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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 identif ication 
of transcription factor binding sites and regulatory sequences, and for dissecting chromatin position effects. Precise locali-
zation of transgenes and accurate artifact f iltration 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 f lanking 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 f lanking regions of 
the transposon. This can be useful for precise insertion mapping and for screening approaches in the f ield 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 eff iciently localize genomic transposon integrations, which was conf irmed 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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Аннотация. Полногеномные скрининговые методы, основанные на случайной интеграции экзогенных генетиче-
ских конструкций, – новейший класс инструментов, открывающий возможности для изучения широкого спектра ге-
номных процессов. Данный подход уже был применен к функциональному аннотированию генов млекопитающих, 
скринингу приспособленности бактерий, определению сайтов связывания факторов транскрипции, идентификации 
регуляторных генетических элементов и исследованию хромосомного эффекта положения. Все эти эксперименты 
требуют точной локализации трансгенов в геноме. Существующие на сегодняшний день методы картирования, та-
кие как Inverse-PCR, TLA, splinkerette PCR и LAM-PCR, не позволяют одновременно определять оба участка генома, 
фланкирующие одну интеграцию трансгена, что ограничивает применимость подходов, в том числе связанных с 
хромосомной инженерией. В настоящей работе мы предлагаем метод, с помощью которого можно преодолеть это 
ограничение. Разработанная технология основана на фрагментации геномной ДНК, не затрагивающей интеграции 
трансгена. Это достигается путем исключения из последовательности вектора сайтов узнавания одного или не-
скольких ферментов рестрикции. Затем, как и в Inverse-PCR, были закольцованы молекулы лигированием в разбав-
ленной смеси и секвенированы. Полученные данные дают возможность с высокой точностью идентифицировать 
перестройки и отделить их от артефактов лигирования, и, кроме того, отследить события транслокаций между ин-
теграциями трансгенов. Это может быть использовано в экспериментах по изучению индуцируемых хромосомных 
перестроек. Для доказательства применимости метода мы с его помощью картировали интеграции транспозона 
Sleeping Beauty в клетки человека линии Hap1. Картированные интеграции были валидированы с помощью ПЦР-
анализа. В статье приведен ряд рекомендаций для практического использования этого метода в экспериментах по 
множественной локализации интеграций трансгенных конструкций.
Ключевые слова: трансгенез; полногеномный скрининг; локализация трансгена; транспозон «Спящая красавица».
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the double-side transgene localization

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 
et al., 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 

to substitute C to G in the CATG sequence within the right 
ITR (FaeI 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 µg 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-chlo ro-
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 (2×) (MN020-2040 Biolabmix, 
Russia) kit with specific primers and FAM-BHQ1 probe 
(qpcr_M2RTta_F: AGACTGGACAAGAGCAAAGT; 
qpcr_M2RTta_R: TTGAGCAGCCTACCCTGT; qpcr_
M2RTta_probe: FAM-TCGAAGGCCTGACGACAAGGA-
BHQ; qpcr_Syn1_F CCCAAATACCAGGCAACCCA, 
qpcr_Syn1_R GGAAGGGGCTCAACAGTAGG, qpcr_
Syn1_probe: FAM-TTGGTCCCAAATCTCTCCAGCACA-
BHQ). To allow absolute quantification, plasmid vector con-
taining transposon and SYN1 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 µl reaction at 
37 °C by 5U NlaIII isoschizomer FaeI (E495 SibEnzyme, 
Russia) in final DNA concentration 100 ng/µl. 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 µl reaction volume. 1 µl 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 µl 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, 

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 FaeI (NlaIII) recognition site 
within ITR sequence. To disrupt this site, we introduced single 
nucleotide substitution by site-directed mutagenesis. This 
allowed us to employ FaeI 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 ~300 000 read pairs for the first and ~200 000 
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 

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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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 
ob tained 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 f ide 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, c, 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 FaeI 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 f ide 
transposon integration point (see Fig. 3, c 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 

Fig. 2. Transposon integrations analysis.
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 f ide integrations were discriminated based on the manual curation of NGS results in the IGV browser and conf irmed 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 f lanking region through the FaeI site.
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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-

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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poson integration in the f irst 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.

chr7:30, 438-30, 860 chr9:138, 221, 533-138, 221, 967

chr11:58, 881, 569-58, 881, 727

chr10:52252229

chr14
59373799

chr12
58925678

chr20
33931826

chr6
62823018

exp

~400 bp ~480 bp

150–250 bp

~250 bp

~1000 bp

exp expwt wt wtntc ntc ntc
chr3:31572555 chr9:138221747 1st clone 2nd clone

chr19:29, 470, 565-29, 470, 926

Gene
FaeI sites

BLAT
Alignment

Gene
FaeI sites

BLAT
Alignment

Gene
FaeI sites

Alignment

Gene
FaeI sites

Alignment

a

c

e

b

d

f



P.A. Salnikov, A.A. Khabarova, G.S. Koksharova … 
P. Somatich, M.M. Gridina, V.S. Fishman

612 Вавиловский журнал генетики и селекции / Vavilov Journal of Genetics and Breeding • 2021 • 25 • 6

Here and there:  
the double-side transgene localization

ing. Nat. Rev. Genet. 2020;21(9):526-540. DOI 10.1038/s41576-
020-0244-x.

de Vree P.J., de Wit E., Yilmaz M., van de Heijning M., Klous P., Verste-
gen M.J., Wan Y., Teunissen H., Krijger P.H., Geeven G., Eijk P.P., 
Sie D., Ylstra B., Hulsman L.O., van Dooren M.F., van Zutven L.J., 
van den Ouweland A., Verbeek S., van Dijk K.W., Cornelissen M., 
Das A.T., Berkhout B., Sikkema-Raddatz B., van den Berg E., van 
der Vlies P., Weening D., den Dunnen J.T., Matusiak M., Lamkan-
fi M., Ligtenberg M.J., ter Brugge P., Jonkers J., Foekens J.A., Mar-
tens J.W., van der Luijt R., van Amstel H.K., van Min M., Splin-
ter E., de Laat W. Targeted sequencing by proximity ligation for 
comprehensive variant detection and local haplotyping. Nat. Bio-
technol. 2014;32(10):1019-1025. DOI 10.1038/nbt.2959.

Deutschbauer A., Price M.N., Wetmore K.M., Shao W., Baumohl J.K., 
Xu Z., Nguyen M., Tamse R., Davis R.W., Arkin A.P. Evi dence-based 
annotation of gene function in Shewanella oneidensis MR-1 using 
genome-wide fitness profiling across 121 conditions. PLoS Genet. 
2011;7(11):e1002385. DOI 10.1371/journal.pgen.1002385.

Dymond J., Boeke J. The Saccharomyces cerevisiae SCRaMbLE sys-
tem and genome minimization. Bioeng. Bugs. 2012;3(3):168-171. 
DOI 10.4161/bbug.19543.

Francke U., Hsieh C.L., Kelly D., Lai E., Popko B. Induced reciprocal 
translocation in transgenic mice near sites of transgene integration. 
Mamm. Genome. 1992;3(4):209-126. DOI 10.1007/BF00355721.

Friedrich M.J., Rad L., Bronner I.F., Strong A., Wang W., Weber J., 
Mayho M., Ponstingl H., Engleitner T., Grove C., Pfaus A., Saur D., 
Cadiñanos J., Quail M.A., Vassiliou G.S., Liu P., Bradley A., Rad R. 
Genome-wide transposon screening and quantitative insertion site 
sequencing for cancer gene discovery in mice. Nat. Protoc. 2017; 
12(2):289-309. DOI 10.1038/nprot.2016.164.

Gabriel R., Kutschera I., Bartholomae C.C., von Kalle C., Schmidt M. 
Linear amplification mediated PCR-localization of genetic elements 
and characterization of unknown flanking DNA. J. Vis. Exp. 2014; 
(88):e51543. DOI 10.3791/51543.

Goh K.G.K., Phan M.D., Forde B.M., Chong T.M., Yin W.F., 
Chan K.G., Ulett G.C., Sweet M.J., Beatson S.A., Schembri M.A. 
Genome-wide discovery of genes required for capsule production by 
uropathogenic Escherichia coli. mBio. 2017;8(5):e01558-17. DOI 
10.1128/mBio.01558-17.

Goodman A.L., Wu M., Gordon J.I. Identifying microbial fitness de-
terminants by insertion sequencing using genome-wide transposon 
mutant libraries. Nat. Protoc. 2011;6(12):1969-1980. DOI 10.1038/
nprot.2011.417.

Hochrein L., Mitchell L.A., Schulz K., Messerschmidt K., Mueller-
Roeber B. L-SCRaMbLE as a tool for light-controlled Cre-medi-
ated recombination in yeast. Nat. Commun. 2018;9(1):1931. DOI 
10.1038/s41467-017-02208-6.

Laboulaye M.A., Duan X., Qiao M., Whitney I.E., Sanes J.R. Map-
ping transgene insertion sites reveals complex interactions between 
mouse transgenes and neighboring endogenous genes. Front. Mol. 
Neurosci. 2018;11:385. DOI 10.3389/fnmol.2018.00385.

Li H., Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics. 2009;25(14):1754-1760. DOI 
10.1093/bioinformatics/btp324. 

Li S., Jia S., Hou L., Nguyen H., Sato S., Holding D., Cahoon E., 
Zhang C., Clemente T., Yu B. Mapping of transgenic alleles in soy-
bean using a nanopore-based sequencing strategy. J. Exp. Bot. 2019; 
70(15):3825-3833. DOI 10.1093/jxb/erz202.

Martin M. Cutadapt removes adapter sequences from high-through-
put sequencing reads. EMBnet. J. 2011;17:10-12. DOI 10.14806/
ej.17.1.200.

Moudgil A., Wilkinson M.N., Chen X., He J., Cammack A.J., Va-
sek M.J., Lagunas T.J., Qi Z., Lalli M.A., Guo C., Morris S.A., 
Doug herty J.D., Mitra R.D. Self-reporting transposons enable simul-
taneous readout of gene expression and transcription factor bind-
ing in single cells. Cell. 2020;182(4):992-1008.e21. DOI 10.1016/ 
j.cell.2020.06.037. 

Nicholls P.K., Bellott D.W., Cho T.J., Pyntikova T., Page D.C. Locating 
and characterizing a transgene integration site by nanopore sequenc-
ing. G3 (Bethesda). 2019;9(5):1481-1486. DOI 10.1534/g3.119. 
300582.

Park D., Park S.H., Ban Y.W., Kim Y.S., Park K.C., Kim N.S., Kim J.K., 
Choi I.Y. A bioinformatics approach for identifying transgene inser-
tion sites using whole genome sequencing data. BMC Biotechnol. 
2017;17(1):67. DOI 10.1186/s12896-017-0386-x.

Pindyurin A.V., de Jong J., Akhtar W. TRIP through the chromatin: 
a high throughput exploration of enhancer regulatory landscapes. 
 Genomics. 2015;106(3):171-177. DOI 10.1016/j.ygeno.2015.06.009.

Quinlan A.R., Hall I.M. BEDTools: a flexible suite of utilities for com-
paring genomic features. Bioinformatics. 2010;26(6):841-842. DOI 
10.1093/bioinformatics/btq033. 

Robinson J.T., Thorvaldsdóttir H., Winckler W., Guttman M., Lan-
der E.S., Getz G., Mesirov J.P. Integrative genomics viewer. Nat. 
Biotechnol. 2011;29(1):24-26. DOI 10.1038/nbt.1754.

Smith A.J., De Sousa M.A., Kwabi-Addo B., Heppell-Parton A., Im-
pey H., Rabbitts P. A site-directed chromosomal translocation in-
duced in embryonic stem cells by Cre-loxP recombination. Nat. 
Genet. 1995;9(4):376-385. DOI 10.1038/ng0495-376.

Uemura M., Niwa Y., Kakazu N., Adachi N., Kinoshita K. Chromo-
somal manipulation by site-specific recombinases and fluorescent 
protein-based vectors. PLoS One. 2010;5(3):e9846. DOI 10.1371/
journal.pone.0009846.

Wang H., Mayhew D., Chen X., Johnston M., Mitra R.D. “Calling 
cards” for DNA-binding proteins in mammalian cells. Genetics. 
2012;190(3):941-949. DOI 10.1534/genetics.111.137315.

Wang W., Bartholomae C.C., Gabriel R., Deichmann A., Schmidt M. 
The LAM-PCR method to sequence LV integration sites. Methods 
Mol. Biol. 2016;1448:107-120. DOI 10.1007/978-1-4939-3753-0_9.

Zastrow-Hayes G.M., Lin H., Sigmund A.L., Hoffman J.L., Alar-
con C.M., Hayes K.R., Richmond T.A., Jeddeloh J.A., May G.D., 
Beatty M.K. Southern-by-sequencing: A robust screening approach 
for molecular characterization of genetically modified crops. Plant 
Genome. 2015;8(1):1-15. DOI 10.3835/plantgenome2014.08.0037.

Zhang R., Yin Y., Zhang Y., Li K., Zhu H., Gong Q., Wang J., Hu X., 
Li N. Molecular characterization of transgene integration by next-
generation sequencing in transgenic cattle. PLoS One. 2012;7(11): 
e50348. DOI 10.1371/journal.pone.0050348.

ORCID ID
P.A. Salnikov orcid.org/0000-0001-9470-7178
A.A. Khabarova orcid.org/0000-0002-9425-9763
G.S. Koksharova orcid.org/0000-0001-5664-492X
R.V. Mungalov orcid.org/0000-0001-6321-3917
P.S. Belokopytova orcid.org/0000-0003-1390-7341

Acknowledgements. We gratefully thank the Center for Shared Use of Microscopic Analysis of Biological Objects SB RAS and Center for Shared Use 
of Flow Cytometry SB RAS for providing metaphase chromosomes analysis and FACS sorting facilities (supported by budget project No. 0259-2021-
0016). Computational data analysis was performed on the high-throughput nodes of the Novosibirsk State University. Generation of plasmid vectors, 
derivation, and expansion of cell lines, molecular analysis, and NGS sequencing were supported by Russian Science Foundation grant No. 19-74-00102.
Conflict of interest. The authors declare no conflict of interest.
Received June 2, 2021. Revised June 22, 2021. Accepted July 1, 2021. 

I.E. Pristyazhnuk orcid.org/0000-0003-0226-4213
A.R. Nurislamov orcid.org/0000-0002-0553-1316
P. Somatich orcid.org/0000-0001-5681-2911
M.M. Gridina orcid.org/0000-0002-7972-5949
V.S. Fishman orcid.org/0000-0002-5573-3100

https://www.zotero.org/google-docs/?peNqhx
https://www.zotero.org/google-docs/?peNqhx
https://www.zotero.org/google-docs/?peNqhx

