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ARTICLE INFO ABSTRACT

Keywords: Paired-end deep sequencing is a powerful tool to investigate integration sites of the HIV-1 genome in infected
HIV-1 cells. Integration sites of HIV-1 proviral DNA carrying intact LTR ends have been well documented. In contrast,
Integration site integration sites of proviral DNA with aberrant ends, which emerge infrequently but can also induce replication-
Clonal expansion competent viruses, have not been extensively examined, in part, because of the lack of a suitable bioinformatics
gﬁ;ﬂ ;i?:::ging method for deep sequencing. Here, we report a novel bioinformatics protocol, named the VINSSRM, to search for
integration sites of proviral DNA carrying intact and aberrant LTR ends using paired-end deep sequencing data.
The protocol incorporates split-read mapping to assign viral and human genome parts within read sequences and
overlapping paired-end read merging to construct long error-corrected sequences. The VINSSRM not only
consistently detects integration sites similar to the conventional method but also provides information on ad-
ditional integration sites, including those of proviral DNA with aberrant ends, which were mainly found in non-
exonic regions of the human genome. Therefore, the VINSSRM may help us to understand HIV-1 integration,

persistence of infected cells, and viral latency.

1. Introduction

Similar to other retroviruses, human immunodeficiency virus type 1
(HIV-1) integrates its proviral DNA (vDNA) into the host genome. The
integration is critical for HIV-1 replication. HIV-1 integrase, which is
encoded within the HIV-1 genome, interacts with the long terminal
repeat (LTR) U5 and U3 ends of reverse-transcribed vDNA and then
catalyzes joining of these ends with human chromosomes (Esposito and
Craigie, 1998; Gao et al., 2001; Yoshinaga and Fujiwara, 1995;
Yoshinaga et al., 1994). The authentic vDNA ends flanking the human
genome sequences consist of dinucleotide sequence motifs of cytosine-
adenine (CAog). In contrast, integrase-independent integration has also
been reported (Ebina et al., 2012; Gaur and Leavitt, 1998). Although
infrequent, this type of integration is enhanced by DNA damage and
tends to result in extensions or deletions at the vDNA terminal se-
quences (Supplementary Fig. S1).

Integration sites of VDNA are not random but are integrated
throughout the host genomes (Mitchell et al., 2004). HIV-1 pre-
ferentially integrates vDNA into intronic regions of actively transcribed

genes, as well as regions within or nearby Alu elements throughout the
human genome (Achuthan et al., 2018; Lusic and Siliciano, 2017;
Pinzone and O'Doherty, 2018; Schroder et al., 2002; Sowd et al., 2016).
Therefore, integration sites of vDNA are signatures of retroviral infec-
tions and have been applied as a marker to evaluate the persistence and
clonal expansion of infected cells (Maldarelli et al., 2014; Wagner et al.,
2014).

To date, to identify HIV-1 integration sites, linker-mediated PCR of
DNA fragments around junctions between the human genome and
vDNA, followed by paired-end deep sequencing of their amplified DNA
have generally been performed (Cohn et al., 2015; Maldarelli et al.,
2014; Satou et al., 2017). From each fragment, two paired read se-
quences are outputted. One read (readl) and its counterpart (read2)
contain the LTR sequence (U5 or U3) and a linker sequence at the 5™-
ends, respectively. Subsequent bioinformatics analysis of these read
sequences provides information about the integration sites and clon-
ality of infected cells (Supplementary Fig. S1C). However, the pre-
viously reported conventional bioinformatics method (CBM) focuses
only on intact VDNA ends (Maldarelli et al., 2014). Therefore,
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integration sites of vDNA with aberrant ends are excluded from the
deep sequencing analyses, even though integrated vDNA carrying
aberrant ends can induce replication-competent viruses (Ebina et al.,
2012). In this study, to investigate the integration sites of vDNA with
both intact and aberrant ends, we developed a novel bioinformatics
protocol.

2. Materials and methods
2.1. Invitro culture of HIV-1-infected CD4™ T cells

CD4™ T cells were negatively selected from blood of a healthy donor
with the CD4 ™ Isolation Kit (Miltenyi Biotec K.K., Tokyo, Japan). The
cells were resuspended at 0.4 X 10° cells/mL in RPMI-1640 media (100
U/mL penicillin, 100 ug/mL streptomycin, 10% fetal bovine serum
(FBS), 100 mM sodium pyruvate, 10 mM 2-mercaptoethanol). Cells in
2mL of media were activated with 60 U/mL interleukin-2 (IL-2) and
12.5 pL of Dynabeads T-Activator CD3/CD28 (Thermo Fisher Scientific,
Waltham, MA, USA) for 72 h in a CO, incubator (37 °C, CO5 5%). The
activated cells were resuspended with fresh media at 0.4 x 10° cells/
mL. After addition of HIV-1rcsr stocks (100 ng p24) (GenBank acces-
sion No. U45960) (Koyanagi et al., 1987) into 2 mL of media, cells were
incubated for 72 h in a CO, incubator (37 °C, CO5 5%). The viruses were
obtained from transfection of 24pg of its infectious clone into
HEK293 T cells (15mL, 5 x 10° cells/mL) with FuGENE HD Transfec-
tion Reagent (Promega, Madison, WI, USA) followed by incubation for
48 h in a CO, incubator.

2.2. Deep sequencing

DNA was isolated from the cultured CD4™* T cells with the QIAamp
DNA Blood Mini Kit (QIAGEN K.K., Tokyo, Japan). The library was
prepared from 30 pg of the extracted DNA according to the protocol in
a previous report with slight modifications (Maldarelli et al., 2014).
Briefly, the extracted DNA was sheared into fragments of 300-500 bp
using an M220 focused-ultrasonicator (Covaris, Woburn, MA, USA).
The sheared DNA fragments were subjected to end-repair with the End-
it DNA End Repair-Kit (Epicentre, Madison, WI, USA) and addition of a
single dA to the 3”-end with the dA-Tailing Kit (New England BioLabs,
Ipswich, MA, USA). A partially double-stranded linker with a one-nu-
cleotide 3°-T overhang was ligated to the DNA fragments. The flanking
regions of the junctions between the human genome and each viral
genome end (5~ or 3”-end) were selectively amplified with linker-
mediated PCR using one outer-primer specific for the HIV-1 LTR se-
quence and another outer-primer specific for a single-stranded portion
of the linker. Then, nested PCR was performed with an inner-primer
pair specific for the other LTR and linker sequences. To attach the index
and adaptor sequences onto the amplified fragments, index PCR was
performed with the Nextera XT Index Kit (Illumina K.K., Tokyo, Japan).
Of note, two different specific adaptors were attached to the LTR and
liker sides of the amplified fragments for readl and read2, respectively.

Paired-end 150 X 2-bp or 250 X 2-bp runs were performed for the
pooled indexed fragments for HIV-1 5°- and 3™-ends with Illumina
MiSeq (Illumina K.K.). The primer and linker sequences used in this
study are listed in Supplementary Table S1.

2.3. The VINSSRM, viral integration site search protocol based on split-read
mapping and merging algorithms

The workflow to identify integration sites is summarized in Fig. 1.
Paired-end reads, of which readl and read2 contain the LTR and linker
sequences at their 5”-ends, were used for integration site analyses. First,
each set of overlapping paired-end read sequences was merged using a
merging program, PEAR (Paired-End reAd mergeR) v.0.9.6 (Zhang
et al., 2014), with an option of “-m 300”. The merging process poten-
tially yields longer and higher-quality reads (read3) than the original
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reads. Then, to ensure the sequence quality, the presence of the iden-
tical LTR primer sequences at the 5”-ends was checked for read1 and
read3. Similarly, we confirmed the presence of the identical linker se-
quences at the 5”-ends within read2 and at the 3"-ends of read3. Read
sequences with an average quality score of < 20 were omitted, which is
the same as in the CBM (Maldarelli et al., 2014). The linker sequences at
the 5~ and 3"-ends were trimmed within read2 and read3, respectively.
The read2 and read3 without the linker sequences are defined as read2t
and read3t. Next, to identify the human genome and viral genome parts
within each read sequence, split-read mapping (Pirooznia et al., 2015;
Tattini et al., 2015; Zhao et al., 2013) of paired-end reads (readl and
read2t) and single-end reads (read3t) onto the human genome (UCSC
hg19) and multiple viral reference genome sequences was performed by
the BWA-MEM algorithm in the BWA (Burrows-Wheeler Aligner) pro-
gram v.0.7.15-r1140 (Li, 2013). The “-C” and “-Y” options were used to
append comments in FASTQ files to SAM outputs and to force soft-
clipping for mappings. We used HIV-1 subtype reference genome se-
quences deposited in the Los Alamos HIV sequence database (down-
loaded from https://www.hiv.lanl.gov/content/sequence/NEWALIGN/
align.html) as reference sequences for mapping. For mapping read se-
quences for analyses of HIV-1rcs—infected cells, we also used the se-
quence of HIV-1rcsr (U45960) as a reference sequence. Similar to the
CBM (Maldarelli et al., 2014), mapped read sequences that met the
following criteria were selected: 1) The whole read sequence (readl,
read2t, or read3t) was mapped onto either viral reference sequences or
human genome sequences, except for junctions between the LTR parts
and human genome parts and for the 3”-end portions of read2t. How-
ever, the LTR part and the human genome part within each readl and
read3t were not separated (< 3 bp). 2) Human genome parts in each
read sequence (readl, read2t, and read3t) were mapped onto a single
region of the human genome. 3) In the case of paired-end reads, readl
and read2t were mapped within 1 kbp of the human genome sequences.
Integration sites were defined as the human genome positions corre-
sponding to 5”-end nucleotides of the human genome parts in readl or
read3t (red arrow in Fig. 1). In this study, we further classified the
integration sites into two classes: integration sites of vDNA with intact
or with aberrant viral ends (Supplementary Fig. SIAB). Integration sites
estimated from read sequences of which the LTR parts were of similar
length (= 3 bp) to the expected LTR sequence were regarded as the
sites of vDNA with intact viral ends, while other integration sites were
considered as the sites of vVDNA with aberrant viral ends. The genetic
characteristics of the identified integration sites were examined with
genomic information in the UCSC Genome Browser (https://genome.
ucsc.edu/).

In addition, to evaluate the clonal expansion of infected cells, we
defined breakpoints as being the human genome positions corre-
sponding to 5”-end nucleotides of the human genome parts in read2t or
the 3”-end nucleotides of those in read3t (black arrow in Fig. 1). When
the same set of read sequences containing the same integration sites but
distinct breakpoints were found, we deemed this to be clonal expansion
of the infected cells with the integration. Of note, only breakpoints that
were > 3 bp apart were counted as independent events to avoid any
potential errors that might have arisen when determining the break-
points (Maldarelli et al., 2014).

The processes, except for merging of overlapping paired-end read
sequences and read mapping, were achieved with in-house PERL scripts
(available at https://github.com/odehir/VINSSRM).

2.4. The conventional bioinformatics method (CBM) for integration site
analyses

Integration sites were searched as in the previous report
(Supplementary Fig. S1C) (Maldarelli et al., 2014). In brief, read se-
quences were filtered based on sequence identity with the expected
intact LTR end and linker sequences. Then, sequences of linkers and
LTR ends were trimmed and mapped to human genome hgl19 with the
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Fig. 1. The workflow of the integration site search in the VINSSRM. The paired-end read sequences to examine integration sites contain viral LTR portions (orange),
human genome portions (navy), and linker portions (gray). The primer sequences for the LTR and linker are found in each 5™-end of the original paired-end read
sequences (readl and read2; light green and purple, respectively). Each set of overlapping paired-end read sequences was merged into one read (read3). Then, the
merged read sequences and paired-end read sequences were subjected to trimming of linker sequences and subsequent split-read mapping onto the human genome
(hg19; light blue) and HIV-1 reference sequences (HIV-1ref; beige). The mapped and unaligned regions are indicated in solid and dotted lines, respectively. The
integration sites (red arrow) and breakpoints (black arrow) were assigned by nucleobase positions onto the human genome. The breakpoints were used to evaluate
whether the integration sites are identified from clonally expanded cells (right-top panel). The LTR ends (cyan arrow) were assigned by nucleobase positions onto
HIV-1 reference genomes. The nucleobase positions of the LTR ends are used to evaluate whether the viral end is intact or aberrant (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

BLAT program (BLAST-like alignment tool) (Kent, 2002). Read se-
quences that met the following criteria were further selected: 1) human
genomic portions within read sequences had a > 95% match to hgl9
sequences; 2) the human genome part of readl was > 20 bp long, and
an average quality score of bases within them exceeded 20; 3) the
human genome portion started within 3 bp of the LTR junction in
readl; 4) readl and read2 were mapped within 1 kbp of the hgl9 se-
quences.

2.5. Sequencing data for integration site analyses

To test the VINSSRM, we used publically available sequencing data
for HIV-1 integration sites of eight samples (Supplementary Table S2).
The reads were previously analyzed by the CBM for integration site
detection (Maldarelli et al., 2014). Of note, sequence data for seven
samples (P1-P7) were derived from Illumina MiSeq runs, while data for
another sample (P8) were obtained from the MiSeq and HiSeq runs. In
addition, we analyzed the sequence data for HIV-1jrcsp—infected cells in
this study, which are available as DNA Data Bank of Japan (DDBJ)
accession IDs: DRR159945 and DRR159946.

3. Results
3.1. Design of a novel integration site search protocol

To date, deep sequencing data from linker-mediated PCR amplicons
have been analyzed to search for integration sites using the CBM
(Supplementary Fig. S1C) (Cohn et al., 2015; Maldarelli et al., 2014;
Satou et al., 2017). However, this method is not applicable for the
detection of integration sites of vDNA with aberrant LTR ends. In ad-
dition, high error rates of deep sequencing compared to Sanger se-
quencing may prevent integration site detection. Indeed, sequence
analyses of publically available Illumina 150 x 2 paired-end reads to
identify HIV-1 integration sites of seven HIV-1-infected patients’ sam-
ples (P1-P7) (Supplementary Table S2) (Maldarelli et al., 2014) in-
dicated that the putative LTR parts of read sequences may contain
mutations (Supplementary Fig. S2).
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To overcome these issues, we designed a novel integration site
search protocol, the VINSSRM (Fig. 1 and the Materials and methods).
To recognize the human genome and viral LTR end parts within read
sequences, we adopted split-read mapping (Pirooznia et al., 2015;
Tattini et al., 2015; Zhao et al., 2013) in the VINSSRM, instead of
trimming the intact LTR-end sequences from read sequences as in the
CBM (Supplementary Fig. S1C) (Maldarelli et al., 2014). The mapping
method, which was originally developed for the detection of structural
variations within the human genome, enables us to align the human
genome part and the LTR part in a read sequence separately onto a
human genome sequence and a viral reference sequence, respectively.
In addition, to reduce mapping failures due to sequencing errors and
mutations, we used multiple HIV-1 reference genome sequences from
various subtypes as a part of the reference sequences for the mapping.
As we have previously reported, a higher sequence identity between
read sequences and a reference genome results in greater mapping
coverage (Ode et al., 2015). The multiple HIV-1 reference sequences
may be helpful when we analyze clinical samples since HIV-1 LTR se-
quences exhibit inter-host sequence diversity (Supplementary Fig. S3).
Furthermore, in contrast to the CBM, the VINSSRM incorporates an
analysis of the merged read sequences (read3) that were generated from
the overlapping paired-end read sequences. The merged read sequences
potentially have higher quality than the original paired-end read se-
quences due to error correction during the merging process. Therefore,
after we trimmed the linker sequences from read3 (read3t), we also use
read3t to detect the integration sites. Here, we selected the PEAR pro-
gram (Zhang et al., 2014) as the merging program for the VINSSRM
based on performance tests among four programs (Supplementary Fig.
S4).

3.2. Comparison of performance between the VINSSRM and the CBM

Next, we tested the performance of the VINSSRM for the detection
of integration sites flanking intact viral ends and breakpoints and
compared the results with those obtained by the CBM (Maldarelli et al.,
2014). We examined the sequencing data of the seven patients’ samples
(P1-P7) (Supplementary Table S2) and counted the number of
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Table 1
The number of combination patterns of detected integration sites and break-
points from the VINSSRM and the CBM.

P1 P2 P3 P4 P5 P6 P7 Total
Both methods 273 68 36 45 257 204 108 991
Only VINSSRM 308 55 61 44 220 253 192 1133
Only CBM 14 2 0 2 10 11 8 47
A -
200 == Only VINSSRM
=== Only CBM
@ 150 Both methods
z
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Fig. 2. The number of combination patterns of integration sites and breakpoints
detected by the VINSSRM and the CBM. A. Performance comparison between
the two methods. The numbers of patterns identified from i) both methods, ii)
only the VINSSRM, and iii) only the CBM are shown with gray, red, and blue
lines, respectively. B. The numbers of patterns from i) both types of merged and
paired-end read sequences, ii) only merged read sequences, and iii) only paired-
end read sequences in the VINSSRM are shown with gray, red, and blue lines,
respectively (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).

combination patterns of detected integration sites and breakpoints. Of
note, for each integration site putatively in single cells or clonally
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expanded cells, one combination pattern or multiple patterns can be
found (right-top panel of Fig. 1). For each sample, we could consistently
detect patterns between the VINSSRM and the CBM but, in addition, the
VINSSRM could detect unique extra patterns (Table 1). In total, the
VINSSRM outputted 89-581 patterns for each sample, which is > 1.5-
fold greater than that of the CBM. In particular, the VINSSRM outputted
patterns that were assigned from short fragments (Fig. 2A). In contrast,
we found only 0-14 unique patterns (47 sites in total) by the CBM.
Almost of the sites (33/47 sites) were from fragments of human genome
parts of 20-29 bp (Fig. 2A, blue line), which would be difficult to map
onto the human genome. These results suggest that the VINSSRM has
higher sensitivity to detect combination patterns of integration sites and
breakpoints than the CBM.

Next, we examined how the merging process affected integration
site detection (Fig. 2B). The sequencing data originated from 150 X 2
paired-end runs. Therefore, the merging process can generate less than
“250-bp-long read sequences by excluding the LTR and linker sequence
lengths. As expected, the sequence lengths of the human genome parts
of the merged read sequences did not exceed 260 bp. In particular,
detected patterns were accumulated from short read3t sequences of
35-49 bp from the human genome parts. Since the shorter fragments
are preferentially amplified by PCR, more patterns were detected from
the shorter read sequences. Besides, error corrections within the LTR
primer and linker sequences during the merging process likely per-
mitted trimming of the linker sequences from read sequences and
subsequent detection of integration sites. In addition, combination
patterns were uniquely detected from read3t with 90-109-bp-long
human genome parts. The read3t was generated from paired-end reads
carrying partial LTR and/or linker sequences at the 3"-end. When the
original reads were analyzed, the partial sequences likely prevented
proper mapping onto the human genome followed by detection of in-
tegration sites. Taken together, the merging process would contribute to
the detection of integration sites from short read sequences.

We also examined whether the VINSSRM enhanced the detection of
integration sites in single cells and/or clonally expanded cells for each
sample (P1-P7). The VINSSRM promoted the detection of the sites in
both single cells and clonally expanded cells (Fig. 3 and Supplementary
Table S3A). Although some integration sites were considered to be from
single cells only by the CBM (blue bars in Fig. 3), almost of them were
evaluated as integration sites in clonally expanded cells by the
VINSSRM. In total, > 1.5-fold higher numbers of integration sites were
detected for each sample by the VINSSRM than the CBM. The results
suggest that the VINSSRM is more sensitive to detect integration sites in
clonally expanded cells compared to the CBM.
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Fig. 3. The comparison of identified integration sites of vDNA carrying intact ends between the VINSSRM and the CBM. In each graph, the results of the VINSSRM
and the CBM are shown with left and right bars (labeled “V” and “C”, respectively). Gray, red, and blue bars mean the number of integration sites detected by i) both
methods, ii) only the VINSSRM, and iii) only by CBM. The top and bottom panels represent the results for integration sites in single cells and clonally expanded cells
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 4. The identified integration sites of VDNA carrying aberrant ends by the VINSSRM. Gray and red bars mean the number of integration sites of vDNA carrying
intact viral ends and aberrant ends, respectively. The top and bottom panels represent the results for integration sites in single cells and clonally expanded cells (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

This high sensitivity was also observed when we analyzed sequen-
cing data containing reads with a different length (100 X 2-bp run) for
another sample (P8) (Fig. 3 and Supplementary Table S3A). We further
explored the integration sites within another two sets of HIV-1-infected
CD4* T cells cultured in vitro (C1 and C2). The Illumina MiSeq
150 X 2-bp run and 250 X 2-bp run were performed for C1 and C2,
respectively. As observed in the integration site searches in patients’
samples (P1-P8), the VINSSRM identified more integration sites for
both C1 and C2 than the CBM (Fig. 3 and Supplementary Table S3A).
Taken together, these results indicate that the VINSSRM is useful to
detect integration sites, regardless of read lengths of sequencing runs.

3.3. Detection of integration sites of vYDNA with aberrant LTR ends with the
VINSSRM

Unlike the CBM (Maldarelli et al., 2014), the VINSSRM is designed
theoretically to detect integration sites of vDNA with LTR terminal
aberrant short extension or deletion sequences. When we searched for
integration sites of vDNA with aberrant LTR ends for eight patients’
samples (P1-P8), we identified 0-12 sites for each sample (Fig. 4 and
Supplementary Table S3B). Among them, some sites were related to
clonal expansion. Most of the aberrant viral ends identified in this study
were 4-9-bp-long extensions (Supplementary Fig. S5). These vDNA
sequences might result from the incomplete processing of 18-bp-long
primer binding sites (PBSs) and 15-bp-long polypurine tracts (PPTs) by
RNase H during vDNA synthesis and/or insufficient effects of DNA
double-strand-break repair enzymes (Das and Berkhout, 2018; Sakurai
et al., 2009). In contrast, we also found integration sites of vDNA with
= 20-bp-long extensions of viral ends (Supplementary Fig. S5). These
vDNA sequences could be subjected to large deletions and only have the
LTR sequences and the sequences of their flanking regions (Cohn et al.,
2015; Hiener et al., 2017; Ho et al., 2013). More sites of vDNA with
aberrant ends were found for in vitro cultures, C1 and C2. Furthermore,
integration sites of vDNA with much longer extensions were found in
the in vitro cultures. However, it remains unclear why a greater pro-
portion of integration sites of vDNA with aberrant viral ends were
found from CD4 ™" T cells infected with HIV-1 rcgp in vitro, in contrast to
integration sites from patients’ samples (P1-P8) and in vitro experi-
ments in the previous reports based on Sanger sequencing of cloned
DNA fragments (Varadarajan et al., 2013, 2016). A possible reason for
the greater proportion might be the short culture of HIV-1-infected
cells. Because much greater amount of integrase-independent integra-
tion of vDNA with aberrant ends appears to be found in DNA-damaged
cells (Ebina et al., 2012), cells carrying integrated vDNA with aberrant
ends might tend to be short-lived. Hence, longer cell culturing in vitro
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might reduce the integration-site ratio of vDNA with aberrant ends.
Further analyses are required to clarify this possibility.

We also examined base preferences around these integration sites
(Demeulemeester et al., 2014; Holman and Coffin, 2005) for the in vitro
culture sample C1. The results showed that the base preferences for
integration sites differed between VDNA with intact ends and with
aberrant ends (Supplementary Fig. S6), which might support that vDNA
with aberrant ends were preferentially integrated in an integrase-in-
dependent manner (Ebina et al., 2012).

3.4. Enrichment of integration sites within Alu elements with the VINSSRM

The above results suggest that the VINSSRM can provide more in-
formation on the integration sites of vDNA with intact ends, as well as
aberrant ends, than the CBM (Maldarelli et al., 2014). Next, we sought
to determine which genomic regions were enriched with integration
sites by using the VINSSRM. When we annotated the gene structures of
the identified integration sites, we found that the integration sites were
especially enriched within non-exonic and non-intronic regions com-
pared to intronic or exonic regions (Fig. 5A, Supplementary Fig. S7TA
and Table S3). In addition, vDNA with aberrant ends were found within
non-exonic regions. Furthermore, when we focused on the repetitive
sequences within the human genome, the number of detected integra-
tion sites was increased at Alu elements compared with other repetitive
domains (Fig. 5B, Supplementary Fig. S7B). It is well known that the
Alu elements are preferred sites for HIV-1 integration. In contrast, the
VINSSRM did not indicate enriched integration sites in the regions
nearby the Alu elements, although the regions are also known to be a
preferred target of HIV-1 integration (Fig. 5C, Supplementary Fig. S7C).

4. Discussion

In this study, we propose a novel sensitive bioinformatics protocol,
named the VINSSRM, to detect integration sites of vDNA using paired-
end deep sequencing data. Deep sequencing is a powerful tool to
identify integration sites of vDNA, as well as to evaluate whether in-
tegrated DNA is present in single cells or in clonally expanded cells. It
has been reported that clonally expanded cells are likely associated
with persistence, proliferation, and/or latency of HIV-1-infected cells
(Bui et al., 2017; Maldarelli et al., 2014; Simonetti et al., 2016; Wagner
et al., 2014). Therefore, information on integration sites may be a
marker to understand the fates of infected cells, although we could not
evaluate whether vDNA is replication-competent or -defective by the
deep sequencing.

One of the key points of the VINSSRM is the application of split-read
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Fig. 5. Enrichment of detected integration sites
by the VINSSRM. The ratio of the number of
detected integration sites at specific genomic
regions was calculated between the VINSSRM
and the CBM. Red circles and blue squares re-
present the ratios for patients’ samples (P1-P8)
and for samples of in vitro infections (C1 and
C2), respectively (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article).

Exon
Intron
Non-exon,
non-intron
Alu

Other
repeats

mapping to recognize viral end portions within read sequences. The
mapping method enables us to separately align two portions within a
read sequence onto the human genome and the viral reference genome.
Therefore, in contrast to the CBM (Maldarelli et al., 2014), this mapping
procedure allows us to identify integration sites of VvDNA with aberrant
ends. In addition, although linker-mediated PCR might amplify human
genome regions carrying LTR-end-like sequences (Supplementary Table
S4), we can easily exclude these sequences from the integration site
analyses. This mapping method would also be applicable to find chi-
meric sequences of human and viral genomes from a whole genome
sequencing data of HIV-1 infected cells (Supplementary Table S5).

The second key point is the merging process of overlapping paired-
end read sequences. As shown in Fig. 2, this merging process improved
the detection of integration sites from short read sequences. Since
smaller fragments are more easily amplified by PCR, deep sequencing
produces many shorter read sequences. Hence, the merging process is
beneficial for data analyses of deep sequencing that outputs short read
sequences, such as the Illumina platforms.

Notably, to reduce the likelihood of false positives, we strictly
confirmed the reliability of sequences in the reads and the mapping
quality in the VINSSRM. The read sequences used for the integration
site search fulfilled the following criteria. First, merged read sequences
(read3t) were generated by the program via a statistical test to minimize
the number of false-positive results (Zhang et al., 2014). Second, read
sequences contain identical sequences to either the HIV-1 LTR primer
sequence or the linker sequence at their ends. Third, after trimming of
the linker sequences, the whole read sequences are mapped onto either
the human genome or the viral reference sequences, except for short
gaps (= 3 bp) between the human genome part and the viral genome
part within the read sequences (readl or read3t) and the 3™-end of
read2t. Fourth, read sequences are mapped onto a unique region on the
human genome.

In consequence, we could consistently identify integration sites that
were common to both the VINSSRM and the CBM but we also found
more integration sites by the VINSSRM than the CBM, despite the strict
criteria. We detected many combination patterns of integration sites
and breakpoints especially from read sequences carrying short human
genome sequences ("50 bp) by the VINSSRM (Fig. 2). In addition, the
VINSSRM improved the detection of integration sites, particularly
within Alu elements (Fig. 5 and Supplementary Fig. S7). Mapping of
short read sequences is more difficult than that of long ones (Li and
Durbin, 2010; Thankaswamy-Kosalai et al., 2017). Alignment of se-
quences onto the human genome repetitive regions is also challenging
(Treangen and Salzberg, 2011), because the repetitive regions are found
throughout the genome and Alu covers > 11% of the human genome
(Batzer and Deininger, 2002; Wildschutte et al., 2015). Hence, the en-
hanced integration site detection might be partially due to
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improvements in the mapping programs (Li, 2013; Li and Durbin,
2010). Since the Alu elements are preferred targets of HIV-1 integra-
tion, the VINSSRM is beneficial for identifying integration sites of HIV-1
vDNA.

The VINSSRM also helps us to identify integration sites of vDNA
with aberrant ends. These aberrant viral ends likely result from in-
tegrase-independent integrations (Ebina et al., 2012; Gaur and Leavitt,
1998). This type of integration is rare but can induce replication-com-
petent viruses. Therefore, by application of the VINSSRM, we can detect
uncharacterized integration sites in persistently or latently infected
cells. In addition, aberrant viral ends are likely associated with re-
sistance against integrase inhibitors (Das and Berkhout, 2018;
Varadarajan et al., 2013, 2016). Hence, the VINSSRM may also be
useful to understand the resistance mechanism against integrase in-
hibitors.

However, there are still limitations of the VINSSRM for integration
site identification. First, since it is difficult to determine an integration
site from a read sequence that can be mapped onto two or more posi-
tions of the human genome, the VINSSRM ignores the read sequences
that result in ambiguous mapping. Therefore, we may still miss the
detection of some integration sites. Second, we can detect integration
sites of vDNA with limited types of aberrant ends by the VINSSRM
because of the short-read character of Illumina sequencing. It is difficult
to detect integration sites following insertion of a different human
chromosome or unknown origin (Supplementary Fig. S1B)
(Varadarajan et al., 2013). When the extra insertion is short, we may
detect the insertion type of aberrant ends by split-read mapping of a
read sequence and subsequent alignment of an unmapped portion
within the read sequence. In fact, we could find seven reads from a
sample (P8) that support the integration site at chr11:71,237,165
flanking the vDNA with intact ends but with 42-bp-long insertions from
chr22:40,851,344. However, we cannot distinguish whether or not the
insertion is derived from artificial PCR recombination. Further im-
provement of the bioinformatics analytical protocol or application of
long-read deep sequencing is required to detect these insertion types of
aberrant ends.

We have proposed a novel bioinformatics protocol to search HIV-1
integration sites from deep sequencing read sequences. The VINSRRM
has been tested for integration site identification of HIV-1 but would
also be suitable for other retroviruses, such as HTLV-1. The VINSSRM
may help us to better understand retroviral integration, the escape
mechanism from integrase inhibitors, and the persistence of infected
cells.
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