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Simian immunodeficiency virus (SIV) is a useful model for studying human immunodeficiency virus (HIV)
pathogenesis and vaccine efficacy. As with all other retroviruses, integration is a necessary step in the
replication cycle of SIV. The location of the retrovirus integration site is known to impact on viral gene
expression, establishment of viral latency, and other aspects of the replication cycle of a retrovirus. In this
study, 148 SIV provirus integration sites were sequenced and mapped in the human genome. Our analysis
showed that SIV integration, like that of HIV type 1 (HIV-1), exhibited a strong preference for actively
transcribed regions in the genome (A. R. Schroder et al., Cell 110:521–529, 2002) and no preference for the CpG
islands or transcription start sites, in contrast to observations for murine leukemia virus (X. Wu et al., Science
300:1749–1751, 2003). The parallel integration target site preferences of SIV and HIV-1 suggest that these
lentiviruses may share similar mechanisms for target site selection and that SIV serves as an accurate model
of HIV-1 with respect to integration.

All retroviruses require integration into the host cell genome
for completion of the replication cycle of the virus. The inte-
gration process is catalyzed by virally encoded integrase, and
much has been learned about the biochemical steps involved
(6). Integrase first catalyzes the removal of a dinucleotide from
the 3� ends of viral termini and then joins the processed viral
ends to the target DNA in a concerted cleavage and ligation
reaction. However, the process through which integration sites
are selected by retroviruses remains poorly understood. Previ-
ous studies have shown that most of the host genome is acces-
sible for retrovirus integration, but the target site selection is
not totally random (6, 14, 29, 30, 41). Many large-scale surveys
of genome-wide retrovirus integration sites have been reported
recently (23, 26, 35, 43). One of the surprising findings is that
retroviruses from diverse genera have different target site pref-
erences even though their integrases share very similar bio-
chemistry. Schroder et al. showed that human immunodefi-
ciency virus type 1 (HIV-1) greatly prefers integrating into
transcription units within the host genome (35). In contrast,
Wu et al. showed that murine leukemia virus (MLV) prefers
transcription start sites or CpG island regions (43). Yet an-
other virus, avian sarcoma-leukosis virus (ASLV), has much
weaker preferences for any of these locations (23, 26).

Integration has broad-ranging consequences for the host,
including establishment of persistent or latent infections (16)
and activation of oncogenes (15). In the case of HIV-1, viral
latency is a significant hurdle to effective and durable treat-
ment of acquired immunodeficiency (27). Simian immunode-
ficiency virus (SIV) infection of macaques serves as a model of

AIDS that is amenable to a variety of experimental parameters
while having many of the hallmarks of HIV-1 infection and
pathogenesis, including the establishment of latently infected
populations of cells (7, 12). Recent publications highlight the
unique integration profile of HIV-1 relative to murine and
avian retroviruses (2, 26, 43), and it was of interest to deter-
mine if the preference for actively transcribed regions of the
genome is unique to HIV-1 or is common to other lentiviruses.
Hematti et al. reported that SIV-based gene therapy vectors
strongly favor transcription units and gene-dense regions in the
rhesus monkey genome (11). However the study was focused
on the integration sites in circulating blood cells derived from
SIV-transduced CD34� hematopoietic stem cells after long-
term transplantation (6 months), which may exert selective
pressure on subpopulations of the transduced stem cells. The
study presented here characterized the integration sites of SIV
in human tissue culture cells by acute infection with a replica-
tion-competent SIV clone. The acute infection should have
minimal selective effects for any subpopulation of integration
sites and should thus represent the true integration preference
of SIV. We found that SIV shared very similar target prefer-
ences with HIV-1, which prefers to integrate into actively tran-
scribed genes.

MATERIALS AND METHODS

Cloning of SIV integration junction site sequences. To study the target site
selection of SIV integration, the human lymphoid cell line CEMx174 (31) was
infected with SIV. Virus was produced by transfecting 293 cells with a proviral
clone encoding SIV(mne) clone 8 (18). Cell-free transfection supernatant was
used to infect CEMx174 cells, which were subsequently cultured to establish a
chronically infected culture. At the time of DNA extraction, approximately 60%
of cells were infected, as determined by flow cytometry using intracellular inter-
nal Gag staining. Integration junction site sequences were amplified and cloned
by the linker-mediated PCR method as described by Wu et al. (43). Briefly,
genomic DNA was extracted using a DNAeasy kit (QIAGEN, CA) and then
digested overnight with the restriction enzyme MseI. Digestion of human
genomic DNA with this enzyme is predicted to generate DNA fragments of
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approximately 70 base pairs on average. The digested DNA was ligated to a
double-stranded linker of GGATTTGCTGGTGCAGTACAGGCCTTAAGAG
GGAC and p-TAGTCCCTCTTAAGGCCTC7. The ligated DNA was digested
with HincII to reduce the number of linkers ligated to the internal proviral
sequence. The first round of PCR amplification was carried out with provirus-
and linker-specific primers CCTCTTCAATAAAGCTGCCTT and GGATTTG
CTGGTGCAGTACAG, respectively. A second round of PCR was then per-
formed with provirus- and linker-specific primers AAGTAAGCCAGTGTGTG
CTCCCATC and AGTACAGGCCTTAAGAGGGA, respectively. The
amplified PCR product was cloned into pCR2.1-TOPO, followed by transforma-
tion of Escherichia coli Top10f. Clones were sequenced on an ABI 3700 se-
quencer.

Mapping of SIV integration sites in the human genome. SIV integration sites
were mapped to the human genome as described previously (43). Raw sequences
were trimmed with a customized computer program to remove all vector ele-
ments, the remaining portion of the sequence was reviewed, and only sequences
with high-quality scores were kept. The junction sequence next to the 3� long
terminal repeat (LTR) end sequence was compared to the human genome by
using the BLAT program on the UCSC website (http://genome.ucsc.edu/). Au-
thentic integration sites used in the analysis were defined as (i) containing
sequence contiguous from the nested primer to the end of the 3� LTR (CA) and
the linker sequence; (ii) matching a genomic location, starting immediately
(within 3 bases) after the end of the 3� LTR; (iii) showing 95% or higher identity
to the genomic sequence over the high-quality sequence region; and (iv) match-
ing no more than one genomic locus with 95% or higher identity. A total of 148
unique SIV integration sites were mapped within the human genome (Hg16, July
2003 freeze; http://genome.ucsc.edu/) and used for the analysis in this study.

Microarray analysis of gene expression. To study the level of mRNA expres-
sion in host cells via microarray analysis, CEMx174 cells were either infected with
SIV(mne) clone 8 or left uninfected. Cells were cultured until approximately
60% of the cells exposed to SIV were infected as judged by internal Gag staining,
at which time total cellular RNA was isolated using an RNeasy kit (QIAGEN,
CA). The RNA was labeled and hybridized to Affymetrix Human Genome U133
plus 2.0 arrays according to the manufacturer’s protocol. Probe intensity was
determined with the Affymetrix GCOS 1.1 software. All arrays were normalized
to a median signal level of 150. RNA isolation and hybridization were done in
triplicate with infected and parallel uninfected cultures.

Nucleotide sequence accession numbers. Nucleotide sequences of junction
sites were deposited in GenBank (accession numbers AY679815 to AY680027).

RESULTS

Cloning and mapping of SIV integration sites in the human
genome. To study the target site selection of SIV integration,
the human lymphoid cell line CEMx174 (31) was infected with
SIV(mne) clone 8. At the time of genomic DNA extraction,
60% of the cells were infected as judged by intracellular Gag
staining. Integration junction site sequences were amplified
with linker-mediated PCR and cloned as described previously
(43). Junction site sequences were mapped to the human ge-
nome with the BLAT program using the stringent criteria for
authentic integration sites as previously described (43). A total
of 148 unique SIV integration sites were mapped within the
human genome (Hg16, July 2003 freeze; http://genome.ucsc
.edu/). The chromosomal locations of the integration sites are
shown in Fig. 1. Integration sites were observed on every chro-
mosome.

SIV greatly prefers genes as integration targets in the hu-
man genome. As was proposed early in the research on retro-
virus integration, actively transcribed regions are favored tar-
gets for retrovirus integration (32, 43). Of the 148 unique SIV
integration sites we mapped, 74% (110/148) were located
within RefSeq genes, which are a set of well-annotated genes
based on mRNA records (20). Computer simulation was used
to evaluate whether this is statistically different from random
integration. To do this, we generated 148 integration sites
randomly in the human genome and then calculated the per-
centage of random integration sites within RefSeq genes. This
process was performed 1,000 times. Figure 2 shows a compar-
ison of values determined for the 1,000 random sets and the
mapped SIV integrations. The mean frequency of random
integration sites within RefSeq genes was 34%, similar to the

FIG. 1. Integration site location and distribution on human chromosomes. Sites of SIV integration are marked to the right of the chromosomes
with cytogenetic bands.
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estimated RefSeq content of the human genome (38). This
rate of random integration is significantly less than the 74%
observed for integration of SIV into RefSeq genes in
CEMx174 cells (P � 0.0001 by t test). We further analyzed the
orientations of the SIV proviruses in relation to the directions
of the genes in which they resided. We did not observe any
orientation preference for SIV proviruses that landed inside
genes.

SIV shows no preference for CpG islands or transcription
start sites of genes. MLV favors integration at or near pro-
moter regions of genes as defined by CpG islands or transcrip-
tion start sites of genes (43). In contrast, HIV-1 shows no
preference for CpG islands. To investigate whether SIV inte-
gration was similar to that of either MLV or HIV, we analyzed
the integration sites of SIV for their proximity to CpG islands
and transcription start sites in conjunction with the Wu et al.
data set (43) and the Schroder et al. data set (35). Only 9%
(13/148) of SIV integration sites landed within the �5-kb re-
gion of CpG islands documented in the human genome. This
was not statistically different from random integration (8%) or
the HIV-1 (12%; 39/334) in vivo integrations from the Schro-
der et al. data set. However, this value was statistically lower
than that for MLV, for which 28% of the integration sites
landed in the same �5-kb window (43). In corroboration of
this, we found that only 4% (6/148) of SIV integration sites
landed within the �5-kb region of transcription start sites of
RefSeq genes, compared to 10% for HIV-1 and 24% for MLV
(43) (Table 1).

SIV targets actively transcribed genes. It has been shown
that HIV-1 and MLV prefer to target more actively transcribed
genes (10, 23, 32, 35, 43). To investigate if this is the case for
SIV integration, we generated gene expression profiles of the
CEMx174 cells used for mapping SIV integrations. RNA iso-
lations and microarray analyses of both infected and unin-
fected cells were conducted three independent times. Al-
though not all target genes are expressed, as judged by an
absent/present call with the Affymetrix GCOS software, an
average of 80% of the target genes were “present” in
CEMx174 cells in all six array experiments. This is statistically

higher than the 50% “present” rate for target genes of 10,000
in silico random sites (P � 0.001). In a comparison of probes
representing the targeted genes to all probes on the gene chips
(both infected and uninfected) (Fig. 3A), we found that the
median expression level of SIV-targeted genes was fivefold
higher (34 to 43 for all genes and 217 to 242 for SIV-targeted
genes on all six arrays; P � 0.0001 by a Mann-Whitney test). In
another analysis approach, all the genes were assigned to 1 of
10 “bins” based on expression level, with each bin containing
an equal number of genes. The number of SIV-targeted genes
within each bin was counted and plotted (Fig. 3B). The analysis
was carried out separately for each of the Affymetrix chips
(three for infected and three for uninfected cells). Again, genes
targeted by SIV integration were shown to be more highly
expressed. Interestingly, although SIV integration preferred
actively transcribed genes, there was a decrease in the number
of integrations found in the bin with the highest expression
level (Fig. 3B, bins 10 and 9, respectively). This is very similar
to what has been reported for HIV-1, which showed reduced
integration in the most highly expressed category of genes
analyzed (23).

Further characterization of the location of SIV integrations.
HIV-1 integration sites in vitro exhibit a tendency for cluster-
ing, suggesting that hot spots for integration exist (35). The
highest density of SIV integrations that we observed, three
independent integration sites within a 575-kb stretch of
genomic DNA, was considerably lower than that observed for
HIV-1 integration in SupT1 cells. In contrast to our results
with SIV, HIV-1 integration into one hot spot consisting of five
independent integration sites within 2.4 kb was observed, while
five other hot spots with three independent integration sites
within 100 kb were identified (35). In studies of rhesus ma-
caque CD34� hematopoietic stem cells transduced with SIV-
based vectors and reintroduced in vivo, no hot spots for SIV
integration were observed (11). This is consistent with our
data, although the small SIV data set may limit our ability to
detect hot spots. Alternatively, integration hot spots may be
cell line specific, since no hot spots were observed for HIV-1 in
HeLa cells (43).

There have been conflicting reports about HIV-1 integration
into human repeated sequences, with some data indicating that
Alu and LINE elements are favored by HIV-1 integration (36,
37). Our data showed that 63 out of 148 (43%) SIV integra-
tions landed in repeat sequences within the human genome,

FIG. 2. RefSeq genes are preferred as integration targets by SIV.
The percentage of SIV integrations in RefSeq genes is shown as a
black arrow. The distribution of integrations in RefSeq genes for 1,000
sets (148 each) of computer-simulated random integrations is shown.
The mean value of integration sites in RefSeq genes from random
integration is 33%, and the value for SIV is 74%.

TABLE 1. Frequency of integration sites in transcription units and
transcription start sites

Location

Frequency of integration sites (%) at the
indicated location

SIV
(n � 146)

HIV-1a

(n � 334)
MLVb

(n � 902)
Random sites
(n � 10,000)

In RefSeq genes 74 72 41 33
In CpG islands � 5 kb 9 12 28 8
In transcription start

sites of RefSeq
genes � 5 kb

4 10 24 3

a Data set from HIV-1 in vivo integration sites in SupT1 cells reanalyzed in
human genome freeze Hg16 (35).

b Data set from MLV integration sites in HeLa cells reanalyzed in human
genome freeze Hg16 (43).
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statistically no different from the randomly generated integra-
tion site frequency of 48% (10,000 random integration sites;
data not shown). Due to the limited number of integrations in
the SIV data set, it was not feasible to extend our analysis to
individual classes of repeated sequences.

DISCUSSION

Viral components of preintegration complexes (1, 4, 8, 22),
including integrase, nucleocapsid protein (4, 28), and the at-
tachment sites of the reverse-transcribed genome, contribute
to the ability of reverse-transcribed DNA to integrate into the
target genome. Additionally, chromatin structure has been
suggested to influence integration (13, 24, 25, 30, 44). Cellular
cofactors may also play an important role in retrovirus target
site selection (2, 42). Viral proteins and the attachment sites of
SIV and HIV-1 have a high degree of homology relative to
other retroviruses, such as MLV. The genomes of natural hosts
of SIV and HIV are very similar. Our hypothesis is that SIV
and HIV will exhibit similar preferences for target site selec-
tion. Our results showed that SIV strongly favors transcribed
regions as targets in the human genome, with 74% in the
RefSeq genes. In comparison, 72% of the integration sites of
HIV-1 from cultured lymphoid cells (43) were within RefSeq
genes when reanalyzed in the same genome freeze (Hg16).
The similar rates of SIV and HIV-1 integration into RefSeq
genes indicate that these viruses may share similar mechanisms
including cellular cofactors for target site selection at the
global level.

The data presented here reinforce earlier findings that host
gene transcription levels influence target site selection. Multi-

ple modes of analysis indicated that integration was more likely
in genes that were highly expressed (Fig. 3). This is consistent
with the findings of site distribution studies of MLV (43) and
HIV-1 (10, 23, 35). However, the relationship between inte-
gration frequency and transcription did not extend to the most
highly expressed genes. Our findings corroborate those of
Mitchell et al., who showed that while HIV-1 prefers active
genes, the most highly expressed genes are not those most
favored for integration (23). A possible explanation is that very
strong transcription may inhibit integration, as reported for
ASLV: the frequency of proviral integration into a reporter
gene was lower when transcription was strongly induced (40).
Another possible explanation is that very active genes are typ-
ically smaller than poorly expressed genes (5), and thus the
target region of these genes becomes smaller, as proposed in
the case of HIV-1 (17). Increased transcription of the genes
targeted by integration complexes may reflect the global state
of chromatin in gene-rich regions (38, 39) and not the level of
transcription at the time when integration takes place.

Recent data (13, 21, 44) show that retroviral integration
prefers weak palindromic consensus sequence elements at the
target sites. SIV and HIV-1 target sites share similar palin-
dromic sequences, providing additional evidence that compa-
rable mechanisms of integration are used.

Schroder et al. reported that the ranking of HIV-1 target
gene expression increased in infected cells versus uninfected
cells (35). We did not observe increased transcription of SIV
target genes in three independent infection experiments.
These contrasting results may reflect differences in experimen-
tal design: Schroder et al. employed a short-term culture of

FIG. 3. Targeted genes are more actively expressed. (A) Targeted gene expression compared to expression of all genes on the chip. The median
signal intensities of probes for all genes on the Affymetrix Hu133 chip are statistically lower than the median signal intensities of targeted genes
(infected and uninfected, tested in triplicate; P � 0.0001 by t test). (B) Target gene expression levels by bin analysis. All genes on the chip were
evenly divided into 10 bins based on expression levels; thus, each bin has 10% of total genes. The genes targeted by SIV and 10,000 in silico random
integration sites were also placed in these 10 bins based on expression values. Lines of different colors represent results from each individual
microarray experiment. Targeted genes were found more often in the high-expression-level bins than in the low-expression-level bins (P � 0.0001
by a chi-square test). However, the bin with the highest expression level does not hold most of the targeted genes.
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cells infected with a lentivirus vector, while the approach used
here was to generate cultures chronically infected with an
infectious virus.

During the course of our work, Hematti et al. reported that
a replication-defective SIV vector virus (SIVmac1A11) exhib-
ited similar integration preferences for transcribed regions in
primate hematopoietic stem and progenitor cells (11). As re-
ported recently in many cases (3, 9, 19, 33, 34), peripheral
blood cells repopulated in gene therapy patients by using
retrovirus vectors may represent clonal expansion of certain
subpopulations of the transplanted hematopoietic stem cells.
Although Hematti et al. mapped integrations within in vivo-
selected peripheral blood mononuclear cells derived from
CD34� lymphocytes, whereas our study used an acutely in-
fected CD4� lymphoid line, both analyses showed SIV inte-
gration to have a strong preference for transcription units. This
study expands the similarity we observed for SIV and HIV-1
integration in the human genome to the rhesus macaque ge-
nome, suggesting that the preference for genes by SIV inte-
gration is a cross-species phenomenon.
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