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Porcine endogenous retroviruses (PERV) are members of the gammaretrovirus genus and display
integration preferences around transcription start sites, a finding which is similar to the preferences of
the murine leukemia virus (MLV). Our new genome-wide analysis of the integration profile of a recom-
binant PERV (PERV A/C), enabled us to examine more than 1,900 integration sites and identify 224
integration hot spots. Investigation of the possible genome features involved in hot-spot formation
revealed that the expression level of the genes did not influence distribution of the integration sites of
gammaretroviruses (PERV and MLYV) or the formation of integration hot spots. However, PERYV integra-
tion and the presence of hot spots was found to be greater in areas of the genome with high densities of
genes with CpG islands. Surprisingly, this was not true for MLV. Simulation of integration profiles
revealed that retrovirus integration studies involving the use of the restriction enzyme Msel (widely used
in genome integration studies of MLV and gammaretroviral vector) underestimated integration near CpG
islands and in gene-dense areas. These results suggest that the integration of gammaretrovirus or
gammaretroviral vectors might occur preferentially in genome areas that are highly enriched in genes

under CpG island promoter regulation.

Retrovirus-based gene therapy approaches carry both huge
hope and danger (15). One of the most threatening risks is the
oncogenic transformation following retroviral vector integra-
tion. Oncogenic retroviral transformation can involve the dis-
ruption of a gene product or of some regulatory elements of a
gene (9). This risk results from well-described processes that
have been used to identify proto-oncogenes (19, 32). A recent
setback affecting SCID patients in a clinical trial highlighted
the risk of vector integration (16) and the importance of the
choice of retroviral backbone to deliver and integrate the ther-
apeutic gene into the host genome (8).

The randomness of retroviral integration within the host
genome has long been challenged (9) until the first genome-
scale analysis of human immunodeficiency virus (HIV) inte-
gration by Schroder et al. definitively demonstrated the pref-
erential HIV integration within active transcription units (TU)
(28). Since then, the integration profiles of different retrovi-
ruses have been described (7, 13, 36). It is apparent from all of
these studies that the preferred site of retroviral integration
varies between different retrovirus genera but that retroviruses
within the same genus share similar profiles. For example,
integrations of porcine endogenous retrovirus (PERV) and
murine leukemia virus (MLV), two gammaretroviruses, occur
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preferentially near CpG Islands and transcription start sites
(TSS) (23, 39), whereas integrations of HIV and simian immu-
nodeficiency virus (SIV), two lentiviruses, are favored in active
TU (10, 28). The major viral determinant for target-site selec-
tion has been convincingly attributed to the integrase protein
(IN), probably with the help of host partners (20). All of these
studies have clearly demonstrated that retroviral integrations
are not totally random, and this raises the crucial question of
the impact of the vector backbone to be used in retrovirus-
based therapy and the associated risks.

In a previous study, we characterized the integration profile
of the PERV in human cells in vitro (23). However, some
questions still need to be examined, especially the propensity
of PERV to integrate or not with higher frequency in some
areas of the genome, defining the so-called integration hot
spots. PERV consists of different virus subgroups: PERV-A
and PERV-B have been shown to infect human cells in culture,
albeit with low titers, whereas PERV-C has a more restricted
host range and cannot infect human cells in vitro (17). As a
result of recent characterization of a natural PERV A/C re-
combinant (17), 500 times more infectious in vitro, we decided
to reinvestigate its integration profile in the human genome.

Discrepancies within our different data sets led us to refine
our analyses of the integration profiles of both PERV and
MLV. We show here that the choice of restriction enzymes
used to identify the integration sites does have an impact on
the final result of integration profiles. Msel leads to an under-
estimation of the integration in high CpG islands areas, and
gammaretrovirus integrations occur preferentially in genome
areas enriched in genes and CpG islands.
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TABLE 1. Distribution of restriction sites in the human genome

Site category

% Distribution (P)”

Msel AvrII/Nhel AvrlI/Nhel/Spel Random
Within RefSeq genes 35.8 (<0.001) 36.5 (<0.001) 36.1 (<0.001) 343
Within £5 kb of CpG islands 5.3 (<1.137E—20) 9.4 (<2.42E—09) 8.3 (NS) 7.8
Within £5 kb of RefSeq TSS 4.6 (<3.44E-08) 6.7 (<0.0006) 5.9 (NS) 5.9

“ P values are compared to the random values. NS, not significantly different from random.

MATERIALS AND METHODS

Virus preparation and cell infection. The PERV plasmids used throughout the
present study have been described previously (3, 4, 17). The accession numbers
for clones A14/220 and Ap60 are AY570980 and AY099323, respectively. Infec-
tious PERV particles were produced from plasmids by transfecting HEK-293
cells with Lipofectamine (Gibco). The cells were maintained by serial passage for
4 weeks to amplify virus production before use in further infections. Cell-free
supernatants were filtered (0.22-um pore size) and applied to human cell cul-
tures for 4 h as described previously (23). The C8166 cells were grown in
suspension and needed to be centrifuged for replacement of the medium after
the 4-h PERYV incubation. PERV-infected cells were maintained in culture for
either 2 days or 2 weeks.

Integration site identification. PERV integration sites were cloned by the
ligation-mediated PCR (LM-PCR) protocol as described previously (23). After
extraction, genomic DNA was cleaved with either Msel or the Avrll/Nhel re-
striction mix and ligated to the double-strand linker used in our earlier study and
described by Schroder et al. (28). The products were cleaved with Eael to
prevent internal viral fragment amplification during nested PCR, which was
performed by using long terminal repeat and linker-specific primers. Amplicons
were purified on membrane (MinElute PCR purification kit; Qiagen) and cloned
with a TOPO TA cloning kit (Invitrogen). Sequencing was performed on an ABI
Prism 3130-Avant genetic analyzer (Applied Biosystems). Integration sites were
mapped to the human genome on the May 2004 freeze (hg17) using the BLAT
program. The oligonucleotides used are listed in Table S1 in the supplemental
material.

Bioinformatic analysis. The PERL language was used for data mining. The
frequency of integration in the vicinity of the gene was determined by comparing
the positions of the integration sites to the genomic positions of the RefSeq
genes and CpG Islands. Bias induced by restriction endonucleases Msel and
AvrlI/Nhel in the human genome (hgl7 freeze) was determined with restriction
maps. Simulations of the integration sites at these positions were then used as
random controls.

Transcription profile analysis was done with publicly available Affymetrix HG-
U133A and HG-U95A microarrays datasets. The accession numbers for the
NCBI GEO data samples used in the present study were GSM21381 (41) and
GSM50270 (35) for uninfected HEK-293 and HeLa cells, respectively.

Gene density indexes. Four complementary gene density indexes were calcu-
lated for each RefSeq identification code (ID). The gene density index was the
sum of all of the RefSeq IDs present in a =1-MB window from the TSS of each
RefSeq ID. The CpG+ gene density index was the sum of all of the RefSeq ID
with at least one CpG island identified within £5 kb of their TSS present in the
same *1-Mb window, and the CpG ™~ gene density index was the sum of all of the
RefSeq ID with no CpG island identified within =5 kb of their TSS present in
the same window. The delta CpG index was the difference between the CpG™
index and the CpG~ index. A negative delta CpG index indicated a relative
enrichment of CpG ™ genes in a given area of the genome. A positive delta CpG
index indicated a relative enrichment of CpG™ genes in a given area of the
genome. Delta indexes close to zero resulted from either a balanced CpG™ or
CpG™ distribution in the same window or a low gene density index.

GenBank accession numbers. The sequence data from the present study have
been submitted to GenBank under accession numbers FI185198 to F1187345.

RESULTS

PERV integration sites identified in this study. In the
present study, 1,948 unique PERYV integration sites were char-
acterized from nine datasets obtained with four different
PERV viruses derived from four molecular clones. Clones
A14/220 and Ap60 were obtained by a PCR-based method

from biological isolates (17). Clones 1 and 2 are chimeric
constructions between clones A14/220 and Ap60 (see Fig. S1 in
the supplemental material). Isolate A14/220 is a natural re-
combinant between PERV-A and PERV-C, which was ob-
tained by transmission from activated peripheral blood mono-
nuclear cells from miniature swine to HEK-293 human cells
(25). The clone A14/220 genome is mainly related to PERV-C
except for the env receptor-binding domain, which is related to
PERV-A. Isolate Ap60 is a PERV-A derived from porcine
PK15 cells, which naturally produce particles of PERV sub-
types A and B (26, 33).

Most infections were performed in the HEK-293 cell line,
and one was performed in the C8166 human T-cell line (see
Table S2 in the supplemental material). Integration profiles
from seven datasets obtained with HEK-293 cells comprising a
total of 1,773 integration sites were used for the present study.
Some datasets using the high-titer PERV A14/220 were ob-
tained by analyzing integration sites on day 2 postinfection
instead of the standard 15 days postinfection. One of our
objectives in the present study was to examine the existence of
hot spots following PERV integration. It is possible that ret-
rovirus integration profiles differ during the time course of the
viruses spreading in the culture. We initially compared results
after short (2 days) and long (15 days) cultivation periods and
found high reproducibility in the integration profiles (cf. Table
2 and Table S2 in the supplemental material). We therefore
analyzed DNA on day 15 postinfection, which gave a better
yield of cloned integration sites. As in our previous study, we
used a biotin-streptavidin primer tag selection after the liga-
tion-mediated PCR. However, due to the presence of a Msel
restriction site in the 3" long terminal repeat of clones A14/220,
we used an Avrll/Nhel enzyme mix, instead of Msel, to digest
the cellular DNA. The possible introduction of a bias, in favor
of the integrations close to restriction sites, has been regularly
addressed but considered negligible (22). However, due to the
affinity of the PERV integrations for the CpG environment
(23), the differences in the G/C composition of the restriction
sites recognized by the enzymes Msel (TTAA), Avrll
(CCTAGG), Nhel (GCTAGC), and Spel (ACTAGT) re-
mained a matter of concern for us. We estimated this possible
bias by first screening the human genome for all of the Msel,
Avrll, Nhel, and Spel restriction sites and randomly selected a
set of 10,000 restriction sites for each enzyme mix (Msel alone,
AvrlI/Nhel, or Avrll/Nhel/Spel). We then assessed the distri-
bution of the selected sites, with regard to the three genomic
features for which we have already reported an enrichment in
PERV integration, namely, the TU of RefSeq genes, the prox-
imity to CpG islands (=5 kb), and the proximity of TU to the
TSS (=5 kb). The results obtained with the different mixtures
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TABLE 2. Influence of endonuclease restriction enzyme combinations on the distribution of recombinant and wild-type PERYV integrations in
the human genome (HEK-293 cells)*

% Distribution (P)”

Human genome

Avrll/Nhel LM-PCR

Site category (% distribution)

A14/220°  Clone 1

Clone 2 A14/220-1 A14/2202  APGO Mean
(n=1303) (n=242) (n=235) (n=309) (n=349) (n=207) (n=1645) Avrll/Nhel

Msel LM-PCR
Random l;ﬁlfs\j AP60 Random
(n = 189) (n =128)  Msel

Within RefSeq genes 343 46.5 49.2 55.7 48.4

Within 5 kb of 7.8 587 59.9 60.9 68.8
CpG islands

Within =5 kb of 5.9 422 45.0 46.0 48.7
RefSeq TSS

47.6 43.0 48.4 36.5 43.9 (0.0054) 37.5(0.69)  35.8
52.8 62.8 60.3 9.4 39.0 422 5.3
375 43.0 43.8 6.7 33.9 36.7 4.6

“ Values for human genome, random AvrlI/Nhel, and random Msel are for 10,000 sites.
b All P values (chi-square) compared to random AvrII/Nhel for AvrII/NheI LM-PCR or random Msel for Msel LM-PCR were <0.0001 except for the P values

indicated in parentheses.

¢ The dataset at day 2 postinfection (all the other datasets are from day 15 postinfection).

@ Dataset from Moalic et al. (23).

of restriction enzymes highlighted some bias in the distribution
of the restriction sites in the selected features (Table 1), an
underestimation in the CpG islands and TSS being obtained
with Msel compared to the Avrll/Nhel mix (respectively, 1.77-
and 1.44-fold lower with Msel). A small bias was also observed
for TU with the different restriction mixes. Compared to our
previous study, the replacement of Msel by AvrlI/Nhel might
then theoretically increase the percentage of integration recov-
ery near CpG islands by =5 kb and TSS by =5 kb from 39 and
34%, respectively, to 65 and 50%. The results that we obtained
with the different PERV clones were in fact very close to our
predictions, with values ranging from 52.8% to 68.8% near
CpG islands and from 37.5% to 48.7% near TSS (Table 2). To
confirm that the observed sway in the integration profiles was
induced by the AvrII/Nhel mix and did not reflect differences
in the integration profile of A14/220-derived PERV, HEK-293
cells were infected with Ap60 (a PERV molecular clone ob-
tained from PK15). The genomic DNA was then extracted and
digested with either Msel or the AvrlII/Nhel mix to compare
the integration profiles. The distribution of Ap60 integration
with Msel perfectly matched that obtained in our previous
study and differed from that obtained with the AvrIl/Nhel mix
(37.5% versus 43% in TU, 42.2% versus 62.8% near CpG
islands, and 36.7% versus 43% near TSS).

We noted that the signature of the integration mechanism,
highlighted by a statistically favored sequence of DNA sur-
rounding the integration site (23), was confirmed for our dif-
ferent datasets (see Fig. S2 in the supplemental material). This
sequence was even extended from 8 to 12 bases [-4]GCTG
(int)GTACCAGC(]7], due to the high number of integration
sites analyzed.

Description of PERYV integration site hot spots. We did not
show evidence for hot spots in the PERYV integration profile in
our previous study (23) and hypothesized that the underlining
of hot spots might be precluded by the low number of integra-
tion sites characterized (<200). By using the AvrlI/Nhel re-
striction enzyme mix, which focused 60% of the PERV inte-
grations identified in a genome area representing no more than
8% of the human genome (cf. Table 1), we ensure potentially
optimal conditions to address the question of the occurrence of
hot spots during PERV integration.

The criterion used to define hot spots was the same one

applied to define common insertional sites (CIS) (40), with at
least two independent insertions contained within <30 kb,
three in <50 kb and, four or more in <100 kb. Looking for hot
spots within a limited area of the genome (60% of the inte-
grations in 8% of the genome), necessarily generates, with the
increase of integration sites identified, the appearance of some
hot spots by chance. We therefore simulated different sets of
random integration profiles (that matched the profile observed
for the PERYV integrations) to estimate the number of hot
spots that would occur by chance. The simulated integrations
had to fulfill the following criteria: (i) they had to be close to
AvrlI/Nhel sites (the mean distance between experimental
PERY integration and AvrlIl/Nhel sites was <200 bp and, for
convenience, the simulated integration sites were indeed
AvrlII/Nhel sites) and (ii) the profiles for each simulated
integration set had to be similar to the mean profile obtained
with PERV, i.e., 48.4% in TU of RefSeq genes, 60.3% in CpG
+ 5 kb and 43.8 in TSS = 5 kb.

The integration simulations yielded very few hot spots rang-
ing from 1 to 6 hot spots per set of simulations with a sum of
67 hot spots totaling 146 integrations (8.9%) for a total of 1,645
simulated integrations. Conversely, the number of hot spots
observed in the PERV integration datasets was significantly
higher (P < 0.05, analysis of covariance), ranging from 11 to 37
hot spots per PERV integration set, with a total of 224 hot
spots totaling 671 PERYV integrations that represented 40.8%
of the 1645 PERYV integrations identified. Closer examination
revealed that the PERV-induced and simulated hot spots dis-
played significantly different features (Fig. 1). Most of the
simulated hot spots were in the 30-kb window (57/67) with two
simulated integration sites per hot spot. Only two hot spots
were in the 100-kb range, and none had more than four inte-
grations. Conversely, several PERV hot spots were in the
100-kb range, 16 hot spots had more than four integrations,
and 1 hot spot culminated with eleven PERV integrations
within an 18-kb window. Finally, the window sizes of the hot
spots, theoretically defined as 2, 3, or =4 integrations in win-
dow sizes of 30, 50, or 100 kb, were in fact much narrower with
PERYV, in which the mean window sizes were, respectively 8,
19.5, and 46 kb versus 11, 29.7, and 64.9 kb for the simulated
integrations.

We further investigated the features of hot spots by looking
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FIG. 1. Distribution and characteristics of PERV and simulated
hot spots. The diagram represents the real windows size of the hot
spots for each category of CIS windows. PERV hot-spot (black dia-
monds) and random hot-spot (gray diamonds) datasets are as defined
in the figure. Random hot spots are found mainly in the two integra-
tion categories of CIS.

at the effect of the expression level of the genes on the hot-spot
distribution.

PERYV and MLYV integrations are independent of the expres-
sion levels of the genes. Since a slight preference had previ-
ously been described for PERV and MLV integrations close to
genes with higher expression levels (23), we inferred that hot
spots, which resulted from an increased affinity for some part
of the genome, should accentuate this by adding both prefer-
ences. Unexpectedly, the distribution of the integrations in the
different bins of expression were the same whether these inte-
grations were in hot spots or not (Fig. 2). This indirectly sug-
gested that expression levels might be of little, if any, signifi-
cance in PERYV integration and might possibly be an artifact of
the covariation of expression levels with some other features of
the genes.

The PERYV integration profile was strongly associated with
proximity to CpG islands (cf. Table 2), even more than with
proximity to a TSS. This suggested that the neighborhood of a
CpG island might be more critical for PERV integration than
the sole presence of a TSS. Even if CpG islands are strongly
associated with TSS, not all genes have CpG islands in close
proximity to their TSS (27). We then divided the RefSeq genes
into two classes: one with CpG islands contained within *5 kb
from TSS (called CpG™), which represented 72% of the genes,
and the other class with the closest CpG island distance being
more than 5 kb from TSS (called CpG ), which represented
27% of the genes. Examination of the expression of CpG™ and
CpG~ genes revealed that the percentage of CpG™ genes
regularly increased in the bins with increasing expression lev-
els, with this distribution varying from 10 to 15% from bin 1
(low expression) to bin 8 (high expression) for the CpG™ genes
(Fig. 3B and E) and, conversely, from 19 to 3% from bin 1 to
bin 8 (Fig. 3C and F) for the CpG ™~ genes (this was consistent
for different cell lines [cf. Fig. S3 in the supplemental mate-
rial]). Classification of the genes according to their expression
level indeed resulted in a covariation of the increase in expres-
sion level and in the percentage of CpG™ genes. Under these
conditions, the slight affinity observed for highly expressed
genes cannot be dissociated from the increase in CpG™ genes.
We then reanalyzed the distribution of retroviral integrations
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FIG. 2. Effect of the transcription activity of the gene on PERV
hot-spot formation. Expression levels were assayed by using Affymetrix
HU133A microarray data sets. All genes on the chips were divided into
eight bins according to their relative levels of expression. The fre-
quency distributions of all PERV Avrll/Nhel integration sites (black
bars) were compared to those of PERV Avrll/Nhel integration sites
present in hot spots (gray bars). The P value was determined by using
the chi-square test.

according to the expression level of the two gene categories
(CpG™ or CpG™) (cf. Fig. 3).

The analysis of the distribution of integrations performed on
all of the genes (irrespective of the proximity to CpG islands)
reproduced the significant slight increase in integration for
bins 6 and 7 for PERV (Fig. 3A) and bins 5, 6, and 7 for MLV
(Fig. 3D) and a significant strong preference for the same bin
for HIV as previously described (see Fig. S4 in the supplemen-
tal material). Splitting the genes into the CpG™ and CpG~
categories strongly lowered the apparent preference of gam-
maretrovirus for the highly expressed genes (Fig. 3B and E) in
the CpG™ gene population. For HIV, the preference for highly
expressed genes was maintained in the CpG™ population (see
Fig. S4 in the supplemental material). For the CpG~ gene
population, the number of integrations was low, and their
distributions (both for PERV and MLV) did not match the
distribution of the genes (Fig. 3C and F) (P < 0.05): some high
expression bins displayed more integration than expected. The
apparent slight affinity of gammaretroviruses for highly ex-
pressed genes in fact reflected a preferred affinity for (CpG™)
genes associated with CpG islands.

Clusters of CpG™~ genes are cold PERY integration areas in
the human genome. We have shown that the role played by the
level of gene expressions in PERV and MLV integration pro-
cess is probably very marginal but that the CpG environment
might be highly relevant. In a recent article, Berry et al. iden-
tified CpG islands, gene density, and DNase I hypersensitive
sites as genome features that favored gammaretrovirus inte-
gration (5). CpG island density and gene density are known to
be highly correlated and so we hypothesized that if PERV
integration occurred preferentially close to CpG™* genes, then
clusters of CpG™~ genes should be underrepresented, irrespec-
tive of the gene density.

As hypothesized, several areas enriched in CpG™ or CpG~
genes have been identified throughout the human genome.
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FIG. 3. Influence of CpG island distribution within expression level bins on the distribution of gammaretroviral integration. Expression levels
were assayed by using Affymetrix HU133A microarray data sets. All genes on the chips were divided into eight bins according to their relative levels
of expression. The distribution of the PERV integration (A, B, and C) or MLV integration (D, E, and F) are given according to the expression
level of the genes. Panels A and D represent 100% of the genes present on the chip. Panels B and E represent the distributions of the CpG™ genes
present on the chip (~75% of the genes present in panels A and E). Panels C and F represent the distribution of the CpG ™ genes present on the
chip (~25% of the genes present in panels A and E). For panels B, C, E, and F, the distribution of the genes is expressed as the percentage of
the number of genes that are present in each of the categories (i.e., CpG™* or CpG ™). While the distributions of PERV and MLV integration are
different from the distributions of the genes in panels A and E (P < 0.005) for the CpG* genes (B and E), the distributions of the integrations
are the same. For the CpG™ genes, the distribution of the integration is different from the distribution of the genes (P < 0.005).

Chromosome 11 seems to provide useful information about
variation in the gene density index, the CpG™ density index,
the CpG™~ density index, and PERV integration (Fig. 4) and
will therefore be used throughout this section for the purpose
of our demonstration.

Chromosome 11 is 134,452,384-bp long and displayed 119
PERYV integrations. Figure 4A shows the variations in gene
density index along chromosome 11; Fig. 4B shows the same
variations but with the CpG™ and CpG~ gene densities calcu-
lated separately. Figure 4D represents the distribution of
PERV integrations along chromosome 11. The gene density
(calculated for a 2-Mb window) varied from 0 to 88 genes. Four
areas were of particular interest: area 1 with a maximum full
gene density index of 84 containing mainly CpG~ genes
(CpG~ density index of 75), area 2 with a maximum full gene
density of 62 (maximum CpG~ density index of 49), area 3 with
a maximum full gene density index of 88 containing mainly
CpG™ genes (CpG™ density index of 75), and area 4 with a
maximum gene density of 58 (maximum CpG ™ density index of
38). All areas had high gene indexes but showed different

PERYV integration densities. Areas 3 and 4 (high CpG™ index)
were targets for PERV integrations, whereas areas 1 and 2
(high CpG ™ index) were not. Thus, gene density alone did not
appear to be a good predictor of PERV integration. When the
genes were categorized as CpG™ or CpG~, correlation with
the occurrence of PERYV integration was much improved, the
rate of integration being high in CpG™ gene areas and low in
CpG™ gene areas.

To determine whether we could generalize this observation
to the entire genome, we then calculated, for each gene, a
single index, designated the delta CpG index, which corre-
sponded to the difference between its CpG™ and CpG™~ gene
indexes. This new index clearly defined the area enriched in
CpG™ or CpG~ genes. Figure 4C illustrates the delta index for
chromosome 11. The CpG™ areas are apparent as peaks (pos-
itive values), whereas the CpG ™~ enriched areas are apparent as
troughs (negative values). The troughs visualized on chromo-
some 11 did not display any integration (as visualized in Fig.
4C and D), whereas the peaks appeared to be targets for
PERYV integration. It should be noted that some areas were
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FIG. 4. Variation of gene density and distribution of PERV inte-
gration along chromosome 11. (A) Variation of gene density. For each
gene (identified by the RefSeq ID), the gene density was calculated for
a 2-Mb window surrounding their TSS. (B) A similar calculation was
performed, but the genes were separated into two populations: genes
with CpG islands (green line) and genes without CpG islands (brown
line). (C) For each gene, a delta index corresponding to the density of
the CpG™ genes minus the density of the CpG™~ genes was calculated.
Areas enriched in CpG™~ genes displayed negative values; areas en-
riched in CpG™ genes displayed positive values. (D) Bar code repre-
sentation of PERV integration along chromosome 11. PERV integra-
tions were mainly present in highly positive delta CpG index areas.

neither peaks nor troughs and corresponded to either mixed
classes of CpG+ and CpG ™~ genes with low delta indexes or to
low-gene-density areas. These areas were occasionally targets
for PERYV integration but with seemingly lower frequency.
Genome areas enriched with CpG™ genes favored PERV
integration, were neutral for HIV integration, and disfavored
foamy virus (FV) and avian sarcoma-leukosis virus (ASLYV)
integration. We have shown for chromosome 11 that the gene
density is not a good predictor of PERV integration, that
negative delta indexes (i.e., CpG~ enriched areas) disfavor
PERV integration, and that a delta CpG index provides a more
satisfactory prediction of PERV integration. Among the inte-
gration profiles of the different retrovirus studied thus far, gene
density has been positively correlated with the integration of
gammaretroviruses and lentiviruses, but not of alpharetrovirus,
deltaretrovirus, or spumavirus (5). We wondered whether non-
gammaretroviruses might also integrate preferentially in
CpG™ areas or areas with a positive delta index. When we
considered a 2-Mb window throughout the genome the calcu-
lated delta index varied from —75 to +110. and the vast ma-
jority of the genes (60%) were between the delta indexes of 1
and 20, 18% of the genes had a delta index below 0, and 22%
had a delta index above 20. Comparative analysis of the dis-
tribution of the integrations and of the genes, according to the
delta index, displayed a significant bias for most of the retro-
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FIG. 5. Distribution of retroviral integrations according to the
delta CpG index. The genes were classified according to their delta
CpG index and represented as the sum of the distributions of the gene
(in percentages) when moving from the most negative to the most
positive delta CpG index. A similar classification was performed for
the retroviral integrations of FV, MLV, HIV, and PERV (ASLV [not
represented on the figure] displayed the same profile as FV). Integra-
tions present in hot spots were also plotted separately for each data set
(hot-spot curves). For all of the viruses except FV, a shift of the curve
toward a higher delta CpG index was observed for the integrations
present in hot spots (P < 0.005). The curve for the genes (noted
RefSeq) is completely overlaid by the HIV integration curve and is not
apparent. The retroviral integration datasets used are listed in Table
S2 in the supplemental material.

virus integration profiles observed except for HIV. These bi-
ases are represented in Fig. 5, which shows the progressive
accumulation (as a percentage) of the genes and of the inte-
grations for MLV, PERV, HIV, and FV, going from the neg-
ative delta indexes to the positive delta indexes. The sharp
increase between delta indexes 0 and 20 illustrates the fact that
60% of the genes are contained between these two limits. For
FV and ASLYV, 24 and 18%, respectively, of the integrations
were displayed between delta indexes —75 and —1 (whereas
only 15.5% of the genes are contained within these indexes)
and 94.2 and 91.3% by delta index 20 (for 78.6% of the genes).
For MLV integration, 15.1% occurred between delta indexes
—75 and 0 and matched the percentage of genes (15.5%), but
from delta index 1 to delta index 20, the increase in MLV
integration was slightly more rapid than the rise in RefSeq
(86.1% MLV versus 78.6% genes). The percent integration in
negative delta index classes (from —75 to 0) was lower for HIV
(10.8% versus 15.5% for genes), but then the HIV integration
curve paralleled the curve of gene distribution. For PERV, the
percent integration from delta indexes —75 to 0 was 6.2% and
much lower than the gene percentage (15.5%), reaching only
62.7% by delta index 20. Thus, the increase in percent integra-
tion occurred more slowly than the increase in the gene per-
centage. The remaining 37.3% of the PERYV integrations were
distributed between delta indexes 21 and 111, which (repre-
sented only 21.4% of the genes).

These results show that retrovirus integration, irrespective
of the virus, was disfavored for genes localized in the most
negative delta index areas. For FV and ASLYV, either genes
with a low negative delta index or localized in low positive delta
index areas were favored for integration, whereas high positive
delta indexes were detrimental to integration. For MLV, low
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FIG. 6. Influence of the restriction enzymes used on the distribu-
tion of the PERYV integration according to the delta CpG index. PERV
integrations obtained after either Msel or AvrlI/Nhel digestion of the
DNA were classified according to their delta CpG indexes and are
represented as the sum of their distributions (in percentages) when
moving from the most negative to the most positive delta CpG index.
The distributions of the genes and of the MLV-Msel integrations are
also represented. Replacing Avrll/Nhel by Msel suppressed the offset
toward higher delta CpG indexes for PERV integration (P < 0.05),
which then displayed the same profile as the MLV-Msel integration.

positive delta indexes favored integration. For HIV, genes
localized in positive delta index area were favored irrespective
of the delta index value. For PERYV, integration would be
favored in genes localized in areas with higher positive delta
indexes (x? test, P < 0.005).

Assuming then that high positive delta indexes favor PERV
integration, such areas should have a higher number of inte-
grations, and we might thus expect PERV hot spots to be
over-represented in higher-delta-index areas. This is indeed
what we observed, with a significant shift of the integration
hot-spot curve toward higher delta index values (x* test, P <
0.005). Interestingly, a slight but significant increase was also
observed for HIV and MLV (x? test, P < 0.05) but not for FV
or ASLV.

Choice of restriction enzyme accounted for discrepancies
between integration profiles. In a previous article, we de-
scribed the features common to PERV and MLV (23). In the
present study, with regard to the delta index, the integration
profile of MLV appeared to be closer to the FV and ASLV
integration profiles than to the PERV integration profile. This
behavior of MLV suggested discrepancies between the inte-
gration profiles of the two gammaretroviruses MLV and
PERV.

The MLV integration data set described by Wu et al. (39)
relied on the use of the restriction enzyme Msel, as did our
initial study of PERYV integration (23). For the present study,
we switched to a different enzyme mix (described at the begin-
ning of Results) and showed that this affected the apparent
distribution of integration near CpG islands and TSS (Table
1). We then wondered whether the observed discrepancy be-
tween PERV and MLV for the delta index preference was
linked to the enzyme mix used. The results, shown in Fig. 6,
clearly illustrate that the enzyme mix did result in significant
differences in the PERYV integration profiles in relation to the
delta index. The curve obtained with the Msel enzyme
switched PERYV integrations toward a lower delta index (P <
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FIG. 7. Variation of Msel and Avrll/Nhel restriction site densities
along chromosome 11. The densities of the distribution of Msel or
AvrlI/Nhel restriction sites were calculated for a 2-Mb window size
along chromosome 11. Density variations were then calculated by
reference to a theoretical density (that is, the number of restriction
sites present on chromosome 11/the number of bases of chromosome
11). Important variations in the density of restriction sites are ob-
served. Msel displayed the widest variations in site density, and vari-
ations were inversely correlated with the delta CpG index (r = —0.6).
Avrll/Nhel displayed fewer variations, and no correlation with delta
CpG index was noted (r = 0.25).

0.05) and was identical to the one obtained for MLV integra-
tion.

Although the number of Msel restriction sites is enormous
(several million throughout the genome), their distribution
along the chromosomes is subject to huge variation, and high-
delta-index areas displayed the lowest density of Msel sites, as
illustrated for chromosome 11 (Fig. 7), with a correlation co-
efficient between delta index and restriction enzyme sites of r =
—0.6 for Msel and r = +0.25 for the AvrlI/Nhel mix. We then
produced random simulations of 10,000 integration sites based
on the different restriction enzyme sites to verify the possible
influence of enzyme mix on the integration profile with regard
to the delta index. The profiles obtained for the different en-
zymes or the enzyme mix were very similar, with most integra-
tions within the low-delta-index area, which also represents
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FIG. 8. Simulation of the delta CpG index distribution of integra-
tions obtained with either Msel or Avrll/Nhel. PERV integration
profiles were simulated based on the use of either Msel or AvrIl/Nhel.
The profiles obtained had to be similar to the one obtained for the
PERV. Rbl1 is a profile with a distribution of integrations of 39% CpG,
34% TSS, and 44% RefSeq; Rb2 is a profile with a distribution of
integrations of 60% CpG, 40% TSS, and 44% RefSeq. Both Msel
profiles (Rb1 Msel and Rb2 Msel) displayed a more rapid accumula-
tion of simulated integration in the low-delta-CpG area than the dis-
tribution of the genes (dark blue line) or the accumulation of simu-
lated integration with Avrll/Nhel profiles (Rbl AvrIl/Nhel and Rb2
AvrlI/Nhel) (P < 0.005).
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most of the gene-containing area of the genome (Fig. 8). How-
ever, a similar random simulation that took into account the
integration profile of PERV (i.e., integration close to a CpG
island and TSS) according to our two PERV integration stud-
ies showed clear differences in the distribution of the simulated
integrations according to the restriction enzymes used. With
Msel, most of the simulated integrations landed in low-posi-
tive-delta-index area, whereas with the AvrlI-Nhel mix the
simulated integration curve was skewed toward the gene dis-
tribution curve (P < 0.005), reflecting more simulated integra-
tions in the higher-delta-index range, a curve very close to the
one observed for HIV. Interestingly, the Rb2 AvrII/Nhel sim-
ulation differed from the PERYV integration curve (see Fig. 5)
and did not shift this curve toward very high delta CpG index
values. The shift of the PERV-AvrIl/Nhel experimental data
must be considered a true feature of PERV and not as a bias
that might have been introduced by the enzyme mix. In con-
trast, the integration profiles observed with the MLV-Msel or
PERV-Msel datasets are likely, at least in part, to be due to a
skewed distribution of the integrations linked to the enzyme
used.

DISCUSSION

Hot spots have been regularly observed in the genome wide
surveys of retroviral integration but remain poorly explained.
Retroviral integration hot spots were initially described with
HIV in SupT1 cells, but this phenomenon was not observed in
the other cell types studied (28). A recent study compared the
hot spots of gammaretroviral and lentiviral vector integration
in human CD34" hematopoietic cells (18). The results showed
that a high frequency (>20%) of gammaretroviral integration
sites occur in hot spots, whereas they are significantly less
frequent in the case of lentiviral vectors, suggesting that a
propensity for generating hot spots is a feature of the retrovi-
rus-derived vector. ASLV, for example, which presents an in-
tegration pattern close to randomness, displays a very small
number of hot spots (<10 hot spots for 500 integrations) that
likely occur by chance (22). Our previous study of PERV
integration did not reveal significant hot spots. Conversely, in
the present study the PERYV integrations identified gave rise to
a collection of 224 hot spots and some apparent discrepancies
with our earlier data set, which led us to reinvestigate the
integration profiles of PERV and gammaretroviruses in cell
lines.

Integration profiles of retroviruses have been extensively
analyzed with regard to numerous features of the genome (5).
Each of these features, analyzed separately, participates in
retrovirus integration site profiling, but potential covariation of
certain features has been insufficiently considered and may
have led to misinterpretations. For example, it seemed illogical
to us that the slight preference for high-expression genes de-
scribed for gammaretrovirus integration (23, 39) was not rein-
forced for those integrations in hot spots. The splitting of the
genes into two classes, one with CpG island content and the
other without CpG island content, allowed us to pinpoint some
covariations and to refine our understanding of gammaretro-
viral integration. The fact that the apparent slight preference
for integration in highly expressed genes can be erased by a
subclassification that takes into account both the expression
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level of genes and the presence (or absence) of CpG islands
demonstrates that the gene expression level is not important
for gammaretrovirus integration close to CpG-bearing genes
(this might not be true for the CpG-deficient genes). This
observation must, however, be placed in the context of a ge-
nome which, in cultured cell lines, is pervasively transcribed
(14). The integration of gammaretrovirus during the correction
of X1 or ADA genes in SCID therapy trials has also been
associated with the transcribed genes (1, 12, 29), but it must be
noted that there is no correlation between the common inser-
tion site localization and the intensity of expression (12). In
these studies, the covariation issue was not addressed and,
further, the pervasiveness of the chromatin transcription might
be significantly different from that observed in cultured cells.

Our results concerning gene expression levels enabled us to
highlight the impact of gene density on gammaretroviral inte-
gration. Affinity for the CpG area and TSS was clearly dem-
onstrated in previous studies (23, 39). It was interpreted as an
affinity for the gene promoter region, and the two parameters
(CpG and TSS) were kept in close association. However, even
if most gene promoters are in close proximity to CpG islands
(~70%), a significant number are not (27), and this gave us an
opportunity to distinguish between the respective influence(s)
of CpG islands, TSS, and gene density. Dissociating the genes
into two populations (CpG™ and CpG ™) allowed the concept
of gene density to be refined, and the identification of clusters
of genes off CpG (especially on chromosome 11) clearly re-
vealed areas of the genome which, despite a very high density
index, were totally devoid of PERV integrations. Gene density
is thus of poor prognostic value, with regard to retroviral in-
tegration, if no other qualification is applied to the genes.
Interestingly, some of the areas that are devoid of PERV
integration have also been described as under-represented for
HIV integration (38), suggesting that there might be integra-
tion cold spots, which are common to gammaretroviruses and
lentiviruses, in the human genome. This hypothesis fits with
recent data from Shun et al., who showed that, in the absence
of LEDGF/P75, the affinity of HIV integration for TU is
swayed in favor of promoter and CpG islands and the corre-
lation with gene expression is weaker (31). Some basic require-
ments for gammaretrovirus and lentivirus integration might
thus be shared. Further, Wang et al. have recently shown that
HIV integration is favored near the transcription-associated
histone modifications, i.e., H3 acetylation, H4 acetylation, and
H3 K4 methylations (38), which are mainly present with CpG
island-associated genes (14).

Comprehension of the determinants of retroviral integration
site preferences in the host genome is fundamental to the use
and safety evaluation of retrovirus-based vectors in gene ther-
apy. Since the first genome-scale analysis of HIV integration in
human cells by Bushman’s group (28), the integration profiles
of different genera of retroviruses have been described. All of
these studies have made it clear that the different retroviral
integration profiles observed are a feature of the different
retroviral genera and that integration is essentially driven by
the virus-encoded integrase (20) via interactions with specific
proteins from the host (37) and/or specific DNA structures.
Vectors that rely on retroviral integrases to insert therapeutic
genes in the genome of patients will therefore display similar
integration profiles. This has been verified experimentally in
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human cells, in vitro, for lentivirus-derived vector (2) and also
recently for cells isolated from different SCID patients treated
with a gammaretroviral vector (1, 12, 29). The multiple adverse
event that have been observed following either experimental
(21, 30) or therapeutic (16) retroviral gene therapy will neces-
sitate a very careful clinical monitoring of vector integrations
during therapeutic trials. This monitoring will have to ensure
as a prerequisite the full and homogeneous coverage of the
patient’s genome before granting that no adverse integration
events have occurred. Partial recovery of integration events
following LM-PCR have already been reported by Nagy et al.
(24), and the results presented here provide strong evidence
that the digestion of the genome with restriction enzyme mixes
will not grant a homogeneous coverage of the genome. Ge-
nome coverage has been a matter of concern for sequencing
programs, and especially for shotgun sequencing, for several
years. Some devices have been developed that ensure homo-
geneous shearing of DNA (34). More recently, a PCR method,
multiple displacement amplification (MDA), has been de-
scribed for a whole unbiased amplification of genomes (11).
The authors of that study claim successful whole-genome am-
plification from as few as 1 to 10 copies of human genome,
which would allow the monitoring of a clinical gene therapy
trial. MDA has been recently successfully used for retroviral
gene therapy in vitro and in vivo with a NOD/SCID mouse
model (6) and might prove to be the most straightforward
technique currently available for monitoring retroviral integra-
tion. However, parallel LM-PCR experiments from an MDA
reaction reveals a partial coverage of the integrations for each
LM-PCR, and repeated LM-PCR analyses of the samples will
most probably be required to estimate the recovery of integra-
tion sites (6).

According to our results, gammaretroviral vectors might be
one of the worst choices for use in human gene therapy since
they target gene-dense areas. The use of lentiviral vectors
might be a safer alternative since these avoid the promoter
region of the targeted genes but can efficiently disrupt the
genes. Integrating vectors based on an ASLV backbone, with
an integration profile close to randomness and an affinity for
low-gene density areas, might provide a favorable balance be-
tween hope and danger.
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