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How DNA is repaired after retrovirus integration is not well understood. DNA-dependent protein kinase
(DNA-PK) is known to play a central role in the repair of double-stranded DNA breaks. Recently, a role for
DNA-PK in retroviral DNA integration has been proposed (R. Daniel, R. A. Katz, and A. M. Skalka, Science
284:644-647, 1999). Reduced transduction efficiency and increased cell death by apoptosis were observed upon
retrovirus infection of cultured scid cells. We have used a human immunodeficiency virus (HIV) type 1
(HIV-1)-derived lentivirus vector system to further investigate the role of DNA-PK during integration. We
measured lentivirus transduction of scid mouse embryonic fibroblasts (MEF) and xrs-5 or xrs-6 cells. These
cells are deficient in the catalytic subunit of DNA-PK and in Ku, the DNA-binding subunit of DNA-PK,
respectively. At low vector titers, efficient and stable lentivirus transduction was obtained, excluding an
essential role for DNA-PK in lentivirus integration. Likewise, the efficiency of transduction of HIV-derived
vectors in scid mouse brain was as efficient as that in control mice, without evidence of apoptosis. We observed
increased cell death in scid MEF and xrs-5 or xrs-6 cells, but only after transduction with high vector titers
(multiplicity of infection [MOI], >1 transducing unit [TU]/cell) and subsequent passage of the transduced
cells. At an MOI of <1 TU/cell, however, transduction efficiency was even higher in DNA-PK-deficient cells
than in control cells. Taken together, the data suggest a protective role of DNA-PK against cellular toxicity
induced by high levels of retrovirus integrase or integration. Another candidate cellular enzyme that has been
claimed to play an important role during retrovirus integration is poly(ADP-ribose) polymerase (PARP).
However, no inhibition of lentivirus vector-mediated transduction or HIV-1 replication by 3-methoxybenz-
amide, a known PARP inhibitor, was observed. In conclusion, DNA-PK and PARP are not essential for

lentivirus integration.

Integration is an essential step in the retrovirus replication
cycle (8). The viral integrase catalyzes both the 3’ processing of
the viral DNA ends and the insertion of the viral DNA into the
host chromosome. This insertion is mediated by a coordinated
nucleophilic attack by the hydroxyl groups of both processed
ends on both strands of the phosphodiester backbone of the
host DNA, followed by the ligation of the viral 3" ends to
the cellular DNA. The result is a gapped intermediate in which
the viral 5" ends are not joined to the host DNA. Resolution of
the integration intermediate leads to the chromosomal inser-
tion of the proviral DNA trimmed of both terminal dinucle-
otides and flanked by a duplicated host DNA fragment. The
size of the DNA duplication is virus specific. For human im-
munodeficiency virus (HIV), a 5-bp duplication is formed.
Cellular DNA repair mechanisms are generally believed to fill
in and ligate the remaining single-stranded DNA gaps, al-
though the underlying mechanisms have not been character-
ized. Alternatively, viral enzymes may be involved. Reverse
transcriptase could fill in the gaps and, after removal of the two
overhanging nucleotides at the 5’ end of the viral DNA, the
DNA splicing activity of integrase could ligate the viral DNA
to the target DNA (11, 35). A report that integrase would also
have the required DNA polymerase activity awaits indepen-
dent confirmation (2).
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In eukaryotic cells, nonhomologous end joining represents
the major mechanism for the repair of double-stranded DNA
(dsDNA) breaks (26, 30). In eukaryotes, dsDNA breaks occur
during V(D)J recombination and during meiotic recombina-
tion and are also generated by ionizing radiation. Nonhomolo-
gous end joining is mediated by DNA-dependent protein ki-
nase (DNA-PK), a kinase activated by dsDNA ends (19, 24).
DNA-PK is composed of a 450-kDa catalytic subunit (DNA-
PK) and the heterodimeric protein Ku, composed of 70- and
86-kDa subunits. Ku is the DNA-binding component of
DNA-PK required for the activation of the catalytic subunit.
Ku binds strongly to dsDNA ends and, at least in vitro, to
gapped and nicked DNA molecules as well (5, 20). Mice with
severe combined immunodeficiency (scid) have a DNA-PK g
truncation mutation in both alleles (6, 14). This scid mutation
affects V(D)J rearrangement and double-strand break repair,
resulting in the lack of mature B and T lymphocytes in scid
mice (7). Primary cells derived from scid mice are deficient in
DNA-PK activity (27, 30). Chinese hamster ovary (CHO) cell
lines deficient in Ku86 (xrs-5 and xrs-6) are also available (15,
25). Like scid cells, these mutant cell lines are highly sensitive
to irradiation.

A role for nonhomologous end joining in general and
DNA-PK in particular in repairing both DNA breaks gener-
ated by retrovirus integration is certainly conceivable. Re-
cently, DNA-PK was claimed to be required for retrovirus
integration (13). It was shown that integration efficiency was
reduced in DNA-PK-deficient murine scid cells and that high-
titered virus stocks induced apoptosis in these cells.
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Another candidate cellular enzyme that could play an im-
portant role during retrovirus integration is poly(ADP-ribose)
polymerase (PARP) (22). This nuclear enzyme (EC 2.4.2.30) is
a zinc finger protein of 113 kDa that can bind to both single-
stranded DNA and dsDNA breaks and that is believed to
participate in a number of cellular processes involving DNA
break formation and rejoining (9, 16). PARP activity is stim-
ulated by a variety of DNA-damaging agents, including ioniz-
ing irradiation, alkylating agents, and oxygen radicals. PARP
catalyzes the attachment of polymers of the ADP-ribose moi-
ety of its substrate, NAD, to various proteins, including itself.
After automodification, the protein dissociates from the DNA,
providing access to other components of the DNA repair sys-
tem (36). PARP is believed to protect the integrity of the
genome by preventing accidental homologous DNA recombi-
nation (9). Excessive stimulation of PARP may deplete NAD
and lead to cell death (33). Selective PARP inhibitors, such as
3-methoxybenzamide (3-MB) are known (34). Infection of
mammalian cells by recombinant retrovirus vectors is inhibited
by inhibition of PARP activity (22), suggesting a role during
retrovirus integration.

In the context of the establishment of a cellular integration
system (10), we have investigated the possible requirements of
DNA-PK and PARP for efficient lentivirus integration. To our
surprise and in contrast to published reports, we have found no
evidence that these enzymes are essential for integration at
multiplicities of infection (MOI) below 1 transducing unit
(TU)/cell.

MATERIALS AND METHODS

Cell cultures. HeLLa, CHO-K1, xrs-5, and xrs-6 cells were obtained from the
American Type Culture Collection. By limiting dilution, individual clones of the
Ku-deficient CHO-K1-derived cell lines xrs-5 and xrs-6 (xrs-5/2 and xrs-6/1) in
which the absence of the Ku protein was verified by Western blotting were
selected (data not shown). Human embryonic kidney 293T cells expressing sim-
ian virus 40 (SV40) large T antigen, were obtained from O. Danos (Evry,
France). Wild-type (WT) mouse embryonary fibroblasts (MEF) were obtained
from embryos of C57Black/6J and 129/OLA parents; scid MEF were obtained
from CB-17/scid X scid mice. Cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing Glutamax-I and supplemented with 10% fetal calf
serum (FCS) (Harlan Sera-Lab LTD) and 20 pg of gentamicin (Gibco BRL) per
ml at 37°C in a 5% CO, humidified atmosphere. 293T cells were transfected
using polyethyleneimine (PEI) (average molecular weight, 25,000; Sigma-Al-
drich, Bornem, Belgium) (1); MEF cells were transfected using Lipofectamine
(Gibco BRL). The continuous cell lines WT MEF-T and scid MEF-T were
obtained by transfecting WT and scid MEF at 50 to 70% confluence with
PMSSVLT, encoding SV40 large T antigen. At 48 h after transfection, 500 g of
Geneticin (G418) per ml was added to the culture medium to select stable
transfectants. The number of viable cells was determined by trypan blue exclu-
sion. Anti-HIV activity and cytotoxicity measurements for MT-4 cells were based
on viability measurements using a tetrazolium-based colorimetric method (32).

Lentivirus vector production. HIV type 1 (HIV-1)-derived vector particles,
pseudotyped with the envelope of vesicular stomatitis virus, were produced by
transfecting 293T cells with a packaging plasmid encoding viral Gag, Pol, and
accessory proteins (p)CMVARS.2), a plasmid encoding the envelope of vesicular
stomatitis virus (pMDG), and a plasmid carrying a reporter gene flanked by two
long terminal repeats (pHR'-CMVLacZ) (31). A second-generation attenuated
packaging plasmid, pPCMVARS.91, which lacks the vif, vpr, vpu, and nef genes
(39), was used as well. All plasmids were kindly provided by O. Danos and D.
Trono (Geneva, Switzerland).

For transfection of a 10-cm dish of 293T cells, 20 pg of vector plasmid, 10 ng
of packaging construct, and 5 pg of envelope plasmid were mixed in 700 pl of 150
mM NaCl. PEI solution (1.57 mM PEI in 150 mM NaCl) (700 pl) was added
slowly. The mixture was incubated at room temperature for 15 min and then
added dropwise to 293T cells in DMEM containing 1% FCS. On the next
morning, the medium was replaced with DMEM containing 10% FCS. Super-
natants were collected from day 2 until day 5 posttransfection. The vector
particles in the supernatants were sedimented by ultracentrifugation in a swing-
ing-bucket rotor (SW27; Beckman, Palo Alto, Calif.) at 25,000 rpm for 2 h at 4°C.
Pellets were redissolved in 300 wl of phosphate-buffered saline (PBS), resulting
in a 100-fold concentration. p24 antigen content was determined using an HIV-1
p24 core profile enzyme-linked immunosorbent assay (DuPont, Dreieich, Ger-
many), and viral titers were determined by end-point dilution and 5-bromo-4-
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chloro-3-indolyl-B-p-galactopyranoside (X-Gal) staining of transduced cells. p24
content was used to normalize the different vector batches.

For transduction experiments, cells were seeded at 10,000/well in 96-well
plates. After 24 h, the medium was replaced with DMEM containing 1% FCS,
and the cells were infected with different amounts of vector supplemented with
2 g of Polybrene per ml. On the next morning, the supernatant was replaced
with fresh medium containing 10% FCS. B-Galactosidase reporter gene activity
was measured 3 days after transduction. Cells were washed with PBS, fixed with
2% formaldehyde-0.2% glutaraldehyde in PBS, and stained with freshly pre-
pared X-Gal substrate (5 mM potassium ferrocyanide, 5 mM potassium ferri-
cyanide, 2 mM MgCl,, and 400 ug of X-gal per ml [Biotech Trade & Service
GmbH, St. Leon-Rot, Germany] in PBS) at 37°C overnight. Individual blue cells
were counted microscopically. Alternatively, total B-galactosidase activity in the
cell lysate was determined. Medium was removed by gentle aspiration, and the
monolayers were washed with PBS. Cells were lysed in 25 wl of 0.5% Nonidet
P-40. Five microliters of the extract was used to determine total protein content
according to the Bradford method (Bio-Rad, Hercules, Calif.). The remaining
volume was used to measure the conversion of o-nitrophenyl-B-p-galactopyrano-
side (Sigma-Aldrich) in a colorimetric assay as described previously (3). Results
were normalized to the total protein concentration. In experiments evaluating
titer-dependent cellular toxicity, this normalization of reporter gene activity was
not done.

In vivo analysis of lentivirus vector transduction. Adult CB-17/scid X scid and
C57Black/6 mice of both sexes were used. All surgical procedures were per-
formed under chloral hydrate anesthesia (400 mg/kg of body weight intraperi-
toneally) using aseptic procedures. The mice were placed in a stereotactic head
frame (Narishige); after midline incision of the skin, one or two small holes were
drilled in the skull in the appropriate location (AP 0.5, LAT 2.0, and DV 3.0,
using bregma as a reference point [21]). Two microliters of highly concentrated
vector (10% pg of p24/ml) supplemented with 4 ug of Polybrene per ml was
injected at a rate of 0.5 pl/min with a 30-gauge needle connected by microdialysis
tubing to a 25-pl Hamilton syringe in a microinjection pump (CMA/microdialysis
AB, Stockholm, Sweden). The needle was raised slowly 0.25 mm in the dorsal
direction every 60 s during the 4-min injection. After the injection, the needle
was left in place for an additional 4 min before being withdrawn slowly from the
brain (protocol adapted from that in reference 18).

To assess lentivirus transduction, the mice were deeply anesthetized with
pentobarbital and perfused transcardially with saline followed by ice-cold 4%
paraformaldehyde in PBS for 15 min. The brain was removed from the skull and
postfixed overnight in the same fixing solution. Coronal brain sections (50 pm
thick) were cut with a vibratome and stored at 4°C in PBS containing 0.1%
sodium azide. The sections were first screened for green fluorescent protein
(GFP) expression with an inverted fluorescence microscope. More sensitive
detection was obtained by immunohistochemical analysis with a polyclonal an-
tibody against GFP (Clontech, Palo Alto, Calif.). The sections were treated with
3% hydrogen peroxide and preincubated in 5% normal swine serum-0.1% Tri-
ton X-100 in PBS. The anti-GFP primary antibody (1:1,000) in 5% normal swine
serum—0.1% Triton X-100 was added and incubated overnight at room temper-
ature. The sections were then incubated with biotinylated swine anti-rabbit
secondary antibody, followed by Strept ABC-HRP complex (Dako, Glostrup,
Denmark). Detection was accomplished with diaminobenzidine and H,O, as a
substrate.

Astrocytes and neurons were identified using a polyclonal antibody against
glial fibrillary acidic protein (GFAP; Dako) and a monoclonal antibody against
NeuN (Chemicon, Temecula, Calif.), respectively. TUNEL (terminal de-
oxynucleotidyltransferase [TdT]-mediated dUTP-biotin nick end labeling) stain-
ing was performed according to a protocol adapted from that of Young et al.
(38). Briefly, sections were pretreated with 1% H,O, in methanol and then
incubated in 0.1% sodium citrate buffer containing 0.1% Triton X-100 on ice for
2 min. The labeling reaction with TdT in the presence of biotin—16-dUTP was
performed for 4 h at 37°C. Next, the sections were incubated with Strept ABC-
HRP complex and stained with diaminobenzidine and H,O,. Sections treated
with DNase I for 30 min at 37°C prior to TdT incubation were used as a positive
control.

Quantitative analysis of GFP expression was carried out by means of a Bio-
quant image analyzing system (R&M Biometrics, Nashville, Tenn.). For each
animal, serial sections (minimum of six) were analyzed over a distance of 2 mm
centered around the injection site. For each section, the relative density and the
number of pixels above a threshold of intensity were measured in the area of the
striatum that was positive for GFP expression.

RESULTS

Efficient transduction of scid cells by lentivirus vectors. The
role of DNA-PK during lentivirus integration was investigated
using amphotropic HIV-1-derived lentivirus vectors (31, 39)
that encode B-galactosidase as a marker protein. The vectors
retrotranscribe and integrate their genomes into the host chro-
mosome much like the parental virus, but they cannot replicate
due to the lack of viral coding sequences. This model system
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can thus be used to study the requirements of lentivirus inte-
gration. It was possible to transduce MEF using lentivirus
vectors, although the efficiency of transduction in these cells
was lower than that in established cell lines, such as 293T,
HeLa, or CHO. To verify whether DNA-PK was required for
integration, scid and WT MEF cells were transduced at low
MOI (<0.1 TU/cell) to prevent infection by more than one
particle per cell. MEF derived from scid mice were as effi-
ciently transduced as MEF derived from WT mice (Fig. 1).
Both with WT and with attenuated vectors (the latter lacking
the four HIV accessory genes), scid MEF were transduced at
least as efficiently as WT MEF. Similar results were obtained
for continuous cell lines (WT MEF-T and scid MEF-T) de-
rived from MEF after transformation with SV40 T antigen.
Since the transduction efficiency in these cell lines was repro-
ducibly higher than that in primary cells, MEF-T were used for
further experiments. Lentivirus transduction of cells at the low
titers used in these experiments did not induce cell death. To
exclude the possibility that the need for DNA-PK-mediated
DNA repair is apparent only in cells undergoing mitosis, we
passaged the transduced cells prior to staining. After passage,
the reporter gene activity remained equally high in WT MEF-T
and scid MEF-T (data not shown).

Efficient integration of lentivirus vectors in Ku-deficient
cells. In a second set of experiments, we verified the role of Ku,
the DNA-binding component of DNA-PK. The CHO-K1-de-
rived cell lines xrs-5 and xrs-6 are deficient in Ku86 protein.
The absence of Ku protein was verified by Western blotting
(data not shown). The relative efficiency of lentivirus vector
transduction in these cell lines was compared with that in the
parental CHO-K1 cell line (Fig. 2). The average transduction
efficiencies were 70% in xrs-5 cells and 152% in xrs-6 cells
relative to the transduction efficiency in CHO-K1 cells (Fig.
2A). Transduction was not accompanied by cell death (Fig.
2B). After passage of the transduced cells, the B-galactosidase-
positive colonies were counted. Results similar to those ob-
tained in transient transduction experiments were obtained
(Fig. 2C). In mammalian cells, there is evidence that Ku plays
arole in transcriptional regulation (23, 28, 29). This idea raised
the possibility that in the absence of Ku, reduced transcription
of integrated provirus could lead to an underestimation of
apparent transduction efficiency when total reporter gene ac-
tivity is measured. We quantified the total B-galactosidase ac-
tivity of the cell lysate photometrically. Again, at MOI of 0.04
TU/cell, reporter gene activity was about 2-fold lower in xrs-5
cells but 1.5-fold higher in xrs-6 cells relative to the activity in
the maternal cell line (data not shown). No significant reduc-
tion in reporter gene activity could thus be demonstrated in the
absence of Ku.

Efficient lentivirus transduction of scid mouse brain. We
have been studying the potential of HIV-1-derived lentivirus
vectors for gene transfer into the murine brain as a step toward
future gene therapy of neurodegenerative diseases (4, 31). In
this context, we used scid mice in parallel with immunocom-
petent C57Black/6 (C57BL) mice to investigate potential im-
munological reactions to vector or transgene. Highly concen-
trated vector (2 X 10° pg of p24) encoding GFP was injected
stereotactically into the striatum of adult mice, and the expres-
sion of the transgene was evaluated by immunohistochemical
analysis. The levels of GFP 2 and 11 weeks after injection were
as high in scid mice as in control C57BL mice (Fig. 3). GFP
expression was evident in both neurons and glial cells (data not
shown). Thus, although deficient for DNA-PK, brain cells of
scid mice were efficiently and stably transduced by HIV-1-
derived lentivirus vectors. Daniel et al. attributed the lower
retrovirus integration efficiency in scid cells to increased cell
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FIG. 1. Lentivirus transduction efficiency in scid cells. Different amounts of a
second-generation HIV-1-derived lentivirus vector (devoid of Vpr, Nef, Vif, and
Vpu) encoding B-galactosidase were used to transduce subconfluent WT and scid
MEF. At confluence, WT (A) and scid (B) MEF were stained with X-Gal, and
positive WT (@) or scid (O) MEF were counted microscopically (C). Means and
standard deviations of duplicate experiments are shown.

death by apoptosis (13). Nissl staining of brain sections of scid
and C57BL mice did not reveal extensive cell loss in the trans-
duced area. We also performed TUNEL staining to visualize
apoptotic cells after lentivirus vector-mediated gene transfer
(Fig. 4). Since reactive apoptosis is likely to occur as an early
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FIG. 2. Lentivirus transduction efficiency in Ku-deficient cell lines. Subcon-
fluent CHO-K1 (@), xrs-5/2 (V), and xrs-6/1 (<) cells were transduced with
different amounts of a first-generation lentivirus vector and stained after 3 days.
The number of B-galactosidase-positive cells (A) and the cell count (B) were
determined microscopically. After passage (1/5) of the transduced CHO-K1 (@),
xrs-5/2 (V), and xrs-6/1 () cells, B-galactosidase-positive colonies (=10 blue
cells) were counted at confluence (C). Means and standard deviations of dupli-
cate experiments are shown.

event after transduction, we included a time point 2 days after
transduction. GFP expression was indeed evident after 2 days,
but TUNEL staining was negative for brain slices from both
scid and CS7BL mice at all time points analyzed (Fig. 4). In
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C57BL

Scid

FIG. 3. Efficient lentivirus transduction in scid mouse brain. (Top) Expres-
sion of the GFP transgene in the striatum of C57BL and scid mice 2 weeks after
transduction with the same batch of lentivirus vectors. Serial sections with an
interval of 250 wm showed equal transduction efficiency in both mouse strains.
(Bottom) Quantification of GFP expression in serial sections over a distance of
2 mm around the injection site in the striatum of scid and C57BL mice 11 weeks
after lentivirus vector transduction. The y axis indicates the area of positive GFP
expression. Although there was some interindividual variation in transgene ex-
pression, no significant difference between scid and C57BL mice was observed.

conclusion, the results obtained with our in vivo model argue
against an essential role for DNA-PK during lentivirus inte-
gration.

No inhibition of lentivirus integration by inhibitors of PARP
activity. We extended our study to a second candidate repair
enzyme, PARP. This enzyme has been thought to play an
essential role during retrovirus integration, based on the inhi-
bition of retrovirus transduction by competitive inhibitors of
PARP (22). 3-MB is an inhibitor of PARP with a reported 50%
inhibitory concentration (ICs,) for lentivirus transduction or
viral replication of approximately 0.8 mM, whereas 4-methoxy-
benzamide (4-MB) is an inactive analogue. We performed
lentivirus transduction experiments with CHO-K1 and xrs-5 or
xrs-6 cells in the presence of various concentrations of 3-MB or
4-MB. The cells were preincubated with the inhibitors for 24 h
prior to infection. Lentivirus transduction was assessed by
measuring (-galactosidase activity in fixed cells or in a cell
lysate. At nontoxic concentrations, 3-MB did not interfere with
lentivirus transduction (Table 1). We also evaluated the effects
of 3-MB and 4-MB against HIV-1 (strain IIIy) replication in
MT-4 cell cultures. Again, no inhibition was seen at the con-
centrations tested (up to 5 mM).
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2 weeks

FIG. 4. No evidence for increased apoptosis after lentivirus transduction in
scid mouse brain. (A and D) GFP expression around the needle track in the
striatum of scid mice 2 days (A) and 2 weeks (D) after lentivirus transduction. (B
and E) TUNEL staining of adjacent sections shows no apoptotic cells in the area
of the striatum positive for GFP expression 2 days (B) and 2 weeks (E) after
lentivirus transduction. (C) DNase treatment of a section like that in the positive
control results in numerous labeled nuclei. Scale bar, 100 pm.

Cellular toxicity induced in DNA-PK-deficient cells by high
titers of lentivirus vectors. In all of our experiments so far, low
MOI were used to investigate the requirement of DNA-PK for
lentivirus integration. Recently, Daniel et al. proposed an es-
sential role for DNA-PK during retrovirus integration based
on results obtained with high viral titers (13). To examine the
effect of high lentivirus vector titers, additional cell culture
experiments were performed. We compared the lentivirus

TABLE 1. Lack of specific inhibition of lentivirus transduction and
replication by inhibitors of PARP

3-MB* 4-MB*
Virus and cell line
1Cs CCs 1Cs CCs

HIV-1 vector”

CHO-K1 >4 10 £ 1 >4 20+ 5

Xrs-5 >4 8§+2 >4 8+4

Xrs-6 >4 6=*+2 2+0.5 6+2
HIV-1 (strain >3 3+1 >4 6+1

IIIB)°, MT-4 cells

“ The ICs, and the 50% cytotoxic concentration (CCs) are given as millimo-
lar. Results reported as mean and standard deviation are based on two separate
experiments.

? CHO-derived cell lines were transduced with an HIV-1 vector (first gener-
ation) encoding B-galactosidase in the absence or presence of different concen-
trations of the known PARP inhibitor 3-MB or an inactive analogue, 4-MB. Two
days later, cells were fixed and stained with X-Gal, and blue cells were counted.
Total protein content was used to determine cellular toxicity.

¢ Inhibition of HIV-1 replication and cellular toxicity in MT-4 cells were
determined by the MTT method (32).
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transduction of WT versus scid MEF-T (Fig. 5) and of
CHO-K1 versus xrs-5 or xrs-6 cells (Fig. 6). Transduction of
subconfluent cells was performed at different MOI. B-galacto-
sidase activity was measured 3 days after transduction and at
confluence after passage of the transduced cells.

The reporter gene activity was always higher in scid than in
WT MEF-T, even when higher MOI were used (Fig. 5A). At
MOI of 6 TU/cell, mild toxicity in scid but not in WT MEF-T
was evidenced by small reductions in cell count (Fig. 5B) and
in total protein content (data not shown). Remarkably, scid
MEF-T transduced with the highest titers of vector displayed
massive cell death after passage (Fig. SD), resulting in reduced
reporter gene activity (Fig. 5C). At low MOI, this toxicity was
not observed. Analogous results were obtained with the Ku-
deficient cell lines (Fig. 6). Lentivirus vector-mediated trans-
duction efficiency for xrs-5 or xrs-6 cells was not below that of
the parental CHO-K1 cells (Fig. 6A). At high vector titers,
some cellular toxicity was observed for Ku-deficient cell lines
(Fig. 6B). However, after subcultivation, cell death was pro-
nounced in the Ku-deficient cells transduced with high titers
but not in the CHO-K1 cells (Fig. 6D). The cell death resulted
in a reduction in total B-galactosidase activity in xrs-5 or xrs-6
cells (Fig. 6C).

DISCUSSION

It remains unresolved to what extent the retroviral enzymes
reverse transcriptase (gap filling) and integrase (DNA splicing
[11]) or the eukaryotic host proteins, such as DNA-PK and
PARP, contribute to the DNA repair of the single-stranded
DNA gaps that remain after retrovirus integration. A role for
PAREP as a nick sensor during retrovirus integration has been
postulated (22). In our experimental design, the PARP inhib-
itor 3-MB was not capable of interfering with lentivirus vector
transduction or HIV-1 replication, arguing against an impor-
tant role for this enzyme during lentivirus integration.

To investigate the role of DNA-PK during retrovirus inte-
gration, we analyzed the transduction efficiency of HIV-1-de-
rived lentivirus vectors in scid and xrs-5 or xrs-6 cells, which are
deficient in the DNA-PK pathway. We previously showed that
a vector carrying the inactivating D64V mutation in the inte-
grase gene gave rise to only 5% the transduced cells obtained
with the WT vector (10). After passage of transduced cells, this
pseudotransduction level even fell below 1%. Since transduc-
tion by HIV vectors is thus largely dependent on the integra-
tion step, the efficiency of transduction can be used to evaluate
cofactors essential for integration. We reasoned that the use of
low vector titers would increase the likelihood that the require-
ment for a potential host factor would become apparent. Since
lentivirus transduction was as efficient in scid, xrs-5, or xrs-6
cells as in WT cells, an essential role for DNA-PK in integra-
tion was ruled out. These results were confirmed with an in
vivo model. We have been investigating the potential of lenti-
virus vectors for in vivo gene transfer after stereotactic injec-
tion into the brain (4). scid mice were used to control for the
immunological response to the vector or transgene. In this in
vivo model, the transduction of neurons and glial cells was at
least as efficient in scid mice as in C57BL mice.

Our results with cell cultures and with the in vivo mouse
model do exclude an essential role for DNA-PK during lenti-
virus integration. During the course of our experimental work,
however, a study by Daniel et al. was published, wherein an
essential role for DNA-PK during retrovirus integration was
claimed (13). The claim was based on the observation that
retrovirus transduction was reduced in scid cells and accompa-
nied by cell death due to apoptosis. Intriguingly, this effect was
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standard deviations of duplicate experiments are shown.

reported to occur at viral MOI of =1 TU/cell. Our cell culture
data were obtained at low MOI. In the in vivo model, the
actual MOI is difficult to estimate. It is determined by the
limited amount of virus (at maximal titer) that one can inject
into the brain and the area of diffusion. One can assume that
a concentration gradient exists, with high MOI around the
injection site, where mechanical damage around the needle
track may mask apoptosis.

Therefore, we repeated lentivirus transduction experiments
at high MOI and using a colorimetric detection method. We
analyzed the efficiency of both transient transduction of sub-
confluent cells and stable transduction after subcultivation.
Daniel et al. selected for neomycin-resistant colonies after
retrovirus transduction (13). In our experiments, different plat-
ing efficiencies for DNA-PK-deficient cell lines compromised
this approach. Moreover, since Ku is known to be involved in
transcriptional regulation, expression levels rather than trans-
duction levels can influence test results. At an MOI of 6 TU/

cell, toxicity was observed in scid and xrs-5 or xrs-6 cells 3 days
after transduction. Even at this MOI, the reporter gene activity
remained higher in the DNA-PK-deficient cells, ruling out
interference with the integration step. Passage of the trans-
duced cells, however, was associated with pronounced cell
death in the DNA-PK-deficient cells. Here, overall reporter
gene activity dropped, more by reduction of cell number than
by reduction of gene expression per cell. In agreement with the
published data, extensive retrovirus transduction in DNA-PK-
deficient cells is apparently associated with cell death, espe-
cially when cells are forced to divide. The absence of apoptosis
after in vivo transduction of neuronal cells might be due to the
fact that they are postmitotic cells.

The results of Daniel et al. were based on transduction with
both retrovirus and HIV-derived lentivirus vectors (13). Since
our experiments were carried out only with HIV-derived len-
tivirus vectors, our conclusions are confined to lentivirus inte-
gration. We used an attenuated HIV-derived vector for exper-
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of duplicate experiments are shown.

iments at high MOI to avoid potential cellular toxicity due to
the presence of Vpr in the virus particle, as has been described
elsewhere (37).

The DNA-binding component of DNA-PK was recently
shown to potentiate retrotransposition of the Ty element of
Saccharomyces cerevisiae in a galactose-inducible Tyl system
(17). However, the same authors reported that the level of
endogenous Tyl retrotransposition was almost twofold higher
in the absence of Ku, an effect that they attributed to the
transcriptional induction of genes responsive to DNA damage,
such as Tyl genes, in the abence of Ku. However, on the basis
of our results with lentivirus transduction, it may be argued
that the requirement of Ku for retrotransposition is linked to
the overexpression of the Tyl element. Since Tyl retrotrans-
position was scored by selection of transduced colonies, the
distinction between lack of integration or integration-induced
cell death in the absence of Ku was not made. We hypothesize

that high levels of retrotransposition induce cell death in the
absence of Ku.

Our data do not exclude the possibility that an alternative
cellular pathway can substitute for DNA-PK during lentivirus
integration. Nevertheless, our data argue against an essential
role for this enzyme and question its suitability as an antiviral
target. Scepticism toward a universal role for DNA-PK in ret-
rovirus integration was already expressed by Coffin and Rosen-
berg (12). It was pointed out that primary B cells from scid
mice can be immortalized efficiently by infection with a retro-
virus. Coffin and Rosenberg (12) suggested that, instead,
DNA-PK might protect the cell from a side effect of integra-
tion. Although we were able to obtain data analogous to those
of Daniel et al. (13), namely, cell death induced by lentivirus
transduction of DNA-PK-deficient cells, we observed this ef-
fect only after transduction with excess vector and especially
when the transduced cells were forced to divide. Since trans-
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duction was affected less than cell survival, the lack of
DNA-PK apparently does not prevent integration as such.
Moreover, at low viral titers, lentivirus transduction was ap-
parently more efficient in most DNA-PK-deficient cells. To-
gether, our data tend to support the notion of a protective role
for DNA-PK during excessive retrovirus integration. In this
context, DNA-PK may play a physiological role in protection
against superinfection. More research is required to determine
exactly what triggers cell death after excessive lentivirus infec-
tion of DNA-PK-deficient cells and what protective role
DNA-PK plays in this process.

In conclusion, no evidence was found that DNA-PK or
PAREP is essential for lentivirus integration when low virus
titers are used. Another cellular or a virus-mediated gap repair
mechanism may be involved.
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