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ABSTRACT Mouse has become an increasingly impor-
tant organism for modeling human diseases and for deter-
mining gene function in a mammalian context. Unfortunately,
transposon-tagged mutagenesis, one of the most valuable tools
for functional genomics, still is not available in this organism.
On the other hand, it has long been speculated that members
of the Tc1ymariner-like elements may be less dependent on
host factors and, hence, can be introduced into heterologous
organisms. However, this prediction has not been realized in
mice. We report here the chromosomal transposition of the
Sleeping Beauty (SB) element in mouse embryonic stem cells,
providing evidence that it can be used as an in vivo mutagen
in mice.

Tc1ymariner-like transposons are members of a superfamily of
eukaryotic transposons that transpose in a so-called ‘‘cut-and-
paste’’ manner via a DNA intermediate. Members of this
superfamily have been identified in a wide variety of organ-
isms, ranging from protozoa to vertebrates (1–4). The wide-
spread phylogenetic distribution and indications for horizontal
transmission of members of this family of transposons have led
to the speculation that they may be less dependent on host-
specific factors for transposition and therefore may be good
candidates to be introduced into heterologous organisms (1,
5–7). Such a speculation has been supported by the recent
report on transposition of the mariner element from Drosoph-
ila mauritiana in the parasitic f lagellate protozoan Leishmania
(8). More recently, it has been demonstrated that the Sleeping
Beauty (SB) element, a reconstructed version of a Tc1y
mariner-like transposon from fish, can transpose from trans-
fected extrachromosomal DNA molecules (supercoiled plas-
mid DNA) into genomic loci in human cells (9). As part of our
ongoing efforts to develop functional genomic tools in mice, we
investigated whether the SB element can be used to establish
transposon-tagged mutagenesis in mice.

MATERIALS AND METHODS

Establishment of the Tester Cell Lines. The PGK-puro-bpA
(10) expression cassette first was modified by oligoligation to
introduce a KpnI site and an NheI site into the BglII site of the
original construct to generate PGK-B2-puro-bpA. The SB
element carrying a simian virus 40 promoter-driven neo gene
then was excised from pTyneo (9) as a KpnI-XbaI fragment and
cloned into the KpnI-NheI-digested PGK-B2-puro-bpA to ob-
tain the excision testing construct. A 5-kb KpnI-XhoI fragment
from IV6.8 (11) then was cloned into the excision construct to
complete an insertional targeting vector for the mouse Hprt
locus. The unique NheI site within the region of homology was

used to linearize the vector for gene targeting, which has been
described previously (33). Briefly, linearized targeting vector
was electroporated into AB1 embryonic stem (ES) cells.
Transfectants first were selected with 350 mgyml G-418, taking
advantage of the neo gene inside the SB element. Four days
later, after the untransfected cells were killed, targeted clones
were selected with 1.67 mgyml of 6-thioguanine (6TG), be-
cause a targeting event will destroy the single copy of the Hprt
gene on the X chromosome of the male AB1 cells. The fidelity
of the targeting events was confirmed by Southern blot analysis
(data not shown). Ninety-four of the 96 G-418y6TG-resistant
clones analyzed by Southern blotting proved to be targeted
correctly. Two clones were expanded for further analysis. To
excise the SB element from the Hprt locus, targeted cell lines
were expanded and 107 cells were electroporated with 50 mg
supercoiled pSB10 (9), expressing the SB transposase gene
from a human cytomegalovirus (CMV) enhancerypromoter.
Immediately after electroporation, the cells were plated onto
3 3 90-mm puromycin-resistant feeder (SNLP) plates. Selec-
tion for excision events was initiated 72 hr after electropora-
tion with medium containing 3 mgyml of puromycin. Puromy-
cin-resistant colonies were scored 12 days later, at which time
colonies were picked and expanded for further analysis. The 17
clones described here were derived from three different elec-
troporations.

Southern Blot Hybridization. Genomic DNA samples were
digested with BamHI and fractionated in 0.8% agarose gel.
The membranes first were hybridized with H probe, which was
prepared using 0.4-kb XmnI-BamHI of IV6.8 (11) as template.
The same membranes then were stripped and hybridized with
T probe, which was prepared using the 0.4-kb EcoRI fragment
of pTneo (9) as template.

PCR Amplification and Sequencing of the Donor Sites. The
junction fragments were amplified by using a primer specific
for the PGK promoter (PGKP: 59-CTG TTC TCC TCT TCC
TCA TC-39) and a primer specific for the coding sequence of
the puromycin-resistant gene (PURO.CDR: 59-GAA GAG
TTC TTG CAG CTC GGT-39). This pair of primers should
amplify a product of 259 bp if just the TATA is left behind at
the site of excision. The PCR products amplified from indi-
vidual clones were sequenced by using dye terminators and an
ABI377 sequencer (Applied Biosystems).

Amplification of Novel Flanking Sequences by Inverse PCR.
The sequences flanking the reinserted SB elements were
recovered by inverse PCR. The SB element belongs to the
IRyDR subtype of the Tc1ymariner-like transposon, which
contains a pair of direct repeats (DR) within the terminal
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inverted repeats (IR). Thus, three different sets of PCR
primers were made for both the left end (IRyDR-L) and the
right end (IRyDR-R) of the transposon (9) (Fig. 1). For the
left end, the first set was: IPLF1, 59-AAA CGA GTT TTA
ATG ACT CCA AC-39, and IPLF2, 59-TCC CGG GAG CTT
GGA TAT CCA T-39; the second set was: IPLF1N, 59-AAA-
GAT CGA GTT TTA ATG ACT CCA ACT TAA-39, and
IPLF2N, GGG AGC TTG GAT ATC CAT TTT C-39; and the
third set was: IPLF1SN, 59-TTT AAT GAC TCC AAC TTA
AGT GT-39, and IPLF2SN, GGG AGC TTG GAT ATC CAT
TTT CGG-39. For the right end, the first set was: IPRF1,
59-AGA TTC CCT GTC TTA AGG TCA-39, and IPRF2,
AAT GTC AGG AAT TGT GAA AAA GTG-39; the second
set was: IPRF1N, 59-ATT CCC TGT CTT AAG GTC AGT-39,
and IPRF2N, 59-TTG ATC AGG AAT TGT GAA AAA GTG
AG-39; and the third set was: IPRF1SN, 59-TGT GAA AAA
GTG AGT TTA AAT GT-39, and IPRF2SN, 59-CCT GTC
TTA AGG TCA GTT AG-39. In both cases, the second set of
primers are nested to the first set whereas the third set are
nested to the second set. For inverse PCR, standard proce-
dures were followed. Briefly, genomic DNA isolated from
individual clones was digested with Sau3AI followed by liga-
tion with T4 DNA ligase under conditions that favor intramo-
lecular ligation. A 30-ml PCR first was performed with ligated
genomic DNA and the first set of primers. Two microliters of
this product was used in a second round of PCR using the
second set of primers. The PCR product of these PCRs then
was fractionated in a 3% agarose gel. Southern blot hybrid-
ization was performed by using an oligonucleotide probe
specific for the very end of the transposon (IPIR, 59-TGT
AAA CTT CCG ACT TCA ACT-39) to identify the specific
products. The regions that hybridized to the probe then were
excised from another gel run in parallel. The gel slices then
were melted and used to set up PCRs to amplify the final
products using the third set of primers. All sequencing reac-
tions were performed by using dye terminators and an ABI377
sequencer.

Linkage Analysis of the Reintegration Sites. PCR-based
mapping was performed by using six primer pairs specific for
six novel SB integration sites: (i) 5NRF5, 59-TAG TTG CCT
CTG CCT CCC AGA-39 and 3NRF5, 59-ATC AGT GTA
AAG CCA AGT ATG-39; (ii) 5NLF6, 59-GAT CAT GAA
TAC ACC AGT GAA-39 and 3NLF6, 59-GAT CAA CCG

AGT GAT TTC CAG-39; (iii) 5NLF7, 59-TAT GTA GAG
GAC TAT GTC AGA C-39 and 3NLF7, 59-TGA TCA TAG
GGT GCA CAG AA-39; (iv) 5NLF11, 59-CAG TTT GGC
AGG GTG TGA GGT-39 and 3NLF11, 59-GAT CCT TTT
TCC ATA GCA TAT C-39; (v) 5NRF16, 59-TAG CTT TTC
AAT GAC CAC ACA GAC-39 and 3NRF16, 59-GAT CCC
GAA TAC GAA AAA TAT AT-39; (vi) 5NRF17, 59-TAG
CTT TTC AAT GAC CAC ACA-39 and 3NRF17, ATA TTG
ACG TTA CTA ATT CAT GC-39. Genomic DNA from a
monosomic hybrid cell line containing only the X chromosome
from the mouse genome in a human genetic background was
used as PCR template. Genomic DNA isolated from HeLa
cells and from mouse ES cells also were included as templates
in negative and positive controls, respectively. If PCR results
were positive when using DNA both from the hybrid cell line
and from the mouse ES cells but negative when using DNA
from HeLa cells, the locus was scored as X-linked. If the PCR
results were positive only when using DNA from mouse ES
cells, the locus was excluded from the X-linked category.

RESULTS

A Selection System for Detecting Transposition in ES Cells.
A transposon must fulfill several criteria to be a useful in vivo
mutagen in mice. First, it must be able to transpose into active
genes and create mutations. Second, it must be able to
transpose between chromosomal loci in the mouse genome, so
that mutations can be continuously generated. Furthermore, it
must transpose at a reasonably high frequency so that genetic
screens are manageable.

To address these issues, a positive selection scheme was
developed that allows the chromosomal transposition events of
the SB element to be detected and the transposition frequency
to be determined. In this strategy, a selectable excision testing
cassette was constructed in which a nonautonomous SB trans-
poson was cloned into a selectable marker cassette (the
puromycin-resistance gene) to inactivate its function. This
nonautonomous SB transposon contains only the cis-
sequences required for transposition, the terminal inverted
repeats (IRyDRs) (1, 9, 12), but lacks a transposase gene.
Thus, it can transpose only when the transposase is provided
in trans. The precise excision of the SB element as the first step
of the transposition event would result in the reactivation of
the puromycin-resistance gene, enabling positive selection for
those cells in which an excision event had occurred. A single
copy of this cassette then can be introduced into a defined
locus in the mouse genome by gene targeting to facilitate both
the analysis of the nature of the donor sites and the fates of the
excised SB elements after the SB excision events (Fig. 1).

Transposase-Dependent Excision of SB Element. The excision
cassette was introduced into the Hprt locus on the mouse X
chromosome by gene targeting (Fig. 2a). Targeted ES cell clones
with this cassette were puromycin-sensitive and did not revert in
the absence of transposase. Several independently targeted ES
cell clones carrying the excision cassette were expanded, tran-
siently transfected with a plasmid expressing the SB transposase,
and placed under puromycin selection. Puromycin-resistant ES
cell clones were obtained at a frequency of approximately 1026

per transfected cell, providing the first indication that the SB
transposase was able to excise the SB element from a defined
chromosomal locus in mouse ES cells.

Molecular Characterization of the Donor Sites. To confirm
that authentic transposition had occurred, these puromycin-
resistant clones were characterized at the molecular level.
First, we investigated whether the SB transposons had been
excised. Given that many DNA transposons exhibit precise
excision, we predicted the postexcision structure of the Hprt
locus in the puromycin-resistant clones (Fig. 2a). Indeed, 17 of
18 clones analyzed had the predicted 5.5-kb BamHI restriction
fragment when a Hprt-specific probe was used in a Southern

FIG. 1. A genetic-selection strategy for the detection of rare
excision events. The puromycin-resistance gene driven by the PGK
promoter is inactivated by the insertion of a nonautonomous SB
element that separates the promoter from the coding sequence.
Excision of the SB element mediated by SB transposase activates the
puromycin-resistance gene. The SB element acquires novel f lanking
sequences when it reintegrates into the genome.
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hybridization experiment (Fig. 2 a and b), consistent with
excision of the SB transposon from the puromycin-resistance
gene. A single clone had a 10.5-kb fragment (Fig. 2b, lane 5).
This is likely to be the result of imprecise excision of the
transposon accompanied by a small deletion that destroyed the
BamHI site close to the insertion site (Fig. 2a). This subse-
quently was confirmed by sequence analysis.

One molecular signature of Tc1ymariner-like transposons is
that they often leave unique footprints at their excision sites
that are composed of a few base pairs from either ends of the
transposons flanked by a pair of TA dinucleotide repeats.
These footprints are left behind as a consequence of a stag-
gered double-strand DNA break introduced by the transposase
and the repair of this break by the DNA repair machinery of
the host cell. Typical footprints of Tc1 and Tc3 in Caenorhab-
ditis elegans consist of the last 2 nt of the transposons (13, 14),
whereas the mariner element in Drosophila tends to generate
3-bp footprints (15). To examine the molecular characteristics

of the SB transposase-mediated excision events in more detail,
for each puromycin-resistant clone, a fragment of the locus
from which the SB transposons had been excised was amplified
by the PCR and sequenced. In 11 of the 13 clones, the
footprints consisted of the terminal 3 nt from either end of the
SB transposon flanked by a pair of TA dinucleotides (Fig. 3a).
Of the two atypical clones, #12 had a pair of TA dinucleotides
with no intervening sequence whereas #5 had a small deletion
of 22 bp (Fig. 3a). The majority of footprints observed are
consistent with the ‘‘cut-and-paste’’ model of transposition
proposed by van Luenen et al. for Tc1 and Tc3 transposition in
C. elegans (13), except that the SB transposase appears to
generate a 3-bp overhang similar to those of mariner in
Drosophila (15) and Tc3 in zebrafish (17) (Fig. 3b). Thus, it
appears that the SB transposon is excised from a defined
chromosomal locus in mouse ES cells through a mechanism
similar to that found in other Tc1ymariner-like transposons.

Characterization of the Reintegration Sites. To complete a
cycle of transposition, the excised SB transposons need to rein-

FIG. 2. (a) Introduction of a single copy of the excision testing construct into the Hprt locus by gene targeting. The region of homology for the
insertional-type targeting vector is indicated as gray bars. The PGK promoter and the coding sequence of the puromycin-resistance gene are shown
as open boxes. The IRyDR sequences of the SB transposon are highlighted as dark arrowheads. A complete, nonautonomous SB element also is
indicated in the targeting vector. The positions of the Hprt- (H) and transposon-specific (T) probes that detect excision and reinsertion events,
respectively, also are indicated. All relevant BamHI sites are shown as ‘‘B’’ except the one that is adjacent to the excision site, which is italicized
and underlined. Notice that the SB element contains a unique BamHI site approximately 1.8 kb from the end that hybridizes to the T probe. (b)
Southern hybridization analysis with the H probe confirms the excision of the SB element from the testing construct. The lower intensity of the
5.5-kb fragment compared with the 7.0-kb fragment in clone 1 and clone 3 is a result of contamination with parental cells as the result of
cross-feeding. The parental line has a predicted doublet consisting of a 7.0-kb and a 7.3-kb fragment. (c) Southern hybridization analysis with the
T probe confirms reintegration of the excised SB element. The sizes of the bands in lanes 1, 2, 3, 4, 5, 6, 9, 11, 14, 15, 16, and 17, are variable but
are all longer than 2.3 kb. No hybridization was detected in lanes 8, 10, 12, and 13. The parental fragment detected in clones 1 and 3 is due to parental
cell contamination. The size marker is BstEII-digested l-phage DNA.
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tegrate back into the genome. To address this, Southern hybrid-
ization was performed on genomic DNA samples from the
puromycin-resistant cell clones by using a probe specific for the
left IRyDR sequence of the transposon. In 13 of 17 clones
examined, a novel fragment was detected indicating that the
excised SB transposons had reintegrated into mouse chromo-
somes (Fig. 2c). For the remaining 4 clones (Fig. 2c, lanes 8, 10,
12, and 13), the SB transposons apparently were lost after the
excision events. These data indicate that in the majority of cases
the excised transposons reintegrated back into the mouse genome
to complete a full cycle of a typical transposition event.

It has been shown previously that Tc1ymariner-like trans-
posons integrate preferentially into TA dinucleotides and lead
to duplication of this TA dinucleotide sequence upon their
integration into the target sites (13, 14, 18). The flanking
sequences of the reintegrated SB transposons were cloned
from several of the puromycin-resistant clones by inverse PCR.
This analysis revealed that in every case an intact end of the
SB transposon was flanked by a TA dinucleotide sequence

followed by a novel sequence (Fig. 4 and data not shown). To
verify that the TA dinucleotide sequences at both ends of the
transposons were the result of the duplication of an otherwise
single TA unit at the site of insertion, the corresponding
wild-type sequence of a single insertion site was amplified from
mouse DNA. The sequence confirmed that there was only a
single TA unit in the insertion site in the wild-type locus (Fig.
4). These results are consistent with recent observations for SB
transposition in human cells (9). Taken together, our results
indicate the precision of SB transposition in terms of both the
excision and the reintegration reactions in mouse ES cells
through the classical cut-and-paste mechanism.

The Frequency of SB Transposition in ES Cells. Transient
expression of the transposase in the targeted cell lines generated
excision clones at a frequency of 1026 per transfected cell. This
result indicated that the SB element excises at low frequency from
this particular locus with the particular transposase expression
cassette. To obtain an estimate for the excision frequency under
conditions of continued expression of the SB transposase, we
carried out a Luria–Delbrük fluctuation analysis (19). In this
experiment, the pSB10 (9) transposase construct was cotrans-
fected with a PGK-hprt minigene (20) into a targeted ES cell line
carrying a single copy of testing construct at the Hprt locus (Fig.
2a). A total of 48 HAT-resistant lines were established, each was
expanded, and a defined number of cells from each clone were
plated and subjected to puromycin selection. As expected, the
number of puromycin-resistant colonies recovered per million
cells plated varied, ranging from 0 to as many as 485, which
reflects primarily the different timing of the first excision event in
different clones during the expansion. Luria–Delbrück fluctua-
tion analysis determined the frequency of the SB excision to be
3.5 3 1026 eventsycell per generation under these conditions.

The frequency of excision from a particular donor site can vary
depending on host background, the chromosomal location of the
transposon, as well as particular sequence constituents of the
transposons (7, 21). Keeping the transposon sequence constant,
we addressed the question of whether the chromosomal context
of preintegrated SB transposons had an effect on the efficiency
of subsequent excision events. Stable lines carrying the testing
construct at random chromosomal locations were generated and
tested for their excision frequencies by transiently expressing the
transposase. Six of seven lines displayed detectable excision

FIG. 3. (a) DNA sequence analysis of the donor sites after excision
of the SB element from the testing construct. The four different classes
of excision products are shown together with the original parental
sequence. The TA dinucleotide sequence flanking the site of excision
is shown in uppercase letters while the three nucleotide sequences
from either ends of the SB element are shown in lowercase. The
BamHI site adjacent to the site of excision and the pair of BglII sites
are indicated. Both the BamHI and the BglII sites that were destroyed
by the 22-bp deletion in clone #5 are boxed. (b) Schematic illustration
of SB element transposition. The transposition of SB element is
illustrated as a series of sequential events with events for the excision
locus on the left and those for the insertion locus on the right. First,
the transposase cleaves both ends of the SB element to create a 3-base
59 overhang at the excision locus and also cleaves the TA dinucleotide
at the insertion locus to create a gap with a 39 TA overhang at both
ends. After that, the excised SB element is transferred from the
excision site to the new insertion site and reintegrates back into the
genome. Finally, the broken ends at both the excision locus and the
insertion locus are rejoined and the gaps are repaired to complete the
entire transposition event.

FIG. 4. Novel f lanking sequences of the reintegrated SB element.
The flanking sequences (14 nt from each side) of the reintegrated SB
elements in clones #3, #9, and #4 are shown. The TA dinucleotides
adjacent to the SB elements are shown in uppercase text while the SB
elements are indicated with the last 3 nt from each end of the element
in brackets. The sequence corresponding to the wild-type locus before
SB insertion in clone #4 also is shown below the sequences flanking
the SB element for comparison.
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frequencies, ranging from 0.2 3 1026 to 5.1 3 1026 per treated
cell. The line that displayed the highest frequency of excision
contained a single copy of the testing construct (data not shown),
and the frequency of excision in this line was about 10-fold higher
than that observed in the lines with a single copy of the testing
construct targeted to the Hprt locus. Thus, the frequency of SB
excision in ES cells appears to be affected by its chromosomal
location. In addition, these data also indicate that the frequency
of SB transposition can be as high as 3.5 3 1025 eventsycell per
generation.

Local Transposition of the SB Element. Many DNA trans-
posons exhibit preferential integration into linked loci. This can
be a particularly useful feature in the use of these elements as
mutagens in complex genomes. Because targeted tester cells
contain a single copy of the SB element on the X chromosome,
we examined whether any of the novel integration sites recovered
by inverse PCR were X-linked. For this purpose, we used a
human–mouse monochromosomal hybrid cell line that contains
the major portion of the mouse X-chromosome in a human
background (22). Because the tester ES cell line was derived
originally from a male embryo, if the reintegration events are
random, 1 of 40 of the novel integration sites would be X-linked.
PCR analysis showed that half (three of six) of the novel inte-
gration sites were X-linked (Table 1), indicating that SB element
undergoes preferential local transposition in ES cells.

DISCUSSION

Mutant mice have became the dominant means of obtaining
information on gene function in a mammalian context. Al-
though gene-driven approaches, such as overexpression and
loss of function mutations, are useful for understanding gene
function, it is likely that phenotype-driven genetic screens will
be necessary for large-scale functional genomic studies given
the complexity of mammalian genomes. Large-scale mutagen-
esis schemes are possible in mice by using agents such as
N-ethyl-N-nitrosourea; however, the identification of the caus-
ative point mutation is often difficult and time-consuming (23,
24). Transposon-tagged mutagenesis has proven to be one of
the most effective means in establishing a genotype–
phenotype relationship in model organisms such as C. elegans
(25), Drosophila (26, 27), and in a few special situations, in mice
(28–32). The limited application of this approach in mice has
been caused by the lack of an appropriate transposon, namely
a classical cut-and-paste-type transposon. The chromosomal
transposition of the SB element in the ES cells reported here
provides direct evidence that this element may be used to
establish a general transposon-tagged mutagenesis scheme in
mice. Although the frequency of transposition is quite low
(3.5 3 1025 eventsycell per generation), it is conceivable that
it can be improved. Because the SB transposonytransposase
system was reconstructed from inactive elements so that the
element can transpose in mammalian cells, neither the trans-
poson nor the transposase may represent the SB transposony
transposase system in the original host genome and, therefore,
are likely to be suboptimal. Both the transposase and the
cis-acting components could be subjected to random in vitro

mutagenesis to generate more effective versions of this trans-
posonytransposase system. In addition, the finding that the SB
element transposes preferentially into linked loci is particularly
advantageous in performing regional, specific mutagenesis in
mice with deletions. The combination of segmental hemizy-
gosity (10, 33) and mutagenesis by using the SB transposon
could greatly improve the efficacy of genetic screens in mice.
Such a scheme could be applied somatically to identify tumor-
suppressor genes or applied in the germ line as a general screen
for recessive mutations.
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Table 1. Chromosomal localization of novel integration sites

Novel
insertion sites

Genomic DNA sources for PCR Chromosomal
locations*Human Hybrid 8.0 Mouse

IPRF-3 2 1 1 X
IPLF-4 2 2 1 A or Y
IPRF-5 2 2 1 A or Y
IPLF-6 2 2 1 A or Y
IPRF-16 2 1 1 X
IPRF-17 2 1 1 X

*X, X chromosome; A or Y, autosomes or Y chromosome.
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