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Abstract: We sequenced unselected integration sites of subgroup C Rous sarcoma virus from infected chicken cells and 

mapped them on the chicken draft genome assembly. Our genome-wide analysis demonstrates the non-random character 

of subgroup C Rous sarcoma virus integration into genes, gene-rich regions and GC-rich regions. Within genes, there is 

no significant integration bias in favor of transcription start sites. Integration sites are underrepresented on microchromo-

somes. These results may be important for the development of gene transfer vectors and gene therapy strategies based on 

avian sarcoma and leukosis viruses. 

INTRODUCTION 

 Retroviruses replicate through a provirus, the DNA in-
termediate of their RNA genome integrated into the host 
genome. Provirus integration is mediated by a virus-encoded 
enzyme, integrase, which enters the infected cell as a part of 
the preintegration complex (PIC) and catalyzes the recombi-
nation between linear proviral DNA and host DNA. Retrovi-
rus integration potentially occurs in many genomic regions 
(reviewed in [1]), but not completely randomly. Different 
genomic regions can be targeted at strikingly different fre-
quencies depending on the local secondary DNA structure, 
bending, distortion and nucleosome distribution (reviewed in 
[2]). The mechanism of target site selection remains to be 
elucidated; to date, the tethering of the PIC with chromoso-
mal DNA mediated by proteins binding both the retroviral 
integrase and host DNA seems to be the most probable ex-
planation for site-preference of both retrovirus and retro-
transposon integration (reviewed in [3]). For example, the 
proteins of the INI/SNF5 complex and lens epithelium-
derived growth factor (LEDGF/p75) have been shown to 
interact with human immunodeficiency virus type 1 (HIV-1) 
integrase [4,5]. Depletion of LEDGF/p75 significantly alters 
the distribution of HIV-1 integration sites [6]. 

 The availability of a representative and unbiased set of 
HIV-1 integration sites [7] together with the knowledge of 
the complete human genome sequence enabled us to study 
the genome-wide distribution of HIV-1 proviruses with re-
spect to the genomic features of the host DNA such as GC 
content, gene density, and cytogenetic bands. We have 
shown that HIV-1 preferentially integrates into genes, GC-
rich regions and cytogenetic R bands [8]. In a more  
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extensive study, Schroeder et al. [9] added that transcription-
ally active genes are favored as integration targets. Using 
naked genomic DNA and isolated PICs from infected cells in 
in vitro integration assays, the integration bias for GC-rich 
regions [10] but not for active genes [9] was shown. This 
finding points to the importance of native chromatin in the 
interaction with the PIC. 

 In comparison with HIV-1, murine leukemia virus 
(MLV) displays only weak preference for actively tran-
scribed genes but favors integration in promoter sequences 
or in close proximity to transcription start sites [11]. Distinct 
target site preferences of these retroviruses are retained by 
HIV- and MLV-derived vectors [12,13]. These results may 
have relevance for the design of retroviral vectors for gene 
therapy: in a cohort of child patients treated for X-linked 
severe combined immunodeficiency with a MLV-based 
vector, two cases of B cell lymphoproliferative disease oc-
curred when the vector integrated close to the promoter of 
the LMO2 protooncogene [14]. The clonal selection in favor 
of retroviruses integrated into or near growth-related genes 
probably took place during the multistep carcinogenesis. 
Similarly, in cells from AIDS patients, HIV-1 proviruses 
were localized almost exclusively in introns of transcribed 
genes associated with apoptosis, signal transduction and 
transcriptional control [15] and, predominantly, in GC-rich 
chromosomal segments [16]. The resting CD4+ T cell popu-
lation from HIV-1-infected individuals also contains more 
than 90% of proviruses integrated into introns of transcrip-
tion units, randomly with respect to their transcriptional 
orientation [17]. Cloning of human T cell leukemia virus 
type 1 (HTLV-1) integration sites from patients with adult T 
cell leukemia displayed preference for genes related to cell 
growth [18,19]. 

 Differences in target site selection by HIV-1 and MLV 
attract attention to other retroviruses, particularly avian sar-
coma and leukosis viruses (ASLV). In vitro integration as-



Subgroup C Rous Sarcoma Virus Integration into the Chicken DNA The Open Genomics Journal, 2008, Volume 1    7 

says showed that ASLV integrase increases its activity on 
the model target chromatin compacted by addition of histone 
1. In contrast, HIV-1 integrase activity is suppressed by 
nucleosome compaction [20]. Together with previous data 
on the Rous sarcoma virus (RSV) propensity to epigenetic 
silencing in mammalian cells [21-23] it can be assumed that 
ASLV target site selection differs from that of HIV-1 and 
MLV. In the human genome, ASLV integrates into transcrip-
tion units with similarly weak preference to MLV, but with-
out any bias for transcription start sites [13,24]. Transcrip-
tionally active genes are slightly favored by ASLV, but no 
preference for highly expressed genes was found [24]. 

 The basic compositional properties of avian genomes are 
comparable to mammalian genomes [25-27]. In both the 
human and chicken genome, gene-rich regions are concen-
trated in GC-rich isochores. Compositional mapping of 
chicken mitotic chromosomes revealed that the GC-richest 
regions are preferentially localized on a large number of 
microchromosomes and also on almost all telomeric bands of 
macrochromosomes, whereas the GC-poorest isochores are 
generally localized on the internal regions of macrochromo-
somes and are almost absent from microchromosomes [28]. 
The highest gene and CpG island density, GC and CpG con-
tents are found on microchromosomes shorter by two orders 
of magnitude than macrochromosomes [29]. On the other 
hand, the chicken genome is threefold smaller than the hu-
man genome at the expense of intergenic regions, intronic 
sequences, and interspersed repeat content. These important 
differences between genomes might exert distinct patterns of 
provirus distribution. Barr et al. [30] described the genome-
wide integration pattern of subgroup A-ASLV-derived repli-
cation-competent vector and HIV-1 in the chicken genome. 
They demonstrated that ASLV vector weakly and HIV-1 
strongly favored integration in active transcription units but 
without any striking preference for transcription start re-
gions. The complex of ASLVs comprises several subgroups 
with different receptor specificities of their envelopes and 
with significant differences among gag and pol genes. Par-
ticularly, the integrase drives the target site preference by 
tethering with chromatin components [3] and small changes 
of its structure could induce substantial changes in retrovirus 
integration. In order to get further data on ASLV integration 
in its natural host, we have investigated the subgroup C RSV 
integration specificity in chicken cells and present here a 
genome-wide analysis of 57 integration sites with respect to 
the chromosomal distribution, GC content, and transcription 
features of targeted regions. 

MATERIALS AND METHODOLOGY 

Cell Infections 

 Chicken embryo fibroblasts (CEF) were prepared by 
standard procedures from 10-day-old chicken embryos of the 
outbred line P, which is free of ASLV-related endogenous 
sequences [31]. The chicken line P was bred at the Institute 
of Molecular Genetics, Prague, Czech Republic. CEFs were 
grown in F-12 and MEM-D mixed 1:1 (Sigma) supple-
mented with 1% NaHCO3, 5% calf serum, 5% fetal calf 
serum, 1% chicken serum, penicillin-streptomycin mix (100 
μg/ml each), and 2.5 mg/ml amphotericin B at 39

o
C and 5% 

CO2. High-titer infectious RSV was generated by transfec-
tion of pAPrC plasmid DNA containing a complete nonper-

mutated molecular clone of RSV Prague C strain [32]. 
Transfection was performed using lipofection agent DOTAP 
(Qiagene) according to the manufacturer’s instructions and 
the viral spread was monitored by observing the cell trans-
formation. Virus stocks were generated by harvesting the 
cell supernatants, centrifugation at 3,000 x g for 10 min at 
4

o
C, filtration through 0.2 μm cellulose acetate syringe filter 

(Whatman) and stored at –80
o
C. Freshly prepared CEFs were 

infected at 75% confluency with RSV at multiplicity of five 
by adding the virus stock in a small volume of culture me-
dium to the cells for 1 h. Twenty-four hours after infection, 
the CEFs were harvested and used for DNA isolation. 

Cloning and Sequencing of the Integration Sites 

 For amplification and cloning of the sequences flanking 
the 5’LTR of RSV proviruses, we used the I-PCR strategy 
schematically shown in Fig. (1). Briefly, 1.5 μg of DNA 
from infected CEFs was digested overnight with BstYI (New 
England Biolabs) at 60

o
C and circularized by self-ligation 

with 6 units of T4 DNA ligase (Roche) in 100 μl reaction 
overnight at increasing temperature, which started at 10

o
C 

and finished at 18
o
C. The product of self-ligation was subse-

quently cleaved overnight at 37
o
C with 8 units of Eco81I 

(Fermentas) in 50 μl reaction and 5 units of PvuI (New Eng-
land Biolabs) in 40 μl reaction to eliminate the background 
from internal proviral BstYI fragments and to increase the 
efficiency of I-PCR by linearization of the circles within 
LTR, respectively. After desalting, we subverted 150 ng of 
the resulting DNA to PCR with Taq polymerase (TaKaRa) in 
standard reaction according to manufacturer’s instructions 
with addition of betaine and dimethylsulfoxide. The primers 
used were as follows: forward leader, 5’CCTCATCCGTC 
TCGCTTATTCG3’ (nucleotides 63 to 85 3’ to the end of 
5’LTR), and backward LTR, 5’CCTTACTACCACCAAT 
CGGCA3’ (nucleotides 95 to 115 of LTR). The conditions 
for I-PCR amplification were 95

o
C for 3 min, followed by 34 

cycles each consisting of 94
o
C for 20 s, 58

o
C for 30 s, and 

72
o
C for 150 s, and finally 3 min at 72

o
C. The I-PCR prod-

ucts corresponding to the size from 0.5 to 2.0 kbp were ex-
tracted from the agarose gel using the Qiaex gel extraction 
kit (Qiagen) and 15% aliquots were ligated into the pGEM-T 
Easy vector (Promega). Ligation products were transformed 
into XL-1 Blue MRF’ bacteria and resulting colonies were 
screened by black-white selection using S-gal and by PCR 
using forward leader and backward LTR primer for the pres-
ence of inserts longer than 500 bp. Selected clones were 
subverted to DNA sequencing using the Big Dye Terminator 
v3.1 Cycle Sequencing kit (Applied Biosystems). 

Integration Site Mapping and Gene Identification 

 Integration sites were mapped onto the chicken draft 
genome assembly using BLAT [33]. The threshold for local-
ization was 99% identity over 90% of the length of the 
integration site. Hits to multiple locations in the genome and 
to unassembled contigs were discarded. Genes (transcrip-
tional units, TU) targeted by integration as well as genes 
located within 100 kb of the integration sites were identified 
from two sources: alignment of chicken mRNA sequences 
from GenBank to the chicken genome available in the 
all_mrna table from the UCSC Genome Browser Database 
[34], and alignment of UniGene representative sequences 
(Gga.seq.uniq file) to the chicken genome using BLAT. The 
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gene was considered as targeted by integration if the integra-
tion site was located inside a region of the aligned mRNA or 
UniGene sequence. Similarly, genes were considered to be in 
the 100 kb vicinity of integration if the corresponding 
mRNA or UniGene sequences were located in the region 50 
kb downstream or 50 kb upstream of the integration site. The 
100 kb window was used as an optimal unit for description 
of genomic features and isochoric composition of chicken 
chromosomes [28]. UniGene cluster ID was used as the 
common gene identifier to keep a non-redundant list of 
genes obtained from the alignment of mRNA and UniGene 
sequences. 

 

Fig. (1). Scheme for I-PCR to clone the sequences flanking the 5‘ 

LTR of RSV integrated into chicken genomic DNA. BstYI digest of 

DNA from infected cells was circularized by self ligation, line-

arized by PvuI and subverted to I-PCR. Enzymes recognition sites 

are depicted as black-headed vertical arrows, I-PCR primers back-

ward LTR and forward leader as horizontal arrows. Proviral DNA 

is represented by open boxes, flanking chicken DNA is shown as a 

filled box. Not exactly to scale. 

EST Data Processing 

 Publicly available chicken EST data were obtained from 
the NCBI dbEST database [35]. Sixty-three EST libraries 
including non-normalized and normalized, prepared from 
bulk tissues with at least 500 ESTs, were selected (Addi-
tional data file 2). EST libraries were organized into 14 
groups by tissue according to the annotation in the chicken 
UniGene library browser (http://www.ncbi.nlm.nih.gov/ 
UniGene/); and EST data from the same tissue were pooled. 
For each gene (TU) from the chicken UniGene database the 
number of ESTs in each of the 14 tissues was enumerated. 

Database Versions 

 The following databases were used in all analyses: chicken 
draft genome assembly - galGal2, February 2004, UCSC [29] 
and chicken UniGene - build #27, May 2005 [36]. 

 

 

RESULTS AND DISCUSSION 

Cloning and Confirmation of Integration Sites 

 From two independent infections and inverse PCRs (I-
PCR), we obtained in total 91 sequences flanking the RSV 3’ 
LTR. We have taken into account only sequences with the 
correct structure, i.e. part of the U3 region followed with an 
unknown genomic sequence and part of the leader region in 
proper orientation and with the BstYI site on the border be-
tween proviral and chicken DNA (Fig. 1). The length of 
cloned flanking sequences without proviral junctions varied 
from 36 to 716 nucleotides. Each of the selected 91 se-
quences was examined by BLAT and the hit that matched 
the query with highest identity, usually more than 99%, 
along its full length, was regarded as the integration site. If 
there were several equally identical hits, the query sequence 
was regarded as a genomic repeat. 

Chromosomal Distribution of Integration Sites 

 RSV integration sites were localized on chicken chromo-
somes by their mapping to the assembled genome sequence. 
In total, 57 out of 91 integration sites were mapped unambi-
guously to the chicken draft genome assembly (Fig. 2). The 
rest of integrations landed either in unassembled chromo-
somes (6 integrations), multiple repeats (15 integrations), or 
could not be localized in the current version of the genome 
(13 integrations). We have found proviruses integrated into 
the majority of macrochromosomes, with the exception of 
chromosomes 8, 10, 13, 14, 15, 17, and 19. Microchromo-
somes were mostly untargeted. Chromosomes 1, 2, and 3 
hosted 14, 15, and 7 integrations, respectively. The shorter 
chromosomes 4, 5, 6, 7, 9, 11, 12, 18, and 20 were targeted 
by 3, 2, 2, 1, 1, 1, 4, 1, and 2 integrations, respectively. 
There were three hits on chromosome Z and one hit on 
chromosome W. We have not found any integration hotspot 
as observed for HIV-1 [9]. RSV integration also shows a 
significant preference for GC-rich regions (Fig. 3A). 

RSV Preferably Integrates into Genes 

 We next assessed the frequency of RSV integration into 
genes and intergenic regions. Integration into genes was 
defined as integrations within annotated chicken mRNA 
genes (all_mrna) and/or Unigene clusters. Out of 57 local-
ized integrations, 21 (36.8%) were found in TUs (Fig. 2). On 
the other hand, the analyzed annotated mRNAs and Unigene 
clusters represent 22.7% of the sequenced chicken genome. 
This discrepancy is significant (p = 0.017; Binomial test) and 
shows preferential integration of RSV into genes vs inter-
genic regions. In addition to 21 individual genes targeted by 
integrations, there is a strikingly increased density of genes 
around the integration sites (Fig. 3B). This indicates that 
RSV prefers not only genes, but also gene-rich regions. All 
identified genes found within 100 kb of the integration sites 
are listed in Supplementary data file 1. 

 We were also interested whether RSV inserts randomly 
into TUs, or displays a preference for some specific regions 
along the targeted genes. We have combined the Unigene 
clusters with annotated mRNAs and removed all redundant  
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TUs. The insertions are clustered within 10 kb, but without 
any further accumulation within 5 kb around the expected 
transcription start (Fig. 4A). Similarly, analysis of the rela-
tive distance from the transcription start shows an increased 
number of integrations within the first 10% of the gene 
length but this difference is not significant due to the low 
number of integrations inspected (Fig. 4B). Taken together, 
we can conclude only very slight bias for RSV integrations 
near the transcription start. 

RSV Integration Favors Genes Expressed in Multiple 

Tissues 

 We investigated the expression of 21 genes targeted by 
integration and also 164 genes located in the 100 kb vicinity 
(50 kb downstream and 50 kb upstream) of all integration 
sites using the publicly available EST data from the NCBI 
dbEST database. We selected 63 chicken EST libraries cor-
responding to 14 different tissues (Supplementary data file 2) 
and classified genes by their expression into three categories: 
(1) genes with high expression breadth (probably housekeep-
ing genes), which were expressed in 5 or more tissues, (2) 
tissue-specific genes that were expressed exclusively in one 
tissue, and (3) genes expressed preferentially in 1 or 2 tis-
sues, which also include the subset of tissue-specific genes. 

A gene was considered to be expressed in a tissue if at least 
one corresponding EST was present in that tissue. The re-
sults from the expression analysis are summarized in (Table 
1). We observed that the genes expressed in 5 or more tis-
sues represent 42.9% of genes targeted by integration and 
39.6% of genes within 100 kb of the integration site (Fig. 5). 
In comparison to the rest of the genes in UniGene, of which 
only 27.7 % were expressed in 5 or more tissues, this repre- 
 

sents a significant excess in the 100 kb vicinity of the inte-
gration site (p = 0.001, Fisher’s exact test). Genes with high 
expression breadth were also more abundant among the 
genes targeted by integration, but the difference was not 
significant due to the low sample size. For the tissue-specific 
genes, the opposite trend was observed. Only 14.3% and 
18.3% of tissue-specific genes were detected among the 
genes targeted by integration and genes located in the 100 kb 
vicinity of the integration site, respectively, while 25.7% of 
the rest of genes in UniGene were tissue-specific. The pau-
city of tissue-specific genes within 100 kb of the integration 
site was significant (p = 0.03, Fisher’s exact test). Similar 
results as for the tissue-specific genes were obtained for the 
genes expressed preferentially in 1 or 2 tissues (Table 1), 

 

Fig. (2). Chromosomal location of RSV integrations in chicken chromosomes. In total, 57 out of 91 integration sites were unequivocally 

localized in the assembled chicken genome. Integration into genes, defined as integrations within annotated chicken mRNA genes (all_mrna) 

and/or Unigene cluster are highlighted as red “lollipops“. Integrations outside of genes are shown in black. Chromosomes are depicted in 

colors to show gene density over 1 Mb long chromosomal segments, the black regions correspond to long gaps (often putative centromeres). 

Microchromosomes currently unassembled are not shown. 
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which displayed a significantly low frequency in the 100 kb 
vicinity of the integration site (p = 0.01, Fisher’s exact test). 
As far as we can transfer the data from EST libraries to 
CEFs, whose transcriptome was not yet analysed, the inte-
grations are favored in regions containing genes with high 
expression breadth (probably housekeeping) and disfavored 
in the vicinity of genes expressed specifically in one tissue or 
preferentially in a small number of tissues. 

 

Fig. (3). GC and gene content of integration sites. (A) GC content. 

The plot shows density of integration according to the GC content 

in 50 kb long nonoverlapping segments. (B) Gene content. The 

gene content was calculated for 50 kb long segments for both anno-

tated chicken mRNA genes (all_mrna) and Unigene clusters. 

CONCLUSION: NONRANDOM RSV-C INTEGRA-

TION AND COMPARISON WITH OTHER RETRO-

VIRUSES 

 Here we report the first study of RSV integrations in the 
chicken genome. At the macrolevel, we found that RSV has 
a preference for large chromosomes, GC-rich and gene-rich 
regions, and broadly expressed genes. At the microlevel, we 
have not found any significant preference of RSV integration 
in the vicinity of transcription start sites and/or promoter 

regions. Obviously, some of these features are interdepend-
ent. In both mammals and birds, gene-rich regions tend to be 
GC-rich [25-27]. However, the apparent under-represent-
ation of insertions into microchromosomes is surprising, as 
chicken microchromosomes have, in general, an increased 
GC content, more CpG islands, and higher gene density  
 

 

Fig. (4). Distribution of 57 integration sites around cellular genes. To 

avoid potential artifacts caused by selective removal of redundant 

records, all targeted genes are counted, even if one insertion was 

found within or near several transcription units. (A) Distribution of 

integration sites around transcription starts of annotated nonredundant 

chicken transcripts obtained from mRNA genes and Unigene clusters. 

(B) Distribution of integrations within genes. The genes were normal-

ized to a common length to facilitate the comparison. 

Table 1. Results of the Expression Analysis for Genes Targeted by Integration and Genes in 100 kb Around the Integration Site 

 

Genes Targeted by Integration Genes within 100 kb of the Integration Site All Genes from UniGene 
 

Count % Count
2
 % Count % 

Housekeeping genes 
(expressed in 5 or more tissues) 

9 42.9 65*** 39.6 8333 27.7 

Tissue-specific genes  
(expressed exclusively in 1 tissue) 

3 14.3 30* 18.3 7746 25.7 

Preferentially expressed genes1 
(expressed in 1 or 2 tissues) 

5 23.8 53** 32.3 12668 42.1 

Total 21 100 164 100 30093 100 

1Including tissue-specific genes. 
2Significant difference in comparison to the rest of genes in UniGene. 
*p = 0.03; ** p = 0.01; *** p = 0.001 (Fisher’s exact test). 
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[28,29]. The explanation for this observation is unclear but it 
is in accordance with Barr et al. [30] who described the same 
trend in a bigger dataset of ASLV integration sites. In the 
same study, however, HIV-1 proviruses accumulated in the 
microchromosomes. 

 

Fig. (5). Proportion of genes targeted by integrations and located in 

a 100 kb vicinity of integration sites in the context of their expres-

sion breadth. The genes were sorted into three categories according 

to the number of tissues with EST data present (indicated in brack-

ets). The genes within 100 kb of the integration sites displayed 

significant differences in all three categories in comparison to the 

rest of the genes in UniGene (see Table 1). 

 Very interesting is the bias for integration near potential 
housekeeping genes, but not tissue-specific genes. Given the 
constitutive expression in all tissues, regions rich in house-
keeping genes are expected to have an open chromatin struc-
ture, which is favorable for retroviral integration [37]. Inter-
estingly, constitutively expressed genes in both mammals 
and birds are preferentially found in GC-rich regions in the 
nuclear interior [38,39]. This may indicate that the higher 
order chromatin structure is an important factor affecting 
RSV integration. 

 The aforementioned integration preferences of RSV are 
very similar to previously analyzed retroviruses 
[8,9,13,24,30], despite the fact that some chicken chromo-
somal and genomic features are different from those of 
mammalian genomes. In contrast to previous studies on 
MLV and MLV-derived retroviral vectors in human and 
murine genomes, we have found that RSV integrates without 
any significant preference for the transcriptional starts of 
targeted genes. This resembles the integration of ASLV-
derived vectors of the RCAS type (http://home.ncifcrf.gov/ 
hivdrp/RCAS/plasmid.html) [13,24,30]. It is tempting to 
speculate whether the peculiar behavior of MLV in its ho-
mologous host genome could be observed also in the het-
erologous host genome of chicken. Lack of such integration 
bias would suggest the tethering of MLV PIC with a mam-
malian-specific DNA binding factor absent in chicken cells. 
Further genome-wide integration studies in chicken using 
retroviruses of mammalian origin in comparison with 
ASLVs are greatly needed for better understanding of this 
phenomenon. 

ABBREVIATIONS 

ASLV = Avian sarcoma and leukosis virus 

CEF = Chicken embryo fibroblast 

EST = Expressed sequence tag 

HIV-1 = Human immunodeficiency virus type 1 

I-PCR = Inverse polymerase chain reaction 

kb = Kilo bases 

Mb = Mega bases 

MLV = Murine leukemia virus 

PIC = Preintegration complex 

RSV = Rous sarcoma virus 

TU = Transcription unit 
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