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Abstract. Random transgene integration is a powerful tool for developing new genome-wide screening approaches. These
techniques have already been used for functional gene annotation by transposon-insertion sequencing, for identification
of transcription factor binding sites and regulatory sequences, and for dissecting chromatin position effects. Precise locali-
zation of transgenes and accurate artifact filtration are essential for this type of method. To date, many mapping assays
have been developed, including Inverse-PCR, TLA, LAM-PCR, and splinkerette PCR. However, none of them is able to ensure
localization of both transgene’s flanking regions simultaneously, which would be necessary for some applications. Here
we proposed a cheap and simple NGS-based approach that overcomes this limitation. The developed assay requires using
intentionally designed vectors that lack recognition sites of one or a set of restriction enzymes used for DNA fragmentation.
By looping and sequencing these DNA fragments, we obtain special data that allows us to link the two flanking regions of
the transposon. This can be useful for precise insertion mapping and for screening approaches in the field of chromosome
engineering, where chromosomal recombination events between transgenes occur in a cell population. To demonstrate
the method’s feasibility, we applied it for mapping SB transposon integration in the human HAP1 cell line. Our technique
allowed us to efficiently localize genomic transposon integrations, which was confirmed via PCR analysis. For practical ap-
plication of this approach, we proposed a set of recommendations and a normalization strategy. The developed method
can be used for multiplex transgene localization and detection of rearrangements between them.
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AHHoTauumA. [MoNHOreHOMHble CKPYHWHIOBblE METOfbl, OCHOBaHHbIE Ha C/Ty4YaHON MHTerpaunn 3K30reHHbIX reHeTnye-
CKNX KOHCTPYKLNIA, — HOBENLWMI KNAacC MHCTPYMEHTOB, OTKPbIBAIOLLNIN BO3MOXHOCTU A1A N3YYEeHNA LWWNMPOKOro CreKkTpa re-
HOMHbIX NpoLueccoB. [laHHbI NoAxon yxe 6bi1 NPUMEHEH K GYHKLMOHANbHOMY aHHOTVPOBaHMIO FEHOB MJIEKOMNMTAIOLWKX,
CKPVIHVIHTY NPMCNoCco6ieHHOCTY 6aKkTepuii, onpefeseHrio CalToB CBA3bIBaHWA GaKTOPOB TPAHCKPUNLMK, AeHTUdUKaLUM
PerynAaTopHbIX reHETUYECKNX STIEMEHTOB U NCCNeA0BaHNI0 XPOMOCOMHOTO 3pdeKTa NonoxeHus. Bce 3Tm skcnepumeHTbI
TpebytoT TOUHON JIoKaNM3aLUmmn TpaHCreHoB B reHome. CyLecTBytoLMe Ha CErOAHALIHNIA AeHb METOAbI KapTUPOBaHMA, Ta-
Kune Kak Inverse-PCR, TLA, splinkerette PCR n LAM-PCR, He no3BonAT 04HOBPEMEHHO onpefenATb oba yyacTka reHoma,
dnaHKupyowme oaHy MHTErpaLmio TPaHCreHa, YTo OrpaHNYMBaEeT NPYMEHNMOCTb MOAXOAOB, B TOM UMC/Ie CBA3AHHbIX C
XPOMOCOMHOW NHXeHepuel. B HacToAwel paboTe Mbl MpeAnaraemMm MeTof, C MOMOLLbIO KOTOPOrO MOXXHO NPEOA0seTb 3TO
orpaHuyeHe. PaspaboTaHHasa TEXHONOIMs OCHOBaHa Ha ¢parmeHTauun reHomHol [HK, He 3aTparvBatoLieli UHTerpauum
TpaHCreHa. 370 AOCTUraeTca NyTemM WCKIIOYEHUA U3 NOC/eOBaTeNIbHOCTM BEKTOpa CalToOB y3HaBaHWA OQHOrO MW He-
CKOMBbKMX GpepMeHTOB pecTpurKumm. 3aTeMm, Kak 1 B Inverse-PCR, 6binn 3akonbLi0BaHbl MOIEKYSIbl IMTMPOBaHMeM B pa3baBs-
NEHHOWN CMeCn N CeKBeHNPOBaHbI. MNonyyeHHble faHHbIE AAlOT BO3MOXHOCTb C BbICOKOW TOYHOCTbIO MAEHTUOULMPOBATbL
NepecTPoiK/ 1 OTAENIUTL X OT apTedpaKToB NNTMPOBAHUA, U, KPOME TOro, OTCIIejUTb COObITVA TPAHCIOKALMIA MEXAY VH-
TerpaumamMmn TPaHCreHOB. TO MOXET ObITb MCMOMb30BaHO B SKCMEPUMEHTaX MO U3YUYEHWI0 UHAYLIMPYEMbIX XPOMOCOMHbIX
nepectpoek. [na fokasaTenbCTBa MPUMEHMMOCTM METOAA Mbl C €70 MOMOLLbIO KapTUPOBaIW MHTErpauny TpaHCno3oHa
Sleeping Beauty B kneTkn yenoseka nvHUM Hap1. KapTupoBaHHble nHTerpaummn Obinv BannanmpoBaHbl ¢ nomolybto MLP-
aHanusa. B ctaTbe NpriBefeH paa pekomeHaaunin Ana NpakTMYeCcKoro NCNob30BaHUA 3TOrO METOAA B SKCNepUMEHTax Nno
MHOKEeCTBEHHOW NOKaNu3aLumnm NHTerpaLnin TPaHCreHHbIX KOHCTPYKLWIA.

KnioueBble c10Ba: TPaHCreHes; MOIHOreHOMHbI CKPUHWHT; TOKanmn3aLuna TpaHCreHa; TpaHcno3oH «CnAawan Kpacasuuar.
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Introduction

Genome-wide screening assays are important tools for modern
genetics and genomics. Many of these methods rely on the
integration of exogenous sequences in unknown or random
genomic regions, mostly via retroviral or transposon vectors.
This approach has already been used for functional gene an-
notation by transposon-insertion sequencing (Deutschbauer et
al., 2011; Goodman et al., 2011; Goh et al., 2017; Cain et al.,
2020), for transcription factor binding sites (Wang et al., 2012;
Moudgil et al., 2020) and regulatory sequences identification
(Pindyurin et al., 2015), and for chromatin position effects
dissection (Akhtar et al., 2013).

For all of these techniques, accurate localization of trans-
gene integration sites is crucial. There are several well-es-
tablished methods for massive parallel genomic mapping of
integration sites, from Nanopore (Li et al., 2019; Nicholls
et al., 2019) or whole-genome Next Generation Sequencing
(NGS) (Zhang et al., 2012; Zastrow-Hayes et al., 2015; Park et
al., 2017) to cheaper target PCR-mediated approaches, includ-
ing Inverse-PCR (Akhtar et al., 2013), LAM-PCR (Gabriel
et al., 2014; Wang et al., 2016), splinkerette PCR (Friedrich
etal., 2017), and TLA (de Vree et al., 2014; Laboulaye et al.,
2018).

Importantly, current NGS-based methods cannot capture
both transgene-flanking regions (5’ and 3’) simultaneously.
Double-side localization is useful for artifact filtration and
detection of translocation events occurring during the inte-
gration process, which could confound certain experiments
(Francke et al., 1992). Furthermore, this is useful for screening
approaches in the field of chromosome engineering, where
chromosomal recombination events between transgenes occur
in a cell population, such as Scramble technique (Dymond,
Boeke, 2012; Hochrein et al., 2018) and others (Smith et
al., 1995; Uemura et al., 2010). Conventional Inverse-PCR,
routinely employed for transgene insertion identification, is
unable to differentiate cases of normal insertion and exchange
of flanking regions between different integrations in multiplex
analysis. Despite its rarity in the standard conditions, a number
of developing methods requires a precise detection of these
events. Our approach provides double-sided transgene locali-
zation that can be applied for translocation detection between
transgene integration points.

Here we developed a cheap Inverse-PCR-based approach
enabling us to link 5" and 3’ transposon flanking regions for all
integration sites simultaneously. To demonstrate the method’s
feasibility, we applied it for mapping SB transposon integra-
tion in the human HAP1 cell line. Our technique allowed us
to efficiently localize genomic transposon integrations. For
practical application of this approach, we suggested a set of
recommendations and a normalization strategy. The developed
method can be used for multiplex transgene localization and
detection of rearrangements between them.

Materials and methods

Plasmid vectors. The Sleeping Beauty transposon vector
pSB_LoxP was generated via Gibson Assembly (NEB) by
amplifying ITR sites from pSBbi-GP (Addgene #60511)
and LoxP-rtTA sequence from pLeGO-rtTA (kind gift from
Dr. A.M. Yunusova) and integrating into the pJET 1.2 vector
(ThermoFisher, USA). We used PCR-mediated mutagenesis
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to substitute C to G in the CATG sequence within the right
ITR (Fael site). This resulted in the vector used for genomic
transposon integration.

A vector expressing SB100X transposase was from Add-
gene (#34879). To allow selection of transposase-expressing
cells, IRES-GFP cassette was amplified from vector Cre-
IRES-PuroR (Addgene #30205) and inserted between trans-
posase coding sequence and polyA signal using NEB Gibson
Assembly, resulting in pSB100X-GFP vector.

Cell culture and Neon transfection. HAP1 cells were cul-
tured in IMDM with 10 % FBS and 1xPen/Strep (Gibco, USA)
according to manufacturer recommendations. Fluorescence-
activated cell sorting (FACS) and subcloning was performed
on BD FACSAria™ III sorter on 96-well plates or manually.
Transfections were done on the Neon transfection system
under the following conditions: 1400 V, 20 ms 1 pulse and
1.5 pg total plasmid DNA (transposase expression and trans-
poson carrying plasmid ratio 1:4). On day 2 after transfection,
we performed a cell sorting of GFP positive cells.

PCR. For PCRs, qPCR and Double-side Inverse-PCR ge-
nomic DNA was extracted using a standard phenol-chloro-
form extraction protocol. All PCR procedures were performed
using the PCR with Taq enzyme (#M0267 NEB, USA) and
specific primers (available on request). qPCR was performed
using BioMaster HS-qPCR (2x) (MN020-2040 Biolabmix,
Russia) kit with specific primers and FAM-BHQ1 probe
(gper_M2RTta F: AGACTGGACAAGAGCAAAGT;
gper_ M2RTta R: TTGAGCAGCCTACCCTGT; qper_
M2RTta probe: FAM-TCGAAGGCCTGACGACAAGGA-
BHQ; gper_Synl F CCCAAATACCAGGCAACCCA,
gper_Synl R GGAAGGGGCTCAACAGTAGG, gper_
Synl probe: FAM-TTGGTCCCAAATCTCTCCAGCACA-
BHQ). To allow absolute quantification, plasmid vector con-
taining transposon and SYN/ PCR fragments was constructed
and used for normalization. The data was analyzed using
2ddCt methods implemented in QuantStudio v1.3 software
(Applied Biosistems, USA).

Double-side Inverse-PCR sequencing library prepara-
tion. DNA was isolated from cell pellet by phenol-chloroform
extraction. DNA was digested overnight in 50 ul reaction at
37 °C by 5U Nlalll isoschizomer Fael (E495 SibEnzyme,
Russia) in final DNA concentration 100 ng/pl. Enzyme was
inactivated by incubation at 65 °C for 10 min and 500 ng of
digested DNA was ligated using T4 DNA ligase (E319, Sib-
Enzyme) at 4 °C overnight in 100 pl reaction volume. 1 pl of
ligation mix was used in PCR with Taq polymerase (#M0267
NEB, USA) (annealing 60 °C, elongation 3 min, 40 cycles).
PCR products were diluted 100-fold and 1 pl was used in the
next round of nested PCR. PCR products were analyzed by
agarose gel electrophoresis and either used in the third round
of nested PCR or purified using AMPure XP beads (A63882
Beckman Coulter, USA). 1 ng of purified PCR product
was used for NGS adaptor ligation (SeqCap Adapter Kit B,
07141548001 Roche, Switzerland) using KAPA HyperPrep
kit (07962363001 Roshe) according to manufacturer protocol
with 15 cycles of post-ligation PCR.

NGS data analysis. We demultiplexed reads originating
from different NGS-libraries based on barcode sequences
(barcode seq) included in 5'-end of primers using cut-
adapt (Martin, 2011) with —g barcode seq —G barcode seq
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—overlap 6 —e 0. Next, primers (primer_seq) were removed
using cutadapt with parameters —g primer_seq—G primer seq
—overlap 20. Processed reads were aligned to human genome
hg38 using bwa mem with default parameters (Li, Durbin,
2009). Regions covered by at least one read were found using
bedtools genomecov (Quinlan, Hall, 2010) and a homemade
python script. In addition, every covered region was manually
analyzed in Integrated Genome Browser (IGV) (Robinson et
al., 2011), which allowed distinguishing insertions sites from
random ligations and other artifacts. The following analysis
of rearrangements was done using homemade python scripts
that counted the number of reads with mates or supplementary
alignments in different insertion sites.

Results and discussion

We improved a standard inverse-PCR assay for efficient locali-
zation of transgene integration. A key aspect of this strategy is
the ability to recognize simultaneously both 5’ and 3’ flanking
regions of transgenes in a multiplex NGS-based assay. As in
conventional inverse-PCR, our assay consists of five steps:
1) DNA fragmentation, 2) ligation under low DNA concentra-
tion conditions, which favors circularization, 3) nested-PCR
using primer pairs annealing to the ends of transgenic sequen-
ce in outward orientation, 4) PCR products sequencing, and
5) computational analysis.

In our modification (Fig. 1), we propose to fragment DNA
by restriction enzyme (RE), which recognizes sites that are
absent in the transgene sequence. This results in the generation
of DNA fragments, containing transposon and both 5’ and 3’
flanking regions up to the first RE recognition site in length.
A subsequent ligation reaction generates circular molecules,
which enables us to proceed with nested inverse-PCRs.
PCR products are then used for NGS library preparation and
paired-end sequencing. Reads are next trimmed from primers
and transgenic sequences and aligned to the reference genome,
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which produces a recognizable pattern, defining integration
sites and allowing to distinguish them from artifacts.

To prove this concept, we chose to use the pSB_LoxP plas-
mid previously constructed in our laboratory as a sleeping
beauty (SB) transposon-containing vector. It contains a short
LoxP-sequence cloned between two SB inverse terminal re-
peats (ITRs), and via transposase-mediated integration gene-
rates 833 bp long DNA inserts. Although 4-bp cutting RE is
preferable for effective Inverse-PCR library construction, it
is hardly possible to find at least one RE that does not cleave
the integrating DNA. However, we noted that the transposon
sequence contains a single Fael (Nlalll) recognition site
within ITR sequence. To disrupt this site, we introduced single
nucleotide substitution by site-directed mutagenesis. This
allowed us to employ Fael as RE for DNA fragmentation in
integration localization assay.

To test this approach, we co-transfected human HAP1 cells
with the developed transposon-containing plasmid and the
SB100X vector expressing transposase and GFP proteins,
followed by cell sorting of the GFP-positive cells the next day.
Five days after transfection the GFP-negative cells were sub-
cloned using FACS. This ensured the loss of the transposase-
expressing plasmid and excluded the possibility of continuous
“jumping” of the transposons across the genome. Two of the
obtained subclones were randomly picked to proceed with
localization assay.

For these clones, we constructed and sequenced an Inverse
PCR NGS library following the approach described above.
We obtained ~300000 read pairs for the first and ~200000
for the second clone. NGS data analysis suggested 73 and
13 integration site candidates (regions covered by at least ten
reads) for each clone respectively. Every covered region was
manually analyzed in IGV genome browser to distinguish
insertion sites from random ligations and other artifacts. This
analysis allowed us to identify 12 transposon insertions in
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Fig. 1. Conceptual scheme of Inverse-PCR-based strategy allowing double-side detection of transgene integration sites.

Genomic DNA carrying transgene integration sequentially are fragmented, re-ligated, PCRed from nested primers and obtained
products are sequenced. Resulting reads alignment forms recognizable patterns depending on integration point and fragmentation

sites position.
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a - bar plot representation of sequencing depth (y, log scale) among integration candidate sites (x) for the first subclone. Red bars represent bona fide integrations,
gray - ligation artifacts. Bona fide integrations were discriminated based on the manual curation of NGS results in the IGV browser and confirmed using PCR
(see the text for details); b-d — IGV screenshots showing read alignments for some integrations. Arrows underneath represent supplementary sequences or soft-
clipped read bases corresponding to the bases transferred from another transgene flanking region through the Fael site.

the first clone and 6 insertions in the second clone. The rest
were identified as artifacts generated on ligation step and
supplementary alignment regions for transposons integrated
into repetitive DNA elements.

To obtain an estimate of the number of integrations using
an orthogonal approach, we employed qPCR strategy with
internal plasmids control (see Materials and methods). We
obtained approximately 20 insertions for the first clone and 10
for the second. Despite the possibly low estimation accuracy of
qPCR method, this result can identify bias of insertion under-
representation of our Inverse-PCR-based strategy. Moreover,
coverage is not a sufficient parameter for integration site
identification. As shown on Fig. 2, a, both high-represented
artifacts and low-represented transposon integrations are
observed, although bona fide integration sites typically show
higher coverage.

To dissect the nature of these biases, we investigated align-
ments individually. The typical expected pattern is shown
on Fig. 2, b: both mates in the reads pair start at the same
point (TA dinucleotide, the obligatory SB integration site)
and extend divergently. Depending on RE sites position, this
pattern can transform: if a read crosses the RE site involved
in the DNA circularization, its alignment will be truncated at
RE site position and continue again on the other side of trans-
gene integration loci (see Fig. 2, ¢, d). The situation is more
complicated if two RE sites are close to integration on both
sides. The distance between these sites may be smaller than
read length, and in this case transposon sequence appears at
the end of the read. The worst case is when transposon integra-
tion is in a repeated sequence, which results in multiple reads
alignment and difficulties with precise localization (Fig. 3, a
and b). We observed one integration located in a repeated

sequence and also flanked by closely located Fael sites. We
managed to recognize its position only using complementary
information accidentally produced due to unintended ligation
of a random sequence to one of the transgene ends. Supple-
mentary aligned bases of those reads revealed the bona fide
transposon integration point (see Fig. 3, ¢ and d).

Further, we decided to validate the integration sites de-
termined by NGS-approach using conventional PCR. Six
transposons were mapped within intergenic regions, and
seven were integrated into gene introns. Since SB integration
is semi-random and tends to occur in the active chromatin,
this is not surprising. However, the genomic context of most
integration sites in our subclones is low-complex. We picked
a few integrations, the flanking regions of which allow us to
design PCR primers. First, we confirmed integration events
from one side using primer pairs, one of which was targeted
to flanking regions and the other was placed in the transposon
(see Fig. 3, e). Next, we obtained the PCR products containing
the entire transposon with flanking sequences, using pairs of
primers targeted to endogenous regions around the predicted
integration site. This unambiguously confirmed the NGS-
based localization results (see Fig. 3, f).

Conclusion

Summing up, we demonstrated the applicability of the pro-
posed double-side transgene localization approach by suc-
cessfully mapping 18 SB transposon integrations carrying an
exogenic sequence. Our method provides simple detection of
integration sites with confident artifact filtration via analysis
of'the read pair alignment pattern. Because the developed me-
thods allow simultaneous detection of the flanking sequences
at both transgene ends, we argue that this method can be used
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Fig. 3. Transposon integrations analysis and PCR-confirmation.

a-d - IGV screenshots showing read alignments for some integrations (a-c) and ligation artifact (d). Arrows underneath represent supplementary sequences or
soft-clipped read bases, corresponding to the bases transferred from another transgene flanking region through the Fael site. e - one side PCR detection of trans-
poson integration in the first clone. exp — experimental subclone with transposon integrations; wt — intact HAP1 cells; ntc - non-template control; f— double-side
PCR integration detection. 1 kb product represents allele carrying transposon integration, whereas lower bands correspond to wild type allele product.

in future for genome-wide detection of transgene recombina-
tion events. Notably, the SB-transposon derived in this study
contained a LoxP-site sequence, which makes it very simple to
repurpose the developed system for induction of Cre-mediated
chromosomal rearrangements.

However, these experiments revealed some limitations
of the developed method that we have to discuss. First, the
proximity of chosen RE sites to transposon integration has a
huge influence on the representation of integration site in the
sequencing data. In this experiment we have already seen that
too close RE sites complicate transposon mapping, whereas
too distant sites can fully prevent PCR product generation.
It happens because library preparation steps such as PCR and
purification have a size-selecting manner. To solve this prob-
lem, one may develop new protocols where sonication is
used for DNA fragmentation during library construction.
Importantly, sonication will yield significantly higher noise for
transgene recombination events detection due to the possibi-
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lity to introduce DNA breaks inside the transgene. Second, in
contrast to common inverse-PCR, our approach requires the
choice of a RE that would not cut the transgene sequence. It
is challenging even for short insertions, so we propose to in-
troduce single-nucleotide substitutions into vector sequences.
Third, neither our approach, nor other transgene localization
methods ensure the identification of all integrations. For
practical use, we recommend complementing our method with
transgene insertions quantification via qPCR.
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