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Site-specific Gene Insertion Mediated
by a Cre-loxP-carrying Lentiviral Vector

Gilles Michel', Yin Yu'!, Tammy Chang' and Jiing-Kuan Yee'
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Retroviral vectors have been used to treat patients with
the X-linked severe combined immunodeficiency dis-
ease and chronic granulomatous disease. In both cases,
success has been undermined by clonal expansion of
transduced cells in some patients due to insertional
mutagenesis induced by random vector integration.
This outcome underscores the importance of designing
vectors for site-specific gene insertion to avoid unantici-
pated gene disruption or gene activation. In the pres-
ent study, we incorporated the sequence-specific Cre
protein into lentiviral virions. We demonstrated that the
virion-associated Cre protein remained enzymatically
active and was capable of directing site-specific insertion
of a gene in the vector into a defined loxP site in the
host genome. As there are loxP-like sequences through-
out human genome that can be recognized by either
wild-type Cre or Cre variants, our study demonstrates
a new strategy of designing lentiviral-based vector for
gene targeting.
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INTRODUCTION

Retroviral vectors have been used to treat patients with the
X-linked severe combined immunodeficiency disease and chronic
granulomatous disease. In both cases, success has been under-
mined by clonal expansion of transduced cells in some patients,'
and activation of cellular proto-oncogenes by random vector inte-
gration most likely contributed to the clonal expansion. The bias
of retrovirus to integrate near transcription start sites of active
genes and their preferential integration near a subset of cellular
genes regulating cell cycle and apoptosis may account for the high
incidence of insertional mutagenesis.*® In contrast, lentivirus has
reduced capacity to induce genotoxicity in transduced cells. Like
retrovirus, lentivirus also integrates preferentially near active
genes.*S However, lentivirus integration does not exhibit bias
toward transcription start sites or preferential integration into a
subset of cellular genes. The cis-regulatory elements in lentiviral
long-terminal repeats (LTRs) were also removed to generate the
so-called self-inactivating vector, further reducing their risk to
generate genotoxicity.” However, in a recent B-thalassemia gene
therapy trial, clonal expansion was detected in a patient infused

with hematopoietic stem cells transduced with a lentiviral vector
(http://www.pei.de/cIn_109/nn_154420/EN/infos-en). The domi-
nant clone demonstrated elevated expression of high-mobility
group A2 proteins which might result from lentiviral integration
nearby.® High-mobility group A2 proteins expression is altered in
some malignant tumors,”"" and rearrangement of this gene has
been reported in hematological malignancies and myelodysplas-
tic syndromes.”” Thus, the risk of insertional mutagenesis cannot
be completely avoided even with lentiviral vectors. These studies
underscore the importance to develop alternative strategies to
minimize the risk of vector-induced genotoxicity in gene therapy.

Insertion of a gene into a predetermined “safe” genomic locus
avoids the problem of genotoxicity. Site-specific gene insertion
by homologous recombination is a very useful but typically inef-
ficient technique: gene insertion into a desired locus typically
occurs in about 1 out of every 10° cells treated. Retrovirus can
deliver genes at extremely high efficiency but its integration is not
site-specific. Modulating retroviral integration, mainly through
the fusion of the retroviral integrase with sequence-specific DNA-
binding proteins, represents an attractive strategy for site-specific
gene insertion.”’"' However, such a strategy is limited by reduced
DNA-binding specificity of the fusion protein and the difficulty
to incorporate the fusion protein into infectious virions. The use
of site-specific recombinases such as Cre has been shown to sig-
nificantly enhance the efficiency of gene targeting in mammalian
cells.'”!8 Cre, a 38-kd recombinase from bacteriophage P1, utilizes
its endonuclease activity to catalyze recombination between two
identical loxP sites. The enzyme requires no accessory proteins
or cofactors for its reaction and functions efficiently in vitro and
under a wide variety of cellular conditions. Furthermore, natural
occurring loxP sites pre-exist in human genome and can poten-
tially serve as targets for site-specific gene insertion."” Although
some of these so-called “pseudo’-loxP sites diverge significantly
in sequences from the native loxP site, Cre nevertheless binds
to these sequences and mediates recombination. In the present
study, we evaluate the feasibility of combining the highly efficient
Cre-loxP system for gene targeting and the extremely versatile
gene delivery system of lentivirus for site-specific gene inser-
tion in human cells. We generated three components to evalu-
ate this strategy: (i) a cell line containing a single loxP site in the
genome to serve as the target for gene insertion; (ii) a targeting
lentiviral vector containing the gene of interest adjacent to a loxP
site; (iii) a modified Cre protein that was incorporated into the
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lentivirial virion through fusion with the viral protein R (Vpr)
protein of human immunodeficiency virus-1 (HIV-1). Vpr is a
96-amino acid virion-associated protein that regulates nuclear
import of the HIV-1 preintegration complex.?**! We hypothesized
that close association of the Cre protein with the targeting vector
genome containing the gene of interest in the virion improved the
probability for site-specific gene insertion. Our result shows that
virion-associated Cre proteins mediated the insertion of the gene
of interest from the vector into the loxP site present in the host
genome. Our work provides supports for using lentiviral vectors
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to deliver a therapeutic gene into potentially “safe” loci in the host
genome for human gene therapy.

RESULTS

Establishment of a cell line containing the target

loxP site for gene insertion

To evaluate the capacity of lentiviral vectors for site-specific gene
insertion, we first established a cell line containing the target
loxP site. Human fibrosarcoma HT1080 cells were transduced
with CCGLAER, a retroviral vector containing the gene encoding
green fluorescence protein (GFP) controlled by the promoter of
cytomegalovirus (CMV) immediate early (IE) gene (Figure 1a).
The GFP gene is flanked by loxP sites and can readily be removed
by Cre, resulting in the generation of a single loxP site immedi-
ately adjacent to the CMV promoter. A stable clone, YY1, was
isolated for high GFP expression by fluorescence-activated cell
sorting (FACS) (Figure 1a). Southern blot analysis of the YY1
genomic DNA showed single-copy integration of CCGLAEn
(data not shown). To create the target loxP site for gene inser-
tion, YY1 cells were transiently transfected with cre-expression
plasmid pBS185' that mediated recombination between the two
loxP sites in YY1 and removed the GFP gene. GFP~ clones were
isolated and Southern blot analysis showed the expected diges-
tion patterns upon the removal of the GFP gene in two of such
clones (Figure 1b). One of the clones, named YY2, which showed
background GFP expression was picked for subsequent studies
(Figure 1a). To determine whether the single loxP site in YY2 cells
is suitable for site-specific gene insertion, we constructed plox-geo
containing the geo gene encoding a neomycin phosphotransferase-
B-galactosidase (B-gal) fusion protein flanked by two loxP sites.
This plasmid contains neither a promoter nor a polyadenylation
signal, reducing the likelihood of generating G418-resistant colo-
nies from random insertion into the host genome. YY2 cells were
transiently transfected with plox-geo with or without pBS185
and G418-resistant colonies were scored (Table 1). Transfection
with plox-geo alone failed to generate any colony whereas co-
transfection with pBS185 generated G418-resistant colonies at

Figure 1 Establishment of the YY2 cell line for site-specific gene
insertion. (a) To establish the target cell line for site-specific gene inser-
tion, HT1080 cells were transduced with the retroviral vector, CCGLAEN,
containing a loxP-flanked GFP gene controlled by the CMV IE promoter.
A cell line, YY1, with high levels of GFP expression was established. To
create a single loxP site as the insertion target, YY1 cells were transiently
transfected with cre-expression plasmid pBS185. A cell line, YY2, that
lost GFP expression was established. The expected fragment size of the
proviral DNA in YY1 and YY2 cells digested with Clal was also shown.
FACS of GFP expression in both cell lines was shown on the bottom.
(b) Southern blot analysis of Cla1-digested genomic DNA from YY1 and
two GFP- clones (YY2 and YY3) derived from pBS185-transfected YY1
cells. The probe used was shown on top of each gel. Lanes 1 and 5:
HT1080; lanes 2 and 6: YY1; lanes 3 and 7: YY2; lanes 4 and 8: YY3.
(c) Southern blot analysis of the genomic DNA of YY2 cells containing
the gene insertion event. The restriction enzyme used and expected
fragment size before and after geo gene insertion into YY2 cells were
shown. The blot was hybridized with a CMV IE promoter-specific probe.
Lane 1: HT1080 digested with Sall; lane 2: YY2 digested with Sall;
lane 3-6: YY2-derived clones containing site-specific insertion of the geo
gene digested with EcoR1. CMV, cytomegalovirus; FACS, fluorescence-
activated cell sorting; GFP, green fluorescence protein; IE, immediate
early; LTR, long-terminal repeat.
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Table 1 Site-specific insertion of the geo gene into the YY2 genome

Plasmid Number of G418 colony®
pTK-neo 20
plox-geo 0
plox-geo + pBS185 27

Abbreviations: FACS, fluorescence-activated cell sorting; GFP, green fluorescence
protein.

“Transfection was carried out with calcium phosphate coprecipitation.
Approximately 5 x 10° cells were co-transfected with a GFP-expression plasmid
and a plasmid as indicated in the table. Based on FACS analysis 48 hours after
transfection, ~10% of transfected cells turned GFP* in a typical experiment.

similar levels as the positive control, pTK-neo, containing the gene
encoding neomycin phosphotransferase (neo) controlled by the
herpes thymidine kinase (TK) promoter. To confirm site-specific
insertion of the geo gene, Southern blot analysis of the genomic
DNA from four randomly picked G418-resistant colonies was car-
ried out. As shown in Figure 1c, EcoR1 digestion exhibited the
expected 3.2-kb fragment containing the CMV promoter and the
geo gene. These results suggested that the single loxP site in YY2
cells could serve as a target for Cre-mediated gene insertion.

Incorporation of Cre into lentiviral virions

We next determined whether the Cre protein could get incor-
porated into lentiviral virions by constructing a vpr-cre gene
encoding the entire Cre protein fused to the C-terminus of Vpr.
To determine whether such a fusion disrupts the Cre recombi-
nase activity, we co-transfected 293T cells with pCMV-vpr-cre, an
expression plasmid for Vpr-Cre, and a retroviral reporter plasmid,
pCG-B-gal containing the f-gal gene preceded by a loxP-flanked
GFP gene (Figure 2a). Removing the GFP gene by Cre would acti-
vate -gal expression. As shown in Figure 2a, Vpr-Cre was able to
activate P-gal expression, albeit at a reduced level than wild-type
Cre. Thus, Vpr-Cre fusion somewhat compromised the Cre recom-
binase activity although a fraction of the activity was still retained.
To determine whether Vpr-Cre could be incorporated into virions,
lentiviral vectors were generated from 293T cells co-transfected
with pCMV-vpr-cre and pCMV-HIV-1Avpr, the packaging plas-
mid for lentiviral vectors. The vpr gene in pCMV-HIV-1Avpr was
inactivated to avoid competition between wild-type Vpr and Vpr-
Cre for packaging. Harvested cell extracts or virions were analyzed
by western blotting. When a Vpr-specific antibody was used, the
cell lysate from the co-transfection exhibited a 50-kd band which
was the expected size for Vpr-Cre (Figure 2b, lane 1). This band
was absent from virions derived from pCMV-HIV-1Avpr alone
(lane 3). Virions derived from pCMV-HIV-1,% the packaging plas-
mid with a functional vpr gene, exhibited the expected wild-type
Vpr band (lane 2). Interestingly, virions derived from co-trans-
fection with pCMV-vpr-cre and pCMV-HIV-1Avpr showed two
reacting bands (lane 4). The upper band corresponded in size to
Vpr-Cre whereas the lower band was consistent with Vpr. Because
the lower band, presumably Vpr, was absent from the total cell
lysate (compare lanes 1 and 4), it was possible that Vpr observed
in the harvested virions was actually derived from cleavage of Vpr-
Cre during or after encapsidation of the fusion protein into viri-
ons. The protease that mediated this cleavage remained unclear.
Consistent with this hypothesis, a 38-kd protein corresponding
to the size of cleaved Cre was detected when the same blot was
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Table 2 B-Gal activation by a Vpr-Cre-containing lentiviral vector in
HT1080/GB cells

Titer (per ml) in
HT1080 (GFP) HT1080/Gb (B-gal)

Vectors?® with

Mock 1.4 x 107 n.d.
Vpr 5.5 x 10° n.d.
Vpr-Cre 3.0 x 107 3.7 x 10°
Vpr-Cre (- VSV-G)® n.d. n.d.

Abbreviations: GFP, green fluorescence protein; n.d., not detectable; Vpr, viral
protein R.

aEach vector was generated in the presence of the protein indicated. "The vector
was generated without the envelope G protein.

reprobed with a Cre-specific antibody (lane 8). These results sug-
gested that Vpr-Cre could be efficiently incorporated into viri-
ons although partial cleavage of the virion-associated Vpr-Cre
occurred after packaging.

To determine whether incorporated Vpr-Cre retained its
recombinase activity, we subjected the harvested virions to an
in vitro recombination assay. Virions were treated with NP40 to
allow the release of incorporated Vpr-Cre, and its activity was
monitored by mixing the treated virions with a plasmid contain-
ing the GFP gene flanked by two loxP sites (Figure 2c). Without
recombination, PCR was expected to amplify a 0.5-kb fragment.
The fragment would be absent if the GFP gene was removed by
Cre. As shown in Figure 2¢c, NP40 treatment of virions-containing
Vpr-Cre resulted in a decrease or complete absence of the 0.5-kb
fragment (lanes 3 and 5, respectively). In contrast, the 0.5-kb frag-
ment continued to be present if the same vector preparation was not
subjected to NP40 treatment (lanes 2 and 4). Vectors-containing
Vpr exhibited the 0.5-kb PCR product irrespective of the NP40
treatment (lanes 6-9). These results suggested that Vpr-Cre was
incorporated into virions and was released upon detergent treat-
ment to mediate the recombination reaction in vitro.

To determine whether virion-associated Vpr-Cre can func-
tion in cells, we established a stable cell line, HT1080/Gp, derived
from the transduction of HT1080 cells with the CG-[3-gal retroviral
vector (Figure 2a). HIV7/CMV-GFP, a GFP gene-containing lenti-
viral vector,”® was prepared in the presence of Vpr-Cre. The vector
titer was determined in HT1080 cells by GFP expression and the
same amount of the vector was used to transduce HT1080/Gp cells
and scored for B-gal expression. Increasing input of HIV7/CMV-
GFP containing Vpr-Cre resulted in the emergence of p-gal™ cells
(Figure 2e-i and Table 2) whereas vectors with Vpr only failed to
activate 3-gal expression (Figure 2d). This result demonstrated that
only the vector-containing Vpr-Cre was able to activate B-gal expres-
sion in HT1080/G cells. f-Gal activation relied on vector cell entry
as HIV7/CMV-GFP without the VSV-G envelope protein failed to
generate any B-gal® cell (Table 2). These studies confirmed that
the virion-associated Vpr-Cre remained enzymatically active. The
almost 100-fold difference in titer between HT1080 and HT1080/Gf3
cells of the Vpr-Cre-containing vector (Table 2) could be explained
by three possibilities: (i) susceptibility of the two cell lines to vector
transduction was different; (ii) a difference in the assay used for titer
determination (GFP versus -gal); (iii) only a fraction of harvested
virions contained sufficient Vpr-Cre to mediate recombination and
activate -gal expression in HT1080/Gf cells.
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Figure 2 The recombinase activity of Vpr-Cre and its incorporation into HIV virions. (a) The recombinase activity of Vpr-Cre. 293T cells were
co-transfected with pCMV-cre or pCMV-vpr-cre as indicated with pCG-B-gal, a retroviral vector containing a loxP-flanked GFP gene preceding the
B-gal gene. The arrow indicates the direction of transcription from the 5’ LTR and the arrowheads represent the loxP sites. Cell lysates were prepared
40 hours after transfection, and the B-gal activity was determined and normalized to the total protein used in each reaction. (b) Western blot analysis
of Vpr-Cre incorporation into HIV virions. 293T cells were co-transfected by pCMV-vpr-cre with either pPCMV-HIV-1 or pCMV-HIV-1Avpr. Virions were
harvested 40 hours later and purified through a 20% sucrose cushion. The viral proteins were revealed by western blot analysis with a monoclonal
antibody specific for Vpr (lanes 1-4) or Cre (lanes 5-8). Lanes 1 and 5: cell lysates derived from pCMV-vpr-cre and pCMV-HIV-1Avpr co-transfection;
lanes 2 and 6: virions derived from pCMV-HIV-1 transfection; lanes 3 and 7: virions derived from pCMV-HIV-1Avpr transfection; lanes 4 and 8: virions
derived from pCMV-vpr-cre and pCMV-HIV-1Avpr co-transfection. (c) The in vitro assay to detect the recombinase activity of virion-associated Vpr-
Cre. The assay was performed with purified virions containing either Vpr-Cre (lanes 2-5) or Vpr (lanes 6-9). Each reaction contained the GFP plasmid
shown on top and the virions were either mock treated or treated with 0.25% NP40 as indicated. The reaction was allowed to proceed for 30 minutes
at 30°C and recombination was detected by PCR using a pair of primer specific for the CMV IE promoter and the GFP gene, respectively. The arrow-
heads in the GFP plasmid represent the loxP sites. (d-i) The in vivo assay to detect the recombinase activity of virion-associated Vpr-Cre. The HIV7/
CMV-GFP vector containing either Vpr or Vpr-Cre was prepared from 293T cells. HT1080/Gp cells were transduced with either the (d) Vpr-containing
vector or increasing amounts of the (e-i) Vpr-Cre-containing vector. (e) 10 pl, (f) 20 ul, (g) 50 ul, (h) 100 pl, and (i) 200 pl. The titer of each vector was
shown in Table 2. The B-gal expression in transduced cells was detected 72 hours after transduction. CMV, cytomegalovirus; GFP, green fluorescence
protein; HIV, human immunodeficiency virus; IE, immediate early; LTR, long-terminal repeat; Vpr, viral protein R.

Lentiviral vector-mediated site-specific gene insertion site followed by the neo gene was inserted into the U3 region
To test for site-specific gene insertion, a lentiviral-based target-  of the 3’ LTR. Upon replication, the loxP-neo cassette would
ing vector, pHIV7/lox-neo, was constructed. The hygromycin-  appear in both LTRs, thereby providing a substrate for recombi-
resistant (hyg) gene controlled by the 3-phosphoglycerate kinase  nation that could be catalyzed by virion-associated Vpr-Cre. We
(pgk) promoter was inserted into the backbone of the vector for  hypothesized that the circular recombination product containing
titer determination (Figure 3a). A cassette containing the loxP  the loxP-neo cassette was able to be inserted into the loxP site in
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the YY2 genome, again catalyzed by virion-associated Vpr-Cre
(Figure 3a). This insertion directly places the neo gene under
the control of the CMV promoter, permitting G418 selection. To
test this hypothesis, YY2 cells were transduced with increasing
amounts of HIV7/lox-neo encapsidated with Vpr-Cre and G418-
resistant colonies were pooled. The genomic DNA from the pool
was subjected to PCR amplification using a pair of CMV- and
neo-specific primers. Site-specific gene insertion was expected
to generate a 553-bp PCR fragment. As shown in Figure 3b, the
expected PCR product was observed from the genomic DNA
of ~250, 750, and 2,500 pooled colonies (lanes 3-5). A pool of
125 colonies failed to exhibit this band. Other two primer pairs

© The American Society of Gene & Cell Therapy

spanning the CMV-neo fragment also confirmed this observation
(data not shown). As a control, we pooled G418-resistant colonies
from cells transduced with the same vector without Vpr-Cre. We
failed to detect the expected fragment with the genomic DNA iso-
lated from up to 40,000 pooled colonies (lanes 6 and 7), indicating
that virion-associated Vpr-Cre was required for the gene target-
ing event. The 553-bp fragment was cloned and sequenced, and
the sequencing data confirmed that the neo gene was positioned
downstream from the CMV IE promoter with a loxP site present
in between (Figure 3c). To assess the targeting efficiency, the titer
of the targeting vector was determined by selecting the transduced
YY?2 cells in hygromycin. Based on the hygromycin-resistant titer
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Figure 3 Site-specific gene insertion with a Vpr-Cre containing lentiviral vector. (a) Steps involved in site-specific gene insertion with the target-
ing vector, HIV7/lox-neo. The vector backbone of HIV7/lox-neo contains the hyg gene controlled by the pgk promoter. The loxP-neo cassette was
inserted into the 3" LTR. Upon transduction and reverse transcription in transduced YY2 cells, this cassette would appear in both LTRs, thereby provid-
ing a substrate for recombination mediated by virion-associated Vpr-Cre. The resulting circular product containing a single loxP site can recombine
with the target loxP site in the YY2 genome and insert the neo gene downstream from the CMV IE promoter. The insertion reaction presumably is
catalyzed again by virion-associated Vpr-Cre. Wavy lines indicate the YY2 genomic DNA. (b) PCR detection of site-specific gene insertion events. YY2
cells were transduced with increasing amounts of HIV7/lox-neo with or without Vpr-Cre and selected in G418-containing medium. Upon selection
for 2 weeks, various numbers of G418-resistant colonies as indicated were pooled and the genomic DNA was subjected to PCR amplification using a
pair of primer specific for the CMV IE promoter and the neo gene. This pair of primer was expected to amplify a 533-bp fragment if gene targeting
occurred (top). As a control, a second pair of primers that specifically amplified a 5" HIV gag region present in the vector was also used in the PCR to
demonstrate vector integration irrespective of the presence or absence of Vpr-Cre (bottom). Int(+), vectors containing a functional integrase; Int(-),
vectors containing a defective integrase. The G418-resistance titers for the Int(+) and Int(-) vector were 25,000 + 5,000 infectious units (IU)/ml and
38 + 71U/ml, respectively. (c¢) The DNA sequence surrounding the neo gene insertion site. The 533-bp PCR fragment was cloned into pBluescript by
TA cloning and sequenced. The loxP site was boxed. (d) Southern blot analysis of YY2-derived clones containing site-specific gene insertion. G418-
resistant clones derived from the integrase-deficient HIV7/lox-neo vector were picked and expanded. The genomic DNAs from six such clones were
digested with either Hindlll or EcoRl, separated on a gel, blotted and hybridized with a neo-specific probe. The expected fragment size for site-specific
gene insertion is 2.2kb with Hindlll digestion and 2.1kb with EcoRl digestion. HT1080 DNA and YY2 DNA digested with Hindlll or EcoRl were also
run on the same gel to serve as negative controls. CMV, cytomegalovirus; GFP, green fluorescence protein; HIV, human immunodeficiency virus;
IE, immediate early; LTR, long-terminal repeat; Vpr, viral protein R.
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and the neo-resistant colony required to detect the PCR fragment,
the efficiency for site-specific gene insertion was determined to be
in the range between 10~ and 0.5 x 1072

To enrich for the clones with site-specific gene insertion, we
generated the targeting vector from a packaging plasmid contain-
ing a mutation in the integrase gene.?* Because this mutation blocks
normal HIV integration, G418-resistant cells should be derived
preferentially via recombination with the Cre-loxP system. As
shown in Figure 3b, a pool of only 35 G418-resistant colonies was
sufficient to exhibit the expected PCR fragment whereas a pool of
three colonies did not (lanes 8 and 9). Genomic Southern analysis
of 15 randomly picked clones showed that six clones exhibited the
expected 2.2- and 2.1-kb fragments after digestion with HindIII
and EcoR]I, respectively (Figure 3d). To ensure that the observed
site-specific gene insertion is not YY2-specific, we established a
pool of HT1080-derived clones containing randomly positioned
loxP sites in the genome. Using the same approach described above,
we showed site-specific neo gene insertion into these loxP sites
(data not shown). The observed gene insertion event is therefore
not dependent on a particular loxP site in the genome. Together,
these results suggested that a transgene introduced via the target-
ing lentiviral vector could be inserted into multiple loxP sites pres-
ent in the human genome and that the insertion depended on the
presence of copackaged Vpr-Cre fusion proteins.

DISCUSSION
Genotoxicity induced by random retro- and lentiviral vector
integration raises serious safety concerns of applying these viral
vectors in human gene therapy. The strategy described here
takes advantage of the high efficiency of lentivirus for gene
delivery, but bypasses the normal viral integration process and
use instead the Cre/loxP system for site-specific gene insertion.
Different strategies have been used before to introduce Cre into
cells, including DNA transfection, protein transduction, and viral
vector-mediated gene delivery.'”'**-? Many of these approaches
led to stable integration of the cre gene into the host genome,
and constitutive Cre expression was shown to cause detrimental
effect to the host cell.** Direct protein transduction avoids such
arisk but is limited by the level of the introduced Cre protein. Our
strategy of using the same lentiviral virion to deliver both the Cre
protein and the gene of interest has at least two advantages. First,
only copackaged Vpr-Cre proteins in the virion but not its gene
are delivered to the target cells, thereby avoiding the problem of
cell toxicity induced by stable Cre expression. Second, Vpr-Cre is
in close association with the gene of interest, thereby increasing
the probability of site-specific gene insertion once the target loxP
site in the host genome is located by the lentiviral preintegration
complex. This feature effectively lowers the threshold level of Cre
required to facilitate efficient recombination between the two loxP
sites in the targeting vector and in the host genome, respectively.
For Cre encapsidation, we capitalized on the unique property
of HIV-1 Vpr. Among the key HIV-1 encoded proteins that can
mediate nuclear import of the preintegration complex, Vpr has the
unique capacity to serve as an efficient vehicle for the transporta-
tion of Vpr-linked proteins into the nucleus of infected cells.**° Vpr
is packaged into virions at an higher efficiency than other HIV-1-
encoded accessory proteins (Vif, Vpu, Nef) and is in a molar ratio of
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~1:7 relative to Gag.*! Vpr is present at a level of ~100-200 copies/
virion, a level potentially sufficient to mediate efficient site-specific
gene insertion. The challenges for our approach are whether the Cre
recombinase activity is compromised by protein fusion and whether
Vpr-Cre is encapsidated into virions at sufficient levels to mediate
gene insertion. Our data demonstrated that Vpr-Cre fusion main-
tained significant level of the recombinase activity and was pack-
aged efficiently into virions. We chose to fuse Cre to the C-terminus
of Vpr based on several considerations; the amino terminal a-helical
region of Vpr is considered to be most important for nuclear local-
ization and virion packaging.*? Fusion to the N-terminus of Vpr
may therefore disrupt these functions. The fact that the C-terminus
of Vpr is not required for packaging is consistent with this hypoth-
esis.”? Although the functional role of the N-terminus of Cre is still
unclear, the region is not well conserved among members of the
tyrosine recombinase family and can be modified without signifi-
cant loss of its activity.”>** Based on these considerations, fusion
between the C-terminus of Vpr and the N-terminus of Cre is
therefore most likely able to succeed in directing site-specific gene
insertion with our strategy. As the recombinase activity of Vpr-Cre
is not as efficient as that of wild-type Cre, introduction of addi-
tional mutations into Vpr-Cre to increase its recombinase activity
may further improve the efficiency of site-specific gene insertion.
As direct protein—protein fusion may cause structural disturbance
and result in reduced protein activity, insertion of a linker between
Vpr-Cre may also improve the Cre enzymatic activity.*?*

Our strategy for site-specific gene insertion requires two recom-
bination events. The first event involves recombination between the
two loxP sites in the targeting vector, permitting the generation of a
circular DNA substrate for gene insertion. This step is important as
the presence of only a single loxP site in the linear targeting vector
DNA genome, when recombined with the loxP site in the host
genome, can lead to chromosome breakage. Transduction of YY2
cells with the targeting vector resulted in the emergence of G418-
resistant colonies even though the neo gene in the vector was not
directly linked to a promoter. As these vectors possess functional
integrase and lentiviral vectors preferentially integrate into introns
of active genes,® most of these colonies may result from normal len-
tiviral integration and neo gene expression from an adjacent cellular
promoter. Because several potential splice sites are present upstream
from the neo gene in the vector, splicing of the RNA initiated from
the cellular promoter could result in the generation of a mature
transcript encoding functional neomycin phosphotransferase.
Consistent with this hypothesis, the number of G418-resistant
colonies was dramatically reduced when integrase-deficient vector
was used for transduction (Figure 3b). In such a case, ~40% of the
G418-resistant colonies were the result of site-specific gene inser-
tion. Whether the efficiency for site-specific gene insertion can be
enhanced further by an increase at the level of the copackaged Vpr-
Cre or its recombinase activity remains to be determined.

Although the wild-type loxP sequence is absent from the
human genome, many so-called pseudo-loxP sites in the human
genome could serve as potential sites for gene targeting. An analysis
by Thyagarajan et al. indicated that at least four pseudo-loxP sites
could support Cre-mediated gene insertion and excision in human
cells.”” The recombination efficiency among these four sites varied
with the site at Xp22 having an efficiency similar to wild-type loxP
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whereas the site at 5p15 having a 100-fold lower efficiency. The site
in Xp22 therefore may serve as a potential target for the insertion
of a therapeutic gene to reduce the risk of insertional mutagenesis.
This site is mapped in an intergenic region in X chromosome and
is located ~138kb away from the transcription start site of a near-
est cellular gene that codes for short stature homeobox isoform b
(SHOXb). Whether this site at Xp22 can serve as an efficient target
for gene insertion and whether such insertion alters the expression
of SHOXb will be evaluated in future studies. Directed molecular
evolution has also been applied to create Cre recombinase variants
that recognize a new DNA target sequence called loxH on human
chromosome 22 but not the wild-type loxP sequence.”” Such an
approach allows the design of Cre variants that recognize addi-
tional pseudo-loxP sites in the human genome. Using the strategy
described here, incorporating these Cre variants should allow direct
gene insertion into the cognate pseudo-loxP site. The efficiency for
gene targeting in our study remains between 1/1,000 and 1/2,000.
Since the excision event is kinetically favored with the Cre-loxP
system,’®* an inserted gene can readily be deleted in the presence
of Vpr-Cre. Mutant loxP sites favoring insertion over excision have
been identified with bacterial screening systems.* These approaches
can be applied to create mutant loxP sites that favor gene insertion
instead of excision, thereby increasing the gene targeting efficiency.
Contrary to Cre, the other site-specific recombination system, the
phage @C31 recombinase, favors unidirectional gene insertion that
would occur at higher frequencies than the reversible gene insertion
directed by Cre.***! As the lentiviral strategy described here requires
two recombination events to insert a transgene into the host genome
(Figure 3a), it may not be compatible with the phage ¢C31 system
to mediate site-specific gene insertion. Finally, the approach of Vpr
fusion may be similarly applied to incorporate other proteins such
as zinc-finger containing nucleases to enhance gene targeting by
homologous recombination.

MATERIALS AND METHODS
Plasmids. To construct the vpr-cre fusion gene, the vpr gene was PCR
amplified from pCMV-HIV-1* with the following primers:

vpr-s: 5-GCGCATACCGCTCGAGATGGAACAAGCCCCAAGAA

GAC-3’

vpr-r: 5-TTTGGTGTACGGTCAGTAAATTGACCAGGATCTACT

GGCTCCATTTCT-3’

The cre gene was PCR amplified from pBS185 with the following
primers:

cre-s: 5'-GCAAGAAATGGAGCCAGTAGATCCTGGTCCAATTTA

CTGACCGACAC-3’

cre-r: 5-CGCGTACGCGTACGCGTATGGCGAATTCCTAATCGC

CATCTTTCCAAGCAG-3’

A second PCR amplification was carried out with the annealed
products from the first two PCRs using vpr-s and cre-r as the primers.
The PCR product was cloned into pBluescript SK(-) to generate pBS-
vpr-cre for sequencing. To construct pCMV-vpr-cre, the VSV-G gene in
pCMV-G* was replaced with the 1.3-kb fragment containing the vpr-
cre fusion gene from pBS-vpr-cre. The targeting vector pHIV7/lox-neo
includes in its backbone a 1.8-kb fragment containing the hygromycin-
resistant gene controlled by the 3-phosphoglycerate kinase (pgk)
promoter. A 1.4-kb fragment containing neo gene preceded by a loxP site
was inserted into a unique Xbal site in the 3’ LTR to generate pHIV7/lox-
neo. Plasmid pC-HelpIN~ encoding a defective integrase was provided
by Dr J. Reiser.** Plasmid pC-HelpIN~ Avpr harboring a defective vpr
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gene was created by fill-in of EcoRI-digested pC-HelpIN~ followed by
religation. The retroviral vector, pPCCGLAEn, used to establish YY1 and
YY2 cells has a 740-bp fragment containing the GFP gene flanked by
loxP sites. Expression of the GFP gene is controlled by an internal CMV
IE promoter. The retroviral vector, pCG-p-gal, contains the GFP gene
flanked by loxP sites followed by the 3-gal gene. Expression of the GFP-f3-
gal cassette is initiated from the 5’'LTR. Plasmid plox-geo was constructed
by isolating a 3.9-kb fragment containing the geo gene from pSApgeo*
and inserting it into pdLox-2 containing a multiple cloning site flanked
by two loxP sites.

Cell lines. Cell lines used for this study were cultured in Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine serum. Cells resistant
to antibiotics were selected at a concentration of 400 pug/ml of either G418
or hygromycin. To establish YY1, HT1080 cells were transduced with
CCGLAEn. YY1 was isolated after three rounds of FACS for GFP expres-
sion. YY2 was established by transfecting YY1 cells with the cre-expression
plasmid pBS185. YY2 was isolated by limiting dilution after three rounds
of FACS for GFP~ cells. To establish HT1080/Gp cells, HT1080 cells were
transduced with vector CG-p-gal. A clone expressing high levels of GFP
was isolated by FACS and limiting dilution.

Lentiviral vector production and transduction. Lentiviral vectors were
generated by transient transfection of 293T cells with the vector construct,
the indicated packaging plasmid and pCMV-G.* For the production of
Vpr-Cre-containing vectors, pPCMV-vpr-cre was also included in the trans-
fection mixture. The transfection solution was replaced after 14-16 hours
with fresh culture medium-containing 10mmol/l sodium butyrate, and
the vector was harvested after additional 24 hours. For cell transduction,
the vector was applied at different dilutions to the cells in the presence of
8 ug/ml polybrene. Antibiotics selection or FACS analysis was performed
48 hours after transduction. To determine the efficiency of gene target-
ing, YY2 cells were transduced with HIV7/lox-neo containing Vpr-Cre
and selected in hygromycin-containing medium. As this vector contains
the hygromycin-resistance gene under the control of the pgk promoter,
the number of hygromycin-resistant colony represents the total infectious
units applied. The same vector preparation was also used to transduce
YY2 cells and selected in G418-containing medium. Various numbers of
G418-resistant colonies were pooled and subjected to PCR analysis of gene
targeting events. The ratio between the number of G418-resistant colony
required to detect the gene targeting event and the total infectious vector
titer represents the efficiency of gene targeting.

Western blot analysis. Virions harvested and purified through a 20%
sucrose cushion were subjected to sodium dodecyl sulfate polyacrylamide
gel electrophoresis. Immunoblotting was performed using a rabbit anti-Vpr
polyclonal antibody (dilution 1:2,500) obtained from NIH AIDS Research
and Reference Reagent Program or a rabbit anti-Cre polyclonal antibody
(dilution 1: 100,000) obtained from Novagen (Madison, WI). A horse
radish peroxidase-conjugated polyclonal goat anti-rabbit immunoglobulin
G (dilution 1: 100,000) from Amersham-Pharmacia (Piscataway, NJ) was
used as a secondary antibody. Chemiluminescent detection was performed
using ECL-Plus detection reagents from Amersham-Pharmacia.

The Cre activity assay. To assay for the Cre enzymatic activity, 293T
cells were transiently transfected with pCMV-vpr-cre and pCG-p-gal.
Cre-expression plasmid, pBS185,"® was similarly transfected to serve as a
positive control. Cells were lysed 48 hours later in RIPA buffer contain-
ing a mixture of protease inhibitors (Roche Applied Sciences, Alameda,
CA) and the supernatant was collected after a brief centrifugation. The
B-gal enzymatic activity was measured using the Tropix Galacto-Star
chemiluminescent reporter gene assay system from Applied Biosystems
(Foster City, CA). The BCA Protein Assay Reagent Kit (Pierce, Rockford,
IL) was used to determine the protein concentration and to normalize
the cell extract used in each assay. The in vitro recombination assay was

www.moleculartherapy.org vol. 18 no. 10 oct. 2010



© The American Society of Gene & Cell Therapy

performed according to Sauer.* Briefly, purified virions containing either
Vpr-Cre or Vpr were incubated in the Cre reaction mixture (1.25mmol/l
Tris-HCI, pH 7.5/1.67 mmol/l NaCl/10 mmol/l MgCl,) with 0.2 ug of the
GFP plasmid at 30°C for 30 minutes in the presence or the absence of
0.25% NP40. Recombination was determined by PCR amplification using
a pair of primers with the following sequences:

CMV IE promoter: 5-CGGGACTTTCCAAATTCGTAACAAC-3’

GFP gene: 5-CTGAAGCACTGCACGCCGTAG-3'.

Analysis of site-specific gene insertion by PCR and Southern blot. The
DNA isolation kit from Gentra Systems (Minneapolis, MN) was used for
the purification of genomic DNA. For the Southern blot analysis, HindIII-
or EcoRI-digested DNA was separated on 1% agarose gel and blotted. The
filter was hybridized with a 777-bp neo-specific probe prepared by PCR
amplification using a pair of primer with the following sequences:

neo-r: 5-GTCAAGAAGGCGATAGAAGG-3’

neo-s: 5-TATGACTGGGCACAACAGAC-3’

To detect site-specific gene insertion, 400-ng genomic DNA was
denatured at 94°C, annealed at 60°C, and elongated at 72°C with
HotStarTaq DNA polymerase (Qiagen, Valencia, CA) for 35-40 cycles.
Site-specific gene insertion was detected by PCR amplification using
primer pairs with the following sequences:

CMV1: 5-CGGGACTTTCCAAAATGTCGTAAC-3’

CMV2: 5-GGAGGTCTATATAAGCAGAGCTC-3’

CMV3: 5-TAGAAGACACCGGGACCGATCC-3

neol: 5-CTGCGTGCAATCCATCTTGTTC-3’

neo2: 5-GGCAAGAAAGCCATCCAGTTTAC-3’

neo3: 5-GTCTAGCTATCGCCATGTAAGC-3’

The sequences for the PCR primers to amplify the vectors are as
follows:

Vecl: 5-GACCTGAAAGCGAAAGGGAA-3’

Vec2: 5-ACTGCGAATCGTTCTAGCTC-3
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