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A B S T R A C T

The post-integrational gap repair is a critical and poorly studied stage of the lentiviral life cycle. It might be
performed by various cellular DNA repair pathways but the exact mechanism of the repair process has not yet
been described. One of the reasons for that is the lack of a functional quantitative assay that could precisely
measure the amount of integrated viral DNA that has completed the post-integrational gap repair stage. Here, we
present an approach that is based on a widely used Alu-specific PCR for the estimation of integrated viral DNA
but includes several steps that allow discrimination between integrated-repaired and integrated-unrepaired viral
DNA forms. We used the approach for the estimation of the kinetics of gap repair in a viral vector system and
showed that the gap repair process starts at 17 h post infection and lasts 10 more hours. We also showed that the
addition of Nu7441 – a small molecule inhibitor of DNA-breaks sensor kinase in the non-homologous end joining
DNA repair pathway – specifically inhibits the gap repair process while having no influence on the integration
itself.

1. Introduction

The early stages of HIV-1 (Order Ortervirales, Family Retroviridae,
Subfamily Orthoretroviridae, species Human immunodeficiency virus type
1) infection involve the entry of the viral core into the cell cytoplasm,
reverse transcription resulting in the formation of a linear double
stranded DNA copy of the viral genomic RNA, and integration of the
viral DNA into the host cell DNA (Cimarelli and Darlix, 2014; Freed and
Mouland, 2006; Lewinski and Bushman, 2005; Lesbats et al., 2016).
Formation of an integrated viral genome, which is referred to as the
provirus, is obligatory for efficient viral replication. The integration is
catalyzed by the viral enzyme integrase that inserts viral DNA into the
host genome in two distinct reactions named 3’-processing and strand
transfer (Engelman et al., 1991; Delelis et al., 2008). During 3’-pro-
cessing, integrase cleaves GT dinucleotides from both 3’-ends of viral
DNA liberating 3’-hydroxyl groups. Then, within the strand transfer,
integrase utilizes these 3′-hydroxyls as nucleophiles to cut the host
DNA, simultaneously inserting 3′-ends of the viral DNA into the op-
posing strands of host DNA. The sites of the nucleophilic attack are

located five nucleotides apart from each other (Lewinski and Bushman,
2005; Lesbats et al., 2016; Engelman et al., 1991; Delelis et al., 2008).
The resulting product is generally referred to as integration inter-
mediate and represents a viral DNA flanked by five nucleotide gaps and
containing two unpaired nucleotides at each 5’-overhanging end
(Fig. 1A). The repair of these genomic discontinuities is considered to
be carried out by the cellular DNA repair enzymes (Lesbats et al., 2016).
However, it should be noted that the precise repair mechanism as well
as enzymes that carry out this process are not exactly ascertained.

Post-integrational gap repair enzymes might be identified by using
biochemical and/or genomic approaches. A number of genome scale
siRNA screens has been performed, which allowed determining more
than 1000 different host factors associated with HIV replication, in-
cluding enzymes participating in different DNA repair systems (Brass
et al., 2008; König et al., 2008; Zhou et al., 2008). Unfortunately, there
is little overlap between the sets of host proteins identified in each
screen. Each of the screens has identified at least one DNA repair pro-
tein; however, summarizing the results of all the screens it is impossible
to conclusively point at a DNA repair pathway that is responsible for the
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integration intermediate repair. An siRNA screen specifically targeting
DNA repair genes identified several proteins throughout the short patch
base excision repair (BER) pathway that appear to be important for HIV
integration (Espeseth et al., 2011; Yoder et al., 2011). However, the
mechanism of the BER proteins’ participation in HIV integration re-
mains obscure. It might involve, for example, the influence of BER
events in the host genome on HIV integration site selection (Bennett
et al., 2014).

At the same time, many biochemical and virological studies de-
monstrate that DNA double strand break (DSB) repair enzymes are

necessary for efficient retroviral infection, especially for the post-in-
tegration repair and/or circularization of the viral DNA (Daniel et al.,
2001; Li et al., 2001; Sakurai et al., 2009; Smith et al., 2008; Yoder and
Bushman, 2000). The role of enzymes from nonhomologous end-joining
(NHEJ) pathway is particularly widely studied (Cooper et al., 2013;
Daniel et al., 1999; Li et al., 2001; Smith et al., 2008), but nevertheless
all of the efforts to date have not definitively clarified the mechanism of
repair of the gapped-integration intermediate. One of the reasons for
this may be the lack of methods for a direct measurement of HIV-1 post-
integrational gap repair efficiency in the cell.

Fig. 1. Quantitative measurement of the post-integrational gap repair efficiency. A – Unrepaired (I–U) and repaired (I–R) proviral DNA structure; B – general scheme
of the PCR-based assays used to measure the gap repair efficiency: α – the number of cycles in linear pre-amplification stage, LPA – linear pre-amplification, EPA –
exponential pre-amplification.
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Here we present a novel assay for a quantitative estimation of HIV-1
post-integrational gap repair, which is based on a previously published
variant of Alu-specific PCR (Vandergeeten et al., 2014). Alu-repeats are
repetitive DNA sequences widely dispersed throughout the human
genome. Alu-specific PCR is a rapid and ultrasensitive method for
quantitative measurement of the integrated HIV-1 DNA. It consists of
two steps: 1) an amplification of integrated DNA together with a frag-
ment of genomic DNA using one primer annealing to the HIV-1 LTR-
sequence and another one annealing to Alu-repeat; 2) a quantitative
measurement of integrated DNA using a different set of primers com-
plementary to the LTR region of viral DNA. By adding a modification to
this published assay, we succeeded in the determination of the kinetics
of DNA gap repair in a cellular model of HIV infection. In addition, we
analyzed the effect of inhibition of one of the components of NHEJ
system, the catalytic subunit of DNA-dependent protein kinase, DNA-
PKcs, on post-integrational DNA gap repair and demonstrated that
DNA-PKcs is indeed a positive factor of this process.

2. Materials and methods

2.1. Cell culture, viral assembly, infection and analysis

HEK293 T cells were cultured in DMEM medium supplemented with
10% FBS and penicillin/streptomycin solution (all obtained from
Invitrogen). J-Lat cells were cultured in RPMI medium supplemented
with 10% FBS and penicillin/streptomycin solution. Viral vectors were
assembled as described in (Mazurov et al., 2010). pCMVΔ8.2R viral
packaging plasmid and pCMV VSV-G plasmid were obtained from Ad-
dgene. pUCHR_inLuc HIV genomic plasmid was a kind gift of Dr. D.
Mazurov. Viral stocks were concentrated by centrifugation at 30,000g
and resuspended in 1xPBS. p24 was analyzed using the HIV-1 p24-an-
tigen IFA kit (Vector Best). Cells were infected by adding the virus to
the cell media at final concentration of 10 pg of p24 per 105 cells and at
indicated h.p.i. timepoints, cells were harvested and counted and lu-
ciferase activity in cell lysates was assayed using the Luciferase assay
system kit (Promega). For the DNA-PKcs inhibition assay, Nu7441
(Seleckchem) or DMSO were added to cell medium simultaneously with
viral transduction. Stock solution of Nu7441 was prepared in 100%
DMSO according to the manufacturer’s instructions.

2.2. Total DNA extraction

1*106 HEK293 T cells were resuspended in 200 μL of lysis buffer
(10mM Tris-HCl, pH 8.0, 50mM KCl, 2 mg/mL proteinase K; Thermo
Scientific) and digested for 12 h at 55 °C in a heating shaker. Proteinase
K was inactivated by heating at 95 °C for 10min and extracted three
times with phenol:chlorophorm:isoamyl alcohol in the ratio of 25:24:1.

2.3. Total and integrated viral DNA quantification

The amount of the total and integrated viral DNA was measured as
described in (Vandergeeten et al., 2014). Primer sequences and de-
scriptions are shown in Table 1.

To quantitatively estimate the gap repair efficiency, 200–400 ng of
total DNA obtained from infected cells was divided between two PCR
tubes. In all PCR reactions, primers specific for the human CD3 gene
(primers HCD3OUT5′ and HCD3OUT3′) were used to quantify the exact
number of cells present in the reaction tube (Table 1). The pre-
amplification of the total HIV DNA and the CD3 gene was carried out in
a 50-μL reaction mixture comprising 1× DreamTaq polymerase buffer
(Thermo), 3 mM MgCl2, 300 μM deoxynucleoside triphosphates
(Thermo), 300 nM each of the 4 primers (primers ULF1, UR1,
HCD3OUT5′, and HCD3OUT3′), and 2.5 U DreamTaq polymerase
(Thermo). The first-round PCR cycle conditions are as follows: a de-
naturation step of 8min at 95 °C and 12 cycles of amplification (95 °C
for 1min, 55 °C for 40 s, 72 °C for 1min), followed by a final elongation

step at 72 °C for 15min.
Integrated HIV DNA was amplified in the same mixture as that used

for the total HIV DNA quantification, with the exception that the re-
verse primer (UR1) was replaced by the Alu1 and Alu2 primers (300 nM
each) and the concentration of ULF1 was reduced (150 nM). Given the
high number of Alu elements in the human genome, abundant ampli-
fications of inter-Alu sequences occurred simultaneously with the am-
plification of Alu-LTR sequences. To remain within the exponential
phase, only 12 cycles of amplification were performed. The PCR cycle
conditions were as follows: a denaturation step of 8min at 95 °C and 12
cycles of amplification (95 °C for 1min, 55 °C for 1min, 72 °C for
10min), followed by an elongation step of 15min at 72 °C.

The second round of PCR was carried out in real time on a Biorad
CFX96 amplifier (Biorad). All reactions (for total HIV DNA, integrated
HIV DNA, and CD3) were performed in a final volume of 20 μL con-
taining 3 μL of a 1/10 dilution of the PCR products obtained during the
first round. Appropriate sets of primers (1.250 nM Lambda T and UR2
for total and integrated HIV DNA, Lambda T and ULTRR2 for 2-LTR
circles, and HCD3IN5′ and HCD3IN5′ for the CD3 gene) were added to
the Rotor-Gene probe master mixture. The UHIV TaqMan probe
(200 nM) was added to the total and integrated HIV DNA reaction
mixtures, whereas the same concentration of the U2LTR TaqMan probe
was used for the 2-LTR reaction. For CD3 quantification, 200 nM of the
CD3 TaqMan probe was used. The same amplification steps are used for
all reactions: a denaturation step (95 °C for 4min), followed by 40 cy-
cles of amplification (95 °C for 3 s, 60 °C for 10 s).

The TaqMan PCR was carried out on a Biorad CFX96 amplifier
(Biorad) with the Taq DNA-polymerase (Thermo) following the manu-
facturer’s instructions. All reactions were performed in a final volume of
20 μL containing 5 μL of a 1/5 dilution of the PCR products obtained
during the first round. The set of primers (250 nM Lambda T and UR2
for the total and integrated HIV DNA, and HCD3IN5′ and HCD3IN5′ for
the CD3 gene) was added to the master mix. The UHIV TaqMan probe
(200 nM) was added to total and integrated reaction mixtures. For CD3
quantification, 200 nM of the CD3 TaqMan probe is used. The same
amplification steps were used for all reactions: a denaturation step
(95 °C for 4min), followed by 40 cycles of amplification (95 °C for 10 s,
60 °C for 20 s).

2.4. Gap repair efficiency estimation

1 To quantitatively estimate the gap repair efficiency, 200–400 ng of
total DNA obtained from infected cells was divided between two
PCR tubes.

2 Tube 1 (signed as “rep” in which the linear preamplified integrated
DNA was measured) included 150 nM ULF1 primer, 1X DreamTaq
buffer, 1.25 U of DreamTaq polymerase, dNTP mix (0.4 mM of each)
and 1mM MgCl2. Total volume=20 μL.

3 The linear pre-amplification (LPA) cycling conditions:
Step 1: 95 °C 8min
Step 2: 95 °C 1min
Step 3: 55 °C 1min
Step 4: 72 °C 10min
Number of cycles (steps 2–4): 24
Step 5: 72 °C 15min

4 After finishing the LPA stage 5 μL of 1X DreamTaq buffer with
300 nM of each Alu1, Alu2, HCD3OUT3’, and HCD3OUT5’ primers,
dNTP mix (0.4 mM of each) and 1mM MgCl2 were added to tube 1.

5 The exponential pre-amplification (EPA) cycling conditions:
Step 1: 95 °C 3 min
Step 2: 95 °C 1min
Step 3: 55 °C 1min
Step 4: 72 °C 10min
Number of cycles (steps 2–4) 12
Step 5: 72 °C 15min
Note: To remain within the exponential amplification phase, the
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number of cycles on the EPA stage should not exceed 12.
6 Into tube 2 (signed as “int” in which the integrated viral DNA was
measured) 150 nM ULF1 should be added together with 300 nM of
each Alu1, Alu2, HCD3OUT3’, and HCD3OUT5’ primers, 1X
DreamTaq buffer, 1.25 U of DreamTaq polymerase, dNTP mix
(0.4 mM of each) and 1mM MgCl2. Total volume=25 μL. The EPA
procedure was performed as described in 5.

7 The TaqMan PCR was carried out on a Biorad CFX96 instrument
(Biorad) with the Taq DNA-polymerase (Thermo) following the
manufacturer's instructions. All reactions (for “repaired” HIV DNA,
integrated HIV DNA, and CD3) were performed in a final volume of
20 μL containing 5 μL of a 1/5 dilution of the PCR products obtained
in EPA stage. The appropriate sets of primers (250 nM Lambda T and
UR2 for “repaired” and integrated HIV DNA, and HCD3IN5′ and
HCD3IN5′ for the CD3 gene) were added to the master mix. The
UHIV TaqMan probe (200 nM) was added to tube 1 (“rep”) and tube
2 (“int”) reaction mixtures. For CD3 quantification, 200 nM of the
CD3 TaqMan probe was used. The same amplification steps were
used for all reactions: a denaturation step (95 °C for 4min), followed
by 40 cycles of amplification (95 °C for 10 s, 60 °C for 20 s).

8 For each sample four Ct values were obtained: Ct, rep (integrated
viral DNA with linear pre-amplification) Ct, CD3 for rep, Ct, int (in-
tegrated viral DNA without linear pre-amplification), and Ct, CD3 for

int. Then, Ct, rep and Ct, int were normalized to the amount of CD3
gene in the same sample.

C’t, rep= Ct, rep− Ct, CD3 for rep and C’t, int = Ct, int− Ct, CD3 for int.

ΔCt=C’t, int− C’t, rep

• Using the formula (6), the repair efficiency was calculated from ΔCt

value.
Of note, these primers are suitable for amplification of HIV se-
quences from the 6 major circulating subtypes (A, B, C, D, CRF01_A/
E [A/E], and CRF01_A/G [A/G], which account for 85% of global
HIV-1 variants) (Vandergeeten et al., 2014).

2.5. Data analysis

The reported values are the average of three independent mea-
surements expressed as mean ± standard deviation.

3. Results

3.1. General method description

The integration of the retroviral DNA in the cellular genome is
catalyzed by the viral enzyme integrase (Lewinski and Bushman, 2005;
Lesbats et al., 2016; Engelman et al., 1991; Delelis et al., 2008). Its
activity results in the formation of an integration intermediate (Fig. 1A,
left panel) that has to be repaired by cellular DNA repair machinery for

the viral genes to be expressed (Skalka and Katz, 2005). A widely used
approach to quantitatively measure the amount of integrated DNA in-
volves preamplification of the viral DNA using primer pairs where one
anneals to a certain repeated genomic locus (usually Alu repeat
(Vandergeeten et al., 2014)) and the other anneals to a region within
proviral DNA. Thus, only the integrated viral DNA is exponentially
amplified and measured as opposed to reverse transcribed cDNA and
circular episomal 2-LTR and 1-LTR forms, due to the absence of Alu
repeats. Despite its high efficiency in quantitative determination of the
amount of integrated DNA, this approach cannot precisely distinguish
between integrated-repaired (I–R) and integrated-unrepaired (I–U)
forms of proviral DNA. The persistence of the gapped integration in-
termediates can maximally yield in theory a twofold (1-cycle) decrease
in the amplification assay (Jeanson et al., 2002). To adapt Alu-specific
PCR for the measurement of an I–U form we added a linear pre-am-
plification stage to the protocol. The DNA sample containing integrated
viral DNA is firstly subjected to a linear PCR with an ULF1 primer
(Table 1), that anneals to the U3-R junction of viral LTR (linear pre-
amplification, LPA). The use of an ULF1 primer in case of I–R form
allows the synthesis of a long product, which potentially contains an
Alu-sequence; whereas in the case of I–U form polymerase reaction
stops at the gap, and only the short product which does not contain an
Alu-sequence is synthesized (Fig. 1B).

The second stage is a one tube exponential pre-amplification (EPA)
of 1) the integrated form of viral DNA using Alu1, Alu2, and ULF1
primers and 2) CD3 gene as a reference gene using HCD3OUT3’ and
HCD3OUT5’ primers (Table 1). Importantly, on this stage, amplification
of the integrated form of viral DNA occurs only from initial DNA (both
I–R and I–U) and from the long product that is produced on the LPA
stage. The short product cannot be amplified on the second stage due to
the lack of Alu-sequence (Fig. 1B). On the third step, a final quantitative
measurement of I–R viral DNA and CD3 gene is performed using spe-
cific TaqMan probes (Vandergeeten et al., 2014). For a correct esti-
mation of the fraction of I–R form in the total integrated viral DNA, the
same amount of initial DNA passes through the second (EPA) and the
third stage to quantitatively measure total integrated DNA (I–R+ I–U)
in the same sample.

For both procedures (LPA+EPA+TaqMan PCR and
EPA+TaqMan PCR) the Ct values are obtained for each sample. The
difference between normalized Ct obtained by the two procedures
shows the level of gap-repair.

3.2. Theoretical calculations

Assuming that a given sample contains x integrated HIV genomes
and n is the proportion of I–R molecules, therefore the sample contains
nx I–R HIV genomes and (1-n)x I–U HIV genomes. On the first step, one
performs LPA with the ULF1 primer only. Performing α cycles of LPA
leads to the formation of αnx single-stranded long products, which can
then be amplified on the EPA stage. In the beginning of EPA the tube

Table 1
Oligonucleotides used for quantitative estimation of total and integrated HIV-1 DNA and post-integrational gap repair efficiency.

Name Sequence (5’-3’) Target (Position in HXB2)

ULF1 ATGCCACGTAAGCGAAACTCTGGGTCTCTCTGGTTAGAC U3-R junction of viral LTR (452–471)
Alu1 TCCCAGCTACTGGGGAGGCTGAGG Human Alu-sequence (NA)
Alu2 GCCTCCCAAAGTGCTGGGATTACAG Human Alu-sequence (NA)
UR1 CCATCTCTCTCCTTCTAGC Viral LTR (U5) - Gag (775–793)
LambdaT ATGCCACGTAAGCGAAACT 18bp 5’-sequence of ULF1 primer – LTR (NA)
UR2 CTGAGGGATCTCTAGTTACC U5 region of viral LTR (583–602)
HCD3OUT3’ ACTGACATGGAACAGGGGAAG Human CD3 gene (NA)
HCD3OUT5’ CCAGCTCTGAAGTAGGGAACATAT Human CD3 gene (NA)
HCD3IN5’ GGCTATCATTCTTCTTCAAGGT Human CD3 gene (NA)
HCD3IN3’ CCTCTCTTCAGCCATTTAAGTA Human CD3 gene (NA)
UHIV_TaqMan FAM-GCACTCAAGGCAAGCTTTATTGAGG-BHQ-1 R region of viral LTR (522–546)
CD3_TaqMan FAM-AGCAGAGAACAGTTAAGAGCCTCCAT-BHQ-1 Human CD3 gene (NA)
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contains nx molecules of initial I–R DNA, αnx single-stranded long
products, and (1-n)x molecules of I–U DNA. After the addition of Alu-
specific primers to the reaction mixture, nx I–R DNA molecules are
exponentially amplified in all the cycles starting in the first one, while
the (1-n)x I–U DNA and αnx long LPA products are also exponentially
amplified, but the first cycle is used for dsDNA generation based on
ssDNA template (long LPA products) or dsDNA template containing a
gap in one strand (I–U DNA) (Fig. 1B). Therefore, the amount of DNA
that can be detected during TaqMan PCR followed LPA and EPA equals
to:

= ∙ ∙ + ∙ − ∙ + ∙ ∙ ∙DNA n x n x α n x2 2
2

(1 ) 2
2

,rep
φ

φ φ

(1)

where α is the number of cycles on the LPA stage, φ – number of cycles
in EPA stage, n – portion of I–R DNA.

The tube in which total integrated DNA is measured
(EPA+TaqMan PCR) contains

= ∙ ∙ + ∙ − ∙DNA n x n x2 2
2

(1 )int
φ

φ

(2)

Using the assumption, that = −C C log DNAt 1 2 , where C1 is a
threshold cycle for a sample containing 1 molecule, ΔCt equals to:

= − = − − +ΔC C C C log DNA C log DNAt t int t rep int rep, , 1 2 1 2 (3)

=ΔC log
DNA
DNAt

rep

int
2 (4)

After all algebraic transformations (see Supplementary file),

= ⎛
⎝

∙
+

+ ⎞
⎠

ΔC log α n
n 1

1t 2 (5)

This calculation demonstrates that ΔCt only depends on the proportion
of the repaired provirus (n) and the number of cycles on the LPA stage
(α), and does not depend on the initial amount of the integrated DNA or
the number of cycles on the EPA stage. The Fig. 2A demonstrates the
dependence of ΔCt on the number of cycles on the LPA stage. The
maximal ΔCt will equal 3.7 when n=1 and α=24 (Fig. 2B). The
optimal cycle number during LPA was shown to be within the 14–24
range, with a maximum ΔCt for a 14-cycle amplification equal to 3.0
and a maximum ΔCt for a 24-cycle amplification equal to 3.7. Lowering
the cycle number will significantly decrease the sensitivity of the
method whereas an increase in the cycle number will prolong the
sample preparation time and might cause stronger background signal.

An inverse function to calculate viral DNA repair efficiency based on
experimental ΔCt values (detailed calculations are described in
Supplementary file) is as follows:

=
−

−
−

n 1

1
1

α
2 1ΔCt

(6)

This equation explains how to transform experimental data (difference
between Ct value for integrated DNA obtained during EPA+TaqMan
procedure and Ct value for repaired DNA obtained during

LPA+EPA+TaqMan procedure) into gap-repair efficiency.

3.3. Method validation

To validate the method for gap repair efficiency estimation, we used
a sample with known proviral DNA repair efficiency. The J-Lat cell line
is derived from Jurkat cells and contains a stably integrated latent HIV-
1 derived proviral genome (Fernandez and Zeichner, 2010). The latent
infection status implies that all the proviruses are repaired in these cells
(n in Eq. (6) equals 1). Here and below, we used 24 cycles of LPA. We
determined the ΔCt for J-Lat cell line as 3.66 ± 0.1, which corresponds
to a 95 ± 14% repair efficiency (mean ± SD, 6 repeats). The calcu-
lated value of the repair efficiency is consistent with the theoretical
value of the repair level of proviral DNA in this cell type (100%).

3.4. Determination of kinetics of post-integrational gap repair

The above validated method was further applied to determine the
kinetics of gap repair in a cellular model of HIV infection. We used a
single round VSV-G pseudotyped firefly luciferase expressing vector
based on HIV-1 (Mazurov et al., 2010) and HEK 293 T cells. First, using
the previously described method (Vandergeeten et al., 2014), we
identified the absence of detectable changes in the amount of total DNA
12 h.p.i. and integrated DNA 17 h.p.i. (Fig. 3A–B), therefore, the reverse
transcription and integration of the viral DNA in our conditions are
completed at these time points. Using the gap repair estimation method
presented here, we measured the kinetics of post-integrational gap re-
pair (Fig. 3C). This process does not start until the 17 h.p.i. time point
and needs about 10 h to achieve 100% repair efficiency in HEK 293T
cells (Fig. 3E). This finding is corroborated by the fact that the luci-
ferase activity in cell lysates, that indicates the production of viral
proteins, cannot be detected either until the initiation of gap repair
(Fig. 3D).

3.5. DNA-PKcs kinase activity is essential for HIV-induced gap repair

We then investigated the effect of a known repair factor on the
amount of I–R viral DNA form. The detailed mechanism of the post-
integrational gap repair has not yet been described, but the positive
effect of DNA-dependent protein kinase (DNA-PK) on lentiviral in-
fectivity and post-infection cell survival has been mentioned
(Baekelandt et al., 2000; Skalka and Katz, 2005). DNA-PK acts as a DSB
sensor and an effector kinase within the NHEJ pathway (Ariumi et al.,
2005; Knyazhanskaya et al., 2016; Ma et al., 2005). DNA-PK consists of
3 different subunits: Ku70, Ku80, and the catalytic subunit – DNA-PKcs.
In the present study we investigated the effect of DNA-PKcs inhibition
by a specific inhibitor Nu7441 (Leahy et al., 2004) on post-integrational
gap repair efficiency. For this purpose, HEK 293T cells treated with
Nu7441 and control DMSO-treated cells were transduced by the VSV-G
pseudotyped single round HIV-based vector carrying a firefly luciferase
transgene (Mazurov et al., 2010). The post-integrational gap repair
efficiency was measured 27 h post infection, which is the time point

Fig. 2. Theoretical calculations for evaluation
of the post-integrational gap repair efficiency.
A – Dependence of ΔCt on α (the number of
cycles in LPA stage) for samples with different
proportion of I–R DNA (n – gap repair effi-
ciency); B – dependence of the post-integra-
tional gap repair efficiency on ΔCt in case of 24
cycles in LPA stage.
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where the post-integrational gap repair is completed by approximately
95% in our hands (Fig. 3C). We found that the addition of Nu7441
decreases post-integrational gap repair efficiency 4.3-times, from 95+/

−7% to 23+/−4% (Fig. 4C). The similar effect was observed when we
analyzed the Nu7441 influence on the level of luciferase activity
(Fig. 4D, 100+/−15% in control vs 43+/−11% in Nu7441 treated
cells). At the same time, the levels of total and integrated DNA in both
control and Nu7441-treated cells were similar (Fig. 4A and B). Thus,
DNA-PKcs is indeed involved in the post-integrational gap repair and
does not affect either reverse transcription or integration.

4. Discussion

Despite decades of extensive research into HIV-1 and retroviral re-
plication in general, the post-integration gap repair remains poorly
studied. It has been generally considered that the cellular DNA repair
machinery performs the filling of the gaps, the processing of the un-
paired dinucleotides at 5’-ends of the integrated viral DNA and ligation
of the single strand breaks within integration intermediate (Lesbats
et al., 2016). The repair stage is crucial for the viral life cycle since
integrated-unrepaired (I–U) proviral DNA will not lead to an effective
production of viral proteins. Moreover, a failure of genomic gap repair
might even result in apoptosis of the infected cell. A correct assessment
of the amount of an I–U DNA directly after integration will help to study
the cellular repair machinery involved in the lentiviral DNA integration
and in the development of a novel type of HIV-1 inhibitors blocking
post-integration gap repair stage.

A variety of knockdown and knockout studies showed the con-
tribution of nearly all DNA repair pathways for HIV life cycle
(Baekelandt et al., 2000; Daniel et al., 2001; Espeseth et al., 2011), but
all of these works based their conclusions only on circumstantial evi-
dence: production of viral (e.g. p24) or vector reporter genes (luci-
ferase, GFP, etc.) (Brass et al., 2008; Espeseth et al., 2011; Zhou et al.,
2008), relative level of integrated DNA and circular 1-LTR and 2-LTR
viral DNA forms, that result from an unsuccessful completion of in-
tegration (Li et al., 2001), mutations around integration sites (Sakurai
et al., 2009; Taganov et al., 2001), post-transduction cell survival and
proliferation (Daniel et al., 2004). These approaches do not enable di-
rect and precise measurement of the amount of integrated-repaired
(I–R) proviral DNA. The previously published qPCR-based assays for a
precise measurement of various viral DNA forms could not discriminate
between I–R and I–U forms. As a result, integrated-unrepaired DNA that
would not provide an effective production of viral proteins is included
in the data.

Using a previously published qPCR technique for the measurement
of reverse-transcribed, circular and integrated DNA forms
(Vandergeeten et al., 2014), we have developed a modified protocol
that incorporates a single preamplification step for an assessment of
fully repaired provirus, termed here as I–R form. Separately, the total
integrated DNA is measured following an original protocol
(Vandergeeten et al., 2014). Thus, a fraction of I–R proviral DNA among
the whole bulk of integrated viral DNA can be assessed.

We used this modified protocol to study the kinetics of post-in-
tegrational gap repair on a VSV-G pseudotyped HIV-1 derived vector
(Mazurov et al., 2010). The use of replication-incompetent vector al-
lowed us to precisely measure the kinetics of gap repair as there is no
reinfection by newly formed viral particles. While an integrated pro-
viral DNA can be detected as early as 8–9 h.p.i., the amount of I–R DNA
only started to increase after 17 h.p.i. This is a direct indication that at

Fig. 3. Analysis of different forms of viral DNA in HEK 293T cells infected by
VSV-G pseudotyped single round HIV-based vector. A–B – Kinetics of accu-
mulation of total (A) and integrated (B) viral DNA in cells determined by qPCR-
method (Vandergeeten et al., 2014), C – kinetics of post-integrational gap repair
determined by the modified variant of Alu-specific PCR, D – kinetics of luci-
ferase production in infected cells, E –HIV-1 life cycle events on the time scale
(h.p.i. - hours post infection). RT- reverse transcription, INT – integration, REP –
post-integrational gap repair, EXP – transgene expression.
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least in our model proviral system the gap repair process lasts for about
8–9 h post integration (Fig. 3E).

We also performed experiments to validate our assay on a system
where the function of a known DNA breaks repair factor could be in-
hibited. We chose to use the DNA-dependent protein kinase for this
purpose as its positive role in the post-integration gap repair has been
widely reported (Daniel et al., 2001, 1999; Skalka and Katz, 2005;
Taganov et al., 2001). We used the Nu7441 compound to selectively
inhibit the activity of the catalytic subunit of DNA-PK. The cell treat-
ment by Nu7441 leads to a significant drop in the expression of vector
reporter protein (Fig. 4D). Using the gap repair estimation method
presented here, we have directly shown for the first time that the in-
hibition of the DNA-PKcs and a concomitant block in the NHEJ DNA
repair pathway leads to a ∼4.3 fold drop in the post-integrational gap
repair efficiency (Fig. 4C). Importantly, the decrease in the luciferase
level correlates with the decrease in the post-integrational repair level,
and this fact indicates once again that I–U proviral DNA cannot serve as
a template for the synthesis of viral proteins. Of note, no decrease in the
amount of total or integrated DNA can be observed under conditions
used in our work (Fig. 4A–B). Altogether these data provide direct
evidence for a significant role of DNA-PK and the NHEJ repair pathway
in the post-integration repair of the HIV-1 integration intermediate.
Thus, the assay presented here provides a useful tool for studying the
role of different factors in the post-integration gap repair of HIV-1 as
well as of other members of the Retroviridae family. It can be further
used to study the role of other DNA repair pathways within the post-
integrational gap repair in experimental systems that are close to in vivo
conditions. Furthermore, the method can be adapted to study the post-
integrational repair with other retroviruses, endogenous retroviruses
and other viruses from different genera that may have similar in-
tegration process.
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