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To examine the mechanisms of recombination governing the illegitimate integration of transfected DNA into
a mammalian genome, we developed a cell system that selects for integration events in defined genomic regions.
Cell lines with chromosomal copies of the 3* portion of the adenine phosphoribosyltransferase (APRT) gene
(targets) were established. The 5* portion of the APRT gene, which has no homology to the integrated 3*
portion, was then electroporated into the target cell lines, and selection for APRT gene function was applied.
The reconstruction of the APRT gene was detected at frequencies ranging from less than 1027 to 1026 per
electroporated cell. Twenty-seven junction sequences between the integrated 5* APRT and its chromosomal
target were analyzed. They were found to be randomly distributed in a 2-kb region immediately in front of the
3* portion of the APRT gene. The junctions fell into two main classes: those with short homologies (micro-
homologies) and those with inserted DNA of uncertain origin. Three long inserts were shown to preexist
elsewhere in the genome. Reconstructed cell lines were analyzed for rearrangements at the target site by
Southern blotting; a variety of simple and complex rearrangements were detected. Similar analysis of indi-
vidual clones of the parental cell lines revealed analogous types of rearrangement, indicating that the target
sites are unstable. Given the high frequency of integration events at these sites, we speculate that transfected
DNA may preferentially integrate at unstable mammalian loci. The results are discussed in relation to possible
mechanisms of DNA integration.

Mammalian genomes undergo many dynamic events and
modifications. Chromosomal alterations under genetic control
in normal cells include immune system rearrangements (31)
and transposition events (75). In addition, genomic instability
is a hallmark of tumor cell progression (24). Chromosomal
deletions, translocations, and gene amplification are rear-
rangements commonly resulting from illegitimate (or nonho-
mologous) recombination in cancer cells. Although the pro-
cesses that govern these rearrangements remain largely
undefined, analysis of the DNA sequences at illegitimate re-
combination junctions has provided important information
concerning the mechanisms involved (35).
The dynamic properties of mammalian chromosomes are

evident in the illegitimate (nonhomologous) integration of ex-
ogenously introduced DNA. Mammalian cells integrate for-
eign DNA widely throughout the genome in a process often
referred to as random integration (27, 58). The integration of
DNA into the mammalian genome is efficient, with up to 20%
of cells integrating microinjected DNA (10). Furthermore, in-
tegration events are usually associated with major chromo-
somal rearrangements that remain largely undefined (62).
Fully characterized rearrangements include a 22-kb deletion
(33) and a 5-kb duplication of the chromosomal sequence
flanking the integrated DNA (76). Additional analysis of ran-
dom integrants may provide insights into the processes in-
volved in genomic instability.
Although free DNA ends stimulate random integration (18,

50), little is known about how the ends are joined to the

chromosomal DNA at the sequence level. The traditional anal-
ysis of random integrants has proven tedious. Because each
integration site is different, one must first isolate the chromo-
somal sequences that flank the integrated DNA and then use
them to isolate the undisrupted DNA in the parental cells so
that the chromosomal sequences on both sides of the junction
can be determined. Such characterizations are further compli-
cated by the major chromosomal rearrangements that usually
accompany the integration events.
In this communication we describe a mammalian cell system

that works around these problems by selecting for events in
a small region of the genome (the target site). In order to
survive selection, a cell must have an integration event that
reconstructs a functional adenine phosphoribosyltransferase
(APRT) gene. A collection of the resulting reconstructed
APRT1 cell lines have been examined. To gain insights into
the mechanism of integration, we have determined sequences
for junctions between the input DNA and the chromosomal
DNA. In addition, we have examined the stability of the target
sites prior to integration and the rearrangements associated
with the integration events.

MATERIALS AND METHODS
Cell culture and subclone isolation.All cell lines used in these experiments are

derivatives of Chinese hamster ovary line AT3-2, which is hemizygous for APRT
(1, 3). The U1S36-TGR cell line (55) is a hypoxanthine phosphoribosyltrans-
ferase-deficient derivative of U1S36 (42), a DNA-repair-deficient (UV-hyper-
sensitive) line with a 4.1-kb deletion which covers the entire body of the hemi-
zygous APRT locus. Cell lines DR15, DR11, DR33, RKM3, and RKM4 (Table
1) were generated by electroporating U1S36-TGR with pDR27 (uncut for DR15;
EcoRI-linearized for DR11, DR33, RKM3, and RKM4) and then selecting for
gpt1 colonies in HAT medium (100 mM hypoxanthine, 0.4 mM aminopterin, 16
mM thymidine; Sigma). Independent colonies were isolated and grown to con-
fluency in two 100-mm-diameter plates for genomic DNA extraction and South-
ern blotting; cells at this point (about 25 total generations) were considered in
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early passage. Cell line T2S-24 TGr-1 is a 6-thioguanine-resistant derivative of
T2S-24 (42). Cell lines DEPO1 and DEPO2 were generated by a multistep
targeting procedure that utilizes FLP/FRT site-specific recombination (34, 48).
Subclones of several cell lines were obtained. Cell lines DR15 and RKM3 were

maintained in HAT medium, and APRT1 derivatives of DR15 (DR15-1, DR15-
19, and DR15-43) were maintained in ALASA medium (50 mM azaserine, 25
mM alanosine, 100 mM adenine; Sigma, National Cancer Institute, and Sigma).
Subclones were isolated by dilution into 96-well dishes. Independent colonies
were grown in HAT or ALASA for genomic DNA extraction and Southern
blotting.
All cell cultures were maintained in Dulbecco’s modified Eagle’s medium

supplemented with 10% fetal bovine serum (JRH Biosciences), penicillin, strep-
tomycin, and minimum nonessential amino acids (Sigma). Cultures were incu-
bated at 378C in a humidified incubator with 5% CO2.
Plasmid construction. The pDR27 plasmid was derived from pAG-1 (55) by

deleting 1.3 kb of the 59 APRT sequence between EcoRI sites, leaving APRT
exons 3 through 5, a gpt cassette, and a pBR322 backbone. This 39 APRT
sequence includes the downstream portion (400 nucleotides) of intron 2. Plasmid
pDR28 (Fig. 1) was generated by subcloning the 1.3-kb 59 APRT EcoRI frag-
ment from pAG-1 into pUC7. Plasmid pRM9 was generated by subcloning the 59
portion of the APRT sequence into pACYC184 (New England Biolabs). The 59
APRT sequence includes the upstream portion (600 nucleotides) of intron 2.
Plasmid pGAL contains the full-length APRT sequence and is described else-
where (29). Plasmid pMC1gptPolA (kindly provided by Geoff Sargent) is a
derivative of pMC1neoPolyA (73) in which the neo gene has been replaced by
the bacterial gpt cassette from pSV2gpt (40).
Electroporations. Conditions for electroporations were 1,000 V and 25 mF

with HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid)-buffered
glucose (12). For each experimental electroporation, 60 mg of pDR28 was di-
gested with EcoRI, ethanol precipitated, and resuspended in electroporation
buffer with 2 3 107 cells. Following electroporation, cells were plated at 5 3 105

or 1 3 106 cells per 100-mm-diameter dish and selected the following day for
APRT expression in ALASA medium. After 2 weeks, ALASA-resistant colonies
were picked and propagated. Transfection efficiencies were measured by trans-
fecting a different selectable plasmid in parallel electroporations with the same
population of cells used in the experiments. Transfection efficiencies were de-
termined for U1S36-TGR, DR15, RKM3, RKM4, and T2S-24 TGr-1 cells by
electroporating 5 3 106 cells with 5 mg of linearized pAG-1 or pGAL. A trans-
fection efficiency was determined for DEPO1 cells by including 5 mg of linearized
pMC1gptPolA (together with pDR28) in the experimental electroporation. Cells
were plated in 100-mm-diameter dishes and selected the following day in
ALASA (for pAG-1 and pGAL) or HAT (for pMC1gptPolA). After 2 weeks,
colonies were stained and counted. Transfection efficiencies in these cell lines
ranged from 1 3 1023 to 2 3 1023 in different experiments. A transfection
efficiency of 2.8 3 1023 for DR15 cells, described below (see Discussion), was
obtained with conditions similar to those for experimental electroporations: 2 3
107 cells were transfected with 60 mg of pAG-1 and plated for selection in
ALASA.
PCR. Various combinations of primer pairs specific to the 59 APRT sequence

and to the target site were used in PCRs to amplify across junctions in genomic
DNA extracted from APRT1-reconstructed cell lines. Primers were designed on
the basis of maps of APRT (46) and pBR322 (71). Forward primers specific to

59 APRT, with map positions shown in parentheses, were as follows: P1 (684 to
707), P2 (795 to 818), P3 (923 to 946), P4 (1078 to 1101), and P5 (1224 to 1247).
Primers specific to target sequences included two reverse primers specific to
pBR322, P6 (4151 to 4128) and P7 (4300 to 4277), and five reverse primers
specific to 39 APRT, P8 (1423 to 1400), P9 (1479 to 1456), P10 (1545 to 1522),
P11 (1662 to 1639), and P12 (1817 to 1794). Primers used in PCRs to analyze
insert sequences included P13 (59-TTTCAGTTGGCAGTGGCAGGGTTC),
P14 (59-TCAGACTTGGGGTGAGTTCGAAGC), P15 (59-CATGTCTGAGT
CACCTGCTAACCT), P16 (59-GTGATACAAGCAGGTGGGCAGATG), P17
(59-TGTCGAGTATTACCCTGTTATC), P18 (5-TGCGGCCGCGTCGAGAC
GC), P19 (59-GAGTTATACTGTTGCGCGAAGTAG), and P20 (59-GCGAAG
TTCCTATACTTTCTAGAGA). Combinations of these primers were used un-
der standard or optimized conditions (Stratagene Opti-Prime PCR kit) with
Promega Taq DNA polymerase. Each reaction mixture contained approximately
500 ng of genomic DNA. All PCRs were performed in a Perkin-Elmer thermal
cycler with an initial denaturation of 948C for 5 min and then 30 to 40 cycles of
948C for 30 s, 55 to 658C for 30 s, and 728C for 1 to 2 min. This was followed by
a final cycle of 748C for 7 min.
Inverse PCR. To clone the sequence flanking the 581-nucleotide insert at its

preexisting genomic location, inverse PCR was employed as described previously
(47). Briefly, to prepare template DNA for PCRs, genomic DNA from cell line
U1S36-TGR was digested with outside cutter RsaI, diluted, and then circularized
with T4 DNA ligase. Ethanol-precipitated template DNA was subjected to 30
rounds of PCR with inverse PCR primers IP1 (59-GAACCCTGCCACTGC
CAACTGAAA) and IP2 (59-CAGGAAGTTTTTAACAGCTGCTTCG), and a
1-ml aliquot was reamplified with nested primers IP3 (59-AGGTGCCAGCTGC
GAGTAAGAGG) and IP4 (59-AAACTACAGAGATTCCCCTGCCTC).
Sequencing of PCR products. Individual PCR products were gel purified by

Gene Clean or MERmaid (Biolabs 101) and sequenced directly with Stratagene’s
Exo(2) Pfu DNA Cyclist sequencing kit. Particular products were additionally
subcloned into pBluescript or into pGEM-T (Promega) by the T-tailing method
(32) and subjected to DNA sequencing in the Department of Molecular and
Human Genetics nucleic acids core laboratory at Baylor College of Medicine.
Southern blot analysis. Genomic DNA digested with BclI was subjected to

electrophoresis on low-percentage (0.4%) agarose gels. The digestion of DNA
with restriction enzymes and Southern blot analysis were carried out as previ-
ously described (65). Gels were blotted onto Hybond nylon filters (Amersham).
Gel purified DNA fragments were labelled with Amersham’s Multiprime for use
as probes.

RESULTS

Illegitimate reconstruction of a target gene. To establish a
system in which random integration into a defined region of
the genome could be selected for, the 39 portion of the APRT
gene (containing exons 3, 4, and 5) was electroporated into the
APRT-deleted cell line U1S36-TGR with the plasmid pDR27.
Individual gpt1 integrants were selected by growth in HAT
medium and then expanded and analyzed by Southern blotting.
Cell lines with one site of integration (DR15), two sites of
integration (DR11), and multiple sites of integration (DR33)
were chosen to test the feasibility of gene reconstruction by
illegitimate integration. Each of these cell lines was shown by

FIG. 1. General approach for nonhomologous reconstruction of the APRT
gene. EcoRI-digested pDR28 was electroporated into APRT2 cells having 39
APRT target sites. As an example, a randomly integrated pDR27 target in cell
line DR15 is illustrated. The integration of 59 APRT at a nonhomologous
chromosomal target reconstructs a functional APRT gene, allowing the cell line
to survive ALASA selection. Also shown are relative positions of the primers (P1
to P5 and P6 to P12) used in PCRs and in sequence analyses of integration
junctions.

TABLE 1. Illegitimate reconstruction of APRT

Random integrant
or native locus

No. of:
Reconstruction
frequencybGenomic

sites
Target
copies

Electro-
porationsa

APRT1

colonies

Random integrants
DR15 1 3–4 10 95 4.7 3 1027

DR11 2 ND 1 2 1.0 3 1027

DR33 4 ND 1 0 ,5.0 3 1028

RKM3 1 1 4 6 7.5 3 1028

RKM4 1 1 1 0 ,5.0 3 1028

Native loci
T2S24 1 1 1 1c ,5.0 3 1028

DEPO1 1 1 3 0 ,1.7 3 1028

DEPO2 1 1 3 0 ,1.7 3 1028

a For each electroporation, 60 mg of pDR28 was digested with EcoRI, ethanol
precipitated, and mixed with 23 107 cells in electroporation buffer. Treated cells
were selected the next day for APRT function in ALASA.
b Frequencies of illegitimate reconstruction of the APRT gene were calculated

as total APRT1 colonies/total number of electroporated cells. Typical survival
after electroporation under our conditions ranges from 60 to 80%.
c Analysis of this single colony showed that it resulted from homologous

recombination between the transfected 59 APRT and the native APRT locus.
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Southern blotting to contain at least one intact copy of the 39
portion of the APRT gene.
To test whether a functional APRT gene could be recon-

structed by illegitimate integration, 2 3 107 cells of each of
these cell lines were electroporated with 60 mg of plasmid
pDR28 (Fig. 1) that had been digested with EcoRI, ethanol
precipitated, and resuspended in electroporation medium.
Plasmid pDR28 contains the 59 portion of the APRT gene
(exons 1 and 2 and the APRT promoter) but includes no
sequence overlap with the integrated 39 portion of the gene.
Treated cells were selected for APRT function by growth in
ALASA. Cell line DR33 gave no APRT1 colonies, but DR15
and DR11 each yielded two colonies. Southern blotting con-
firmed the linkage of the 59 and 39 portions of the APRT gene
for all four colonies (data not shown), giving a reconstruction
frequency for these cell lines of 1027 APRT1 colonies per
electroporated cell.
Cell line DR15 was chosen for subsequent experiments be-

cause its single site of integration promised a simpler analysis.
Additional electroporations of EcoRI-digested pDR28 into
DR15 gave reconstruction frequencies ranging from 1 3 1027

to 10 3 1027 with a mean of 4.8 3 1027 (Table 1).
Reconstruction of the APRT gene at single-copy sites. To

test whether APRT gene reconstruction was possible in cell
lines containing a single copy of pDR27, two cell lines, RKM3
and RKM4, were isolated after electroporation of pDR27 into
U1S36-TGR. The electroporation of EcoRI-digested pDR28
into RKM4 gave no APRT1 colonies, but four electropora-
tions into RKM3 gave six colonies, for a reconstruction fre-
quency of 7.5 3 1028 (Table 1).
As an additional test for integration at single-copy sites, we

used two deletions that encompassed the 59 end of the gene at
the native APRT locus: a spontaneous 3-kb deletion in cell line
T2S24 TGr-1 and a constructed 1.3-kb deletion in cell lines
DEPO1 and DEPO2, which are independent clonal isolates
that contain identical deletions. The deletion in T2S24 TGr-1
leaves about 200 nucleotides adjacent to the EcoRI site in
intron 2 that are homologous to the 59 portion of the APRT
gene used in the electroporation. The one APRT1 colony that
arose in this experiment proved to have arisen by homologous
recombination in the segment of homology (data not shown).
The deletions in DEPO1 and DEPO2, which were con-

structed by site-specific gene targeting (34), correspond exactly
to the 59 portion of the APRT gene in pDR28; thus, they

contain no homology with pDR28. No APRT gene reconstruc-
tion events were detected in several experiments (Table 1).
Combining the results from the two deletions at the APRT
locus gives an aggregate gene reconstruction frequency at the
native APRT locus of less than 7.1 3 1029 per electroporated
cell.
Control experiments. Two controls were included in these

experiments to rule out the possibility that the plasmid portion
of pDR28, which is homologous to the plasmid at the integra-
tion site, was required for the observed reconstruction events.
In one experiment, the 59 portion of the APRT gene in plasmid
pDR28 was digested with EcoRI and purified away from the
plasmid backbone by agarose gel electrophoresis prior to elec-
troporation into DR15. The electroporation of a molar amount
of the purified fragment equal to that used in other experi-
ments yielded a reconstruction frequency of 1.5 3 1027. In a
second set of experiments, the 59 APRT fragment was digested
from plasmid pRM9, which has no homology to the target
sites. The electroporation of equimolar amounts of the di-
gested DNA yielded reconstruction frequencies of 5 3 1028

for RKM3 cells and 1 3 1027 for DR15 cells. Since these
reconstruction frequencies were within the range observed in
experiments with EcoRI-digested pDR28, we conclude that
the observed reconstruction events do not depend on homol-
ogy in the plasmid backbone.
An additional control was included to rule out possible ef-

fects of residual restriction enzyme. Although no EcoRI activ-
ity could be detected after ethanol precipitation, a sample of
EcoRI-digested pDR28 was phenol extracted before it was
subjected to ethanol precipitation. That experiment gave a
reconstruction frequency of 10 3 1027 per electroporated cell,
indicating that residual EcoRI activity was not responsible for
the observed reconstruction events.
Sequence analysis of integration junctions. Genomic DNA

extracted from cell lines with APRT reconstruction events was
subjected to PCRs with various pairs of primers specific to 59
APRT and to target sequences. Genomic DNA preparations
from 34 DR15-derived cell lines were examined. Of these, 90%
(31 of 34) gave a PCR product that spanned the junction.
Southern blotting demonstrated that 59 and 39 portions of the
APRT sequence are linked for the three cell lines that failed to
give a PCR product (data not shown). Twenty-five PCR prod-
ucts were sequenced to give a junction between the 59 APRT
segment and the chromosomal target. Twenty-three of these

FIG. 2. Integration junctions at the gross level for 25 APRT reconstructants. (A) Relative integration sites and junctions for DR15-derived and RKM3-derived cell
lines. For simplicity, integration events are shown in relation to only one target in DR15. Different reconstruction events in DR15 may have occurred at different targets
in the tandem array. The illustrated target has greater than 1,600 nucleotides of the combined 39 APRT intron sequence (thin line) and the pBR322 sequence as
determined by sequence analysis (DR15-4 integration junction). The 109-nucleotide insert at the DR15-6 integration junction is boxed, since it does not represent a
true insert. (B) Corresponding deletions from 59 APRT intron sequences. The illustrated upstream portion of APRT intron 2 has 600 nucleotides of dispensable
sequence. The site of deletion for each integration junction is marked by an arrow; all of the sequence to the right of the arrow was deleted.
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junctions are presented (Fig. 2, 3, and 4). The remaining two
junctions contain portions of the pUC sequence (pDR28 back-
bone). Since these two junctions have inserts composed of
vector DNA and therefore represent special cases, they will not
be considered further.
In addition to the 25 junction sequences determined for the

DR15-derived cell lines, two junctions in the APRT1 cell lines
derived from RMK3 were sequenced. One of these junctions is
presented (Fig. 2 and 3). The other junction also contained an
insert composed of input DNA (a small portion of the 59
APRT sequence) and will not be considered further.
As presented in Fig. 2A, integration events in DR15 and

RKM3 occurred at many different sites within the target se-
quence. No preferential sites of integration were apparent.
Although two cell lines (DR15-32 and DR15-36) had the same
junction sequence, they were isolated in independent experi-
ments. Of the 24 integration junctions considered here, 9 had
small terminal deletions in the 59 APRT intron sequence of 50
nucleotides or less. The remaining 15 junctions had a relatively
even distribution of terminal deletions of 51 to 600 nucleotides
(Fig. 2B).
Classes of integration junction sequences. A total of 24

integration junctions have been categorized. One of these
(DR15-6) occurred by integration into chromosomal DNA
that was linked to the target APRT sequences in the parent
DR15 cell line (see below); this junction is not fully character-
ized. The remaining 23 integration junctions may be divided

into two classes: 12 contained 0 to 5 nucleotides of homology
(microhomology) at the junction (Fig. 3) and 11 contained
inserted DNA of uncertain origin that ranged in size from 1 to
581 nucleotides (Fig. 4). None of the inserted sequences (ex-
cluding inserts of 1 to 9 nucleotides) demonstrate significant
homology to those in the mammalian GenBank database (ver-
sion 80). They also do not show any significant homology to
one another or to the sequences used in these experiments.
PCR analysis of large inserts. In principle, the DNA inserts

at the junctions in the integrants could have been created de
novo or they could have been picked up in one or more pieces
from the genome. We used a PCR analysis to distinguish
among these possibilities for the larger inserts (49, 89, 109, and
581 nucleotides). Using primers located near the ends of the
inserted sequences (primer pair I), we showed that each of

FIG. 3. Junction sequences with 0 to 5 nucleotides (nt) of homology. Each
top line is the 59 APRT sequence, and each bottom line is the target sequence.
Middle lines represent the actual junction sequences, which are underlined.
Junctional homologies are shown in boldface type. Nucleotide positions are
based on GenBank maps for the APRT gene (46) and pBR322 (69). Reading
from left to right, the first numeral of the nucleotide position is above or below
the base to which it corresponds. (A few sequence differences from the published
APRT sequence were detected in the APRT intron 2 sequence: an extra GCC
CCG after APRT 1222, an extra C after position 1289, the lack of a C at position
1225, the lack of a GG at positions 1233 to 1234, and the lack of a G at APRT
1295).

FIG. 4. Junction sequences containing inserts. The insert sequences are dis-
played in boldface lowercase letters, and the number of nucleotides in each insert
is noted in parentheses; the 59 APRT and target sequences are in uppercase
letters. The nucleotides in boldface uppercase letters flanking the 581-nucleotide
insert represent junctional homologies with the cloned sequence flanking the
insert at its preexisting genomic site.
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these sequences preexisted in the U1S36 parent cell line from
which DR15, the target cell line, was made (Fig. 5). In addi-
tion, by using a primer in the 39 APRT target and one in the
insert (primer pair II), we showed that the 109-nucleotide
insert, but none of the others, was already linked to the target
APRT sequences in the parent cell line, DR15 (Fig. 5). Thus,
the 109-nucleotide sequence is not a true insert but is really
part of the chromosomal sequences at the target site.
For the 581-nucleotide insert we confirmed that the entire

insert preexisted in the parent DNA by using inverse PCR to
clone a genomic segment that contained the insert. The se-
quence of the genomic clone corresponded exactly to the 581-
nucleotide insert in the reconstructed cell line. In addition, the
flanking sequences revealed a 3-nucleotide homology at the
junction with the 59 APRT sequences and a 4-nucleotide ho-
mology at the junction with the 39APRT target sequences (Fig.
4). Although the anonymity of the inserted sequences generally
obscures information about how these junctions were gener-
ated, analysis of the 581-nucleotide insert suggests that micro-
homologies may be important in their formation.
Rearrangements associated with the integration events. To

characterize the types of rearrangement, if any, associated with
the integration events, we examined the DNA from recon-
structed APRT1 cell lines by Southern blotting. Genomic
DNAs from 24 DR15-derived cell lines and 3 RKM3-derived
cell lines were digested with BclI, which cuts outside the target
sites, and analyzed by Southern blotting with the 39 APRT
sequence as a probe. Six of the DR15-derived DNAs, four of
which (Fig. 6, lanes 8, 9, 12, and 14) are shown, gave a single
band that was shifted with respect to the parental band,
whereas all of the others gave a more complex pattern consist-
ing of two to five bands (Fig. 6).
To determine whether the integrated 59APRT sequence was

associated with one or more than one of the multiple bands,
the filters were stripped and reprobed with the 59 APRT se-
quence. In 20 of the 21 cell lines that gave multiple bands, only
one of those bands was detected with the 59 APRT probe; in
the remaining cell line, RKM3-2, two of the bands contained 59
APRT sequences (data not shown).
Stability of the target sites. Although the cell lines with a

single shifted band could have resulted from deletion events
associated with the integration of the 59 APRT segment, the

more complex patterns were unexpected and they raised ques-
tions about the stability of the target site itself. To test this,
DR15 and RKM3 were subcloned and analyzed by Southern
blotting as described above. For DR15, two of eight subclones
had rearrangements at the target site, and for RKM3, eight of
nine subclones had rearrangements (Table 2).
One of the subclones of DR15 that had a rearrangement

(DR15sci4) and one that did not (DR15sci3) were subcloned
again to test whether the rearrangements were ongoing. Four
of 13 subclones of DR15sci3 and 2 of 10 subclones of DR15sci4
had rearrangements at the target sites (Table 2). Continuing
rearrangement was also a property of the reconstructed cell
lines, as shown for DR15-1, DR15-19, and DR15-43 in Table 2.
Examples of the rearrangements at the target sites in different
subclones are shown in Fig. 7.
To ensure that the observed rearrangements were not ex-

clusive to single-colony isolates, cell lines DR15 and RKM3
were passed several times (an estimated 10 additional gener-
ations for DR15 and 20 additional generations for RKM3)

FIG. 5. Approach and results of PCR analysis of large inserts. The thick line
represents the insert sequence. Primer pair I is used to amplify the insert se-
quences. Primer pair II tests if the insert sequences are directly linked to the
target site; one primer is to the insert sequence, and the other primer is to target
sequence. Primers are described in Materials and Methods. A plus means that a
PCR product of predicted size was detected on ethidium bromide-stained gels. A
minus means that a product of predicted size was not detected. nt, nucleotide.

FIG. 6. Examples of rearrangements associated with integration events.
Genomic DNAs from the early passage (ep) parent cell lines, DR15 and RKM3,
and from reconstructed APRT1 cell lines (lanes 1 to 17) were digested with BclI,
which cuts outside the target sites, and analyzed by Southern blotting with the 39
APRT sequence as a probe. The arrow marks the faint bands corresponding to
the native APRT fragment. Lanes marked 1 to 14 correspond, respectively, to the
following cell lines: DR15-24, DR15-5, DR15-23, DR15-8, DR15-18, DR15-31,
DR15-4, DR15-21, DR15-10, DR15-35, DR15-36, DR15-37, DR15-34, and
DR15-32. Lanes marked 15 to 17 are as follows: cell lines RKM3-2, RKM3-1,
and RKM3-3.

TABLE 2. Rearrangements at target sites

Cell line

No. of:

Subclones
examined

Rearrangements
detecteda

DR15 8 2
DR15sci3 13 4
DR15sci4 10 2
DR15-1 9 6
DR15-19 5 3
DR15-43 7 2
RKM3 9 8

a For a rearrangement to be detected, it has to give a band shift on a Southern
blot; therefore, some small rearrangements will likely not be detected.
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before isolation of genomic DNA. Southern blot analysis of
these late-passage DNAs showed extra bands for both DR15
and RKM3, indicating rearrangement of the target sequences
during cell expansion (Fig. 7). This contrasts to the single
bands detected in early-passage DNA from DR15 and RKM3
cells (Fig. 6).
In all Southern blots probed with the 39 APRT sequence, a

faint band corresponding to the undeleted portion of the na-
tive APRT gene remained constant (Fig. 6 and 7). This sug-
gested that the instability associated with the target sites was
not the result of high frequencies of rearrangement throughout
the genome. This was confirmed by stripping blots and reprob-
ing with fragments from three other cellular genes; in no case
were rearrangements detected (data not shown).
The instability of the target sites was also examined by se-

lection. Cell lines were preselected in HAT medium for gpt
function and then allowed a 1-day recovery in HT medium.
Each cell line was then replated to three dishes at 5 3 105 per
plate for selection in 6-thioguanine for the loss of gpt function.
Cell lines DR15, RKM3, and DR11 gave gptmutant colonies at
frequencies of 2 3 1024 to 4 3 1024; cell lines RKM4 and
DR33 gave frequencies of 7 3 1025 to 9 3 1025.

DISCUSSION

By splitting the APRT gene in the second intron and placing
the 39 half in the genome, we have set up a system in which we
can select for the illegitimate integration of the 59 half of the
gene into a particular genetic region by selecting for APRT
gene function (Fig. 1). If all regions of the genome were
equally accessible for illegitimate integration, that is, if inte-
gration were truly random, we would expect these gene recon-
struction events to occur at a frequency of about 1029. This
estimate is based on our measured rate of efficiency for stable
transfection in cell line DR15 (2.83 1023 per treated cell), our
finding that reconstruction events occurred by integration
within 2 kb of exon 3 (the first exon in the target), and the size
of the diploid mammalian genome (6 3 106 kb): (2.8 3 1023)
3 (2 kb) 3 (1/6 3 106 kb) 5 1029.
Compared with this genome-wide average, gene reconstruc-

tion in RKM3 (7.5 3 1028) and DR15 (4.7 3 1027) cells
occurred, respectively, 75- and 470-fold more frequently than
expected (Table 1). Expressed in a different way, these num-
bers correspond to one APRT1 reconstructant per 6,000 inte-

grants for DR15 and one reconstructant per 37,000 integrants
for RKM3, compared with one reconstructant per 3 3 106

integrants expected on a random basis. Thus, the target sites in
these cell lines represent ‘‘hot spots’’ for illegitimate integra-
tion. By contrast, illegitimate gene reconstruction at the native
APRT locus was undetected in seven electroporations, for an
aggregate frequency of ,7 3 1029 (Table 1). Thus, the native
APRT locus may have only average or less than average ac-
cessibility for illegitimate integration.
Our results are analogous to those of a previous report in

which preferential integration of transfected DNA occurred at
an unstable site, in that case at an induced fragile site (57). We
have shown by Southern blotting that 2 target sites represent-
ing hot spots for illegitimate integration are unstable. Nearly
all RKM3 subclones and approximately 25% of all DR15 sub-
clones had rearrangements of target sequences (Table 2).
Thus, the frequency of integration at a particular genomic site
may be related to the stability of that site. Although we have
not yet tested this rigorously, it is noteworthy that cell lines
DR15, DR11, and RKM3 gave higher frequencies of APRT
reconstructants (Table 1) and higher frequencies of gpt mutant
colony formation under selection than did the RKM4 and
DR33 cell lines.
The basis for the instability of the target sites in DR15 and

RKM3 is unclear. It may be influenced by the genotype of the
parental U1S36 cell line, which contains a mutation in the
ERCC2 gene rendering it deficient in nucleotide-excision re-
pair; however, these cells integrate transfected DNA with the
same level of efficiency as wild-type cells and loci outside the
targets in DR15 and RKM3 cells were shown to be stable. If
integration occurs preferentially at unstable sites, it may be
that the original target plasmid also integrated at an unstable
site in the genome and the ongoing rearrangement of the
target is a consequence of that underlying instability. Con-
versely, the target plasmid itself may be responsible for the
observed instability. The tandem repeat arrangement of plas-
mids in DR15 may contribute to its instability, but tandem
copies are not a requirement since RKM3 has only a single
integrated copy of the plasmid. A more likely possibility is the
presence of the simian virus 40 origin of replication, which is
contained within the promoter used to drive the gpt gene in the
plasmid. Even in the absence of T antigen, the simian virus 40
origin of replication has been shown to promote an ongoing
instability at sites where it is integrated in the genome of
mouse cells (26). This may be due to some structural feature of
the origin sequence or to the function of the sequence as an
origin of replication, perhaps generating an ‘‘onion-skin’’ struc-
ture whose resolution leads to the instability (8, 26). We are
testing this possibility by placing the simian virus 40 sequences
at the native APRT locus and determining their effects on the
stability and frequency of integration at that site.
Although the instability and complex rearrangements at the

two analyzed target sites were unexpected, the integration
junctions themselves are indistinguishable from the previously
reported integration junctions generated by the transfection of
DNA into mammalian cells. Of our 23 characterized junctions,
12 had 0 to 5 nucleotides of homology at the junction and 11
had inserted DNA ranging in size from 1 to 581 nucleotides. Of
13 such junctions in the literature, 7 had 0 to 6 nucleotides of
homology (4, 23, 41) and 6 had inserted DNA ranging from 1
to 523 nucleotides (33, 41, 76). The nearly equal numbers of
junctions with microhomology and junctions with inserts stand
in contrast to their distributions in other types of illegitimate
recombination junctions. The joining of DNA ends (59) and
the generation of gene deletions (6, 7, 9, 11, 13–17, 19–22, 25,
28, 30, 36–39, 43–45, 49, 51, 54, 56, 64, 66–68, 70, 72, 77)

FIG. 7. Examples of late passage (lp) parent cell lines and subclones showing
rearrangements at the target sites by Southern blotting. Numbered lanes are
subclones of the cell line to their immediate left. Also shown are late passage
parent cell lines DR15 and RKM3. The arrows mark the position of the native
APRT fragment detected with the 39 APRT probe.

VOL. 16, 1996 ILLEGITIMATE INTEGRATION AT PREINTEGRATED TARGETS 15



typically produce junctions with microhomology 80 to 90% of
the time and junctions with inserts only about 10 to 20% of the
time.
As shown to be the case for other illegitimate junctions (60),

the distribution of junctional microhomology is significantly
skewed from that expected if the junctions arose in a way that
did not depend on sequence homology (Fig. 8, expected lev-
els), indicating that microhomology is important for the for-
mation of integration junctions. The actual distribution of mi-
crohomology at integration junctions, however, seems to be
different from that of other types of illegitimate junctions. Only
1 of 19 integration junctions had 0 nucleotides of homology,
whereas 20 to 30% of gene deletions and extrachromosomal
end joining events had 0 nucleotides of homology. In addition,
in two recent studies, deletions that were induced by electro-
porating restriction enzymes, and therefore are likely to have
arisen by the joining of cut ends, had junctions with 0 nucle-
otides of homology in about 30% of cases (53, 63). These
comparisons suggest that the mechanism of integration of
DNA into the chromosome may be more dependent on short
homologies than are illegitimate recombination events that are
thought to proceed by the joining of DNA ends.
The mechanism by which DNA becomes inserted at integra-

tion junctions is unknown. In this study the larger inserts (49,
89, and 581 nucleotides) were shown to preexist as discrete
units elsewhere in the genome. These sequences could have
become associated with the integrated DNA in several ways.
First, they could have become linked to the target site as a
consequence of a rearrangement that preceded the integration
event. Although this is entirely reasonable given the ongoing
instability at the target site, it does not readily account for the
preponderance of short inserts (8 of 11 inserts were 25 nucle-

otides or less). Second, the input DNA could have picked up
the inserts by end joining with extrachromosomal DNA frag-
ments prior to integration. Extrachromosomal pieces of chro-
mosomal DNA have been shown to exist in several cell types
(74), and end joining of extrachromosomal DNA is a com-
monly observed phenomenon in transfection experiments with
mammalian cells (62). Third, the input DNA could use short
terminal homologies to prime DNA synthesis within an acces-
sible region of the genome and in that way pick up terminal
extensions prior to integration at the target site. An analogous
mechanism, but involving more extensive homology, has been
proposed for a common class of targeted recombinants that
have picked up terminal extensions from the target locus prior
to integration elsewhere in the genome (2, 5).
Our experimental results do not define a mechanism for the

integration of transfected DNA, but they do put some con-
straints on the process. Any proposed mechanism must ac-
count for a seemingly enhanced integration at unstable sites,
for the high frequency of inserted DNA, and for the relative
abundance of 1- to 5-nucleotide homologies at integration
junctions. Previously, we proposed that integration might oc-
cur by the end joining of transfected DNA to broken chromo-
some ends (62). Although our present results do not rule out
such a mechanism, they do not support it either. The high
frequency of inserted DNA and the low frequency of junctions
with 0 nucleotides of homology were unexpected because of
our previous characterization of extrachromosomal end joining
(60–62) and the more recent characterization of the end join-
ing of chromosomes cut by restriction enzymes (53, 63).
Many of the characteristics of the integration process could

be accounted for by a mechanism of integration in which for-
eign DNA copies its way into the chromosome by invading a
single-stranded region (Fig. 9). Exposed single strands are nat-
ural intermediates in DNA metabolism; they arise transiently
during replication, repair, recombination, and transcription. If
transfected DNA can prime DNA synthesis with short, termi-
nal homologies, it could generate a branched structure that
could be resolved by endonuclease cutting to leave the foreign
DNA linked to the chromosome. Such a ‘‘copy-join’’ process
might be expected to leave junctions with more extensive short
homologies. An analogous priming process using short homol-
ogies has been demonstrated with extracts of Xenopus oocytes
(52) and has also been suggested as a central step in slipped-
mispairing models for gene deletions in bacteria (69). If the
branched intermediate were resolved instead by a helicase, the
invading DNA would be released with a terminal extension. A

FIG. 8. Distribution of homologies at transfected DNA integration junctions.
The distribution of 12 junctional homologies from this study (Fig. 3) is shown as
hatched bars. Also included is the distribution of seven previously reported
integration junctions from DNA transfections in mammalian cells (4, 23, 41),
shown as diagonally crossed bars. The expected distribution of homologies (black
bars) is based on the idea that the junctions arose in a way that was independent
of homology (for example, by blunt-end joining, which can exhibit homology
because of chance identities of flanking nucleotides). The expected distribution
was determined by using the formula P(x)5 (x1 1)(1/4)x(3/4)2, where P(x) is the
probability of finding x nucleotides of homology at the junction (60). For in-
stance, the probability of finding 1 nucleotide of homology at the junction is given
by (2)(1/4)(3/4)2. This value (0.28) was then multiplied by the total number of
junctions (n 5 19) to give the expected distribution (5.3 junctions of 19 total
junctions).

FIG. 9. Copy-join model for random integration events. Transfected DNA
(thick lines) primes synthesis (wavy arrow) at a 39-OH with a few homologous
nucleotides (short vertical lines) within a single-stranded chromosomal region
(gap). Resolution by endonuclease cleavage leaves the transfected DNA linked
to the chromosome. The release of the invading DNA by a helicase leaves a new
sequence at its end; integration elsewhere in the genome would result in inserted
DNA at the junction. For simplicity, copying is shown for only one end of the
transfected DNA; integration via a copy-join process would require priming at
both ends.
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subsequent integration event that used homology in the termi-
nal extension would generate a junction with inserted DNA. As
expected from this model, the fully characterized 581-nucle-
otide insert in DR15-35 has a 3-nucleotide homology with the
transfected DNA at one end and a 4-nucleotide homology with
the target DNA at the other end (Fig. 4). Such a copy-join
process might also account for the high frequency of integra-
tion at the target sites in DR15 and RKM3 cells, if the em-
bedded simian virus 40 origin promoted onion-skin replication
and exposed extensive single-stranded regions. In addition,
independent copy-join events at the two ends of the trans-
fected DNA could contribute to the extensive alterations in the
arrangement of chromosomal DNA that are commonly ob-
served at sites of integration in mammalian cells. For instance,
if the two ends of the transfected DNA each prime synthesis at
separate sites on the same chromosome, the intervening chro-
mosomal sequence would be deleted upon integration.
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