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Analysis of the transgene insertion pattern in a
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Abstract: Transgene insertion patterns are critical for the analysis of transgenic animals because the influence of
transgenes may change depending on the insertion pattern (such as copy numbers and orientations of concatenations)
and the insertion position in the genome. We previously reported a genomic walking strategy to locate transgenes
in the genomes of transgenic mice (Exp. Anim. 53: 103-111, 2004) and to analyze transgene insertion patterns
(Exp. Anim. 55: 65-69, 2006). With such strategies, however, we could not determine the copy number of transgenes
or global genome modification induced by transgene insertion due to read-length limitation. In this study, we used
a long-read sequencer (MinlON, Oxford Nanopore Technologies) to overcome this limitation. We obtained 922,210
reads using MinlON with genomic DNA from a transgenic mouse strain (4C30, Proc. Jpn. Acad. Ser. B. Phys. Biol.
Sci. 87: 550-562, 2011). Among the reads, we found one 21,457-bp read containing the transgene using a local
BLAST search. Nucleotide dot plot analysis revealed that the transgene was inserted in the genome as a tandem
concatemer with an almost entire construct (15-3,508 of 3,508 bp) and a partial fragment (4—660, 657 bp). Ensembl’s
BLAST search against the C57BL/6N genome revealed a 9,388-bp deletion at the insertion position in the intron
of the Sgcd gene, confirming that mutations such as a large genomic deletion could occur at the time of transgene

insertion. Thus, long-read sequencers are useful tools for the analysis of transgene insertion patterns.
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Introduction

To analyze transgenic animals as research models in
a wide variety of fields, we need to consider how trans-
genes are integrated into the host genome. This is be-
cause the influence of transgenes may change depending
on the insertion pattern (such as copy numbers and ori-
entations of each concatenated transgene) and the inser-
tion position in the genome [15, 21, 31, 40]. However,
it is challenging to determine transgene insertion patterns
because transgene insertion is random and unpredictable,
and the inserted transgenes, which often form a multiple
tandem concatemer [3], are long (kilobases or longer) in
most cases.

To date, transgenes have been mapped in host genomes
mainly by in situ hybridization [36] and/or by determin-

ing genome sequences flanking the transgene; e.g., ge-
nomic walking [35, 38], inverse PCR [25], microarray
hybrid capture [10], and targeted locus amplification [4,
15, 21]. We previously reported a genomic walking strat-
egy to locate transgenes in the genomes of transgenic
mice [30] and to analyze insertion patterns of transgenes
[38]. However, transgene insertion patterns, especially
copy numbers, often cannot be determined by the meth-
ods described above because these methods have a length
limit of sequences that can be analyzed and a low capa-
bility to distinguish sequence repeats and their orienta-
tions. The copy numbers of transgenes are often deter-
mined by Southern blotting [1], quantitative PCR [11,
20, 37], and, more recently, digital PCR [7]. These
methods, however, are not useful for determining the
detailed structure of transgenes, such as the orientation
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and precise length of each copy of an integrated trans-
gene construct. To determine such global structures, we
need a method that can determine very long sequences,
since large-scale rearrangements of both transgenes and
host genomes often occur at transgene insertion sites
[15].

To overcome this difficulty in the present study, we
used a long-read sequencer, which has developed con-
siderably in recent years, for analysis of transgene inte-
gration. Among the currently available long-read se-
quencers, we chose a MinION [8, 18] (Oxford Nanopore
Technologies, Oxford Science Park, UK; ONT) because
we can start using the sequencer with a comparatively
low initial cost (~$1,500) and the sequencer can theo-
retically read the entire length of a given DNA (e.g., >30
kb or more). Nicholls et al. [28] reported a similar study
using the MinlON with post-sequence assembly by
minimap2 [23]. In the present study, we used a local
BLAST search to identify DNA fragments containing
transgenes without a sequence assembly, and then con-
firmed precise sequences of detected transgenes and their
flanking genome by additional PCR-based analysis and
Sanger sequencing. This is because a local BLAST
search is a practical method that does not require much
more calculation power than the combination of whole-
genome assembly and subsequent homology search.
Specifically, we analyzed the transgene insertion pattern
in the 4C30 mouse strain, our transgenic model of di-
lated cardiomyopathy (DCM) harboring pCAGGS-based
transgenes [39], with the MinlON and compared the
results with those obtained by the previous genomic
walking method [30]. Our preliminary experiments with
genomic walking [17] and quantitative PCR (data not
shown) suggested that the 4C30 strain had only one copy
of the transgene in its genome. Therefore, we tried to
find one insertion site by MinlON. We also discuss the
transgene insertion pattern as well as changes in the
genome at the time of transgene insertion.

Materials and Methods

Transgenic mouse strain

The present study used the 4C30 mouse strain raised
in-house and homozygous for transgenes containing
ST3Galll cDNA (Fig. 1A) [39]. The strain had been
maintained for more than 15 years by confirmation of
the transgene transmission by a flanking primer method
[17] based on our previous study [30]. All animal ex-
periments including tissue sample collection were con-
ducted in accordance with the guidelines for animal
experiments of the National Institutes of Biomedical
Innovation, Health, and Nutrition (Osaka, Japan).
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Fig. 1. Transgene structure and DNA size of a genomic DNA
sample. (A) Transgene structure used for production of
4C30 mice (accession number: LC495729) [39]. The trans-
gene (3,508 bp) was a Sal/l-BamHI fragment derived from
the pPCAGGS vector containing cytomegalovirus enhancer,
chicken B-actin promoter, and rabbit -globin polyadenyl-
ation signal sequences [29]. The cDNA of mouse ST3
B-galactoside a-2,3-sialyltransferase 2 (ST3Galll, ak.a.,
St3gal2 and Siat5) [22], a mouse sialyltransferase, was
inserted into EcoRI-Xhol sites in the B-globin polyadenyl-
ation signal sequence. (B) DNA size distribution of a ge-
nomic DNA extracted from a 4C30 mouse kidney. Note
that most genomic DNAs in this sample were longer than
50 kbp. The genomic DNA sample (~0.4 ug) and molecu-
lar markers (~0.5 ug) were separated with 1% agarose gel
electrophoresis (E-gel EX 1%, Thermo Fisher Scientific).
The electropherogram was recorded using a laser scanner
(FX-Pro, Bio-rad). M1: 1 kb extended DNA ladder (NEB),
M2: 2-log DNA ladder (NEB).
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Long-read sequencing by a nanopore sequencer
(MinION)

Genomic DNA was extracted from the kidney of a
4C30 mouse using smart DNA prep (m) (Analytik Jena
AG, Jena, Germany) according to the manufacturer’s
instructions. DNA concentration was measured using a
Qubit 2 fluorometer and Qubit dsDNA BR Assay kit
(Invitrogen, Carlsbad, CA, USA). Length distribution of
the genomic DNA was confirmed by agarose gel elec-
trophoresis (Fig. 1B). A library for nanopore sequencing
was prepared with 6 ug of genomic DNA using a Rapid
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sequencing kit (SQK-RADO004, ONT) and then applied
to a MinlON equipped with a flow-cell (FLO-MIN106D,
ONT). NinKNOW software (Version 3.3.16.0, ONT)
was used for driving 24-h sequencing runs and following
base-calls.

Local BLAST search, dot plot analysis, and mapping
on the C57BL/6N genome

In the reads obtained by the MinlON (Table 1), we
identified one fragment containing the transgene se-
quence using a local BLAST search (Blast +) [6] incor-

obtained a mouse genomic sequence containing flanking
sequences of the transgene using Ensembl’s BLAST
search (http://asia.ensembl.org/Mus_musculus/Tools/
Blast) against the C57BL/6NJ genome database (assem-
bly: C57BL_6NIJ vl) Then, we determined the broad-
area structure by nucleotide dot plot analysis [12] of the
transgene and mouse genome sequences against the
fragment using GENETYX HarrPlot 3.1.1 program with
a Nucleotide Huge Plot method (Fig. 3). In addition, we
confirm the genomic position of the transgene insertion
by Ensembl’s BLAST search using the sequence flanking

porated in a genetic information analysis software (GE-  the transgene in the mouse genome (Fig. 4A).
NETYX Version 14, GENETYX Corp., Tokyo, Japan)
with default settings (Table 2 and Fig. 2). Then, we  Sequence confirmation by additional PCR and
sequencing

Table 1. Read length distribution The DNA sequence of the structure determined by dot

plot analysis was confirmed by additional multiple over-

Read length (kb Read: . . .
cad length (kb) caes lapping PCRs covering between 5°- and 3’-flanking re-

200?02400 9?2322 gions of the transgene and subsequent Sanger sequencing
40 to 60 2:01 3 (Fig. 4B). Primers used for this confirmation step were
60 to 80 461 designed by Primer-BLAST (https://www.ncbi.nlm.nih.
80 to 100 133 gov/tools/primer-blast/index.cgi)

100 to 120 56 : :

120 to 140 12

140 to 160 5 Availability of sequence information

igg :3 ;28 % All read data generated by MinlON have been depos-

200 to 220 2 ited to the DDBJ Sequence Read Archive (accession

220 to 240 1 number: DRA008802). The DNA sequence of the trans-

Total reads 922,210

gene construct (Fig. 1A), as well as the genome sequence
This read length distribution was sum-
marized from the sequence summary
information produced by MinKNOW
software driving MinION.

containing inserted transgenes and their flanking se-
quences determined in the present study (Fig. 4B), have
been deposited to DDBJ Annotated/Assembled Sequenc-

Table 2. Results of a local Blast search for the transgene sequence against all reads obtained by MinlON

. Query Max
ID Sequence ID Expect (S]?c:trs Id(e;t)lty g::)i Coverage Identity Start End
’ %) (%)

#1  304cb0d3-cbe9-4e75-bf24-49390aa8525 0 3,458 84 4,189 99 86 15 3,507

0 731 86 9 660
#2 c5dd6bae-634b-4256-a6b2-25dd05c3¢733  4.00E-06 61 69 61 4 69 2,301 2,470
#3  250al57a-5763-48¢7-a520-3¢7a6f070eb4 0.007 50 89 50 1 89 1,460 1,496
#4 caa5649e-2bb8-454a-9a85-83¢c5f1440288 0.025 48 83 48 1 83 3,217 3,264
#5 195113db-e42c-4c98-b705-a4445236ee84 0.088 46 89 46 1 89 301 336
#6  3b266596-8f54-4b3b-81ba-d988673b44c8 0.31 45 83 45 1 83 2,304 2,345
#7  1c112230-d767-4ef6-blcc-e4da6f79e35f 1.1 43 87 43 0 87 2,785 2,817
#8 6e30a28d-8e3c-45f1-alcd-1382¢9598b2e 1.1 43 75 43 1 75 3,205 3,262
#9  7f5d37a9-726b-4ac5-9988-ab1b0b46dda3 1.1 43 86 43 1 86 396 433
#10 182bedb4-8760-4d49-8824-d333dac0488d 1.1 43 96 43 0 96 3,200 3,225
#11 b9725eaf-047f-419c-9cla-66eef58ead55 3.8 41 81 41 1 81 3,189 3,236
#12 6f6cfdac-3678-436b-97d0-a88af6d2d49b 3.8 41 79 41 1 79 3,161 3,209
#13  8c976ebc-e9eb-456a-bbbd-d05d5f1fd751 3.8 41 87 41 0 87 3,161 3,193
#14 2e2a01d8-eaec-4625-977d-ea3277¢9976f 3.8 41 92 41 0 92 2,958 2,984
#15 079ba8ad-33e3-4ae7-ab0b-20e141e227f4 3.8 41 93 41 0 93 328 355
#16 2325011a-517e-48f4-9b73-70648b2bf499 3.8 41 92 41 0 92 2,454 2,480
#17 796277c7-a3¢3-4127-8a2d-9e5aac5dce08 3.8 41 77 41 1 77 3,167 3,222
#18 67bf227f-053-4£80-919¢-1dfd2dcc7b28 3.8 41 82 41 1 82 3,291 3,330
#19 ae5a873b-fbb0-4245-9a0f-6b669b9a%ac6 3.8 41 87 41 0 87 3,201 3,232
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Fig. 2. Local BLAST search. A local BLAST search for the transgene sequence

(LC495729) against all reads obtained by MinION (Table 2) revealed that one
fragment (sequence ID: 304cb0d3-cbe9-4e75-bf24-4f9390aa8525, #1 in Table
2) had two sequences homologous to the transgene (red arrows in the first and
second rows). The homologous sequence in the third row (green arrow, #2 in
Table 2) was an exon of the endogenous St3Gal2 gene. Homologies of the
remaining sequences (#3 to #19 in Table 2) were coincidences because BLAST
search in the Ensembl database confirmed the existence of the entire sequence

of each fragment in the mouse reference genome sequence.

es (accession numbers: LC495729 and LC496472, re-
spectively).

Long-read sequencing by a nanopore sequencer
(MinION)

We analyzed high-molecular-weight genomic DNA
(>50 kb) from a kidney of a 4C30 mouse (Fig. 1B) with
MinION. After a 24-h run, we obtained 922,210 reads,
ranging from 7 to 238,124 bp with an n50 of 7,607 bp,
totaling 2,985,697,306 bp (Table 1).

Local BLAST search, dot plot analysis, and mapping
on the C57BL/6N genome

We found one fragment containing the transgene se-
quence with a local BLAST search against all reads
obtained with the MinlON (Table 2 and Fig. 2). Small
homologous sequences contained in other fragments
were probably accidental similarities to the mouse ge-
nome because BLAST search against the C57BL/6N
genome showed such homologous sequences were those
that initially existed in the mouse genome, not new se-
quences produced by the insertion of transgene frag-
ments.

doi: 10.1538/expanim.19-0118

A nucleotide dot plot of the transgene construct and
the mouse genome sequences against the fragment re-
vealed that a tandemly concatenated sequence of nearly
full size and the first 660 bp of the transgene were in-
serted into the genome of the 4C30 strain mouse with
10 kb genome deletion (Fig. 3). ABLAST search against
the C57BL/6N genome revealed that the transgene was
inserted into one site, the intron of the Sged gene on
chromosome 11 (Fig. 4A).

Sequence confirmation by additional PCR analysis
and sequencing

We confirmed the sequence of the transgene and its
flanking genome by additional PCR analysis and Sanger
sequencing. The conclusive location in the 4C30 mouse
genome and the transgene insertion pattern are illus-
trated in Fig. 4. The position of the transgene insertion
was the same as we previously reported [30].

Discussion

Our results clearly indicate that a long-read DNA se-
quencer in combination with a local BLAST search is a
valuable tool for determining the whole range of trans-
gene insertion patterns in a transgenic animal genome.
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Reverse-complementary sequence of the fragment
(304cb0d3-cbe9-4e75-bf24-4f9390aa8525)
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Fig. 3. Nucleotide dot plot analysis. Nucleotide dot plots of DNA
sequences of transgene construct (LC495729) and mouse
reference genome against the reverse complementary se-
quence of the fragment (304cb0d3-cbe9-4e75-bf24-
419390aa8525) hit by the local BLAST search (Fig. 2) are
shown in the upper and lower panels, respectively. The
upper panel reveals that the tandem concatenation of a
whole transgene and the first ~660 bp of the transgene was
integrated in the 4C30 genome. The lower panel indicates
that the ~10 kilobases of the genome sequence was de-
leted between 5°- and 3’-flanking regions of the transgene
insertion site.

Long-read sequencers like nanopore sequencers have an
advantage over PCR-based methods, such as genomic
walking, because long-read sequencers can read DNA
sequences much longer than those of the average PCR-
based sequencing method. Long-read sequencers can
also determine the copy number of transgenes because
the sequencers can determine the DNA sequences of a
fragment or fragments containing a whole transgene

insertion sequence, despite being tandemly repeated in
the host genome [28]. However, confirmation of the DNA
sequence is necessary with further PCR analysis and
Sanger sequencing and/or short-read next-generation
sequencers because of the lower accuracy of long-read
DNA sequencers (approx. 85-95%) [14, 19] compared
with short-read DNA sequencers.

A local BLAST search was adequate for determining
the transgene insertion site in the mouse genome in the
present study. We believe that de novo assembly, which
requires high CPU power, will not be necessary for
similar purposes because we should focus on fragments
containing transgenes only. However, assembly might
be required, as reported by Nicholls et al. [28], when
many transgene copies are inserted into the genome and
the overall insertion is too long to be covered in single
fragment reads. We can expect to obtain fragment reads
containing an entire range of the transgene insertion in
the host genome by nanopore sequencers with carefully
prepared high-molecular-weight genome DNA from
transgenic animals because nanopore sequencers can
read >100 kb of DNA fragments (the maximum read
length in the present study was 238 kb), which can, in
many cases, contain the entire range of transgenes in the
genome. For collection of long genome DNA, methods
using magnet beads are recommended instead of the
methods with spin columns because less fragmentation
of DNA can be achieved with less physical stress in the
magnet-bead method [34].

We should consider the low coverage in the genome
analysis with MinION. MinION has a total read length
of about 3 Gb in our experience, which is insufficient to
read the entire mouse genome by a single run. In order
to search the entire genome for transgene insertion posi-
tions, we need to accumulate the read data by repeating
the sequence runs until we obtain reads covering the
entire genome while checking the actual coverage by
mapping the sequence data to the genome. However,
more than 80% of the transgenic mouse strains have only
one insertion site [27]. Especially in the case of the 4C30
strain, our preliminary data with genomic walking [17]
and quantitative PCR (data not shown) suggested that
there was only one insertion site. Therefore, in most
cases, it is likely that it is practically sufficient to repeat
long-read sequencing until one insertion position is de-
tected. Thus, in the insertion position search, we would
be able to reduce the repeat of sequencing by utilizing
not only long-read sequencer data but also various re-
lated information on copy numbers (such as data with
Southern blot and quantitative PCR).

The insertion pattern of the transgene in 4C30 mice
(Fig. 4B) was typical of those found in most transgenic

Exp. Anim. 2020; 69(3): 279-286 | 283
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Fig. 4. Deduced pattern of transgene insertion in the 4C30 genome. (A) A BLAST search of the 5’
flanking sequence of the fragment (304cb0d3-cbe9-4e¢75-bf24-4f9390aa8525) against the
C57BL/6NJ mouse genome on the Ensembl website revealed that the transgenes were in-
serted in the §-sarcoglycan (Sgcd) gene; i.e., in the first intron of the Sged-202 coding gene
and 5’ upstream of the Sgcd-201 coding gene, both of which were encoded in the reverse
strand in the 4C30 mouse genome. (B) In more detail, nearly the full length (15-3,508) fol-
lowed by the first 657 bp (4-660) of the 3,508-bp transgene were inserted between nucleotides
47,908,481 and 47,917,870 on chromosome 11 (positions were based on the C57BL/6NJ
genome retrieved from the Ensembl database). The 9,388-bp genome sequence from nucleo-
tides 47,908,482 to 47,917,869 was lost at the insertion site of the 4C30 genome. The genome
sequence determined in this study can be obtained from DDBJ (accession number: LC496472).

animals; i.e., transgenesis might be accomplished in two
steps: extrachromosomal concatenation of vector con-
structs, followed by insertion into the chromosome [2].
Before concatenation of the construct, end-nibbling may
occur to various degrees, especially on the 5’ ends of
transgenes [32]. The second copy, which lost the latter
part of the construct, may have been created by exposure
to UV transillumination during gel purification of the
transgene construct [16], as discussed in a previous study
[38].

It is unknown what the effect would be following an
approximately 9-kb deletion at the transgene insertion
site, which was found for the first time in the intron of
the Sged gene in DCM model 4C30 mice. Since the Sged
gene is one of the causal genes for DCM [33], we com-
pared the expression of the Sgcd gene in the hearts of
4C30 and wild-type mice. We found no differences in
expression of Sged at the mRNA or protein levels be-
tween the two types of mice [39]. Since only transcripts
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of Sgcd-201, but not Sgcd-202 (Fig. 4A), were reported
in the Ensembl database at the time of our previous study
[39], we confirmed the presence of the Sgcd-202 tran-
script in homozygous transgenic, hemizygous trans-
genic, and wild-type mice by RT-PCR (data not shown).
The results suggest that intronic deletion of the Sged
gene caused by transgene insertion was unlikely to have
affected Sgcd-202 gene expression. Therefore, we con-
cluded that DCM in 4C30 mice was caused by altered
sialic acid metabolism, induced by overexpression of the
mouse ST3Galll gene in the heart [26, 39]. However, it
is possible that new intronic control elements may exist
in the second intron of the Sgcd-202 gene because in-
tronic microRNA in myosin heavy chain (MHC) genes
controls MHC expression [5] and non-coding RNA has
been reported to be involved in physiological phenom-
ena, such regulating control factors for expression of
various genes (e.g., [9]). The intronic deletion found in
4C30 mice may be a clue for discovering new intronic
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control elements of genes involved in DCM.

In conclusion, a long-read sequencer is a powerful

tool for examining the influence of transgene insertion
on the host genome because it can easily determine the

entire insertion pattern of transgenes in the genomes of

transgenic animals. Recently, target sequencing methods
with a CRISPR/Cas9 system [13] and oligo-probes [24]
have been proposed. Combining such methods with a

long-read sequencer will allow us to more efficiently

analyze the effect of the transgene insertion pattern and
flanking genome modification on transgenic animals.
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