
Review

Retroviral DNA integration and the DNA damage
response

AM Skalka*,1 and RA Katz1

1 Fox Chase Cancer Center, Institute for Cancer Research, 333 Cottman
Avenue, Philadelphia, PA 19111-2497, USA

* Corresponding author: AM Skalka, Fox Chase Cancer Center, Institute for
Cancer Research, 333 Cottman Avenue, Philadelphia, PA 19111-2497, USA.
Tel: þ 215-728-2490; Fax: þ 215-728-2778; E-mail: am_skalka@fccc.edu

Received 02.11.04; revised 03.12.04; accepted 06.12.04; published online 11.3.05
Edited by G Kroemer

Abstract
Retroviral DNA integration creates a discontinuity in the host
cell chromatin and repair of this damage is required to
complete the integration process. As integration and repair
are essential for both viral replication and cell survival, it is
possible that specific interactions with the host DNA repair
systems might provide new cellular targets for human
immunodeficiency virus therapy. Various genetic, pharmaco-
logical, and biochemical studies have provided strong
evidence that postintegration DNA repair depends on
components of the nonhomologous end-joining (NHEJ)
pathway (DNA-PK (DNA-dependent protein kinase), Ku, Xrcc4,
DNA ligase IV) and DNA damage-sensing pathways (Atr (Atm
and Rad related), c-H2AX). Furthermore, deficiencies in NHEJ
components result in susceptibility to apoptotic cell death
following retroviral infection. Here, we review these findings
and discuss other ways that retroviral DNA intermediates may
interact with the host DNA damage signaling and repair
pathways.
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Introduction

Viruses are obligate parasites that require host cell functions
for their survival and propagation. Successful viruses have
evolved mechanisms to exploit and/or counteract host

defense systems, and modify or redirect normal cellular
processes; many viral genomes are replicated and/or
transcribed by host cell enzymes. In the last few years, it
has been discovered that some viruses interact with the
cellular DNA damage-sensing repair pathways. This diverse
group includes adenoviruses, adeno-associated virus, and
retroviruses. These interactions can either support or inhibit
viral replication, but ultimately there is selection for survival of
both the virus and the cell. Retroviral DNA integration causes
damage to the host cell chromosome and unrepaired DNA
damage can lead to apoptosis. This review focuses on the
host cell response to retroviral DNA integration as a trigger for
the cellular DNA damage response and how interruption of
this interplay can lead to apoptotic cell death.

Retroviral DNA Integration

Retroviruses encode a recombinase protein, called integrase,
which is required for the insertion of viral DNA into the
chromatin of its host cell.1,2 This process is essential for
retroviral replication and also ensures virus persistence for the
life of the cell. The first two steps in the process are catalyzed
by integrase, acting upon specific sequences at the ends of
the viral DNA (Figure 1a). In the first step, denoted
processing, two nucleotides are removed from the 30-ends
of the viral DNA, a reaction that can occur in the cytoplasm. In
the second step, joining, the two newly created recessed 30-
ends are joined to staggered phosphorus atoms in the
backbones of complementary strands of a host DNA, via a
concerted cleavage–ligation reaction. As a consequence of
integrase-mediated joining, the host cell DNA suffers a
double-strand break (DSB), the ends of which are held
together by single-strand links to viral DNA (Figure 1b, left).
Retroviral DNA integration produces a complex lesion in

host DNA. Interruption of existing chromatin conformation and
composition by the insertion of 3–10 kb of newly synthesized
DNA is likely to be sensed as a major assault on the genomic
integrity of the cell (Figure 2a). The DNA damage incurred
includes two short single-stranded gaps in the host DNA
flanking the integration site, and possibly single-strand
interruptions at internal sites in the inserted viral DNA as well
(Figures 1b and 2b).3,4 Collision of a host cell replication fork
with unrepaired gaps during S-phase (Figure 2c) could
produce DSBs with free ends at the site of integration. In
addition, unintegrated linear viral DNA molecules in the
nucleus may resemble chromosomal fragments that can also
be recognized by host DNA damage-sensing and repair
pathways leading to self-ligation.5,6 It seems likely, however,
that mechanisms to limit such self-ligation have evolved, as
this reaction could compete with productive integration. In
contrast, postintegration repair (Figure 1b) is essential for the
maintenance of host DNA integrity as well as the stable,
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heritable association of retroviral DNA with host chromo-
somes.

DNA Damage Response and Pathways for
DSB Repair

The genomes of all living cells are subject to damage that can
occur spontaneously, or may be induced by various environ-
mental agents, including viruses. Most types of damage are
repaired by lesion-specific pathways, but some can escape
correction and may cause stalling and/or collapse of replica-
tion forks during S-phase. Such events can lead either directly
or indirectly to formation of DSBs, which can promote
chromosomal rearrangement and deletions. Cells must
encode robust systems to sense and repair such damage.

Cellular mechanisms that recognize DNA damage are very
sensitive. For example, experiments with yeast cells have
shown that even a single DSB can elicit a damage response
and, if unrepaired, can lead to cell death.7–9 Such sensitivity
implies a powerful surveillance and amplification system in
which the highly conserved PI-3K-related protein kinases,
Atm (ataxia-telangiectasia mutated) and Atr (Atm and Rad-
related), play a pivotal role (Figure 3).10–12 These two kinases
appear to posses both specialized and overlapping functions;
although both respond to damage incurred by ionizing
radiation (IR), Atm is especially critical for repair of DSBs,
whereas Atr function appears to be most important following
UV damage or replication fork stalling.10,11,13 Atr kinase is
active in a complex with its regulatory partner Atrip, and
appears to be specific for lesions that contain single strands
that are coated with replication protein A (RPA).14 Exactly how
these protein kinases are activated by DNA damage is
currently a subject of intense investigation. It is clear,
however, that phosphorylation of target ‘effector’ proteins by
Atm and Atr is required both to elicit cell-cycle checkpoint
responses, which allow time for repair, and to recruit and/or
activate repair proteins. In the absence of repair, signals
transduced by these kinases can also trigger apoptosis.
The two major repair pathways for DSB repair in mamma-

lian cells are described in Figure 4. In nonhomologous end
joining (NHEJ), broken DNA ends are joined with no

Figure 1 Stable, heritable establishment of a retroviral provirus requires (a)
integrase-mediated DNA integration and (b) postintegration repair of the
integration intermediate by host proteins. The shaded dumbbell-labeled (IN)n
represents a multimer of integrase. Me2þ represents the required divalent metal
cofactor, Mg2þ or Mn2þ , and N represents any of the four bases. The dashed
line in viral DNA signifies possible internal (þ ) strand interruptions

Figure 4 Two major pathways for DSB repair in mammalian cells are NHEJ
and HRR

Figure 2 Retroviral DNA integration produces a complex lesion in host cell
chromatin (a). Unrepaired DNA gaps that flank the integrated viral DNA (b) can
become DSBs when encountered by a replication fork (c)

Figure 3 Atm and Atr are master regulators of the cell’s DNA damage
response
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requirement for homology. Heterodimers of Ku 70/80 bind to
these lesions and recruit a catalytic subunit (DNA-PKcs) to
form an active DNA-dependent PI-3K-related protein kinase,
known as DNA-dependent protein kinase (DNA-PK). The
DNA ends are most likely held together in this complex where
they may undergo some degree of processing to render them
compatible for ligation by a ligase IV–Xrcc4 complex. Several
proteins are phosphorylated during the process of repair and
this modification is required for their activation. NHEJ can
exact a genetic toll, as sequences may be lost or rearranged
during the processing. This repair pathway has been studied
most extensively in the context of immunoglobulin gene
rearrangement (V(D)J recombination), which was first shown
to depend on the activity of DNA-PKcs. NHEJ can take place
from G1- through G2-phases of the cell cycle, but its relative
contribution to DNA repair appears to be greatest in G1, when
homologous recombination repair (HRR) is least prominent.15

In homologous recombination, broken ends are repaired by
invading and copying sequences from an intact allele. In this
repair pathway, the template preference appears to be heavily
biased, with the sister chromatid preferred by two to three
orders of magnitude.16 This implies that HRR occurs most
frequently in newly replicated DNA17 and, not surprisingly,
makes its greatest contribution during S- and G2-phases of
the cell cycle. Repair promoted by HRR restores genetic
content with high fidelity. However, in some (rare) cases,
recombination between chromosomes can lead to loss of
heterozygosity for distal markers, an event that can contribute
to common human ‘spontaneous’ cancers.18 In a related but
distinct pathway called single-strand annealing, the 50-ends of
broken DNA are resected, leaving 30 single-end extensions.
These single-stranded regions can then hybridize at short
stretches of homology, for example, in directly repeated Alu
sequences. Unlike HRR, this pathway creates deletions and
also possibly translocations. Proteins specific to each of the
major repair pathways have been identified in studies with
yeast and human cells.19

Evidence that Retroviral Postintegration
Repair Depends on Host Cell Functions

Cell killing by retroviruses

A potential role for the NHEJ-mediated DSB repair pathway in
postintegration repair was first suggested by the work of
Daniel et al.20 These studies showed that retroviral infection
induces apoptosis in 80–90% of NHEJ-deficient cells (murine
severe combined immunodeficient (scid) pre-B cells), with
kinetics that were consistent with integration-induced da-
mage. The response was independent of the expression of
any gene products, as the vectors employed in these studies
were either conditionally defective in viral gene expression
(i.e. an avian sarcoma virus (ASV) vector) or contained no
viral coding sequences (i.e. a human immunodeficiency virus
type 1 (HIV-1) vector). However, these and subsequent
studies21,22 showed that the death of NHEJ-deficient cells
was, in fact, dependent on the presence of active integrase in
the infecting virion. Based on these results, it was proposed
that retroviral DNA integration is perceived by cells as DNA
damage, and that failure in postintegration repair triggers

apoptosis in NHEJ-deficient cells (Figure 5). It was also
reported that Ty1 retrotransposition in yeast cells is depen-
dent on the yeast Ku protein,23 suggesting a similar
requirement in this system.
Subsequent studies that made use of the irreversible kinase

inhibitor, wortmannin,21 showed that treatment with a con-
centration of the drug predicted to inhibit DNA-PKcs and Atm
(but not Atr) sensitized normal cells to killing by integrase-
competent, but not integrase-defective retroviral vectors.
However, because killing of cells deficient in DNA-PKcs was
further potentiated by wortmannin (or Atm antisense DNA
treatment), it was proposed that a second wortmannin-
sensitive reaction, catalyzed by Atm-dependent repair path-
way, could provide a partial backup in the absence of NHEJ.
As high fidelity postintegration repair occurs in the fraction of
NHEJ-defective cells that survive retroviral infection,24 this
backup pathway for postintegration repair must be quite
accurate.
Results from a computer modeling approach indicated that

a single hit (integration event) is sufficient to kill susceptible
NHEJ-deficient cells.25 In these simulations, which included
variables related to cell cycle, six mathematical models of
integration-mediated killing were considered. The closest fit
with experimental data was achieved by a model in which
these NHEJ-deficient cell must pass through S-phase to
activate apoptosis. Based on these studies, it was hypothe-
sized that the interaction of a replication fork with an
unrepaired integration intermediate during S-phase may be
the trigger for the apoptotic response in NHEJ-deficient cells,
due to the formation of DSBs. This model would be consistent
with the observation that a single DSB is sufficient to kill a cell
that is deficient in its repair.7–9

Reduced retroviral transduction

The ability of a retroviral vector to transduce a reporter gene
depends on stable integration of the vector DNA. Conse-
quently, assays of transduction efficiency provide a useful and
convenient indicator for successful completion of postintegra-
tion repair and survival of the infected cells. Using this

Figure 5 Model for the role of DNA damage sensing, NHEJ, and an alternative
pathway in postintegration repair
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approach, it was shown that the efficiency of retroviral
transduction of human and rodent cell that are deficient in
NHEJ is only 10–20% of that observed with controls.20–22

Given the cell killing described above, reduced transduction
efficiency is most readily explained as a result of apoptosis
following abortive integration in these NHEJ repair-deficient
cells. Consistent with this interpretation, wortmannin was
found to reduce the efficiency of retroviral transduction of
HeLa cells infected with ASV or HIV-1 vectors, with dose
dependence that correlated with reduction of DNA-dependent
protein kinase activity in these cells. Furthermore, although no
reduction in transduction compared to controls was observed
with Atm-deficient human (A-T) cells in the absence of the
drug, transduction was virtually abolished in the presence of
even the lowest concentration of wortmannin tested.21 The
hypersensitivity of A-T cells to wortmannin may therefore
be explained by the inhibition of DNA-PKcs in cells that
posses no backup, Atm-dependent repair pathway.
These results, together with the cell killing described above,
support the idea that although Atm function is not normally
required for postintegration repair, it contributes to the
residual 10–20% transduction observed in NHEJ-deficient
cells (Figure 5).

The role of NHEJ

The first report of a role for NHEJ components in postintegra-
tion repair20 was met with great interest, but also some
skepticism,26 mainly because previous attempts to produce
retrovirally transformed cell lines from scidmice did not reveal
any obvious defect compared to normalmice. Indeed, the very
scid lines used in the original studies of Daniel et al.20 had
been derived by infecting bone marrow cells from scid mice
with a retrovirus (Abelson murine leukemia virus).27 Although
difficult to test, the failure to observe a defect in production of
Abelson-transformed pre-B cells may be explained by the
survival of a fraction of the infected scid cells, due to repair via
the backup pathway, and strong selection for the infected
survivors whose proliferation would be enhanced by expres-
sion of the v-abl oncogene. Subsequent studies from several
laboratories have shown that deficiencies in NHEJ result in
reduced retrotransposition, retroviral DNA integration and
transduction, or subsequent cell survival, consistent with a
critical interplay between retroviruses/retrotransposons and
components of this repair pathway.5,6,23,28,29 However, two
publications have challenged a role for NHEJ in postintegra-
tion repair because of apparent discrepancies in the timing of
retrovirus-mediated killing of NHEJ-deficient cells and the
effect of an integration-defective vector. These findings were
interpreted to suggest that the NHEJ pathway is not required
for postintegration repair following lentiviral (i.e. HIV) infec-
tion,28 or is acting solely on unintegrated viral DNA.5 More
recent, independent experiments22 failed to reproduce the
discrepancies in one earlier report28 and showed that
experimental conditions likely to produce a very high multi-
plicity of infection (m.o.i.) could explain the discrepancies in
the second report.5 To date, the bulk of available evidence
supports a role for NHEJ in postintegration repair for both HIV
and the simpler retroviruses, such as ASV.

Evidence that Integration is Perceived as
DNA Damage by the Cell

Histone H2AX is phosphorylated at sites of
retroviral DNA integration

The evolutionarily conserved histone H2AX comprises from
about 2 to 25% of the histone H2A pool in mammalian cells
and is distributed randomly in nucleosomes.30 The extended
C-terminal tail of H2AX contains an SQE motif that is a target
for serine phosphorylation by DNA-PK, Atm, and Atr.31 This
H2AX serine residue is rapidly phosphorylated in large
chromatin domains flanking sites of DSBs produced by
genotoxic treatments and stalled replication forks.32–34

Phosphorylated histone H2AX, denoted g-H2AX, can be
detected as microscopically visible foci at such sites upon
staining with a specific antibody. This histone modification
seems to play an important role in the processing or repair of
such lesions.35,36 g-H2AX has also been observed at sites of
V(D)J recombination,37 meiotic strand breaks,38 and other
physiological programmed reactions in which DSBs are
formed.39

It was recently discovered that retroviral DNA integration
also promotes formation of g-H2AX, as detected by foci
formation and chromatin immunoprecipitation methods.40

This comprises the first direct evidence for association of
newly integrated viral DNA with a protein species that is an
established marker for the onset of a DNA damage response.
On the other hand, transduction experiments with H2AX�/�
knockout and control cells indicated that, as with V(D)J
recombination, this histone is dispensable for postintegration
repair. These observations lend support to a model in which g-
H2AX promotes DNA repair of DSBs by anchoring broken
ends.41–44 As chromosomal breaks are likely to be held
together by the RAG1/2 complex during V(D)J recombina-
tion,45 and are linked covalently by viral DNA in retroviral DNA
integration (Figure 1), a g-H2AX-anchoring function is
predicted to be dispensable in both reactions.

Atr plays a critical role in postintegration repair

Pharmacological studies using the Atm and Atr inhibitor
caffeine, and cells that express conditionally a dominant-
negative, kinase-dead Atr protein (Atr-kd) have provided
evidence that retroviral DNA integration elicits an Atr-
dependent DNA damage response.46 The transduction
efficiency of two retroviral vectors (HIV-1 and ASV) was found
to be decreased in the presence of concentrations of caffeine
that had little or no effect on early steps in infection that
precede integration. The amount of viral DNA physically
joined to host DNA was also reduced in the presence of
caffeine. Analyses with cells that overexpressed Atr-kd
suggested that these reductions could be explained by the
death of cells that were unable to repair the damage caused
by viral DNA integration. What aspect of postintegration repair
might depend on ATR? As noted earlier, Atr is a major sensor
of DNA damage,10,11 and appears to be specific for RPA-
coated single-stranded DNA.14 Its activity is required in
cellular responses to ionizing and UV irradiation as well
as collapsed replication forks.10,11,47 It is possible that
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RPA-coated single-stranded regions in integration intermedi-
ates recruit Atr as they are formed. One might also speculate
that the damage causedwhen a replication fork encounters an
unrepaired integration intermediate may be similar to other
replication fork catastrophes in which an Atr has been
proposed to play a pivotal role.14,47 As illustrated in Figure 3,
signaling through Atr-mediated phosphorylation of various
effector molecules might lead to transient cell-cycle arrest, as
well as the recruitment or activation of proteins necessary for
repair. Failure in either or both processes could render an
unrepaired integration intermediate unstable and lead to cell
death.
Themajority of evidence to date indicates that cells respond

to damage incurred during retroviral integration just as they do
to DSBs induced by treatment with IR or certain genotoxic
drugs. These findings contradict the generally held notion that
production of free DNA ends is the signal for initiating this
damage/repair response. As illustrated in Figures 1 and 2,
free double-strand ends are not produced during retroviral
DNA integration. How might integration and IR elicit the same
response? Three hypotheses may be considered to explain
this result: (i) Transmission of the damage signal may not
depend on recognition of free DNA ends but rather on some
structural or conformational change in chromatin. This idea
has received support recently from studies of Atm activation12

and Atr-dependent activities.32 (ii) The integration intermedi-
ate resembles DNA structures produced during repair of free
DNA generated by IR and is thereby recognized and acted
upon by the NHEJ pathway (Figure 6).48 Hypotheses (i) and
(ii) are not mutually exclusive. Finally, (iii) free DNA ends may
be the trigger for the damage response during retroviral DNA
integration in cycling cells as follows: although genetic studies
have shown that integration can occur both before and after
passage of a replication fork in S-phase,49 it is conceivable
that postintegration repair reactions are activated primarily via
a damage response to a DSB that forms when a replication
fork encounters the flanking gap during S-phase (Figure 2c),
and is then repaired by NHEJ or, in some cases, by the Atm-
dependent backup pathway. We note, however, that the DNA
of some retroviruses, such as HIV and ASV, can be integrated
stably in noncycling cells.50–55 In such cases, activation of
repair pathways cannot depend on passage through S-phase.

Cytopathic Effects of Retroviral Infection
and Possible Relevance to DNA Damage
Signaling Pathways

Studies of the cytopathic effects that are characteristic of
certain retroviral strains has led to the hypothesis that viral
components or replication intermediates may activate the
host DNA damage-sensing/repair systems during infec-
tion.56–61 Two different mechanisms have been considered.
Several lines of research, beginningwith the early studies of

Temin and colleagues,60 have led to the idea that uninte-
grated viral DNA may induce cell killing.58,59,62 It was recently
suggested that high concentrations of unintegrated viral DNA,
containing free ends, might be sensed as irreparable DNA
damage in the cell, and that the NHEJ system may suppress
an apoptotic response by joining such ends to form circles,
which are a dead-end product.5,63 However, other experi-
ments have shown that the accumulation of unintegrated viral
DNA and the reduced formation of circles can be uncoupled
from cell killing.29,59,62 It should also be noted that high
concentrations of unintegrated DNA would normally be
associated with high frequency of integration, which may be
toxic to cells. The effects of high DNA concentration and high-
frequency integration on cell survival can be tested by
manipulating experimental conditions, that is, by using a high
m.o.i., or infection methods that increase the effective m.o.i.
Under these conditions, a specific NHEJ deficiency (Lig 4�/�)
results in increased cytopathic effects as compared to control
cells, but there is some controversy as to whether this is due to
unintegrated DNA or unrepaired integration intermedi-
ates.5,22,63 It is, perhaps, not surprising that the high
concentrations of viral DNA generated by experimental
manipulations might produce toxic effects in wild-type or
NHEJ-deficient cells; however, the relevance of these effects
to natural infections remains unclear.
A secondmechanism,mediated by Vpr, has been proposed

to explain how the DNA damage response pathway may be
involved in the cytopathology of HIV-1. Vpr is a small,
multifunctional, auxiliary protein that is assembled into the
HIV-1 virion. Early after infection, the virion-associated Vpr is
able to mediate transient G2 cell-cycle arrest,64 a condition
that may favor efficient HIV-1 transcription.57 Other experi-
ments have shown that when expressed independently from a
vector, Vpr can induce apoptosis. It was also shown that such
expression can activate Atr and cause formation of g-H2AX
foci.61 It should be noted that other investigators have
observed that such independently expressed Vpr elicits a
wide range of abnormalities in mitosis, cytokinesis, and
nuclear structure.56 It seems possible, therefore, that inde-
pendent expression or overexpression of Vpr might produce
cellular stresses that activate Atr indirectly. As mentioned in
the previous section, chromosomal DNA damage produced
by ASV DNA integration induces g-H2AX focus formation,40

and a recent report has presented evidence that Atr is
required for efficient transduction by HIV vectors that lack
Vpr.65 It will be important, therefore, to develop methods that
can distinguish between the DNA damage response that
might be attributed to virion-associated Vpr following infection
with HIV and the effects related to postintegration repair.

Figure 6 Similar structural features in intermediates of NHEJ repair of DSB
produced by IR and the retroviral DNA integration intermediates
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In summary, DNA damage responses have been asso-
ciated with the intracellular accumulation of large amounts of
retroviral DNA and with independent expression of HIV-1 Vpr.
In both cases, the concentrations or expression of these viral
components have been manipulated experimentally. It is
possible that similar conditions could exist in an environment
in which there is a very high density of both susceptible cells
and virus, for example, in the germinal centers of lymph nodes
during HIV-1 infection. However, at present, the relevance of
these observations to viral cytopathology remains uncertain.

Implications

This review has focused mainly on the cellular response to
retroviral infection in NHEJ-deficient cycling cells. Infection of
NHEJ-deficient, lymphocyte-derived cultures cells has been
shown to provoke cell killing.20,22,28,29 Animal cells differ in
their propensities to respond to DNA damage by apoptosis.
Lymphocytes appear to be primed for such a response,
perhaps because it is required during normal immune cell
selection. A single unrepaired integration event can trigger
apoptosis in such cells.25 However, integration can also lead
to apoptotic cell death in Atr-deficient human fibroblastic
cells.46 Reduced transduction efficiencies of these, and other
cells that have genetic or drug-induced deficiencies in NHEJ
or Atr function, are most likely attributable to integration-
induced cell killing. Both p53-dependent and -independent
pathways have been described for DNA damage-induced
checkpoint activation and apoptosis (reviewed in Durocher
and Jackson,10 Shiloh,11 and Norbury and Zhivotovsky66). As
reduced transduction is observed in wortmannin-treated HeLa
cells,21 which are p53 deficient, this tumor suppressor protein
is not likely to be essential for integration-induced killing. The
roles of other downstream effectors of this process remain to
be elucidated.
One obvious implication of these findings is that during

normal infection in repair-competent cells, recruitment of DNA
damage-signaling and repair proteins to the integration site is
essential for survival of both the host cell and the virus.22,46 As
the establishment of a stably integrated provirus generally
does not cause deleterious effects in the host cell, it can be
assumed that in repair-proficient cells (i) damage to the host
chromosome produced by integration is, indeed, repaired and
(ii) unintegrated linear viral DNA is somehow protected, such
that it is not recognized as a damaged chromosomal fragment
that needs to be ‘repaired’, before it is integrated. Additional
experiments will be required to determine exactly how and
when cellular damage response and repair pathway compo-
nents participate in postintegration repair. Such details may
suggest new approaches and strategies for development of
antiviral therapies, based on cellular targets.
Targeting cellular proteins and pathways for antiretroviral

therapy would be especially attractive in light of the high
mutation rate of retroviruses, and the rapid selection for
mutants that can escape inhibitors of retrovirally encoded
proteins. Some cellular proteins that are already implicated in
postintegration repair, in particular those not required for cell
viability, might prove to be useful as targets for inhibition in
some circumstances. However, it is possible that proteins that

function at other steps in the pathways that are critical for
postintegration repair may be better suited as drug targets. In
this context, it will be important to determine if any pathway
component interacts directly or specifically with retroviral
proteins, as such interactions might provide unique opportu-
nities for inhibition. Some practical applications of the
available knowledge may be possible, even in the short term.
For example, rescue of NHEJ-deficient cells from HIV killing
could provide a valuable, cell-based assay for small molecule
inhibitors of any early step in retroviral infection, up to and
including postintegration repair.21

Retroviral systems should also be useful to investigate how
the cellular pathways that govern chromatin repair, cell-cycle
arrest, and apoptosis are coordinated. Elucidation of mechan-
isms by which viruses exploit or circumvent host functions has
contributed enormously to our understanding of cell molecular
biology in the past. Although much has been learned through
the study of damage induced by genotoxic treatments, it is
often difficult to draw inferences about molecular mechanisms
related to the response of such lesions, because the damage
to cellular DNA is extensive and/or heterogeneous. These
general limitations do not apply to the retroviral system
because the nature of the lesion is known and the number of
lesions or ‘hits’ can be predetermined by adjusting virus titer.
Furthermore, as already demonstrated,40 retroviral DNA (3–
10 kb) can serve as a valuable marker of the damage site in
whole cells or subcellular fractions, and the timing of the
integration event can also be monitored. Further study of the
molecular mechanisms that mediate postintegration repair
should provide new insights into the cellular pathways that are
required to maintain genetic stability or, in its absence, to
program cell death.
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