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Summary
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Lentiviral gene transfer has a significant impact on the development of biomedical research. One
of the most important features of lentiviruses is the capability to infect both dividing and
nondividing cells. However, little is known whether integration preference exists, specifically in
early embryos. An in-depth genome analysis on 112 independent lentiviral integration sites from
43 transgenic founder mice was performed to determine if there are preferable sites for lentiviral
integration in early embryonic genome. Our results demonstrated that lentiviruses were biased in
integrating within intragenic regions, especially in the introns. However, no integration preference
was found associated with specific chromosomes, repetitive elements, or CpG islands, nor was
there any preference for integrating at close proximity to transcription start sites. Our findings
suggested that lentiviruses were biased to integrate into the intragenic regions of early embryonic
genome of mouse.
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INTRODUCTION
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The applications of viral gene transfer have expanded dramatically in the past decades due
to the improvement of safety features and the development of pseudotype technology (Burns
et al., 1993; Temin, 1990; Yee et al., 1994). The development of a three vectors system for
the production of lentivirus has greatly reduced the possibility of recombination, thus
minimizing the risk of generating competent viruses (Perletti et al., 2004; Romano, 2005;
Zufferey et al., 1998). Although competent retroviruses were first used to create transgenic
mice in the 1970s (Jaenisch, 1976, 1983; Jaenisch et al., 1981), viral gene transfer was not
widely used in biomedical research until the development of replication incompetent
retrovirus in the 1980s (Shimotohno and Temin, 1981). However, the application of viral
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gene transfer in the creation of transgenic animals was not widely accepted until high
transgenic rate was achieved by introducing pseudotyped retroviruses into the perivitelline
space (PVS) of mature bovine oocytes and early embryos (Chan et al., 1998). Similar
strategy has now been applied in the other species at high efficiency (Cabot et al., 2001;
Chan et al., 1998, 2001; Lois et al., 2002; Yang et al., 2008). However, transgenic rate was
significantly reduced when targeted zygotes instead of oocytes, which could be attributed to
the presence of the nuclear envelope at the zygotic stage that delays the integration event
(Chan et al., 1998). On the other hand, lentiviruses are capable of infecting dividing and
nondividing cells, and are not affected by the presence of nuclear envelope (Yang et al.,
2007).

Author Manuscript

Despite the high gene transfer rate, there are disadvantages that limit the application of
lentiviruses. These include the capacity of lentiviral vector and the unknown integration
pattern, which may affect endogenous gene functions and the expression of the trans-gene.
Integration site has profound effect on the expression of transgene in animals, and is known
as the position effects (Clark et al., 1994). Although copy number has been considered as an
important factor on expression level, recent study in transgenic mice demonstrated that copy
number of the transgene was not necessarily correlated with expression profile (Yang et al.,
2007). Unlike pronuclear microinjection, a single copy of the transgene at each integration
site is expected in retroviral and lentiviral gene transfer. However, the question of whether
there is specific integration preference in early embryonic genome remains unknown.
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Analysis on retroviral and lentiviral integration sites was mostly performed in vitro by
infection of cultured cells or using sick animals caused by viral infection (Cousens et al.,
2004; Lewinski et al., 2006; Nowrouzi et al., 2006). For example, human immunodeficiency
virus (HIV) had shown strong integration preference for transcriptionally active genes in
different cell lines (Mitchell et al., 2004); however, due to the limited number of in vivo
studies in human HIV patients, no conclusive interpretation could be made. Furthermore,
animal studies on ovine pulmonary adenocarcinomas have also been reported (Cousens et
al., 2004; Philbey et al., 2006); however, the evidence of viral integration hotspot remains
unclear.
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Target cells in most of the studies were not synchronized before infection with lentiviruses.
Although several reports have described the integration patterns in dividing and nondividing
cells (Barr et al., 2006; Ciuffi et al., 2006), integration preference in transgenic mice merits
in-depth investigation because both pronuclear microinjection and lentiviral gene transfer
target early zygotic stage embryo at 11–18 h postinsemination (Hogan, 1994; Lois et al.,
2002; Yang et al., 2007). Therefore, transgenic animals created by lentiviruses provide a
unique model for investigating if integration preference exists at specific embryonic stage.
Recently, Bryda et al. have identified the proviral integration sites in seven transgenic rats
generated by lentiviruses (Bryda et al., 2006). However, detailed genome analysis was not
performed. Here we presented an in-depth analysis on 112 independent integration sites
from 43 transgenic founder mice generated by zygotic gene transfer using lentiviruses. Our
goal was to investigate if embryonic stage influences the preference of lentiviral integration.
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RESULTS
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Integration sites of lentiviruses carrying the GFP gene were cloned and sequenced from 43
transgenic founders using the specific primer located at the transgene (see Fig. 1). These
sequences were then used to map the position of the integration sites relative to the mouse
genome assembly (mm8). Redundant sequences and those shorter than 100 bp were
excluded from further analysis. As a result, we identified at least one integration site in each
animal, and a total of 112 integration sites were successfully mapped within the mouse
genome. The matched sequences were ranging from 100 to 850 bp, and the average size of
the fragments was 431.99 bp. To determine if these integration sites were randomly
distributed throughout the genome, we have generated a set of 10,000 simulated integration
sites created using a random number generator in the mouse genome to serve as controls.
The chromosomal positions of the 112 authentic sites and the control integration sites were
then analyzed and compared. In the following text and tables, the numbers and P values
refer to comparisons between the authentic integration sites and the set of 10,000 simulated
integration sites.
Chromosomal Distribution of Lentiviral Integration Sites
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Spatial arrangement of chromosomes may alter the accessibility of chromosomes, and
influent subsequent integration events. Our first step was to determine if integration
preference exists in early embryo. Our results revealed that all integration sites were broadly
distributed among autosomes and sex chromosomes (Fig. 2a,b). On chromosome 9 and 13, a
higher percentage of integration events was observed; whereas lower than expected number
of events was found on chromosomes 8 and 10. Although variations on integration events
and chromosome sizes were observed, the distribution of integration events was not
significantly differed among chromosomes (Fig. 2a; P > 0.05).
Intra- and Intergenic Distribution of Lentiviral Integration Sites
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Transcriptionally active regions are structurally vulnerable, and high DNA repair activity is
expected, which may favor exogenous gene integration (Milutinovic et al., 2002).
Unwinding of the two DNA strands during transcription increases the accessibility of
chromosomes and exposes to viral preintegration complex, thus increases the likelihood of
successful integration. In order to determine whether viral integration sites were
predominantly located within actively transcribed region of the genome, we classified each
integration site as intra- or intergenic based on the position of the annotated mouse
RefGenes, which are protein-coding genes as described by the National Center for
Biotechnology Information (NCBI) mRNA reference sequences collection. In contrast to the
31.73% of simulated integration sites, a much higher number (41.96%; 47/112, P < 0.05) of
the lentiviral integration sites were mapped to the intragenic portion of the mouse genome
(Table 1). Among these intragenic lentiviral integration sites, majority (95.75%; 45/47) of
them were located within the introns and were overrepresented when compared with the
simulated integration sites (Table 1; P < 0.05). Specifically, only two integration sites were
mapped within the exons. These results suggested that lentiviruses prefer to integrate within
intragenic regions and specifically within the introns.
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Distribution of Lentiviral Integration Sites Within Repetitive Elements
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Repetitive elements comprise over 42% of the mouse genome (Waterston et al., 2002).
Therefore, it was logical to envision that integration preference might exist within these
elements. We have compared the positions of the integration sites with the annotated
positions of the long interspersed nuclear elements (LINEs), the short interspersed nuclear
elements (SINEs), the long terminal repeat elements (LTRs), the low complexity repeats, the
DNA repeat elements (DNA), the simple repeats (Simple), and the satellite repeats. Among
the 112 integration sites, 44.64% (50/112) were located within the repetitive elements (Table
2). The integration frequency within LINE, SINE, LTR, Low complexity, DNA, Simple and
Satellite repeats were 25.00% (28/ 112), 7.14% (8/112), 8.04% (9/112), 0.00% (0/112),
0.00% (0/112), 4.46% (5/112), and 0.00% (0/112), respectively (Table 2). However, there
was no difference when compared with the simulated integration sites (P > 0.05).
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Distribution of Lentiviral Integration Sites With Respect to the CpG Islands
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CpG islands are common features of mammalian promoters (Saxonov et al., 2006).
Approximately, 40% and 70% of mouse and human promoters are associated with CpG
islands (Saxonov et al., 2006). Therefore, the insertion of exogenous genes, viral genome, or
transposon elements at the CpG islands may affect the expression of the endogenous genes.
In order to determine if CpG islands influence lentiviral integration events, we have
determined the distance between each integration site and the closest CpG islands. After
analyzed the integration pattern regarding to the location of CpG islands, majority of the
integration sites (>95%) were mapped at least 5 kb from the nearest CpG islands, and the
number of integration sites located within 0–5 kb, 5–10 kb, 10– 25 kb, 25–50 kb, and 50–
100 kb to the middle region of CpG islands were 3.57% (4/112), 8.04% (9/112), 9.82%
(11/112), 11.61% (13/112), and 18.75% (21/112), respectively (Table 3). However, no
difference from the simulated integration sites (P > 0.05) was found, suggesting that
lentiviruses may not have preference integrating at close proximity to the CpG islands.
Although there was a slight increase in the number of integration sites at 5–10 kb from the
CpG islands, there was no difference when compared with the simulated sites (Table 3; P >
0.05).
Distribution of Lentiviral Integration Sites Near the Transcription Start Sites
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Prior studies suggested that some lentiviruses preferred to integrate near the transcription
start sites (Lewinski et al., 2006; MacNeil et al., 2006; Mitchell et al., 2004). In order to
determine the correlation between integration sites and transcription units, the distance
between each integration site and the annotated position of the nearest transcription start site
for a mouse RefSeq gene was determined. Among the 112 integration sites, 4.46% (5/112)
of them were located within 0–5 kb from the transcription start sites (Table 4). The number
of integration sites located within 5–10 kb, 10–25 kb, 25–50 kb, and 50–100 kb to the
transcription start sites of the RefSeq genes were 8.93% (10/112), 13.39% (15/ 112), 14.29%
(16/112), and 15.18% (17/112), respectively. 43.75% (49/112) integration sites were located
at more than 100 kb from the transcription start sites of the RefSeq genes (Table 4). On the
basis of our analysis, we have found no difference between the integration sites and the
simulated set (Table 4; P > 0.05).
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DISCUSSION
Pseudotyped lentiviral vector is a highly efficient gene transfer method for the generation of
transgenic animals. Unlike retroviruses, lentiviruses are capable of infecting nondividing
cells such as neurons, which greatly increase their application in gene therapy and the
development of transgenic animal models. However, one of the potential risks of viral gene
transfer is the unknown integration preference that may disrupt endogenous gene functions,
and these potential side effects have raised concerns in clinical applications. Thus, there is a
tremendous interest in determining if lentiviruses have integration preference in live
animals.
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Most of the viral integration studies were performed in tissue culture cells (Lewinski et al.,
2006; Mitchell et al., 2004; Nowrouzi et al., 2006). Bryda et al. have determined the
chromosomal positions of lentiviral pro-virus in seven transgenic founder rats; however,
detailed analysis on integration pattern was not performed (Bryda et al., 2006). Compared
with previous studies, our interest was focused on determining if integration hot spots exist
in 43 transgenic founder mice produced by lentiviral infection at the zygotic stage. These
transgenic mice were unique models for investigating if embryo stage influents the
integration preference of lentiviruses. Unlike the transgenic rat study, we have a relatively
large sample size of 112 integration sites from 43 founder animals. An in-depth genome
analysis was performed to determine if there is integration preference for unique
chromosomal regions.
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Several approaches were used for analyzing chromosomal integration sites. We first
surveyed the distribution of integration sites in different chromosomes. Our results
suggested that lentiviruses integrated randomly among chromosomes in the transgenic mice
(Fig. 2a,b). In fact, our finding was consistent with previous studies on avian sarcoma virus
(ASV) in human HeLa cells (Narezkina et al., 2004) and feline immunodeficient virus (FIV)
in human HepG2 cells (Kang et al., 2006) that no global bias was found in different
chromosomes.

Author Manuscript

We then determined if lentiviruses have biased on integrating between the intragenic and
intergenic regions of the mouse genome. By analyzing the distribution of the lentiviral
integration sites, a tendency toward the intragenic region, especially the introns, was
observed (Table 1). Over 95% of the intragenic integration sites were located in the introns
instead of the exons, which suggested that the likelihood of disrupting normal gene function
may be low. Previous studies have also shown strong preference of integration at the active
genes regions in MLV- and HIV-based vector (Mitchell et al., 2004), whereas FIV preferred
to integrate into actively transcribed genes in human hepatoma cells (Kang et al., 2006).
Similar to ASV, HIV, and adeno-associated virus (AAV); lentivirus and FIV also had strong
preference integrating into the intragenic regions (Liu et al., 2006; Trobridge et al., 2006).
Furthermore, integration events in nondividing cells were mostly found at close proximity of
the transcription units (Barr et al., 2006; Ciuffi et al., 2006). In fact, there are advantages for
targeting an active gene region, which include the unwinding of DNA strands for subsequent
transcription events (Milutinovic et al., 2002), thus creating a more accessible region for
lentiviral integration. In addition to favorable chromosomal structures, necessary
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components for subsequent transcription were also localized at the active gene regions
(Milutinovic et al., 2002), which allows immediate production of viral gene products upon
integration. Because of the high tendency of integrating at the euchromatin regions instead
of the heterochromatin regions, these suggested the potential influence of chromosomal
structure on viral integration events.
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Based on the repetitive elements study, lentiviral integration has no preference in specific
repetitive elements (Table 2). Our results did not support previous studies that foamy virus
(FV) has less integration sites located in the LINE repeats (Trobridge et al., 2006), HIV-1
preferred to integrate at close proximity to LINE-1 or Alu elements in human genome
(Stevens and Griffith, 1994, 1996), and HIV-based vector favored the Alu region when
targeted the IMR-90 cells synchronized at G1 stage (Ciuffi et al., 2006). The disparities
could be related to the host cell types and the accessibility of the repetitive elements. Despite
the differences, repetitive elements in mouse zygotes seem to be less favorable for lentiviral
integration, which may or may not relate to the cell phases while infection was achieved.
Thus, the role of cell cycle on viral integration merits further investigation, whereas
metaphase II arrested oocytes prior to fertilization, and zygotic stage embryos could be a
good model because of their naturally synchronized cell phases.
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CpG islands are usually associated with active genes in vertebrate and are key regulators on
gene expression at epigenetic level (Saxonov et al., 2006). Therefore, it is our interest to
determine if lentiviruses have any preference integrating into the CpG islands. Our results
suggested that lentiviruses had no preference integrating into regions apart from the CpG
islands (Table 3). In fact, conflicting results on viral integration preference regarding to the
CpG islands have been reported. Wu et al. have shown the association between the
integration sites of murine leukemia virus (MLV) and the CpG islands, whereas no
association was found in HIV (Wu et al., 2003). Their findings were consistent with the
other studies on HIV and MLV integration preference regarding to the CpG islands
(Lewinski et al., 2006; Mitchell et al., 2004). Furthermore, FV, MLV, and AAV preferred to
integrate within 1 kb of the CpG islands (Trobridge et al., 2006), which were differed from
lentiviral vectors and HIV. Although we could not predict the outcome in transgenic mice
generated by the other vector systems such as MLV, our transgenic mice were generated by
lentiviral infection at the zygotic stage and have shown no specific preference regarding to
the CpG islands, which was consistent with prior studies using lentiviral based vector
(Lewinski et al., 2006; Mitchell et al., 2004). Despite no integration preference at close
proximity of the CpG islands was observed, high CG content at the region of CpG islands
may limit the accessibility of restriction enzyme for effective digestion, which may reduce
the possibility in identifying proviral sequence at this region. It is also important to note that
only ~25% of the integration sites, compared with Southern blotting result, were identified
as authentic sites based on our stringent criteria. Most of the integration sites were not able
to be identified, which suggested the limitation of the techniques as well as the complexity
of integration events in vivo.
Many studies suggested that most viruses had strong preference integrating at close
proximity to the transcription start sites (Mitchell et al., 2004). HIV favors integration at
chromosomal region of high gene density, especially in a cluster of active genes (Lewinski
Genesis. Author manuscript; available in PMC 2015 April 01.
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et al., 2006; MacNeil et al., 2006; Mitchell et al., 2004). Narezkina et al. (2004) also
reported that ASV preferred to integrate at the region where RNA polymerase II binds,
whereas FV preferred to integrate at close proximity to the transcription start sites
(Trobridge et al., 2006). However, our study on the distribution of lentiviral integration sites
in regard to the transcription start sites has no difference from that of the simulated
integration sites (Table 4). The conflicting result with the HIV study was not expected
because integration mechanism of HIV and HIV-based vectors should be comparable if not
identical. The disparity on integration preference regarding to transcription units and active
genes suggested two possible explanations: (i) HIV has similar but not identical integration
mechanism with HIV-based vector, which is not likely the case and (ii) integration
preference is influenced by the target cells. The inconsistent results found between the HIV
studies (Schroder et al., 2002) and our studies on transgenic mice could be related to the
target cells while the integration events occurred. Based on our findings, integration events
in transgenic mice generated by lentiviruses may be influenced by embryonic stage, thus
zygotic stage mouse embryo may serve as a model for in-depth investigation of lentiviral
integration.
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One may also concern whether integration occurs at the zygotic stage or at more advanced
embryonic stage. Although we could not eliminate such possibility, we have investigated the
effect of temperature on viral infectivity (Chan, 1997). Viral infectivity decreased
dramatically in the first few hours of incubation at 37°C (Chan, 1997). Furthermore, only a
small volume of the viral solution was injected into the PVS of early embryos,
approximately 10–100 infectious viral particles were expected to be delivered. Thus the
likelihood of continuous infection for a prolong period of time during early development
was not expected (Chan et al., 1998), instead, integration is expected to occur before the first
embryonic division.
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This study was evolved based on prior studies of HIV-1 integration pattern in cultured cells
(MacNeil et al., 2006; Nowrouzi et al., 2006). Single restriction enzyme was commonly
used for genomic digestion followed by cloning and sequence analysis (MacNeil et al.,
2006; Nowrouzi et al., 2006), however, whether such restriction site is randomly distributed
throughout the genome was not clearly defined. Thus digestion using a single restriction
enzyme such as EcoR I may be nonrandomly distributed in the mouse genome, which may
limit the likelihood of identifying all integration sites. In order to determine if EcoR I sites
were randomly distributed throughout the genome we have generated a set of 10,000
randomly selected EcoR I sites in the mouse genome. A nonrandom distribution of EcoR I
site was observed in the mouse genome (data not shown). However, we have found less
EcoR I sites that were randomly distributed among intra-/intergenic integration sites when
compared with the 10,000 simulated sites. This result suggests that lentiviral integration
sites identified in this study are much more than that of the simulated control. Because of the
likelihood of nonrandom distribution of a single restriction site such as EcoR I, additional
restriction enzymes might be considered to minimize potential bias in future studies.
Here we reported a detailed analysis on integration sites of transgenic mice generated by
lentiviruses at the zygotic stage. Our transgenic mouse model provides a unique tool for
delineating if integration preference of lentiviruses exists at specific cell phase.
Genesis. Author manuscript; available in PMC 2015 April 01.
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Understanding the integration pattern of lentiviruses will not only benefit the future
development of transgenic technology but also the clinical application of lentiviral vector.

MATERIALS AND METHODS
Generation of VSVG-LVU-GFP and Envelope-Free LVU-GFP
A self-inactivated lentiviral vector expressing the GFP gene under the control of ubiquitin
promoter (VSVGLVU-GFP) was used in this study (Gift from C. Lois). VSVG-LVU-GFP
was generated by transfection of the 293FT packaging cells (Invitrogen Inc.) with lentiviral
vector, which was cotransfected with plasmid pD8.9 and pVSVG. Supernatant was collected
and concentrated by ultracentrifugation to approximately 1 × 109 infectious units/ml.
Determining the Titer of VSVG-LVU-GFP
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The concentration of infectious vector particles (titer) was determined by the expression of
GFP. In a 6-well plate, 2.5 × 105 of 293FT cells were plated and used as target cells. The
following day, target cells were cocultured with a serially diluted VSVG-LVU-GFP in the
presence of 8 μg/ml of polybrene and the titer was determined by multiplying the number of
GFP-positive colonies by the dilution factor and presented by colony forming units (cfu)/ml.
Preparation of Mouse Zygotes for Perivitelline-Space Injection
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Female ICR mice of 6- to 8-week-old were superovulated by an intraperitoneal injection of
7.5 IU pregnant mares’ serum gonadotropin (PMSG). Mouse zygotes were recovered from
superovulated ICR females after 18 h of 7.5 IU human chorionic gonadotropin (hCG)
injection and mating with ICR male mice. The zygotes were cultured in human tubal fluid
medium until virus injection was performed. A micropipette of 1 to 2 μm (inner diameter)
was used, and viruses were injected into the pronuclear stage zygotes. Mouse zygotes were
then implanted into the oviducts of pseudopregnant ICR females, and carried to term. Four
weeks after birth, tail snips were recovered for PCR analysis to determine their transgenic
status followed by chromosomal integration analysis.
Provirus Integration Sites Cloning
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Lentiviral integration sites were identified by modifying the ligation-mediated PCR method
as described in Figure 1 (Schroder et al., 2002). In brief, 10-μg genomic DNA was digested
by EcoR I for 3 h and purified by Qia-Quick PCR purification kit (Qiagen). The purified
DNA was then self-ligated by T4 ligase (Promega) at 4°C overnight followed by
purification. Circular DNA was then amplified by nested PCR using two sets of inverse
primer subsequently. The first round of inverse PCR was conducted by using specific
primers (A: TTCAAGGAC GACGGCAACTAC and B: TGTCTGAAGGGATGGTTG
TAG). The second round of nested PCR was used to amplify the inward region of the first
inverse PCR product by using nested primers (C: CTGCTGCCCGACAAC CACTA and D:
TCTGGTTTCCCTTTCGCTTTCA) (see Fig. 1). Prior to PCR amplification, circular DNA
was denatured at 94°C for 5 min. PCR was then performed at 94°C for 30 sec, 63°C for 30
sec, and 72°C for 5 min for 35 times followed by 72°C for 7 min. The PCR products/
fragments were then cloned into the pGEM-T easy vector (Promega) and were subsequently
used for sequencing.
Genesis. Author manuscript; available in PMC 2015 April 01.
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Mapping the Integration Sites
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The sequenced integration sites were mapped back to the mouse genome assembly (mm8)
using BLAT in UCSC website (http://www.genome.ucsc.edu) (Kent, 2002). Sequences were
considered as authentic integration sites if they: (i) included the terminal region of the
lentiviral vector and (ii) matched with the mouse genome for more than 90% of at least 100
bp. A total of 112 sequences were considered authentic and used in this study.
Analysis of the Integration Sites
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Ten thousand simulated integration sites were randomly generated in the mouse genome
(excluding sequencing gaps) using a random number generator and was used as a control.
To account for a possible nonrandom distribution of EcoR I sites in the mouse genome, a set
of the positions of 10,000 randomly selected EcoR I sites were compiled. Annotation tables
corresponding to the mouse genome assembly (mm8) and including positional information
on repetitive elements, CpG islands and RefSeq genes were downloaded from the UCSC
Genome Browser (Karolchik et al., 2003). The CpG island was defined according to the
UCSC website: (i) GC contents were greater than 50%; (ii) the length was longer than
200bp; and (iii) the ratio of the observed number of CG dinucleotides to the expected
number on the basis of the number of Cs and Gs in the segment was greater than 0.6.
Custom database queries and programs were then used to classify the integration sites based
on the mouse genome annotation and calculate the distance to the nearest annotation feature
of interest, i.e. CpG islands or transcription start sites. Chi-square analysis and SAS for
multiple comparisons were then used to compare the distribution of authentic versus control
integration sites. Difference of P < 0.05 was considered statistically significant.
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FIG. 1.
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The flow chart for identifying the lentiviral integration sites in this study. Genome DNA
from transgenic founder mice was digested with the EcoR I restriction enzyme, and
conducted the self-ligation of enzyme digested genome DNA. Two rounds of PCR were
performed for amplifying circularized genomic DNA using two different sets of primers
sequentially. A and B primers were used for the first round of inverse PCR, and C and D
primers were used for the second round of nested PCR. After two rounds of PCR, the nested
PCR products were subcloned into the pGEM-T Easy vector, and transformed into the
bacterial competent cells. Colonies with different sizes were picked up for plasmid DNAs
extraction, sequencing, and then analyzed the sequence data in UCSC website and selfgenerated software.
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FIG. 2.
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Chromosome distribution of lentiviral integration sites in transgenic mice. (a) Lentiviral
vector integration sites from transgenic mice were plotted as the percentage of all integration
sites in different chromosomes, and compared with the percentage of the mouse genome
included in each chromosome. The integration frequency of integration sites in different
chromosomes was not significantly different (P > 0.05) when compared with the related
sizes of various chromosomes. (b) The 112 integration sites were plotted into the related
positions in the individual chromosomes. The chromosome locations of the viral integration
sites in the mouse genome were illustrated using the Parasight program (http://
eichlerlab.gs.washington.edu/jeff/parasight/index.html). Gray lines indicated integration
sites and gray boxes indicated the location of the centromeres. Positions of the chromosomes
were given in kb.
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The Characteristics of Lentiviral Integration Sites Within the Intragenic and Intergenic Regions
No. of lentiviral integration sites (%)

a
No. of 10,000 simulated integration sites (%)

47 (41.96)

3,173 (31.73)

1 (0.89)

124 (1.24)

0.741

1 (0.89)

79 (0.79)

0.903

    Intron

45 (40.18)

2,970 (29.70)

Intergene

65 (58.04)

6,827 (68.27)

112 (100.00)

10,000 (100.00)

Intragene
    Coding
    UTR

Total

c

b

a

Simulated 10,000 integration sites were generated randomly.

Author Manuscript

b

Represented the coding region which can translate to amino acid.

c

Represented the untranslated region.

*

Showed the significant difference (P < 0.05) for χ2 test comparing with the simulated data.
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P value
*

0.021

*

0.016

*

0.021
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The Characteristics of Lentiviral and Simulated Integration Sites Within the Repetitive Elements
Repetitive elements

a

b

No. of the integration sites (%)

No. of the 10,000 simulated integration sites (%)

LINE

28 (25.00)

1,994 (19.94)

0.183

SINE

8 (7.14)

771 (7.71)

0.823

LTR

9 (8.04)

1,010 (10.10)

0.470

Low complexity

0 (0.00)

42 (0.42)

0.492

DNA

0 (0.00)

84 (0.84)

0.330

Simple

5 (4.46)

284 (2.84)

0.305

0 (0.00)

1 (0.01)

0.916

50 (44.64)

4,186 (41.86)

0.553

Satellite
Total

P value

a

Percentage of 112 integration sites.
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b

Percentage of 10,000 simulated integration sites.

c

P value was determined by the χ2 test comparing the number of lentiviral integration sites and simulated integration sites.
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Lentiviral Integration Profile vs. CpG Islands in Transgenic Mice
Distance to center of the CpG islands (kb)

No. of integration sites (%)

No. of ~10,000 simulated integration sites (%)

0~5

4 (3.57)

584 (5.84)

0.37

5 ~ 10

9 (8.04)

435 (4.35)

0.059

10 ~ 25

11 (9.82)

1077 (10.78)

0.745

25 ~ 50

13(11.61)

1169 (11.70)

0.976

50 ~ 100

21 (18.75)

1359 (13.60)

0.114

>100

54 (48.32)

5369 (53.73)

0.245

Total

112(100.00)

9,993 (100.00)

P value was determined by the χ2 test comparing the number of lentiviral integration sites and simulated integration sites.
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Table 4
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Lentiviral Integration Profile vs. Transcription Start Sites in Transgenic Mice
Distance to transcription start sites (kb)

No. of integration sites (%)

No. of 10,000 simulated integration sites (%)

P value

0~5

5 (4.46)

726 (7.26)

0.256

5 ~ 10

10 (8.93)

568 (5.68)

0.141

10 ~ 25

15 (13.39)

1,248 (12.48)

0.771

25 ~ 50

16 (14.29)

1,355 (13.55)

0.821

50 ~ 100

17 (15.18)

1,492 (14.92)

0.939

>100

49 (43.75)

4,611 (46.11)

0.618

Total

112 (100.00)

10,000 (100.00)

P value was determined by the χ2 test comparing the number of lentiviral integration sites and simulated integration sites.
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