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Abstract

Insertional mutagenesis continues to be a major concern in hematopoietic stem cell gene therapy.
Non-conventional gene transfer vectors with more favorable integration features in comparison to
conventional retrovirus and lentivirus vectors are being developed and optimized. Here we reported
for the first time a systematic analysis of 198 ASLV insertion sites identified in rhesus long-term
repopulating cells and a comparison of ASLV insertions to MLV (n=396) and SIV (n=289) insertions
using the newly released rhesus genome databank. Despite a weak preference towards gene coding
regions, ASLV integration is strikingly non-clustered, does not favor gene-rich regions, transcription
start sites, or CpG islands. There was no propensity of insertions to be within or near proto-oncogenes,
and most importantly, no insertions close to or within the Mds1-Evil locus, which is in strong contrast
to significant overrepresentation of this insertion site for MLV vectors in the same transplantation
model. Furthermore, ASLV LTRs do not have detectable promoter and enhancer activity in a
quantitative luciferase assay to measure neighboring gene activation. The combination of these
features is unique for ASLV and suggests that optimized vectors based on this virus could be useful
and safe for gene transfer to hematopoietic stem and progenitor cells.
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INTRODUCTION

A DNA copy of the genome of a retroviral vector stably integrates into the host genome. This
is advantageous for gene transfer applications requiring sustained expression in proliferating
targets, such as hematopoietic stem and progenitor cells. However, integration can have
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important effects on the engraftment, proliferation and survival of transduced cells because the
integrated proviral DNA can either activate or disrupt host cell genes, resulting in
immortalization 1, clonal dominance 2, and in worst case scenario, malignant transformation
3,4 These genotoxic risks were assumed to be acceptably low during initial development of
retroviral gene therapy vectors. However, four of ten patients from the French SCID-X1 gene
therapy trial, and more recently one patient from the British SCID-X1 trial, developed T cell
leukemias that appear to be caused by Moloney murine leukemia virus (MLV) vector
integration near and activation of proto-oncogenes, most commonly Lmo2 3,

Genome-wide integration site analyses in cell lines and long-term repopulating hematopoietic
stem and progenitor cells have demonstrated that MLV-based vectors preferentially integrate
into regions near transcription start sites (TSS) and actively-expressed gene regions, locations
where the strong enhancer and promoter elements in the MLV LTR can activate neighboring
genes. HIV or SIV-derived lentiviral vectors have a strong preference for integration within
genes 5-9 Recent reports also demonstrate that integrated MLV proviruses are frequently
found clustered around particular sites in the genome, termed common insertion sites (CIS)
10-12 MLV CIS are often in or near highly-expressed growth-promoting proto-oncogenes.
This over-representation may reflect amplification of the cells with the vector-activated
oncogenes rather than a preferential integration into these sites. Stem and progenitor cell targets
may be particularly susceptible to these events as compared to terminally-differentiated cells,
since they highly express genes that favor self-renewal and prevent differentiation. Regardless
of the underlying mechanism, these integrations can have profound effects on hematopoiesis
and the risk of leukemia or other manifestations of genotoxicity recently reported in human
clinical gene therapy trials for chronic granulomatous disease (CGD) and SCID-X1 3,13

A genome-wide insertion site survey of avian sarcoma leukosis virus (ASLV) infected 293T
cells showed that ASLV has a very weak preference for integrating in genes and no bias for
transcriptional start sites (TSS) 6,14 AsLVis replication-incompetent in mammalian cells
and the promoter and enhancer in the LTR were selected for optimal expression in avian cells.
These characteristics would suggest that viral vectors based ASLV could be less likely to cause
oncogene activation in mammalian cells than MLV-based vectors. We recently reported that
rhesus macaque HSPCs can be transduced using ASLV-derived RCAS (Replication
Competent ALV LTR with a Splice acceptor) vectors expressing the GFP marker gene 15,
Two rhesus macaques transplanted with autologous transduced CD34+ cells had 1-3% GFP-
positive transduced cells in multiple hematopoietic lineages 18 months after transplantation.

The ASLYV integration site profile in long-term repopulating HSPCs of these rhesus macaques
is reported here. Using an optimized linear-amplification mediated PCR (LAM-PCR), we
identified almost 300 unique insertion sites in CD34 positive cells or in the peripheral blood
cells of these animals 4-18 months following transplantation. With the release of the rhesus
macaque draft genome complete sequence in 2006 16, 17, we were able to analyze our data
directly via comparison to rhesus instead of human sequences. The results obtained with ASLV
integration were compared to sets of SIV and MLV insertions previously reported 7

Characterization of in vivo integration profile of Avian Sarcoma Leukosis Virus Vectors in
rhesus long-term repopulating cells

ASLV-derived RCAS vectors were produced by transient transfection of DF-1 chicken
fibroblasts with RCANBPM2C(797-8)PollIGFP plasmids as previously described®. Two
rhesus macaques (RQ3592 and RQ4814) were transplanted with RCAS-transduced autologous
CD34+ cells and followed for more than 18 months. A modification of the linear amplification-
mediated PCR (LAM-PCR) method was used to identify ASLV provirus-genomic junctions.
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Following rhesus CD34+ cell transduction, we identified 98 insertion sites. The number of
sites was limited by the amount of CD34+ cells that could be safely removed from the graft
for analysis without impeding recovery. These insertions were not further analyzed or pooled
with the in vivo data both because of the relatively small number of pre-transplant insertions
and the concern that the insertions identified in a heterogeneous CD34+ population in vitro
might not reflect the insertions in the long-term repopulating cells defined by engraftment and
stable hematopoietic output in vivo.

Post-transplantation, LAM-PCR was performed on DNA purified from peripheral blood
mononuclear cells (over 90% lymphocytes) and granulocytes sampled at 4, 6, 12 and 18
months. Despite the relatively low level of gene expression in the circulating cells of these
animals long-term, all samples were polyclonal with at least 20 independent insertion sites
identified at each time point.

All putative insertion sites identified by LAM-PCR were mapped using the newly-released
rhesus macaque genome assembly (MMUL 1.0, Feb2006). The availability of the new
sequence information made it possible to map 30-40% more insertions than could be mapped
using the human genome sequence (see Materials and Methods). 198 insertions could be
unequivocally mapped in long-term repopulating cells. Insertions occurred in all rhesus
chromosomes, with the number of insertions per chromosome approximately proportional to
chromosome size. Insertions were most frequent on chromosome 3 and chromosome 1, which
are the two largest chromosomes in the rhesus, and least frequent on chromosomes 19, 21 and
22, which are small.

Distribution of integration sites relative to genes

We mapped the distribution of ASLV insertions with respect to genes. For designation of rhesus
genes, we used the ensembl genebuild Aug 2007 (http://www.ensembl.org), database version
45.10e, which comprises 38,185 predicted genes. This source is significantly better annotated
for rhesus genes than the more commonly used UCSC BLAT RefSeq gene annotation. Out of
198 unique insertions identified in granulocyte or lymphocyte samples 4-18 months post-
transplantation, 85 (42.9%) were within ensembl gene coding sequences. We compared this
dataset to 10,000 sets of randomly-selected in silico integration sites. Each set contains 198
sequences, with each sequence matched by in silico characteristics to an ASLV integration
site. That is, each control sequence, which is picked randomly from the rhesus genome, is the
same length as the ASLV insertion site sequence, is adjacent to the restriction enzyme site used
to clone the ASLV insertion site and has a unique hit by BLAST to the rhesus genome.

Compared to our control 1,980,000 computer generated random insertion sites (33.8% within
genes, Table 1), there was a mild but significant increase for ASLV insertions occurring within
genes (p=0.0029), suggesting some degree of hon-random integration. These results are
consistent with the previous report of ASLV insertion patterns in Hela cells, which also
demonstrated a weak integration preference towards human RefSeq gene coding regions 6,
14 we compared ASLV to our previously-reported MLV and SIV insertions identified in long-
term repopulating cells in the identical rhesus autologous transplantation model, reanalyzing
the MLV and SIV insertions using the rhesus instead of the human genome (Table 1). 45.71%
of MLV and 77.16% of SIV insertions were within ensembl gene coding regions, in comparison
to 33.78% for random in silico controls. Thus both ASLV and MLV have a weak preference
for integrating within genes, whereas SIV has a much stronger bias (p<0.001).

To understand the pattern of ASLV insertion sites relative to gene density, we examined
ensembl genes within each 1-Mbp window of the rhesus genome and subdivided genomic
regions into three categories: low gene density regions comprised of 0-10 ensembl genes per
1-Mbp, middle gene density regions comprised of 11-20 ensembl genes per 1-Mbp and high
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gene density regions comprised of more than 20 ensembl genes per 1-Mbp. We calculated the
frequency of ASLV insertions within each category and compared the results with the MLV
and SIV datasets and the computer simulated random dataset. As shown in Fig. 1, 66.67% of
ASLYV insertions are within low gene density regions, versus 33.22% for SIV insertions
(p<0.001) and 24.75% of ASLYV insertions are within middle gene density regions, similar to
random insertions. In contrast, MLV and SIV both had significant bias for inserting into middle
gene density regions. Only 8.6% of ASLV insertions were in high gene density regions, again
similar to that of random insertions. MLV and SIV both had strong preferences for inserting
into regions of high gene density, with SIV integrating into these regions four times more often
than ASLV or the random in silico sets (p<0.001).

Distribution of integration sites relative to transcription start site (TSS) and CpG islands

Previous studies reported that MLV has a strong preference for integrating near transcription
start sites (TSS) 6-9 we analyzed integrations within 10kb of transcription units. As is shown
in Table 1, 17 out of 198 (8.59%) ASLV insertions were within 10kb upstream of TSS, which
is not significantly different (p=0.0518) from random insertions (5.53%). 13 out of 198 (6.57%)
ASLYV insertions were within 10kb downstream of transcription end sites (TES), comparable
to 4.11% for random insertions (p=0.0647). With expansion of the window to 30kb upstream
of TSS, still well within the range for enhancer effects, 35 out of 198 (17.68%) insertions were
within 30kb upstream of TSS, again comparable to random insertions (14.16%). This suggests
that ASLV does not favor TSS or TES. 42 out of 396 (10.61%) MLV insertions were within
10kb upstream of TSS, indicating a modest bias towards this region, whereas SIV integrations
were indistinguishable from random insertions (5.88% for SIV versus 5.53% for random).
These finding are similar but not identical to our previous published analysis of the same MLV
and SIV insertions mapped via comparison to the human genome. The lower percentage of
MLV insertions near TSS using the rhesus sequence for mapping may be due to a less complete
annotation of rhesus genes.

In 5kb, 10kb and 30kb windows surrounding TSS (Fig 2A), MLV integrations were increased
both up and downstream of TSS with a decreasing frequency of integrations as the distance
fromthe TSS increased. ASLV integrations were more unevenly distributed around TSS. When
analyzed in a 5kb bin size, ASLV shows a mild preference for integrating 5kb upstream but
not downstream of TSS. However, combining both upstream and downstream of TSS using
different window sizes, ASLV had a weaker bias toward this region than MLV.

We next examined whether specific regions within genes were more likely sites of integration
than others. We analyzed the distribution of the integrations within genes by dividing the
distance of each integration site from the TSS to the TES into ten units of equal length. The
frequencies of insertions within each unit were calculated. As diagrammed in Fig 2B, ASLV
integrations were distributed over the entire length of the genes, with no preference for any
part of the transcription unit.

CpG islands are sequences rich in CpG dinucleotides and are often found in the vicinity of
TSS. ASLV integrations showed no preference for CpG islands, with only 3 of 198 insertions
(1.52 %) in CpG islands, indistinguishable from the random sets (0.89%).

No clustering of common insertion sites (CISs)

To search for common insertion sites (CIS), we used the stringent CIS definition of Suzuki et
al.18, Two, three or four insertions were considered to be CIS if they fell within a 30-kbp, 50-
kbp or 100-kbp window, respectively. CIS of fifth or higher order were defined by a 200-kbp
window. Using the definitions, we found no CIS for the ASLV integration sites. The two closest
sites were 39,453 base pairs apart. The next closest were 111,494 base pairs apart. We expanded
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the analysis to look for ASLV integration sites within 1 Mb windows. There were a total of 24
integration sites within 1 Mb of another independent integration site, and these can be divided
into 11 clusters. We analyzed whether the clustering of ASLV sites is different from computer
simulated random integrants. Performing 5000 random datasets, each with 198 integrants, we
found a mean of 26 random integration sites in each set, with a range of 4-49, indicating that
ASLYV clustering is indistinguishable from random clustering in our sample. We reanalyzed
our MLV and SIV insertions using the same criteria and found significant clustering for both
MLV and SIV. Out of 396 MLV insertions, 41 insertions (10.35%) fell within 30 kb of other
independent insertions, thereby forming 20 independent clusters. The largest clusters were in
or near Mds-Evil, as previously reported 1 There were 25 (7.27%) out of 289 SIV insertions
in 10 independent clusters. Of these, 9 clusters were within 30 kb windows and the other cluster
was within a 50kb window. The mean span of clusters is 9,034bps for MLV and 11,033 bps
for SIV. The two closest integrants for SIV are SIV_RQ3556_6p21.32e and
SIV_RQ3556_6p21.32d, which are only 874 bps apart. The two closest integrants for MLV
arerq2428-17g25.3and rq2277-17qg25.3, which are only 220 bps apart. No overlapping clusters
were identified between the MLV and SIV datasets. Both MLV and SIV integrations show a
higher degree of clustering than ASLV integrations, and, in terms of clustering, SIV integration
is not significantly different from that of MLV.

We previously reported clustering of MLV insertions in or near the Mds1-Evil proto-oncogene
locus (14 out of a total of 702 insertions) in the same rhesus model. We have not found evidence
of ASLV insertions into the Mds1-Evil locus at any time point, significantly different from
the MLV result (P=0.04, Fisher’s exact test).

Recent studies suggest that MLV and HIV have a tendency to integrate into genes involved in
cellular growth and proliferation. The distribution of MLV integrations is especially biased for
genes associated with oncogenic transformation. We compared the ASLV integration sites with
sites entered into the retrovirus-tagged cancer gene database (RTCGD) 19, and found no
overlap between ASLV integration sites and these genes (Supplemental table 1).

Quantitation of neighboring gene activation by ASLV, MLV and HIV LTRs

The promoter/enhancer activity of the ASLV LTR depends on both the species and the cell
type used in the assay. To assess the relative strength of ASLV provirus LTR enhancer activity
on adjacent gene expression as compared to LTRs from other integrating vectors derived from
MLV, HIV or human foamy virus (FV), the proviral forms of each vector were cloned in both
forward and reverse orientations into the pACT5 plasmid, 795 bps upstream of a minimal
promoter-IRES-luciferase expression cassette 20 (Figure 3A). The MLV construct contained
intact LTRs, as compared to the HIV and FV constructs, which contained significant U3 region
deletions. These configurations were chosen as most representative versions of each vector
under preclinical or clinical development. Enhancer activity was measured by comparing
luciferase activity for plasmids with the inserted viral DNA to the base plasmid containing only
the minimal promoter 19 Figure 3B shows luciferase activity measured in three independent
experiments after transfection of primitive hematopoietic K562 cells with the constructs and
normalization for transfection efficiency. Insertion of the RCAS ASLV DNA in either the
forward or reverse orientation did not increase luciferase expression over the control plasmid
containing only the minimal promoter, suggesting that the ASLV LTR has little or no enhancer
activity in K562 cells. The non-deleted MLV LTR, in contrast, resulted in a significant increase
in luciferase expression whether in forward or reverse orientation, indicating strong enhancer
activity and/or read-through transcription from MLV LTRs (P=0.002). FV and SIV LTR
constructs also had only basal levels of luciferase activity, indistinguishable from ASLV LTR
constructs.
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DISCUSSION

In an effort to develop safer retroviral gene therapy vectors, we focused on ASLV-based
vectors. This virus is of avian origin, does not replicate in mammalian cells, and has an almost
random integration profile in cell lines®: 14, Despite the relatively low gene transfer efficiency
in our pilot in vivo study, we achieved stable polyclonal reconstitution of hematopoesis with
ASLV vector-containing cells expressing a GFP transgene, now out over three years following
transplantation. In the current study we mapped the sites of ASLV vector DNA insertions in
granulocytes and lymphocytes 4-18 months post-transplantation and found a mild but
significant predilection for integration in gene coding regions, but no preference for
integrations near transcription start sites or in CpG islands. These results are con5|stent with
the results of previous studies of ASLV integration in human and avian cell lines 14, These
comparable results suggest that the ASLV integration machinery interacts similarly with
chromatin in three different species (human, rhesus and avian) and in different target cell types
(epithelial and hematopoietic). A direct comparison of the integration sites for the ASLV vector
and the integration sites we previously reported for MLV and SIV vectors, utilizing an identical
rhesus transplantation model and re-analyzing all three vector insertion datasets using the
recent rhesus draft genome, suggests that ASLV may be a relatively safe vector in this system.

Integrated proviruses can activate adjacent proto-oncogene expression either dlrectlf/ bg
promoter insertion or indirectly through the effects of the enhancer(s) in the LTR 2 In
principle, these risks may be minimized by avoiding strong enhancers such as the MLV LTR,
using self-inactivating vectors with deletion of the enhancer re49|on in the LTR or preventing
read-through transcription by improved polyadenylation 21-24 The ASLV LTR promoter/
enhancer is active in some mammalian cells. However, the vector was selected for expression
in avian cells 2. Although a provirus can be established in transduced mammalian cells,
completing the first half of the viral life cycle, infected mammalian cells do not produce
infectious virions. Proviral activation of adjacent proto-oncogenes depends on the activity of
the LTR promoter and enhancer in the target cell and host species. For this reason, we tested
the activity of the LTR in K562 cells, a primitive hematopoietic human cell line. In our assays,
the ASLV RCAS LTRs do not detectably activate a luciferase reporter gene, irrespective of
LTR orientation. In contrast, the MLV LTRs have significant enhancer activity in these cells
using the same assay.

Common insertion sites (CISs) 18,26 inor nearfroto oncogenes have recently been identified
following MLV transduction of human +10, 11 vhesus 1 and murine long-term repopulating
cells 27. The high incidence of CIS suggests that insertions may influence HSPC engraftment,
survival and/or proliferation. One study found a significant preference for clustering of
insertions in or near proto-oncogenes in CD34+ cells at the end of transduction prior to
transplantation, suggesting that these gene regions are particularly susceptible to MLV
integrationlz. Identification of CIS is a powerful approach that has been used by a number of
laboratories to identify genes contributing to oncogenesis following infection of mice with
replication-competent MLV 19 By comparing mapped locations of the integrants in tumors
to randomly generated integrations from 100,000 Monte Carlo trials, cutoffs were defined for
determining whether two or more clustered integrations happen simply by chance versus being
implicated in the pathogenesis of the tumor 19 Despite some disputes regarding the exact
definitions of CIS 18, these criteria have generally been used to define CIS and statistical
significance can be calculated depending on the size of the insertion dataset. Using 30-kbp,
50-kbp or 100-kbp window cutoffs for 2, 3 or 4 insertions, respectively, no CIS were identified
for ASLV in the two rhesus macaques. This finding differs significantly (p<0.001) from the
clustering we found for MLV and SIV integrations in the same transplantation model.
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We found no ASLYV insertion into the Mds1-Evil locus at any time point, in contrast to
significant over-representation of this insertion site for MLV vectors in the same
transplantation model 1 This locus was even more markedly over-represented in a human
clinical trial for chronic granulomatous disease, utilizing an MLV vector with a particularly
strong LTR enhancer. In that human trial, hematopoietic clones containing insertions in or near
the Mds1-Evil locus expanded in vivo and became completely dominant, eventually resulting
in loss of effective transgene expression and myelodysplastic hematopoiesis in both patients
13,28 In vitro studies suggested that activation of this locus can immortalize myeloid
progenitor cells 29,30 1n our samples there were no ASLV insertions near or within genes in
the RTCGD database of proto-oncogenes previously implicated in experimental tumorigenesis
with replicating viruses. Whether the lack of CIS, clustering or an over-representation of Mds1-
Evil or other worrisome clones is an inherent result of the insertion preference of ASLV, or
the result of the relatively weak enhancer activity of the proviral LTR on neighboring genes is
unclear. The fact that inclusion of a strong MLV promoter-enhancer as the internal promoter
in our SIV vector did not result in clonal dominance or any Mds1-Evil clones in vivo in our
rhesus model suggests that complex interactions between the enhancer itself and its location
in the context of an integrated provirus determine genotoxicity.

In summary, ASLV-derived vectors can be used to transduce rhesus long-term repopulating
cells. The data we have suggests that, compared to an MLV vector, the ASLV vectors are much
less likely to cause insertional activation of oncogenes in the primate model. Further
development of lentivirus, human foamy virus and enhancer-deleted self-inactivating (SIN)
MLV vectors is ongoing. These vectors are expected to replace standard MLV vectors in HSC
clinical gene therapy trials. Results in our rhesus model suggest that ASLV vectors should also
be considered for further development. Endogenous ASLV sequences will need to be deleted
in order to increase the size of the transgenes that can be inserted and packaged. Regulatory
agencies will likely require that the vectors be made replication-incompetent, even in avian
cells. Further improvement in gene transfer efficiency to HSPCs could be pursued, for instance
via vector concentration or alternative envelope pseudotypes. Our preliminary results are very
encouraging, particularly regarding the relative lack of genotoxicity, and stimulate continued
efforts with ASLV vectors.

MATERIALS AND METHODS

Sample collection, processing and retrieval of vector integration sites by linear amplification
mediated PCR (LAM-PCR)

The production of ASLV-derived RCAS vector particles via transfection of DF-1 chicken
fibroblasts, the transduction of autologous rhesus macaque CD34+ cells and transplantation of
these cells following ablative conditioning with total body irradiation were previously
described 1°. Peripheral blood samples from rhesus macaques RQ3592 and RQ4814 used for
analyses of integration events into rhesus long-term repopulating cells (LTRCs) were obtained
at 4, 6, 12 and 18 months post-transplantation. Granulocytes and lymphocytes were purified
via ficoll-hypaque density gradient separation (LSM, Organon Teknika Corp., Durham, NC).

For identification of proviral-genomic junction sequences, the LAM-PCR method was
performed as previously described 7, 31 with modifications. Biotinylated linear LTR primer
RCASLTRa-bio: 5'biotin-TGCTTACCACAGATATCCTG-3' (IDT, Coralville, 1A) was used
for initial amplification of vector-proviral junction sequences. After bead purification and
hexanucleotide priming, the resulting double stranded DNA was digested with Tasl, HinPI, or
Taqgal, and annealed to a corresponding linker cassette. Exponential nested PCR was performed
using the following primer sets: RCAS LTR-R1: CCTTACTTCCACCAATCG, RCASLTR-
R2: CGGTGCTTTTTCTCTCCT, LCI: GACCCGGGAGATCTGCAG, LClIII:
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AGTGGCACAGCAGTTAGG. All PCR reactions were performed on a Gradient Cycler
(Applied Biosystems, Foster City, CA).

LAM-PCR amplicons were purified after separation on agarose gels, cloned into the TOPO
TA vector (Invitrogen) and sequenced. Alignment of the cloned integration sequences to the
rhesus genome was carried out using the rhesus macaque genome database (assembly MMUL
1.0, Feb2006) 16 Insertions were scored as valid using the following criteria: (1) greater than
95% homology to published sequence over at least a 95% span of the entire non-vector
sequence (2) presence of the predicted vector LTR-genome junction (3) length of at least 40
bps (4) an unequivocal best unique hit using BLAT and the UCSC Genome Browser gateway
(www.genome.ucsc.edu) for comparison to the draft rhesus genome. Unmappable sequences
were either too short (<40 bp), had multiple hits and could not be localized due to repetitive
sequences or had non-matching base pairs immediately adjacent to the LTR junction. For gene
annotation and mapping, ensembl genebuild Aug 2007 (http://www.ensembl.org), database
version 45.10e comprising 38,185 predicted gene transcripts was used. Compared with RefSeq,
this database is significantly better annotated for the rhesus macaque.

A random dataset for comparison was generated by computer simulation of 10,000 insertions
into the rhesus genome at the same distance from the corresponding restriction site for each of
the 198 mapped unique ASLV sequences (1,980,000 in total). The MLV and SIV integration
sequences from our previous studies 7 were reanalyzed using the rhesus macaque genome
database (assembly MMUL 1.0, Feb2006) and ensembl genebuild Aug 2007. All ASLV
insertion sequences along with reanalyzed SIV and MLV insertion sequences will be available
upon request.

Two, three or four insertions were considered to be common integration sites if they fell within
a 30-kb, 50-kb or 100-kb window from each other, respectively 19 The genomic window for
CISs of fifth order and higher was set to 200 kb. Computer simulations (10,000 runs) were
performed to calculate the likelihood of random, coincidental insertions. CISs of different
orders were analyzed independently of each other.

Statistical significance was determined by chi-square test. P values <0.01 were considered
statistically significant.

Enhancer activity assay

The pACTSSIasmid was used as described to measure neighboring gene activation by vector
proviruses 20, pACT5 contains a 795-bp spacer from intron 2 of the human HPRT gene,
followed by a minimal CMV promoter, an internal ribosome entry site element, the firefly
luciferase gene, and a synthetic polyadenylation site. Proviral sequences were cloned into the
pACTS5 plasmid in both forward and reverse orientations relative to the luciferase gene. The
MLV construct contained an intact wild-type LTR derived from LXSHD 32 The HIV construct
was derived from pRRL-CMV-GFP-SIN, which contains a 400-bp deletion in the U3 region
of the LTR33. The HFV construct also contains a deletion of the U3 LTR region 34 K562
human chronic myeloid leukemia cells were grown in Iscove’s modified Dulbecco’s medium
(IMDM) with glutamine, supplemented with 10% heat-inactivated fetal bovine serum (FBS;
HyClone, Logan, UT), penicillin (100 U/ml) and streptomycin (100 pug/ml) at 37°C in a 5%
CO;, incubator. Nucleofection was done using the Amaxa Nucleofector (Amaxa Inc.
Gaithersburg, Maryland) according to manufacturer’s instructions. In brief, K562 cells were
centrifuged at 200g for 10 minutes and re-suspended in suspension solution V ata concentration
of 1x107 cells/ml. 10% K562 cells were mixed with 10 pl of a DNA sample containing 2 pg of
control plasmid pACTS5 or the molar equivalent of each provirus-LTR-containing plasmid,
then nucleofected in a 2.0 mm electroporation cuvette using program T-16. All transfections
were done in 6 well plates. The MaxiGFP vector was used for a GFP-positive control. A
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luciferase reporter PGL3 was used as a positive control for luciferase expression. After
nucleofection, cells were transferred to 1.0 ml of prewarmed IMDM plus 10% FBS in a
microfuge tube, then added to an additional 1.0 ml of prewarmed medium. A portion (33.3%)
of the cells were collected 24 hours following nucleofection, centrifuged at 200g for 10 minutes
and resuspended in 100 pl of 1% passive lysis buffer (Promega, Madison, Wisconsin). A freeze-
thaw cycle was performed to ensure complete lysis of the cells. Luciferase activity was
measured according to the manufacturer’s instructions (Luciferase Reporter Assay System
E4030, Promega, Madison, Wisconsin) on the Perkin EImer Victor3 MultiLabel Plate Reader
(Perkin Elmer, Waltham, Massachusetts).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Distribution of ASLV integration sites relative to gene density within 1-Mbp windows
compared to MLV and SIV integration sites, and to in silico-generated random controls. Each
bar corresponds to the percentage of integrations within the corresponding gene density region.
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Fig. 2.

Distribution of integration sites relative to a 30kb window around transcription start sites (TSS)
and transcription units. (A) Distribution of integration sites relative to a 30kb window around
transcription start sites (TSS). White bars -ASLV integrations, gray bars- MLV integrations;

black bars-SIV integrations. (B) Distribution of ASLV integration sites relative to transcription
units in comparison with 10, 000 random integration sites. Gene coding regions were arbitrarily
divided into ten equal units and the black bars show the percentage of integrations within each
unit. The grey line indicates the results of 10, 000 random integration sites.
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Fig. 3.

Activation of adjacent gene expression by proviral LTRs. (A) ASLV, MLV, HIV and FV LTR
constructs. All LTR constructs contain identical phosphoglycerate kinase promoter (PGK)-
GFP expression cassettes. Both HIV and FV LTRs have deletions in U3 regions. MLV LTRs
are non-deleted. The LTRs are cloned upstream of an IRES-luciferase expression cassette
placed downstream of a minimal promoter. Vector proviruses can activate luciferase
expression either through vector enhancer elements acting on the minimal promoter, or read-
through transcription from a vector promoter. (B) One day following nucleofection of K562
cells with the plasmids indicated, luciferase activity from K562 cell lysates was measured. The
mean values +/—standard errors from 3 independent experiments are shown. Y axis denotes
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luciferase activity measured in cpm (counts per minute) after correction for transfection
efficiency. Mock-no plasmid, pACT-plasmid containing only a minimal promoter, remaining
bars have an ASLV, MLV or HIV LTR inserted 795 bps upstream of the minimal promoter,
in either forward (for) or reverse (rev) orientation.
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Distribution of ASLV integrations with respect to transcription units and CpG islands: comparison with MLV and SIV

ASLV(n=198) SIV(n=289) MLV(n=396) random
Transcription units 42,93%,ab 77.16% 45.71% 33.78%
exons 0.51% 4.84% 2.02% 1.43%
introns 42.42% 72.32% 43.69% 32.35%
within 10kb upstream of TSS 8.599%C 5.88% 10.61%Y 5.53%
within 30kb upstream of TSS 17.68%4 21.11% 23.749%N 14.16%
within 10kb downstream of TES 6.57%¢ 2.42% 4.29% 4.11%
within CpG islands 150061 0.00% 0.76% 0.89%

TSS: Transcription Start Sites; TES: Transcription End Sites; random are 1,980,000 randomly in silico controls generated as described in Materials and

Methods,

avalues are significantly different from random integration (p=0.0029) by chi-square test

b N . . ;
values are significantly different from SIV integration

cdef

g.h

"values are indistinguishable from random integration

values are significantly different from random integration by chi-square test
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