
Introduction

Organ transplantation is severely limited by the

shortage of suitable human donors. One solution

to this problem might be the use of organs taken

from an appropriate animal donor (xeno-

transplantation). Several animal species have been

evaluated for their suitability as organ donors.

Non-human primates are the closest immunologi-

cally to humans, but for both medical and ethical

reasons, the use of organs from these animals is

undesirable. Currently, pigs are considered to be

the most suitable donor animals for xeno-

transplantation. Pigs breed well, are commercially

available, and have both physiology and sizes of

organs similar to humans (Sachs 1994).

However, xenotransplants between phylogen-

etically distant species, such as humans and pigs,

result in a hyperacute vascular rejection of the do-

nor organ (Calne 1970). This reaction is initiated

by the interaction between the recipient’s natural

anti-pig antibodies and carbohydrate epitopes ex-

pressed by endothelial cells of the donor organ.

This results in the activation of the complement

pathway, which ultimately induces graft failure.

A substantial fraction of human natural antibodies

are directed against a single determinant, the termi-

nal disaccharide structure, galactose-�-1,3-galactose

(the �-Gal epitope), present on the surface of pig

vascular endothelium (Cooper et al. 1993). The at-

tachment of the �-Gal epitope is catalysed by

�-1,3-galactosyltransferase 1 (GGTA1), which is ex-

pressed in many species but not in humans, Old

World monkeys and apes (Galili et al. 1998).

Suppression of the �-1,3-galactosylation of the

donor organ has been considered as a strategy to

overcome hyperacute rejection. Genes and cDNA

encoding GGTA1 have been cloned in several spe-

cies (Joziasse et al. 1989; Larsen et al. 1989;

Joziasse et al. 1992; Sandrin et al. 1994). Recently,

efforts have been directed at inactivating the por-

cine GGTA1 gene (Dai et al. 2002; Lai et al. 2002;
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Phelps et al. 2003), as organs or cells from these

knock-out pigs are likely to display increased re-

sistance to hyperacute rejection.

So far, very little information is known about

the genetic variability of GGTA1 among porcine

breeds. Oriol and coworkers examined the expres-

sion of the �-Gal epitope in 137 pigs from 23

breeds and did not find any differences (Oriol et al.

1994). However, as that study could not distin-

guish between homozygous and heterozygous ani-

mals, it is still possible that some animals may

carry a naturally inactive copy of GGTA1. In order

to verify this, we decided to study the genetic di-

versity of GGTA1 in various porcine breeds.

The results of this analysis could ultimately have

implications on xenotransplantation initiatives,

as it might open a possibility to produce homozy-

gous pigs without GGTA1 activity, by normal

breeding.

Materials and methods

Variation in porcine GGTA1 was investigated in 8

breed-specific DNA pools from commercial pop-

ulations representing Berkshire, Duroc, Hamp-

shire, Landrace, Large White, Meishan, Piétrain

and White Duroc breeds. Each DNA pool was

made by pooling equal amounts of DNA from

10 animals. DNA was extracted from tissue by us-

ing the Qiagen DNeasy 96 plate kit (Qiagen,

Crawley, UK).

Thirteen polymerase chain reaction (PCR)

primer pairs covering the entire coding region (in-

cluding intron/exon boundaries) were designed by

using Primer3 software (www.genome.wi.mit.

edu/cgi-bin/primer/primer3_www.cgi) and pub-

lished porcine coding sequences (Koike et al.

2000; Mercier et al. 2002). The sequences of the

primers are listed in Table 1.

Primers were synthesized by Operon (Cologne,

Germany) and were used to amplify the

8 breed-specific DNA pools. The PCR reactions

were performed in 10-�L reaction mixtures con-

taining 10 ng of genomic DNA, standard PCR

buffer, 1.5 mM MgCl2, 250 �M each dNTP,

100 nmol of each primer, and 0.5 U of AmpliTaq

DNA polymerase (Applied Biosystems,

Warrington, UK). The following cycling protocol

was used: 94oC for 12 min, followed by 30 cycles

of 94oC for 30 s, 65oC for 30 s and 72oC for 30 s,

and a final extension step at 72oC for 5 min. PCR

products were purified by using the Qiaquick PCR

purification kit (Qiagen). Sequencing was per-

formed in 10-�L reaction mixtures containing

1 �L PCR products, 5 nmol of sequencing primer,

0.5 �L of BigDye sequencing mix (Applied

Biosystems) and 3 �L of dilution buffer (250 mM

TrisHCl pH 9, 10 mM MgCl2). Cycling conditions

were: 25 cycles of 96oC for 10 s, 55oC for 5 s and

60oC for 4 min. Sequencing reactions were

cleaned by ethanol precipitation and analysed on

an ABI 3100 DNA Analyzer (Applied

Biosystems). Polymorphisms were identified after
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Table 1. Details on the PCR primers used for the screening of polymorphisms in porcine GGTA1

Primer name DNA sequencea Genic regionb Forward primer
sequence positionc

Reverse primer
sequence positionc

Amplicon size
(bp)

AD1.1 AF415201 exon 1 536–558 1054–1069 534

AD1.2 AF415201 exon 1 953–970 1458–1475 523

AD2 AF221511 exon 2A 404–424 889–905 501

AD3 AF221511 exon 2 693–713 1175–1194 502

AD4 AF221512 exon 4 76–95 654–673 598

AD5 AF221513 exon 5 249–269 730–750 502

AD6 AF221514 exon 6 151–169 631–651 501

AD7 AF221515 exon 7 59–78 545–565 507

AD8 AF221516 exon 8 12–31 589–608 597

AD9.1 AF221517 exon 9 188–207 885–904 717

AD9.2 AF221517 exon 9 828–847 1567–15586 759

AD9.3 AF221517 exon 9 1508–1526 2228–2252 744

AD9.4 AF221517 exon 9 2141–2163 2919–2940 800

aGenBank accession number of the GGTA1 sequence used for primer design; bAs described by Koike et al. (2000); c Numbers refer to position in

the reference sequence



manually editing the sequences. We evaluated

the potential effect of the discovered

polymorphisms with the following in silico tools:

TFSearch (http://www.cbrc.jp/research/db/

TFSEARCH.html), ESE finder (http://rulai.

cshl.edu/tools/ESE), RESCUE- ESE (http://genes.

Mit.edu/acescan2/index.html), and UTRscan (http://

www.ba.itb.cnr.it/ BIG/ UTRScan/).

Results

We identified 17 single nucleotide polymor-

phisms (SNPs) (Table 2). Eleven SNPs were

found in the intronic sequences flanking exons 2A,

2, 4, 5, 6, 7 and 8. Six additional SNPs were de-

tected in the 3’ untranslated region, of exon 9.

The distribution of the polymorphisms differs be-

tween breeds, e.g. between Duroc and White

Duroc animals.

Because a combination of alternative promoter

usage and alternative splicing produces a series of

GGTA1 transcripts that differ in their 5’ portion

(Vanhove et al. 1997; Katayama et al. 1998; Koike

et al. 2000; Mercier et al. 2002), we investigated

the possible effects of these 17 SNPs on the

transcriptional regulation and pre-mRNA splicing

of GGTA1. We found that SNP1, SNP5, SNP6 and

SNP7 affect potential transcription factor binding

sites in introns 2, 4 and 5 (Table 3).

We also investigated whether the intronic

SNPs create or abolish intronic splicing enhancers

(ISEs). Two SNPs (SNP2 and SNP3) potentially

modifying ISEs in intron 2 were found (Table 3).

We then analysed the 6 SNPs located in the

3’-UTR but these SNPs did not alter any func-

tional elements. In addition, no SNPs modifying

exonic splicing enhancers (ESEs) were identified;

however, we found 2 SNPs (SNP12 and SNP13)

that potentially alter exonic splicing silencers

(ESSs) (Table 3).
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Table 2. Nucleotide polymorphisms within porcine GGTA1

Polymor-
phism

Nucleotide position
(reference sequence)

Genic regiona Reference
nucleotideb

Breed distributionc

BK DU HP LR LW MS PI WD

SNP1 782 (AF221511) intron 2 A A A A A A A/G A/G A

SNP2 799 (AF221511) intron 2 T T T T T T C/T T T

SNP3 1006 (AF221511) intron 2 C C C C C C C/T T C

SNP4 1012 (AF221511) intron 2 C C C C C C C/T C C

SNP5 278 (AF221513) intron 4 G G G A/G A/G G G A/G A/G

SNP6 500 (AF221513) intron 5 A A/G A A/G A A/G A A/G A/G

SNP7 571 (AF221513) intron 5 G A A A A A A/G A A

SNP8 272 (AF221514) intron 5 C C C C C A/C C A/C A/C

SNP9 508 (AF221514) intron 6 T T T T T T A/T T T

SNP10 320 (AF221515) intron 6 G G G G G G A/G G G

SNP11 158 (AF221516) intron 7 G G G G T G G G G

SNP12 1171 (AF221517) exon 9 G A A A A G A/G A/G A/G

SNP13 1368 (AF221517) exon 9 T T T T T C T C/T C/T

SNP14 1691 (AF221517) exon 9 T T T T T C/T T C/T C/T

SNP15 1873 (AF221517) exon 9 C T T T T C/T T C/T C/T

SNP16 2141 (AF221517) exon 9 C C C C C C/T C/T C/T C/T

SNP17 2768 (AF221517) exon 9 A T T T A/T A/T n.d A/T A/T

aAs described by Koike et al. (2000); bNucleotide found in the reference sequence; cBK = Berkshire, DU = Duroc, HP = Hampshire, LR = Land-

race, LW = Large White, MS = Meishan, PI = Piétrain, WD = White Duroc; n.d. = not determined

Table 3. Details of SNPs potentially affecting GGTA1

transcriptional regulation or mRNA splicing

Polymor-
phism

Functional
effect

Reference
allelea

Variant allelea

SNP1 transcription A: GATA-box G: no TFBS

SNP5 transcription G: C/EBPB A: CdxA

SNP6 transcription A: no TFBS G: GATA-box

SNP7 transcription G: CREB A: no TFBS

SNP2 splicing T: ISE C: no ISE

SNP3 splicing C: no ISE T: ISE

SNP12 splicing G: no ESS A: ESS

SNP13 splicing T: ESS C: no ESS

a ESS = exonic splicing silencer, ISE = intronic splicing enhancer,

TFBS = transcription factor binding site



Discussion

No allelic variants that alter the amino acid se-

quence of GGTA1 were discovered. The ab-

sence of polymorphisms at the amino acid level

suggests that despite the genetic diversity be-

tween the pig breeds studied, GGTA1 may have

been under selective pressure. However, if more

pig breeds are investigated, then further

polymorphisms, including non-synonymous

changes, can be found.

Variation in introns and UTRs are also impor-

tant, as they contain various regulatory elements

important for transcription and translation

(Cartegni et al. 2002). The analysis of the possible

effects of the 17 SNPs discovered indicates

8 SNPs (4 + 4) affecting potentially transcription

and pre-mRNA splicing of GGTA1, respectively.

In particular, the G allele of SNP1 abolished

a GATA-box consensus sequence present in

intron 2. This GATA-box is located just upstream

of the start site of transcript 5’-A (Mercier et al.

2002). It is therefore possible that SNP1 could

modify a regulatory element present in the pro-

moter A region. To test this hypothesis, luciferase

transcription assays with fragments from G/G ho-

mozygous (Meishan or Piétrain) and A/A homo-

zygous animals (e.g. Landrace) could be

performed.

Four other, translationally silent changes

(SNP2, SNP3, SNP12 and SNP13) might disrupt

exonic splicing. However, direct experimental

evidence is necessary before safely concluding

that a particular sequence can act as an ISE

or ESS in its natural context. SNP2 and SNP3

are separated by only 6 bases and thus it is likely

that both ISEs are in linkage disequilibrium.

The impact of these 2 SNPs on splicing could be

investigated by comparing the splicing pattern

from Meishan animals with the SNP2-SNP3

C-C haplotype (no ISEs) with Meishan animals

harbouring one of the other 3 possible

haplotypes (at least one ISE). SNP12 and SNP13

are separated by 97 bases. Animals from all

breeds with the exception of some Piétrain and

White Duroc pigs (with the SNP12-SNP13 G-C

haplotypes) and all Large White animals would

have at least one putative ESS. Comparison of

the splicing pattern between Large White and

Landrace animals, for example, should confirm

the presence of these putative ESSs, by identify-

ing retention of some introns or exons normally

spliced.

Conclusions

During the survey of the variation in the porcine

GGTA1 gene, we identified 17 SNPs in 8 commer-

cial pig populations. Eleven SNPs were found in

intronic regions and 6 SNPs were found in the

3’-UTR. No SNPs change the encoded protein;

however, we identified 8 SNPs potentially altering

the transcriptional regulation and pre-mRNA

splicing of GGTA1.

Our results suggest that regulation of GGTA1

may vary between breeds. It remains to be investi-

gated to what extent changes in endothelial levels

of GGTA1 affect the cell surface carbohydrate

structure, and influence the outcome of organ

transplantation.
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