The EGFP signals

from each construct observed by fluorescence microscopy were

correlated with the flow cytometry results (Figure 4B). To identify

whether different protein expression levels of the downstream

EGFP gene were correlated with the mRNA expression levels, we

assessed the mRNA levels using reverse transcription polymerase

chain reaction (RT-PCR) for EGFP because all of the constructs

contained EGFP sequences at the same position. The data showed

that different amounts of the mRNA existed in each group and

that the mRNA levels were significantly correlated with the

protein levels (Figure 4C). The different mRNA levels might be

due to the transcriptional efficiency of each construct or the

stability of the transcripts.

To determine whether the expression levels of the downstream

genes were influenced by those of upstream genes in the context of

subcellular localization, EGFP and hTMB were selected as

upstream genes because EGFP expressed much more efficiently

than hTBM in our system. (HA)HO1 and hCD46 were used as the

downstream genes. The expression levels of EGFP and hTBM

were consistent and not influenced by the downstream genes.

However, (HA)HO1 and hCD46 were expressed much more

efficiently when EGFP was positioned within the upstream region

compared with hTMB (Figure 5A and 5B). To investigate if

expression efficiency of the first gene influences downstream gene

Figure 1. The expression levels of downstream genes are extremely low in the bi-cistronic IRES-Ex constructs. A: Schematic diagram of
the bi-cistronic IRES-Ex vector. B: Porcine fibroblasts were transfected with the vector containing the EGFP-IRES-(HA)HO1 or (HA)HO1-IRES-EGFP
sequences. The cells were analyzed using flow cytometry at 24 h after transfection. For (HA)HO1 detection, the cells were incubated with the mouse
anti-HA Ab, followed by the APC-conjugated goat anti-mouse IgG Ab, according to the intracellular staining protocol. Mock transfected cells were
used as control (filled line). Summarized bar graphs show means 6 SE of three independent replications. C: The cell lysates were subjected to
immunoblotting with either the mouse anti-GFP or mouse anti-HA Abs, followed by HRP-conjugated goat anti-mouse IgG. These results are
representative of three independent experiments.
doi:10.1371/journal.pone.0070486.g001

T2A Expression System in Porcine Fibroblasts
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expression in triple gene construct, we developed tri-cistronic

T2A-Ex system with combination of EGFP-T2A-(HA)HO1-T2A-

hCD46 or hTBM-T2A-(HA)HO1-T2A-hCD46. Flow cytometric

analysis and western blotting data showed that expression levels of

hCD46 in the third position were also related to the expression

efficiency of the first gene (EGFP or hTBM). Furthermore, the

expression levels of hCD46 in the third position were quite similar

to those of hCD46 in second position of bi-cistronic construct

(Figure 5A and 5B).

These results indicate that the expression level of downstream

genes appears to be dependent on the transcriptional efficiency of

upstream genes in the T2A-Ex constructs, regardless of their

targeted subcellular localization.

Multigene Expression Driven by a Single Promoter can be
Regulated by RNA Interference of One Gene Member

Small RNAs can bind to specific regions of gene transcripts with

which they share significant homology, resulting in the degrada-

tion or translational disruption of the transcripts, a phenomenon

called RNA interference [24,25]. Because the poly-cistronic T2A-

Ex construct produces a single transcript containing multiple

genes, a microRNA (miRNA) targeting one gene within the

transcript would simultaneously downregulate the expression of

the other genes.

To examine the effects of RNA interference on the bi-cistronic

T2A-Ex constructs, we introduced each bi-cistronic vector

(EGFP–T2A–hTBM or hTBM–T2A–EGFP) into porcine fibro-

blasts simultaneously with EGFP-targeted siRNA (siGFP). Flow

cytometric analysis showed that the EGFP signals from both

constructs were significantly decreased by siGFP, indicating that

the siRNA efficiently downregulated the expression of the target

gene. The expression levels of either the upstream- or down-

stream-positioned hTBM gene were also decreased (Figure 6A).

Western blotting with specific antibodies confirmed that the

expression of both proteins was markedly decreased (Figure 6B). In

addition, we assessed the mRNA levels of EGPF using RT-PCR

and found that both transcripts were significantly reduced by

siGFP (Figure 6C). These results demonstrate that an siRNA

Figure 2. The expression levels of downstream genes are approximately equivalent to those of upstream genes. A: Schematic
diagram of bi-cistronic T2A-Ex. B: Porcine fibroblasts were transfected with vector containing a single gene, (HA)EGFP or (Myc)EGFP, or vector
containing a combination of genes, (HA)EGFP-T2A-(Myc)EGFP or (Myc)EGFP-T2A-(HA)EGFP. At 24 h after transfection, the EGFP signals were analyzed
by flow cytometry. Mock transfected cells were used as control (filled line). Summarized bar graphs show means 6 SE of three independent
replications. C: The cell lysates were examined by immunoblot analysis with the mouse anti-HA or mouse anti-Myc Abs, followed by the HRP-
conjugated goat anti-mouse IgG. Two micrograms of each plasmid were used in this figure. These results are representative of three independent
experiments.
doi:10.1371/journal.pone.0070486.g002
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targeting a single gene within the multigene transcript can also

affect the expression of the other genes.

Discussion

The crossing of different transgenic pigs has long been

considered the simplest approach to generate multiple transgenic

pigs. Recently, however, a viral gene expression system using a 2A

peptide sequence has highlighted a novel, practical method to

establish multiple transgenic animals. In the context of poly-

cistronic expression systems, 2A peptides have been successfully

applied in several research fields, including the generation of

induced pluripotent stem (iPS) cells from somatic cells [26–28], the

generation of therapeutic antibody-producing cells [29], and the

correction of multigene deficiencies [17]. In addition, generations

of multiple transgenic animals using 2A peptides have been

previously reported [30–33]. However, nobody tried to investigate

expression efficiency of the each gene in multi-gene expression

system depending on the position.

In terms of generating multiple transgenic pigs, double-

transgenic pigs produced by the crossing of hDAF x hCD59

transgenic lines produced heterogeneous gene expression [34]. In

triple-transgenic pigs produced by the serial integration of each

gene, the expression levels of the transgenes were significantly

variable between different tissues, and furthermore, some were not

detectably expressed in certain tissues [4]. These observations

might be attributed to the different integration loci of each

transgene or differences in the promoter control of the genes. The

2A peptide-dependent gene expression system represents a viable

Figure 3. Both genes in the bi-cistronic T2A-Ex constructs are localized efficiently to their subcellular location. A–B: The bi-cistronic
T2A-Ex vector containing the EGFP-T2A-(HA)HO1 or (HA)HO1-T2A-EGFP sequences was introduced into porcine fibroblasts, and the expression
patterns of each gene were analyzed by flow cytometry (A) and western blotting (B) with the indicated antibodies. Mock transfected cells were used
as control (filled line). Summarized bar graphs show means 6 SE of four independent replications. C: Porcine fibroblasts transfected with CMV-
(upper panel) or CAG-based (lower panel) bi-cistronic T2A-Ex vector containing the hTBM-T2A-hCD46 or hCD46-T2A-hTBM sequences. The cell
surface expression of hTBM or hCD46 was analyzed by flow cytometry using the APC-conjugated mouse anti-hTBM or APC-conjugated mouse anti-
hCD46 antibodies, respectively. Mock transfected cells were used as control (filled line). Summarized bar graphs show means 6 SE of three
independent replications. D: The cell lysates were subjected to immunoblotting with the mouse anti-hTBM and rabbit anti-hCD46 antibodies,
followed by the HRP-conjugated goat anti-mouse IgG or HRP-conjugated goat anti-rabbit IgG, respectively. E–F: The expression patterns of target
genes in the porcine fibroblasts transfected with the bi-cistronic T2A-Ex vector containing the EGFP-T2A-hTBM or hTBM-T2A-EGFP sequences were
analyzed by flow cytometry (E) and western blotting (F) with the indicated antibodies. Mock transfected cells were used as control (filled line).
Summarized bar graphs show means 6 SE of four independent replications. These results are representative of more than three independent
experiments.
doi:10.1371/journal.pone.0070486.g003
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alternative to solve this problem. 2A peptide-based multiple

transgenic pigs have previously exhibited optimal co-expression of

four fluorescent proteins in various tissues [33], indicating that

poly-cistronic T2A-Ex system represents an attractive tool for the

generation of multiple transgenic pigs, even though the tissue-

dependent regulation of promoter activity still must be resolved to

ensure that the transgenes are homogenously expressed.

Several reports have suggested that the expression of multiple

genes coupled with a 2A peptide is more efficient than IRES-based

expression system [31,35]. Fisicaro et al. reported that a 2A

peptide-based tetra-cistronic plasmid did not exhibit any decreased

expression of the target genes compared with bi- or tri-cistronic

plasmids, at least in vitro [36]. In our experiments using EGFP

with different epitope-tagging (HA or Myc), we also identified that

the expression levels of the downstream gene were similar to that

of upstream gene in the T2A-Ex constructs. However, to be a

prospective tool for establishing multiple transgenic animals, the

expression patterns of target genes exhibiting different behaviors,

including subcellular localization, together with the positional

effect of the genes and promoter usage, should be evaluated using

the T2A-Ex vector.

Our study using several T2A-Ex constructs revealed that the

downstream gene expression likely depends on the expression

efficiency of the upstream gene. As demonstrated in our

experiment using the Gene A–T2A–EGFP constructs, the protein

amount of each downstream EGFP gene was measured by MFI,

and it correlated with the expression level of the upstream genes.

Because the MFI of the downstream EGFP was significantly

correlated with its mRNA expression level, which reflected the

relative expression level of the upstream gene, the expression levels

of downstream gene appeared to be dependent on the transcrip-

tional efficiency of upstream gene. We next confirmed the

influence of the expression efficiency of the upstream gene on

the expression efficiency of the downstream gene. The down-

stream-positioned (HA)HO1 and hCD46 genes were expressed in

an upstream gene-dependent manner. Because EGFP was highly

expressed compared with hTBM, downstream (HA)HO1 and

hCD46 combined with upstream EGFP were also highly expressed

compared with the hTBM combination. When the hCD46 gene

was positioned upstream of the T2A-Ex construct, the protein

expression was barely detected, similar to the expression exhibited

by the mono-cistronic vector containing hCD46 alone. Interest-

ingly, the expression of the downstream EGFP and hTBM

combined with hCD46 was dramatically decreased. Next, we

exchanged the CMV promoter with the CAG promoter to

evaluate the extent of promoter dependency on hCD46 expres-

sion. The CAG promoter was sufficient to induce hCD46

Figure 4. The downstream gene expression levels are correlated with the transcriptional efficiency of the upstream gene. A: Porcine
fibroblasts were transfected with each indicated vector, and the mean fluorescent intensity (MFI) of EGFP was analyzed by flow cytometry.
Summarized bar graphs show means 6 SE of three independent replications. B: The expression levels and the subcellular localization of EGFP were
analyzed using a fluorescent microscope. Hoechst 33342 was used for nuclear staining (original magnification X200). C: After the removal of the
residual plasmid DNA with DNase treatment, the RNA extracts were subjected to RT-PCR for EGFP. These results are representative of three
independent experiments.
doi:10.1371/journal.pone.0070486.g004
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expression, and the expression of the upstream hCD46 was

accompanied by the expression of the downstream hTBM.

Because proteins targeted for different subcellular compart-

ments can be synthesized by different machinery, the differential

subcellular targeting might influence the expression of the multiple

genes expressed from the same T2A-Ex construct. However, our

experiment with the combination of cytosolic EGFP and plasma

membrane-targeted hTBM indicated that the two genes were

efficiently expressed, regardless of targeted localization. Rather,

their expression was affected by the transcriptional efficiency of the

upstream gene. Moreover, especially in flow cytometric analysis,

the range of difference for EGFP was more extensive than that for

hTBM between the groups and it suggests that the degree of

antibody binding affinity may attenuate the range of difference

between the groups. Accordingly, the fluorescence intensity of

EGFP appears to be able to distinguish the change of protein

expression levels exquisitely. For this reason, EGFP was used as a

downstream gene for comparing the expression efficiency of

upstream genes effectively regardless of interference of different

antibody binding affinities. Alternatively, immunoblot analyses

performed in parallel with flow cytometric analysis precisely reflect

the expression change of EGFP and hTBM depending on the

position of the genes in T2A-Ex system.

Recently, Kim et al. evaluated the cleavage efficiency of four

different 2A peptides and showed that the subcellular localization

of the protein was influenced by cleavage efficiency [16]. In our

study, we detected small amounts of uncleaved peptide when the

EGFP gene was positioned within the upstream region. Never-

theless, the uncleaved form was not detected when the gene

encoding the transmembrane protein was located within down-

stream region (Figure 2C, 3B, 3F, and 5B). These data suggested

that the minimal uncleaved form might be cleared by the furin

cleavage system within the ER [37] or by signal peptide cleavage

of the type I transmembrane protein [38]. Consistent with this

notion, flow cytometric analysis showed that the transmembrane

proteins were efficiently expressed on the cell surface in all cases.

In addition, fluorescent microscopy also showed that EGFP

positioned either upstream or downstream of the T2A peptide was

expressed efficiently in the cytosol, regardless of the targeted

localization of the other genes. Consistent with our results,

Figure 5. The expression levels of each gene are not related with differences in subcellular localization. A–B: The bi- and tri-cistronic
T2A-Ex vectors containing the indicated gene combinations were introduced into porcine fibroblasts. The expression levels of each gene were
analyzed by flow cytometry (A) and western blotting (B) with the indicated antibodies. Summarized bar graphs show means 6 SE of four
independent replications. These results are representative of four independent experiments.
doi:10.1371/journal.pone.0070486.g005
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previous studies have shown that an uncleaved form was readily

observed using the same EGFP-containing constructs [15,39,40].

This result might be attributed to the expression of a large number

of mRNA when the EGFP gene is positioned within the upstream

region. To clarify this issue, however, diverse gene combinations

must be evaluated in various cell types.

RNA interference represents a useful mechanism that produces

various cellular phenotypes with limited gene numbers by

targeting specific genes to inhibit their expression in cellular- or

tissue-specific contexts. Using in situ miRNA regulation, Brown

et al. [41] induced the systemic transduction of lentiviral vectors

encoding for transgenes with target sequences of endogenous

miRNAs and demonstrated the possibility of using miRNAs in

segregating transgene expression between different tissues. En-

dogenous miRNAs commonly recognize the seed region of 39-

untranslated regions (39-UTRs) of mRNAs [42]. In a recent study,

however, Tay et al. [43] demonstrated that endogenous miRNAs

can also react with the coding regions of target genes. To examine

the effects of endogenously occurring miRNAs on the T2A-Ex

constructs, we used siRNAs that targeted the coding sequence of

one transgene. The siRNA significantly downregulated the

expression of both the specific target gene and the other gene in

the T2A-Ex construct, regardless of their position within the

vector. Because both genes are transcribed as one mRNA

transcript driven by a single promoter, the overall expression of

the genes contained within the T2A-Ex construct was expected to

be regulated by the single gene-targeted siRNA. Therefore, RNA

interference should be considered another factor for transgene

selection in a poly-cistronic expression system, such as T2A-Ex

system.

In this study, we tested several combinations of genes in the bi-

cistronic T2A-Ex vector in porcine fibroblasts and demonstrated

that T2A-Ex is a useful system for efficiently expressing multiple

target genes, which likely depends on the adequate expression level

of the upstream gene. We also found that the target genes were

expressed efficiently, even if they were targeted to different

subcellular regions. Therefore, the T2A-Ex system is a promising

tool for generating transgenic pigs that express multiple target

genes for xenotransplantation.

Figure 6. The siRNA targeting of one gene can downregulate both genes in bi-cistronic T2A-Ex constructs. A: Porcine fibroblasts were
cotransfected with the bi-cistronic vector containing EGFP-T2A-hTBM or hTBM-T2A-EGFP and siRNA targeting EGFP sequence. The expression levels
of each gene were analyzed by flow cytometry at 24 h after cotransfection. Summarized bar graphs show means 6 SE of three independent
replications. B: The cell lysates were subjected to western blotting. C: After DNase treatment for the removal of residual plasmid DNA, the RNA
extracts were subjected to RT-PCR analysis for EGFP. NTC, non-treated cells; siLuc, control siRNA-treated cells; siGFP, target siRNA-treated cells. Two
micrograms of each plasmid were used in this figure. These results are representative of three independent experiments.
doi:10.1371/journal.pone.0070486.g006

T2A Expression System in Porcine Fibroblasts

PLOS ONE | www.plosone.org 10 July 2013 | Volume 8 | Issue 7 | e70486



Supporting Information

Table S1 The primer sets used for plasmid construc-
tion and RT-PCR.
(DOCX)

Acknowledgments

We thank Dr. Shuji Miyagawa for excellent scientific advice. We also thank

Bo Mi Ham for excellent administrative supports.

Author Contributions

Conceived and designed the experiments: SH BC KHO BCL JIH CA.

Performed the experiments: SH BC DJY HK EML SHL SJP HCP.

Analyzed the data: SH BC DJY HK EML SHL SJP HCP OJK JY KHO

BCL JIH CA. Contributed reagents/materials/analysis tools: SH BC DJH

HK EML SHL SJP HCP. Wrote the paper: SH OJK JY JIH CA.

References

1. Yang YG, Sykes M (2007) Xenotransplantation: current status and a perspective
on the future. Nat Rev Immunol 7: 519–531.

2. Lin CC, Ezzelarab M, Shapiro R, Ekser B, Long C, et al. (2010) Recipient tissue
factor expression is associated with consumptive coagulopathy in pig-to-primate

kidney xenotransplantation. Am J Transplant 10: 1556–1568.

3. Le Bas-Bernardet S, Tillou X, Poirier N, Dilek N, Chatelais M, et al. (2011)
Xenotransplantation of galactosyl-transferase knockout, CD55, CD59, CD39,

and fucosyl-transferase transgenic pig kidneys into baboons. Transplant Proc 43:
3426–3430.

4. Zhou CY, McInnes E, Copeman L, Langford G, Parsons N, et al. (2005)
Transgenic pigs expressing human CD59, in combination with human

membrane cofactor protein and human decay-accelerating factor. Xenotrans-

plantation 12: 142–148.
5. Cowan PJ, Aminian A, Barlow H, Brown AA, Chen CG, et al. (2000) Renal

xenografts from triple-transgenic pigs are not hyperacutely rejected but cause
coagulopathy in non-immunosuppressed baboons. Transplantation 69: 2504–

2515.

6. Webster NL, Forni M, Bacci ML, Giovannoni R, Razzini R, et al. (2005) Multi-
transgenic pigs expressing three fluorescent proteins produced with high

efficiency by sperm mediated gene transfer. Mol Reprod Dev 72: 68–76.
7. Hellen CU, Sarnow P (2001) Internal ribosome entry sites in eukaryotic mRNA

molecules. Genes Dev 15: 1593–1612.
8. Mizuguchi H, Xu Z, Ishii-Watabe A, Uchida E, Hayakawa T (2000) IRES-

dependent second gene expression is significantly lower than cap-dependent first

gene expression in a bicistronic vector. Mol Ther 1: 376–382.
9. Zhou Y, Aran J, Gottesman MM, Pastan I (1998) Co-expression of human

adenosine deaminase and multidrug resistance using a bicistronic retroviral
vector. Hum Gene Ther 9: 287–293.

10. Borman AM, Le Mercier P, Girard M, Kean KM (1997) Comparison of

picornaviral IRES-driven internal initiation of translation in cultured cells of
different origins. Nucleic Acids Res 25: 925–932.

11. Roberts LO, Seamons RA, Belsham GJ (1998) Recognition of picornavirus
internal ribosome entry sites within cells; influence of cellular and viral proteins.

RNA 4: 520–529.
12. de Felipe P (2002) Polycistronic viral vectors. Curr Gene Ther 2: 355–378.

13. Licursi M, Christian SL, Pongnopparat T, Hirasawa K (2011) In vitro and

in vivo comparison of viral and cellular internal ribosome entry sites for
bicistronic vector expression. Gene Ther 18: 631–636.

14. Doronina VA, Wu C, de Felipe P, Sachs MS, Ryan MD, et al. (2008) Site-
specific release of nascent chains from ribosomes at a sense codon. Mol Cell Biol

28: 4227–4239.

15. Donnelly ML, Hughes LE, Luke G, Mendoza H, ten Dam E, et al. (2001) The
’cleavage’ activities of foot-and-mouth disease virus 2A site-directed mutants and

naturally occurring ’2A-like’ sequences. J Gen Virol 82: 1027–1041.
16. Kim JH, Lee SR, Li LH, Park HJ, Park JH, et al. (2011) High cleavage efficiency

of a 2A peptide derived from porcine teschovirus-1 in human cell lines, zebrafish

and mice. PLoS One 6: e18556.
17. Szymczak AL, Workman CJ, Wang Y, Vignali KM, Dilioglou S, et al. (2004)

Correction of multi-gene deficiency in vivo using a single ’self-cleaving’ 2A
peptide-based retroviral vector. Nat Biotechnol 22: 589–594.

18. Osborn MJ, Panoskaltsis-Mortari A, McElmurry RT, Bell SK, Vignali DA, et al.
(2005) A picornaviral 2A-like sequence-based tricistronic vector allowing for

high-level therapeutic gene expression coupled to a dual-reporter system. Mol

Ther 12: 569–574.
19. Hu T, Fu Q, Chen P, Zhang K, Guo D (2009) Generation of a stable

mammalian cell line for simultaneous expression of multiple genes by using 2A
peptide-based lentiviral vector. Biotechnol Lett 31: 353–359.

20. Lengler J, Holzmuller H, Salmons B, Gunzburg WH, Renner M (2005) FMDV-

2A sequence and protein arrangement contribute to functionality of CYP2B1-
reporter fusion protein. Anal Biochem 343: 116–124.

21. Funston GM, Kallioinen SE, de Felipe P, Ryan MD, Iggo RD (2008) Expression
of heterologous genes in oncolytic adenoviruses using picornaviral 2A sequences

that trigger ribosome skipping. J Gen Virol 89: 389–396.

22. Rothwell DG, Crossley R, Bridgeman JS, Sheard V, Zhang Y, et al. (2010)
Functional expression of secreted proteins from a bicistronic retroviral cassette

based on foot-and-mouth disease virus 2A can be position dependent. Hum

Gene Ther 21: 1631–1637.

23. Yeom HJ, Koo OJ, Yang J, Cho B, Hwang JI, et al. (2012) Generation and
characterization of human heme oxygenase-1 transgenic pigs. PLoS One 7:

e46646.

24. He L, Hannon GJ (2004) MicroRNAs: small RNAs with a big role in gene

regulation. Nat Rev Genet 5: 522–531.

25. Pillai RS, Bhattacharyya SN, Filipowicz W (2007) Repression of protein
synthesis by miRNAs: how many mechanisms? Trends Cell Biol 17: 118–126.

26. Carey BW, Markoulaki S, Hanna J, Saha K, Gao Q, et al. (2009)

Reprogramming of murine and human somatic cells using a single polycistronic

vector. Proc Natl Acad Sci U S A 106: 157–162.

27. Chang CW, Lai YS, Pawlik KM, Liu K, Sun CW, et al. (2009) Polycistronic
lentiviral vector for "hit and run" reprogramming of adult skin fibroblasts to

induced pluripotent stem cells. Stem Cells 27: 1042–1049.

28. Kaji K, Norrby K, Paca A, Mileikovsky M, Mohseni P, et al. (2009) Virus-free

induction of pluripotency and subsequent excision of reprogramming factors.
Nature 458: 771–775.

29. Fang J, Qian JJ, Yi S, Harding TC, Tu GH, et al. (2005) Stable antibody

expression at therapeutic levels using the 2A peptide. Nat Biotechnol 23: 584–
590.

30. Trichas G, Begbie J, Srinivas S (2008) Use of the viral 2A peptide for bicistronic
expression in transgenic mice. BMC Biol 6: 40.

31. Chan HY, V S, Xing X, Kraus P, Yap SP, et al. (2011) Comparison of IRES and

F2A-based locus-specific multicistronic expression in stable mouse lines. PLoS
One 6: e28885.

32. Yang D, Wang CE, Zhao B, Li W, Ouyang Z, et al. (2010) Expression of
Huntington’s disease protein results in apoptotic neurons in the brains of cloned

transgenic pigs. Hum Mol Genet 19: 3983–3994.

33. Deng W, Yang D, Zhao B, Ouyang Z, Song J, et al. (2011) Use of the 2A peptide
for generation of multi-transgenic pigs through a single round of nuclear

transfer. PLoS One 6: e19986.

34. Kues WA, Schwinzer R, Wirth D, Verhoeyen E, Lemme E, et al. (2006)

Epigenetic silencing and tissue independent expression of a novel tetracycline
inducible system in double-transgenic pigs. FASEB J 20: 1200–1202.

35. Hasegawa K, Cowan AB, Nakatsuji N, Suemori H (2007) Efficient multicistronic

expression of a transgene in human embryonic stem cells. Stem Cells 25: 1707–

1712.

36. Fisicaro N, Londrigan SL, Brady JL, Salvaris E, Nottle MB, et al. (2011)
Versatile co-expression of graft-protective proteins using 2A-linked cassettes.

Xenotransplantation 18: 121–130.

37. Nakayama K (1997) Furin: a mammalian subtilisin/Kex2p-like endoprotease

involved in processing of a wide variety of precursor proteins. Biochem J 327 (Pt
3): 625–635.

38. Martoglio B, Dobberstein B (1998) Signal sequences: more than just greasy

peptides. Trends Cell Biol 8: 410–415.

39. de Felipe P, Ryan MD (2004) Targeting of proteins derived from self-processing

polyproteins containing multiple signal sequences. Traffic 5: 616–626.

40. Donnelly ML, Luke G, Mehrotra A, Li X, Hughes LE, et al. (2001) Analysis of
the aphthovirus 2A/2B polyprotein ’cleavage’ mechanism indicates not a

proteolytic reaction, but a novel translational effect: a putative ribosomal ’skip’.
J Gen Virol 82: 1013–1025.

41. Brown BD, Venneri MA, Zingale A, Sergi Sergi L, Naldini L (2006) Endogenous
microRNA regulation suppresses transgene expression in hematopoietic lineages

and enables stable gene transfer. Nat Med 12: 585–591.

42. Bartel DP (2009) MicroRNAs: target recognition and regulatory functions. Cell
136: 215–233.

43. Tay Y, Zhang J, Thomson AM, Lim B, Rigoutsos I (2008) MicroRNAs to
Nanog, Oct4 and Sox2 coding regions modulate embryonic stem cell

differentiation. Nature 455: 1124–1128.

T2A Expression System in Porcine Fibroblasts

PLOS ONE | www.plosone.org 11 July 2013 | Volume 8 | Issue 7 | e70486


