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Abstract

Efficient HIV-1 transduction depends on a number of cellular co-factors. Cellular double-strand
DNA break (DSB) repair proteins have been proposed, by ourselves and others, to be required for
efficient HIV-1 transduction. Expression and/or activity of these DNA repair proteins can be
induced by the introduction of DSBs into the host cell genome. HIV-1 transduction was up-
regulated by treatment with DSB-inducing agents in both drug-arrested cells and differentiated
neuronal cells. The presented data support the hypothesis that DSB repair proteins are involved in
the early steps of the retroviral life-cycle.
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Introduction

Gene therapy depends on successful transfer of a desired gene into a patient’s cells. A vast
number of gene therapy trials have employed retroviral vectors to this purpose. These are
versatile tools that can successfully transduce a gene into a host cell’s genome, in a process
called retroviral DNA integration. Efficiency of retroviral transduction is a rate-limiting step
of gene therapy and is, in many cases, quite low and insufficient to achieve the therapeutic
objectives (Tomanin & Scarpa 2004).

Integration of viral DNA into host DNA is an essential step in the replication cycle of
retroviruses, retroviral vectors, and retrotransposons (Coffin et al. 1997; Skalka 1999; Flint
2004). The first two steps in integration, denoted as processing and joining, are catalyzed by
the retroviral protein integrase. In the first step, nucleotides (usually 2) are removed from the
3"-ends of the viral DNA, and in the second step, these newly created ends are joined to
staggered phosphates in the complementary strands of the host cell DNA. The host cell DNA
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essentially suffers a double-strand break whose ends are held together by single-strand links
to viral DNA sequences. Opposite short gaps in the complementary strands are generated by
the staggered joining reaction. The gaps are filled and chromatin structure is reconstituted in
the process of post-integration repair. Host cell proteins were usually assumed to be required
for this step of the retroviral life-cycle. Cumulative evidence suggests that post-integration
repair requires proteins that are involved in cellular double-strand DNA break (DSB) repair
(see below).

Post-integration repair is absolutely required for successful retroviral transduction and
occurs quite efficiently in cells expressing high levels of normal DSB repair proteins. In
contrast, post-integration repair fails in cells expressing mutant forms or low intracellular
amounts of these proteins (Daniel et a/. 1999; Lau et al. 2004; Skalka & Katz 2005; Smith &
Daniel 2006; Smith et al. 2008). Thus, efficiency of post-integration repair appears to be one
of the factors which determines the efficiency of retroviral transduction. Intracellular levels
and activities of DNA repair proteins increase when cells are exposed to DNA damage
(Negroni et al. 2008). Because of this, we hypothesized that treatment with low, subtoxic
concentrations of DSB-causing agents may increase the efficiency of retroviral transduction.
This hypothesis was partly tested in dividing cells where the efficiency of stable integration
increased following treatment with these agents (Groschel & Bushman 2005). This was
proposed to be due to these agents arresting growth thereby permitting more time for
integration to be completed (Groschel & Bushman 2005). However, we note that most cells
in the body are non-dividing at the time of retroviral transduction in gene therapy
applications, and therefore it needs to be tested to see if this approach works in non-dividing
cells. In addition, if the proposed mechanism (i.e. induction of growth arrest) should apply,
treatment with DSB-causing agents should not work in nondividing cells, since they are
arrested regardless of the presence or absence of DSB-causing agents. In this study, we
demonstrate that DSB-causing agents significantly upregulate the efficiency of stable
retroviral transduction and integration in both growth-arrested fibroblasts and differentiated
neurons. Our results suggest that it is feasible to upregulate transduction using this approach
in gene therapy applications. Additionally, our data demonstrates that the DNA damage-
caused growth arrest is not a necessary component of the mechanism underlying this effect.

Materials and methods

Cells

293T/17 and rat B35 cells were purchased from ATCC (Manassas, VA) and carried in
DMEM medium with 10% (v/v) fetal bovine serum (FBS) and 1% (w/v) penicillin/
streptomycin. Primary A-T fibroblasts (deficient in the ATM protein - GM02052) and
matched controls (GM01661) were purchased from the Coriell Cell Repository (Camden,
NJ). Fibroblasts were maintained in RPMI-1640 medium 10% (v/v) FBS, 5x1075M 2-
mercaptoethanol, non-essential amino acids, and 1% penicillin/streptomycin.

HIV-1-based vectors

The VSV G-pseudotyped HIV-1 based vector was prepared as described previously (Naldini
et al. 1996; Daniel et al. 2004), and carried an EGFP reporter gene.
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Following growth arrest (see below), cells were infected overnight in the presence 10 ug
DEAE-dextran per ml, at multiplicity of infection (m.o.i.) of 0.1. Real-time PCR assays (see
below) were performed two days post-infection. Virus was added to cells together with
DSB-causing agents. Both virus and the DSB-causing agents were kept on cells until they
were harvested for real-time PCR assays.

Induction of growth arrest

To induce G2/M arrest, 293T/17 cells were treated with 1 ug nocodazole/ml for 24 h. To
induce G1/S arrest, cells were treated with 1 ug aphidicolin/ml for 24 h. To differentiate B35
cells, cells were treated for five days with 1 mM dibutyryl-cAMP, (Biomol, Plymouth
Meeting, PA). Following induction of growth arrest, DSB-causing agents and/or virus were
added. Nocodazole, aphidicolin or dibutyryl-cAMP were kept on cells throughout the
experiment.

Cytotoxicity assay

Cells were plated at 103 cells (B35/dibutyryl-cAMP) or 3x10* cells (fibroblasts/aphidicolin)
or 5x104 cells (fibroblasts/nocodazole) per well of a 96-well plate and growth arrested as
described above. Bleomycin or etoposide were then added to the indicated final
concentrations. Cytotoxicity of DSB-causing agents was measured using the Cell
Proliferation Kit Il (XTT) (Roche Diagnostics, Indianapolis, IN), following the company
protocol, at 3 days after the addition of bleomycin or etoposide.

Real-time PCR assays

To detect and quantify fully integrated proviral DNA, a two-step nested Alu-PCR technique
was conducted. Cells were infected with HIV-1-based vector (with an EGFP reporter, see
above). Two days post-infection genomic DNA was extracted (QIAmp DNA Mini Kit,
Qiagen) and DNA from 8x103 cells was used for Alu-PCR. The first round of Alu-PCR
employed a primer targeting the cellular A/usequence 5°-GCC TCC CAA AGT GCT GGG
ATT ACA G-3’ as well as the primer targeting the HIV-1 gag region, 5’-TTT TGG CGT
ACT CAC CAG TCG-3’. In addition, all samples were run also in the absence of the Alu
primer during this first round of PCR in order to confirm that our final readout was indeed
integrated DNA. In this initial amplification step 150 ng genomic DNA was used as a
template. Samples were subjected to 30 PCR cycles of 95°C for 30 s, 60°C for 45 s, and
72°C for 5 min and, after the final round, samples were kept at 72°C for 10 min. Products of
the first round were used in the second, real-time PCR round with a FAM/lowa Black FQ
dual-labeled probe 5’-(FAM)-CAG TGG CGC CCG AAC AGG GA-(TAMRA)-3’
(Integrated DNA Technologies), an LTR forward primer: 5’-TGT GTG CCC GTC TGT
TGT GT-3’; and a GAG reverse primer 5’-CCT GCG TCG AGA GAG CTC-3’. Real-time
PCR reactions were performed using a LightCycler 1.5 with software 3.5.3 (Roche).
Reaction mixtures contained QuantiFast Probe 2x mix (Qiagen, Valencia, CA), 100 nM
probe, and 200 nM primers. The standard cycling conditions were 95C — 3 min followed by
50 cycles at 95°C for 3 s and 60°C for 30 s. Samples were run in duplicate. We note that B35
(neuronal progenitor) cells are of rat origin. The rat genome does not have Alu sequences,
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but they possess B1 elements, which have high homology to Alu. Thus, we were able to
employ the Alu primer to detect integration in these cells as well.

To detect the overall amount of viral DNA in cells (both unintegrated and integrated), real-
time PCR was performed under the conditions described for the second round of Alu-PCR,
except the genomic DNA was used as input, instead of the first round PCR product as in the
case of Alu-PCR experiments.

Toxicity of selected DSB-causing agents

There are several ways to induce DSBs in cells. A commonly used approach is to expose
cells to ionizing radiation. However, for potential gene therapy applications it appears to be
more feasible to use chemicals that induce DSBs rather than ionizing radiation as a DSB
causing agent. In this study, we employed two well-characterized agents. First, we used
etoposide, which is a topoisomerase Il poison and bocks the ligation step by this enzyme,
thus causing the break (Li & Liu 2001). Second, we employed belomycin sulfate
(bleomycin). This agent induces DSBs by the production of superoxide and hydroxide free
radicals, which cleave DNA (Saunders & Schultz 1972; Bennett & Reich 1979; Povirk et al.
1979). Given the different mechanism of action, it is expected that these agents may exhibit
different levels of toxicity in different cell types. We examined the effects of etoposide and
bleomycin on the viability of growth-arrested primary fibroblasts and neural B35 cells,
which were induced to terminally differentiate. As shown in Fig. 1A, bleomycin had no
toxicity on nocodazole (G2/M)-arrested primary fibroblasts up to a very high concentration
of 20 uM, whereas etoposide was somewhat more toxic, notably so starting at around 2-5
uM (Fig. 1B). In contrast, both agents exhibited higher toxicity on aphidicolin (G1S)-
arrested cells (Fig. 1C and D). The OD reading for bleomycin treated samples was reduced
to 50% of the control sample reading at around 5 uM, while the reading of etoposide treated
samples was reduced by half at 2 uM. Neuronal cells showed a pattern similar to that of
nocodazole-arrested fibroblasts. Bleomycin was not toxic up to 20 uM, whereas etoposide
was somewhat toxic starting at 2 uM (Fig. 1E and F).

Effects of bleomycin and etoposide on transduction efficiency in nocodazole-arrested
primary fibroblasts

Primary fibroblasts were arrested in the G2/M phase using nocodazole. Following growth
arrest we infected these cells with an HIV-1-based vector which can infect nondividing cells
(Weinberg et al. 1991; Lewis et al. 1992). We then measured the efficiency of stable
integration using Alu-PCR. In addition, we measured the total viral DNA synthesis in these
cells. As shown in Fig. 2A, bleomycin treatment increased the number of transduced cells
2.7-fold, when cells were treated with 0.2 uM bleomycin, which is does not affect cell
viability (Fig. 1). Further increase in bleomycin concentration did not notably enhance
transduction any further. A different pattern was observed in etoposide treated samples. As
shown in Fig. 2A, this agent also increased transduction. Transduction was upregulated by
2.5-fold in samples treated with 2 uM etoposide. These results suggest that treatment with
DSB-causing agents upregulates the efficiency of stable transduction of nondividing cells.
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To determine if steps of the retroviral life-cycle preceding integration were affected, we
performed a real-time PCR assay to detect the total viral DNA synthesis in these cells. As
shown in Fig. 2B, neither bleomycin nor etoposide affected this step of retroviral life-cycle.
We conclude that these DSB-causing agents appear to exert their effect at the integration or
post-integration repair step of the retroviral life-cycle.

Effects of etoposide and bleomycin on transduction efficiency in aphidicolin-arrested
primary fibroblasts

Primary fibroblasts were arrested with aphidicolin in the G1/S phase since treatment with
aphidicolin results in a collapse of replication forks (Tibbetts ef a/. 2000). We again treated
primary fibroblasts with aphidicolin and infected them with the HI\/-1-based vector.
Transduction efficiency was evaluated as described above. We did not observe a significant
effect of these agents on the transduction efficiency of these cells. (Fig. 3A). Similarly, there
was no effect on total viral DNA synthesis (Fig. 3B). We conclude that DSB-causing agents
do not affect the transduction efficiency of aphidicolin-arrested cells.

Effects of bleomycin and etoposide on transduction efficiency in differentiated neurons

Many genetic diseases are associated with cognitive and other problems of the central
nervous system. Therefore, neurons are an attractive target for gene therapy (Manfredsson &
Mandel 2010). However, transduction efficiency in neurons is one of the major issues in
gene therapy of neuronal diseases (Lundberg et a/. 2008). To determine if DSB-causing
agents affect HIV-1 transduction of neurons, we differentiated neural progenitors using a
cAMP analogue [(Otey et al. 2003), Fig. 4A]. We then treated these cells with bleomycin
and etoposide. As shown in Fig. 4B, bleomycin increased the transduction efficiency by
approximately 10 fold. Etoposide had a similar effect, but as observed for nocodazole-
arrested fibroblasts, the same degree of upregulation was achieved at higher concentrations
than those of bleomycin (Fig. 4B). Finally, we did not observe any effects on the total viral
DNA synthesis due to DSB-causing agents in these cells (Fig. 4C).

Effects of ATM deficiency on etoposide- and bleomycin-mediated upregulation of retroviral
transduction

The presented data indicate that DSB-causing agents upregulate transduction of at least
some nondividing cells. One of the major proteins, which was recently shown to play a role
in post-integration repair, is the ATM protein (Daniel et a/. 2001; Daniel & Pomerantz 2005;
Lau et al. 2005; Smith et a/. 2008). Mutations in ATM cause a general defect in DSB repair
(Durocher & Jackson 2001; Shiloh 2001). To determine if the effect of DSB-causing agents
on retroviral transduction could be caused by the upregulation of ATM, we have examined
effects of bleomycin and etoposide on the transduction of ATM-deficient primary fibroblasts
(GMO02052). These cells are homozygous for the 103C>T transition in exon 5 of the ATM
gene, which creates a premature stop codon at amino acid 35 (Gilad et a/. 1996). We have
compared the efficiency of transduction of these cells in the presence and absence of
bleomycin or etoposide. We have observed that neither bleomycin nor etoposide upregulate
transduction of nocodazole-arrested ATM-deficient cells (Fig. 5A), in contrast to ATM-
proficient fibroblasts. As expected, these agents did not affect transduction of aphidicolin-
arrested cells (Fig. 5A). As observed with normal fibroblasts, these DSB-causing agents did
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not affect the level of total viral DNA synthesis in these cells (Fig. 5B). We conclude that
ATM is required for the observed upregulation of HIV-1-based vector transduction in
nondividing cells.

Discussion

Efficiency of gene transfer is a major factor that determines the success or failure of gene
therapy. A vast number of gene therapy trials use retroviral vectors. Hence, the efficiency of
retroviral transduction is of crucial importance to gene therapy trials which use these
vectors. In this study, we demonstrate that gene transduction by retroviral vectors, which are
HIV-1-based, can be enhanced by subtoxic doses of DSB-causing chemical agents. \We have
observed this phenomenon in both nocodazole-arrested fibroblasts and differentiated
neurons. Perhaps surprisingly, we did not see a similar upregulation in aphidicolin-arrested
cells. However, as noted above, aphidicolin causes the collapse of replication forks. This is
known to be recognized by cells as DNA damage, and the DNA damage response to
collapsed replication forks involves proteins that are also involved in DSB repair (Sancar et
al. 2004). Thus, it seems likely that the activity and intracellular levels of these proteins are
already upregulated in aphidicolin-arrested cells, and further treatment with DSB-causing
agents does not provide an additional stimulus, and consequently does not upregulate
transduction.

According to our data, the increase in transduction by DSB inducing agents appears to have
occurred at the level of integration or post-integration repair. We attempted to determine if
the ATM protein, which was shown to play a role in post-integration repair, is the mediator
of the effects of the DSB-causing agents on retroviral transduction. Our results indicate that
these effects are indeed dependent on the ATM pathway, and the upregulation of
transduction thus likely occurs at the post-integration repair step of the retroviral life-cycle.

In addition to ATM, it is possible that other DSB repair pathways are involved. Our future
experiments will focus on identification of the pathways that mediate these effects. If
known, we can then develop more specific stimulants of retroviral transduction, which may
then be used in clinical trials.

As noted above, DSB-causing agents have been shown to upregulate transduction of
dividing cells (Groschel & Bushman 2005). In addition, it had been hypothesized that this is
due to the fact that these agents can induce growth arrest, allowing more time for the
completion of early steps of the retroviral life-cycle (Groschel & Bushman 2005). Our
results demonstrate that these agents increase transduction even in nondividing cells, such as
neurons, and are therefore not consistent with the aforementioned hypothesis. Rather, the
presented data are consistent with the hypothesis that DSB repair is involved in the post-
integration repair step of the retroviral life-cycle. These DSB-causing agents upregulate
activity and/or the expression of DSB repair proteins thereby enhancing the efficiency of
post-integration repair, which is required to fully complete the integration process.
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Fig. 1.
Cytotoxicity of bleomycin and etoposide. A. Fibroblasts (GM01661) were growth arrested

with nocodazole, and exposed to bleomycin at the indicated concentrations. Cell viability
was measured using the XTT assay. B. Nocodazole-treated fibroblasts exposed to etoposide
at the indicated concentrations. C. Aphidicolin-treated fibroblasts exposed to bleomycin
concentrations as indicated. D. Aphidicolin-treated fibroblasts exposed to etoposide at the
indicated concentrations. E. Neuronal cells exposed to bleomycin. F. Neuronal cells exposed
to etoposide. Error bars indicate standard deviations.
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Fig. 2.
Effects of DSB-causing agents on the transduction of nocodazole-arrested fibroblasts. A.

Effect of bleomycin or etoposide on stable integration in nocodazole-arrested fibroblasts.
Integration was measured with a nested Alu-PCR assay (see Methods), data is shown as the
number of amplicons quantitated in the real-time PCR (second round) reaction. Background
was measured from samples subjected only to the gag primer in the first round of PCR. * -
indicates samples that were transduced at significantly higher rates than control, untreated
samples. B. Effects of DSB-causing agents on total viral DNA synthesis. Error bars indicate
standard deviations.
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Fig. 3.

Effects of DSB-causing agents on the transduction of aphidicolin-arrested fibroblasts. A.
Effect of bleomycin or etoposide on stable integration in nocodazole-arrested fibroblasts.
Integration was measured with a nested Alu-PCR assay, data is shown as the number of
amplicons quantitated in the real-time PCR (second round) reaction. Background was
measured from samples subjected only to the gag primer in the first round of PCR. B.
Effects of DSB-causing agents on total viral DNA synthesis. Error bars indicate standard
deviations.
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Fig. 4.
Effects of DSB-causing agents on the transduction of differentiated neuronal cells. A.

photography of undifferentiated (left) and differentiated (right) B35 cells. B. Effect of
bleomycin or etoposide on stable integration in differentiated neuronal B35 cells. * -
indicates samples that were transduced at significantly higher rates than control, untreated
samples. C. Effects of DSB-causing agents on total viral DNA synthesis. Error bars indicate
standard deviations.
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Fig. 5.

Effects of DSB-causing agents on transduction of growth arrested ATM-deficient fibroblasts
(GM02052 cells). A. Effects of bleomycin and etoposide on stable integration in
nocodazole-arrested fibroblasts. B. Effects of DSB-causing agents on total viral DNA
synthesis. Error bars indicate standard deviations.
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