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ABSTRACT

Transgenic animals are extensively used to model
human disease. Typically, the transgene copy
number is estimated, but the exact integration site
and configuration of the foreign DNA remains
uncharacterized. When transgenes have been
closely examined, some unexpected configurations
have been found. Here, we describe a method to
recover transgene insertion sites and assess struc-
tural rearrangements of host and transgene DNA
using microarray hybridization and targeted se-
quence capture. We used information about the
transgene insertion site to develop a polymerase
chain reaction genotyping assay to distinguish het-
erozygous from homozygous transgenic animals.
Although we worked with a bacterial artificial
chromosome transgenic mouse line, this method
can be used to analyse the integration site and con-
figuration of any foreign DNA in a sequenced genome.

INTRODUCTION

Stable transgenic animal lines are a valuable resource for
studies of gene function and disease. Bacterial artificial
chromosomes (BACs) and yeast artificial chromosomes
are often used as transgenes because of their size and
their capacity to preserve the local regulatory elements
around the gene of interest. Unfortunately, their large
size and potential to undergo breakage and rearrangement
present a challenge when it is necessary to define the
outcome of integration. For practical reasons, transgenic
lines are often only assessed by Southern blot to estimate
copy number. The site of integration, the possibility of
rearrangements of the transgene and potential deletions
of native DNA at the site of integration remain
unknown for most transgenic lines. The exact mechanism
of foreign DNA integration is also unknown in the specific

case, although general evidence suggests the role of non-
homologous end-joining (NHEJ) as well as non-NHEJ
DNA repair systems (1).
For studies assessing dosage effects, there is a

compelling need to determine the transgene integration
site to design a facile assay that can distinguish heterozy-
gotes from homozygotes. Although some investigators
have reported success in genotyping using quantitative
real-time polymerase chain reaction (PCR) (2), we were
unable to distinguish between one and two copies of the
transgene reliably in our transgenic model. Fluorescence
in situ hybridization (FISH) can be used to make the dis-
tinction, but this technique is slow, expensive and inappro-
priate for high-throughput applications. For optimum
speed and reliability, there is currently no effective substi-
tute for rescuing sequence from the integration site and
using this to develop a PCR assay that can accurately
distinguish genotypes.
Identifying the location of random foreign DNA inte-

gration would also be useful when it is important to assess
the possibility of gene disruption at the integration site.
There are many examples in the literature for ‘insertional
mutations’ that result from transgene integration disrupt-
ing or deleting an endogenous gene (3). To readily
pinpoint the location of transgene insertion and identify
the gene or genes that are disrupted or deleted would be of
considerable use.
We have previously developed a transgenic mouse

model of Hutchinson–Gilford progeria syndrome
(HGPS) by injecting a circular BAC carrying the human
lamin A gene (LMNA). The 164.4-kb insert had been
recombineered to carry the G608G mutation in LMNA
that is found in majority of the children with this rare
disorder (4). We have observed an interesting dose effect
of the transgene, where homozygotes have a substantially
more severe phenotype than heterozygotes (unpublished
data), but the ability to distinguish genotypes reliably
between the two groups was presenting significant chal-
lenges and project delays. The BAC’s length and circular
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configuration at the time of injection made it impossible to
determine the integration site with established methods
that are designed to rescue the ends of the transgene.
Instead, we devised a different approach by creating a
custom microarray using DNA probes tiled across the
BAC transgene, with the aim of capturing adjacent BAC
and mouse genomic sequences. We then used
next-generation sequencing to recover enriched DNA se-
quences and aligned them to mouse and BAC reference
sequence. With this process, we were able to identify the
BAC integration site and uncover the complex sequence
anatomy of the transgene. This information allowed us to
develop a three-primer PCR genotyping assay that readily
distinguishes wild-type, heterozygous transgenic and
homozygous transgenic mice.

MATERIALS AND METHODS

Transgenic animals

The sites of integration and rearrangements were assessed
for the previously reported G608G H line. BAC clone
RP11-702H12 (RPCI-11 Human BAC Library, BACPAC
Resource Center at Children’s Hospital Oakland Research
Institute, Oakland, CA, USA) was recombineered to
contain the most common mutation that causes HGPS, a
C>T transition at base 1824 in LMNA exon 11, also
denoted as G608G for the amino acid sequence which
remains unchanged. The circular recombineered BAC
(total size with vector, 173.2 kb) was microinjected to
create the G608G H transgenic mouse line (4). By FISH,
it was determined that the BAC was integrated into mouse
chromosome 4 (data not shown).

Microarray

See Figure 1 for an overview of the workflow. A custom
NimbleGen Sequence Capture Developer 385K Array
(Roche) was designed with probes tiled across BAC
RP11-702H12. Probes were screened for uniqueness
against the mm9 mouse build, the human hg19 build
(the portion contained in RP11-702H12) and the vector
portion of the BAC (pBACe3.6).
The protocols for library preparation and hybridization

were modified from Teer et al. (5). Briefly, 5mg of genomic
DNA from a G608G (line H) homozygous transgenic
mouse was used to prepare a non-indexed DNA library.
Adapter ligated fragments were selected for a size of 300
bp with the Pippin Prep DNA size selection system (Sage
Science) and then purified on a MinElute PCR purifica-
tion column (QIAgen) (for future applications of this
protocol, we would recommend selecting for a size of
400–500 bp to achieve a higher likelihood that any given
fragment crosses a break point without being too large to
sequence on the Illumina platform). The library was LM–
PCR (ligation-mediated PCR) amplified with adaptor
specific primers and purified using Agencourt AMPure
XP beads (Beckman Coulter Inc.).
In all, 2.5 mg of the amplified library was hybridized to

the custom microarray, washed and eluted with sodium
hydroxide per manufacturer’s instructions. Mouse Cot-I
DNA at 100X molar excess (Life Technologies) and

blocking oligos were used to prevent non-specific hybrid-
ization. The hybridized DNA was eluted, purified and
PCR amplified with adaptor specific primers (sequences
available on request) and, finally, purified using AMPure
XP beads. An aliquot of this amplified DNA was
evaluated for enrichment of microarray probe targeted
regions before submitting DNA for sequencing.

Enrichment of the regions targeted by the microarray
was evaluated by qPCR with QuantiTect SYBR Green
(QIAgen) on a 7900HT Fast Real-Time PCR system
(ABI) under standard conditions in triplicate. To assess
the level of enrichment of the BAC target, qPCR primers
were designed to amplify eight regions within the BAC.
Similarly, qPCR primers were designed to amplify three
non-targeted mouse regions as negative controls. Primer
sequences are available on request. The negative control
region sequences were depleted in the post-microarray
DNA sample compared with the pre-microarray DNA
sample (data not shown). The eight regions in the BAC
were highly enriched in the post-microarray sample
(�3000- to 26 000-fold more) compared with the
pre-microarray DNA (data not shown).

Sequencing, assembly and identification of junctions

The enriched libraries were sequenced on a single lane of an
Illumina HiSeq2000, which generated 101-bp paired-end
reads. Reads were aligned to a hybrid reference consisting
of the BAC (the pBACe3.6 vector and the EcoRI partial
164.4-kb human insert) and the mouse mm9 (NCBI37) ref-
erence genome using Novoalign (Novocraft). A total of 197
million reads were mapped to the reference genomes with
average nucleotide coverage of 82 186� in the enriched
area. Regions with break points were identified by
SAMtools (6) and refined by manual inspection of individ-
ual reads spanning two genomes or non-contiguous
genomic regions. Around the four BAC/mouse junctions
that were identified, there were 8118 reads with one
paired-end matching BAC sequence and the other
paired-end matching mouse sequence in chromosome 4.
All of the identified junctions were confirmed by PCR
followed by capillary sequencing.

Genotyping PCR

Genomic DNA was PCIA (phenol:chloroform:isoamyl
alcohol 25:24:1 v/v) extracted, ethanol precipitated and re-
suspended in tris-ethylenediaminetetraacetic acid buffer.
PCR was performed under standard conditions using
QIAgen HotStarTaq DNA polymerase. Primers used were
GenoCh4-F1, 50-CAAACAAGTACATATCATAGGC-30;
GenoCh4-R1, 50-ATGATAGTGACAGGTATACGG-30;
and GenoBAC-R2, 50-ATTCTAGTGGAGGGAGAC
AG-30. GenoCh4-F1 andGenoCh4-R1 amplify an endogen-
ous sequence of 493 bp that is not observed in the presence of
the transgene. GenoCh4-F1 and GenoBAC-R2 amplify a
hybrid BAC/mouse sequence of 233 bp.

RESULTS AND DISCUSSION

Our sequencing efforts unexpectedly revealed not two, but
four junctions between mouse chromosome 4 and the
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BAC, and three additional unexpected junctions between
non-contiguous regions of the BAC. We were unable to
recover sequences from the transgenic mouse genome in
two regions of the original BAC, despite the fact that
probes for these two regions were present on the hybrid-
ization microarray. One of the deleted regions is 2.1 kb
(from 67 871 through 69 972), and the other is 31.7 kb
(14 391 through 46 042). We also observed a 90-bp
deletion and a 1090-bp deletion at the sites of integration
in the mouse genome (Ch4: 81 461 498-81 461 588 and
Ch4: 81 461 734-81 462 824, respectively). These observa-
tions are consistent with previous reports of deletions
occurring within large BAC transgenes (7,8) and deletions
at the integration site (9). With this collection of junctions
and deletions, several configurations are possible, one of
which is shown here (Figure 2). Although it is clear that
not all copies of the LMNA gene are likely to be func-
tional, there is at least one intact copy that faithfully
expresses the mutated human LMNA gene at roughly
the same levels as the endogenous mouse locus (4,10). In
all of the possible configurations of the transgenic locus,
there are sections of the BAC represented multiple times,

suggesting that fragments of more than one BAC were
incorporated. We suspect that the high-molecular weight
BAC DNA was partially degraded and underwent
concatamerization before integration. Given that a
fragment of mouse sequence is also interspersed in the
transgene, some rearrangement must have happened at
the locus itself.
At six of the junctions, we found microhomology of

three bases or less, with only one base of homology at
two of the three BAC/BAC junctions. At the remaining
BAC/BAC junction, we observed a much larger region of
homology between two short interspersed nuclear
elements (SINEs), specifically Alu elements. SINEs are
hot spots of homologous recombination, and mouse
SINEs can greatly enhance recombination when placed
at the ends of targeting vectors because of homologous
recombination with endogenous mouse SINEs (11,12).
Looking primarily at balanced germline rearrangements
(which undergo double-strand break repair as is also the
case for transgenics), Chiang et al. found that long
interspersed nuclear elements (LINEs), not SINEs, were
slightly enriched at break points. This is discordant with

Design 
microarray with 
probes across 
BAC

Hybridize DNA to 
microarray

Wash off non-
hybridized 
DNA, elute 
hybridized DNA

PCR amplify, 
sequence, 
assemble

GCTACCTCCTGATCGTAGTACCC
GCTACCTCCTGATCGTAGT
GCTACCTCCTGATC
GCTACCTCCT

TCACTG

CGTACTGTAGTCGCTAGTGTCACTG
TACTGTAGTCGCTAGTGTCACTG

TCGCTAGTGTCACTG

AACCGTACTGTAGTCGCTAGTGTCA

BAC mouse

Prepare adapter 
ligated, single 
stranded 
Transgenic DNA

Figure 1. Overview of microarray workflow. The microarray was designed with probes complementary to the entire BAC sequence. An Illumina
next-generation DNA sequencing library was created from homozygous transgenic mouse DNA. Adapters (in red) were ligated to the ends of the
DNA fragments. BAC DNA is shown in blue (both in the library and the BAC specific probes on the microarray), and mouse DNA is shown in
black. The library was heat denatured to generate single-stranded DNA, then applied to the microarray. Non-hybridized DNA was washed off, and
the hybridized DNA was eluted and collected. The eluted DNA was PCR amplified using primers specific to the adapters, sequenced and the
paired-end reads were analysed to determine the location of the BAC/mouse or non-contiguous BAC/BAC junctions, an example of which is
simplified here for illustrative purposes.
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previous studies reporting SINEs as prime locations for
homologous recombination. Chiang et al. also found that
NHEJ was the most common process involved in
generating rearrangements. These results indicate that
both homologous recombination (which created this par-
ticular BAC/BAC junction) and NHEJ can occur to yield
a complex transgenic allele.
Complex rearrangements of the transgene and the host

genome have previously been observed in multiple trans-
genic lines. Reported rearrangements include deletions,
duplications, inversions and translocations (7–9,13,14)
reviewed earlier by Wrutele et al. (15). These integrations
and rearrangements of genomic structure are of particular
interest to the fields of cancer and gene therapy.
We identified several BAC/mouse junctions in our align-

ment, and used the sequence information to develop a
genotyping PCR across one of the sites of integration.
Any of the recovered mouse/BAC junctions could be
selected for this purpose, although a junction without any
repetitive elements is preferable. In this three-primer PCR
assay, the forward primer anneals to the mouse DNA near
a mouse/BAC junction, and the reverse primers anneal
either within the BAC transgene or to the endogenous
mouse sequence (Figure 3). The product sizes indicate
whether the mouse is wild-type, heterozygous or homozy-
gous for the transgene. This assay has proven to be rapid
and robust in distinguishing wild-type, heterozygous and
homozygous BAC transgenic mice.
In summary, we present a method to define the complex

anatomy of a transgene, which allows rapid development
of a genotyping assay that can distinguish heterozygous

and homozygous transgenic animals. This method can
also be used in any situation requiring the recovery of
the location of randomly integrated foreign DNA in a
sequenced genome, including transgene integrations on
an isogenic background. In the case of transgene integra-
tion on an isogenic background, mismatched paired ends
(with one end within the transgene and the other located

BAC RP11-702 H12
173,240 bp

Ch 4:
81,461,497

Ch 4:
81,462,825

67,870- 46,043 140,724- 100,280

1-14,39069,973-173,240

98,707-
100,280

107,413-
117,639

Ch 4: 81,461,589-
81,461,733

SINE overlap

pBACe3.6,

LMNA

1

103,267 128,684

164,418-173,240

A

B

Figure 2. The original BAC, and one possible configuration of the transgenic locus. The original 173.2-kb BAC was recombineered to carry a
mutation in LMNA that causes HGPS, then microinjected in circular form (A) to create the G608G H transgenic mouse. A possible configuration of
the transgenic locus is shown with grey boxes representing mouse DNA and all other boxes representing foreign DNA (B). The black bars between
the boxes indicate junctions, and the base number and direction of each section of DNA are labelled. BAC coordinates are in blue and numbered
based on the circular BAC, starting at one end of the human insert (i.e. BAC coordinate 1 corresponds to Chr1: 155 981 195 of the human hg19
build). Mouse coordinates are shown in black. All copies and partial copies of LMNA are shown in yellow boxes, and the BAC vector (pBACe3.6) is
shown in a dark blue box. The junction between two SINE elements is indicated by the green arrow. Although only one option is shown here,
there are several possible configurations with the same junctions, same deleted mouse and BAC sequence and at least one intact copy of LMNA.
Not to scale.

98,705
R

81,461,497
F

Transgenic allele

Endogenous allele

GenoCh4-F1

Endogenous -493 bp
Transgenic -233 bp

+/+ tg/+ tg/tg

Mouse Ch 4 BAC

GenoCh4-F1

GenoBAC-R2

GenoCh4-R1

A

B

Figure 3. Genotyping by PCR using one of the BAC/mouse junctions
identified by the microarray sequencing protocol. The primers
GenoCh4-F1 and GenoBAC-R2 amplify across one of the BAC/
mouse junctions on the transgenic allele, whereas the primers
GenoCh4-F1 and GenoCh4-R1 amplify a region in the endogenous
allele (A). A PCR reaction with these three primers amplifies only the
endogenous allele from wild-type DNA (493 bp), both endogenous and
transgenic alleles from heterozygous transgenic DNA (493 bp and
233 bp, respectively) and only transgenic alleles from homozygous
transgenic DNA (233 bp) (B).
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elsewhere in the mouse genome) could readily be used to
discover the transgene/mouse and transgene/transgene
junctions, despite the presence of additional reads
deriving from the endogenous locus. Designing a custom
microarray for targeted sequence capture followed by
next-generation sequencing involves a significant cost
(currently �$4000 US dollars), but it should be noted
that the same microarray design could be used to assess
multiple different independent lines for the same trans-
gene. Furthermore, genotyping transgenic animals by
FISH or qPCR is an expensive and labour-intensive
process, whereas the costs of microarray design, micro-
array production and next-generation sequencing will
likely continue to decline over time. Many transgenic
lines such as the one described here are ultimately used
for a prolonged programme of experiments, often in
multiple laboratories; therefore, defining the anatomy of
the transgene and the integration site may be well worth
the investment.
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