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A caveat in mouse genetic engineering: ectopic
gene targeting in ES cells by bidirectional extension
of the homology arms of a gene replacement

vector carrying human PARP-1
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Abstract Here we report an approach to generate a
knock-in mouse model using an ‘ends-out’ gene
replacement vector to substitute the murine Parp-I
(mParp-1) coding sequence (32 kb) with its human
orthologous sequence (46 kb). Unexpectedly, exami-
nation of mutant ES cell clones and mice revealed that
site-specific homologous recombination was mimicked
in three independently generated ES cell clones by
bidirectional extension of the vector homology arms
using the endogenous mParp-1-flanking sequences as
templates. This was followed by adjacent integration of
the targeting vector, thus leaving the endogenous
mParp-1 locus functional. A related phenomenon
termed ‘ectopic gene targeting’ has so far only been
described for ‘ends-in’ integration-type vectors in
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non-ES cell gene targeting. We provide reliable
techniques to detect such ectopic gene targeting which
represents an unexpected caveat in mouse genetic
engineering that should be considered in the design and
validation strategy of future gene knock-in approaches.
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Abbreviations

DAPI 4’ 6-Diamidino-2-phenylindol-
dihydrochlorid

DSB Double strand break

DTA Diphtheria toxin A

ESC Embryonic stem cell clone

F Filial generation

FISH Fluorescence in situ hybridization

hPARP-1 Human PARP-1

HR Homologous recombination

mParp-1  Murine Parp-1

Neo® Neomycin resistance

PARP-1  Poly(ADP-ribose) polymerase-1

qPCR Quantitative PCR

SDSA Synthesis-dependent strand annealing

wt Wild-type

Introduction

More than 20 years after its first description, gene
targeting by homologous recombination (HR) in

Konstanze©Online-Publikations-Syste(lKOPS)
URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-77539
URL: http://kops.ub.uni-konstanz.de/volltexte/2009/7753/


http://www.springerlink.com/content/100225/?p=984622dc3aec4e779c5f3f5ea84c9569&pi=0
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-77539
http://kops.ub.uni-konstanz.de/volltexte/2009/7753/
http://www.springerlink.com/content/100225

murine embryonic stem (ES) cells has become a
standard method in biomedical research and has
provided a wealth of valuable data to study mamma-
lian gene function on a cellular and organismal level
(Capecchi 2005; Mak 2007). However, gene targeting
efficacy and outcome remain variable, for reasons
that are not fully understood (Glaser et al. 2005).
Mechanistically, the technology relies on HR as an
error-free cellular repair process for DNA double
strand breaks (DSB) (Helleday et al. 2007; Li and
Heyer 2008). Upon detection of a DSB, the DNA 5
end is resected by an as yet unknown nuclease and
the remaining single-stranded 3’ overhang is coated
by Rad51. The resulting Rad51 nucleofilament then
invades the homologous double-stranded DNA
(mainly sister chromatids), followed by annealing
with the complementary DNA strand (Sun et al.
1991; Barzel and Kupiec 2008). The resulting D-loop
structure serves as a priming end for DNA synthesis
using the intact DNA strand as a template. At the
invasion site an X-shaped structure is then formed
known as the Holliday junction. This junction can
slide in either direction of the crossing point in a
process known as branch migration. Dependent on
the direction of the sliding process two outcomes,
both resulting in the repair of the DNA break, are
possible. First, if the sliding occurs in the same
direction as the DNA synthesis, the invading strand
can dissociate and re-anneal with the other end of the
trimmed DSB, thereby restoring a functional error-
free DNA molecule. This synthesis-dependent strand
annealing (SDSA) pathway manages restoration of
proper DNA structure without employing crossing-
over events and is thought to be the predominant
mechanism during HR (Helleday et al. 2007). Sec-
ond, if branch migration takes place in the opposite
direction accompanied by strand invasion of the other
end of the DSB, this can result in the prominent
double Holliday junction structure. The newly syn-
thesized DNA strand can then reattach to the other
end of the DNA break. Subsequent cleavage and
relegation of the DNA strands can lead to a crossing-
over event, i.e., resolution of the double Holliday
junction by exchange of the double-stranded DNA
arms, and finally repair of the DSB (Helleday et al.
2007; Barzel and Kupiec 2008).

Two basic types of vectors can be distinguished in
classical gene targeting, i.e., ‘ends-in’ integration and
‘ends-out’ replacement vectors (van der Weyden

et al. 2002). Integration-type vectors are linearized
within the homology region, resulting in homology
arms pointing towards each other and final integration
of the vector at the locus of interest in a single
crossing over event. In the case of replacement-type
vectors, the sequence to be introduced is flanked by
two homology arms and the vector is linearized
within the vector backbone outside the homology
regions (van der Weyden et al. 2002). Li and Baker
suggested that the two homologous arms of a gene
replacement vector invade the chromosome at the
target locus. Complete exchange of the sequences
located in between the homology is then caused by
resolution of the Holliday structure by crossing-over
events in each flanking arm (Li and Baker 2000; Li
et al. 2001). Although SDSA is thought to be the
predominant mechanism of DSB repair (Helleday
et al. 2007), its role in gene targeting is not well
understood.

By using the technique of gene targeting a total of
about 9,000 genes have so far been knocked out in the
mouse genome, with deletion of sequences up to
30 kb (Zhang et al. 1994; Brault et al. 2006; Collins
et al. 2007). In recent years, application of gene
targeting has been expanded to the generation of so
called gene knock-in mice, which now become
increasingly interesting for biomedical research
(Roebroek et al. 2003). In this approach the gene of
interest is replaced with a different functional
sequence under the transcriptional control of cis-
and trans-acting elements that are part of the
endogenous gene (Babinet and Cohen-Tannoudji
2001). The field of application for this method ranges
from exchange of the gene of interest with a reporter
gene (Elefanty et al. 1998; Luche et al. 2007) to the
generation of humanized mice (Rozmabhel et al. 1997;
Luo et al. 2001), mainly by replacing loci with
sequences of up to 10 kb, such as cDNA. However,
the replacement of larger sequences might be inter-
esting as well, e.g., the exchange of whole coding
sequences including all introns to study the function
of the introduced gene under “physiological” tran-
scriptional control. For this purpose, recombination-
based methods using chromosome engineering can be
exploited, as shown recently with the generation of a
o-globin humanized mouse model (Wallace et al.
2007). Nevertheless, studies like these are elaborate
and costly as they require at least two successive
rounds of gene targeting.



Here we report an approach using classical gene
targeting with an ‘ends-out’ gene-replacement vector
to generate a knock-in mouse model in order to
substitute the murine Parp-1 coding sequence (32 kb)
with its human orthologous sequence (46 kb). Unex-
pectedly, despite the bona fide correct gene targeting,
as identified by long-range flanking polymerase chain
reactions (PCRs) and Southern blot analyses, our
approach resulted in ectopic integration of the
targeting vector. Yet, site-specific HR was mimicked
by bidirectional extension of the vector homology
arms, presumably by employing a SDSA-like path-
way. Our results provide proof-of-principle that a
phenomenon which was formerly described as
‘ectopic gene targeting’ when using ‘ends-in’ inte-
gration-type vectors during non-ES cell gene
targeting, can also occur during gene targeting with
‘ends-out’ gene-replacement vectors in mouse ES
cells. Thereby, this report demonstrates a potential
caveat in mouse genetic engineering and gives new
insight into the mechanisms that can take place
during mammalian gene targeting. Moreover, we
provide reliable techniques to identify such obstacles,
which might be useful in particular with respect to the
generation of large knock-in genomic alterations
introduced by traditional gene targeting.

Methods

Cloning of the hPARP-1 targeting vector and gene
targeting in ES cells

The targeting construct was cloned based on a
pBR322 vector backbone by performing four classi-
cal cloning steps with two fusion-PCR fragments and
two cloning steps employing HR in E. coli DY380
(Copeland et al. 2001; Lee et al. 2001). Human
PARP-1 DNA was obtained from human BAC RP11-
15H13 harboring the entire hPARP-1 coding
sequence. Mouse homologous regions of 5 kb each
at the 5’ and 3’ end of the mParp-1 coding sequence
were obtained by proofreading PCR from mouse
genomic DNA isolated from E14-1 ES cells. For
positive and negative selection of ES cell clones, a
“floxed” Neo® cassette was included in intron 14 and
a diphtheria toxin A (DTA) was fused to the 3’
homologous region. All exons and exon/intron bor-
ders were sequenced. No mutations were detected

except for a 50-bp deletion in a non-conserved region
of intron 1.

Gene targeting and generation of chimeras

Gene targeting and generation of chimeras was
performed using standard procedures (Nagy 2003).
Briefly, before electroporation of ES cells the targeting
vector was linearized by PfI231I digestion. Successful
linearization was examined by control digestion with
Xmalll and Notl, respectively, and evaluation of the
resulting DNA fragment fingerprints. Murine ES cells
(line E14-1 derived from strain 129P2/OlaHsd) were
grown on feeder cells and electroporated with 50 pg of
the Pfl2311-linearized targeting vector, followed by
selection with 330 pg/ml G418. After 9 days of
selection, 276 ES cell clones were picked. One
aliquot of each clone was expanded for DNA extrac-
tion and another aliquot cryoconserved for blastocyst
injection. Clones were screened by using a flanking
PCR method and results were verified by Southern
blotting. Bona fide positive clones were thawed,
expanded, and used for generation of chimeras. For
this purpose, donor females were superovulated with
gonadotropin (i.p.) and 47 h later with chorionic
gonadotropin, and then mated with fertile males.
Successfully mated females were identified by plug
check and sacrificed by cervical dislocation. Embryos
at morula stage (day 2.5 of embryonic development)
were isolated from these mice, washed through
several droplets of medium and incubated overnight
in a CO, incubator. The blastocysts that had devel-
oped, were injected with 10-15 genetically modified
ES cells of clones #113, #225, or #267. The injected
blastocysts were incubated for 1-2h in a CO,
incubator and thereafter, transferred into the uteri
of pseudopregnant recipients, which gave birth to
chimeric offspring.

Genetic characterization by PCR
and Southern-blot analysis

General genotyping for mParp-1 and hPARP-1 was
performed with a PCR reaction using a mixture of
three primers: the mParp-1 wild-type allele was
detected with the mParp-I-specific sense primer
5'-CTT GAG AAG AAT GCT CTG GGC TCT
GAA G-3' located in intron 20 resulting in an
amplicon of 220 bp, the "PARP-1 coding sequence



was detected with the hPARP-1-specific sense primer
5'-GCT TGA TTT GGA CAT GGA CCC TAG TCC
T-3’ located in intron 20 resulting in an amplicon of
421 bp. The antisense primer 5-TTG CCC TTG
GGT AAC TTG CTG ATA TGT G-3' binds to both
PARP-1 orthologous sequences and is located in exon
21. Genotyping for the neomycin-resistance cassette
was performed with the sense primer 5-TGC TCC
TGC CGA GAA AGT ATC CAT CAT GGC-3' and
the antisense primer 5-CGC CAA GCT CTT CAG
CAA TAT CAC GGG TAG-3 resulting in an
amplicon of 380 bp. As an internal PCR control the
murine Fabpi gene was amplified using the sense
primer 5-TGG ACA GGA CTG GAC CTC TGC
TTT CCT AGA-3' and the antisense primer 5'-TAG
AGC TTT GCC ACA TCA CAG GTC ATT CAG-3’
resulting in an amplicon of 194 bp. Absence of the
DTA cassette in the targeted genome was examined
using the sense primer 5'-GTG GTC AAA GTG ACG
TAT CCA GGA CTG ACG-3' and the antisense
primer 5-AGC ACT ACA CGC GAA GCA CCA
TCA TCG AAC-3' resulting in an amplicon of
170 bp. As an internal PCR control, primers for the
Neo® cassette were used. PCR reactions were incu-
bated at 94°C for 2 min and then 34 cycles of
amplification at 94°C for 20 s, 62°C for 20 s, and
68°C for 1 min with a terminal elongation for 10 min
at 68°C in a Biorad thermal cycler PTC-200.
Site-specific integration of the targeting construct
and screening of the targeted ES cell clones was
examined by long-range PCR reactions amplifying
regions spanning the homology arms at the promoter
and at the terminator side of Parp-1. In the case of the
promoter flanking PCR the sense primers 5'-GGA
GCC TGG TCC TTC GGG TAC C-3' or 5-TGC
CACCACGCCCAGCTTGC-3’ bind upstream the
homologous regions in the mouse genome and the
human-PARP-1-specific antisense primer 5'-CGC
CCG CAC AGC GGC CC-3 binds in intron 1
resulting in the case of bona fide correct gene
targeting in amplicons of 5.2 kb or 7.2 kb, respec-
tively. In the case of the terminator flanking PCR the
hPARP-1-specific sense primer 5-TGA GGC ACA
TGT ACA TAC CC-3' binds in intron 22 of the
hPARP-1 coding sequence and the antisense primers
5'-TCC ACT TGT TAG GGG ACC C-3' or 5TAT
GAAGCACAGAGCAGTCC-3' bind downstream of
the homologous regions in the mouse genome
resulting in the case of bona fide correct gene

targeting in amplicons of 5.3 kb or 8 kb, respectively.
Hot-start PCR reactions were incubated at 94°C for
3 min and then 36 cycles of amplification at 94°C for
10 s, 68°C (promoter PCR) or 62°C (terminator PCR)
for 20 s, and 68°C for 6-8 min with an terminal
elongation of 10 min at 68°C in a Biorad thermal
cycler PTC-200.

Amplicons were separated by 0.8-2% agarose gel
electrophoresis and detected by ethidium bromide
staining. Flanking PCR amplicons were sequenced by
GATC Biotech to rule out artefacts and results were
confirmed by Southern blot analyses.

Southern analysis was performed according to
standard techniques (Sambrook 2001) by digestion
of 10-15 pg of genomic DNA with Kpnl or HindIIl
(promoter side, ‘internal’ or ‘external’ probes, respec-
tively) or BsrGI (terminator side) for at least 14 h,
separated by agarose gel electrophoreses for about 5 h,
transferred onto a Hybond-N4 membrane (Amer-
sham) by capillary wet blot technique for at least 16 h,
and hybridized with **P-radio-labeled probes as shown
in Fig. 2a. To reduce background signal, salmon
sperm DNA was added in a concentration of 100 pg/
ml to the hybridization buffer of membranes that were
subsequently hybridized with the promoter ‘external’
probe. Autoradiograms were exposed for 7 days.

Chromosome preparation and fluorescence
in situ hybridization

For metaphase preparation ES cells were treated with
BrdU (45 pM) for 12 h and with 10 pg/ml Colcemid
for 1 h at 37°C before trypsin harvesting. For
hypotonic shock, 10 ml of a prewarmed (37°C)
75 mM KCI solution was slowly added to less than
1 x 107 cells, followed by incubation for 20 min at
37°C. Thereafter, 2-3 drops of ice-cold fixative
(acetic acid/methanol 1:3) were added and cells
pelleted for 5 min at 250g. Using vortexing, 10 ml of
ice-cold fixative was added drop-wise to the pellet.
Samples were pelleted and the procedure repeated
three times. Chromosomes were stored in fixative at
—20°C until further use.

Human or murine Parp-1 probes were generated
based on the targeting construct or murine E14-1
genomic DNA, respectively, using proofreading PCR
amplification of 18-kb weakly-conserved intron-rich
regions. Initial amplicons were reamplified by the
degenerative oligonucleotide primer (DOP) PCR



amplification kit (Roche) according to the manufac-
turer’s instructions.

Labeling and hybridization of FISH-probes was
performed as described by Scherthan et al. (1994).
The human probe was labeled with biotin-dUTP
(Bionick nick translation kit, Invitrogen), murine
probe with digoxigenin-dUTP (dig nick kit, Roche)
by nick translation. Biotin was detected by fluores-
cein-conjugated avidin (ExtrAvidin-FITC, Sigma),
digoxigenin using an anti-digoxigenin-antibody con-
jugated with tetrarhodamin-isothiocyanate (TRITC,
Roche). Hybridized spreads were evaluated using a
Zeiss epifluorescence microscope. Microphotographs
were recorded using the ISIS imaging system (Meta-
Systems).

Determination of gene copy numbers
by quantitative real-time PCR

Mouse genomic DNA was prepared using the High
Pure DNA Template Purification kit (Roche). Human
PARP-1, Gm821, and Lin9 gene copy numbers were
determined by Sybr-green real-time PCR approach
using the Biorad iCycler system. Sense primer
sequences were 5'-ATCTGAGCTCCATGGACAG
G-3', 5-CTTCCTGCTTCTCGTTGGTC, GCCTCC
CTGGAGAAAATAGG-3 and antisense primer
sequences 5'-ACCCAGGCACAACAAATACC-3/,
5'-TTGCATGAGTAGGCTGGTTG-3, 5-GACAAG
ATGGCCAGGAAGAG-3', respectively, amplifying
products of 97-99 bp. A highly conserved sequence of
Cygb with identical primer binding sites and amplicon
sizes for human and murine sequences was used as a
DNA standard (sense primer 5'-CAACACTGTCGTG
GAGAACC-3', antisense primer 5-GGTTCCACCT
TGTGCTTGAG-3").

PCRs for all genes were performed with 100 ng of
DNA per sample in triplicates. Reactions were
incubated at 95°C for 90 s and then 50 cycles of
amplification at 95°C for 15 min and at 66°C for
1 min. Thereafter, melting curves of amplified prod-
ucts were determined, which confirmed specificity of
the reactions.

Murine Parp-1 gene copy numbers were deter-
mined using a Tag-Man approach with the mParp-1-
specific probe FAM-AGGTGACAGAGAGCGGCC
AGTGC-BHQ in combination with sense primer
5'-TCCAGAAAGCAGCGCC-3' and antisense pri-
mer 5'-GCACCCACAGCTGTGAACT-3' amplifying

a 71 bp product of mParp-1 exon 8. For DNA
standardization the actin probe FAM-ACTGCCG
CATCCTCTTCCTCCC-BHQI1 was used in combi-
nation with sense primer 5-TGCGTGACATCAA
AGAGAAG-3' and antisense primer 5'-CAGCTC
ATAGCTCTTCTCC-3'. PCRs for both genes were
performed with 100 ng of DNA per sample in
triplicates. Reactions were incubated at 95°C for
1 min and then 40 cycles of amplification at 95°C for
15 s, at 55°C for 20 s, and at 68°C for 1 min. Data
evaluation was performed using the AAC; method.

RT-PCR analysis of PARP-1 mRNA expression

Total RNA was isolated using an RNeasy kit (Qiagen).
Double-stranded cDNA was synthesized using the
Omniscript RT kit (Qiagen). Murine or human cDNA
was detected with the sense primers 5-TGGC
ACTGCCCCTCTCTGTC-3' (murine exon 8), 5'-AC
GCCTCCGCCCTCCACA-3' (human exon 8) and the
antisense primers 5'-GGCCTTGTTGGCAGATCCT
GT-3' (murine exon 9), 5-TCCTGGAGGAAGTCC
TCAGACACA-3' (human exon 10). PCR reactions
were incubated at 94°C for 2 min and then 36 cycles of
amplification at 94°C for 15 s, 62°C for 20 s, and 68°C
for 30 s with an terminal elongation of 10 min at 68°C
in a Biorad thermal cycler PTC-200. Amplicon sizes
are 179 and 281 bp in the case of the murine and
human PARP-1 cDNA, respectively.

Western-blot analysis

Spleen tissue, snap-frozen in liquid nitrogen, was lysed
on ice by homogenizing tissue with a douncer in
modified high-salt RIPA buffer (9 ml/g tissue) con-
taining 50 mM Tris—HCI (pH 7.4), 500 mM NacCl, 1%
(w/v) Triton-X-100, 0.1% SDS, 1% (w/v) sodium-
deoxycholate, and Complete protease inhibitor mix
(Roche). Then, insoluble organ and cell debris was
pelleted for 15 min at 4,000g and 4°C, protein con-
centrations were determined using the BCA protein
assay (Pierce), diluted in 1.5x high-urea lysis buffer
containing 62.5 mM Tris—HCI, pH 6.8, 6 M urea, 5%
(v/v) 2-mercaptoethanol, 10% (v/v) glycerol, 2% (w/v)
SDS, and 0.003% bromphenol blue. Forty micrograms
of protein were used for western-blot analyses.
Whole-tissue lysates were separated on 8% poly-
acrylamide gels and proteins were transferred on
Hybond-ECL nitrocellulose membrane (Amersham)



for 2 h at 300 mA using a wet blotting approach.
Membranes were blocked for 1 h in 5% (w/v) milk
powder in 10 mM Tris—HCI, pH 8.0, 150 mM NaCl,
and 0.05% (v/v) Tween 20, and incubated overnight at
4°C with the following primary antibodies: monoclo-
nal CII10 (PARP-1-specific), monoclonal FI23
(human-PARP-1-specific), and polyclonal antiserum
4595 (murine-PARP-1-specific). The murine-PARP-
1-specific antibody 4595 was raised against a 14-aa
peptide (SAPAPLALPLSVTS) of the mPARP-1
showing no homology with its human orthologue.
Peroxidase-coupled goat-anti-mouse or goat-anti-
rabbit secondary antibodies were used for chemilu-
minescent detection.

Mouse breeding and housing

Experiments had been approved by the local veter-
inary authorities (Regierungsprasidium Freiburg,
Germany). Mice were housed in the central animal
care facility of the University of Konstanz, Germany,
in isolated, ventilated cages (IVC) according to
federal guidelines. Animals were killed by CO,
inhalation.

Statistics

Statistical analyses were performed with Chi-square
test as indicated using GraphPad Prism software. P
values < 0.05 were considered statistically significant.

Results
Gene targeting strategy

We attempted to generate a human poly(ADP-ribose)
polymerase-1 (hPARP-1) (GenBank ID: 142) knock-
in mouse model by replacing the murine Parp-I
(mParp-1) (GenBank ID: 11545) coding sequence
(32 kb) with its human orthologous sequence (46 kb).
For this purpose, an ‘ends-out’ gene-replacement
targeting vector of 64 kb (Fig. S1 in Electronic
supplementary material) was constructed using the
technique of recombineering in E. coli (Copeland
et al. 2001; Lee et al. 2001). The targeting vector
comprised the entire hPARP-I coding sequence
including all 23 exons and 22 introns flanked by
5 kb of murine regulatory sequences (i.e., promoter

and terminator) to permit site-specific HR in the
mouse genome. A neomycin resistance (Neo®) cas-
sette was included in intron 14 and a DTA cassette
was placed adjacent to the homologous terminator
sequences to enable positive—negative selection of ES
cell clones (Yagi et al. 1990; van der Weyden et al.
2002). The Neo® cassette was flanked by two loxP
sites to enable its Cre-mediated excision. Prior to
electroporation, the targeting vector was linearized
within the vector backbone by digestion with the
restriction enzyme PfI23II in order to generate the
‘ends-out’ configuration of the homology arms.
Correct DNA-linearization was proven by the DNA
fragment pattern obtained after control digestion
with two different additional restriction enzymes
(Fig. S2).

PCR-based identification of ES cell clones
with site-specific gene targeting

Upon electroporation of murine ES cells, 276 G418-
resistant ES cell clones were picked and screened for
site-specific HR performing four different long-range
PCRs (Fig. 1a). Judging from (1) the specificity of
the PCRs for site-specific hPARP-1 knock-in as
proven by the absence of amplicons when using
murine wild-type DNA and (2) correct amplicon sizes
of about 5 and 8 kb, three independently generated
ES cell clones (#113, #225, #267; picked from
different cell culture plates) displayed site-specific
HR (Fig. 1b, c). This corresponded to a targeting
efficiency of 1.1%. DNA sequencing of the obtained
flanking PCR amplicons confirmed bona fide site-
specificity of the targeting vector location, since
promoter as well as terminator amplicons revealed
the expected non-homologous murine sequences at
their distal ends (sequencing with primers ml, m2,
m3, and m4) and hPARP-1-specific sequences at their
proximal ends (sequencing with primers hl and h2)
(Fig. S3). When using a mixture of wild-type ES cell
genomic DNA and targeting vector DNA as tem-
plates, after PCR no formation of amplicons was
observed (data not shown). Therefore, the hypothet-
ical possibility of formation of the specific amplicons
by internal fusion-PCR through the homology arms
of the targeting vector and the corresponding regions
of the endogenous mParp-1 locus could be ruled out.
Consistent with the general gene targeting strategy
and the flanking PCR results, the presence of the
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Fig. 1 Identification of bona fide site-specific targeted ES
cells by PCR. a Using a flanking PCR strategy, G418-resistant
ES cell clones were screened for site-specific homologous
recombination. In each PCR one primer bound specifically to
the human sequence and its partner primer to the adjacent non-
homologous sequences within the mouse genome, thereby
flanking the homology arms of the targeting vector. For both
homology arms (i.e., promoter and terminator) two different

Neo® cassette and loss of the DTA cassette was
confirmed in clones #113, #225, and #267 (Fig. 1d).

Verification of bona fide site-specific HR
by Southern blot analyses

Southern blot analyses of genomic DNA isolated
from G418-resistant ES cell clones are considered as
the gold standard for the detection of site-specific HR

PCRs were performed resulting in amplicons of about b 5 kb or
¢ 8 kb, respectively. Three clones were identified to be positive
for site-specific homologous recombination, #113, #225, and
#267. Clone #151 showed site-specific recombination only at
the terminator homology arm. d Presence of the Neo® cassette
and loss of the DTA cassette in the clones identified positive
was verified by conventional genotyping PCR. Cont., control;
L, molecular size ladder; Targ. vect., targeting vector

of the targeting vector (Nagy 2003). To verify the
PCR results Southern analyses were performed using
‘internal’ probes (probes a and b) that bind within the
vector homology arms, as well as ‘external’ probes
(probes ¢ and d) that either bind 5’ (promoter) or 3’
(terminator) of the homology arms only within the
flanking mouse genome sequence (Fig. 2a). All
fragment sizes expected for site-specific knock-in of
the hPARP-1 sequence were recovered although
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Fig. 2 Southern blot analyses of genomic DNA from targeted
ES cells. a Southern blot strategy. DNA from ES cell clones,
#113, #225, or #267, which were found positive for site-specific
homologous recombination during PCR screening, was digested
with restriction enzymes and sequentially hybridized with **P-
labeled probes as indicated. The indicated restriction fragments
span the promoter (pro) or terminator (fer) homology arms.
Internal probes, i.e., probes a (1.5 kb) and b (2 kb), bind within
the vector homology arms. External probes, i.e., probes ¢ and d
(each 2 kb), bind 5’ or 3’ of the homology arms, respectively,
within the adjacent non-homologous mouse genome. b
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Hybridization of Kpnl and BsrGI-digested genomic DNA with
‘internal’ probes for promoter and terminator fragments,
respectively. ¢ Hybridization of HindIll and BsrGl-digested
genomic DNA with ‘external’ probes for promoter and
terminator fragments, respectively. Note the weaker band
intensities of the "PARP-1 knock-in fragments compared to
the fragments of mParp-1 loci in the heterozygous mutant ES
cell clones #113, #225, #267. Hindlll and BstEll-digested
A-genomic DNA served as a molecular weight standard.
E indicates exon



signal intensities of the A”PARP-1 knock-in fragments
were lower than those of the wild-type fragments.
Intensities of promoter probes (9.1 kb, ‘internal’
probe a; 8.7 kb, ‘external’ probe c) were at the
detection limit in the case of the "WPARP-I knock-in
fragments (Fig. 2b, ¢). (NB: An additional blot with
mouse genomic DNA, which is comparable to the
terminator blot of Fig 2c, is shown in Fig. 5b.)

Generation of chimeras and germline
transmission

Based on the results from four independent PCR and
Southern blot analyses, respectively, demonstrating
bona fide site-specific HR of the hPARP-1 targeting
construct in the genomes of ES cell clones #113, #225,
and #276, cells of these clones were injected into
blastocysts from C57BL/6 donor mice. After transfer
of chimeric blastocysts into uteri of foster mothers, we
obtained 22 high-grade chimeras (chimerism higher
than 50%, F0O). The mutant mice were designated
“B6;129P2 TgH (hPARP-1)”, hereafter referred to as
“hPARP-1 mice”. Chimeras were crossed with
C57BL/6 females to obtain fully heterozygous
hPARP-1 knock-in mice. Germline transmission of
the complete hPARP-1 coding sequence was detected
both by the flanking PCR strategy mentioned above

(see Fig. S4) and Southern blotting (see Fig. 5b) in 3
females of line #113 and 12 females and 9 males of line
#225, respectively (F1). Germline transmission was
not observed in the case of the single chimera of line
#267. The observed ratio of mutant to wild-type was
not significantly different from the expected ratio of
1:1 (Chi-square test P = 0.15; 35 wild-type animals
vs. 24 mutant animals).

Breeding of hPARP-1 mice

Human PARP-1 heterozygous mice of line #225 (F1)
were intercrossed to generate homozygous hPARP-1
knock-in mice. In concordance with Mendelian
distribution, offspring comprised one quarter of
wild-type and three quarters of mutant mice
(Table 1a). Unexpectedly, none of the mutant ani-
mals lost mParp-1, which would have been expected
in the case of the hPARP-1 homozygosity. Selective
intrauterine death of APARP-I homozygotes was
unlikely because the difference of the observed ratio
of wild-type to mutant animals (1:3) compared to the
ratio expected in the case of potential prenatal death
of the homozygotes (1:2) showed ‘borderline’ signif-
icance (Table la). In addition, genotyping of
embryos at day 12.5 of embryonic development
revealed nearly the same genotypic ratio as found for

Table 1 Genotype distribution, as analyzed by conventional PCR (line #225 F2) and qPCR (lines #225 and #113), of offspring from

interbred heterozygous hPARP-1 mice

(a) Genotype distribution, as analyzed by conventional PCR

Genotype Offspring Expected Expected in case Offspring Expected
(neonatal) (neonatal) of prenatal death of (h/h) (E 12.5 dpc) (E 12.5 dpc)

Wild-type (m/m) 53 (27%) 25% 8 (24%) 25%

hPARP-1 (h/m) 141 (73%) 50% 26 (76%) 50%

hPARP-1 (w/o m) 0 (0%) 25% 0 (0%) 25%

P value <0.0001 0.09 (n.s.) <0.01

(b) Genotype distribution, as analyzed by qPCR

Genotype Offspring #113 Offspring #225 Expected

Wild-type (m/m) 9 (27%) 17 35%) 25%

Heterozygotes (1 xhPARP-1) 17 (52%) 19 (42%) 50%

Homozygotes (2xhPARP-1) 7 (21%) 12 (27%) 25%

P value 0.87 0.21

(a) Neonatal: 28 litters, mean litter size = 7. Prenatal: 6 litters, mean litter size = 10.2 embryos

(b) Four litters of line #113 and 6 litters of line #225 analyzed, mean litter sizes 8.25 and 8, respectively. Statistical analysis was
performed by Chi square test. 1 xhPARP-1, heterozygous mutant mice; 2xhPARP-1, homozygous mutant mice; dpc, days post

coitum; A, human; m, murine



neonatal offspring (1:3) and once again did not
identify any animals with loss of mParp-I. Inter-
crossing of mutant heterozygotes of line #113 (F2)
did not result in any offspring with loss of mParp-1
either.

Heterozygous hPARP-1 mice (F1, both lines #113
and #225) were crossed with homozygous transgenic
mice expressing Cre-recombinase ubiquitously
(B6.FVB Tg (Ella-Cre) C5379LMGD/JF) to excise
the Neo® cassette. Offspring (F2) with excised Neo®
was mated with C57BL/6 wild-type mice to outcross
the Cre cassette (data not shown). The resulting
heterozygous mutant mice (F3, lines #113 and #225)
were intercrossed by brother—sister mating to obtain
cohorts of wild-type as well as mutant heterozygous
and homozygous animals (F4) lacking the Neo® and
the Cre cassette. Backcrossing in a C57BL/6 back-
ground was continued for subsequent generations,
and at the time of this writing two different hPARP-1
congenic lines (F5) are available that are currently
undergoing detailed phenotypic analysis.

Genomic localization of A”PARP-1 and mParp-1
by fluorescence in situ hybridization

To search for the hypothetical presence of a remain-
ing mParp-1 sequence at the targeted locus on mouse
chromosome 1, fluorescence in situ hybridization
(FISH) was performed. Two different hybridization
probe sets for hPARP-1 and mParp-1, respectively,
were generated by proofreading PCR followed by
PCR amplification using the DOP approach. The
human-specific probe spanned an 18-kb region from
intron 1 to intron 4 of APARP-1 and the murine-
specific probe an 18-kb region from intron 1 to intron
9 of mParp-1. Two color FISH experiments on mouse
E14-1 ES cells and human A549 cells showed only
hybridization on the homologous species’ chromo-
somes demonstrating the specificity of the probes
(Fig. 3a—c). Analyses of ES cell metaphase spreads
excluded the presence of an additional chromosome
1, i.e., trisomy 1. FISH analyses on metaphase
spreads of ES cell clones #113 and #225 demon-
strated the integration of A”PARP-1 on chromosome 1
in both clones (Fig. 3d, e). Consistent with the
breeding data, FISH analyses revealed that a copy
of the endogenous mParp-1 gene was remaining at
the targeted locus (Fig. 3d, e). Due to the close
proximity of the two signals (kb up to several Mb), it

was not possible to determine if the integration site of
the targeting construct was distal or proximal of the
endogenous mParp-1 locus on chromosome 1.

Assessment of gene copy numbers by quantitative
real-time PCR

Quantitative real-time PCR (qPCR) analyses of
genomic DNA were performed: first, to verify the
results from FISH analyses; second, to identify
potential APARP-1 homozygote animals; and third,
to analyze if potential extension of the vector
homology arms, which would have been another
possible explanation for the results obtained by
flanking PCRs and Southern blot analyses, affected
gene copy numbers of mParp-1-flanking genes.

Gene copy numbers of mParp-1, hPARP-1, Gm821
(GenBank ID: 329305) (proximal of mParp-1), and
Lin9 (GenBank ID: 72568) (distal of mParp-1) were
analyzed by qPCR. Validation of qPCRs is shown in
Fig. S5a.

For the analysis of hPARP-I gene copy numbers,
the hPARP-1 gene copy number of the diploid human
fibroblast cell line IMR90 was set to 2.0. Wild-type
E14-1 ES cells and C57Bl/6 mice showed equal
mParp-1 gene copy numbers, thereby ruling out a
duplication of the mParp-1 locus in the wild-type
E14-1 ES cells a priori. Therefore, murine wild-type
genomic DNA was used as a reference with mParp-1
gene copy numbers set to 2.0.

Consistent with the results from FISH analyses,
but prima facie contradictory to the results from
flanking PCR and Southern blot analyses, the pres-
ence of one copy of A”PARP-1 and two gene copies of
mParp-1 were detected in the genome of ES cell
clones #113, #225, and #267 (Fig. 4a, b). As
expected, fully heterozygous hPARP-I mice of the
F1 generation showed one gene copy of hPARP-I.
However, in the F2 generation, which was obtained
by intercrossing of hPARP-I heterozygous mice,
hPARP-1 homozygotes with two copies of hPARP-1
were identified (Fig. 4a). These findings were con-
firmed by analyzing signal intensities of Southern
blots (see Fig. 5b) and by breeding experiments:
Mice from lines #113 and #225 (n = 5) that were
identified as hPARP-I homozygotes by qPCR pro-
duced litters comprising 100% mutant animals after
breeding to wild-type animals as expected in case of
uniparental homozygosity (see Fig. S5b).



Fig. 3 Fluorescence in situ
hybridization (FISH) of
targeted ES cells.
Hybridization probes
specific for the hPARP-1
(green signal; h) or mParp-
1 (red signal; m) were
amplified by PCR methods
and labeled with biotin-
dUTP or digoxigenin-dUTP
by nick translation,
respectively. DNA was
visualized by DAPI
staining. a Overview of a
metaphase spread
demonstrating the
specificity of the
hybridization probes to
chromosome 1. b and ¢ On
chromosomes 1 from
human A549 cells or wild-
type murine ES cells only
signals from the 7PARP-1
or from the mParp-1 probes
were detectable,
respectively. d and e
Hybridization signals on
chromosomes 1 of mutant
murine ES cell clones #113
and #225, respectively.
ESC, ES cell clone; H.sa.,
Homo sapiens

Chrom. 1
A549 (H.sa.)

Determination of gene copy numbers of 4 litters
of line #113 and 6 litters of line #225 revealed
a distribution of genotypes (wt, 1xhPARP-I,
2xhPARP-1) consistent with a Mendelian distribution
(Table 1b).

Taken together, data obtained from animal breed-
ing, FISH, and qPCR strongly indicated that in all
three independently generated ES cell clones an
ectopic gene targeting event had taken place. Such an
event can be explained as a gene conversion by the
SDSA pathway of DSB repair, in which the targeting
vector homology arms invaded the endogenous
mParp-1 locus at the promoter and the terminator
sites. Murine Parp-1 sequences were then copied

Red signal (m):
murine Parp-1

Green signal (h):
human PARP-1

Wild-type metaphase

d
h »
m

Chrom. 1
ESC wt

Chrom. 1
ESC #113

Chrom. 1
ESC #225

onto their ends, and the vector subsequently inte-
grated at an adjacent non-homologous position. Due
to copying of flanking non-homologous sequences
this is registered as a bona fide site-specific homol-
ogous recombination. As a result, homozygous
hPARP-1 mice carry two copies of the endogenous
mParp-1 locus plus two ectopic copies of the APARP-
1 coding sequence.

In order to investigate to what extent flanking
regions were extended and if other loci could be
affected, we analyzed possible gene duplications of
the mParp-1-flanking genes Gm821 (50 kb proximal
of the mParp-1 locus) and Lin9 (40 kb distal of the
mParp-1 locus) by qPCR (Fig. 4c). Our analyses
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revealed that hPARP-1 mice of lines #113 and #225
carry duplicated regions of GmS821, which corre-
sponds to three gene copies in heterozygotes and four
gene copies in homozygotes. In addition, line #225
carries a duplication of Lin9. The difference in the
extension length of the terminator homology arm of
lines #113 and #225 verifies that the two lines were
generated in two independent gene targeting events.
Furthermore, these results demonstrate that in line
#225 the vector homology arms were bidirectionally

<« Fig. 4 Determination of gene copy numbers in mutant ES

cells and mice by quantitative real-time PCR (qPCR). a Human
PARP-1 gene copy numbers as determined from genomic DNA
of ES cell clones and mouse tail biopsies. Human diploid
fibroblasts (IMR90) were used as standard with ZPARP-1 gene
copy number set to 2.0. b Murine Parp-1 gene copy numbers as
determined from genomic DNA of ES cell clones and mouse
tail biopsies. Murine wild-type ES cells were used as a standard
and mParp-1 gene copy number was set to 2.0. ¢ Determina-
tion of gene copy numbers of mParp-I-flanking genes.
Genomic DNA from six wild-type, four heterozygous, and
three homozygous hPARP-I mice of mouse lines #113 and
#225, respectively, were analyzed for hPARP-1, Gm821, and
Lin9 gene copy numbers. Analysis of each mouse was
performed in technical triplicates. Gm821 and Lin9 flank the
mParp-1 locus on its proximal or distal side, respectively. In
the case of Gm821 and Lin9 gene copy numbers of wild-type
mice were set to 2.0. Means = SEM. #113, #225, #267
indicate mutant ES cell clones or mice. Mice of F2 were
obtained by interbreeding of hPARP-1 heterozygous mice of
F1. 1xhPARP-1, heterozygous mutant mice; 2xhPARP-1,
homozygous mutant mice; cont., control; ESC, ES cell clone;
F1 and F2, first and second filial generation; H.sa., Homo
sapiens

elongated to more than 40 kb by copying of non-
homologous mParp-1-flanking sequences.

Expression analyses

To test if the integrated hPARP-1 coding sequence
and the remaining mParp-1 gene are transcriptionally
functional, we performed mRNA analyses by RT-
PCR with primer pairs specific either for the murine
or the human transcript. The results demonstrated the
presence of both transcripts in heterozygous as well
as homozygous hPARP-I mice (Fig.5). This sug-
gested that the mParp-I locus on the targeted
chromosome was functional and not destroyed during
gene targeting.

To investigate if expression of mRNA gave rise to
the respective full-length proteins, we examined total,
human, and murine PARP-1 expression, respectively,
by western blot analyses of spleen extracts. Our results
demonstrated a gene dose-dependent, increased of
total PARP-1 expression in both mouse lines generated
(#113 and #225) (Fig. 6). Furthermore, both mutant
lines displayed expression of full-length hPARP-1 in a
gene dose-dependent manner. Analysis for mPARP-1,
as assessed by using a novel mPARP-1-specific
polyclonal antibody, showed full-length murine
PARP-1 expression confirming expression analyses
on the mRNA level. Additional bands of truncated
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Fig. 5 PARP-1 transcript expression analysis in mutant mice.
a Human PARP-1 gene copy numbers of three hPARP-1 mice
of line #225 F2 (m0O, ml, m2) used for this experiment as
determined by qPCR. Diploid human fibroblasts (/MR90) were
used as standard with gene copy number set to 2.0.
Means + SEM, n = 3. b Southern blot analysis of genomic
DNA from the same mice as shown in a. Kidney-DNA was
digested with BsrGl and terminator fragments detected by
hybridization with an ‘external’ **P-labeled probe (probe d, see
Fig. 3a). Note the different ratios of signal intensities of
mParp-1 to hPARP-I in mutant heterozygous (~2:1) and

proteins were not detected indicating that the endog-
enous mParp-1 and the ectopic hPARP-1 loci are fully
functional.

Discussion

In order to generate human PARP-I knock-in mice
with complete replacement of the murine Parp-1
coding sequence (32 kb) with its human orthologous
sequence (46 kb), we performed gene targeting in ES
cells using an ‘ends-out’ gene replacement vector (van
der Weyden et al. 2002) (Fig. S1). The hPARP-1I
knock-in sequence was flanked by two homology
regions comprising isogenic sequences of 5 kb each
from the mParp-1 promoter and terminator region,

Human PARP-1 cDNA

homozygous mice (~ 1:1). & indicates molecular size of the
hPARP-1 knock-in fragments; m of the mParp-1 wild-type
fragments. ¢ Qualitative RT-PCR from mRNA isolated from
spleens of mice m0, ml, and m2. Specific fragments from
corresponding cDNA were amplified using primer pairs
specific for mParp-1 (left) or hPARP-1 (right), respectively.
Plasmid DNA pPARP31, carrying the 7PARP-1 cDNA was
used as specificity control. F/ and F2, first and second filial
generation; H.sa., Homo sapiens; L, molecular size ladder; m,
male; RT, reverse transcriptase

which permit site-specific homologous recombination.
Although we are not aware of a report showing gene
replacement of that size (32 kb vs. 46 kb) by tradi-
tional gene targeting, we favored this method over
that of recombination-mediated cassette exchange
(RMCE), which utilizes the Cre-loxP system, because
in this case at least two successive rounds of gene
targeting would have been necessary (Yu and Bradley
2001; Roebroek et al. 2003; Brault et al. 2006; Wallace
et al. 2007). Moreover, our approach was theoretically
feasible, since the homology arms possessed a reason-
able quality, i.e., sequences were isogenic to those of
the E14-1 ES cell line, and size, i.e., 5 kb (Hasty et al.
1991; Deng and Capecchi 1992), and it was shown that
gene replacement vectors are able to generate deletions
of genomic sequences of up to 30 kb (Zhang et al.
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Fig. 6 PARP-1 expression in mutant mice. Western blot
analyses for PARP-1 expression using spleen lysates prepared
from wild-type, mutant heterozygous (“1x”) and homozygous
(“2x”) animals of lines #225 and #113 as identified by qPCR.
The upper blot was probed with general-PARP-1-specific
antibody CII10, the blot in the middle with human-PARP-1-
specific antibody FI23, and the blot at the bottom with murine-
PARP-1-specific antibody 4595. Detection of actin was used as a
loading control. L, molecular weight ladder; rec., recombinant

1994; Brault et al. 2006). Furthermore, in previous
studies a BAC-derived replacement-type targeting
construct was used to introduce two mutations in the
mouse genome as far as 43 kb apart in a single round of
gene targeting (Testa et al. 2003). After positive/
negative selection of electroporated ES cells, we
analyzed at total of 276 G418-resistant clones for
site-specific HR by flanking PCRs of the promoter and
terminator homology arms and sequencing of the
obtained amplicons (Figs. 1, S3). Subsequently, we
verified these results by Southern blotting with internal
and external probes (Figs. 2, 5b). Thereby, we iden-
tified three clones (1.1%) with bona fide site-specific
recombination of the targeting vector. This targeting
efficacy was in the lower range of that one would
expect with a replacement vector of this size (Zhang
et al. 1994; Testa et al. 2003). Despite the fact that we
had obtained bona fide site-specific HR in three ES cell
clones picked from three different G418-selected
culture plates, subsequent mouse breeding (Table 1),
FISH analyses (Fig. 3) and gPCR (Fig. 4b) unexpect-
edly revealed a remaining copy of the endogenous
mParp-1 in close proximity to an ectopic single copy of

hPARP-1 on chromosome 1. In addition, expression
analyses both on the mRNA and protein level demon-
strated full-length murine and human PARP-1
expression in mutant homozygotes in two out of two
analyzed lines (#113 and #225) (Figs. 5, 6).

The theoretical possibility that the mParp-1 locus
was duplicated a priori in the wild-type E14-1 ES
cells can be ruled out, because the mParp-1 gene
copy number of E14-1 ES cells equals that of wild-
type C57BL/6 mice and there was no decrease in
mParp-1 gene copy numbers observed upon gene
targeting in ES cell clones #113, #225, and #267
(Fig. 4b). In accordance with this finding, FISH
analyses excluded the existence of an additional
chromosome 1 (trisomy 1). Initially, we hypothesized
that mParp-1 pseudogenes might have been targeted.
Interestingly, PARP-1 pseudogenes are present in the
human genome on chromosomes 13 and 14 (Cherney
et al. 1987; Baumgartner et al. 1992). However, our
BLAST searches did not yield any evidence for the
presence of a mParp-1 pseudogene or extended
homologies in the mouse genome. Another possible
explanation is based on the fact that large DNA
fragments are prone to breakage by hydrodynamic
shearing (Yang and Seed 2003). But HR of multiple
fragments of the targeting construct used in this study
can be excluded, because we detected only full-length
PARP-1 proteins, of human as well as murine origin,
in our ES clones.

A further possibility to interpret our results refers to
an observation so far only described with ‘ends-in’
insertion-type vectors in non-ES-cell mammalian gene
targeting (Adair et al. 1989, 1990, 1998; Itzhaki and
Porter 1991; Scheerer and Adair 1994; Dellaire et al.
1997; McCulloch et al. 2003) and designated ectopic
gene targeting, or ‘pick-up’ event (Dorin et al. 1992;
Dellaire et al. 1997). Based on our data and in line with
reports of ectopic gene targeting, we propose the
following model to explain the outcome of the gene
targeting approach observed in this study: upon
electroporation, the homologous regions of the arms
of the targeting vector were made single-stranded by
5'-3’ nuclease activity and the resulting single-
stranded 3’ ends invaded the endogenous wild-type
locus (Fig. 7; Sun et al. 1991; Barzel and Kupiec
2008). DNA polymerases then extended the arms
bidirectionally for at least 2 kb using endogenous
sequences as templates, as shown by DNA sequencing
of flanking PCR amplicons (Figs. 1, S3) and Southern



Fig. 7 Proposed model
explaining the outcome
of the gene targeting
experiment described.
The indicated integration
position of the targeting
vector is speculative.
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blot analyses (Figs. 2, 5b). Quantitative PCR of
mParp-1-flanking regions (Gm821 and Lin9) indicated
that extension occurred to >50 kb onto the promoter
homology arm of clone #113 and to >40 kb onto both
homology arms, i.e., promoter and terminator, of clone
#225 (Fig. 4c). Subsequently, the whole vector inte-
grated at an adjacent position. Strikingly, the
mechanism of elongation of the homology arm is
consistent with the SDSA pathway, which was
described as the predominant mechanism of cellular
DSB repair (Helleday et al. 2007).

The phenomenon of ectopic gene targeting was first
described in Chinese hamster ovary (CHO) cells in the
context of targeting of the adenine phosphoribosyl
transferase (APRT) locus and after retroviral trans-
duction of rat cells (Adair et al. 1989; Ellis and
Bernstein 1989). Several reports followed, demon-
strating ectopic gene targeting in CHO, murine
fibroblasts, and hybridoma cells, respectively, but so
far not in murine ES cells (Adair et al. 1990, 1998,;
Itzhaki and Porter 1991; Aratani et al. 1992; Scheerer

and Adair 1994). All these experiments had in
common that ‘ends-in’ insertion-type vectors were
used and elongation of the targeting vector occurred in
a unidirectional manner from a single resected 3’ end
of the vector (Belmaaza and Chartrand 1994). The first
report of a bidirectional elongation of an ‘ends-in’
integration vector in mammalian cells was published
by McCulloch and colleagues in a mammalian
hybridoma cell line (McCulloch et al. 2003). They
also showed that extension of the vector ends can
exceed 16 kb in length. Interestingly, ectopic gene
targeting with unidirectional extension of one homol-
ogy arm was shown to occur at a frequency similar to
that observed in traditional gene targeting (Aratani
et al. 1992; Dellaire et al. 1997). Therefore, it is rather
surprising that in the current literature no such an event
was described, when using ‘ends-out’ gene replace-
ment vectors in traditional gene targeting in murine ES
cells (McCulloch et al. 2003). McCulloch and col-
leagues suggested that the free DNA ends in the ‘ends-
out’ configuration may behave differently from those



in the ‘ends-in’ configuration as a consequence of
potential differences in the way the two types of ends
may be regulated during recombination (McCulloch
et al. 2003). However, in the present study, we repott,
to our knowledge, the first ectopic gene targeting event
with bidirectional copying of endogenous sequences
exceeding 40 kb onto the ends of an ‘ends-out’ gene
replacement vector in murine ES cells. This study
therefore provides a proof-of-principle by showing
that in addition to Holliday junction formation also the
SDSA pathway of the cellular DSB repair machinery
can be involved in the processes that occur during
mammalian gene targeting. The reason, why in the
present study ectopic gene targeting occurred in three
out of three identified ES cell clones and therefore
represented the rule rather than an exception remains
elusive. One possible explanation could be given by
the size of the targeting vector of 64 kb. Targeting
vectors of this size are a recent development and are
not studied as extensively as compared to smaller
targeting vectors of up to 20 kb. Moreover, the nature
of the targeted locus itself could play a role, as it might
favor SDSA over the resolution of the Holliday
junction by two crossing-over events as is the case in
traditional gene targeting. In this regard, it could be
speculated that PARP-1 itself may play arole in such a
scenario. Thus, it was shown that PARP-1 can bind to
promoter sequences including its own promoter and
act as a modulator of transcriptional promoter activity
(Oei et al. 1994; Soldatenkov et al. 2002; Lonskaya
et al. 2005; Potaman et al. 2005). Moreover, the role of
PARP-1 in DNA repair and genomic stability is well
established (Schreiber et al. 2006). It has been shown
that HR leading to sister chromatid exchange, is either
inhibited by overexpression of PARP-1 or increased
by its pharmacological inhibition (Sonoda et al. 1999;
Dominguez et al. 2000; Meyer et al. 2000). Since
PARP-1 has been found to exert anti-recombinogenic
activity by supporting a switch to the non-homologous
end joining pathway of DSB repair, it could be
speculated that the presence of PARP-1 atits own gene
locus might have counteracted gene replacement
(Waldman and Waldman 1990, 1991; Semionov
et al. 2003; Dominguez-Bendala et al. 2006). How-
ever, one should keep in mind that PARP-1 is a very
abundant nuclear protein (D’Amours et al. 1999)
especially in ES cells (unpublished data) and that its
antirecombinogenic effect could also affect other gene

loci (Semionov et al. 2003; Dominguez-Bendala et al.
20006).

Dellaire and colleagues showed that unidirectional
ectopic gene targeting in murine fibroblasts followed
a bimodal distribution. They demonstrated that the
targeting vector either integrated non-randomly
within 3 Mb of the target gene, or on another
chromosome in a random fashion, as they speculated
(Dellaire et al. 1997). In the present study, the
question of random versus non-random ectopic
integration of the elongated targeting vector could
so far not fully be clarified, because FISH analyses
revealed that the ectopic ”PARP-1 copy integrated in
close proximity to endogenous mParp-1 locus on
chromosome 1 without showing a clear tendency for
a distal or proximal location (Fig. 3). Since the
technical resolution of FISH analysis is limited to
2-3 Mb (Trask 1991), this indicates that the ZPARP-
[-targeted site lies within kb up to several Mb from
the endogenous mParp-1 locus. Although, it was
shown that targeting efficacy increases with the
length of the homology arms, as little as 14-25 bp
of homology are sufficient to trigger integration of
the construct by HR (Rubnitz and Subramani 1984;
Ayares et al. 1986; Hasty et al. 1991). If in the three
identified targeted ES cell clones the elongated vector
integrated randomly or in a non-random fashion at a
site of a putative microhomology or a genetic locus
that might be especially prone to integration of the
extrachromosomal DNA due to its chromatin struc-
ture, remains a matter of speculation.

Conclusions

In summary, in this study, we present the generation
of a novel mouse model with expression of the
human PARP-1 by ectopic gene targeting in murine
ES cells using an ‘ends-out’ gene replacement vector.
Unexpectedly, bidirectional elongation of the vector
homology arms, in some cases to more than 40 kb,
and subsequent integration of the targeting vector at
an adjacent position on chromosome 1 mimicked
site-specific HR and gene replacement as determined
by flanking PCRs and Southern blot analyses. To our
knowledge, this report demonstrates for the first time
that, as predicted by the DSB repair model, the SDSA
pathway can also operate during traditional gene



targeting in ES cells. This finding could be of general
importance, as it potentially represents a critical
caveat for future gene targeting approaches, espe-
cially when generating knock-in mice. Typically, in
this context loss of protein expression of the endog-
enous targeted gene cannot easily be assessed during
ES cell screening. Here we present two reliable
techniques, i.e., qPCR and FISH analysis, to detect
ectopic gene targeting in vitro before attempting to
generate homozygous knock-in mice by ES cell
injection into blastocysts.
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