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In vitro studies using fusion proteins consisting of human immunodeficiency virus type 1 integrase (IN) and
a synthetic polydactyl zinc finger protein E2C, a sequence-specific DNA-binding protein, showed that integra-
tion of retroviral DNA can be biased towards a contiguous 18-bp E2C-recognition site. To determine whether
the fusion protein strategy can achieve site-specific integration in vivo, viruses were prepared by cotransfection
and various IN-E2C fusion proteins were packaged in frans into virions. The resulting viruses incorporated
with the IN-E2C fusion proteins were functional and capable of performing integration at a level ranging from
1 to 24% of that of viruses containing wild-type (WT) IN. Two of the more infectious viruses, which contained
E2C fused to either the N (E2C/IN) or to the C (IN/E2C) terminus of IN, were tested for their ability to direct
integration into a unique E2C-binding site present within the 5’ untranslated region of erbB-2 gene on human
chromosome 17. The copy number of proviral DNA was measured using a quantitative real-time nested-PCR
assay, and the specificity of directed integration was determined by comparing the number of proviruses within
the vicinity of the E2C-binding site to that in the whole genome. Viruses containing IN/E2C fusion proteins had
sevenfold higher preference for integrating near the E2C-binding site than those viruses containing WT IN,
whereas viruses containing E2C/IN had 10-fold higher preference. The results indicated that the IN-E2C fusion
protein strategy is capable of directing integration of retroviral DNA into a predetermined chromosomal region

in the human genome.

Integration of retroviral DNA is catalyzed by the viral en-
zyme integrase (IN) (for reviews, see references 6 and 32). The
process is nonspecific but not random (15, 25). The frequency
of use of specific sites varies considerably, with some sites
being preferred up to several hundred times more than ran-
dom (54, 61, 62). Because of its nonspecific nature, integration
of retroviral DNA is inherently a mutagenic event and can
deregulate cellular gene expression by insertional mutagenesis.
Studies on murine mammary tumor virus and other slow-acting
retroviruses have established that integration can cause tumors
either by activating proto-oncogenes or by producing a new
chimeric protein encoded by the truncated, affected cellular
gene and the proviral genome (43, 46). For human immuno-
deficiency virus type 1 (HIV-1), the incidence of human neo-
plasms caused by insertional mutagenesis is rare, although a
common integration site for HIV-1 DNA is found near the
c-fps/fes oncogene in AIDS-associated T-cell lymphoma (56).
In addition, a variety of chimeric mRNAs were detected in
HIV-1-infected H9 cells, in peripheral blood mononuclear
cells, and cells in bronchoalveolar washes of AIDS patients,
indicating that HIV-1 can activate transcription of cellular
genes by promoter insertion (50). Due to the efficacy of the
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combination chemotherapy, host pathogenicity resulting from
insertional mutagenesis may become more evident as the life
expectancy of infected individuals lengthens.

Retroviruses are commonly engineered for use as gene de-
livery vehicles in mammalian cells. The retrovirus-based vec-
tors developed to date exhibit the same salient feature as
natural retroviruses of nonspecific integration throughout the
genome (44, 54, 62). The ability to direct integration into a
specific chromosomal region will have a major impact on the
use and safety of retrovirus-based vectors in genetic engineer-
ing and therapy (21, 58, 59). The risk of insertional mutagen-
esis is further highlighted by the report of leukemia in mice and
infants after the administration of retrovirus-based vectors in
gene therapy protocols (24, 38). Since the process of integra-
tion site selection is poorly understood, we and others have
tested in vitro the feasibility of directing integration into spe-
cific DNA sites by use of a fusion protein composed of a
full-length HIV-1 or avian sarcoma virus IN and the Esche-
richia coli LexA repressor or the DNA-binding domain of A
repressor (9, 22, 31). The fusion proteins direct integration by
recognizing and binding to their cognate target sites on the
DNA, causing integration to be mediated into the immediately
adjacent regions (for reviews, see references 8 and 53). In
addition to purified proteins, preintegration complexes con-
taining wild-type IN and IN-Zif268 fusion proteins can direct
integration near the Zif268-recognition site (10).

A major limitation of this strategy is that the DNA-binding
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sequences of the previously tested fusion proteins are defined
and fixed and may not present at the desired chromosomal site
for integration. In addition, these DNA-binding proteins can
recognize multiple DNA sequences related to their consensus
binding sequence or the number of nucleotides required for
specific protein-DNA interaction is insufficient for specifying a
unique site within a mammalian genome (29, 37, 48). One class
of DNA-binding proteins that offers several advantages in con-
ferring site specificity to retroviral IN is the synthetic polydac-
tyl proteins derived from the Cys,-His, zinc finger proteins (for
reviews, see references 2 and 5). One example of such a protein
is the six-zinc finger E2C, constructed by grafting the amino
acid residues of each zinc finger involved in specific DNA
recognition into the framework of the designed consensus pro-
tein Sp1C, a derivative of Sp1 (17). E2C binds with high affinity
(in subnanomolar range) and recognizes a unique, contiguous
18-bp sequence in the human genome (3, 4). In addition, the
polydactyl zinc-finger protein has a modular organization, and
the fingers may be “mixed and matched” to provide proteins
with new DNA-binding specificities (4, 14, 41, 51, 55). There-
fore, it may be possible to design a zinc finger protein with
specificity for any desired sequence. The application of this
class of designer DNA-binding proteins has been illustrated by
studies in which artificial transcription factors based on mod-
ified zinc-finger domains are used to activate or repress expres-
sion of reporter genes, as well as endogenous genes in the
native chromosomal environment of animal and plant cells (4,
13, 18, 23, 30, 33, 40, 52). We have constructed several fusion
proteins consisting of HIV-1 IN and E2C. The fusion proteins
are catalytically active and bias integration of retroviral DNA
near the E2C-binding site in vitro (57). The results demon-
strate that the IN-E2C fusion proteins offer an efficient ap-
proach and a versatile framework for directing the integration
of retroviral DNA into a specific DNA site.

At present, it is not known whether any of the aforemen-
tioned fusion proteins are able to direct integration in vivo (10,
31). A major problem in measuring the level of site specificity
in mammalian cells is the existence of numerous potential
binding sites for the previously described fusion proteins. With
the IN-E2C fusion proteins, the E2C-recognition sequence is
located within the 5’ untranslated region of the erbB-2 gene
(4). A BLAST search of the GenBank database (human 2004
freeze) confirmed that the e2c site is unique to erbB-2 (chr.
17q12). We have used an in trans method (20, 27, 64) to
incorporate the IN-E2C fusion proteins into infectious virions
and subsequently evaluated the ability of the modified virus to
integrate the viral DNA into a predetermined chromosomal
region in cultured human cells by fluorescence-monitored real-
time nested PCR.

MATERIALS AND METHODS

Cells and antibodies. HeLa (CCL-121) and 293T cells were obtained from the
American Type Culture Collection. The cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco-BRL) with 10% fetal calf serum (HyClone),
100 U of penicillin (Cellgro) per ml, and 0.1 mg of streptomycin (Sigma) per ml.
Rabbit polyclonal antibodies raised against synthetic HXB, IN peptides (amino
acids 23 to 34 and 142 to 153) were from Duane Grandgenett at St. Louis
University through the AIDS Research and Reference Reagent Program. The
sera from HIV-1-infected patients were purchased from The Scripps Research
Institute.
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Recombinant expression plasmids. The genes encoding the fusion proteins
IN/E2C and E2C/IN were each cloned into a pLR2P expression plasmid, which
was provided by Beatrice Hahn of the University of Alabama, Birmingham. The
pLR2P construct encodes the HIV-1 accessory protein Vpr and contains an
HIV-1 protease cleavage (PC) site following Vpr (20). To construct the R-PC-
IN/E2C clone, an Nsil-Sall fragment of pIN1-288/E2C, which is derived from the
pT7-7 expression vector and contains the coding sequence of full-length HIV-1
IN fused with E2C (57), was inserted in-frame into pLR2P previously digested
with Nsil and Xhol. For the R-PC-E2C/IN clone, an Ndel (blunted)-Sall frag-
ment of pE2C/IN1-288, which contains the coding sequence of E2C/IN fusion
protein (57), was ligated with pLR2P previously cut with Xhol and partially
digested with Scal. Several constructs in which the E2C was fused to different
truncated variants of HIV-1 IN were also prepared. To construct R-PC-IN1-234/
E2C, an Nsil-Sall fragment of pIN1-234/E2C (57), which contains the coding
sequence of the C terminus-truncated IN fused to E2C, was ligated with the
PLR2P vector previously digested with Nsil and Xhol. Similarly, pR-PC-E2C/
IN11-288 was prepared by inserting an Nsil (blunted)-Sall fragment of pE2C/
IN11-288 (57), which contains the coding sequence of E2C fused to N terminus-
truncated IN, into the pLR2P vector previously cut with Xhol and partially
digested with Scal. For pR-PC-IN50-288/E2C, a KpnlI-Sall fragment of pIN1-
288/E2C, which contains the coding sequence of E2C, was ligated with pR-PC-
IN50-288/LA (27) previously cut with Xhol and partially digested with KpnlI.

The HIV-1 plasmids pHXB-Hygro and pHXB-IN64-Hygro, which encode the
wild-type (WT) and D64V mutated forms of IN, respectively, were obtained
from Andrew D. Leavitt at the University of California, San Francisco. Both
plasmids encode the HXB, strain of HIV-1 with the hygromycin resistance gene
in place of the envelope (27). The expression plasmid pMD.G for the G glyco-
protein of vesicular stomatitis virus (VSV-G) was provided by Didier Trono at
the University of Geneva (45).

Virus preparation. All viral stocks were prepared by standard calcium phos-
phate transfection of monolayers of 293T cells with 20 pg of DNA in 75-cm?
flasks (1). For virus stocks used in the hygromycin resistance assay, the hygro-
mycin resistance construct with or without the IN mutation (pHXB-Hygro or
pHXB-IN64-Hygro) was cotransfected with the pMD.G construct at a 3:1 ratio.
The viruses provided with the integrase-E2C fusion proteins in trans were gen-
erated by triple transfection of pHIV-IN64-Hygro, pMD.G, and the appropriate
pLR2P expression construct at a ratio of 5:1:14. Culture supernatants were
collected 48 h after transfection. Virions were treated with 10 to 20 U of
RNase-free DNase I (Amersham Pharmacia) per ml of viral stock at room
temperature for 1 h and then pelleted by ultracentrifugation at 125,000 X g for
2 h at 4°C through a cushion of 20% sucrose. Viral pellets were resuspended in
culture medium without serum and stored at —80°C until use. The virus titer was
estimated by an enzyme-linked immunosorbent assay (Coulter Inc.) against the
HIV-1 capsid (CA; p24) antigen.

Hygromycin resistance infectivity assay. The infectivity of various virus stocks
was assessed using a hygromycin resistance assay as described previously (27).
Five, 20, or 100 nanograms p24 equivalent of viruses collected from double
(pHXB-Hygro or pHXB-IN64-Hygro and pMD.G) or triple (pHXB-IN64-Hy-
gro, pMD.G, and a pLR2P expression construct) transfections were used to
infect 1 X 10° HeLa cells in 100-mm plates. The medium containing the virus was
removed 3 h postinfection and replaced with fresh DMEM. The cells were
maintained in nonselective media for an additional 48 h. The DMEM was then
exchanged for a medium containing 200 pg/ml hygromycin B (Sigma). Selection
was continued for 21 days, and the colonies were then stained with 0.2% crystal
violet in 10% phosphate-buffered formalin (pH 7.0) and counted.

Quantitative, two-step real-time PCR assay for proviral DNA. HIV-1 DNA
integrated into the chromosome of infected cells was quantified using a fluores-
cence-monitored two-step PCR assay modified from those described previously
(7, 47). All the primers and probes were synthesized by Operon Technologies
Inc. and listed in Table 1.

(i) Cellular proviral DNA standard. To determine accurately the copy number
of integrated proviruses in a cell sample, a DNA standard representative of a
natural infection with a full distribution of distances between the provirus long
terminal repeat (LTR) and the nearest Alu element is necessary. Cellular DNA
containing proviruses integrated at many locations was generated by infecting
HeLa cells with the HXB-IN64-Hygro virus containing Vpr-IN and pseudotyped
with VSV-G at a multiplicity of infection of 10. The infected cells were grown in
the presence of 200 pwg/ml hygromycin B for four weeks to select cells containing
proviruses and to allow the loss of unintegrated DNA. Total genomic DNA was
isolated using the DNeasy tissue kit (QIAGEN). The copy number of proviral
DNA per cell was determined by quantitative real-time PCR using 400 nM each
of the primers MH531 (which anneals to nucleotide positions 556 to 576) and
MHS532 (which anneals to nucleotide positions 699 to 680) specific for late
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TABLE 1. DNA sequences of primers and probes used in construction of fusion proteins and real-time PCR assays

Primer or probe

Sequence”

..5"-ATGCCACGTAAGCGAAACT
5'-TCCCAGCTACTGGGGAGGCTGAGG
5'-CAACCTCAAACAGACACCATG

5'-TCCACGTTCACCTTGCCC
5'-FAM-CTCCTGAGGAGAAGTCTGCCGTTACTGCC-TAMRA
5'-GAGGGCTGCTTGAGGAAGTATAAG
5'-GGCCCTTTACTGCGCCGCGC
5'-AGCCCCCAGCGGCACAAGGCCAGC
5'-GGTCCCGCCGCTGCTCCGT
5'-GCTTGGTACCGACGCTCTCGCACCCA (Kpnl)
5'-CGCGGATCCTGGAAGGGCTAATTTGGTC (BamHI)
5'-GGTGATATCTGCTAGAGATTTTCCACAC (EcoRV)
5'-ATGCCACGTAAGCGAAACTCCCTGTTCGGGCGCCACTGCTAGAG
5'-ATGCCACGTAAGCGAAACTCTGGCTAACTAGGGAACCCACTG
5'-TCCACACTGACTAAAAGGGTCTGA
5'-FAM-CAGTGGCGCCCGAACAGGGA-TAMRA
5'-TGTGTGCCCGTCTGTTGTGT

5'-GAGTCCTGCGTCGAGAGAGC
5'-AACTAGGGAACCCACTGCTTAAG
5'-TGGGAGCAGTATCTCGAGACCTAG (Xhol)
5'-FAM-TGTGACTCTGGTAACTAGAGATCCCTCAGACCC-TAMRA

¢ Restriction sites are underlined, and the identity of each restriction enzyme is listed within the parentheses. FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytet-

ramethylrhodamine.

reverse transcriptase (RT) products (Table 1) as described previously (11). The
fluorescent TagMan probe LRT-P for the amplified U5-gag-containing product
was modified at the 5" and 3’ ends with 6-carboxyfluorescein (FAM) and 6-car-
boxytetramethylrhodamine (TAMRA), respectively. The probe anneals to nu-
cleotide positions 633 to 652 of HIV-1 and was used at a concentration of 200
nM. PCR was performed using an ABI Prism 7900 sequence detection system
and TaqMan Universal PCR master mix (PE-Applied Biosystems). The ampli-
fication condition included a hot start of 50°C for 2 min and 95°C for 10 min,
followed by 40 cycles of denaturation at 95°C for 15 s and extension at 60°C for
1 min. A quantitative dilution series of pCR-5L-e2c (see below) was used as a
copy number standard. The copy number of proviral DNA per cell was calcu-
lated, and the genomic DNA isolated from this standard cell line was referred as
“Alu-PCR standard.”

As an internal standard for normalizing the amount of cellular DNA, the level
of human B-globin DNA was also measured using the TagMan PCR reagent kit
(PE-Applied Biosystems) following the manufacturer’s instruction. The reaction
was carried out using 400 nM of forward primer BGF, 400 nM of reverse primer
BGR, and 200 nM of BGX-P as the fluorescence probe. The standard curve for
the human B-globin sequence was generated using genomic DNA isolated from
uninfected HeLa cells.

(ii) HIV/e2c DNA copy number standard. Given the impracticality of gener-
ating a DNA standard representative of HIV-1 DNA integrated randomly at a
range of distances from the e2c site, we constructed two plasmids, pCR-5L-e2c
and pCR-3L-e2c, as copy number standards for quantifying proviruses integrated
downstream and upstream, respectively, of the e2c site. A 400-bp DNA fragment
flanking the E2C-binding site, located within the 5" untranslated region of the
erbB-2 gene in human chromosome 17 (3), was amplified with primers EcF1 and
EcR1 using cellular DNA isolated from HeLa cells as the template. The PCR
product was cloned into the pCR-Blunt II-Topo vector (Invitrogen), resulting in
pCR-e2c. A DNA fragment containing the 5" LTR and part of the gag gene of
HIV-1 was obtained by PCR amplification using pHXB-Hygro as a template and
LBF (which anneals to nucleotide positions 1 to 19) and GKR (which anneals to
nucleotide positions 816 to 791) as primers. The PCR product was digested with
BamHI and Kpnl, purified by agarose gel electrophoresis, and then inserted into
pCR-¢2c previously digested with BamHI and Kpnl to generate pCR-5L-e2c (see
Fig. 4A). For pCR-3L-¢2c (see Fig. 4A), a fragment containing the 3" LTR and
part of the nef gene of HIV-1 was amplified by PCR using pHXB-Hygro as a
template and NXF (which anneals to nucleotide positions 8,875 to 8,898) and
LER (which anneals to nucleotide positions 9,709 to 9,691) as primers. The PCR
product was digested with Xhol and EcoRYV, purified by agarose gel electro-
phoresis, and then ligated with pCR-e2c previously digested with Xhol and
EcoRV. The sequences of all clones were verified by restriction analysis and
Sanger DNA sequencing.

(iii) Quantitation of total integrated proviral DNA in the human genome by

Alu-PCR. HeLa cells were infected with viruses containing WT IN or various
IN-E2C fusion proteins in the presence of 20 wg/ml DEAE-dextran at a multi-
plicity of infection of 1. Genomic DNA was extracted with the DNeasy tissue kit
(QIAGEN) three days after infection and diluted in Tris-EDTA buffer (pH 7.5).
To quantify the total integration events in the human genome, an Alu-LTR-
based real-time nested-PCR procedure was performed (4/iu-PCR) (see Fig. 2).
In the first round of PCR, proviral DNA sequences were amplified with an
outward-facing Alu primer, Alul, that anneals within conserved regions of Alu
repeat elements and an HIV-1 LTR-specific primer, LM667 (which anneals to
nucleotide positions 494 to 516). The 5’ end of the LTR-specific primer contains
a phage lambda-specific heel sequence. Alu-LTR sequences were amplified in
duplicates from 100 ng human genomic DNA in a 20-pl reaction mixture con-
taining 10 mM Tris-HCI (pH 8.3), 1.5 mM MgCl,, 1 mM deoxyribonucleoside
triphosphates, 50 mM KCl, 100 nM Alul primer, 300 nM LM667 primer, and 0.5
U of Platinum Tag DNA polymerase (Invitrogen Life Technologies). The PCR
cycle condition was as follows: a denaturation step of 5 min at 95°C and then 20
cycles of amplification (94°C for 15 s, 55°C for 30 s, and 70°C for 2 min). In the
second round of PCR using the lambda-specific primer AT and an internal LTR
primer, LR (which anneals to nucleotide positions 622 to 599), only proviral-
containing products from the first-round PCR should be amplified. One-tenth of
the first-round PCR product was used in a 20-ul mixture containing TagMan
Universal PCR master buffer, 400 nM AT primer, and 400 nM LR primer. The
fluorescent TagMan probe ZXF-P, which anneals to nucleotide positions 574 to
606 of HIV-1, was used at a concentration of 200 nM for the amplified R-US5-
containing product. The reaction was performed on an ABI Prism 7900 sequence
detection system with a thermal program as follows: a hot start of 50°C for 2 min,
and 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s and
extension at 60°C for 1 min. The copy number of total integrated HIV-1 DNA in
the cell sample was determined in reference to a standard curve generated by a
concomitant Alu-LTR-based real-time nested PCR using 100 ng of Au-PCR
standard serially diluted with genomic DNA isolated from uninfected cells. A
kinetic PCR assay for human B-globin DNA was also carried out to determine
the cell number of each sample, as described earlier in “Cellular proviral DNA
standard.”

To control linear amplification arising from the LM667 primer, the nested-
PCR procedure omitting the Alul primer in the first-round PCR was performed
for each virus-infected sample. The copy number of integrated proviruses was
then adjusted by subtracting the copy number quantified in the absence of the
Alul primer (ranging from <0.1 to 0.7 copies/1,000 cells) from the copy number
measured in the presence of the Alul primer. To test the specificity of the
first-round PCR, the amplification was carried out with genomic DNA extracted
from uninfected HeLa cells as the template and Alul and the HIV-1 LTR-
specific LM667 as the primers. To test the specificity of the second-round PCR,
the first-round PCR was carried out with Au-PCR standard as the template and
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Alul and LM667 without the phage lambda sequences as the primers. In both
specificity controls, one-tenth of the first-round PCR product was used in the
second round of PCR with the lambda-specific primer AT and an internal LTR
primer, LR, under the identical condition as described earlier. The signal of both
reactions was <0.1 copy/1,000 cells.

(iv) Quantitation of proviral DNA integrated near the e2c site by e2¢-PCR. To
quantify integration events near the E2C-binding site in the human genome, a
real-time nested-PCR procedure (e2c-PCR) similar to the Au-PCR described
above was carried out (see Fig. 2). The Alul primer of the first-round PCR was
replaced with e2c-specific primers EcF2 and EcR2, which anneals to sequences
67 bp upstream and 11 bp downstream, respectively, of the e2c site on human
chromosome 17. The primers were chosen using the MacVector software pro-
gram (Accelrys Inc.) and tested for low background signals in the quantitative
PCR using uninfected human genomic DNA as the template (data not shown).
To measure the number of proviruses integrated in both orientations upstream
of the E2C-binding site, two primer sets were used in two separate first-round
PCRs. One primer set included LM652 and EcR2 as the forward and reverse
primers, respectively. The other primer set included LM667 and EcR2 as the
forward and reverse primers, respectively. Both LM652 and LM667 contain a
phage lambda-specific heel sequence and anneal to U5 and R regions of the
HIV-1 LTR, respectively. Similarly, the number of proviruses integrated in both
orientations downstream of the E2C-binding site was measured by two separate
first-round PCRs. The forward primer in both reactions was EcF2 and the
reverse primer was LM652 or LM667. The PCR condition was identical to that
described earlier for Alu-PCR. In the second-round real-time PCR, one-tenth of
the first-round PCR product was used as the template. In reactions where the
primer LM652 was used in the first-round PCR, the forward and reverse primers
for the second-round PCR were 400 nM AT and 400 nM MHS535, respectively.
MH535 anneals to nucleotide positions 500 to 522 of HIV-1 US. In reactions
where the primer LM667 was used in the first-round PCR, the forward and
reverse primers for the second-round PCR were 400 nM AT and 400 nM LR,
respectively. In both second-round reactions, 200 nM ZXF-P was used as the
fluorescent TagMan probe. We estimated that under the described PCR condi-
tion, each primer set could amplify DNA fragments that are on average 3 kbp in
length. Therefore, the e2c-PCR assay is capable of measuring proviruses inte-
grated within a 6-kbp region surrounding the E2C-binding site.

The copy number of integrated DNA was determined in reference to a stan-
dard curve generated by a concomitant two-step PCR amplification of a serial
dilution of the e2c-PCR DNA standard pCR-5L-e2c for quantifying proviruses
downstream of the e2c site, and pCR-3L-e2c for quantifying proviruses upstream
of the e2c site. As in Alu-PCR, linear amplification arising from the LM667 and
LM652 primers was determined for each virus-infected sample in the absence of
the e2c-specific primers (ranging from <0.1 to 0.3 copies/1,000 cells) and sub-
tracted from the copy number quantified in the presence of the e2c-specific
primers. The quantitation of proviral DNA integrated near the e2c site of each
sample was done concomitantly with the real-time PCR assay described earlier
for human B-globin DNA.

RESULTS

Preparation of HIV-1 containing IN-E2C fusion proteins.
To evaluate whether or not fusion proteins consisting of HIV-1
IN and designed polydactyl zinc finger protein E2C can medi-
ate site-directed integration in vivo, we used the in trans
method (26, 27, 63, 64) that has successfully incorporated var-
ious IN/LexA fusion proteins into infectious virions. In this
method, the desired protein was linked to Vpr, an HIV-1
accessory protein that is packaged into viruses by interacting
with the p6 protein of Gag (34, 42). The same strategy was used
in the present study to incorporate WT IN and various HIV-1
IN-E2C fusion proteins into HIV-1 virions. After packaging,
Vpr is removed from the IN-E2C fusion proteins by HIV-1
protease (20, 27). Viral stocks were prepared by transfecting
293T cells with three different plasmid DNAs (see Materials
and Methods). The fusion protein plasmid expressed the var-
ious Vpr-IN-E2C fusion proteins, and the envelope plasmid
expressed the VSV-G envelope protein for pseudotyping. The
HIV-1 plasmid (HXB-IND64-Hygro) contains an Asp-to-Val
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mutation in residue 64 of IN, which produces a specific defect
in catalyzing integration without affecting other critical stages
of the virus life cycle (19, 36, 60). Since the IN encoded in the
viral genome is catalytically inactive, the mutated clone al-
lowed us to determine the activity of the various IN-E2C fusion
proteins provided in frans and their ability to mediate site-
directed integration.

A total of five fusion proteins containing E2C and full-length
or truncation derivatives of HIV-1 IN were incorporated and
tested. All five fusion proteins can bias integration of retroviral
DNA near the E2C-binding site in vitro (57). IN/E2C and
E2C/IN contained full-length HIV-1 IN at the N and C termini
of E2C, respectively. E2C/IN11-288 and E2C/IN50-288 con-
tained E2C with its C terminus fused to IN with 10- and
49-amino-acid deletions, respectively, at the N terminus. IN1-
234/E2C contained a 54-amino-acid C terminus-truncated IN
fused to the N terminus of E2C. As a positive control, the
HXB-IND64-Hygro mutant virus was provided with WT IN in
trans. The titer of the WT IN-containing virus was 270.3 = 9.2
ng/ml. The titers of the fusion protein-containing viral clones,
IN/E2C, E2C/IN, and E2C/IN11-288, as determined by mea-
suring the level of p24, were 161.7 = 6.6, 126.3 = 3.5, and 266.3
+ 11.1 ng/ml, respectively. The titers of the two viruses, IN50-
288/E2C and IN1-234/E2C, that contained fusion proteins with
a 50-amino-acid truncation in the N and C termini of IN,
respectively, were about 10-fold lower than that of the virus
containing the WT IN. The basis for the titer reductions was
not clear.

The presence of IN or various IN-E2C fusion proteins in
virions was confirmed by Western blotting using anti-HIV-1 IN
antibody. In all virus preparations, a predominant immunore-
active band corresponding presumably to WT, D64V IN, or
both was detected (data not shown). For viruses containing
each of the five IN-E2C fusion proteins, the anti-IN antibody
detected proteins of the expected sizes, suggesting that the
majority of each of the fusion proteins were processed appro-
priately by HIV-1 protease (data not shown). The results
showed that in all cases the fusion proteins were incorporated
into the virion and processed efficiently. Similar to previous
observations, cleavage by either HIV-1 or cellular proteases
did occur at additional sites in some of the incorporated fusion
proteins (20, 27, 39, 63).

The assembly and packaging of the viral particles were also
examined by immunoblotting with anti-HIV-1 human serum.
For all viruses except those with E2C/IN11-288, incorporation
of the fusion proteins into the virion did not appear to interfere
with virus protein expression, packaging, and maturation (data
not shown). Gag precursor proteins Pr55 and Pr41, along with
the Gag processed product CA (p24) and the three processed
products of the 160-kDa Gag-Pol precursor, IN (p32) and the
p51 and p66 subunits of RT, were present (data not shown).
For viruses with E2C/IN11-288, the levels of Pr55 and p66, and
p32 were low and p51 was not detectable (data not shown).
Whether the abnormality was due to a defect in packaging and
maturation or selective protein degradation is unclear.

Integration of HIV-1 containing IN-E2C fusion proteins. To
determine if viruses containing IN-E2C fusion proteins were
infectious and capable of integrating their viral genome, a
hygromycin resistance assay was performed. The assay uses an
HIV-1 construct, HXB-IND64-Hygro, which has much of the
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eny gene replaced by a sequence encoding a selectable marker.
The IN gene of the viral construct also contains a D64V mu-
tation, which renders the virus unable to integrate. Integration
activity of the D64V virus, therefore, depends solely on the
functionality of the fusion protein provided in trans. If the
fusion protein-containing virus is infectious and functional,
synthesis and integration of viral DNA and subsequent expres-
sion of the hygromycin resistance gene in the provirus will
allow clonal expansion of infected cells in the presence of the
antibiotic.

Hygromycin-sensitive HeLa cells were infected with equal
amounts of p24 equivalent of various viruses and then grown in
media containing hygromycin B. For the negative control in
which the virus contained the D64V IN mutation, no hygro-
mycin-resistant colony was generated (Fig. 1a). For the posi-
tive control in which the D64V mutant virus was provided with
WT IN in frans as a Vpr-IN fusion protein, an average of 12
resistant colonies were found per ng p24 equivalent of the virus
(Fig. 1b). The numbers of resistant colonies produced by mu-
tant viruses supplied with IN/E2C and E2C/IN were 24.2% and
11.0%, respectively (Fig. 1c and d), of that of the IN control.
Hygromycin-resistant colonies were also generated by mutant
viruses incorporated with truncated IN-E2C fusion proteins
but at levels ranging from 0.8 to 1.4% of the IN control (Fig. 1e
to g). The results confirmed that the in trans-produced viruses
contained functional IN-E2C fusion proteins, which allowed
the viral genome to be integrated and expressed in infected
cells. These results are consistent with the previous work dem-
onstrating that IN/LexA fusion proteins can be incorporated
into infectious virions and restore integration to an IN-defec-
tive virus (26, 27).

Quantitative analysis of DNA integration events in the hu-
man genome by real-time PCR. To determine the ability of the
IN-E2C fusion proteins to catalyze site-directed integration in
culture cells, D64V IN mutant viruses provided with WT IN,
IN/E2C, or E2C/IN fusion proteins in trans were used to infect
cells and the levels of specific and total (specific plus nonspe-
cific) integration events were quantified. Because of their low
levels of infectivity (Fig. 1), mutant viruses containing the var-
ious truncated IN-E2C fusion proteins were not tested.

The number of proviruses integrated within the total ge-
nome and the number of proviruses at a specific loci were
quantified using a real-time nested-PCR assay modified from
those described previously (7, 47). Since integration of retro-
viral DNA is nonspecific and a considerable amount of unin-
tegrated linear and circular DNA is present many days postin-
fection (7, 12), the total number of integrated proviruses within
the genome of an infected cell was determined by quantifying
the number of proviruses that integrated near Alu repeats
(Alu-PCR) (Fig. 2). The Alu element was chosen as a PCR
“anchor” for human genomic DNA because this element is the
most numerous of repetitive DNA elements, with over one
million copies randomly distributed and oriented in each dip-
loid cell (35). The copy number of Alu-integrated proviral
DNA was determined in reference to a standard curve gener-
ated concomitantly by the two-stage PCR amplification of a
serial dilution of the Au-PCR standard DNA (Fig. 3). Using
the late RT primer set for quantifying HIV-1 DNA and the
B-globin set for determining the cell number, we calculated
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FIG. 1. Integration efficiency of viruses containing various IN-E2C
fusion proteins. One million HeLa cells were infected for 4 h with
equal amounts (ranging from 10 to 50 ng) of p24 equivalent of the
indicated virus (panels a through g). Representative plates of the
hygromycin resistance assay were shown. Dark spots on each plate are
colonies that grew after selection with 200 pg/ml of hygromycin B for
three weeks, beginning two days postinfection. The colonies are a
result of provirus formation and stable expression of the hygromycin
resistance gene. The number of resistant colonies per ng p24 for each
virus was determined and expressed as a percentage of the colonies
produced by the virus containing the WT IN in frans (panel b). Each
determination at a particular p24 amount was performed in duplicate,
and values on the upper-right corner of each panel are the mean *=
standard error of the mean of three independent experiments. For the
HXB-IN64 virus supplied with WT IN in frans (panel b), the number
of resistant colonies per ng p24 was 11.6 * 3.4.

that the Alu-PCR standard contained a mean of 1.8 proviruses
per cell (data not shown).

To standardize the Alu-PCR for measuring the total inte-
gration events, a serially diluted DNA from the A/u-PCR stan-
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FIG. 2. A schematic diagram showing the real-time PCR assay for
quantifying proviral DNA integrated in the entire genome (A/u-PCR)
or near the E2C-binding site on chromosome 17 (e2c-PCR). HIV-1
DNA contains two LTRs, each located at the 5" and 3’ ends of the viral
genome. Integration of HIV-1 DNA can be upstream or downstream
and in either orientations relative to a specified locus, Alu (open box)
or e2c (shaded box). For simplicity, only one HIV-1 LTR and its
subregions, U3, R, and US5, are shown, and the diagram depicts only
the scenario in which the proviral DNA is integrated upstream of and
in the same orientation as an Alu element or the e2c site. The quan-
titative assay consists of two rounds of PCR. Thick gray arrows repre-
sent the locations and orientations of the first-round PCR primers,
whereas thin black arrows represent the locations and orientations of
the second-round PCR primers. ZXF-P represents the location of the
fluorescent probe. Primers LM652 and LM667 contain phage \-spe-
cific sequences at their 5" ends, and primer AT anneals specifically to
phage \ sequences.

dard was subjected to an initial nonkinetic A/u-LTR PCR and
followed by a kinetic real-time PCR as described in Materials
and Methods. The standard and samples were run concomi-
tantly, and the standard curve generated by the real-time, two-
stage PCR (Fig. 3) was used to calculate the total number of
integrated proviruses in the infected cell samples. The linear
regression obtained from amplifying serial dilutions of the
Alu-PCR standard was linear over a 3-log range from 18 to 1.8
X 10* provirus copies per reaction, and the Alu-PCR assay
could detect approximately 0.1 proviruses within 1,000 cell
equivalents (Fig. 3).

The same fluorescence-monitored nested PCR described
earlier can also be modified to quantify the number of provi-
ruses integrated near the e2c site (e2c-PCR) (Fig. 2). Because
the location of the e2c site is unique in the human genome,
primers that anneal to sequences flanking the e2c site, rather
than the Alu element, were used in the first-round PCR. Two
separate sets of PCRs were carried out to measure integration
events occurred downstream and upstream of the e2c site (Fig.
4). Graded doses of plasmids pCR-5L-¢2c and pCR-3L-e2c
(Fig. 4A) were used to obtain the standard curves for quanti-
fying proviruses integrated downstream (Fig. 4B) and up-
stream (Fig. 4C), respectively, of the e2c site by the two-stage
real-time PCR. The amplification signals for the pCR-5L-¢2¢
DNA standard were linear over a 7-log range from 20 to 2 X
10® provirus copies per reaction, whereas the pCR-3L-e2c
DNA standard amplification signals were linear over a 6-log
range from 200 to 2 X 10® provirus copies per reaction.

As an internal standard for data comparison among different
DNA samples, the human B-globin gene from each DNA sam-
ple was amplified under the identical condition described in
Materials and Methods. The standard curve for the B-globin
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FIG. 3. A standard curve generated by Alu-PCR for measuring the
total integration events in the human genome. Au-PCR standard
DNA, isolated from HeLa cells infected with HXB-IN64-Hygro/Vpr-
IN, was serially diluted to contain 18 to 1.8 X 10* copies of HIV-1
proviruses per reaction. The proviral copy number of the Alu-PCR
standard was previously determined using the pCR-5L-e2c as the stan-
dard and the late RT primers set (MH531 and MHS532). Fluorescence
curves of the Au-PCR standard and infected DNA samples were
generated after two-step amplification (data not shown), and the PCR
cycles at which the amplification signal entered the exponential range
were determined (threshold cycle [Ct]). The reactions were performed
in duplicate.

gene was linear over a 6-log range from 200 to 2 X 10® copies
per reaction (data not shown).

HIV-1 containing IN-E2C fusion proteins integrates prefer-
entially near the e2c site in human genome. To determine
whether viruses containing IN-E2C fusion proteins are capable
of directing integration into the predetermined e2c site in the
human genome, cellular DNA was isolated from infected cells
three days postinfection and analyzed using the two separate
quantitative, real-time nested PCRs: Alu-PCR and e2c-PCR.
The specificity of site-directed integration was quantified by
comparing the number of proviruses integrated near the e2c
site, as determined by the e2¢c-PCR, to that of the whole ge-
nome, as determined by the Alu-PCR.

For cells infected with the virus that incorporated the WT IN
in trans, which served as a negative control for site-directed
integration, we determined that on average, 212.7 copies of
proviruses were present per 1,000 cells. Among these, an av-
erage of 0.31 copies of proviruses were integrated near the e2c
site (Table 2). The percent total integrated proviruses found
near the e2c site was therefore 0.15%. Consistent with their
poorer integration activity in vitro (57) and infectivity in vivo
(Fig. 1), cells infected with viruses provided with IN/E2C and
E2C/IN fusion proteins had 59.8 and 8.1 copies, respectively, of
total integrated proviruses per 1,000 cells (Table 2). However,
the copy number of proviruses near the e2c site was propor-
tionally higher for viruses containing IN-E2C fusion proteins
than those with the WT IN. The IN/E2C-containing virus had
0.59 copies of proviruses per 1,000 cells, or 0.99% of the total,
integrated near the e2c site; whereas the E2C/IN-containing
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FIG. 4. DNA constructs and standard curves generated by e2c-
PCR for measuring proviral DNA integrated upstream or downstream
of the E2C-binding site. (A) DNA constructs. An HIV-1 DNA frag-
ment (open box) containing the 5’ LTR and part of the gag sequence
or the 3’ LTR and part of the nef sequence was obtained by PCR. The
5" LTR-gag fragment was cloned into pCR-e2c downstream of the
400-bp e2c-containing fragment (shaded box), resulting in pCR-5L-e2c.

DIRECTED INTEGRATION IN VIVO BY IN-E2C FUSION PROTEINS 1945

virus had 0.12 copies of proviruses per 1,000 cells, or 1.48% of
the total, integrated near the e2c site. If we arbitrarily set the
percent of e2c-specific integration of the WT IN-containing
virus as 1, the relative specificities of e2c-directed integration
of viruses containing IN/E2C and E2C/IN fusion proteins were
6.6- and 9.9-fold, respectively, higher than that of the WT IN.
The result indicated that viruses provided with IN-E2C fusion
proteins are capable of directing integration of viral DNA into
a predetermined region in the human genome.

DISCUSSION

Once integrated, the DNA genome of retroviruses is stably
transmitted as an integral element of the host cell genome. The
ability to permanently and precisely insert a gene of interest
into the chromosome of a target cell makes retroviruses a
desirable vector for genetic engineering and therapy in mam-
malian cells (21, 58, 59). Integration of retroviral DNA is,
however, nonspecific and can occur at many sites throughout
the chromosomes. The nonspecific nature of integration raises
a safety concern that may limit the usefulness of retrovirus-
based vectors in gene delivery. Nonspecific integration into
different chromosomal locations may also lead to variations in
the expression level of a transgene (28). Therefore, the use and
safety of retrovirus-based vectors can be greatly improved if
the integration event is directed into a specific region. In vitro,
selection of target sites can be favorably manipulated by fusing
retroviral IN with a sequence-specific DNA-binding protein,
such as LexA, A\ repressor, Zif268, and the designed poly-zinc
finger protein E2C (9, 10, 22, 31, 57). Whether or not the IN
fusion strategy can function in vivo has not been determined.
By quantifying integration events in cultured human cells by
using fluorescence-monitored real-time PCR, we showed that
viruses supplied with the IN-E2C fusion protein in trans can
bias the delivery of a gene of interest into a predetermined
DNA region.

E2C is a designed six-zinc finger protein that binds with high
affinity to a contiguous 18-bp sequence (16), which is uniquely
located within the 5" untranslated region of the erbB-2 gene in
human chromosome 17 (4). E2C also has a modular organiza-
tion and the fingers may be mixed and matched to provide
proteins with new DNA-binding specificities (4, 14, 41, 51, 55).
Although site-directed integration has been reported previ-
ously in vitro with fusion proteins consisting of IN and various
sequence-specific binding proteins (9, 10, 22, 31), the use of
E2C and other polydactyl zinc-finger protein as the target-

The 3" LTR-nef fragment was cloned upstream of the 400-bp e2c-
containing fragment to form pCR-3L-e2c. (B) A standard curve gen-
erated by e2c-PCR for quantifying proviral DNA copies downstream of
the E2C-binding site. Quantitative dilution series of pCR-5L-e2c DNA
ranging from 20 to 2.0 X 10® copies per reaction were prepared, and
fluorescence curves were generated by two-step amplification (data not
shown). Logarithmic regression of the threshold cycles for the various
provirus copies per reaction was plotted for quantifying HIV-1 proviral
DNA. The reactions were performed in duplicate. (C) A standard
curve generated by e2c-PCR for quantifying proviral DNA copies
upstream of the E2C-binding site. The reaction was performed as
described in panel B except that a serial dilution of pCR-3L-e2c DNA
ranging from 200 to 2.0 X 10 copies per reaction was prepared as the
DNA standard.
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TABLE 2. Quantitative analysis of site-directed integration in the human genome
No. of proviruses/10* cells* ot
Virus construct P Ratio” Relflg“fe
Total (Alu-PCR) Site specific (e2c-PCR) specificity
HXB-IN64:IN 212.7 (212.6, 212.8) 0.31 (0.33,0.29) 0.0015 1.0
HXB-IN64:IN/E2C 59.8 (58.5, 61.0) 0.59 (0.74, 0.44) 0.0099 6.6
HXB-IN64:E2C/IN 8.1(7.6,8.5) 0.12 (0.11, 0.13) 0.0148 9.9

“ Values are average of two independent experiments. The numbers within the parentheses are values of each individual experiment. All reactions in each experiment

were performed in duplicate.

b Ratios are as follows: proviral copy number determined by e2c-PCR/proviral copy number determined by Alu-PCR.

specifying component offers important advantages in terms of
specificity and versatility. Also, because the location of the
E2C-recognition site is unique, the number of proviruses spe-
cifically targeted in the vicinity of the binding site can be
assayed using a fluorescence-monitored nested-PCR assay (7,
47). Our analysis showed that, in comparison with the WT,
viruses incorporated with IN/E2C and E2C/IN had a 7- and
10-fold increase, respectively, in the copy number of proviral
DNA integrated near the E2C-binding site. Although the basis
is presently unknown, the higher integration preference dis-
played by viruses containing E2C/IN is consistent with the
higher integration specificity of the purified E2C/IN than that
of IN/E2C in vitro (57). In addition to the quantitative PCR
assay, we are currently cloning and sequencing individual in-
tegration sites from the various infected samples to analyze the
genome-wide distribution of proviruses and to further confirm
the integration bias of the IN-E2C fusion proteins.

The various IN-E2C fusion proteins were incorporated into
viral particles using the in frans method (27, 64), which involves
linking the protein of interest to Vpr, an HIV-1 accessory
protein that is packaged into viruses by interacting with the p6
protein of Gag (34). All resulting viruses were infectious, con-
tained the intended IN-E2C fusion proteins, and stably ex-
pressed a selectable marker gene. However, based on the hy-
gromycin resistance assay, the ability of the IN-E2C fusion
protein to restore integration was at best 24% of that of the
WT IN. It is possible that the IN-E2C fusion proteins have a
poorer incorporation efficiency, higher level of proteolysis, or
lower integration activity than that of the WT IN. A simpler
alternative approach to the in frans method in packaging the
fusion protein into virions is to place the fusion gene directly
into the viral genome. Previous attempts to produce retrovi-
ruses containing IN-fusion proteins by encoding them in the
viral genome were unsuccessful due to loss of viral infectivity
after transfection (10) or loss of fusion protein expression
during viral replication owing to reversion (31). Each of these
attempts used a fusion protein with the sequence-specific
DNA-binding protein tethered to the C terminus of IN. The
addition of the DNA-binding protein to the C terminus of IN
may disrupt the folding, packaging, or processing of the Gag-
Pol polyprotein. Another possible difficulty in the case of
HIV-1 lies in the fact that the 3" end of the IN gene overlaps
the coding sequence of vif and contains a splice acceptor site
(49). Substituting the IN gene with that of the fusion protein
may disrupt the critical elements of the viral genome. Since the
fusion proteins containing E2C at either terminus of IN are
effective (Fig. 1 and Table 2) (57), a viral construct in which the
IN gene is substituted with the E2C/IN fusion gene will be

tested for its ability to produce infectious virions and to express
the E2C/IN fusion protein. The protease cleavage site at the 3’
end of RT will be maintained to avoid interference with the
correct processing of RT and IN. With the E2C spliced to the
5" end of IN, we reason that this construct will have no effect
on vif and the splice acceptor site and may result in a fusion
protein-expressing virus with a higher integration efficiency.

Integration of retroviral DNA is inherently a mutagenic
event and can deregulate cellular gene expression by inser-
tional mutagenesis. The importance of insertional mutagenesis
is further highlighted by reports of leukemia in mice and in-
fants after the administration of retrovirus-based vectors (24,
38). The IN-E2C fusion proteins are catalytically active and
can be stably expressed and incorporated into infectious viri-
ons. The results demonstrate that fusion proteins consisting of
IN and designed polydactyl zinc finger protein can direct inte-
gration of retroviral DNA into a predetermined DNA region
in cultured cells, providing a feasible and versatile approach
for delivering genes for genetic engineering and therapeutic
purposes.
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