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ABSTRACT

To avoid hyperacute rejection of xenografts, α1,3-galactosyltransferase knock-out (GalT KO) pigs have been pro-
duced. In this study, we examined whether Sia-containing glycoconjugates are important as an immunogenic non-Gal 
epitope in the pig liver with disruption of α1,3-galactosyltransferase gene. The target cells were then used as donor 
cells for somatic cell nuclear transfer (scNT). A total of 1,800 scNT embryos were transferred to 10 recipients. One 
recipient developed to term and naturally delivered two piglets. Real-time RT-PCR and glycosyltransferase activity 
showed that α2,3-sialyltransferase (α2,3ST) and α2,6-sialyltransferase (α2,6ST) in the heterozygote GalT KO liver 
have higher expression levels and activities compared to controls, respectively. According to lectin blotting, sialic acid- 
containing glycoconjugate epitopes were also increased due to the decreasing of α-Gal in heterozygote GalT KO liver, 
whereas GalNAc-containing glycoconjugate epitopes were decreased in heterozygote GalT KO liver compare to the 
control. Furthermore, the heterozygote GalT KO liver showed a higher Neu5Gc content than control. Taken together, 
these finding suggested that the deficiency of GalT gene in pigs resulted in increased production of Neu5Gc-bounded 
epitopes (H-D antigen) due to increase of α2,6-sialyltransferase. Thus, this finding suggested that the deletion of 
CMAH gene to the GalT KO background is expected to further prolong xenograft survival. 
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INTRODUCTION        

The pig is considered to be the best candidate spe-
cies for clinical transplantation into human. However, 
the α-Gal epitopes are the major xenoantigens causing 
hyperacute rejection in pig-to-human xenotransplanta-
tion (Good et al., 1992; Cooper et al., 1993; Galili, 2001). 
The enzyme α1,3-galactosyltransferase (GalT) catalyzes 
the binding of α1,3galactose (Gal) on N-acetyllactosa-
mine (Galβ1,4GlcNAc) to produce Galα1,3Galβ1,4Glc-
NAc-R (α-Gal epitopes) on the cell surface of almost 
all mammals with the exception of human, ape, and 
Old World monkey (Galili et al., 1988). To overcome im-
mune rejection, several research groups have produced 
α1,3-galactosyltransferase (GGTA1) gene knockout (GalT 
KO) pigs (Dai et al., 2002; Lai et al., 2002; Kuwaki et 
al., 2005). The use of organs from these pigs success-
fully avoided both hyperacute and acute humoral xeno-
graft rejection without requiring complement inhibition 
or antibody absorption (Ezzelarab et al., 2005). Recently, 
Byrne et al. (2008) identified an array of anti-non-Gal 
antibodies in baboons following WT and GalT-KO pig 
cardiac transplantation. Also, Diswall et a.l (2010) re-
ported that knockout of alpha1,3 GalT by gene-target-

ing results in elimination of Gal-determinants. In addi-
tion structurally novel alpha1,2 fucose-terminated blood 
group H compounds were identified in the GalT-KO ti-
ssue. These compounds are not expected to be recogni-
zed by the human immune system.

Although GalT KO-derived organs give prolong xen-
ograft survival in xenotransplanted recipients, xenogra-
fted organs resulted in progressive death (Shimizu et 
al., 2008). Carbohydrates such as Hanganutziu-Deicher 
(H-D), Thomsen-Friedenreich (T or TF), Tn, and sialyl- 
Tn play a pivotal role in acute immune rejection of pig 
xenografts (Ezzelarab et al., 2005). Recently, Kim et al. 
(2008) reported that Neu5Gc-Gal-GlcNAc and Galα1-3 
Lewisx are novel antigens, as evidenced by a structural 
analysis of N-glycans from the miniature pig kidney. 
However, the proposed antigens appear to be related to 
the α1,3-galactosyltransferase and Hanganutziu-Deicher 
(H-D) antigens (Neu5Gc). Despite its importance in de-
velopment and the need for a basic understanding of H- 
D antigens, the underlying mechanisms have been poorly 
studied. In this study, we tested whether Sialic acid 
(Sia)-or N-acetylgalactosamine (GalNAc)- containing gly-
coconjugate expression as a another potential immune 
epitopes in pigs could be altered by deficiency of the 
GGTA1 gene or not. 
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MATERIALS AND METHODS

Construction of α1,3-galactosyltransferase Gene KO Vec-

tor 

Genomic DNA was extracted from blood of Chicago 
miniature pigs and used for polymerase chain reaction 
(PCR) amplification. PCR was performed with forward 
primer (E8 5': AGGTCGTGACCATAACCAGATGGAA-
GGCTC) and reverse primer (E9 3': CTTGCACCATGA-
AGTCTCTGCACTCCAGAA), which were designed us-
ing the complementary sequence to Sus scrofa α1,3-gal-
actosyltransferase gene exon 8 (GenBank accession no. AF-
221516) and exon 9 (GenBank accession no. AF221517). 
PCR was conducted using 200 ng of genomic DNA, 10 
pmole of each primer (Bioneer, Daejeon, Korea), 1×PCR 
buffer, 2.5 mM of each dNTP and 2.5 U i-MAXII DNA 
polymerase (Intron, Seoul, Korea) in a total volume of 
20 μl. PCR amplification was repeated for 30 cycles of 
40 sec at 94℃, 40 sec at 68℃, and 10 min at 72℃. The 
amplified genomic fragment was estimated for electro-
phoresis on a 0.8% agarose gel stained with ethidium 
bromide. The PCR products were cloned into a pGEM 
T-easy vector (Promega, Madison, WI, USA) for DNA 
sequencing determination. Nucleotide sequences of the 
genomic fragments were determined using an ABI PRI-
SM 377 sequencer (Applied Biosystems, Carlsbad, CA, 
USA), and sequences of each clone were analyzed by 
Genetyx-win Version 4.0 (Genetyx, Tokyo, Japan).   

The 7.8 kb α1,3-galactosyltransferase genomic frag-
ment cloned by PCR amplication was used for con-
struction of a KO vector. These fragments were cut by 
NotI within a pGEM T-easy vector and subcloned into 
the NotI site of pBluescript II SK (—) vector (Stratagene, 
San Diego, CA, USA). For the right and left arm of the 
KO vector, these plasmid DNAs were digested with 
NotI and EcoRV. The resulting respective 5.4 kb and 
2.5 kb fragments were subcloned into a pBluescript II 
SK (—) vector. For the left arm of the KO vector, a 5.4 
kb NotI-EcoRV fragment was digested with SmaI and 
blunt-ended with Klenow and ligated to SalI linker. Al-
so, the EcoRV site was converted into a NotI site by 
linker insertion. The 4.8 kb SalI-NotI fragments were 
subcloned into a pBluescript II KS (+) vector. For the 
right arm of the KO vector, 2.5 kb EcoRV-NotI frag-
ments were cut by PstI and converted into a XhoI site 
by linker insertion. These fragments were digested with 
EcoRV-XhoI and the 1.9 kb EcoRV-XhoI fragments 
were subcloned into a pBluescript II SK (—) vector. The 
neomycine resistance (neor) gene was used as a positi-
ve selection marker. The pKJ2-neo plasmid DNAs were 
digested with EcoRI-BamHI and converted into a NotI 
and EcoRV site, respectively, by linker ligation. For li-
gation of the 1.9 kb right arm and neor gene, the NotI- 
EcoRV neo fragments and EcoRV-XhoI right arm frag-
ments were subcloned into a pBluescript II SK (-) vec-

tor by three fragment ligation. This plasmid, designated 
pBlue-neo-3'arm, contained the neor gene and the 1.9 
kb right arm. For ligation of the 4.8 kb left arm, SalI- 
NotI fragments were ligated into the SalI and NotI site 
in the pBlue-neo-3'arm plasmid. This plasmid was na-
med pBlue-5'arm-neo-3'arm plasmid. Finally, SalI-XhoI 
fragments from pBlue-5'arm-neo-3'arm plasmid were in-
serted into the SalI and XhoI site of Diphtheria toxin A 
(DT-A) cassette, pMCDT-A(A+T/pau) vector, yielding the 
α1,3-galactosyltransferase KO vector. This vector was 
linearized by SalI restriction enzyme for transfection. 

PCR Analysis of Targeted Cells 

For screening of G418-resistant colonies, 200 μl of a 
cell suspension from wells of a 24-well plate was re-
covered by centrifugation. The cells were resuspended 
in 50 μl of distilled water containing 0.05 mg/ml pro-
teinase K (Roche, Basal, Switzerland). To extract ge-
nomic DNA, the cells incubated at 55℃ for 130 min 
and heated to 98℃ for 10 min to inactive the protei-
nase K. To amplify the targeted allele, 25 μl of geno-
mic extract was added to a sterile 0.5 ml tube contain-
ing 5 μl of 10×PCR buffer, 4 μl of 10 mM dNTP mix-
ture, 1 μl of forward primer (10 pmol/μl; Bioneer), 1 
μl of reverse primer (10 pmol/μl; Bioneer) and 1.25 U 
of EX Taq DNA polymerase (5 U/μl; TaKaRa, Shiga, 
Japan) and the volume was adjusted to 50 μl with di-
stilled water. Forward primer was derived from intron 
8 of the α1,3-galactosyltransferase gene sequence, 5'- 
ACCAGTCAGGTAAGCCACTCCACCTC-3', and reverse 
primer from the α1,3-galactosyltransferase gene sequ-
ence that was not included in the KO vector, 5'- 
GTGCTGAACATCAAGTCAGTGCAATGGCTC-3'. PCR 
was carried out for 35 cycles in a thermal cycler (Bio-
neer). Each cycle consisted of denaturation for 30 sec at 
94℃, annealing for 45 sec at 60℃, extension for 4 min 
at 72℃, and final extension for 10 min at 72℃. A 20 
μl reaction sample was run in 0.8% agarose gel by 
standard procedures.

Production of Heterozygote GalT KO Pigs 

Construction of α1,3-galactosyltransferase gene KO 
vector, transfection, selection of KO donor cells, and so-
matic cell nuclear transfer were prepared as previously 
described (Ahn et al., 2011; Park et al., 2011; Park et al., 
2005). scNT embryos were surgically transferred into 
the oviducts of synchronized recipients, and the preg-
nancy status of recipients was determined by ultraso-
und between days 30 and 35. The recipients produced 
scNT-derived piglets via vaginal delivery.

Sample Preparation and Protein Determination

Previously, we reported GalT heterozygote KO pigs 
(Ahn et al., 2011). In this study, 3 control and 2 GalT 
heterozygote KO pigs ranging in age from 4 to 6 weeks 
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were used. The treatment of the pigs used in this re-
search followed the guidelines of the National Institute 
of Animal Science's Institutional Animal Care and Use 
Committee, Suwon, South Korea (approval no. 2009- 
004, D-grade). The control and heterozygote GalT KO 
liver were minced by a tissue grinder under liquid ni-
trogen. The organ tissues were washed twice with PBS 
and then centrifuged at 1,500×g for 10 min. The pel-
leted organs were resuspended in 20 mM HEPES (pH 
7.4) containing 0.5% Nonidet P-40, protease inhibitor 
cocktail (Roche) and lysed by sonication. The whole 
liver lysates was frozen at —80℃. Each sample was 
thawed on ice, and after centrifuging at 12,000×g for 10 
min, the supernatant was collected. Protein concentra-
tions were determined by a BCA protein assay kit (Pi-
erce, IL, USA) against a bovine serum albumin stan-
dard. 

RNA Isolation and Real-time RT-PCR

Total RNA was extracted from control and hetero-
zygote GalT KO livers using a Micro-to-Midi total RNA 
Purification System (Invitrogen, CA, USA). Real-time 
reverse transcriptase-polymerase chain reaction (RT-PCR) 
was conducted using a DNA Engine Chromo4 system 
(Bio-Rad, CA, USA) and SYBR Green as the double- 
stranded DNA-specific fluorescent dye (Bio-Rad, CA, USA). 
To normalize the RT-PCR reaction efficiency and to 
quantify in heterozygote GalT KO pig- and control- de-
rived liver mRNA, pig H2A histone family, member Z 
(pH2AFZ) was used as an internal standard. After nor-
malization with pH2AFZ mRNA, we compared relative 
expression of each mRNAs in the heterozygote GalT KO 
pig-derived liver genes with control. Real-time RT-PCR 
was performed independently in triplicate for different 
samples, and the data are presented as the mean value 
of gene expression measured in each individual control 
and heterozygote GalT KO liver sample, used as an ex-
perimental unit.

Assay of Glycosyltransferase Activity

The α2,3- and α2,6-sialyltransferase (α2,3ST and α
2,6ST) activity were assayed as previously described 
with minor modifications (Tanemura et al., 1998). In 
brief, an acceptor substrate, lacto-N-neo-tetraose (LNnT; 
Sigma-Aldrich) was labeled with 2-aminobenzamide (2- 
AB). The mixture comprised of 2 mg of LNnT, 0.2 mg 
of 2-AB, 0.24 mg of sodium cyanoborohydride, 6 μl of 
acetic acid, and 14 μl of dimethyl sulfoxide (DMSO), 
was incubated at 65℃ for 3 h after which the mixture 
was purified using GlycoClean™ S Cartridges (Pro-
Zyme, CA, USA). The assay mixture for α2,3ST and 
α2,6ST activity contained 20 mM HEPES buffer, 0.25% 
Nonidet P-40, 10 mM MnCl2, 33 mM NaCl, 3 mM KCl, 
20 mM CMP-N-acetylneuraminic acid (CMP-Neu5Ac), 
200 mM galactose, and 1 mM acceptor substrate (LN-
nT-AB) pH 7.2, and 6 μl of organ lysate in a total vo-

lume of 20 μl. After incubation at 37℃ for 6 h, 80 μl 
of water was added to the mixture and then the re-
action was terminated by boiling for 5 min, followed by 
centrifugation of the samples at 15,000×g for 10 min. 
The resulting supernatant was analyzed by reversed- 
phase high-performance liquid chromatography (RP-HP-
LC) using an octadecyl silane (ODS) column (4.6 × 150 
mm, TSK-gel column ODS-80TM; Tosoh Bioscience, To-
kyo, Japan). The products and substrate were isocrati-
cally separated with 20 mM ammonium acetate buffer 
(pH 4.0) containing 0.15% n-butanol at 55℃. Each peak 
was detected with a fluorescence detector (model RF- 
10A; Shimadzu, Tokyo, Japan) at excitation and emis-
sion wavelengths of 330 and 420 nm, respectively. 

Lectin Blotting

Control and heterozygote GalT KO liver were also 
tested by Lectin blot, using Griffonia simplicifolia iso-
lectin B4 (GS-IB4), Maackia amurensis agglutinin (MAA), 
Sambucus nigra agglutinin (SNA), and Helix pomatia ag-
glutinin (HPA) (Vector laboratories, CA, USA). A 10 μl 
liver lysate (25 μg protein/well) from control or heter-
ozygote GalT KO subjected to 12% SDS-PAGE under 
reducing conditions and then transferred electrophoreti-
cally onto a nitrocellulose membrane (Pierce, IL, USA). 
The membrane was blocked in TTBS containing 2% bo-
vine serum albumin and then incubated for 2 h with 
GS-IB4, MAA, SNA, and HPA lectin. After washing, the 
blots were incubated with horseradish peroxidase-avi-
din complex (Sigma-Aldrich) and developed using an 
ECL detection system (Pierce, IL, USA).

Analysis of Sialic Acid Contents

Each 0.2 ml of control and heterozygote GalT KO or-
gans lysate (1 mg protein) was mixed with an equal 
volume of 4 M propionic acid (pH 2.3), and sialic acid 
were released by incubation at 80℃ for 4 h (Malykh et 
al., 2003). The samples were cooled and centrifuged for 
10 min at 20,000×g. The resulting pellets were resus-
pended in 0.5 ml 0.1 M HCl, incubated for 50 min at 
80℃ to completely release sialic acid from glycoconju-
gates, and centrifuged as above. The supernatants reco-
vered after hydrolyses were passed through a Amicon 
Ultra-0.5, Ultracel-3 Membrane filter (Millipore, MA, 
USA) and the total released sialic acid samples were 
lyophilized, resuspended in 10 μl of 2 M acetic acid, 
and incubated at 55℃ for 2 h in the dark with 50 μl 
of a reagent consisting of 7.0 mM 1,2-diamino-4,5-meth-
ylenedioxybenzene (DMB), 0.75 M 2-mercaptoethanol, 
and 18 mM NaHSO3 dissolved in water. After derivati-
zation, samples were cooled and 10 μl aliquots were 
analyzed by HPLC on a reverse-phase, ODS column 
(4.6×150 mm, TSK-gel column ODS-80TM; Tosoh Biosci-
ence) with a 30%  methanol  mobile  phase.  The flow 
rate was maintained at 0.5 ml/min, and the derivatized 
sialic  acid were  detected  with  a model RF-10A fluo- 
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Table 1. Primer sequences used for real-time reverse transcriptase- 

polymerase chain reaction (RT-PCR)

Genes Primer sequences (5'-3')

CMAH full-length
Forward: gaaagaccaagtcgggaaca
Reverse: cttccagtcaggtggtgtga

ST3Gal 1
Forward: gcatcctctccgtgatcttc 
Reverse: caagatggttgtcacgttgg

ST6Gal 1
Forward: tgtgtgaccaggtggatgtt 
Reverse: tcccaagcaggtagatgtcc

ST6GalNAc5
Forward: cccgatgaatgcacaatgta 
Reverse: cctcagaacacgggtttgtt

pH2AFZ
Forward: ggtaaggctgggaaggactc
Reverse: gatgcatttcctgccaattc

Table 2. Comparison of sialic acid contents between control and 

heterozygote GalT KO liver

Source
Neu5Gc

μg/mg of protein

Sialic acid (%)

Neu5Gc/Neu5Ac

Control liver 1.24±0.25 15.84/84.16±0.27

GalT KO liver 2.28±0.15*** 21.65/78.35±3.74

Each value is the mean±standard deviation (SD) of triplicate deter-
minations.
*** p<0.001 versus the respective control.

rescence detector (Shimadzu, Tokyo, Japan) at excita-
tion and emission wavelengths of 373 nm and 448 nm, 
respectively (Malykh et al., 1998). The quantification of 
sialic acid was performed by means of the chromato-
graphic peak areas for each sample, using a calibration 
curve obtained for the DMB derivative of standard 
N-acetylneuraminic acid (Neu5Ac) and N-glycolylneur-
aminic acid (Neu5Gc) (Sigma-Aldrich).

Statistical Analysis

Values are reported as the mean±standard deviation 
(SD). Real-time RT-PCR in Fig. 2 and sialic acid con-
tents in Table 2 were analyzed using three controls and 
two heterozygote GalT KO pig-derived livers. Statistical 
significances were confirmed using the t-test.

RESULTS

Production of Heterozygote GalT KO Gnotobiotic Mi-

niature Pigs

Pig α1,3-galactosyltransferase genomic DNA locus on 
chromosome 1 consists of nine exons with the trans-
lation start codon located within exon 4 (Fig. 1A). The 
vector contained 4.8 kb 5'- and 1.9 kb 3'-homologous 

DNA. Positive selection was provided by a PGK-neo ca-
ssette and negative selection by a MC1 promoter-diph-
theria toxin-A (pMC1-DTA) selection cassette. Correctly 
targeted pig fibroblast cells expressed neomycin. The 
pMC1-DTA cassette was placed at the end of the 3' ho-
mology arm and was not incorporated into the chro-
mosomes when homologous recombination occurred. In 
the targeted cells, PGK-neo replaced exon 9 of the α
1,3-galactosyltransferase genomic gene, resulting in a 
loss-of-function mutation. PCR primers were used to 
screen neomycin-resistant pig fibroblast cells for homol-
ogous recombination with the homologous 3' arm. The 
forward 5' PCR primers were located in intron 8 of the 
α1,3-galactosyltransferase gene, whereas the reverse 5' 
PCR primer was located in the 3' untranslated region 
of the α1,3-galactosyltransferase gene that was not in-
cluded in the KO vector. The size of the expected PCR 
product in correctly targeted cells was 2.3 kb and 3.6 
kb. 

At 10 days post-transfection, 232 single cell-derived 
colonies were selected and transferred into 24 wells, 
cultured in the presence of G418, and then replated. Am-
ong them, 10 colonies were positive for α1,3-galac-
tosyltransferase gene disruption. The targeting efficien-
cy in pig fibroblast cells was approximately 2.2%. The 
transfected cells were then used as donor cells in scNT. 

(A)

(B)
Fig. 1. GalT targeting in gnotobiotic miniature pig. (A) GalT tar-
geting vector. Arrows indicate PCR primers for the detection of 
homologous recombination. Bar, length of DNA. (B) PCR screen-
ing of GalT targeting donor cells and piglets. Lane 1, size mark-
er; lane 2~5 indicate GalT knock-out donor cells, control, GalT 
knock-out piglet 1, and 2, respectively.
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(A)

(B)

Fig. 2. Genes expression of CMAH and sialyltransferases in con-
trol and heterozygote α1,3-galactosyltransferase gene (GGTA1) kno-
ckout (GalT KO) liver. (A) Electrophoretic analysis of real-time 
reverse transcriptase-polymerase chain reaction (RT-PCR) in con-
trol and heterozygote GalT KO liver. (B) Quantification of re-
al-time RT-PCR analysis in control and heterozygote GalT KO 
liver. All RT-PCR reactions were conducted in triplicate and nor-
malized with pig H2A histone family, member Z gene (pH2AFZ). 
Each of GalT KO relative values is presented as an n-fold ex-
pression difference compared to the control, which was set as 1. 
*** p<0.001.

A total of 1,800 scNT embryos were transferred to 10 
recipients. Among them, one recipient developed to 
term and naturally delivered two piglets. To confirm fur-
ther that one of the α1,3-galactosyltransferase alleles 
was disrupted in pig fibroblast cells, we designed PCR 
primers to amplify and sequence the genomic DNA 

flanking the α1,3-galactosyltransferase targeted region. 
The results showed that the α1,3-galactosyltransferase 
targeting vector replaced the endogenous α1,3-galacto-
syltransferase locus via homologous recombination (Fig. 
1B).

Heterozygote GalT KO Pig-Derived Liver Displays Hi-

gher Non-Gal Xenoantigen

Generally, sialyltransferase family was classified as 
four different subfamilies, ST3Gal, ST6Gal, ST6GalNAc 
and ST8Sia, according to the carbohydrate linkages syn-
thesized  (Harduin-Lepers et  al.,  2005). We examined 
how to change the sialyltransferases mRNA expression 
in heterozygote GalT KO liver by deficiency of GGTA1 
gene. To normalize the RT-PCR reaction efficiency and 
to quantify in heterozygote GalT KO pig- and control- 
derived liver mRNA, pH2AFZ was used as an internal 
standard. After normalization with pH2AFZ mRNA, the 
mRNA expression of heterozygote GalT KO pig- and 
control-derived liver genes showed that the expression 
levels of CMAH were constant but ST3Gal 1 (1.55-fold), 
and ST6Gal 1 (3.16-fold) gene expressions were up-re-
gulated, whereas ST6GalNAc 5 (0.49-fold) was down-re-
gulated in heterozygote GalT KO liver compared to 
those of the control (p<0.001), respectively (Fig. 2). This 
observation suggested that heterozygote GalT KO pig- 
derived organs showed a higher Sia-containing glyco-
conjugate on glycoprotein and glycolipid except of sial-
yl-Tn epitope, indicating that they act as an immune 
antigen in the allo- or xeno-grafted organs.

Fig. 3. HPLC analysis of α2,3- and α2,6-sialyltransferase (α2,3-
ST and α2,6ST) activity between control and heterozygote GalT 
KO liver. (A) A chromatogram of acceptor substrate, LNnT-AB. 
(B, C) The chromatograms of α2,6- and α2,3-sialylated LNnT- 
AB products in control and GalT KO liver, respectively. P1 is sia-
lyl-product 1 (Siaα2,6LNnT-AB) by endogenous α2,6ST and P2 is 
sialyl-product 2 (Siaα2,3LNnT-AB) by endogenous α2,3ST using 
LNnT-AB as a acceptor substrate.
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Fig. 4. Lectin blotting of GS-IB4, MAA, SNA, and HPA lectin in 
control and heterozygote GalT KO pig liver. Glycoproteins from 
control and GalT KO liver were separated by electrophoresis in a 
12% SDS-polyacrylamide gel and transferred onto a nitrocellulose 
membrane. After blocking by 2% BSA, the membrane was in-
cubated for 2 h with each 1 μl/ml of GS-IB4, MAA, SNA, and 
HPA lectin. The blots were incubated with 0.5 μl/ml of horse-
radish peroxidase-avidin complex and developed using an ECL 
detection system.

We examined α2,3ST, and α2,6ST activity between 
control and heterozygote GalT KO livers. As shown in 
Fig. 3, α2,3 and α2,6ST activities in heterozygote GalT 
KO liver were significantly increased, when compared 
to the control. On this observation, special interesting 
is that mRNA expression in heterozygote GalT KO liv-
er mirror protein activity. Next, we examined signal in-
tensity of α-Gal epitope, Sia- and GalNAc-containing 
glycoconjugate epitopes. As we expect, lectin blotting 
analysis showed that α-Gal epitope in heterozygote Gal-
T KO liver was significantly decreased, compared to 
that of the control. However,  Sia-containing glycocon-
jugate epitopes were significantly increased in hetero-
zygote GalT KO liver compared with the control. Inte-
restingly, Tn eptitopes (GalNAcα1-R) of heterozygote 
GalT KO liver were decreased, when compare to the 
control. Based on the above analysis, these results sug-
gested that increased α2,6ST (ST6Gal 1) activity may 
preferentially use N-glycolylneuraminic acid (Neu5Gc) 
rather than N-acetylneuraminic acid (Neu5Ac) as a do-
nor substrate so that heterozygote GalT KO pigs have 
higher glycoconjugates-bound Neu5Gc epitopes than tho-
se of the control. In contrast, it means that decreased 
ST6GALNAc5 (Siaα2,6GalNAcα1-R) and α-linked Gal-
NAc epitope (GalNAcα1-R)  by HPA lectin in hetero-
zygote GalT KO liver have lower Sialyl-Tn and Tn epi-
topes than those of the control (Fig. 4). Finally, we ex-
amined the sialic acid contents between control and he-
terozygote GalT KO pig-derived livers. The heterozy-
gote GalT KO liver showed a higher Neu5Gc content 
than control (Table 2). 

DISCUSSION

The pig has long been a model favored for biomedi-
cal purposes (Lai et al., 2002). However, xenotrans-
plantation programs face major barriers such as im-
mune system. The problem of hyper acute rejection is 
being addressed by genetic modifications of pigs, such 
as the development of transgenic pigs with human 
CD55 and CD59 (Menoret et al., 2004; Ramirez et al., 
2005), and KO of the α1,3-galactosyltransferase genes 
(Dai et al., 2002; Kuwaki et al., 2005). In this study, we 
examined whether H-D antigens are important as an 
immunogenic non-Gal epitope in GalT KO xenografts 
by investigating the signal levels of sialyloligosascha-
ride with lectin blotting. 

Sias such as Neu5Ac and Neu5Gc are typically fo-
und at the terminal ends of glycan chains, which are 
involved in various biological processes, such as im-
mune-response, inflammation, and tumor cell (Varki, 1992; 
Kelm and Schauer, 1997; Traving and Schauer, 1998). It 
is well-known that ST3Gal 1 catalyze the binding of α
2,3-sialic acid on Galβ1,3GalNAc-R to produce Siaα
2,3Galβ1,3GalNAc-R, whereas ST6Gal 1 catalyze the 
binding of α2,6-sialic acid on Galβ1,4GlcNAc-R to pro-
duce Siaα2,6Galβ1,4GlcNAc-R. Also, ST6GalNAc 5 ca-
talyzes the binding of α2,6-sialic acid on Siaα2,3Galβ
1,3GalNAc-R to produce Siaα2,3Galβ1,3(Siaα2,6)Gal-
NAc-R (Harduin-Lepers et al., 2005). As shown in Fig. 
2, mRNA expression of ST3Gal 1 and ST6Gal 1 were 
up-regulated. Also, both of α2,3ST and α2,6ST activity 
were increased in heterozygote GalT KO liver com-
pared to control (Fig. 3). Therefore, we postulated that 
up-regulated ST3Gal 1 (α2,3ST), and ST6Gal 1 (α2,6-
ST) potentially have increased Siaα2,3Galβ1,3GalNAc- 
R and Siaα2,6Galβ1,4GlcNAc-R, respectively, on gly-
colipid and glycoprotein within heterozygote GalT KO 
liver. 

MAA consists of a hemagglutinating hemagglutinin 
(MAH) and a mitogenic leukoagglutinin (MAL). MAH 
has higher affinity toward Siaα2,3Galβ1,3(Siaα2,6)Gal-
NAc present on O-glycan but MAL preferentially binds 
to the Siaα2,3Galβ1,4GlcNAc structures of N-glycan 
chains (Haseley et al., 1999; Imberty et al., 2000). In ad-
dition, SNA lectin specifically binds to Siaα2,6Gal/ 
GalNAc structures of N- or O-glycan chains (Shibuya et 
al., 1987). As shown in Fig. 4, the signal level of MAA 
in heterozygote GalT KO liver was higher than that of 
the control. This result is reasonable due to the fact 
that decreasing of terminal α-Gal in heterozygote GalT 
KO liver would have greater increased Galβ1,4GlcNAc- 
R glycan chains, when compare to the control. The 
up-regulated α2,3ST could more easily produce Siaα
2,3Galβ1,4GlcNAc-R using non-reducing Galβ1,4Glc-
NAc-R as a acceptor substrate. However, the SNA sig-
nal level of heterozygote GalT KO liver was almost 
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similar to control. These discordant results may be ex-
plained by the observation that the expression level of 
ST6GalNAc 5 in the heterozygote GalT KO liver was 
decreased against the control as shown in Fig. 2. The 
signal intensities of SNA toward Siaα2,6-containing gly-
coconjugates might be attenuated with the decrease of 
the Siaα2,6GalNAc structure. ST6Gal 1 showed 4～7- 
times higher activity toward CMP-Neu5Gc than CMP- 
Neu5Ac, when CMP-Neu5Ac and CMP-Neu5Gc were com-
pared as donor substrates. (Hamamoto et al., 1995). Si-
milarly, the increased ST6Gal 1 in heterozygote GalT 
KO liver may preferentially transfers Neu5Gc to the ter-
minal non-reducing sugar residue in glycan chains. 
Thus, these results might indicate that a deficiency of 
GalT highly increased α2,6-linked Neu5Gc glycoconju-
gates. 

Miyagawa et al. (2010) reported the GalNAc-contain-
ing epitopes in endothelial cells from GalT KO piglet 
were decreased compare with those of wild-type cells. 
Similar to this, our results showed that GalNAc-contain-
ing glycoconjugate by HPA lectin blotting were decrea-
sed in heterozygote GalT KO liver compare to the con-
trol (Fig. 4). Collectively, Tn or sialyl-Tn epitopes in Gal-
T KO liver were potentially down-regulated but Neu-
5Gc containing glycoconjugate (H-D antigen) were up- 
regulated in heterozygote GalT KO liver compare with 
those of the control. Furthermore, the heterozygote Gal-
T KO liver showed a higher Neu5Gc content than con-
trol (Table 2). Our results suggest that Neu5Gc, as a 
prime candidate of non-Gal antigen even after prevents 
the hyper acute rejection, is a more critical xenoantigen 
to overcome the next acute immune-rejection in pig to 
human xenotransplantation.
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