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Tc1/mariner elements are able to transpose in species other than
the host from which they were isolated. As potential vectors for
insertional mutagenesis and transgenesis of the mouse, these
cut-and-paste transposons were tested for their ability to trans-
pose in the mouse germ line. First, the levels of activity of several
Tc1/mariner elements in mammalian cells were compared; the
reconstructed fish transposon Sleeping Beauty (SB) was found to
be an order of magnitude more efficient than the other tested
transposons. SB then was introduced into the mouse germ line as
a two-component system: one transgene for the expression of the
transposase in the male germ line and a second transgene carrying
amodified transposon. In 20% of the progeny of double transgenic
male mice the transposon had jumped from the original chromo-
somal position into another locus. Analysis of the integration sites
shows that these jumps indeed occurred through the action of SB
transposase, and that SB has a strong preference for intrachromo-
somal transposition. Analysis of the excision sites suggests that
double-strand breaks in haploid spermatids are repaired via non-
homologous end joining. The SB system may be a powerful tool for
transposon mutagenesis of the mouse germ line.

Transposon tagging is a valuable tool for functional genomics
in model organisms such as Drosophila (P-element) and
Caenorhabditis elegans (Tcl transposon). In the mouse germ line,
however, efficient in vivo transposon tagging has not yet been
achieved.

Unlike P-element, members of the Tcl/mariner superfamily
of transposable elements do not require host-specific factors for
their activity in vitro (1, 2). Indeed, several of these cut-and-paste
transposons were shown to be active in a wide variety of species
other than their original hosts, including bacteria [Himarl (3)],
malaria mosquito [Minos (4)], zebrafish [Tc3 (5) and Mos!I (6)],
chicken [Mos!I (7)], and human cells [Tcl (8), Sleeping Beauty
(SB) (9), Himarl (10), and Minos (11)]. Although the recon-
structed fish transposon SB has been shown be able to jump in
mouse embryonic stem (ES) cells (12), and more recently in
mouse somatic tissue (13), germ-line transposition—an impor-
tant and powerful tool—has yet to be demonstrated.

To assess the utility of Tcl/mariner elements for transposon
tagging in the mouse germ line, we first compared Tcl, Tc3,
Himarl, Mosl1, and SB in an in vitro mammalian cell culture assay
and determined that SB is most efficient. Based on these results,
we introduced SB in the mouse germ line. We show that SB is
able to jump with a high efficiency in the mouse germ line,
demonstrating its potential utility for genetic applications.

Materials and Methods

Plasmids. PCR fragments of the ORFs encoding the transposase
proteins of Tcl, Tc3, Himarl, and Mosl were cloned into the
Klenow-treated, 3.8-kb Notl fragment of pCMVB (CLON-
TECH), resulting in, respectively, pRP1341, pRP1342, pRP1389,
and pRP1353. The template plasmids were, respectively, pRP470
(14), pRP716 (15), pMar27fH (2), and pMosI (16). The muta-
tions in the Tc3, Mosl, and Himarl transposase ORFs were
introduced either by site-directed mutagenesis using mutagenic
primers or by a PCR-ligation-PCR method (17). The following
cytomegalovirus (CMV) expression vectors were constructed:
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pRP2301 (Tc3 N225D), pRP2302 (Tc3 V41E N225D), pRP1390
(Mos1 F344L), pRP1398 (Himarl H267R), pRP1399 (Himarl
Q131R E137K), and pRP2300 (Himarl Q131R E137K H267R).
The primer sequences are available on request.

A simian virus 40 (SV40)-G418 resistance cassette (a blunt-
ended 1.6-kb BamHI-EcoR1 fragment of pRc/CMYV (Invitrogen))
was cloned into Tcl [into the blunt-ended Sty sites of pRP1212
(18)], resulting in pRP1349, into Tc3 [into the blunt-ended BspEI
and Ncol sites of Tc3 in pRP790 (19)], resulting in pRP1351, into
Himarl [the Himarl transposon was cut out from pMarKan (2) by
using NotI and EcoRI and cloned into the Smal site of pUC109, the
SV40-G418 resistance cassette was then cloned into the Hincll and
BstEIL sites], resulting in pRP1347, and into MosI [the MosI
transposon was PCR amplified from pMos! (16) and cloned into the
Smal site of pUC19; the SV40-G418 resistance cassette was sub-
sequently cloned into the Nrul site], resulting in pRP1388. The
corresponding SB vectors, pSB10 for CM V-transposase expression,
and pT/neomycin (neo) (9) containing the marked transposon,
were provided by Zoltdn Ivics, Max-Delbriick-Centrum fiir
Molekulare Medizin, Berlin. The T/neo transposon is referred to
as SB/neo.

The plasmids for germ-line expression of Tcl and SB transposase
(pRP1321 and pPR1345, respectively) were constructed as follows:
a double-stranded oligonucleotide containing restriction sites
(Xhol-EcoRI1-BamHI-Kpnl-Ndel) was cloned into the Ndel and
Xhol sites of 304P (a pSP72 vector with a 652-bp fragment of the
PrmI promoter cloned into the Bg/II and Xhol sites; a kind gift of
Stephen O’Gorman, Salk Institute, La Jolla, CA), resulting in the
plasmid prm1-NX. A 1-kb EcoR1 fragment of pRP1439 (Henri van
Luenen and R.H.A.P., unpublished data), containing the Tcl
transposase ORF preceded by a Kozak sequence was cloned into
the EcoR1Isite of prm1-NX, resulting in the vector prmI-Tcl. Then,
a 1.2-kb BamHI-Kpnl fragment containing the rabbit B-globin 3’
splicing and polyadenylation signal was cloned into the BamHI and
Kpnl sites, resulting in pRP1321. To construct pRP1345, pRP1321
was partially digested with EcoR], releasing the fragment contain-
ing the Tcl ORF; the EcoRI sites were filled in, and a 1-kb
EcoRI-BamHI fragment of pSB10 (9) containing the SB ORF, was
inserted. The transgenes were fragments of the following plasmids:
pRP1212 (Tcl/kan) (18) (BamHI-Sphl fragment), pRP1321
(Hpal-Kpnl fragment), pT/neo (9) (SB/neo) (Kpnl-Sall frag-
ment), and pRP1345 (Hpal-Kpnl fragment).

Cell Culture and Transfections. Human HeLa cells and mouse NIH
3T3 cells were cultured in OptiMEM (GIBCO/BRL) supple-
mented with 5% serum and 50 ug/ml penicillin/streptomycin at
37°C and 5% CO,. The tissue culture transposition assay was
performed as described (9).
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Fig. 1. Tc1/marinertransposons compared for their activity in HeLa cells. (A) Structure of the transposons tested and of the corresponding transposases (below
the transposon). The black boxes represent the terminal inverted repeats. The diagonal lines indicate the positions of the SV40-G418-resistance cassette. The
transposon sequence between these lines was deleted. The sizes of the wild-type and, parenthetically, disrupted transposons, are indicated. Each tagged
transposon was cloned into the polycloning site in pUC18/19. The gray box in each the transposase protein represents the (predicted) DNA-binding domain,
whereas the white part represents the catalytic domain containing the catalytic amino acids DD(34)E or DD(34)D(50). Relevant mutions are indicated beneath
each transposon. All five ORFs have comparable numbers of optimal and nonoptimal human codons and are preceded and followed by identical sequences. (B)
Activity of Tc1/mariner elements compared in Hela cells. A vector with the transposon marked by an SV40-G418-resistance cassette was cotransfected with a
CMV expression vector with either the ORF of the corresponding transposase or with the ORF of B-galactosidase. G418-resistant colonies were selected and
counted. The transposition activity (indicated on the y axis) is the ratio of the number of resistant colonies obtained when the transposase expression vector is
cotransfected over the number of resistant colonies when the B-galactosidase expression vector is cotransfected (1 indicates no transposition). The activity

indicates an average of between three and nine independent transfections. The error bars indicate SEM.

Generation of Transgenic Mice. The transgene fragments were cut
out of the vectors, purified from agarose gel, and injected into
fertilized FVB/N (20) oocytes as described (21). The founder mice
were bred to FVB. The presence of the transgenes was determined
by PCR or Southern blot analysis of tail tip DNA (22).

DNA Isolation and Analysis. All cloning techniques were performed
as described (23). Genomic DNA was isolated from mouse tail
tips by using standard procedures. Briefly, tissue was digested
overnight in SDS/proteinase K buffer, precipitated with isopro-
panol, and resuspended in Tris-EDTA buffer. Aliquots of 10 pg
of genomic DNA were digested for Southern analysis and treated
as described (22). PCR fragments of the neo gene or of the PrmI
promoter were used as probes for Southern blots.

The sequences flanking SB/neo were isolated by using a
vectorette transposon display method (24), using primers T/DR,
T/BAL, T/JOBBI, and T/JOBB2 (9). All sequencing was done
by using an Applied Biosystems 377 or 3700 DNA analyzer.
Sequences of the primers used to analyze the DNA flanking
SB/neo, before and after transposition, are available on request.
The original locus and the insertion sites were mapped by using
the T31 mouse/hamster radiation hybrid panel (Research Ge-
netics, Huntsville, AL) (25). The data were submitted to and
analyzed by The Jackson Laboratory Mapping Panels.

RNA Isolation and Reverse Transcriptase (RT)-PCR. RN A was isolated
from tissues by using guanadinium thiocyanate (22). Five mi-
crograms of RNA was treated with DNasel and used to synthe-
size cDNA by using avian myeloblastosis virus reverse transcrip-
tase with random hexamers pd(N)s and oligo(dT)i>_1s as
primers. A PCR was done on the cDNA by using SB primers.

Results

Efficiencies of Tc1/mariner Elements Compared in Human Hela Cells.
The efficiencies of transposition of the C. elegans transposons Tcl
(26) and Tc3 (27), the fish transposon SB (9), and the insect

6760 | www.pnas.org/cgi/doi/10.1073/pnas.121569298

transposons Himarl (2), and Mos!I (28) (Fig. 14) in human HeLa
cells were compared. Several naturally occurring polymorphic
versions and putative hyperactive versions of the transposase pro-
teins also were tested (indicated in Fig. 14). The mutations in Tc3
transposase, V41L and N225D, are naturally occurring polymor-
phisms present in Tc3 elements in the C. elegans strain Bristol N2
(unpublished work). The F344L mutation introduced in Mos!
transposase is one of several amino acid substitutions found in the
inactive mariner element peach as compared with Mos1 transposase.
This mutation is thought to be primarily responsible for the
inactivity of peach (29). The Himarl transposase mutants H267R
and Q131R/E137K were identified in a screen for hyperactive
mutants performed in Escherichia coli and are 5- to 50-fold more
active in E. coli and in vitro than wild-type Himarl transposase (3).
All transposase ORFs were cloned in identical restriction sites in a
CMYV expression vector. The corresponding transposons all were
disrupted by an SV40-G418-resistance cassette. The transposase
expression vector and the corresponding transposon vector were
cotransfected into human HeLa cells. After cotransfection the
number of G418-resistant colonies was compared with the number
obtained after cotransfection of a control expression vector to-
gether with the transposon vector. It was shown previously that the
increase in the number of resistant colonies is caused by trans-
posase-mediated integration of the transposon (8, 9) and therefore
is indicative of the transposition efficiency. Several of the tested
transposase mutants have an increased activity compared with their
wild-type versions, most notably the Himar! mutants that were
identified as hyperactive in bacteria (3). This result shows that the
enhanced activity levels of Himarl transposase selected in E. coli is
not limited to E. coli, but also is apparent in human cells. However,
SB is an order of magnitude more efficient than the other Tcl/
mariner elements (Fig. 1B). In mouse 3T3 cells, SB also was found
to be more active than Tcl and Tc3 (data not shown).

SB Transposition in the Mouse Germ Line. Tcl and SB were intro-
duced into the mouse germ line. To obtain germ-line transposition
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Fig. 2. Generation and analysis of the transgenic mice. (A) Structure of the
transgenes. The Prm1-SB-B-globin transgene is a fragment of plasmid pRP1345.
Afragment of the mouse protamine 1 (Prm1) promoter was cloned in front of the
ORF encoding the SB transposase, followed by the rabbit g-globin polyadenyla-
tion signal. The SB/neo transgene is a fragment of plasmid pT/neo. It has an
SV40-G418R cassette in between the inverted repeats of the transposon. The
fragments were injected into different FVB/N oocytes. Five founders (designated
as lines A-E) transmitting the Prm1-SB transgene to their offspring were ob-
tained, ranging in copy number from 1to 5. One line carrying a single copy of the
complete SB/neo transposon was obtained (line 1). (B) RT-PCR analysis of the
expression of SB transposase mRNA in several tissues, including brain (B), liver (L),
skeletal muscle (M), testis (T) and kidney (K) of wild-type and transgenic mice
(shown are lines B and E) using primers indicated in A by arrows.

in the mouse, a system was devised in which the transposase is
expressed in the germ line from a transgene and therefore should
mobilize the transposon—present on a second transgene—
specifically in the germ line. Transposase expression was driven by
the proximal protamine 1 (Prml) promoter (Fig. 24), that was
shown to drive expression of transgenes during spermiogenesis in
haploid round spermatids (30). Both the Prmli-Tcl (data not
shown) and the Prm1-SB transgenic lines show transposase mRNA
expression in testis as determined by RT-PCR (Fig. 2B). A second
transgene contained the transposon in which the transposase ORF
had been disrupted (Fig. 24). To induce germ-line transposition,
double transgenic males were generated for both Tcl and SB (Fig.
3A4). Progeny of these males mated to wild-type females were
inspected for germ-line jumps of the transposon. A total of 36
progeny that inherited the Tcl/kan transposon from Tcl/kan*
PrmI-Tcl™* fathers were analyzed for Tcl transposition by Southern
blotting using a transposon probe. In all 36 cases no change in the
hybridizing genomic fragment was observed, suggesting that none
of these animals was derived from a sperm cell in which a Tcl
transposition event had occurred. However, when 98 SB/neo™
progeny of SB/neo*, PrmI1-SB* males (derived from five indepen-
dent transposase lines) were analyzed, 20 (20.4%) showed a change
in restriction fragment size compared with the fathers (Table 1 and
Fig. 3B). This finding suggests that the SB transposon undergoes
transposition in the mouse germ line.

One of the characteristics of Tcl /mariner transposition is that the
transposon integrates into a TA dinucleotide, and that this TA
dinucleotide is duplicated upon integration. To verify that the
restriction fragment length polymorphisms observed were indeed
caused by transposition mediated by SB transposase, the flanking
sequences of SB/neo at 18 insertion sites were determined (Table
2). In all cases, the transposon was flanked by a TA dinucleotide.
Furthermore, the sequences flanking the TA dinucleotide were
different for all 18 insertions and were different from the sequences
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flanking SB/neo at its original locus. Sequence analysis of five of
these sites before insertion (in a wild-type mouse) revealed the
presence of only one TA dinucleotide.

The original locus and 12 insertion sites were mapped to the
mouse genome (Table 2 and Fig. 3C). In eight of 12 transposition
events the transposon had jumped from its original locus on distal
chromosome 5 to central chromosome 5; remarkably six of these
insertion sites mapped to the same 38.1-cR interval on the chro-
mosome of origin. In two cases, mouse 1680 and 1835, the trans-
poson had jumped close to the original locus on distal chromosome
5. Two instances of interchromosomal transposition, to chromo-
somes 7 and 12, were observed. We conclude that SB/neo excised
from its original chromosomal locus and reintegrated in the mouse
genome through bona fide transposition, with a strong preference
for reintegration into the chromosome of origin.

Sixteen of the 20 animals in which a transposition event was
detected did not have the PrmI-SB transgene, indicating that
transposition occurred in the germ cells of the fathers. To prove
that the observed transposition events had indeed occurred in
the germ line of the mouse, two animals with SB/neo at a new
location were further crossed to wild-type mice. Analysis of their
progeny showed that these mice stably transmitted the transpo-
son at its new location (data not shown).

To show that SB is able to transpose from an independent
chromosomal context other than the original transgene, a Prm1I-
SB* male with SB/neo at a new location (1734) was crossed
further to a wild-type mouse. Of 10 progeny, six had the SB/neo
transposon. Four of these six mice had the transposon at the
location of the father, whereas in the remaining two animals the
transposon was found at a new location (Fig. 3D).

Double-Strand Break (DSB) Repair After SB Excision in Mouse Sper-
matids. After excision Tcl/mariner transposons leave DSBs. In
C. elegans DSBs induced by Tcl transposition are repaired by
either nonhomologous end joining (NHEJ), or homologous
recombination using the sister chromatid or homologous chro-
mosome as a template (31). After NHEJ, a small footprint is
found, consisting of a few base pairs of transposon sequence
between the duplicated TA dinucleotide. The footprint arises as
a consequence of the staggered cuts that the transposase intro-
duces at the ends of the transposon (32). Analysis of 16 excision
sites (Table 3) demonstrates that the DSBs induced by SB
transposition in the male germ line of the mouse are repaired
through NHEJ. In 12 cases, footprints of one or two base pairs
of transposon sequence were found between the TA dinucleo-
tides, similar to the footprints of Tc3 in C. elegans (32). In the
other cases small deletions of flanking sequence had occurred.
Previously, Luo e al. (12) observed 3-bp footprints after SB
transposition in mouse embryonic stem cells, prompting the
hypothesis that the SB transposon is excised via 3-bp staggered
cuts (12). Our results, however, do not follow this pattern.

Nonhomologous end joining is the expected repair pathway as
the DSBs are presumably generated and repaired in haploid, round
spermatids, when a template for homologous recombination is not
present. Our results, in which insertion of an SB element was always
accompanied by loss of the element at the donor site, suggest the
notion that these events occurred in the haploid stage, when no
DSB repair template was present anymore. In later stages, after
round spermatids develop into elongated spermatids and finally
into spermatozoa, sperm DNA is packed in a highly condensed
structure and transcription and presumably also DNA repair (33)
cease until fertilization. It is unlikely that the transposition events
and repair occurred during these stages. However, it can not be
excluded that expression of SB transposase, SB transposition, and
DSB repair occur at diploid stages of spermatogenesis. Although
most reports have shown that the Prml promoter restricts expres-
sion of transgenes to round spermatids, low levels of ectopic
expression have been reported (34, 35).
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Fig. 3. (A) Mating scheme to induce and detect SB/neo transposition in mouse spermatids. Transposition events that occur in the spermatids of double transgenic
males can be detected in their progeny. The progeny are analyzed for the presence of the SB/neo transposon by PCR. SB/neo™ animals (boxed) are further analyzed
by PCR for the presence of SB/neo at the original locus and by Southern blotting to detect possible transposition events (shown in B). Males with SB/neo at a new location
were further crossed to wild-type mice. SB/neo™ progeny (boxed) were analyzed to detect possible transposition events (shown in D). As an example, the lineage of
animal 1734 is indicated (black text boxes). The heterozygous mice with an SB insertion were not homozygosed and had no obvious phenotypes. (B) Southern blot
analysis of EcoRI-digested tail tip DNA of Prm1-SB*, SB/neo™ fathers and their offspring. The EcoRl site in SB/neo and the probe, a fragment of the neo-resistance gene,
areindicated in Fig. 2A. Animal 1047 is the SB/neo* founder animal (line 1) and shows the SB/neo transgene at its original locus. This line was crossed to all five Prm17-SB
lines, lines A to E. Double transgenic males of lines 1A, 1B, 1C, 1D, and 1E were obtained and crossed with wild-type females. Of their progeny, animal 1724 did not
inherit the SB/neo transgene; animals 1726 and 1728 did inherit the SB/neo transgene at its original locus. The remaining progeny represent 11 of 20 animals in which
the SB/neo transposon had moved from its original locus to a new site (as the change in fragment size indicates). PCR analysis using a primer flanking the transposon
atits original locus and a primer in the transposon confirmed the presence or absence of the transposon at the original locus. (C) Map of mouse chromosome 5 indicating
the SB insertion sites. The insertion sites were mapped between the markers indicated, using the T31 mouse/hamster radiation hybrid panel. The distance between
the original site on distal chromosome 5 and the region on central chromosome 5 is ~25 cM. (D) Southern blot analysis of EcoRI-digested tail tip DNA of a Prm1-SB*,
SB/neo™ father and his offspring. Animal 1047 is the SB/neo™ founder animal (line 1). Animal 1734 is progeny of a double transgenic male (line 1A), which has SB/neo
at a new site and inherited the Prm1-SB transgene. Six progeny of mouse 1734 crossed to a wild-type female are shown: animals 1866, 1872, and 1874 have the
transposon at the location of their father, animal 1734. Animal 1869 did not inherit the transposon. In animals 1867 and 1868 new transposition events were detected.
PCR analysis confirmed the presence or absence of the transposon at the 1734 locus in the progeny of animal 1734. The positions of the fragments containing SB at
its original site in animal 1047, and at the site in animal 1734, are indicated by arrows.

Discussion mutants. In contrast, forward genetic approaches have been pre-
dominant in Drosophila and C. elegans. Forward genetics screens in
the mouse primarily rely on N-ethyl-N-nitrosourea as the mutagen.
Finding the causal point mutation is difficult and time consuming.
Alternatively, large-scale insertional mutagenesis is performed in
mouse ES cells (36), which requires the time-consuming generation
of mice from ES cells. Therefore, the introduction of an exogenous
transposon into the mouse germ line might be valuable tool for

Mammalian gene function is studied predominantly by gene-driven
approaches in the mouse, such as overexpression or loss-of-function

Table 1. Transposition of the SB/neo transposon in the progeny
of Prm1-SB+, SB/neo™* fathers

SB/neo* genetics in the mouse, especially if a recombinant transposon (e.g.,
SB/neo* SB/neo~ SB/neo* progeny with suitable for gene trapping) could be used.
Prm1-5B* line progeny progeny transposed SB/neo In the past, retroviruses have been used for gene tagging, but with
1A 22 12 4 limited success (reviewed in ref. 37). One of the bottlenecks is that
1B 37 16 5 the germ lm; contains many qndogenpus copies of the retrovirus;
1c 17 14 > another one is that retroviral integration cannot be regulated and
1D 20 2 3 therefore requires infection of preimplantation or postimplantation
1€ 27 34 6 embryos. . . o
Total 123 98 20 (=20.4%) In a screen to find the best candidate for transposition in

mammalian cells, the fish transposon SB was found to be most
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Table 2. Transposon insertion sites of SB/neo in the mouse genome

Mouse Left flank* SB/neo Right flank* Chrt Linked to®
Founder AACACTGATACCCTA cagt...actg TAGGGGATCCTCTAG 5 D5Mit242
1576 CCTAGGGACTAGKE cagt. .. actg TATAACAGATGTCAA 12 D12Mit190
1579 cagt...actg TATCTCATGATGATG n.d.

1633 CATCTCTCCAATPA cagt ... actg TAGCTCTAGATGGTC 5 D5Mit237
1657 cagt. .. actg TATGTGAGTTGGGTG 5 D5Mit430
1680 cagt. .. actg TATATATAGGTATAT 5 D5Mit242
1682 GTACCCCCTCACE cagt ... actg TATTAAATCTTTTAA 5 D5Mit237
1688 CTACAGACAAATIA cagt. .. actg TAGGTTTCACTCTTA 5 D5Mit237
1704 GATCAGTA cagt...actg n.d.

1725 cagt ... actg TATATC n.d.

1734 CCTCCGGTAGTAB cagt. .. actg TATGTCCAATTTTCT  n.d.

1775 TATTTATCAGATAA cagt. .. actg TAAGTAAGTCTTCTA 5 D5Mit237
1797 TATGTTCTTTATGA cagt ... actg n.d.

1814 TGCCTAATAAACKH cagt. .. actg TAACACTGCTCCGTG 5 D5Mit414
1818 cagt...actg TAGCTCCAGGGCATT n.d.

1820 AATGGCTAATAOA cagt ... actg 5 D5Mit237
1835 GCAGCCCACTATKE cagt. .. actg TAGTTCTCCCCCTTC 5 D5Mit242
1836 cagt. .. actg TATGTGTAAGAAAAC 7 D7Mit161
1842 cagt ... actg TAGGTCTGTTCCATG 5 D5Mit362

n.d., not determined.
*The sequences flanking SB/neo (in capitals) were determined by using a transposon display method (24).
TUsing the T31 mouse/hamster radiation hybrid panel the insertion sites were mapped. The chromosome and the

marker with the highest logarithm of odds score are indicated. Six insertions could not be mapped due to either
the lack of sufficient flanking sequence or the presence of multiple copies of the insertion site sequence in the
mouse genome. BLAST (51) searches showed that both in mouse 1579 and in mouse 1734 SB/neo had integrated
into an L1 retrotransposon.

efficient. Himarl and Tc3 are certainly not optimally active: single
missense mutations in these transposase proteins could increase the
efficiency of the other transposons by several-fold. Therefore it is
expected that these transposons can be further mutated to a higher
activity. The hyperactive Himarl mutants were found in a screen
performed by Lampe in E. coli (3). We now find that these mutants
are also hyperactive in mammalian cells. Therefore, this screen is
suitable for selecting mutants (of Tcl, Tc3, Himarl, Mos1) that are
more active in mammalian cells. Presumably, the SB transposase
also can be mutated to a higher activity.

Still the SB transposon is an order of magnitude more efficient
than the most active other transposon in this mammalian system.
This difference in efficiency might reflect the vertebrate origin of
SB, which might be more favorable for possible stimulating host
factors in a mammalian system. Alternatively, the SB transposon
might have a higher intrinsic transposition activity than the other
transposons.

The frequency of SB transposition in the male germ line was
unexpectedly high. Previously, Luo et al. (12) showed that SB is
capable of chromosomal transposition in mouse ES cells. However,

the frequency of excision in that system is much lower (3.5 X 1073
excisions/cell per generation) than the frequency of transposition
that we find in spermatids (0.2 transposition events/spermatid),
although the same donor element was used. Furthermore, the
footprint found after repair of the excision site was different in ES
cells compared with male spermatids. These differences might be
caused by a difference in cell type. Similarly, it was previously was
found that the footprints left by Tc3 in zebrafish are different from
the footprints found in C. elegans (5).

The percentage of offspring with a SB insertion (20%) is similar
to the percentage of retrovirus-infected embryos with a proviral
integration in the germ line (2-56% depending on whether postor
preimplantation embryos are infected) (38, 39). About 4% of
retroviral insertions lead to an obvious mutant phenotype in the
mouse homozygous for the insertion (38). Assuming the mutage-
nicity is similar for SB transposition, with a transposition frequency
of 20%, 0.8% of the homozygous progeny of a double transgenic
male with a single integrated copy of the transposon will be
expected to have a phenotype. With an estimated number of loci of
about 35,000 [based on the human genome (40, 41)] the mutation

Table 3. DSB repair in haploid spermatids after SB/neo excision

Mouse Left flank Footprint Right flank
Founder ACAACACTGATACCC ta cagt...actg ta GGGGATCCTCTAGAG
1680, 1704, 1797, 1802  ACAACACTGATACCC ta e} ta GGGGATCCTCTAGAG
1725, 1734, 1814 ACAACACTGATACCC ta C ta GGGGATCCTCTAGAG
1576, 1652, 1682 ACAACACTGATACCC ta cg ta GGGGATCCTCTAGAG
1633, 1818 ACAACACTGATACCC ta [} ta GGGGATCCTCTAGAG
1688 ACAACACTGATACCC ta a GGATCCTCTAGAG
1657 ACAACACTGATACCC t CTAGAG
1835 ACAACACTGATACCC ta ct GGGATCCTCTAGAG
1836 ACAACACTGATACC tcta GATCCTCTAGAG

The excision sites were sequenced by using primers flanking SB/neo at the original locus. The duplicated TA
dinucleotides are indicated in bold; footprints are underlined. Four of 20 sites could not be sequenced, presum-
ably because of deletion of flanking sequences to which the primer anneals.
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rate is less than 107 per locus per gamete derived from a double
transgenic male. N-ethyl-N-nitrosourea mutagenesis in the mouse
induces mutations at a frequency of about 1073/locus per gamete
(42), 1,000 times higher. Clearly, the current frequency of mutagen-
esis using SB is not high enough for forward mutagenic screens of
recessive loci.

These calculations are based on the assumptions that SB
insertion is as mutagenic as retroviral integration and that each
locus can be hit. However, both retroviruses and many DNA
transposons are known to preferentially integrate into certain
sites in the genome. Retroviruses integrate preferentially close
to DNasel-hypersensitive sites (43) or transcriptionally active
regions (44). It is not clear whether SB has a similar preference.
Luo et al. (12) showed that in three of six transposition events in
mouse ES cells SB integrated into the chromosome of origin. We
now show that in the mouse germ line SB has a strong preference
for transposition within the same chromosome, reminiscent of
the target site preference of Ac elements in maize (45).

The utility of the SB system could be increased by generating
mice with multiple dispersed copies of the SB transposon on
different chromosomes. A single cross then could result in
multiple jumps per gamete. Still the main use of SB as a mutagen
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in the mouse germ line probably will be for specific goals, for
enhancer or gene trapping, or as a mutagen in hemizygous
strains that carry chromosomal deletions (46—-49). In addition,
the SB system can be used to study the function of various repair
proteins in DSB repair in the germ line of mice by generating
DSBs at known locations in the genome.

It recently was shown that SB transposes from a plasmid into
the mouse genome in somatic tissues (13). Here we show that SB
is capable of high-frequency transposition in the germ line of the
mouse; it is the first transposon for which regulated germ-line
transposition has been demonstrated in any vertebrate. Because
germ-line events are stably transmitted, this system has potential
for use in insertional mutagenesis and enhancer trapping.
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