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Porcine endogenous retroviruses (PERVs) gamma1 in the 
pig genome have the potential to act as harmful factors in 
xenotransplantation (pig-to-human). Long terminal repeats 
(LTRs) are known to be strong promoter elements that 
could control the transcription activity of PERV elements 
and the adjacent functional genes. To investigate the tran-
scribed PERV gamma1 LTR elements in pig tissues, bioin-
formatic and experimental approaches were conducted. 
Using RT-PCR amplification and sequencing approaches, 
69 different transcribed LTR elements were identified. And 
69 LTR elements could be divided into six groups (15 sub-
groups) by internal variation including tandem repeated 
sequences, insertion and deletion (INDEL). Remarkably, all 
internal variations were indentified in U3 region of LTR 
elements. Taken together, the identification and charac-
terization of various PERV LTR transcripts allow us to ex-
tend our knowledge of PERV and its transcriptional study.  
 
 
INTRODUCTION 
 
The identification of porcine endogenous retrovirus (PERV) has 
been a major risk factor of zoonotic infection in pig-to-human 
xenotransplantation. PERVs have been identified in various 
different pig strains, including wild pigs (Le Tissier et al., 1997; 
Moalic et al., 2006). Approximately 50 copies of replication-
competent PERVs have been known to exist in the pig genome, 
and these viruses are transmitted vertically (Akiyoshi et al., 
1998; Patience et al., 1997; 2001). Intact proviruses of PERV 
harbor the structural genes of Ö~Ö, éçäI and ÉåîI and are 
flanked by long terminal repeats (LTRs) at both ends. Recently, 
PERV gamma1 and 2 sequences were identified (Klymiuk et al., 
2006). Three types of PERV-A, -B, and -C belonging to PERV 
gamma1 have been well-categorized by their envelope protein 
sequences (Patience et al., 2001; Takeuchi et al., 1998). The 
PERV-A and -B are capable of infecting human and porcine 
cell lines (Martin et al., 1998; Wilson et al., 2003). The PERV-C 
elements do not replicate their progeny in human cells, but can 
infect porcine cell lines (Takeuchi et al., 1998). 

After the discovery of infectious PERV, various efforts have 

been conducted to control the PERV elements in xenotrans-
plantation. Antiretroviral drugs, RNA interference, and comple-
ment control have been used for the control of PERVs (Dieck-
hoff et al., 2007; Karlas et al., 2004; Takefman et al., 2002). 
Indeed, some investigators have attempted to find means by 
which to performed safe xenotransplantation, including the 
large white pig, Westran pig, and wild pig, which contain 
smaller amounts of replication-competent PERV sequences 
(Lee et al., 2002; Mang et al., 2001; Niebert et al., 2002). How-
ever, for the achievement of a safe xenotransplantation proce-
dure considering the potential risk derived from PERVs, more 
investigations on the distribution and structural differences in 
the pig genome and expression in different pig tissues are nec-
essary. 

The long terminal repeat (LTR) is composed of the U3, R, 
and U5 regions, which are important for the regulation of the 
transcription of PERV elements (Krach et al., 2001). Thus, the 
mutations, including deletion, insertion, and nucleotide substitu-
tion, could change the transcription regulation activity of a 
PERV element. And PERV LTR elements were identified to 
harbor potential hormone-responsive sequences (Quinn and 
Langford, 2001). In addition, a cellular environment including 
trans-acting elements (hormones and transcription factors) 
could be important in terms of control elements for the regula-
tion of PERV. Thirty-nine distinct bp repeats (18 bp and 21 bp) 
harboring the transcription factor binding sites of NF-Y were 
also identified as a major key element to control the transcrip-
tion activity (Denner et al., 2003; Scheef et al., 2001; 2002; 
Wilson et al., 2003). From the áå=îáíêç study, the difference in 
the number of 39 bp repeats indicated the different transcription 
activities (Scheef et al., 2001). The expression activity of the 
PERV LTR element could be altered by its methylation status 
(Huh et al., 2007a). 

However, the lack of information on the entire genome of the 
pig is a big obstacle to investigating the various LTR elements 
in different pig genomes. Indeed, a majority of LTR studies has 
been focused on the distinct 39 bp repeats in the U3 region 
(Denner et al., 2003; Scheef et al., 2001; 2002; Wilson et al., 
2003) and specific LTR sequences flanked by the replication-
competent PERVs identified by áå= îáíêç transfection analysis 
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(Czauderna et al., 2000; Harrison et al., 2004; Krach et al., 
2001; Takefman et al., 2002). Although, well-established LTR 
elements have been investigated in previous studies, we were 
not able to assess all of the features of the original LTR ele-
ments that are transcribed in the pig genome (Denner et al., 
2003; Quinn and Langford, 2001; Scheef et al., 2001; 2002; 
Wilson et al., 2003). 

In the present study, we describe the characterization of 
transcribed LTR elements in three different pigs (hybrid, wild, 
and domestic pigs) using random selection and sequencing 
procedures. From the structural analysis, six groups, including 
15 subgroups of LTR elements, were identified. Thus, this 
study provides the wide spectrum of transcribed LTR elements, 
and could allow the functional analysis and characterization of 
different subtype of LTR elements. 
 
MATERIALS AND METHODS 
 
Identification of the PERV LTR element and selection of 
amplified regions for LTR analysis in the pig genome  
To identify the various PERV LTR elements, the PERV LTR 
consensus sequence was retrieved from the Repbase Update 
(http://www.girinst.org/). Using the consensus sequence of the 
PERV LTR element, numerous PERV LTR sequences were 
identified in the high-throughput genomic sequences (HTGS) 
database of the pig genome by basic local alignment and a 
search tool (BLAST) program (Altschul et al., 1997; Huh et al., 
2007b). From the LTR sequence analysis, highly conserved 
regions were identified in the U3 and U5 regions. Those re-
gions were used for RT-PCR amplification.  
 
Total RNA isolation and RT-PCR analysis 
Total RNA of liver, lung, and brain tissues from hybrid of Ko-
rean domestic pig and Yorkshire, Korean domestic pig, and 
wild pig (pìë= ëÅçêÑ~= ÅçêÉ~åìë) were isolated using Trizol re-
agent (Invitrogen). Turbo DNA-free™ kit (Ambion) was used to 
eliminate DNA contamination from total RNA. To confirm the 
elimination of DNA contamination from total RNA, We per-
formed PCR amplification of DNase-treated total RNA samples 
without the reverse-transcription procedure (No-RT experiment). 
No amplification of PCR products indicated the perfect elimina-
tion of DNA contamination of the DNase-treated total RNA 
samples did not contain the genomic DNA (Fig. 1A) (Sellars et 
al., 2007). Then, M-MLV (Moloney-Murine Leukemia Virus) 
reverse transcriptase with an annealing temperature of 42°C 
was used for the reverse transcription reaction with RNase 
inhibitor (Promega). The transcript of the PERV LTR element 
was analyzed by RT-PCR. RT-PCR products were amplified by 
the primer pairs of PERV-LS (5′- GAT GAA AAT GCA ACC 
TAA CCC -3′) and PERV-LAS (5′- CCC CAA ATC ACT CAC 
GAG AA -3′) (Fig. 1B). The primer sequences were designed 
by the alignment of different PERV LTR elements. As a stan-
dard control, ACTB (actin, beta) gene was amplified by the BA-
S (5′- GAC TAC CTC ATG AAG ATC-3′, bases 632-649) and 
BS-AS (5′- GAT CCA CAT CTG CTG GAA -3′, bases 1127-
1144) primers from human ACTB (GenBank accession no. 
NM_001101).  
 
Molecular cloning and sequencing 
RT-PCR products were separated on a 1.5% agarose gel, 
purified with the QIAEX II gel extraction kit (QIAGEN), and 
cloned into the pGEM-T-easy vector (Promega). The cloned 
DNA was isolated by the alkali lysis method using the High 
Pure plasmid isolation kit (Roche). Sequencing services were 
provided by Macrogen company (Korea). To confirm the se- 

A                    B 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. No-RT experiment (A) and RT-PCR analysis of LTR ele-

ments (B). In the No-RT experiment, no-amplication product indi-

cates the efficient elimination of DNA contamination. *** indicates 

the DNA contamination of DNase-untreated total RNA samples. M 

indicate the size marker. * indicates the major band and ** indicates 

the minor band. 

 
 
quence accuracy, inaccurate “N” sequences were resequenced. 
All confirmed nucleotide sequences reported in this paper were 
deposited in the DDBJ nucleotide sequence databases (sup-
plementary Table S1). 
 
Data analyses  
For the comparison of different LTR elements, multiple align-
ment analysis was conducted (http://prodes.toulouse.inra.fr/ 
multalin/multalin.html) and manually corrected using the BioEdit 
program. Tandem repeat sequences in the LTR element were 
analyzed by the tandem repeat finder (http://tandem.bu.edu/ 
trf/trf.html). The PERV LTR structures were reconstructed by 
the analysis of multiple alignments and tandem repeat se-
quences (Fig. 2). 
 
RESULTS AND DISCUSSION 
 
Amplification and identification of actively transcribed 
PERV LTR elements  
Using a computational approach, we were able to detect 124 
different gamma1 LTR sequences in the pig genome. However, 
65 copies of the LTR elements were detected in the EST data-
base. Therefore, we attempted to identify the expressed LTR 
elements in pig tissues derived from a hybrid of the Korean 
domestic pig and Yorkshire, Korean domestic pig, and wild pig. 
Using the specific RT-PCR primers and mRNA samples from 
brain, liver, lung tissues, various PERV LTR products were 
amplified, and those products were then randomly inserted into 
the pGEM-T-easy vector for sequencing analysis. Finally, 69 
members of the LTR elements transcribed in pig tissues were 
identified. All of this information is shown in supplementary 
Table S1. 
 
Structure analysis of PERV LTR elements 
In order to draw the structures of the LTR elements containing 
several deletions, insertions, and tandem duplication se-
quences, we used the BioEdit program and performed com-
parative analysis between those LTR sequences (Fig. 2). All 
structural differences among the several groups were detected 
in the U3 region of the LTR elements. A group (A1, A2, A3) 
showed 98% sequence similarity with that of PERV-B (43) LTR, 
which could generate infectious particles after transfection into 
human 293 cells (Scheef et al., 2001). The B, C, and D groups 
contained 24 bp inserted sequences of “TGA AGA GCC CTA 
ACT CCA GCT TCC” in the 5′ region of the LTR elements. To 
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date, those specific 24 bp sequences have not yet been identi-
fied in the GenBank database. In detail, these three groups 
show different structures due to insertion and deletion (INDEL) 
events. The LTR elements belonging to the B group show a 
major deletion of 235 bp sequences derived by the homologous 
recombination of “AAA AGC CCT AG” compared to that of the 
D group. The LTR elements belonging to the C group had 
common deletion sequences of 50 bp as shown in group A. 
However, these 50 bp sequences were already identified on 
PERV-A7 locus (Huh et al., 2007b). We thus concluded that 50 
bp differences were derived by transcription of different ge-
nomic template. Internal sequences of groups E and F were 
totally different from the A, B, C, and D group. The LTR ele-
ments belonging to the E group had 81% sequence similarity 
with replication competent PK15-PERV-A (58) and Bac-PERV-
A (151B10) LTRs. The LTR elements between the E group (E1, 
E2, E3, E4, E5) and the F group (F1) shared common se-
quences in the 5′ region of the LTRs. However, the F group 
sequences could not be assigned as previously investigated 
LTRs by the BLAST search program. All LTR groups had 
highly conserved TATA signals and cap sites. All of those six 
groups of LTR elements were sub-divided into 15 subgroups 
according to their short INDEL sequences and the number of 
tandem repeated sequences (Fig. 2). 

Evolutionary analysis of transcribed PERV LTR elements 
Fundamentally, replication competent PERVs are initiated by 
the R-U5 sequences at its 5′end. However the greater part of 
transcribed PERV LTRs elements harbor the U3-R-U5 struc-
ture when we analyzed PERV elements by Blast searching 
method in the database of GenBank non-mouse and non-
human EST entries (data not shown). Those phenomena could 
be explained by two alternative reasons. One is the inaccurate 
prediction of PERV LTR structure. The other is that LTR se-
quences might be transcribed by the upstream promoter ele-
ments, not by their own transcriptional activity. However, that 
sequences could show us the more diverse LTR elements for 
the PERV LTR investigation, we selected the full length PERV 
LTRs for our investigation. 

From the massive cloning and sequencing procedure, we 
could identify the 69 different actively transcribed LTR clones 
from three different Korean pigs including six groups and 15 
sub-groups (Fig. 2). Those transcribed LTR elements have not 
yet been identified in any previous report. Structure analysis of 
the LTR elements indicates that the 69 LTR sequences seem 
to have originated from one type of exogenous retrovirus infec-
tion, and then followed a series of evolutionary events (Figs. 2 
and 3). The infection event of the exogenous retrovirus might 
have occurred on the common ancestor genome of the current

Fig. 2. Schematic representation 

of identified gamma1 PERV LTR 

elements (A) and consensus se-

quences of figured boxes (B). 

Different subtypes of PERV LTR 

elements were identified by spe-

cific consensus sequences and 

different number of tandem re-

peats. In the tandem repeated 

region, different box numbers in-

dicates the different numbers of 

specific tandem repeated se-

quences. In the case of the mouse 

LTR-IS element, only the con-

served region (open gray box) has 

high homology with the PERV 

LTR elements. Open and closed 

boxes indicate the conserved re-

gions, and figured boxes indicate

the specific sequences. In the 

consensus sequences, the under-

lined nucleotide sequences indi-

cate the binding site for the tran-

scription factor, NF-Y.  
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pig strains approximately 7.6 × 106 years ago (Nibert et al., 
2005; Tonjes et al., 2003). Then, most of the PERV LTR se-
quences were selected as endogenous retroviruses (Herring et 
al., 2001). However, few PERVs have sustained the capacity to 
replicate their progeny and produce the infectious virus parti-
cles in human and porcine cell lines (Czauderna et al., 2000; 
Preuss et al., 2006; Woods et al., 1973). Thus, they could be 
major concerns for xenotranplantation. 

From the sequence analysis of the six current groups of LTR 
elements, we assume that several evolutionary events oc-
curred in the U3 region during pig evolution (Fig. 2). The group 
B LTR might have occurred through a homologous recombina-
tion excision event of short repeated sequences of the group D 
LTR. All types of LTR sequences except for the B type LTR 
sequences were identified in the genomic sequences using the 
BLAST search tools. Thus, we might conclude that B type se-
quences have emerging through the mechanism of transcrip-
tion. However, current pig genome sequences did not cover the 
entire genome of pig. For more confidence, experimental vali-
dation might be needed. Intriguingly, group E and F show the 
totally different internal sequences (Fig. 2A). From the con-
served marginal sequences and heterogeneous integral se-
quences, we could propose two separate recombination event 
(Fig. 4). Another individual INDEL event might also have oc-
curred in the primitive PERV LTR sequences for the current 
group A, C, and D sequences. Specific INDEL events of the 
LTR element have occasionally been discovered by the LTR 
study of other ERV LTR elements (Huh et al., 2003; Ling et al., 
2002). We could not trace the exact evolutionary pathway of 
the LTR elements, but current structure of the LTR elements 
may be good clues for the investigation of its evolutionary 
pathway. We thus assumed that two separated recombination 
events might have occurred in PERV LTR elements with other 
retrovirus LTRs (Fig. 3). 

As a result, we identified structurally different six groups (15 
subgroups) of LTR elements and investigated the evolutionary 
relationship of them by comparing the conserved and INDEL 
regions. Due to the experimental limitation, all kinds of tran-
scribed LTR elements could not be investigated. However, our 
genome-wide analysis of transcribed LTR elements on pig 
genome could inform the basic information about transcribed 
PERV-LTR elements for the understanding of PERVs related 
with xenotransplantation. 
=
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