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Retroviruses and retrovirus-derived vectors integrate nonrandomly into the genomes of host cells with
specific preferences for transcribed genes, gene-rich regions, and CpG islands. However, the genomic features
that influence the transcriptional activities of integrated retroviruses or retroviral vectors are poorly under-
stood. We report here the cloning and characterization of avian sarcoma virus integration sites from chicken
tumors. Growing progressively, dependent on high and stable expression of the transduced v-src oncogene,
these tumors represent clonal expansions of cells bearing transcriptionally active replication-defective provi-
ruses. Therefore, integration sites in our study distinguished genomic loci favorable for the expression of
integrated retroviruses and gene transfer vectors. Analysis of integration sites from avian sarcoma virus-
induced tumors showed strikingly nonrandom distribution, with proviruses found prevalently within or close
to transcription units, particularly in genes broadly expressed in multiple tissues but not in tissue-specifically
expressed genes. We infer that proviruses integrated in these genomic areas efficiently avoid transcriptional
silencing and remain active for a long time during the growth of tumors. Defining the differences between
unselected retroviral integration sites and sites selected for long-terminal-repeat-driven gene expression is

relevant for retrovirus-mediated gene transfer and has ramifications for gene therapy.

Retroviral replication requires integration of the provirus,
the DNA intermediate of retroviral replication, into the chro-
mosome of the host. Provirus integration occurs in most
genomic regions with weak though statistically significant pref-
erence for specific target site DNA sequences (19, 49). Sec-
ondary DNA structures, DNA bending, nucleosome density,
DNase hypersensitivity, and certain chromatin features repre-
sent other preferential target sites for retrovirus integration
(see reference 20 for a review). The capture of dimeric retro-
viral integrase by host cell factors, which tether the whole
preintegration complex with chromatin, has been described as
a basic mechanism controlling retrovirus target site specificity.
For example, LEDGF/p75 directs human immunodeficiency
virus type 1 (HIV-1) integrase to chromatin, and its depletion
from cells or alterations of its N-terminal domain impair both
the efficiency and preferences of lentiviral integration (7, 31).

The availability of the assembled human genome sequence
opened the chance to map and analyze retrovirus integration
sites on a genome-wide scale with respect to the genomic
features of the host DNA, such as GC content, gene density,
and cytogenetic bands. In a small data set of unselected inte-
gration sites, it turned out that HIV-1 preferentially integrated
into genes, GC-rich regions, and cytogenetic R bands (10).
This approach has been rapidly applied to a wide variety of
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retroviruses, and several comparative studies have shown
surprising differences between their integration preferences.
While HIV-1 preferentially targets genes, particularly the
transcriptionally active ones (10, 42, 33), avian sarcoma and
leukosis viruses (ASLVs) integrate with only slight prefer-
ence for genes (1, 33, 34, 38). The most random dispersion
of integration without any tendency to integrate within
genes was observed for mouse mammary tumor virus (12).
Uniquely, murine leukemia virus (MLV) favors integration
in close proximity to upstream or downstream transcription
start sites (48).

Retrovirus-derived vectors retain the target site preferences
of their parental retroviruses (33). Hence, the genome-wide
integration results are relevant to the design of retroviral vec-
tors for gene transfer and gene therapy. It is particularly im-
portant to know in which genomic locations the integrated
retroviral vector retains transcriptional activity of the trans-
duced gene and, vice versa, where it tends to be transcription-
ally silenced by the inhibitory mechanisms of the host cell. In
gene therapy trials, the selection of target cells with active
retrovirus-transduced therapeutic genes can result in clones
with frans-activated proto-oncogenes. This was demonstrated
in child patients treated for X-linked severe combined immu-
nodeficiency with MLV-based vectors, who exhibited four
cases of B cell lymphoproliferative disorder with the vector
integrated close to the promoter of the LMO2 proto-onco-
gene (15). Another example of clonal selection of retroviral
integration sites can be seen in studies describing common
integration sites (CIS) of chronically transforming retrovi-
ruses (4, 8, 35, 45).

The currently available genome-wide data sets of integration
site preferences were obtained without any selection for or
against the transcriptional activities of integrated proviruses.
We have only limited data on the integration site distribution
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FIG. 1. Schematic representations of the packaging construct
pcGagPol in the AviPack line (A), the cotransfection envelope con-
struct (B), and the transforming proviral construct pH19KE (C).
CMYV, promoter of human cytomegalovirus; VSV-G, gene encoding
the envelope of vesicular stomatitis virus; PBS, primer binding site; ¥,
encapsidation signal; PPT, polypurine tract.

of silent lentiviral vectors or latent HIV-1 proviruses, which are
very sensitive to the chromosomal environment (25, 26, 28)
and the availability of required transcription factors in the
target cell. The distributions of HIV-1 proviruses differ in
resting and activated CD4 " cells infected in vitro. In activated
cells, HIV integrations were found more often in gene-rich
regions, close to CpG islands, and in GC-rich regions. Provi-
ruses in regions with relatively low gene density may be more
prone to be silenced, and therefore, the latent state is more
frequently established in resting cells (2).

Here, we used the acutely transforming Rous sarcoma virus
(RSV)-based retrovirus vector bearing the v-src oncogene for
tumor induction in chickens. Subsequently, we cloned the junc-
tions of proviral and chromosomal DNAs. Because the pro-
gressive growth of tumors requires high and long-term stable
expression of the transduced v-src (37), in this way, we could
select integration sites permitting high and stable expression of
the integrated provirus and characterize the genomic features
of these loci. We show that the distribution of integration sites
from RSV-induced tumors is strikingly nonrandom, with a
strong bias for GC-rich and gene-rich regions. Proviruses were
found preferentially within or close to transcription units
(TUs), particularly in genes broadly expressed in multiple tis-
sues but only exceptionally in tissue-specifically expressed
genes. We propose this approach for characterization of the
genomic features of loci able to promote the expression of
integrated retroviruses and gene therapy vectors.

MATERIALS AND METHODS

Construction of the AviPack packaging cell line. The packaging cell line
AviPack was prepared by introduction of the packaging construct pcGagPol into
the DF-1 chicken cell line (18). The packaging construct was generated by
insertion of the gag-pol coding sequence into the pcDNA3 plasmid (Invitrogen,
Carlsbad, CA). The replication-competent vector RCASBP(A) (13) was digested
with Sacl and Pcil, and overhangs of the resulting 5,092-bp fragment were
removed by treatment with mung bean nuclease. The 5,092-bp fragment was
ligated into the multiple cloning site of pcDNA3 cleaved with EcoRV. The
resulting pcGagPol vector, shown schematically in Fig. 1, was linearized by
cleavage with Pcil, purified by phenol-chlorophorm extraction, and transfected
by calcium phosphate precipitation into the DF-1 cell line. The stably transfected
cells were selected with 400 ug G418/ml. After 2 weeks of selection, the indi-
vidual cell clones were isolated and expanded. Twelve fast-proliferating clones
were selected and used for virus production (see below). One of these clones,
dubbed AviPack, that provided the highest virus titer was expanded and used for
subsequent preparation of virus stocks.

Cell culture and virus production. The AviPack and DF-1 cell lines were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, St. Louis,
MO) supplemented with 5% calf serum, 2% fetal calf serum, 1% chicken serum
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FIG. 2. Scheme of the I-PCR procedure to clone the sequences
flanking the 5" LTR of avian sarcoma virus (ASV) provirus integrated
into the chicken genomic DNA. Pstl digest of DNA from infected cells
was circularized by self-ligation, linearized with Pvul and Bsu36I, and
subverted to I-PCR. The recognition sites of enzymes are depicted as
solid vertical arrows and I-PCR primers as horizontal arrows. Proviral
DNA is represented by open boxes, and flanking chicken DNA is
shown as a filled box.

(all sera from Gibco-BRL, Gaithersburg, MD), and antibiotics in a 3% CO,
atmosphere at 37°C. For virus production, the AviPack cells were cultivated on
a 100-mm petri dish. The cells were cotransfected by calcium phosphate
precipitation with 25 g of the transforming and replication-defective vector
pHI9KE (17) and 5 pg of the plasmid pVSV-G (Clontech, Mountain View,
CA), carrying the gene encoding the vesicular stomatitis virus envelope gly-
coprotein (VSV-G). The medium containing the virus was collected 36 h and
48 h after transfection. The virus stock was filtered through a 0.45-pum syringe
cellulose-acetate filter, and the virus titer was assessed by a focus-forming
assay in chicken embryo fibroblasts.

Tumor induction and monitoring. Chickens of the close-bred line P free of ev
loci, endogenous avian leukosis virus (ALV) sequences (14), were used in the
experiments. These chickens are maintained at the Institute of Molecular Ge-
netics and are free from exogenous avian leukosis viruses. Tumors were induced
in 14-day-old chicks by subcutaneously inoculating 100 focus-forming units
(FFU) in 0.2 ml of the virus stock into both the wing webs and the outer area of
the pectoral muscle. To evaluate the progression of tumors objectively, we
monitored the area of tumor that was prominent from the site of inoculation by
placing transparent foil on the tumor and tracing its contours. The picture of the
tumor was then transferred onto a sheet of millimeter paper. Estimates of the
tumor area in square millimeters were calculated as half the sum of the outer and
inner regular figures just fitting the picture of the tumor (46). Progressively
growing tumors were harvested, and DNAs were isolated individually by phenol-
chloroform extraction from tissue lysed in SDS buffer with proteinase K.

Cloning and sequencing of integration sites. Amplification and cloning of
sequences flanking the 5’ long terminal repeat (LTR) of pHI19KE proviruses
were done as described by ReiniSova et al. (38) with slight modifications (Fig. 2).
The inverse-PCR (I-PCR) strategy is schematically shown in Fig. 2. DNAs from
the tumors were individually digested overnight with Pstl at 37°C and circular-
ized by self-ligation with 400 cohesive units of T4 DNA ligase (New England
Biolabs, Ipswitch, MA) in 100 pl reaction mixture overnight at increasing tem-
peratures, which started at 10°C and finished at 18°C. The product of self-ligation
was subsequently cleaved overnight at 37°C with 10 U of Pvul and 10 U of Bsu361
(both enzymes from New England Biolabs, Ipswitch, MA) in 50 pl reaction
mixture to eliminate the background from internal proviral Pstl fragments and to
increase the efficiency of I-PCR by linearization of the circles within the LTR,
respectively. After being desalted, 150 ng of the resulting DNA was subjected to
PCR amplification with Tag polymerase (TaKaRa Bio, Otsu, Japan) in a stan-
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dard reaction according to the manufacturer’s instructions, with the addition of
betaine and dimethyl sulfoxide. The primers used were as follows: forward
leader, 5’CCTCATCCGTCTCGCTTATTCG3' (nucleotides 63 to 84 3’ to the
end of the 5’'LTR), and backward LTR, 5'"CCTTACTACCACCAATCGGCA3’
(nucleotides 95 to 115 of the LTR). The conditions for I-PCR amplification were
95°C for 3 min, followed by 34 cycles, each consisting of 94°C for 20 s, 58°C for
50 s, and 72°C for 120 s, and finally 3 min at 72°C. The I-PCR products corre-
sponding to sizes from 0.25 to 2.0 kbp were either treated with ExoSaplt (Af-
fymetrix, Santa Clara, CA) or, in the case of multiple bands produced by I-PCR,
extracted from the agarose gel using the Qiaex gel extraction kit (Qiagen, Hilden,
Germany) and ligated into the pPGEM-T Easy vector (Promega, Madison, WI).
The ligation products were introduced into Escherichia coli XL1-Blue MRF’
bacteria, and the resulting colonies were screened for the presence of inserts
longer than 250 bp by blue-white selection using X-Gal (5-bromo-4-chloro-
3-indolyl-B-p-galactopyranoside) and by PCR using forward and backward
LTR primers. The selected clones were subverted to DNA sequencing using
the Big Dye Terminator v. 3.1 cycle sequencing kit (Applied Biosystems,
Foster City, CA).

Identification of integration sites. All the obtained sequences were mapped
onto the chicken genome assembly using BLAT (27). We discarded sequences
mapping to multiple locations in the genome or to unassembled contigs and
the hits below the threshold of 99% identity over 90% or more of the length
of the integration site. Targeted genes/TUs and TUs located within 100 kb of the
integration sites were identified according to the annotation of the chicken genome
in the Ensembl database (23). The Ensembl GenelD was used as the primary gene
identifier. Several Perl scripts utilizing the Ensembl Perl API (http://www.ensembl
.org/info/docs/api/) were written to obtain gene annotation and external references
of Ensembl genes to the UniGene database.

EST data processing. Seventy-two publicly available chicken expressed se-
quence tag (EST) libraries, including both normalized and nonnormalized,
with at least 500 ESTs were used in the expression analysis. The EST data
were obtained from the NCBI UniGene Chicken EST Library Browser (41) (http:
/fwww.ncbi.nlm.nih. gov/UniGene/lbrowse2.cgi ?”TAXID =9031 & CUTOFF=500),
sorted into 13 groups representing individual chicken organs or tissues, and ESTs
from the same source were pooled (see Table S1 in the supplemental material). We
enumerated the ESTs of genes targeted by provirus integration in each of the 13
tissues.

Database versions. The following chicken genome databases were used for map-
ping of provirus integrations and analysis of insertion sites: the 2.1 (May 2006)
release of the chicken genome assembly (24), Ensembl release 56 of September 2009
(23), and chicken UniGene build number 41 of October 2008 (41).

RESULTS

Production of transforming virus and tumor induction. For
tumor induction, we used the outbred chicken line P, free of
ASLV-related endogenous viruses (14), in order to avoid the
background in I-PCR cloning of integration sites. Because of
mutations in #v receptor loci and inefficient entry of A, B, and
C RSV subgroups in this breed (our unpublished observation),
we constructed a cell line able to package replication-defective
and transformation-competent ASLV-based vectors with pan-
tropic VSV-G envelopes (50). The plasmid containing the gag
and pol genes under the cytomegalovirus (CMV) promoter and
the Neo" gene as a selection marker was transfected into DF-1
cells. The AviPack clone with the highest capacity for packag-
ing the LTR, v-src, and LTR proviral genomes with pantropic
VSV-G envelope was used for virus production. Virus prepa-
rations were titrated and adjusted for monoclonal tumor in-
duction in chicks. Tumors induced in 14-day-old chickens ap-
peared at the site of inoculation with nearly 100% efficiency 2
weeks postinoculation. All induced tumors grew progressively
with only minor differences in the growth kinetics, and chicks
were sacrificed to take tissue samples within the subsequent 3
to 5 weeks.

The data set of integration sites. We cloned and sequenced
201 DNA fragments produced by I-PCR from 311 harvested
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tumors. Only a few tumors provided two integration sites; on
the other hand, from a reasonable fraction of chicken tumors,
no integration site was cloned. Only 166 clones containing the
Pstl junction of the chicken genomic sequence with the defined
part of the U3 region at the 5’ end and a part of the leader
region at the 3’ end were regarded as bona fide 3’ proviral
flanking sequence and included in further analysis. Another
sign of regular integration sites was the absence of two termi-
nal nucleotides of the LTRs. The lengths of the cloned 3’
flanking sequences varied from 22 to 1,741 bp. All 166 flanking
sequences were examined by BLAT, and the genomic hits with
the highest identity, mostly higher than 99% along the full
length, were handled as integration sites. We further discarded
13 integration sites where the provirus landed in multiple re-
peats or unassembled genomic regions and integration sites
that could not be localized into the current version of the
chicken genome assembly. All 153 localized integration sites
are listed in Table S2 in the supplemental material.

Genomic distribution of integration sites. In total, 153 inte-
gration sites were unambiguously mapped to the draft chicken
genome assembly (Fig. 3). Both macro- and microchromo-
somes were targets of provirus integration. We compared the
observed numbers of provirus integrations in individual chro-
mosomes with the numbers expected according to the chromo-
somal size (data not shown) and found the highest observed/
expected ratio in macrochromosomes 3 and 1. In contrast, no
integration sites were found on chromosomes 16, 17, 21, 23, 27,
32, and W. Chromosome W might have been underrepre-
sented in our experiments, as we used chickens of both sexes
for tumor induction. However, none of the discrepancies be-
tween observed and expected integrations is statistically signif-
icant (P > 0.1; x? test), and we conclude that integration sites
are randomly distributed at the level of whole chromosomes.

Regarding the GC content, proviruses tended to be localized
in genomic regions with higher, but not the highest, percent-
ages of GC (Fig. 4A). The highest density of integrations was
observed in the fraction of the genome with a GC content
between 47.5 and 52.5%. By analyzing the density of genes
around the integration sites, we showed that proviruses local-
ized preferentially in gene-rich regions (Fig. 4B). There was a
low density of integration sites in gene deserts and in the
regions with up to six genes per 50 kb. The highest density of
integration sites was found in the genomic fraction containing
seven or eight genes per 50 kb, and it dropped in fractions with
even higher gene contents. Importantly, the frequency of inte-
grations was not correlated with the increasing density of Pstl
recognition sites. The great majority of integration sites were
found in genomic fractions with an average density of Pstl
sites, and only a few integrations went to microchromosomal
PstI-rich regions (data not shown). We conclude that there was
no detection bias caused by the restriction enzyme used for
I-PCR.

Proviruses in chicken tumors primarily localize in genes.
The striking feature of the provirus distribution in chicken
tumors is the frequent targeting of TUs. Integrations within
annotated chicken genes, either untranslated regions, exons, or
introns, according to Ensembl v56, were regarded as targeting
TUs. Out of 153 localized integrations, 88 (57.5%) were found
in TUs, whereas only 65 (42.5%) targeted the intergenic re-
gions. Provided that the annotated genes, including introns and
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FIG. 3. Chromosomal locations of RSV integrations in virus-induced chicken tumors. In total, 153 out of 166 integration sites were unequiv-
ocally localized in the assembled chicken genome. Integrations into genes, defined as integrations within annotated Ensembl genes, are highlighted
with red “lollipops.” Integrations outside of genes are shown as black lollipops. Chromosomes are depicted in colors to show gene density over
1-Mb-long windows of the chromosomal sequence (gene density increases from blue through yellow and orange to red); the black regions

correspond to long gaps (often putative centromeres).

all untranslated sequences, in Ensembl v56 span 40.4% of the
sequenced chicken genome, there was significant preference
for integration into TUs (P = 0.0002; binomial test) in com-
parison with intergenic regions. In addition, 45 integrations
(29.4%) were found in regions 5 kb upstream and 5 kb down-
stream of CpG islands. Ensembl v56 registers 12,596 CpG
islands spanning, together with sequences 5 kb upstream and 5
kb downstream, 139 Mb, i.e., 13.5% of the chicken genome.
There was significant preference for integration into CpG is-
lands (P = 0.0007; binomial test), obviously dependent on the
preference for genes and GC-rich regions.

We also examined the specific positions of proviruses within
the targeted genes. We calculated the normalized positions
along the targeted genes for all 88 genic integrations (Fig. 5A)
and showed only a slightly increased number of integrations
within the first 10% of the gene length. Because the capacities
of cellular promoters/enhancers to affect the transcription of
adjacent integrated proviruses are correlated with the absolute
distance between them, we calculated the distances of all in-

tegration sites from the transcription start sites of the neigh-
boring genes. From this view, integration sites clustered within
10 kb around the transcription start sites, i.e., 5 kb upstream
and 5 kb downstream of the transcription start site (Fig. 5B).

Proviruses in chicken tumors are overrepresented in genes
expressed in multiple tissues. In order to compare the tran-
scription of previously analyzed unselected integration sites
with our current data set of sites selected for high and long-
term expression of integrated provirus, we checked the expres-
sion of 88 genes with provirus integrations and all genes found
within 100 kb around integration sites, 50 kb upstream and 50
kb downstream of the site of integration. Gene expression was
assessed according to the presence of ESTs in 72 chicken EST
libraries representing 13 different organs or tissues (see Table
S1 in the supplemental material). The genes examined were
classified into two categories: (i) broadly expressed genes,
whose ESTs were found in libraries from five and more tissues,
and (ii) tissue-specific genes with ESTs in libraries exclusively
from one tissue. Using this approach, we were able to examine
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content was calculated as the number of annotated Ensembl genes in
50-kb-long nonoverlapping segments.

60 UniGene genes targeted by integration (see Table S3 in the
supplemental material) and 236 genes within 100 kb around
the integration sites (data not shown).

The summarized data on gene expression at integration sites
are given in Table 1. Broadly expressed genes represent 51.7%
of the genes targeted by integration and 52.5% of the genes
within 100 kb of the integration sites. In contrast, barely 3.3%
of the genes targeted by integration and 14% of the genes
within 100 kb around integration sites are characterized as
tissue specific. In comparison, similar fractions of genes in
UniGene, 25.5% and 26.8%, are broadly expressed and tissue
specific, respectively. The differences in comparison with all
genes from UniGene are highly significant (P < 0.00002; Fis-
cher’s exact test). Even more stringent selection of genes ex-
pressed in seven or more tissues still indicated 36.7% of tar-
geted genes and 34% of genes within 100 kb of the integration
sites. Again, in comparison with 15.2% of all UniGene genes,
the difference is highly significant (P < 0.00004; Fischer’s exact
test). We did not observe any striking pattern of expression in
the targeted genes. These genes are mostly expressed in brain,
ovary, cartilage, liver, and lymphoid tissues. Several organs,
e.g., the pancreas, are underrepresented as to the expression of
targeted genes. Based on these data, we conclude that broadly
expressed or even housekeeping genes are preferential target
sites for transcriptionally active proviruses.
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DISCUSSION

All retroviruses integrate with some preference into tran-
scriptionally active genes, probably reflecting the accessibility
of decondensed chromatin and tethering of retrovirus inte-
grases with chromatin-associated proteins (reviewed in refer-
ence 6). In the present study, we have demonstrated a substan-

TABLE 1. Expression analysis of genes targeted by provirus
integration and genes adjacent to the integration
sites within 100 kb

No. (%) of genes

No. (%) of genes “Cuiii 100 kb of

No. (%) of all

Category targeted by . . genes from
integration the mgiiratlon UniGene
Genes expressed in 31(51.7) 124 (52.5) 8,510 (25.5)
five or more
tissues
Tissue-specific genes 2(3.3) 33 (14.0) 8,949 (26.8)
expressed in one
tissue
Total 60¢ 236> 33,383¢

“ Fifty-nine out of 89 Ensembl genes targeted by integration have UniGene
reference to 60 UniGene genes.

? Two hundred thirty-one out of 410 Ensembl genes targeted by integration
have UniGene reference to 236 UniGene genes.

¢ Twenty-eight thousand two hundred and eight genes out of all 33,383
UniGene genes are expressed in at least one tissue.
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tially increased proportion of retrovirus integration into or
close to genes, particularly into genes broadly expressed in
multiple tissues, in progressively growing chicken tumors. The
selection for tumor formation and progressive growth allows
the clonal expansion of cells, in which proviruses are integrated
into genomic regions that are likely to favor strong LTR-driven
expression of v-src. We infer that proviruses integrated into
these genomic regions efficiently avoid transcriptional silencing
and remain active for a long time during multiple cell cycles.

The selection of active proviral integrations through tumor
induction, as proposed in our study, is based on the observa-
tion that the high expression of the transduced v-src oncogene
is necessary for tumor growth in chickens and that the level of
oncogene expression is correlated with tumor progression (37).
In contrast, the epigenetic silencing of the provirus and loss of
v-src expression trigger reversion of the transformed pheno-
type in cancer cell clones in vitro (16). We therefore consider
this kind of selection to be very stringent and effective. One
drawback of this approach might be, in rare cases, the presence
of more than one provirus in one tumor. Under these condi-
tions, it might be that only one provirus drives expression of
the v-src oncogene whereas another is silent. We adjusted the
efficiency of tumor induction to between 50 and 100% to min-
imize the probability of multiple integrations in single tumors.
Nevertheless, we cannot completely exclude the possibility that
our set of integration sites contains a small proportion of such
silent bystanders.

The principal finding of this study is the extreme accumula-
tion of transcriptionally active proviruses in genes, particularly
in those with great transcriptional breadth. ASLVs were pre-
viously shown to integrate with a weak preference into tran-
scription units (1, 34). Barr et al. (1) demonstrated a slightly
but statistically insignificantly increased frequency of genic in-
tegration in chicken cells in comparison with HeLa cells. We
observed 57.5% of integrations targeting TUSs, which is highly
significant in the small chicken genome with its high gene
density. Statistically highly significant is the accumulation in
the genes expressed in multiple tissues, potentially housekeep-
ing genes. In a subset of the integration-targeted genes, where
the data from EST libraries were available, the broadly ex-
pressed genes were overrepresented whereas only a marginal
fraction of tissue-specifically expressed genes was found. This
can be only partially explained by the weak correlation be-
tween ASLV de novo integration and the expression of target
genes (1). We can assume that housekeeping genes are more
frequent targets in a limited pool of target cells than the few
tissue-specific genes expressed in these cells. Furthermore, the
constitutively expressed genes are frequently found in GC-rich
regions and clustered in gene-rich regions (40), so that whole
chromosomal segments can associate with transcription facto-
ries (44). We could not precisely analyze the level of transcrip-
tion in the targeted loci, as many EST libraries used in our
study are normalized. Further analyses in human or mouse
cells, where more representative microarray data are available,
remain to be performed.

Similar results, i.e., increased frequency of integration into
genes close to CpG islands and in gene-rich regions, were
shown in a small number of transcriptionally active human
T-cell leukemia virus type 1 (HTLV-1) provirus Tax" clones
(32). The same bias of provirus integration has been observed
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in peripheral blood mononuclear cells (PBMCs) from patients
persistently infected with HTLV-1 and exhibiting the virus-
associated inflammatory condition. The comparison with un-
selected in vitro HTLV-1 integration (9) suggests that the se-
lection of transcriptionally active proviruses either in vitro or in
vivo influences the distribution of integration sites in correla-
tion with the outcome of HTLV-1 infection.

Although ASLVs preferentially integrate into transcribed
genes (1), there are at least two observations providing evi-
dence that the most active genes might not be the best targets
for retrovirus integration. Maxfield et al. (30) demonstrated
that the high level of transcription suppressed gene-specific
integration of the Rous-associated virus 1 (RAV-1) retrovirus
in the quail genome. In the inducible metallothionein gene,
they showed that 100-fold induction of transcription reduced
the frequency of integration events by six times. Similar results
were obtained in inducible gene cassettes introduced into the
quail genome artificially (47). Transcription-correlated inhibition
could be explained by steric hindrance via the RNA polymerase
II complex or by DNA duplex separation during transcription
(11). Provided that the highly and broadly expressed genes cluster
into so-called regions of increased density of gene expression
(RIDGES) (5), characterized by the highest GC content, our
observation of decreased frequency of integration into the
most GC- and gene-rich genomic fractions can be explained by
this interference. Independently, the RSV sequences in cell
lines derived from hamster tumors were found in heavy isoch-
ores, but not in the most GC-rich DNA (39).

In several cases, we found proviral integration into genes
potentially involved in tumor suppression, apoptosis, and cell
transformation. Although the v-src oncogene was the immedi-
ate agent inducing sarcomas in our system, we can postulate
additional promotion of the progressive tumor growth result-
ing from disruption/transactivation of these loci.

In our system, we selected for genomic locations permitting
efficient expression of integrated loci. Endogenous retrovi-
ruses, in comparison, are subverted to the opposite selection
forces during the evolution of their host genomes. Purifying
selection removed human endogenous retroviruses (HERVs)
with deleterious effects within transcription units. As a result,
HERVs are enriched in intergenic regions and orientation
biased when (rarely) found within transcription units. The an-
tisense orientation of splicing and poly(A) signals does not
disrupt the transcription of targeted units (29, 43). Reconsti-
tuted consensus HERV-K__ , however, integrates with normal
preferences of exogenous retroviruses (3), demonstrating ex-
perimentally that the distribution bias of HERVs does not
arise during initial retrovirus integration. Similarly, the distri-
bution of Alu retrotansposons evolves in time by virtue of
negative selection (36).

Defining the differences between unselected retroviral inte-
gration sites and sites selected for long-terminal-repeat-driven
gene expression is relevant for retrovirus-mediated gene trans-
fer and has ramifications for gene therapy. As ASLV-based
vectors are now being explored and optimized for gene therapy
applications in hematopoietic cells (21, 22), it is highly impor-
tant to study the clonal selection of integration sites in animal
models.
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