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In addition to their essential roles in V(D)J recombination, the RAG proteins have been found to catalyze
transposition in vitro, but it has been difficult to demonstrate transposition by the RAG proteins in vivo in
vertebrate cells. As genomic instability and chromosomal translocations are common outcomes of transposi-
tion in other species, it is critical to understand if the RAG proteins behave as a transposase in vertebrate cells.
To facilitate this, we have developed an episome-based assay to detect products of RAG-mediated transposition
in the human embryonic kidney cell line 293T. Transposition events into the target episome, accompanied by
characteristic target site duplications, were detected at a low frequency using RAG1 and either truncated
“core” RAG2 or full-length RAG2. More frequently, insertion of the RAG-generated signal end fragment into
the target was accompanied by deletions or more complex rearrangements, and our data indicate that these
events occur by a mechanism that is distinct from transposition. An assay to detect transposition from an
episome into the human genome failed to detect bona fide transposition events but instead yielded chromosome
deletion and translocation events involving the signal end fragment mobilized by the RAG proteins. These
assays provide a means of assessing RAG-mediated transposition in vivo, and our findings provide insight into

the potential for the products of RAG-mediated DNA cleavage to cause genome instability.

Transposases are enzymes that catalyze the movement of a
DNA segment, known as a transposable element or transpo-
son, from one locus to another (4, 6, 8). Transposon-derived
sequences form a significant portion of many genomes (15, 26,
54, 56), and the movement of transposons is thought to play an
important role in genome evolution (4, 6). Some of the possi-
ble outcomes of transposase action are alterations in gene
structure and expression, inversion, deletion, or translocation
of chromosomal DNA, and genetic instability. Transposition
can also result in the transduction of flanking DNA, further
enhancing the potential for genetic rearrangements (32, 35).
Thus, by virtue of the nature of the reactions catalyzed, trans-
posases can both facilitate evolutionary change and have a
detrimental effect on the host cell that harbors them. Interest-
ingly, many present-day transposable elements, especially in
higher eukaryotes, are inactive.

There exist situations in which host cells derive benefit from
the activity of transposases present in their genome. Many
bacterial transposable elements carry with them genes coding
for antibiotic-resistant or virulence factors, and mobility of
these elements can spread such genes in the bacterial gene
pool. In vertebrates, the RAG proteins play a critical role in
the generation of B- and T-cell antigen receptors and therefore
in the development of B and T cells and the adaptive immune
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system. In addition, RAG1 and RAG2 have the ability to
catalyze transposition in vitro (1, 19).

RAGI1 and RAG2 together form the essential endonuclease
that initiates VDJ recombination (37, 44), the process by which
the variable region of antibody and T-cell receptor genes are
assembled from different gene segments (49). The recombina-
tion event involves two cis-acting elements known as recombi-
nation signal sequences (RSSs) that lie adjacent to the partic-
ipating gene segments. RSSs contain conserved heptamer and
nonamer sequences separated by a spacer of either 12 or 23 bp
(named the 12-RSS and 23-RSS, respectively). DNA cleavage
by the RAG proteins is also thought to require the nonspecific
DNA binding high-mobility group 1 or 2 protein (53). In the
recombination process, RAG1 and RAG2 introduce nicks in
the DNA immediately adjacent to the RSSs, generating a 3’
hydroxyl and a 5" phosphate (12, 14, 30). The 3’ hydroxyls thus
generated an attack of the antiparallel strand and led to the
generation of two hairpin-coding ends and two blunt signal
ends. All four DNA fragments remain bound to RAG proteins
(18) and are processed by proteins belonging to the nonho-
mologous end-joining (NHEJ) pathway (12, 14). The hairpins
are opened, nucleotides are added or deleted from the ends,
and the two DNA-coding fragments are ligated to generate the
coding joint. Signal ends are joined, typically without process-
ing, to yield signal joints.

RAG protein-catalyzed transposition also begins with the
generation of two double-stranded breaks by the same nick/
hairpin process outlined above. The coding ends are joined
quickly and are released. In contrast, signal joint formation is
a comparatively slow process and signal ends remain bound to
the RAG proteins in a signal end complex after the release of
the coding ends (2, 18). The signal end complex can capture
target DNA and transpose the signal end fragment. Target
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capture occurs with relatively little sequence specificity (1, 19)
and requires prior release of coding ends (11). Certain DNA
structures, particularly mismatches, are preferred targets for
RAG-mediated transposition (50).

The full-length RAG1 and RAG2 polypeptides have been
difficult to express and purify, and most of the biochemical
characterization of the RAG proteins has been carried out
using truncated versions with greater solubility. These “core”
forms of RAG1 and RAG2 can catalyze V(D)J recombination
of extrachromosomal substrates in transient transfection assays
and hence are qualitatively similar to the full-length proteins
(7, 42, 43, 45). However, there are significant differences be-
tween the core and full-length forms of the proteins. The core
RAG proteins perform V(D)J recombination less efficiently
than the full-length proteins (3, 9, 24, 28) and generate aber-
rant products at an elevated rate (48). The noncore regions
have been associated with roles in many aspects of the reac-
tion, including RSS recognition/cleavage, end processing/join-
ing, and the regulation of the turnover of the proteins (41).
Activities that have been identified in the noncore regions are
an E3 ubiquitin ligase activity in the N-terminal region of
RAGI1 (21, 57), a phosphorylation site in the C terminus of
RAG?2 that controls cell cycle-dependent degradation of the
protein (27), and phospholipid (10) and histone binding in the
RAG?2 C-terminal domain (55). Finally, and of particular rel-
evance here, the noncore C-terminal region of RAG2 has been
demonstrated to contribute to the suppression of transposition
in vitro, although the mechanism by which it does so is con-
troversial (11, 47, 52).

The fact that DNA cleavage by the RAG proteins is indis-
pensable to lymphocyte physiology raises the question of how
the potential detrimental consequences of the transposition
activity of the proteins are prevented in vivo. One possibility is
that conditions or factors in the vertebrate cell prevent RAG-
mediated transposition without perturbing V(D)J recombina-
tion. Another possibility is that the C-terminal domain of
RAG?2 plays an important role in suppressing transposition. To
date, no in vivo assay in vertebrate cells has been available with
which to investigate these possibilities or to determine what the
suppressive conditions or factors might be. Intramolecular
transposition mediated by the RAG proteins has been detected
in yeast (5), and a single RAG-mediated transposition event
has been reported in a human T-cell line (33).

Here, we describe an episome-based assay to detect inter-
molecular transposition catalyzed by the RAG proteins in the
embryonic kidney cell line 293T. Our results show that the
RAG proteins do indeed catalyze transposition in vivo, albeit
at a low frequency. More frequently, the signal end fragment
generated by the RAG proteins becomes inserted into the
target episome with accompanying deletions or rearrange-
ments in a process that is mechanistically distinct from trans-
position. In an attempt to detect RAG-mediated transposition
into the genome, we isolated two aberrant events in which the
integration of a signal end fragment into the human genome
was accompanied by large-scale chromosomal deletion or
translocation. RAG-generated signal end fragments can there-
fore be involved in processes, distinct from transposition, that
lead to major chromosomal aberrations.
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MATERIALS AND METHODS

Plasmids. The pEBB expression vector (29) was used to express the RAG
proteins (39). The BglII site was removed from pECFP-1 to generate pECFP-1*.
The donor plasmid, pTetRSS*, was constructed from pTetRSS (1) by insertion
of the rpsL and sacB genes, generously provided by N. Grindley. The sequence of
12- and 23-RSSs are as follows: 12-RSS, 5'CACAGTGATACAGCCCTTAAC
AAAAACC3’, and 23-RSS, 5'CACAGTGATGCAGGCCAAGTGTGAAGCCAT
ACAAAAACC3'. pBSK-12puro23-2DT, the donor plasmid for the genomic trans-
position assay, was created by inserting a puromycin resistance (puro”) gene flanked
by RSSs into pBluescript SK(+). The sequences of the 12- and 23-RSSs were
identical to those specified above. The diphtheria toxin (DT) expression cassette,
kindly provided by U. Grawunder and M. Lieber (16), was cloned on either side of
the RSSs to generate the pBSK-12puro23-2DT plasmid.

Plasmid transposition assay. Plasmid transposition assays (see Fig. 1) were
carried out by transfecting 293T cells with 4 pg each of the pEBB-RAG1 and
-RAG2-expressing plasmids, 6 g of donor plasmid, and 10 pg of target plasmid
by calcium phosphate precipitation (23). Twenty-four hours posttransfection,
cells were washed with phosphate-buffered saline (PBS) and fresh medium was
added. Forty-eight hours after transfection, cells were washed extensively with
PBS and DNA was isolated by rapid alkaline lysis (17). Expression of RAG1 and
RAG?2 was confirmed by Western blot analysis. The presence of signal joints in
the DNA preparations, as detected by PCR, using primers 5'GATGCGTCC
GGCGTAGAGGATCC3' and 5'GATGCGTCCGGCGTAGAGGATCC3',
was used to confirm RAG protein activity. The purified DNA preparation was
treated with BglII (to digest donor pTetRSS*) and RNase A. The digested DNA
was transformed into electrocompetent MC1061 bacterial cells, and 100 wl of
1:10,000 diluted transformation mix was plated on a Luria-Bertani (LB) agar
plate containing 30 pg/ml kanamycin (KAN). The remaining undiluted culture
was plated on an LB agar plate containing 30 pg/ml kanamycin, 12 pg/ml
tetracycline (TET), and 30 wg/ml streptomycin (a triple selection hereafter re-
ferred to as KTS). The number of colonies on both plates was counted, and
plasmid DNA was isolated from colonies on KTS plates and digested with BglII,
ApaLl, or Fspl. Plasmid DNA resistant to BglII, linearized by ApaLl and
cleaved twice by Fspl, was sequenced to assess whether the plasmid had a
structure consistent with transposition and, if so, the length of target size dupli-
cation. The GC content of transposition target sites was calculated based on the
sequence of the target site duplication and the adjacent 5 bp on either side, as
depicted in Table S1 in the supplemental material.

Mixing experiments. 293T cells were transfected with various combinations of
RAG protein expression plasmids and donor and target DNA as shown in Fig. 3.
Each mixing experiment was comprised of three reactions, each of which con-
sisted of two plates of 293T cells transfected with different sets of plasmids.
Twenty-four hours posttransfection, cells were washed twice with medium and
trypsinized and the cells from the two plates mixed, replated on two dishes,
and allowed to grow for another 24 h before harvesting and processing as
described above. The different reactions are as follows: in RIR2D/T, plate 1
transfected with RAG1 and RAG2 expression plasmids along with the donor
plasmid and plate 2 transfected with target DNA; in R1IR2DT, plate 1 trans-
fected with RAG1 and RAG?2 expression plasmids, donor, and target and plate
2 transfected with pBluescript SK(+); and in R1R2/DT, plate 1 transfected with
RAGI1 and RAG2 expression plasmids and plate 2 transfected with donor and
template. All of the transfection mixes had appropriate amounts of pBluescript
SK(+) DNA added so that the total amount of DNA in each transfection
reaction was the same (24 pg).

Transformation of the signal end fragment and target DNA into bacteria. The
signal end fragment was generated by PCR using pTetRSS* as template and
primers TERSFSH, 5'CACAGTGATGGAAGCTCAATCTGAACTCTGACA
AAAACC3’, and TERSRSH, 5'CACAGTGATACAGACCTTAACAAAAAC
CAATTCTTGGA3', using Pfu polymerase. The fragment was purified, and
DNA concentration was measured. Two reactions were carried out wherein 1 pg
of target plasmid was transformed into electrocompetent MC1061 along with 0.5
pg of signal end fragment. Next, 100 wl of transformation mix diluted 1:10,000
was plated on an LB agar plate containing 30 wg/ml kanamycin. The remaining
undiluted culture was plated on an LB agar plate containing 30 p.g/ml kanamycin,
12 pg/ml tetracycline, and 30 pg/ml streptomycin. The number of colonies on
both plates was counted. Plasmid DNA was isolated from colonies on KTS plates
and analyzed by restriction digestion using enzyme BglIl, ApaLl, or Fspl as
described above.

Genomic transposition assay. The genomic transposition assay was carried out
by transfecting 12 wg pBSK-12puro23-2DT into 293T cells along with 5 g each
of RAG1 and RAG?2 expression plasmids by the calcium phosphate precipitation
method (23). After 2 days, cells were trypsinized and put in medium containing
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0.5 wg/ml of puromycin. After 3 weeks of selection, 150 puromycin-resistant
colonies were isolated and expanded. Genomic DNA was isolated from these
individual colonies. A PCR strategy was designed to distinguish putative trans-
position products from products of random integration of the plasmid. PCRs
were carried out with three pairs of primers: the first pair (primers C2 and E3)
(Fig. 4) was specific to the puromycin-resistant gene (puro”), while the other two
primer pairs (T7-2 and IE, T3-2 and IC) each contained one primer located
within the signal end fragment (IE and IC) and the other located in the vector
sequences outside the signal end fragment (T7-2 and T3-2). Transposition should
result in separation of the signal end fragment from flanking vector sequences
while maintaining the integrity of puro”. PCRs using C2 and E3 confirmed the
presence and integrity of the puro® gene in each colony. Genomic DNA from
puromycin-resistant colonies that yielded amplification products with primer
pairs T7-2 and IE or T3-2 and IC were interpreted to have acquired the puro®
gene by random integration of the pBSK-12puro23-2DT plasmid. Colonies that
were negative in both of these PCR assays were expected to have the signal end
fragment separated from the rest of the donor plasmid and hence were candi-
dates for harboring a transposition product. Digestion-circularization PCR (DC-
PCR) was performed using genomic DNA isolated from clones harboring puta-
tive transposition events to recover the genomic sequences flanking the
transposed fragments. For DC-PCR, DNA was digested with a restriction en-
zyme and then ligated under a condition favoring intramolecular ligation. The
ligated DNA was used to perform PCRs with primers IE and IC (Fig. 4) or other
primer pairs. The PCR products were cloned and sequenced to determine the
sequence of the site of integration of the puro® gene.

RESULTS

Episome-to-episome transposition assay. To provide a sen-
sitive means of detecting transposition mediated by the RAG
proteins in vivo, we created donor and recipient plasmids that
could be introduced, together with RAG expression vectors,
into the highly transfectable human embryonic kidney cell line
293T (Fig. 1). The donor plasmid, pTetRSS*, contains a tet-
racycline resistance gene flanked by consensus 12- and 23-
RSSs and two negative selection markers (sacB and rpsL, al-
though in the experiments described here, we took advantage
only of rpsL). The target plasmid, pECFP-1*, contains a kana-
mycin resistance marker and a significant proportion (>60%)
of nonessential DNA into which transposition could occur
without interfering with plasmid replication or the expression
of Kan" in bacteria. Transient transfection of cells with the four
plasmids shown in Fig. 1A resulted in the RAG-mediated
excision of a signal end DNA fragment containing the Tet"
gene from the donor plasmid. In a typical V(D)J recombina-
tion reaction, the NHEJ machinery reseals the donor plasmid
(coding joint formation) and circularizes the excised signal end
fragment (signal joint formation).

The excised signal end fragment may also undergo transpo-
sition into another DNA molecule, which could be any of the
transfected plasmids or the host genome. Transposition into
the intended target episome (pECFP-1*) creates a plasmid
containing both the Kan® and Tet" genes (Fig. 1B). Two days
after transfection, episomal DNA was harvested from the
transfected 293T cells, digested with BglII (which cleaves the
donor plasmid backbone but not the recipient plasmid), and
transformed into bacteria. The bacteria were plated on me-
dium containing kanamycin alone (to measure the total recov-
ery of recipient plasmids, as a means of estimating transfection
efficiency) or on KTS. TET and KAN allow selection for the
transposition product, and streptomycin selects against donor
plasmids which contain the streptomycin sensitivity gene rpsL.
Pilot experiments demonstrated that both digestion with BglII
and selection on streptomycin were necessary to prevent the
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FIG. 1. (A) Episomal assay for RAG-mediated transposition. 293T
cells were transfected with four plasmids: RAG1 and RAG2 expres-
sion vectors, a donor plasmid harboring two RSSs flanking a tetracy-
cline resistance gene (pTetRSS*), and a target plasmid (pECFP-1*).
RSSs are indicated as triangles and genes as rectangles. DNA isolated
from transfected cells was digested with BglII (which cuts only in the
donor backbone), transformed into bacteria, and grown on agar plates
containing KTS. Under these conditions, only bacteria harboring a
target plasmid into which the Tet" gene of the donor was inserted
should survive. Bacteria harboring both the donor and target plasmids
should be eliminated by streptomycin by virtue of the rpsL gene of the
donor. Plasmid DNA extracted from KTS" bacterial colonies was an-
alyzed by restriction digestion and sequenced to determine the nature
and site of signal end integration into the target plasmid. (B) Sche-
matic representation of the transposition product.

isolation of large numbers of bacterial colonies cotransformed
with unaltered donor and target plasmids (data not shown).
Several different forms of the murine RAG proteins were
used in various combinations in the transposition assays: un-
tagged full-length RAG1 [RAGIFL(UN); amino acids (aa)
1 to 1040], glutathione S-transferase-tagged core RAGI1
[RAGIC(GST); aa 384 to 1008], untagged full-length RAG2
[RAG2FL(UN); aa 1 to 537], and polyhistidine- and myc-
tagged core RAG2 [RAG2C(HM); aa 1 to 387]. RAG expres-
sion was driven by the strong elongation factor 1o promoter of
the pEBB expression vector, as described previously (13, 39,
51). Thirty-two independent assays (each representing an in-
dependent transfection) were performed using the combination
RAGIFL and RAG2C(HM), six with RAGIC(GST) and
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TABLE 1. Summary of results of transposition assays

RAG protein combination

Parameter RAGIFL(UN), RAGI1C(GST), RAGIFL(UN), RAGI,
RAG2C(HM) RAG2C(HM) RAG2FL(UN) RAG2
No. of assays 32 6 9 10/
Mean no. of Kan" colonies (10°) 7.5 33 12.6 2.0
Mean no. of KTS" colonies” 6.0 2.6 29 0
No. of Tnp-positive assays® 11 2 2 0
No. of plasmids sequenced” 178 15 29 0
No. of Tnp events® 17 2 2 0
No. of simple insertions” 94 9 12 0
No. of complex insertions® 67 (15, 52) 4(2,2) 15 (5, 10) 0
Incidence of Tnp” 0.5 0.3 0.2 0
Mean frequency of Tnp’ 1.7 x 1077 1.2 x 1077 0.06 x 1077 0

“ Mean number of Kan" colonies obtained in assays with the indicated combination of RAG proteins.

® Mean number of triple resistant (KTS) colonies obtained.

¢ Number of assays that yielded one or more transposition (Tnp) events.
4 Total number of plasmids sequenced from KTS" colonies.

¢ Number of transposition events identified by sequencing.

/Number of simple insertion events identified by sequencing.

& Number of complex insertion events identified by sequencing (number of complex insertions with inversion and duplication of target DNA, number of complex

insertions with loss of signal end fragment integrity).

" Incidence of transposition, defined as the number of events/number of assays.

" Mean frequency of transposition, defined as the number of events/number of Kan" colonies.

/Includes six RIR2/DT reactions, as defined in Fig. 3.

RAG2C(HM), and nine with RAG1FL(UN) and RAG2FL(UN)
(Tables 1 and 2).

Typically, a plasmid transposition reaction yielded a small
number of KTS" colonies (averages ranged from 2.6 to 6) and
3.3 X 10° to 12.6 X 10° Kan® colonies (Table 1). Importantly,
no KTS" colonies were obtained when RAG1 or RAG2 or both
were omitted from the reaction (Table 1), demonstrating that
the appearance of triple-resistant colonies in this assay is RAG
dependent.

DNA isolated from KTS' colonies was digested with BgllII,
Apall, and Fspl. Transposition products were expected to be
resistant to Bglll, linearized by Apall, and cleaved twice by
Fspl. Since there is one Fspl recognition site in the target

TABLE 2. Transposition products observed
in transposition-positive reactions

No. of:
RAGI RAG2 Kan" colonies KTS* Tnp
(106)7 colonies”  events®
RAGIFL(UN) RAG2C(HM) 4.2 11 1
RAGIFL(UN) RAG2C(HM) 0.48 1 1
RAGIFL(UN) RAG2C(HM) 40 12 3
RAGIFL(UN) RAG2C(HM) 1.2 3 1
RAGIFL(UN) RAG2C(HM) 3.9 29 3
RAGIFL(UN) RAG2C(HM) 35 14 1
RAGIFL(UN) RAG2C(HM) 5.2 9 3
RAGIFL(UN) RAG2C(HM) 5.6 20 1
RAGIFL(UN) RAG2C(HM) 21.6 63 1
RAGIFL(UN) RAG2C(HM) 12.4 18 1
RAGIFL(UN) RAG2C(HM) 7.1 7 1
RAGIC(GST) RAG2C(HM) 1.4 1 1
RAGIC(GST) RAG2C(HM) 7.6 6 1
RAGIFL(UN) RAG2FL(UN) 2.8 6 1
RAGIFL(UN) RAG2FL(UN) 7.1 2 1

¢ Number of Kan" colonies obtained in this assay with the indicated combina-

tion of RAG proteins.

® Number of triple resistant (KTS") colonies obtained.

¢ Number of transposition (Tnp) events identified by sequencing.

DNA and one in the signal end fragment, the sizes of the
fragments generated by Fspl digestion were dependent on the
site of integration of the signal end fragment into the target
DNA. This restriction enzyme analysis revealed that more than
95% of the plasmids isolated from KTS" colonies fulfilled the
above criteria for being candidate transposition products. The
remaining (<5%) KTS" colonies contained plasmids with re-
striction digestion profiles that could not be resolved or con-
tained both the donor and the target DNA. These were not
analyzed further. All plasmids that satisfied the restriction di-
gestion criteria (222 in total) were sequenced to determine
whether they exhibited the hallmark features of RAG-medi-
ated transposition: an inserted signal end fragment with intact
RSSs flanked by target site duplications of 3 to 5 bp.

The sequence analysis revealed that only 10% (21 of 222) of
plasmids from KTS" colonies contained the expected 3- to 5-bp
target size duplication. Of the 47 assays performed, only 15
yielded bona fide transposition products, with one to three
transposition events detected in the positive reactions (Tables
1 and 2). In the 21 distinct transposition products obtained
(Table 2), the sites of integration of the signal end fragment
were concentrated in the permissible regions of the target
plasmid (Fig. 2). Five-base-pair target site duplications were
most commonly observed, followed by 4- and 3-bp duplications
(see Table S1 in the supplemental material). Moreover, target
sites were found to be enriched for G and C residues (64% GC
compared to 53% for the available target regions of the target
plasmid, P < 0.05). These observations are strikingly similar to
results obtained from in vitro transposition experiments per-
formed with purified RAG proteins (1, 19, 50), arguing
strongly that the plasmids isolated with our assay contain bona
fide transposition events. The failure to detect transposition in
the other 32 assays was not a result of poor transfection effi-
ciency: transposition-positive and -negative reactions yielded
equivalent numbers of Kan® and KTS" colonies and similar
levels of RAG proteins (as assessed by Western blot analysis)
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FIG. 2. Map of sites of transposition in the episomal assay. Trans-
position sites are marked with black squares. ECFP, promoterless
enhanced cyan fluorescent protein gene; SV40 ori, SV40 origin of
replication; f1 ori, f1 single-stranded DNA origin; P KanR, bacterial
promoter for expression of the Kan" gene; KanR, kanamycin resistance
gene; pUC ori, pUC plasmid replication origin. The nucleotides of the
target plasmid are numbered as indicated outside the circle. The basis
of kanamycin resistance for the transposition event that occurred
within KanR is unclear.

(data not shown) and RAG activity (as judged by levels of
signal joints) (data not shown).

About half of the plasmids analyzed from KTS" colonies
(51%; 115 of 222) contained an insertion of the entire signal
end fragment (with intact RSSs) into the target DNA but
without a flanking target site duplication. We hereafter refer to
these events as simple insertions to distinguish them from
transposition events. Most of the simple insertion plasmids
exhibited the deletion of target plasmid sequences at the site of
insertion of the signal end fragment, with the length of deletion
ranging from a few nucleotides up to 2 kb. Six simple insertion
plasmids had precise insertion of the signal end fragment with-
out any nucleotide loss or addition.

The remaining 38% of the plasmids (86 of 222) had more
complex rearrangements associated with the acquisition of
Tet" sequences (complex insertions). Many (64 of 222) lacked
some or all of one or both RSSs, as well as variable amounts of
the internal signal end fragment sequence. The rest (22 of 222)
retained both RSSs but contained inversions and duplications
of target DNA (remote from the site of insertion) as well as
deletions and duplications of target sequences immediately
flanking the site of insertion. Overall, these results suggest that
the signal end fragment generated by the RAG proteins can be
inserted into a target DNA molecule by at least two pathways:
RAG-mediated transposition, which maintains the structural
integrity of the target, and insertion, which almost invariably
results in deletions or other rearrangements of target DNA.
The distinct nature of these two pathways and their depen-
dence on the RAG proteins is explored further below.

MoL. CELL. BIOL.

Importantly, transposition products were generated by the
full-length RAG proteins as well as by the core proteins
(Tables 1 and 2), supporting the conclusion that the full-length
RAG proteins can catalyze transposition in mammalian cells
(33) and demonstrating that the C-terminal domain of RAG2
is not able to suppress transposition completely. While the
frequency of transposition appeared to be higher with core
RAG?2 than with full-length RAG2 (mean frequencies of trans-
position being 1.7 X 1077 and 0.06 X 1077, respectively)
(Table 1), the difference was not statistically significant (P =
0.44). Moreover, the low total number of transposition events
detected and the known variations in protein expression and
activity of these two forms of RAG2 make it difficult to assess
the significance of the differences in the mean transposition
frequencies. Core RAG?2 accumulates to higher levels than the
full-length protein because it lacks a degradation motif present
near the C terminus (27), and signal ends accumulate to higher
levels with core RAG2 than with full-length RAG2 (46) for
reasons that are not completely understood but which may
relate to the efficiency with which the signal end complex is
remodeled to allow signal joint formation. We conclude that
both core and full-length RAG2 can support transposition in
vivo. However, it remains to be determined whether the C-
terminal domain of RAG2 suppresses in vivo transposition
activity appreciably.

Overall, the data in Tables 1 and 2 indicate that the episome-
based assay provides a sensitive method for detecting RAG-
mediated transposition in mammalian cells and that transpo-
sition by the RAG proteins, while very inefficient, occurs at
detectable levels.

Are transposition and insertion products generated in vivo?
Mixing experiments. To confirm that transposition and inser-
tion products obtained in this assay are formed inside trans-
fected cells rather than through cell death and release of active
signal end complexes and target DNA into the culture media,
several mixing experiments were performed (Fig. 3). In these,
subsets of the four plasmids were transfected into two separate
plates, and after 1 day, the transfected cells from two plates
were trypsinized, combined, replated, and harvested 1 day later
(see Materials and Methods). In one group (RI1R2D/T),
RAGI1 and RAG2 were expressed together with the donor
plasmid in one plate of cells while target DNA was transfected
into the other. In a second group (R1R2/DT), the two RAG
proteins were expressed in one plate while the donor and
target plasmids were introduced into the other. And in a third,
positive-control group (R1R2DT), all four plasmids were
transfected into the same cells and the companion plate was
transfected with an irrelevant plasmid (Fig. 3). In the first two
groups, the RAG proteins and the target DNA were in sepa-
rate cells and transposition products were not expected to be
produced unless transposition products could be generated
through mixing of the contents of different cells.

Six independent mixing experiments were performed, each
containing one each of R1R2D/T, R1R2/DT, and R1R2DT
(Table 3). Two out of six experiments yielded one transposition
product, and both were derived from instances in which all
four DNA molecules were transfected into the same cells
(R1IR2DT). Neither insertion nor transposition products (nor
any KTS" colonies) were observed in any of the reactions in which
the RAG proteins and the target plasmid were in different cells
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RIR2D/T RIR2DT RIR2/DT
RAGI RAGI RAGH 5
RAG2 ik RAG2 BSK ¥ onor
Dnn:)r ARget Donor E RAG2 Target

TarIgcl
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0
-

1
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15-

Mix the cells 24 hrs after transfection

Assay for transposition products

FIG. 3. Schematic representation of the mixing experiment. Three different types of mixing experiments were performed and labeled RIR2D/T,
R1R2DT, and R1R2/DT. Each oval depicts a plate of 293T cells transfected with the indicated plasmids. Twenty-four hours after transfection, cells
from the two plates were harvested, mixed, and replated and after another 24 h, harvested and processed as indicated in Fig. 1. See text, especially
Materials and Methods, for details. R1, RAG1; R2, RAG2; D, donor; T, target; pBSK, pBluescript SK(+).

(R1R2D/T and R1R2/DT), arguing against the possibility that the
bona fide transposition products or the insertions were generated
as a result of the mixing of cellular contents. As expected, PCR
analyses carried out to detect signal joints showed the presence of
such joints in cells containing all four plasmids or containing
RAGI1 and RAG2 together with donor DNA, but not in cells in
which the donor and RAG proteins were in different cells (R1R2/
DT) (data not shown).

Are transposition or insertion products generated in bacte-
ria? Since the transposition assay requires bacterial transfor-

mation, it was necessary to test if products resembling trans-
position or insertion events could be formed in bacteria into
which the signal end fragment and target plasmid were intro-
duced (note that in the standard assay, DNA samples are
carefully deproteinized prior to transformation into bacteria).
To this end, bacterial cells were cotransformed with an artifi-
cially generated signal end fragment and target DNA and
selected on KTS (see Materials and Methods). While KTS*
colonies were obtained, restriction enzyme analysis of DNA
isolated from these colonies showed that they were neither

TABLE 3. Transposition products observed in mixing experiments

No. of:
Reaction . L Reaction
o, RAG protein combination type Kan* colonies KTS* Tnp
(106) colonies” events®

1 RAGI1C(GST), RAG2C(HM) R1R2D/T 0.08 0 0

RI1R2DT 0.8 1 0

R1R2/DT 0.2 0 0

2 RAGI1C(GST), RAG2C(HM) RIR2D/T 0.48 0 0

R1R2DT 3 1 0

RIR2/DT 1.4 0 0

3 RAGIFL(UN), RAG2C(HM) R1R2D/T 0.8 0 0
RIR2DT 12 5 14

R1R2/DT 0.3 0 0

4 RAGIFL(UN), RAG2C(HM) RIR2D/T 1.7 0 0

R1R2DT 0.8 0 0

RIR2/DT 1.3 0 0

5 RAGIFL(UN), RAG2C(HM) R1R2D/T 5.7 0 0
RIR2DT 5.6 4 14

R1R2/DT 9.8 0 0

6 RAGIFL(UN), RAG2C(HM) RIR2D/T 1 0 0

R1R2DT 0.8 0 0

RIR2/DT 0.4 0 0

“ Number of Kan" colonies obtained in this assay with the indicated combination of RAG proteins.

> Number of triple resistant (KTS") colonies obtained.
¢ Number of transposition (Tnp) events identified by sequencing.

@ Qverall frequency of transposition in RIR2DT reactions, 1.7 X 10”7 Tnp per Kan® colony.



1564 CHATTERIJI ET AL.

transposition products nor insertions (data not shown). Most
of the KTS" cells harbored unaltered target DNA, and it is
likely that integration of the signal end fragment into the
bacterial genome enabled the growth of these cells. It is there-
fore unlikely that the transposition or insertion products we
isolated were generated in bacteria.

Are the insertions generated by a mechanism involving
transposition? Our previous in vitro experiments with short
oligonucleotides and purified RAG proteins suggested that,
with certain types of targets, transposition products lacking a
target site duplication can be generated (50). It was therefore
possible that the insertion events we observed were generated
by a mechanism involving transposition (usually with the ac-
companying deletion of target sequences). To test this possi-
bility, in vivo transposition reactions were performed with
RAG1-S723C, a mutant RAGI1 protein that is severely defec-
tive for transposition but which retains the ability to perform
DNA cleavage at RSSs (51). If insertions involve a transposi-
tion-like step, this mutant should be severely defective in their
generation. This was not the case. In two independent assays,
full-length, untagged RAG1-S723C together with RAG2C(HM)
yielded a total of 11 KTS" colonies, 7 of which had a restriction
enzyme digestion pattern consistent with transposition or in-
sertion. Sequence analysis of these seven revealed two simple
and five complex insertions and, as expected, no transposition
events. As with wild-type RAG1, the simple insertion plasmids
generated by S723C had deletions of target sequences at the
site of integration of the signal end fragment. Therefore, a
transposition-defective mutant of RAG1 is competent to gen-
erate insertions.

Because the detection of insertions required expression of
the RAG proteins, we then considered the possibility that the
function of the RAG proteins was to cleave the donor to
generate the signal end fragment, after which general cellular
activities could generate the observed insertion events. As a
first test of this idea, an artificially generated signal end frag-
ment was cotransfected into 293T cells with the target plasmid
in the presence or absence of the RAG expression vectors (two
assays of each type were performed). In all four assays, KTS*
colonies were obtained, and a subset was screened for trans-
position/insertion events as described above (see Table S2 in
the supplemental material). No transposition events were ob-
served. However, both simple and complex insertions of the
signal end fragment were observed in all four reactions. There-
fore, the integration of signal end DNA into the target to
generate insertion events can occur in the absence of the RAG
proteins.

Overall, these results indicate that the insertions observed in
the episomal transposition assay are unlikely to be generated
by RAG-mediated transposition; rather, they may be gener-
ated by the illegitimate recombination of RAG-generated sig-
nal end fragments with the target DNA. Furthermore, the role
of the RAG proteins in generating insertions may be confined
to the DNA cleavage event that liberates the signal end frag-
ment from the donor vector.

Genomic transposition assay. A natural extension of the
plasmid transposition assay was to use the genome as the target
for transposition/insertion by the RAG proteins. For this assay,
a new donor plasmid (pBSK-12puro23-2DT) was constructed,
harboring a puro® gene flanked by 12- and 23-RSSs (Fig. 4A).
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PCR analyses, DC-PCR followed by sequencing
® 105 Chrl6 Chr2
Telomere Telomere
C Chrl7 Chrl7
) um .
Telomere Telomere

FIG. 4. Assay for RAG-mediated transposition into the genome.
(A) The donor plasmid, pBSK-12puro23-2DT, contained a puromycin
resistance gene (Puro’) flanked by two RSSs (triangles) and two DT
expression cassettes. 293T cells were transfected with pBSK-12puro23-
2DT and RAG expression vectors and subsequently grown in puromy-
cin to select for acquisition of the puro’ gene. Random integration of
the donor plasmid was selected against by the DT cassettes. In puro®
colonies, PCR with primers E3 and C2 was used to confirm the pres-
ence of puro” while PCR with T7-2 and IE or with T3-2 and IC was
used to detect the presence of the vector flanks (which should be
absent in cells that have taken up the signal end fragment due to
transposition or to insertion). For DC-PCR, restriction enzyme-di-
gested genomic DNA was recircularized under conditions favoring
intramolecular ligation and PCR amplified as described in Materials
and Methods. (B and C) Schematic representations of the signal end
fragment insertion events in clones 105 and 74/77.

In this case, transposition of the signal end fragment into the
genome by the RAG proteins allows cells to survive in the
presence of puromycin. Two copies of a DT expression cassette
were engineered into the donor plasmid to select against its
random integration into the genome (a strategy used previ-
ously for gene targeting by homologous recombination [16]).
We reasoned that random integration events would be unlikely
to disrupt expression of both DT cassettes and that integration
of even one intact DT cassette would be sufficient to kill the
host cell.

RAG expression plasmids and pBSK-12puro23-2DT were
cotransfected into 293T cells, and 150 puro” single-cell colonies
were isolated. Genomic DNA prepared from the puro” colo-
nies was screened with three different PCRs (see Materials and
Methods for details). One reaction (primers C2 and E3) (Fig.
4A) confirmed the presence of the puro” gene, whereas the
other two reactions (primers T7-2 and IE or T3-2 and IC)
tested for the presence of intact donor DNA flanking the signal
end fragment. Transposition/insertion should separate the sig-
nal end fragment from vector sequences at both flanks, leading
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to a negative result in both of the latter two reactions, whereas a
positive signal in one or both of these reactions indicated that
the genome had acquired the puro” gene by random integra-
tion of the plasmid and not by transposition. These PCR anal-
yses revealed that 121 of the puro® colonies had vector se-
quences flanking the signal end fragment, and such colonies
were not analyzed further.

The remaining 29 colonies were negative in both of the
vector flank PCR assays and hence were candidates for har-
boring a transposition (or insertion) product. DC-PCR was
then performed with DNA from these colonies to characterize
the structure of vector sequences containing puro’ and to iso-
late the flanking genomic DNA. Genomic DNA was digested
with one of several different restriction enzymes, ligated under
conditions favoring intramolecular ligation, and amplified with
various pairs of PCR primers depending on the restriction
enzyme used. PCR products, where obtained, were cloned and
sequenced. For each colony, we first attempted to obtain a
DC-PCR product containing both flanks by cleaving with one
of several restriction enzymes that did not cut within the signal
end fragment and using primers IE and IC. If that was unsuc-
cessful, we then attempted to identify the two flanks indepen-
dently in two different DC-PCRs (for example, using a restric-
tion enzyme that cleaved near one end of the signal end
fragment and using primers IC and C2 or IE and E3).

This yielded information about the sequences at one or both
flanks of the signal end fragment for 24 of the 29 colonies. Of
these 24 colonies, 15 contained vector sequences attached to
the RSSs on one or both sides; it is not clear why these colonies
were negative in the donor flank PCR assays described above.
Of the remaining nine colonies, six were found to have human
genomic sequences immediately flanking an intact RSS on one
flank, but information about the other flank could not be
obtained. In the final three colonies (numbers 74, 77, and 105),
sequence information for both flanks was obtained, revealing
two unique events (numbers 74 and 77 were identical and
presumably clonally related). For these colonies, the two flanks
were obtained from a single DC-PCR by using primers IE and
IC and restriction enzyme Asel (number 105) or Xbal (number
74/77).

These two informative puro” colonies, numbers 105 and 74/
77, were of special interest due to the nature of the insertion of
the signal end fragment. In neither case was a target site
duplication found. In clone 105, the two ends of the signal end
fragment were joined to two different chromosomes (chromo-
somes 2 and 16, at position 4948093, under accession no.
NT_005058.14, and at position 19424825, under accession no.
NT _010498.15, respectively), indicating that the signal end
fragment is located at a chromosomal translocation breakpoint
(Fig. 4B). In clone 74/77, the signal end fragment was inserted
into chromosome 17. One end of the signal end fragment was
joined to a site within the colony-stimulating factor 3 gene
(position 1898098, accession no. NT_010755) on this chromo-
some. The other end mapped within an AluSp repeat sequence
(position 7953577, accession no. NT_010641) located approx-
imately 36 Mbp away, suggesting that insertion of the signal
end fragment was accompanied by a large deletion of chromo-
somal DNA (Fig. 4C). Based on these findings, we conclude
that acquisition of the signal end fragment in these colonies
was the result of insertion and not transposition. The associa-
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tion of signal end insertion with a chromosomal translocation
and a large chromosomal deletion indicates that signal end
fragments can participate in processes that contribute to
genomic instability.

DISCUSSION

We have established an assay that, for first time, provides a
systematic means of generating and characterizing RAG-me-
diated transposition events in mammalian cells. This assay
involves the jumping of a fragment of DNA, flanked by RSSs,
from one episome (the donor) to another (the target) in trans-
fected 293T cells and takes advantage of both positive (resis-
tance to KAN and TET) and negative (sensitivity to strepto-
mycin) selections in bacteria to eliminate the recovery of
nonrecombinant substrate plasmids. Other factors that con-
tribute to the success of the assay are the high transfectability
of the host 293T cells and the high-level expression of the
RAG proteins that can be achieved in them. The triple KTS
selection, combined with restriction digestion that cuts the
donor plasmid, yields bacterial colonies which in almost all
cases (>95%) contain a recombinant plasmid consisting of the
target plasmid plus the RAG-generated signal end fragment.
These recombinants are of three types: transposition events
(10%), in which no sequences are lost from the target or signal
end fragment and a characteristic target site duplication is
observed immediately flanking the RSSs; simple insertions
(51%), in which integration of the signal end fragment is
almost invariably accompanied by the deletion of target
sequences; and complex insertions (39%), with deletion of
one or both RSSs or the inversion/duplication/deletion of
plasmid sequences.

The assay has a high degree of sensitivity, able to detect one
transposition event from among approximately 107 recovered
target molecules (one recovered transposition product per
~107 Kan" colonies). Despite this, only about one-third of
assays yields one or more transposition products, demonstrat-
ing that even when cells harbor high levels of substrate, target,
and active RAG proteins, transposition is an infrequent and
inefficient process. Previous studies also found a low level of
RAG-mediated transposition in human (33) and yeast (5) cells.
The first study reported a transposition event in an adult hu-
man peripheral T-cell clone wherein a T-cell receptor alpha
signal end fragment was found integrated into the hypoxan-
thine phosphoribosyltransferase (HPRT) locus (33). A second
event was also described in which insertion of a T-cell receptor
alpha signal end fragment was accompanied by duplication and
inversion of flanking HPRT sequences. In the second study,
expression of the RAG proteins in yeast cells led to the cleav-
age of pairs of RSSs to generate signal ends and to intramo-
lecular transposition, but examples of intermolecular transpo-
sition were not observed. The estimated frequencies of
transposition in the human and yeast studies were 1.7 X 1077
and 1.4 X10~® per cell, respectively. We note that it remains
unclear how active the RAG proteins are when expressed in
yeast and that the human study yielded only a single, unam-
biguous transposition event. Our findings extend the prior
studies by demonstrating that RAG-mediated transposition
can be detected in a reproducible fashion in mammalian cells
and that the reaction must be very tightly regulated.
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A number of factors have been suggested to suppress RAG-
mediated transposition in vivo, although in the absence of an
assay for mammalian cells, they have been difficult to test.
Perhaps the most obvious candidate is the formation of signal
joints, a process thought to generate dead end products in
which the two RSSs are joined together, but a recent study
demonstrates that signal joints can be cleaved and the resulting
signal end fragment can be transposed by the RAG proteins
(36). Under certain in vitro conditions, the RAG proteins can
catalyze “disintegration,” which reverses the transposition pro-
cess (31). Transposition is inhibited in vitro by the ubiquitous
guanine nucleotide GTP (52) and by coding end DNA remain-
ing bound to the RAG proteins (11). Finally, several studies
have reported that the C-terminal region of RAG2, absent
from the core RAG2 protein used in most biochemical studies,
strongly suppresses transposition in vitro (11, 47, 52). The
relevance of these in vitro findings for in vivo transposition was
recently called into question, however, by the finding from the
Desiderio laboratory that in vivo-generated signal end com-
plexes containing either core or full-length RAG2 transpose
equally efficiently in vitro (20).

Here, we have been able to test the ability of core and
full-length RAG2 to mediate transposition in vivo in mamma-
lian cells. We find, consistent with the results of Jiang and
colleagues (20), that both core and full-length RAG2 catalyze
transposition in vivo. While the frequency of transposition
appears to be lower with full-length RAG2 than with the core
protein, this finding should be interpreted cautiously for at
least two reasons. First, the number of transposition events
that we were able to score was quite small. And second, as
noted above, both RAG2 protein levels and steady-state signal
end fragment levels are lower when the full-length protein is
used (28). It remains to be determined whether there exists a
quantitative difference in the transposition potential of the
core and full-length RAG?2 proteins. Our results, and the find-
ing of transposition in a human T-cell clone (33), demonstrate
that the full-length RAG2 protein retains some transposition
activity in vivo. Our data also demonstrate, as was the case in
vitro (47), that core and full-length forms of RAG1 have ap-
proximately equivalent transposition activities (P = 0.78), al-
though, again, only a small number of events were obtained for
full-length RAG1 (Table 1).

One can envision several explanations for our inability to
detect transposition into the genome of transfected 293T cells.
First, it is possible that some feature of chromatin renders it a
poor target for RAG-mediated transposition. Second, mam-
malian cells may have mechanisms to sense the immediate
product of transposition (a stable protein-DNA complex re-
ferred to as the strand transfer product [2]) and prevent the
final steps of transposition or perhaps trigger cell death. And
third, the sensitivity of the genomic transposition assay may not
be adequate. This assay yielded a high frequency (~90%) of
puro’ clones that contained random integrations of the donor
plasmid, despite the fact that the plasmid contained two neg-
ative selection cassettes. This high background of undesired
events suggests that the third possibility, inadequate sensitivity,
was a significant factor in our failure to detect RAG-mediated
transposition into the genome. The finding of a transposition
event in a human T-cell clone demonstrates that the process
can occur with chromosomal DNA as target (33).
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In both the episomal and genomic transposition assays, sig-
nal end insertion occurs more readily than does transposition.
Our data demonstrate that such insertions are often accompa-
nied by deletions, inversions, or other more complex rear-
rangements of target sequences. In the case of the two genomic
insertions, we were able to characterize fully either a large
deletion of many megabases or a chromosomal translocation
directly associated with signal end insertion. These findings
indicate that the signal ends generated by the RAG proteins
can participate in processes that threaten genomic stability.

We also provide evidence that signal end insertion occurs via
a pathway distinct from that of transposition; insertions are
generated efficiently both by a mutant form of RAGI that is
defective for transposition and in the complete absence of the
RAG proteins if an artificially generated signal end fragment is
provided. Our data are consistent with the idea that the role of
the RAG proteins in signal end insertion is primarily or exclu-
sively to serve as the endonuclease that initially generates the
signal end fragment. Because the RAG proteins bind tightly to
signal ends and shield them from nucleases and ligases (2, 22),
it is likely that insertions are generated only after release of the
signal end fragment from the RAG proteins. Therefore, it
appears that both full-length and core RAG proteins can release
the signal end fragment, presumably before they have been prop-
erly recognized by the NHEJ repair machinery. The high levels of
DNA substrate and RAG proteins present in the transiently
transfected cells in our assay may contribute to this.

Based on our results, we propose two distinct mechanisms by
which signal end fragments contribute to genetic instability.
The first, transposition, requires the participation of the RAG
proteins, while the second, insertion, occurs in a RAG-inde-
pendent manner (both pathways require the RAG proteins to
generate the signal end fragment in the first place). In the case
of insertions, a critical initiating event is likely to be the gen-
eration of a DNA double-stranded break in the target mole-
cule, which could occur by a number of different (RAG-inde-
pendent) mechanisms. Repair of the break can then result in
the capture of filler DNA (such as the signal end fragment) at
the site of rejoining, a well-known phenomenon associated
with NHEJ and chromosomal translocation breakpoints (40).
In this case, the signal end fragment is a passive bystander in
the generation of insertions. Another possible mechanism for
the generation of insertions involves the RAG-mediated trans-
position of one signal end into the target followed by the
illegitimate recombination to join the other signal end to the
target. Transposition of one signal end is a well-characterized
feature of RAG-mediated transposition in vitro (19). While it
is difficult to test this idea, one prediction of such a mechanism
is that the target sequences immediately adjacent to the RSSs
in the insertion products might be enriched in GC nucleotides.
To investigate this, we analyzed the GC content of the 5 bp
adjacent to 12- and 23-RSSs in all 115 simple insertion events
(see Table S3 in the supplemental material). In contrast to
transposition events, no GC bias was observed in the simple
insertions (53% to 54% GC in the simple insertion flanks
compared to 53% GC in the target plasmid). Therefore, while
we cannot rule out a contribution of one-ended transposition
to the generation of insertions, we have no evidence in favor of
such a process.
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While the RAG proteins have been linked to a number of
aberrant chromosomal rearrangements and translocations (25,
34, 38), neither transposition nor the signal end fragment has
been directly implicated in any of them, with the exception of
the two events involving the HPRT locus noted above. Inter-
estingly, some of the complex rearrangements that we found
associated with signal end insertion closely resembled the
HPRT locus signal end insertion event that was accompanied
by sequence inversion/duplication (33). Our data demonstrate
that RAG-mediated transposition is a reproducible phenome-
non in mammalian cells and highlight the association of chro-
mosomal deletions and translocations with signal end fragment
insertion.
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