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Herein, we report that the DNA-dependent protein kinase (DNA-PK) regulates the DNA damage introduced
during Sleeping Beauty (SB) element excision and reinsertion in mammalian cells. Using both plasmid- and
chromosome-based mobility assays, we analyzed the repair of transposase-induced double-stranded DNA
breaks in cells deficient in either the DNA-binding subunit of DNA-PK (Ku) or its catalytic subunit (DNA-
PK.,). We found that the free 3’ overhangs left after SB element excision were efficiently and accurately
processed by the major Ku-dependent nonhomologous-end-joining pathway. Rejoining of broken DNA mole-
cules in the absence of Ku resulted in extensive end degradation at the donor site and greatly increased the
frequency of recombination with ectopic templates. Therefore, the major DNA-PK-dependent DNA damage
response predominates over more-error-prone repair pathways and thereby facilitates high-fidelity DNA repair
during transposon mobilization in mammalian cells. Although transposable elements were not found to be
efficiently circularized after transposase-mediated excision, DNA-PK deficiency supported more-frequent
transposase-mediated element insertion than was found in wild-type controls. We conclude that, based on its
ability to regulate excision site junctional diversity and transposon insertion frequency, DNA-PK serves an

important protective role during transpositional recombination in mammals.

The use of transposable elements as genetic tools has con-
tributed significantly to our understanding of biological sys-
tems. The Tcl/mariner elements are likely the most widespread
transposons in nature and can transpose in species other than
their hosts, making them potential tools for functional genom-
ics in diverse organisms, including vertebrates (48). However,
most naturally occurring Tcl/mariner-like transposons are non-
functional due to the accumulation of inactivating mutations
(36). Although no single active element has ever been identi-
fied in vertebrates, an active Tcl-like transposon called Sleep-
ing Beauty (SB) was recently reconstructed from pieces of de-
fective fish elements (23). SB functions in a variety of
vertebrate species, including human and mouse cells (24), and
is the most active member of the Tcl/mariner family (16).
Moreover, this element has been applied recently to gene
discovery in the mouse germ line (13, 14, 16, 21) and has been
shown to promote stable in vivo delivery of therapeutic genes
in somatic tissues of adult mice (41, 65, 66). Based on emerging
interest in further developing such tools for basic research and
therapeutic applications, studies which elucidate the molecular
mechanisms involved in transposition and its regulation in
mammals remain of significant importance.

Each end of SB contains an inverted repeat (IR)-direct re-
peat (DR) structure consisting of two short DRs within an
~230-bp imperfect terminal IR. These DRs (~30 bp) serve as
core binding sites for the element-encoded transposase (23),
and the presence of both sites within an individual IR is re-
quired for efficient transposition (24). In addition to the DRs,
the left IR of SB contains a half binding site, termed HDR,
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which acts as a transpositional enhancer-like sequence (25).
Specific binding to the DRs is mediated by an N-terminal,
paired-domain-like DNA-binding domain of the transposase
(23, 25). The C-terminal, catalytic domain of the transposase is
responsible for all DNA cleavage and strand transfer reactions
and is characterized by the presence of a conserved amino acid
triad, the DDE motif. This catalytic triad is found in a large
group of recombinases, including many eukaryotic and bacte-
rial transposases, retroviral integrases, and the RAG1 V(D)J
recombinase, involved in immunoglobulin gene rearrange-
ments (50).

Like V(D)J recombination, the mobilization of SB elements
is a specialized form of DNA recombination and occurs by a
cut-and-paste pathway involving a DNA intermediate. This
transposition process involves five distinct stages, the first four
of which include (i) association of the transposase with its
binding sites within the transposon IRs, (ii) assembly of an
active synaptic complex in which the two ends of the element
are paired and held together by bound transposase subunits,
(iii) transposase-mediated excision of the element from its
original donor site, and (iv) reinsertion of the excised element
into a new target site (TA dinucleotide). This joining step
occurs when the 3’ hydroxyl (3" OH) at each end of the excised
element performs a nucleophilic attack on the host DNA,
producing an integration intermediate that contains single-
strand gaps in the flanking host DNA sequence. In the final
stage of the transposition process, the noncomplementary ends
of the broken donor DNA molecule are processed and re-
joined and the gaps are filled at the insertion site. These repair
processes generate a small excision site footprint, consisting of
a few base pairs of transposon end sequence, as well as a
characteristic duplication of the target TA dinucleotide at the
insertion site (Fig. 1). Although it is generally assumed that
host repair enzymes remove the DNA damage produced dur-
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FIG. 1. Requirement for DNA repair during transposition of SB elements. An SB element is excised by transposase via sequential 3-bp
staggered cuts at the ends of the inverted terminal repeats, completely releasing it from its original donor site. This newly excised element then
integrates into a TA target site via a series of transesterification reactions such that the TA is duplicated at the ends of the element following repair

of the single-stranded DNA gaps. Depending on how the DSB at the
left behind.

ing SB element transposition in mammalian cells, the identity
of the specific host factor(s) involved in these important pro-
cesses has not been clearly defined.

The repair of DNA damage, especially double-stranded
DNA breaks (DSBs), is critical for the maintenance of
genomic stability. If DNA DSBs are left unrepaired or are
repaired inaccurately, mutations and/or chromosomal aberra-
tions are induced, which in turn may lead to cell death or, in
extreme cases, cancer. Eukaryotic cells have evolved two major
mechanisms to contend with these DSBs. In homologous re-
combination, repair of a broken DNA molecule is directed by
an intact homologous duplex. Alternatively, the ends of broken
DNA molecules are rejoined without the need for substantial
DNA sequence homology by a process known as nonhomolo-
gous DNA end joining (NHEJ). The latter pathway appears to
be the prevailing mechanism for DSB repair in mammalian
cells (30) and has been shown to be involved in both V(D)J
recombination (57) and retrovirus DNA integration (10, 11,
33).

Genetic and biochemical studies of mammalian cells have
identified several factors involved in the NHEJ pathway. These
include the DNA-dependent protein kinase catalytic subunit
(DNA-PK,,), the Ku70/Ku80 heterodimer, Artemis, and the
DNA ligase IV/XRCC4 complex (28). In response to a DSB,
Ku heterodimers bind to and facilitate the initial alignment of
the two DNA termini and then stimulate the recruitment of
DNA-PK_,, thus forming an active DNA-PK complex (20).
DNA-PK_, also forms a physical complex with Artemis, which
alone possesses 5'-to-3" exonuclease activity (39). Upon com-
plex formation, DNA-PK_ phosphorylates Artemis, which
consequently acquires endonucleolytic activity on 5’ and 3’
overhangs, as well as hairpins, including those generated by the
RAG complex during V(D)J recombination (39). Finally, bio-
chemical fractionation studies suggest that the Mrel1/Rad50/

site of excision is repaired, a small transposon footprint will sometimes be

NBS1 (MRN) complex, which exhibits both nuclease and DNA
end-bridging activity in vitro, may play a key role in aligning
DNA ends in a synaptic complex immediately prior to ligation
by the DNA ligase IV/ XRCC4 complex (8, 22).

In this report, we investigated what role, if any, NHEJ plays
in the response to DNA transposition in mammalian cells. We
triggered SB element mobilization from extrachromosomal
plasmids in Ku- or DNA-PK_-deficient and wild-type control
cells by expressing the SB transposase in trans from a trans-
fected plasmid. We then studied the requirement for DNA-PK
in gap repair during transposon integration and in the rejoin-
ing of DSBs produced at excision sites. Herein we show effi-
cient transposon integration in the soma of DNA-PK-deficient
scid mice and in rodent cells lacking either Ku or DNA-PK_,,
suggesting that DNA-PK activity is not essential for proper
DNA repair after transposon insertion. We report that, in-
stead, DNA-PK activity, especially its regulatory component
(Ku), is necessary for proper rejoining of the double-stranded
DNA gaps left after SB element excision in mammals. DNA
transposition in the absence of Ku was highly error prone,
resulting in significant degradative loss of the individual DNA
termini and frequent recombination with ectopic templates.
Interestingly, similar types of misrepair events were also ob-
served after inducing chromosomal transposition in a wild-type
human cell line, suggesting that transposase activity might fa-
cilitate recombination activity in vertebrates. These studies
reveal additional parallels between SB element excision and
V(D)J recombination and suggest a potential role for transpo-
sition-induced recombination in the evolution of vertebrate
genomes.

MATERIALS AND METHODS

Animals studies. We obtained 6- to 8-week-old C57BL/6 and DNA-PK(—)
C57BL/6-scid mice from Jackson Laboratory. Animals were treated according to
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the National Institutes of Health guidelines for animal care and the guidelines of
Stanford University. Mice were anesthetized with isoflurane (Abbott Laborato-
ries) for surgical partial hepatectomy, which uniformly induces one or two rounds
of hepatic cell division throughout the liver over a period of 3 weeks. Plasmid
DNAs were delivered to mice by hydrodynamics-based transfection as previously
described (35, 69). We collected mouse serum from the retro-orbital plexus and
analyzed it by an enzyme-linked immunosorbent assay (ELISA) for total hAAT
antigen as previously described (26).

Plasmid construction. Plasmids pCMV-SB, pCMV-mSB, pCMV-GFP,
pTnori, phAAT, and pThAAT have all been previously described (66). For the
purposes of our methylation-sensitive Southern blot analyses, we isolated
pThAAT from both DH10B (dam-positive) and GM48 (dam-negative) bacterial
host strains. The plasmid pTpuro containing a PGK-driven puromycin-marked
transposon was made by inserting a 1.7-kb Sall fragment from pPGK-Puro
(kindly provided by P. Laird, Whitehead Institute) into Xhol-treated pT-MCS
(66). To produce the lentivirus-based reporter construct pLNTH-15, we first
produced an SB transposon containing a hygromycin expression cassette by
inserting a 2-kb Bsml fragment from pTK-Hyg (Clontech) into Xhol/BsmlI-
treated pT-MCS by blunt end ligation.

Southern blot analysis of transposon integration in mouse liver. We purified
the pThAAT vector from dam-positive bacteria and injected it (25 pg) into both
C57BL/6 and C57BL/6-scid mice together with 1 ug of either pPCMV-SB (n = 6
mice) or pPCMV-mSB (n = 3 mice). Ten months after vector administration, we
performed a surgical partial (two-thirds) hepatectomy in order to facilitate de-
methylation of Dpnl recognition sites within integrated copies of the transposon.
Forty-five days later, mice were sacrificed and liver DNA was prepared by a
salting out method. For Southern blot analyses, we digested 10 pg of mouse liver
DNA with Dpnl, HindIII (cuts twice within the transposon), or Dpnl and HindIII
together and then separated it by ethidium bromide agarose gel electrophoresis
and transferred it to nitrocellulose. Membranes were hybridized to a radiola-
beled 1.7-kb hAAT fragment and subjected to autoradiography.

Cells and cell culture. HeLa, 293-T, V79-4 (hamster lung), Ku86-deficient
CHO-K1-derived (xrs-5), and V79-4-derived (XR-V15B) cell lines were all ob-
tained from the American Type Culture Collection and were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) containing high glucose, 10% fetal
bovine serum (FBS), 1X penicillin-streptomycin, and 4 mM L-glutamine. S-
MHB-2 and C-MHB-2 cells were kindly provided by C. Kirchgessner (Stanford
University) and are derived from transformed fibroblasts from ST.SCID mice
and congenic C.B-17 parent mice, respectively (51). These cells were grown in
the same medium supplemented with 500 pg of Geneticin (Gibco, BRL)/ml.
CHO-K1 (hamster ovary) cells were grown in Kaighn’s modification of Ham’s
F-12 medium with 10% FBS. All cell lines were maintained at 37°C in a humid-
ified atmosphere of 5% CO,.

Assay for transposition in mammalian cells. We used a genetic assay to study
transposition in the presence and absence of known cellular DNA repair factors.
HeLa, CHO-K1, xrs-5, V79-4, and XR-V15B cells were all plated on six-well
dishes the day before cotransfection with a plasmid containing a neomycin
gene-marked transposon (pTnori) together with either pCMV-SB or pCMV-
mSB as a control using Superfect (Qiagen). Transfected cells were trypsinized 2
days later, diluted into DMEM containing 600 png of G418/ml, and growth
selected for a period of 2 weeks. At this time, G418-resistant (G418R) colonies
were fixed, stained, and counted to determine the relative amount of trans-
posase-mediated integration in each cell line. To study transposition in S-MHB-2
and C-MHB-2 cells, which already contain a neo cassette from previous studies
(51), we substituted a plasmid containing a puromycin gene-marked transposon
(pTpuro) for pTnori and performed growth selection in DMEM containing 5 pg
of puromycin/ml. In every case, transfections were done in triplicate and pro-
duced similar results.

Establishment of chromosomal transposition reporter cell lines. We studied
the repair of transposase-induced DSB in host cell chromosomes using a lenti-
virus-based reporter system to detect rare excisions from various chromosomal
loci. To do this, we first produced a replication-defective human immunodefi-
ciency virus type 1 (HIV-1)-based vector (LNTH) containing a transposition-
dependent reporter construct by a triple-transfection procedure (44). Briefly, we
transfected a 10-cm-diameter dish of 293-T cells by the calcium phosphate
method with 3.5 pg of pMD.G, 6.5 pg of pCMVAS8.74, and 10 pg of pLNTH-15
in the presence of 27.5 uM chloroquine. The medium was changed 8 h later, and
virus-containing medium was harvested 40 h posttransfection. Virus was titered
by an ELISA method (Alliance; Dupont-NEN) that determines the HIV p24
Gag antigen concentration.

We infected HeLa and Ku86-deficient XR-V15B cells with the LNTH reporter
virus at a low multiplicity of infection (0.1). Two days later, we trypsinized these
cells and diluted them into DMEM containing 300 pg of hygromycin B (Gibco,
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BRL)/ml for growth selection for at least 2 weeks. Individual hygromycin-resis-
tant (Hyg®) colonies were picked, amplified, and screened for complete sensi-
tivity to G418 drug selection in the absence of transposase expression. Genomic
DNA was prepared from each HygR G418 clone by a salting out procedure and
subjected to Southern blot analyses following treatment with either Bgl/I (cuts
once) or Aval (cuts twice) to identify clones containing a single full-length copy
of the testing construct at different chromosomal loci. Four HeLa-derived and
eight XR-V15B-derived clones were expanded for further analysis.

To trigger excision of the SB element from these chromosomal sites, we
transfected ~107 cells from each reporter line with 20 pug of pPCMV-SB or
pCMV-GFP as a control using Superfect (Qiagen). Transfection efficiencies for
both cell types were analyzed the next day by fluorescence microscopy and found
to be ~15%. Three days after transfection, transposase- and green fluorescent
protein (GFP)-expressing cells were growth selected for 3 weeks in DMEM
containing 600 wg of G418/ml. Each G418-resistant colony (produced only from
HeLa-derived pCMV-SB-transfected cultures) was picked and expanded for
further analysis.

PCR, Southern blotting, and expression-based analyses of transposon rein-
sertion. To characterize the frequency of transposon reinsertion following SB-
mediated transposon excision, we analyzed the genome of each G418R clone by
PCR for the presence of the transposon using oligonucleotide primers Hyg-1A
(5'-GAGGCCATGGATGCGATCGCTGCG) and Hyg-1B (5'-ATTGCGTCG
CATCGACCCTGCGCC). The proportion of G418R clones that supported
growth in DMEM containing 300 g of hygromycin/ml was determined to esti-
mate the frequency of transposon silencing following transposon reinsertion into
random chromosomal sites. The diversity of reinsertion sites was analyzed by
genomic Southern blot analysis of G418® clones using Spel (cuts once) and a
radiolabeled probe specific for the transposon.

PCR and sequence analysis of DSB repair products following SB element
excision. We studied the repair of DNA DSBs following transposon excision
from extrachromosomal plasmid DNA in both cultured mammalian cells and in
the somatic tissue of adult mice. To do this, we cotransfected Ku86-expressing
(V79-4 and CHO-K1) and Ku86-deficient (XR-V15B and xrs-5) cell lines with
pTnori and either pPCMV-SB or pPCMV-mSB as a control and then performed a
standard Hirt DNA extraction 30 h later. To study in vivo DSB repair in the
presence and absence of DNA-PK activity, we also injected C57BL/6 and C57BL/
6-scid mice via the tail vein with 25 pg of pThAAT or a control vector (phAAT)
together with 1 pg of either pCMV-SB or pPCMV-mSB and then isolated total
liver DNA either 2 days or 30 days later by salting out. In each of these studies,
we used 500 ng of DNA together with oligonucleotide primers pucl (5'-TACG
CCAGCTGGCGAAAG) and puc2 (5'-AGCTCACTCATTAGGCAC) to am-
plify excision repair products. PCR products were analyzed by ethidium bromide
gel electrophoresis, excised, and cloned into the pCR4-TOPO vector (Invitro-
gen) for DNA sequence analysis. To characterize the repair pathways involved in
rejoining transposase-induced DSBs in host cell chromosomes, we amplified a
DNA segment encompassing the transposon donor site from the genome of
HeLa-derived G418-resistant LNTH clones using oligonucleotide primers
HIV-1A (5'-CAGCTCCAGGCAAGAATCCTG) and NEO-1 (5'-GCCCAGTC
AAGCCGAATAGCC). Each PCR product was analyzed by ethidium bromide
gel electrophoresis, gel purified, and subjected to direct DNA sequencing.

RESULTS

Efficient integration of SB elements in the liver of DNA-
PKcs-deficient scid mice. We studied what role, if any,
DNA-PK plays in SB element transposition in vivo by analyz-
ing transposon excision and chromosomal reinsertion in nor-
mal and DNA-PK-deficient mice. To do this, we injected
C57BL/6 mice and genetically matched scid mice (containing a
DNA-PKcs truncation mutation in both alleles) via the tail
vein with an SB transposon plasmid containing a human o,-
antitrypsin expression cassette (pThAAT) flanked by the
IR-DR structure (Fig. 2A) together with a transposase plasmid
encoding either the wild-type SB transposase (pCMV-SB) or a
catalytically inactive mutant transposase (pCMV-mSB) as a
control. Compared with pCMV-mSB-injected control mice,
both normal (data not shown) and DNA-PK-deficient scid
mice (Fig. 2B) expressed ~65-fold more serum hAAT for a
period of 10 months. Importantly, expression in scid mice
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FIG. 2. Stable integration and expression of SB elements in mice in the absence of DNA-PK activity. (A) Schematic of the Dpnl-sensitive hAAT
transposon injected into mice. The vector pThAAT was purified from bacteria expressing the dam-encoded methylase, making it susceptible to
digestion with the restriction endonuclease Dpnl. Arrows, locations of Dpnl recognition sites, which are substrates for Dpnl only when the internal
adenine residue is methylated. RSV, Rous sarcoma virus long terminal repeat promoter; hAAT, human «;-antitrypsin cDNA; IR, SB element IR
sequence; H, HindIIl. (B) Transposon-based human «;-antitrypsin expression in DNA-PK_-deficient scid mice before and after a surgical partial
hepatectomy (PH). Immune-deficient C57BL/6-scid mice were injected with 25 pg of pThAAT together with 1 pg of either pPCMV-SB (A)
(contains wild-type SB; n = 6 mice) or pPCMV-mSB (A) (contains inactive SB; n = 3 mice) as a control, and their serum hAAT levels were
monitored over time by ELISA. Liver regeneration was induced 10 months after vector administration by surgically removing two-thirds of the
mouse liver under anesthesia. (C) Southern blot analysis of Dpnl-treated control DNA purified from dam-positive and dam-negative bacteria. We
used mouse liver DNA (10 pg) spiked with 0.1 ng of methylated (dam-positive) or unmethylated (dam-negative) vector DNA for Southern blot
analysis. Membranes were probed with a radiolabeled hAAT fragment. Asterisks, cleavage fragments derived from Dpnl-treated input vector.
(D) Methylation-sensitive Southern blot analysis of mouse liver DNA obtained 11.5 months after vector administration. We used 10 pg of total
liver DNA digested with Dpnl and HindIII for Southern blot analysis and hybridized membranes to a radiolabeled hAAT probe. The left five lanes
(5.0 to 0.1 copies/cell) were derived from adding a dam-negative (Dpnl-resistant) pThAAT plasmid to mouse liver DNA. Arrow, integrated,
Dpnl-resistant copies of the transposon in pCMV-SB-treated animals; asterisks, presence of Dpnl-sensitive transposon episomes in all samples.

treated with active transposase remained essentially un-
changed during a 4-week time period following a partial (two-
thirds) surgical hepatectomy, which is consistent with stable
chromosomal integration irrespective of DNA-PK activity. To
confirm these findings at the molecular level, we performed
Southern blot analyses using the restriction endonuclease Dpnl
to differentiate between episomal and integrated forms of
transposon DNA in these mice. Since this enzyme recognizes
the methylated sequence GmATC, which is present eight times
within the transposon portion of the pThAAT vector (Fig. 2A),
extrachromosomal forms of the vector are completely digested,
whereas integrated transposon copies that have undergone
sufficient replication to completely demethylate these Dpnl
sites remain resistant to Dpnl cleavage (Fig. 2C). Using this

approach, we analyzed DNA from the livers of both normal (n
= 9) and DNA-PK-deficient (n = 9) scid mice. Irrespective of
the presence or absence of DNA-PK activity, mice which re-
ceived active transposase contained an average of 0.25 copies
of Dpnl-resistant transposon DNA per diploid liver genome
(Fig. 2D and data not shown). These data suggest that
DNA-PK activity is not required in vivo for stable transposase-
mediated insertion into host cell chromosomes.

Efficient, low-fidelity DSB repair in vivo in the absence of
DNA-PK activity. We monitored SB element excision and DSB
repair in the livers of normal and DNA-PK-deficient scid mice
using a PCR approach. This assay utilizes primers located
outside of the transposon such that excision of the transposon
brings the two primers close enough together for PCR ampli-
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TGAATTCGAG CTCGGTACCC TAcag —TA GGGGATCCTC TAGRAGTCGAC 7 3 0
TGRATTCGAG CTCGGTACCC TAtgt —TA GGGGATCCTC TAGAGTCGAC 1 3 0
TGAATTCGAG CTCGGTACCC TA  ttgTA GGGGATCCTC TAGAGTCGAC 1 3 0
DNA-PK(*)  TGAATTCGAG CTCGGTACCC TAcgt  TA GGGGATCCTC TAGAGTCGAC 1 3 0
(n=23) TGAATTCGAG CTCGGTACCC TAca TA GGGGATCCTC TAGAGTCGAC 1 2 0
TGAATTCGAG CTCGGTACCC TAceg —TA GGGGATCCTC TAGAGTCGAC 1 3 0
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TGAATTCGAG CTCGGTACCC TA  ttgTA GGGGATCCTCTAGAGTCGAC 1 3 0
TGAATTCGAG CTCGGTACCC TA  tgTh GGGGATCCTCTAGAGTCGAC 1 2 0
TGAATTCGAG CTCGGTACCC TA  agTh GGGGATCCTCTAGAGTCGAC 1 2 0
TGAATTCGAG CTCGGTACCC TAca TA GGGGATCCTCTAGASTCGAC 1 2 2
TGAATTCGAG CTCGGTACCC TAca GGGGATCCTCTAGAGTCGAC 1 2 3
TGAATTCGAG CTCGGTACCE —- gTA GGGGATCCTCTAGAGTCGAC 1 1 2
TGAATTCGAG CTCGGTACCC —— TA GGGGATCCTCTAGASTCGAC 1 NA 2
DNA-PK()  TGARTTCGAG CTCGGTACCC —- -— GGGGATCCTCTAGAGTCGAC 2 NA 1
(n=23) TGAATTCGAG CTCGGTA-—— —— TR GGGGATCCTCTAGAGTCGAC 1 NA 5
TGAATTCGAG CTCGGTACCC T- TA GGGGATCCTCTAGASTCGAC 2 NA 1
TGAATTCGAG CTCGGTACCC TA TA GGGGATCCTCTAGASTCGAC 5 NA 0
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FIG. 3. DNA-PK-independent repair of transposase-induced DSBs in vivo in mouse liver. (A) PCR-based strategy to detect repair of
transposase-induced DSBs following transposon excision from donor plasmid constructs. The structure of the pThAAT vector DNA is shown in
linear format for simplicity but was delivered to mice as a supercoiled plasmid. Prior to DNA transposition, PCR primers (arrows) are located 2.8
kb apart, which is beyond the PCR capacity. Following SB-mediated transposon excision and DSB repair, the primers are brought close enough
together to allow PCR amplification. (B) Transposon excision and DSB repair in mouse liver. Normal C57BL/6 and DNA-PK_.-deficient
C57BL/6-scid mice received a donor hAAT vector with (pThAAT) or without (phAAT) transposase binding sites, together with either pPCMV-SB
or pCMV-mSB as a control. Total liver DNA was isolated at either day 2 or day 30 postinjection and analyzed by PCR for the presence of a 271-bp
product of excision and repair. (C) Variety of DSB repair products produced in vivo in the presence (C57BL/6) and absence (C57BL/6-scid) of
DNA-PK activity. The total numbers of clones with identical characteristics are shown, as well as the sizes in base pairs of both the resulting
footprint and deleted region. Footprints are in lowercase. Dashes, deleted nucleotides; NA, not applicable.
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fication (Fig. 3A). Transposase-specific repair products were
detected in liver samples from normal C57BL/6 mice (n = 3)
2 days after coadministration of transposon-containing and
transposase-encoding plasmids (Fig. 3B, lanes 7 to 9) and re-
mained equally detectable after a period of 1 month (Fig. 3B,
lanes 16 to 18). PCR amplification of DSB repair products
from the livers of four DNA-PK-deficient scid mice produced
equally strong bands, although they appeared slightly more
diffuse than products generated from normal mice (Fig. 3B,
lanes 26 to 29). These data suggest that repair of transposase-
induced DSBs in mouse liver is rapid and efficient and does not
require the activity of the DNA-PK complex.

We cloned and sequenced the region surrounding the exci-
sion site in order to characterize donor site end joining in the
presence and absence of DNA-PK. The vast majority of repair
products (20 of 23) isolated from normal mice showed no loss
of neighboring sequences and contained a TA-flanked 3-bp
footprint (Fig. 3C, top). These results are consistent with a
3-bp staggered cut-and-paste model for SB-mediated transpo-
son excision previously reported (38). Of the remaining three
clones, one contained a 2-bp footprint, while the other two
contained short deletions of flanking DNA. In contrast, all 23
repair products isolated from DNA-PK-deficient mice showed
tremendous diversity in the type of footprint left behind after
transposon excision, as well as the frequency and length of
DNA lost in the regions surrounding the transposase-induced
DSB (Fig. 3C, bottom). Collectively, these results demonstrate
that DNA-PK-dependent NHEJ is required for accurate pro-
cessing of DSB produced in vivo during SB element transpo-
sition.

Deficiency of DNA-PK activity facilitates transposon inte-
gration in cultured mammalian cells. We used a genetic ap-
proach to investigate the requirement for DNA-PK activity in
SB element transposition in cultured mammalian cells. To do
this, we cotransfected normal and DNA repair-deficient mam-
malian cell lines with a plasmid containing a neomycin gene-
marked transposon (pTnori) together with a helper plasmid
encoding either active transposase (pCMV-SB) or catalytically
inactive transposase (pCMV-mSB) as a control. We then
quantified the number of stable integration events in each cell
line following a 2-week growth selection in the antibiotic G418.
Although cells deficient in either DNA-PK_, or Ku86 produced
approximately 25% less total G418-resistant colonies than
their normal parental controls, the ratio of transposase-medi-
ated integration events to illegitimate recombination events
was found to be ~1.6-fold higher in all DNA-PK-deficient cells
than in their respective wild-type controls (Table 1). These
results further demonstrate that DNA-PK-dependent NHEJ
activity is not essential for stable transposition into mammalian
cell chromosomes.

The presence of extrachromosomal transposon circles has
been shown for other eukaryotic DNA elements (18, 59), in-
cluding members of the Tcl/mariner family (3, 54, 55). More-
over, a recent report by Li et al. (33) showed that a subset of
retroviral preintegration complexes are circularized in mam-
malian cells by DNA-PK-dependent NHEJ (33). We therefore
tested whether DNA-PK limits the frequency of productive SB
transposition in normal cells by converting a proportion of
linear excised SB elements into circles via end-to-end joining.
To do this, we isolated Hirt DNA from HelLa cells cotrans-
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TABLE 1. Plasmid-based transposition in normal and DNA-PK-
deficient cell lines

No. of insertion events”

Transposition

Cell line Genotype Active Inactive ratio?
SB SB
HeLa wt® 490 * 53 9+3 54
C-MHB-2 wt 910 = 84 49 =7 19
S-MHB-2 DNA-PK 720 £ 100 30 =20 24
CHO-K1 wt 430 =79 505 9
xrs-5 Ku86~ 318117 24 %5 13
V79-4 wt 660 = 31 89 + 16 7
XR-V15B Ku86~ 490 = 7 34+5 14

“The mean numbers of transposon insertion events in each cell line were
determined as described in Materials and Methods and are based on three
separate transfection experiments.

b The transposition ratio for each cell line is the mean number of SB-depen-
dent integrants divided by the mean number of SB-independent integrants.

¢ wt, wild type.

fected with plasmids containing a transposon (pTnori) and
either active or inactive transposase as a control. We then
assayed for the presence of closed-circle transposon forms
using two-step PCR together with nested primer pairs.
Whereas molecules containing adjacent or nearby SB ends
could be readily detected in a transposase-dependent manner,
significantly more product was recovered from Ku-deficient
cells than from normal cells, which is not consistent with re-
duced end joining of excised SB elements in the absence of
DNA-PK. Indeed, sequence analysis of these products was
more consistent with transposition into the termini of another
transposon copy rather than the formation of an excised cir-
cular form (data not shown). Therefore, the frequency at which
excised SB elements undergo circularization in mammalian
cells appears to be extremely low, if it occurs at all. Although
we are continuing to investigate the molecular basis for im-
proved transposition in DNA-PK-deficient cells, these results
suggest that transposon circularization by the NHEJ machin-
ery is unlikely to play a major role in the regulation of DNA
transposition in mammals.

Mammalian Ku protein is required for accurate DSB repair
after SB element transposition. To determine whether NHEJ
factors are involved in repairing the DSBs produced during
transposon excision in mammalian cells, we studied the exci-
sion step of SB element transposition by PCR using Hirt DNA
obtained from normal and Ku-deficient hamster cells following
transfection with transposon-containing and transposase-en-
coding plasmids. In contrast to pCMV-mSB-transfected con-
trol cells, both normal and Ku-deficient cells were capable of
supporting the production of an appropriately sized PCR prod-
uct following expression of the wild-type transposase, although
the amount of specific end-joining activity observed was signif-
icantly reduced in the absence of Ku compared to that for each
of the controls (Fig. 4A). These results are consistent with
transposase-mediated SB element excision and demonstrate
that mammalian cells possess a Ku-independent end-joining
activity that can process transposase-induced DSBs.

Based on the reduced recovery of the specific repair product
in Ku-deficient cells, we tested whether these findings reflected
a decrease in the overall rate of repair or whether there was a
concomitant increase in recovery of alternatively sized prod-
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FIG. 4. Repair of transposase-induced DSBs in the presence and
absence of mammalian Ku DNA end-binding activity. (A) Transposon
excision and DSB repair in the presence and absence of Ku protein.
Wild-type (CHO-K1 and V79-4) and Ku-deficient (xrs-5 and XR-
V15B) hamster cells were transfected with donor plasmid pTnori (con-
taining a 3.4-kb neo-marked SB element) together with either
pCMV-SB or pCMV-mSB. Hirt DNA was isolated 30 h later and
analyzed by PCR for the presence of a 271-bp product of excision and
repair. (B) Variety of DSB repair products produced in the presence
and absence of mammalian Ku. Base pair deletions (dashes) in the
region surrounding the excision site are shown. (C) Example of the
homologous sequences present at the junctions between the broken
DNA molecule and captured sequences. Shaded boxes, positions of
microhomologies at each end of the junction and within the region
where the two inserts are joined.

DONOR: TGAATTCGAG CTCGGTACCC 'm{cagt ..... —f— e actngA TAGGTCTAGA GTCGACCTGC
Clone(s): bp deletionfinsertion]
12,28,29,30,31 TGAATTCGAG CTCGGTACCC Thcag -0/ 3 TA TAGGTCTAGA GTCGRCCTGC
1,3,4,10,32 TGAATTCGAG CTCGGTACCC TA -0/ 3 ctgThA TAGGTCTAGA GTCGRACCTGC
Ku86 (+) 11 TGAATTCGAG CTCGGTACCC TA -0/ 4 cgtgTA TAGGTCTAGA GTCGACCTGC
—1E 38 TGAATTCGAG CTCGGTACCC TAc -0/1 TA TAGGTCTAGA GTCGACCTGC
n= 2 TGAATTCGAG CTCGGTACCC TA -0 /1 gTA TRAGGTCTAGA GTCGACCTGC
40 TGAATTCGAG CTCGGTACCC --— -9 /2 gg-- --GGTCTAGA GTCGACCTGC
39 - -168 / 0 -
( 42 TGAATTCGAG CTCGGTACCC TA -0/ 3 ctgTA TAGGTCTAGA GTCGACCTGC
14 TGAATTCGAG CTCGGTACCC TAcag -5 /3 e- - GTCTAGA GTCGACCTGC
15 TGAATTCGAG CTCGGTACCC TAca -2 /2 -- TRGGTCTAGA GTCGACCTGC
25 TGAATTCGAG CTCGGTACCC T- -1/0 TA TRGGTCTAGA GTCGACCTGC
18 TGANTTCGAG CTCGGTACCC TA -2/ 0 -- TAGGTCTAGA GTCGACCTGC
Class| 25 TGRATTCGAG CTCGGTACC- —- =3/0 TA TRGGTCTAGA GTCGACCTGC
(n=13/24) 16 TGAATTCGAG CTCGGTACCC -- -12 /0 e= o GA GTCGACCTGC
27 TGAATTCGAG CTCGGTAC-- —- -9 /0 == —-- GTCTAGA GTCGACCTGC
41 TGAATTCGAG CTCGGTA--- --— -9 /0 -- --GGTCTAGA GTCGACCIGC
43 TGAATTCGAG CTCGGTAC-- —- -50 / 0 -
21 TGAATTCGAG CTCGG----- —— -30 /0
17 TGAATTCGAG CTCGGTAC-- —— =42 /0 SOURCE/IDENTITY
Kuern > - Horg g - OF CAPTURED DNA
n=
23 w -74 / 61 TA TRASGTCTAGA GTCGACCTGC PTnorifiR
48 s -67 / 23 TA TAGGTCTAGA GTCGACCTGC PTnorilR
47 sz -97 / 38 TA TAGGTCTAGA GTCGACCTGC PTnorillR
22 s -71 / 80 TA TAGGTCTAGA GTCGACCTGC PTnorillR
Classll 20 —m—mmcmeme e - -96 / 21 == TAGGTCTAGA GTCGACCTGC Uni 3 DNA
(n=11/24) 24 TGAATTCGAG CTCGGTACCC TA -83 / 61 - pTnorifiR
52 TGARATTCGAG CTCGGTACCC TA -125 / 61 e pTnori/lR
53 TGAATTCGAG CTCGGTACCC TA -140 / 126 i pTnori/IR
44 TGARTTCGAG CTCGG----- -- =100 / 49 - pCMV-SBISB
1 e G L R R e SO -125 / 84 i i pCMV-SB/CMV promoter
\ 3 S —211 / 210 - pThorifIR + fragment of a

xrs-5 gene/XM-139779

5' vector XM-139779 SB inverted repeat DNA ¥ vector
clone #51 BETCEGHART |EBAERAE. .......... TcAiTGeCC [CABTABGTTGE. . . ... ... ECTrErEcA | EcBrecaceH
pTnori vector BETCEGHEART |GRRATE BETTEnTCc G| Bcrecncch
captured DNA  EERAEGACHT | GERRRE BCTrE™IcA| BNICATTTGH

ucts in the absence of Ku. To do this, we cloned and sequenced
the DNA contained within the 400-bp region surrounding the
major repair products made in the presence and absence of
Ku. In 10 of the 15 clones isolated from wild-type control cells,
the footprint left behind after SB element excision consisted of
the terminal 3 nucleotides from either end of the transposon
flanked by a pair of TA dinucleotides (i.e., TA-C[A/G]T-TA;
Fig. 4B). Of the remaining five clones, three had atypically

sized 1- and 4-bp footprints, one had a large deletion of 168 bp,
and one had a small 9-bp deletion with an addition of two
nontemplated nucleotides. In contrast to these findings, nearly
every DSB repair product isolated from two different Ku-
deficient cell lines (XR-V15B and xrs-5) lacked any apparent
footprint following SB element excision and frequently had
large deletions of neighboring sequences (Fig. 4B). Further-
more, approximately one-half of these clones also contained
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short patches (21 to 210 bp) of foreign DNA (Fig. 4B; class II)).
Among these clones, most displayed precise joining of foreign
sequences at one end of the break and significant degradative
loss of neighboring DNA (74 to 140 bp) at the other end. Using
BLAST homology-based searches, we found that the majority
of insertions corresponded to terminal portions of the trans-
poson end sequences (n = 7), which is most consistent with a
canonical homologous recombination event. However, two
other clones (26 and 44) contained homologous portions of the
transposase helper plasmid pCMV-SB, with approximately 6
to 8 bp of microhomology at their breakpoints. We also found
one clone which contained a chimeric insert consisting of an in-
ternal portion of the transposon IR fused to portions of cellu-
lar DNA from a putative mouse pheromone receptor (clone
51; positivity, 88/104; GenBank accession no. XM-139779). In
this clone, we also found evidence of microhomologies at each
of the vector-DNA junctions (Fig. 4C). These three recombi-
nation events are highly consistent with microhomology-di-
rected gap repair at the excision site. Therefore, Ku seems to
function at the excision site during DNA transposition by pre-
venting both degradation of the resulting 3’ overhangs and
high-frequency recombination with ectopic DNA sequences.
In this manner, mammalian Ku or DNA-PK or both play an
important role in mediating the high-fidelity rejoining of trans-
posase-induced DSBs in mammalian cells.

A reporter system for studying DSB repair following trans-
poson excision from host cell chromosomes. We considered
the possibility that the analysis of DNA repair using naked
DNA might not adequately reflect repair of cellular DNA,
which is known to rapidly associate with nuclear histone pro-
teins to form chromatin. We therefore studied DNA repair
following SB element excision from mammalian cell chromo-
somes using a positive-selection scheme that permits detection
and analysis of rare chromosomal transposition events at ran-
dom single-copy genetic loci (Fig. 5A). This strategy made use
of a selectable excision reporter construct in which a hygromy-
cin-marked SB transposon was inserted into a selectable neo-
mycin marker cassette to inactivate its function. This entire
reporter construct was incorporated into a lentivirus to facili-
tate its delivery to random genomic loci of host cells. Following
stable transduction with this lentivirus-based vector and ex-
pression of the transposase in frans, movement of the nonau-
tonomous SB element is triggered, resulting in reactivation of
the neomycin resistance cassette. Therefore, this selection-
based approach permits the rapid isolation of cells that have
undergone genomic transposon excision and DSB repair.

Chromosomal transposition in normal and Ku-deficient
cells. We studied cellular DSB repair following transposon
mobilization in wild-type and NHEJ-defective mammalian
cells. To do this, we stably transduced HeLa cells and Ku-
deficient XR-V15B cells with the lentivirus-based excision re-
porter construct and screened clonal populations of trans-
duced cells for resistance to hygromycin and sensitivity to
G418. We then used Southern blot analyses to identify four
G418-sensitive (G418%) Hyg® HeLa clones and eight G418°
Hyg® XR-V15B cell clones containing a single copy of the
reporter construct at different genomic locations. These cell
clones were expanded, transfected with plasmids encoding ei-
ther the SB transposase or GFP as a control, and then placed
under G418 selection to identify transposon excision events.
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Whereas none of the reporter lines reverted to G418 resis-
tance in the presence of GFP, we obtained a total of 28 G418®
clones after transposase expression in the four HeLa-based
reporter lines. This corresponded to an average of 5 X 10~¢
transposition events per transfected HeLa cell (data not
shown), which is equivalent to the frequency of chromosomal
SB transposition observed previously at the Hprt locus in
mouse embryonic stem cells (38). We characterized each
G418® clone at the molecular level using a Southern blotting
approach. Assuming high-fidelity repair following precise ex-
cision of the SB element, we could predict the postexcision
structure in these G418® clones (Fig. 5A). Using a neo-specific
probe, we detected the predicted 3.1-kb Aval restriction frag-
ment in 20 of 28 clones by Southern blot analysis (Fig. 5B),
which is consistent with proper transposon excision from the
neomycin resistance cassette. Interestingly, six of the remain-
ing eight clones produced smaller Aval fragments, ranging
from 2.5 to 3.0 kb, whereas two clones exhibited a detectably
larger 3.3-kb fragment. To further demonstrate that transpo-
son loss occurred by a transposase-mediated process, we stud-
ied transposon reinsertion frequencies in G418® clones by
both transposon-specific PCR (data not shown) and Southern
blot analyses using the restriction enzyme Spel, which cuts
once within the Hyg® transposon. Results demonstrate fre-
quent reinsertion of elements into novel genomic loci, which is
consistent with transposase-mediated element excision from
the donor site (Fig. 5C). These were concordant with results
obtained in expression-based studies in which we assayed for
expression of transposed sequences by selection in hygromycin,
although we identified at least two instances where the trans-
poson jumped into transcriptionally inactive cellular DNA
(Fig. 5B, clones 6-2 and 8-1). Taken together, these results
suggest that cellular DSB repair after SB element transposition
in NHEJ-proficient mammalian cells is generally precise but
can sometimes result in significant deletion and/or addition of
DNA sequences at the excision site.

In marked contrast to the HelLa-derived clones, none of the
eight Ku-deficient reporter lines produced a single G418® col-
ony following transposase expression. This result is perhaps
not surprising considering the facts that (i) the frequency of SB
chromosomal transposition observed in this study and else-
where (38) was extremely low and (ii) the frequency of rejoin-
ing genomic DSBs is more than 100-fold lower in the absence
of Ku (34). Whether the high-stringency selection-based ap-
proach used here precludes the recovery of most Ku-indepen-
dent repair events, which often involve significant addition
and/or deletion of DNA sequences, remains presently unclear.
However, considering our earlier work showing efficient SB
transposition in Ku-deficient cells, we propose that Ku is likely
essential for efficient and proper rejoining of genomic trans-
posase-induced DSBs.

Transposon excision from HeLa cell chromosomes results
in frequent and extensive loss of flanking cellular DNA. We
amplified a fragment encompassing the excision site from each
of the HeLa-derived G418® clones by PCR and sequenced it.
In comparison to clones derived from various wild-type mouse
cells, those isolated from wild-type human cells in which DSB
repair events occurred exhibited a wider diversity of 1- to 3-bp
footprints after SB element excision, as well as a much higher
frequency of DNA loss in the regions surrounding the excision
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FIG. 5. Chromosomal excision and reinsertion of a nonautono-
G418° G418° mous SB element in HeLa cells. (A) Genetic-selection strategy to study
& e - YL o ® O < e ‘I? DSB repa'ir following.rare transposon excision from random chromo-
2 6 8 11 2 TN ECTEEEEECE somal loci. A neomycin resistance (neo) gene under the control of the
simian virus 40 (SV40) promoter is inactivated by the insertion of a
12.0 = " nonautonomous SB element containing the Hyg® gene driven by the
: e wmT o ' thymidine kinase (TK) promoter. Upon packaging into a lentivirus
7.0 - 2 R vector, this excision testing construct randomly integrates as a single-
5.0 = - - copy provirus into the genomes of infected cells. Following transient
40=- - — expression of the SB transposase, the SB element is excised and ex-
3.0 = - - E & pression of the neo gene is activated, resulting in resistance to the drug
G418. In some instances, the excised hygromycin resistance SB ele-

site. Deletions of flanking regions ranged in size from as little
as 2 bp to as much as 610 bp and sometimes extended into
the neighboring simian virus 40 promoter (Fig. 6A, clones 11-7
and 8-1). The isolation of these clones suggests that the up-
stream retroviral long terminal repeat promoter can some-
times compensate for progressive DNA degradation after SB
element excision. Interestingly, we could identify 1 to 7 bp of
microhomology at the junctions of clones which had under-
gone large deletion of flanking sequences (n = 6; Fig. 6B, top),
suggesting a role for microhomology-dependent strand anneal-
ing in the repair of transposase-induced DNA lesions. Further-
more, the one clone which was found to contain a 235-bp
LINE-1 (L1IMB7-type) retrotransposon insertion from chro-

ment reintegrates into the genome and acquires novel flanking se-
quences. Shown are the predicted structures of the testing construct,
with approximate distances in kilobases between flanking Aval (A) and
Spel (S) sites, before (top) and after (bottom) SB-mediated transposon
excision. LTR, HIV-1 long terminal repeat. (B) Southern blot analysis
confirms excision of the SB element from the testing construct. Twenty
micrograms of total DNA from all G418® colonies, as well as the four
G418% parental clones, was digested with Aval, separated by ethidium
bromide gel electrophoresis, transferred to nitrocellulose, and then
hybridized to a neo probe. The molecular marker (kilobases) is shown
to the left. The presence (+) and absence (—) of an expressible
transposon in each clone was investigated by both PCR and hygromy-
cin-dependent growth selection. (C) Genomic reintegration of the
transposon into novel chromosomal loci following SB-mediated exci-
sion. Twenty micrograms of total DNA from each G418° parental
clone and 13 of the resulting HygR® G418® clones was digested with
Spel (cuts once in the transposon), separated by ethidium bromide gel
electrophoresis, transferred to nitrocellulose, and then hybridized to a
#2p_radiolabeled hygromycin fragment.
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mosome X (clone 6-2; positivity, 241/242; GenBank accession
no.AC097259) also contained a 6-bp stretch of homologous
sequence at one end, suggesting that recombination with ec-
topic sequences can also occur in wild-type cells (Fig. 6B,
bottom). Taken together, these data suggest that significant
loss and/or addition of cellular DNA can occur in human cells
after SB element transposition.

DISCUSSION

Herein, we have studied how mammalian cells respond to
the DNA-damaging activity of the eukaryotic transposable el-
ement SB. Using plasmid- and chromosome-based reporter
systems, we have shown that components of the DNA-PK

P
.—7/|L_ ..... actgTA GGGGATCCTC TAGTACGGTA
1
-0/ 2 TA GGGGATCCTC TAGTACGGTA
=0/ 2 gTA GGGGATCCTC TAGTACGGTA Class |
=0/ 3 TA GGGGATCCTC TAGTACGGTA (n=12."28)
=0/ 3 ctgTh GGGGATCCTC TAGTACGGTA
=0 /0 TA GGGGATCCTC TAGTACGGTA
-2/ 2 -- GGGGATCCTC TAGTACGGTA
-4 J 2 == ==GGATCCTC TAGTACGGTA Class Il
-8/0 == mmm——— CCTC TAGTACGGTA (n=?126}
-2 /0 TA GGGGATCCTC TAGTACGGTA
=10 f2 e esemadead TC TAGTACGGTA
-406 /O 0 @z=-— ==——= TCCTC TAGTACGGTA
‘123 '; g Class Il
X n=6/26
-256 / 0 ( )
-418 / 0
-613 / 0 —
Class IV
-0 / 238 ctgTA GGGGATCCTC TAGTACGGTA } (n-1.“28)

FIG. 6. Rejoining of cellular transposase-induced DSBs in wild-
type human cells. (A) DNA sequence analysis of the donor sites after
excision of the SB element from the testing construct located at four
different genomic loci. All examples of recovered excision products are
shown together with the original parental sequence. Footprints are in
lowercase. Dashes, deleted nucleotides; asterisks, duplicate clones.
(B) Microhomology at junctions of repaired genomic DNA breaks in
class 11T G418® clones. Columns A and B show the nucleotides at the
edges of the DNA fragment lost during transposon excision and DSB
repair in each clone. The shaded regions in columns A and B represent
deleted sequences with homology to the right and left junctions of the
G418 provirus, respectively. The presence of microhomologies at one
end of a clone that acquired a retrotransposon insert is shown below.

complex are required for high-fidelity DNA repair after SB
element excision in both cultured mammalian cells and in vivo
in mouse somatic tissues. Nevertheless, we found that mam-
malian cells lacking Ku DNA end-binding activity could still
process transposase-induced DSB but did so by more-error-
prone pathways, which resulted in extensive deletion of free
ends and recombination with ectopic templates (Fig. 7). There-
fore, the DNA-PK-dependent NHEJ pathway is involved in
preserving genomic integrity during DNA transposition in
mammalian cells.

In recent years, there have been a number of investigations
of SB element activity which included the isolation of excision
site end-joining products from various cell types. Although
DSB repair after SB transposition in zebra fish embryos (13),
mouse embryonic stem cells (38), and transgenic mouse so-
matic tissues (21) produced 3-bp footprints corresponding to
transposon end sequences, repair in mouse spermatids favored
1- and 2-bp footprints (16). Similarly, different-size footprints
were observed after Tc3 transposition in zebra fish and Cae-
norhabditis elegans (52, 63), as well as with Minos in Drosophila
melanogaster and mice (3, 68). One likely explanation for these
structural differences involves cell type-dependent variation in
the activity of a critical host factor involved in repair after
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FIG. 7. Multiple pathways for DNA repair after SB element excision in mammalian cells. The majority of DSBs introduced during SB element
excision are repaired by a DNA-PK-dependent NHEJ pathway which involves the binding of Ku heterodimers to free DNA ends and subsequent
recruitment of DNA-PK_,. DNA ends are then unwound and processed, possibly by Artemis or the MRN complex, and then ligated by the DNA
ligase IV/ XRCC4 complex. In the absence of DNA-PK activity, at least two different Ku-independent repair pathways are activated to fill the DNA
gap. The first is a poorly defined error-prone NHEJ pathway that processes DSBs by illegitimate pairing of distant regions of microhomology (small
shaded rectangles), followed by ligation and deletion of the intervening DNA sequence. The second route involves strand invasion of DNA sources
with homology, which results in the insertion of a short DNA segment at the break site. micro-SSA, microhomology-dependent single-strand

annealing.

transposon excision. In support of this notion, we observed a
clear and dramatic shift away from the major 3-bp footprint
within three different cell types (hamster ovary, hamster lung,
and mouse liver) whenever components of the DNA-PK were
disrupted by genetic mutation. For instance, as little as 4% (1
of 23) of the footprints recovered from DNA-PK_-deficient
scid mice contained the major 3-bp footprint, compared to
87% (20 of 23) from genetically matched wild-type mice. These
data strongly suggest that the Ku/DNA-PK_, complex plays a
vital role in controlling excision site junctional diversity follow-
ing transposon mobilization in mammalian cells.

Our work suggests that, prior to ligation by the DNA ligase
IV/XRCC4 complex, the Ku/DNA-PK_, complex limits pro-
cessing of the free DNA ends produced during SB element
transposition in mammalian cells. Interestingly, Ku is also
known to bind the termini of the P element and to protect the
P element ends when transposition creates a double-strand gap
in Drosophila (5, 58). Taken together, these results suggest that

DNA-PK activity provides a function necessary for transposi-
tional recombination in eukaryotes.

Although the identities of other NHEJ factors involved in
DNA transposition remain poorly defined, the production of
DSBs with incompatible 3’overhangs during SB element exci-
sion strongly suggests the involvement of a nuclease that can
process these ends to facilitate efficient rejoining. Potential
factors involved in this end-processing step could include Ar-
temis (39) or possibly the MRN complex (60). Indeed, recent
studies in our laboratory suggest that inhibiting the MRN com-
plex can dramatically impair SB element-induced DSB repair
(S. Yant, unpublished data). Alternatively, it is possible that SB
transposase activity itself facilitates the processing of the bro-
ken DNA molecule. Indeed, the closely related RAG1/RAG2
recombinase and Tn/0 transposase both possess 3’ flap endo-
nuclease activity (56). Whether SB is capable of performing an
analogous function is uncertain. Future studies into these and
other related issues will likely require the development of an in
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vitro transposition system for SB, which does not currently
exist.

Studies of mammalian cells with the rare restriction endo-
nuclease I-Scel have shown that, although the vast majority of
end-joining reactions are relatively accurate, a small minority
of DSBs in normal cells can be processed by an error-prone
NHEJ pathway (15). This repair route can function indepen-
dent of Ku and appears to involve the joining of DNA ends at
regions of microhomology (1 to 4 bp), resulting in deletion of
the intervening sequence (46). Our work described herein sug-
gests that DNA-PK-independent pathways contribute to inac-
curate repair during DNA transposition in mammals. Al-
though most of the factors responsible for this error-prone
end-joining activity remain poorly defined, a recent study has
implicated BRCA1, which associates with the MRN complex,
in microhomology-mediated end joining (70). In addition, in
vitro studies have also identified DNA polymerase € (pol €),
DNA ligase III, and exonuclease activities of 5'-3" and 3'-5’
directionalities in these processes (19). Finally, a role for
Mrell and poly(ADP-ribose) polymerase-1 in DNA-PK_-in-
dependent V(D)J recombination was recently shown (7). Fu-
ture studies will thus be necessary to elucidate whether any of
these alternative end-joining factors is involved in DSB repair
after DNA transposition in mammalian cells.

Our studies of Ku-deficient cells suggest that mammalian
cells can also remove transposase-induced DSBs by coupling
conventional end joining with an error-prone homologous re-
combination pathway. These repair events involved insertions
of ectopic DNA templates with homologous sequences and
had properties consistent with aberrant end joining after
aborted homologous recombination. Similarly, transposon ex-
cision in both flies (2, 17, 37, 43) and worms (47, 49) also
triggers recombination with ectopic templates, resulting in the
introduction of new sequences into the original donor site.
Whether the events that we observed in mammalian cells in-
volve the major RADS2 group proteins or other factors re-
cently implicated in homologous recombination (61, 62), such
as ATM (ataxia telangiectasia mutated), ATR (Rad3-related
kinase), BRCA-1, BRCA-2, WRN, and BLM, is not yet known.
However, since most of the insertions we recovered contained
transposon DNA with at least one intact SB binding site, it is
possible that the utilization of this repair pathway in nature
contributed to the inactivation of these and other transposable
elements (36).

Following transposase-mediated excision, the newly excised
SB element must reinsert into a new target site in order to
complete a full cycle of transposition. Our data suggest that
cell lines deficient in DNA-PK activity support ~1.6-fold more
transposon insertions than parental wild-type cells. Interest-
ingly, Baekelandt et al. also observed more-efficient lentivirus
transduction in DNA-PK-deficient cells and in scid mouse
brain than in infected controls, but only at low virus titers (<1
transducing unit/cell) (4). At higher virus titers, significant
cytotoxicity was observed, prompting the notion that DNA-PK
serves a protective role during excessive retrovirus integration
(4). Importantly, irrespective of the presence or absence of
DNA-PK_,, we did not observe any evidence for transposition-
dependent cell death either in cell culture or in vivo in mice (S.
Yant, unpublished data). These findings could suggest that the
levels of SB element transposition in mammalian cells may be
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low enough to prevent initiation of a cell death response.
Alternatively, it may be that the double-stranded ends of ex-
cised elements are actively removed by NHEJ factors via direct
end-to-end joining. Although a recent report has indeed de-
scribed a role for DNA-PK in the circularization of uninte-
grated retrovirus cDNA genomes (33), our data do not support
an obvious role for NHEJ in the processing of SB elements
after transposase-mediated excision. These findings could be
readily explained if SB transposition involved the formation of
a DNA hairpin intermediate at the transposon termini. Al-
though hairpin formation is involved in V(D)J joining (40) and
the excision of many transposable elements (6, 27, 64), this
process does not appear to occur during transposition of Tc1/
mariner-like elements (12). Alternatively, these results might
reflect the involvement of a highly stable protein-DNA com-
plex at the transposon termini. Such a complex could prevent
reactions with cellular NHEJ factors that might otherwise di-
minish SB transposition efficiencies and could theoretically
prevent the cell from mounting an apoptosis-inducing DNA
damage response against the double-stranded ends of the ex-
cised element.

At any given time, cells deficient in DNA-PK end-joining
activity are likely to contain more overall DNA damage, in-
cluding DSBs, than NHEJ-proficient cells. Therefore, it is con-
ceivable that improved transposon insertion frequencies in
DNA-PK-deficient cells may originate from an inherent ten-
dency for SB elements to insert into sites of chromosomal
damage. Indeed, recent experiments utilizing the mammalian
LINE-1 retrotransposon suggest that at least some transpos-
able elements can target DSBs to facilitate repair (42). If this
were true for SB elements, then such insertions into nonca-
nonical target sites would lack flanking TA dinucleotides (Fig.
1). However, recent analysis of insertion sites from Ku86-
deficient cells showed flanking TA sequences in every case
examined (n = 11; S. Yant, unpublished data), suggesting that
transposase-mediated insertion into endogenous DSBs may be
an unlikely mechanism. Alternatively, SB elements may exhibit
a targeting preference similar to that of the bacterial transpo-
son Tn7, which preferentially transposes into regions proximal
to DNA DSBs rather than the breaks themselves (45). Al-
though we favor the latter hypothesis, additional studies will be
necessary to further clarify this important issue.

As with retrovirus DNA integration, DNA transposition
proceeds through a series of DNA-cutting and -joining reac-
tions that produces an integration intermediate containing sin-
gle-strand gaps in the host DNA. These gaps must be filled,
and the 5’ ends of the transposon must be joined to the host
DNA. Although the DNA-PK complex is known to be impor-
tant for joining DSBs, it is not thought to be involved in the
covalent chemistry of gap repair. Therefore, a report by Daniel
et al. (11) claiming an essential role for DNA-PK during ret-
rovirus integration engendered considerable interest at the
time it was published (2000). This claim was based on the
observation that retrovirus transduction was reduced in murine
scid cells and was accompanied by cell death due to apoptosis
(10, 11). Based on the structural and functional similarities
between retroviral integrases and the SB transposase (50), it
seemed reasonable that DNA-PK might play an essential role
in SB element integration as well. However, our analysis of SB
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transposition in cultured mammalian cells and in vivo in adult
mice shows quite clearly that DNA-PK is not required for gap
repair after transposase-mediated integration.

DNA repair pathways such as base excision repair and mis-
match repair involve related gap repair steps (29). Although
pol B plays a major role in sealing the gaps during base excision
repair, recent analysis of SB element transposition in pol B-de-
ficient cells argues against an essential role for this repair
factor in transposon insertion (S. Yant, unpublished data).
However, since pol & and its cofactor PCNA can also support
base excision repair (29), these results likely reflect a redun-
dancy among the components of gap repair pathways. In sup-
port of this hypothesis, in vitro studies by Yoder and Bushman
have shown that several host polymerases and ligases can act
together to repair the gapped DNA structure produced during
retrovirus integration (67). Furthermore, although there have
been conflicting reports regarding the ability of retroviral in-
tegrase to carry out gap repair through an intrinsic DNA poly-
merase activity (1, 67), these studies raise important questions
regarding what role, if any, the SB transposase plays in the
DNA damage response to SB element transposition. Finally,
successful completion of the retroviral integration process was
recently shown to depend on the activity of ATM and ATR (9).
Future studies into these and other protein factors should help
clarify the steps involved in completing transposon integration
in mammalian cells.

Irrespective of which proteins are actually involved in these
processes, these factors must first gain access to the gaps in
integration intermediates in order for repair to take place.
Following DNA cleavage at the excision site, the SB trans-
posase is generally thought to stably associate with the trans-
poson termini, suggesting that it may need to be actively re-
moved from integration intermediates in mammalian cells.
Studies with the MuA transposase indicate that this protein
must be removed by the action of the ClpX chaperone in an
ATP-dependent fashion to permit completion of Mu transpo-
sition (31, 32). Since a similar process has also been proposed
for retroviral integrase (67), investigations into the require-
ment for active transposase disassembly during SB transposi-
tion seem warranted.

In summary, we have characterized the major DNA repair
pathways involved in the damage response to transposon
mobilization in mammalian cells. In the process, we have
established a major role for the DNA-PK complex in remov-
ing the DNA damage produced during SB element transpo-
sition and have identified DNA transposition as an alterna-
tive new tool for studying mammalian DNA repair.
Continued work in this field should help fully clarify the
different molecular pathways that remove transposase-in-
flicted DNA damage in mammals, as well as determine how
the utilization of these pathways may vary during different
stages of the cell cycle and/or development. Finally, since
our data suggest that SB element excision can produce a hot
spot for recombination in mammalian cells, additional work
may shed further light on the ongoing process of eukaryotic
genome evolution and may ultimately provide insight into
the origin of genetic diseases (53) and cancers associated
with genetic instability.
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