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Abstract—A 21-bp deletion in the third exon of the APRT gene in Chinese hamster ovary (CHO)
cells was corrected by transfection with a plasmid containing hamster APRT sequences. Targeted
correction frequencies in the range of 0.3-3.0 x 10~° were obtained with a vector containing 3.2 kb
of APRT sequence homology. To examine the influence of vector configuration on targeted gene
correction, a double-strand break was introduced at one of two positions in the vector prior to
transfection by calcium phosphate-DNA coprecipitation or electroporation. A double-strand break
in the region of APRT homology contained in the vector produced an insertion-type vector, while
Placement of the break just outside the region of homology produced a replacement-type vecior.
Gene targeting with both linear vector configurations vielded equivalent ratios of targeted
recombinants to nontargeted vector integrants; however, targefing with the two different vector
configurations resulted in different distributions of targeted recombination products. Analysis of 66
independent APRT™* recombinant clones by Southern hybridization showed that targeting with the
vector in a replacement-type configuration yielded fewer targeted integrants and more target gene
convertants than did the integration vector configuration. Targeted recombination was about
fivefold more efficient with electroporation than with calcium phosphate-DNA coprecipitation;
however, both gene transfer methods produced similar distributions of targeted recombinants,
which depended only on targeting vector configuration. Our results demonstrate that insertion-type
and replacement-type gene targeting vectors produce similar overall targeting frequencies in gene
correction experiments, but that vector configuration can significantly influence the yield of
particular recombinant types.

INTRODUCTION

Development of gene transfer methods
for targeted modification of endogenous
genes in mammalian cells has progressed
substantially in the past few years (1-10). In
addition to practical applications in biotech-
nology and medicine, study of targeted
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recombination has potential for elucidating
mechanisms of homologous recombination
in mammalian cells. Several recent studies
(9-13) have focused on the effects of
manipulating targeting vector structure for
introduction of sequence replacement muta-
tions to inactivate endogenous genes. Results
of these studies suggest that the frequency of
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targeted recombination in mammalian cells
depends on the extent of sequence homology
between targeting vector and target gene, but
may also be influenced by the structure of the
targeting vector (11-13).

In previous studies (14, 15), we used
targeted recombination to correct a small
deletion in exon 3 of the adenine phosphor-
ibosyltransferase (APRT) gene in a Chinese
hamster ovary (CHO) cell line, ATS-49tg.
ATS-49tg is derived from CHO-AT3-2, which
has only one APRT allele (16) and thus
provides a well-suited experimental system
for studying targeted gene correction. Analy-
sis of recombinant clones arising from ATS-
49tg after targeted correction (14, 15) re-
vealed recombinant APRT structures
consistent with three classes of recombina-
tion events: (1) targeted correction of the
deletion in the endogenous APRT gene by
sequence replacement or gene conversion
(target convertants), (2) targeted integration
into the chromosomal APRT gene (target
integrants), and (3) correction of APRT
sequences in the vector and subsequent
random integration of corrected plasmid
(vector convertants). Correction of the vec-
tor was particularly surprising in one study
(14), because the truncated APRT sequence
in the vector lacked the entire 5’ portion of
the gene and contained no homology up-
stream of the deleted region. We had
anticipated that homology on both sides of
this large deletion would be required for
correction of plasmid APRT sequences; how-
ever, vector convertants accounted for nearly
one-third (9/31) of APRT* recombinants in
this study.

In the present study, we tested the
analogous question of whether homology is
required on both sides of a double-strand
break in the vector for efficient correction of
the endogenous target gene by recombina-
tion with a targeting vector. Although other
recent studies (11-13) have examined similar
issues regarding targeted disruption of endog-
enous genes in mammalian cells, the effects
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of targeting vector structure on targeted gene
correction have not been extensively investi-
gated. In the present study, we used a CHO
cell gene transfer recipient containing a
different APRT deletion than that in ATS-
49tg cells to confirm the generality of our
previous targeted gene correction results (14,
15). This cell line, U1S-30tg, also has a
mutated excision repair cross-complement-
ing 2 (ERCC2) gene, allowing us to test
whether this particular DNA repair gene
mutation would influence targeted recombi-
nation. Finally, we compared two different,
widely used methods of gene transfer, cal-
cium phosphate-DNA coprecipitation and
electroporation, to assess the influence of
gene transfer method on targeted gene
correction. Our results indicate that electro-
poration was a more efficient avenue of gene
transfer for targeted correction of APRT
than calcium phosphate transfection. The
linear configuration of the vector in our gene
targeting experiments influenced the distribu-
tion, but not the overall frequency, of
targeted recombination events, and this
effect was independent of the method of
gene transfer.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. The
APRT-deficient CHO cell line U1S-30 was
derived from CHO cell line UVL-1 (17) by
selection for spontaneous 8-azaadenine resis-
tance as previously described (18, 19). U1S-30
cells are hemizygous at the APRT locus,
containing a single, mutationally inactivated
copy of the APRT gene with an Mspl
restriction fragment polymorphism that re-
flects loss of the exon 3 Mspl restriction site
(Fig. 1). We have been unable to obtain
spontaneous APRT* revertants from this
cell line. For the experiments described here,
a spontaneous hypoxanthine-guanine phos-
phoribosyltranferase (HPRT') -deficient sub-
clone of U1S-30 (U1S-30tg) was selected in
6-thioguanine (18, 19). Cells were cultured as
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Fig. 1. Mspl restriction fragment length polymorphism in U1S-30 cells resulting from a 21-bp deletion in the hamster
wild-type APRT gene. Restriction digestion fragment patterns resulting from Southern blots of Mspl-digested
cellular DNA from CHO cell lines CHO-AT3-2 (wild-type) and U1S-30 probed with a 3.9-kb BamH]I fragment
containing the entire hamster APRT gene are shown at the top. The loss of wild-type 1.2- and 0.35-kb fragments and
the appearance of a novel 1.5-kb fragment is due to a 21-bp deletion in U15-30 cells as shown at the bottom. The
characteristics of the deletion were determined by direct sequencing of PCR- amplified DNA as described in the

text.

monolayers in alpha-modified minimal essen-
tial medium (a-MEM) supplemented with
10% fetal calf serum (FCS), penicillin (50
units/ml), and streptomycin (50 pg/ml) at
37°C in a humidified atmosphere of 5%
CO;-95% air. Selections for GPT* pheno-
type in hypoxanthine-amethopterin-thymi-
dine (HAT) and for APRT* phenotype in
alanosine-azaserine-adenine (ALLASA) me-
dia were performed as previously described
(14). Alanosine (NSC-529469) was a gift of
the Drug Synthesis and Chemistry Branch of
the National Cancer Institute,

PCR Amplification and Direct Sequenc-
ing. A genomic DNA fragment containing

the exon 3 region of the U1S-30 APRT gene
was amplified by the polymerase chain
reaction, essentially as described by Saiki et
al. (20) using the GeneAmp DNA Amplifica-
tion kit (Perkin-Elmer/Cetus). One micro-
gram of purified genomic DNA was added to
a reaction mixture that included 1 pM of
forward and reverse amplification primers
(20-mers), deoxyribonucleotide triphosphates
at 200 uM each, and 1.25 units of AmpliTag
DNA polymerase, in a total volume of 50 pl.
DNA amplifications were performed in a
Perkin-Elmer/Cetus DNA thermal cycler for
15 cycles with denaturation for 1 min at 94°C,
annealing for 1 min at 50°C, and extension
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for 1 min at 70°C, followed by 15 cycles in
which the extension step was increased to 2
min. Following chloroform extraction and
purification through a Centricon 30 filter
(Amicon), the amplification product was
sequenced using the TaqTrack Sequencing
kit (Promega) with an internal sequencing
primer. Cycling times were as described by
Carouthers et al. (21). Samples were electro-
phoresed in 8 M urea, 6% polyacrylamide
gels, which were dried and subjected to
autoradiography.

Plasmid DNA. Plasmid pAG100 (Fig. 2)
was derived from pAG1 (22) and contains
hamster APRT sequences from an EcoRV
site in the second exon to a BamHI site in
genomic hamster DNA located ~1.4 kb
downstream from the APRT polyadenylation
signal. This plasmid also contains the GPT
transcription cassette from pSV2gpt (23).

21-bp
deletion

Fig. 2. Structures of EcoRI- and Sacl-digested plasmid
pAG100 and the U1S-30tg APRT locus. Plasmid
pAG100 contains wild-type hamster APRT sequences
from exon 2 through exon 5 as shown (exons are shown
as black boxes). Transfection with pAG100 digested
with EcoRI presents a vector with APRT homology on
both sides of a double-strand break, whereas Sacl-
digested pAG100 has APRT homology on only one side
of the break. At the bottom of the figure, the location of
the 21-bp deletion in exon 3 is shown in the target gene,
the U1S-30tg chromosomal APRT locus. Restriction
enzyme sites shown are: B, BamHI; Bg, BgllT; E, EcoRL;
H3, HindIIL; M, Mrol; P, Pstl; RV, EcoRV; §, Sacl.
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Plasmid pAG100 was derived from pAGl1 in
several steps involving intermediate plas-
mids, using conventional cloning methods
(24); construction of pAG100 resulted in the
replacement of the EcoRV site in exon 2 of
APRT with a unique Sacl site. Plasmid DNA
for transfections was prepared from cleared
lysates on CsCl isopycnic gradients (25).
Prior to transfections, linear plasmids were
purified by phenol extraction and ethanol
precipitation after treatment of EcoRI- or
Sacl-digested DNA with proteinase K (200
wg/ml) in 0.1% SDS, 1 M lithium acetate at
37°Cfor 2 h.

Gene Transfer Methods. Gene transfer
by calcium phosphate transfection was modi-
fied from methods previously described (26,
27), without using carrier DNA. U1S-30tg
cells cultured in 100-mm petri dishes
(1.2 x 10¢ per dish) were exposed to 8 pg
(each dish) of plasmid DNA—calcium phos-
phate precipitate, then shocked for 25 min
with 10% dimethylsulfoxide in culture me-
dium and replenished with fresh culture
media. Cells were detached by treatment
with trypsin-EDTA after 40-42 h and plated
into HAT and ALASA selection. Nontar-
geted, GPT* colonies were selected by
plating a small aliquot of the total population
of harvested cells to HAT dishes. Targeted
recombinants (APRT™ clones) were selected
after plating ~80% of the population to
ALASA dishes. After 12-14 days, colonies
were scored and some were cloned and
expanded for analysis of cellular DNA by
Southern blotting as previously described
(14).

Electroporation was performed using a
BioRad GenePulser electroporator. Expo-
nentially growing cells were harvested by
centrifugation after detachment of cells with
trypsin-EDTA and resuspended at 2 X 107
cells/ml in sterile, ice-cold electroporation
buffer consisting of 272 mM sucrose, 7 mM
NaH,PO, - 7TH,0, 1 mM Mg,Cl, and plasmid
DNA (10 p.g/ml). Electroporation of 0.85 ml
of resuspended cells in 0.4-cm cuvettes was
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conducted at 500 V, 25 pFD (time constant
approximately 4.5). After electroporation,
cells were held for exactly 10 min on ice,
diluted in ice-cold medium, and plated to
a-MEM (six plates per cuvette). Forty hours
later, cultures were trypsinized and plated to
selection media (HAT and ALASA) as for
calcium phosphate transfections. Frequen-
cies were calculated based on the total
number of GPT* and APRT* clones, cor-
rected for dilutions prior to plating in
selection media. Only one APRT™ clone per
independent regime was used in subsequent
Southern analysis of recombinants; an inde-
pendent regime was represented by each
original plate in calcium phosphate experi-
ments, or by each of the six plates arising
from a single cuvette in electroporations.

Southern Blor Analysis. Southern blot
hybridization analysis was performed on
DNA samples isolated from recombinant
clones using previously described methods of
DNA purification (14, 26, 27). After diges-
tion with restriction endonucleases and elec-
trophoresis in 0.8% agarose gels, DNA
samples were transferred to either nitrocellu-
lose or charged nylon (NEN GeneScreen
Plus or Oncor SureBlot) membranes by
capillary blotting. Hybridization probes were
labelled with [*?P]JdCTP by nick translation
(28) or random-prime labeling methods (29).
Conditions of hybridization and washing for
nitrocellulose membranes have been de-
scribed (14, 26); hybridization, washing, and
stripping procedures for reprobing of Gene-
Screen Plus and SureBlot membranes fol-
lowed manufacturers’ instructions. In some
cases BspMII or BspEIl isoschizomers of
Mrol, instead of this enzyme, were used in
DNA digestions for Southern blots.

RESULTS

Effects of Vector Configuration and Trans-
fection Method on APRT Targeted Correction
Frequencies. Double-strand breaks are known
to stimulate extrachromosomal homologous
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recombination in mammalian cells (30-32)
and may also promote targeted recombina-
tion (4, 10, 33, 34). In previous studies (14,
15), we used linear targeting vectors with
APRT homology on both sides of a double-
strand break to correct a deletion in the
endogenous APRT gene of transfected cells
by homologous recombination. To test
whether homology on both sides of a
double-strand break in vector DNA was
required for efficient correction of the APRT
locus, we transfected U1S-30tg cells with
pAG100 in two different linear configura-
tions. As shown in Fig. 2, EcoRI cleavage of
PAG100 results in APRT homology on both
sides of a doubie-strand break, producing an
insertion-type targeting vector, whereas cleav-
age with Sacl leaves APRT homology on only
one side of the break, producing a replace-
ment-type vector. Transfection with pAG100
in either linear configuration results in
targeted correction of the APRT deletion in
U1S-30tg, giving rise to APRT* clones.
Random vector integrations resulting from
nonhomologous recombination (i.e., nontar-
geted integrants) are GPT* and can be
selected by growth in HAT medium. Data for
frequencies of both targeted and nontar-
geted recombination in pAG100 experiments
are presented in Table 1. Transfection by
calcium phosphate-DNA coprecipitation with
HcoRI-digested pAG100 (insertion-type vec-
tor configuration) produced targeted recom-
binants at a frequency of 3 x 10-7 and
nontargeted integrants at a frequency of
2.2 x 1073, In a previous study in which we
used calcium phosphate transfection with a
similar insertion-type vector to correct a
different APRT deletion (14), we observed
similar frequencies for targeted correction
(4.1 x 1077y and random integration
(1.6 x 1073). Electroporation of pAG100 in
an insertion-type configuration produced
nontargeted integrants at a comparable
frequency (2.7 x 1073), but the frequency of
targeted correction was fivefold higher
(1.5 x 1079).
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Table 1. Frequencies of Targeted Correction Events and Nontargeted Integrations in U1S-30tg Cells

Frequencies
Total number of
cells transfected GPT+ APRT* Ratio®
EcoRI-digested pAG100 (insertion vector)
Calcium phosphate 1.2 x 108 22x 1073 03 x 1076 1/7300
Electroporation 0.7 x 108 2.7 %1073 1.5 x 1076 1/1800
Sacl-digested pAG100 (replacement vector)
Calcium phosphate 1.2 x 108 4.9 x 1072 0.7 x 1076 1/7600
Electroporation 1.7 x 108 51 x 1073 3.2 x 1078 1/1600

“Ratio of targeted recombination to nontargeted vector integration (i.e., APRT" frequency/GPT™ frequency).

Transfection of U1S8-30tg cells with
Sacl-digested pAG100 (replacement-type
vector configuration) showed the same five-
fold increase in targeted correction when the
DNA was introduced by electroporation
(Table 1). Transfections using this vector
configuration by either calcium phosphate—
DNA coprecipitation or electroporation re-
sulted in somewhat higher frequencies for
both targeted and nontargeted events rela-
tive to insertion-type vector configuration
(Table 1). The presence of a second marker
(GPT) in the targeting vector allows targeted
correction frequencies to be normalized to
nontargeted integration frequencies; thus,
the ratios in Table 1 represent the relative
efficiencies of targeted recombination. The
difference in absolute frequencies for the two
different vector configurations in both cal-
cium phosphate transfection and electropor-
ation experiments is unexplained; however,
the ratios of targeted to nontargeted frequen-
cies were very similar for both insertion-type
and replacement-type vector configurations,
when introduced by the same transfection
method (Table 1). The fact that these ratios
were constant regardless of vector configura-
tion indicates that the configuration of the
vector (i.e., insertion-type vs. replacement-
type) did not affect the efliciency of targeted
correction of the APRT locus in U18-30tg
cells. We suspect that the difference in
absolute frequencies we observed results
from some variability introduced by the

preparation of plasmid DNA or cells prior to
transfection.

Effects of Vector Configuration on Distri-
bution of Targeted Correction Events. The
target mutation in U1S-30tg cells was a
spontaneous deletion that resulted in loss of
an Mspl site in exon 3 of the single-copy,
endogenous APRT gene. PCR amplification
and direct sequencing revealed that the
U1S-30tg APRT allele contained a 21-bp
deletion in exon 3 (Fig. 1). As a consequence
of this deletion, the wild-type 1.2-kb Mspl
APRT fragment has been replaced in UI1S-
30tg by a 1.5-kb Mspl fragment, making the
U1S-30tg target and wild-type (i.e., cor-
rected) sequences easily distinguishable by
Southern blotting (see Fig. 1). This 4-bp
Mspl site is contained within a 6-bp Mrol
site, which is also lost due to the deletion.

To analyze the distribution of APRT
targeted correction events, we subjected
APRT™ clones to Southern blot analysis after
digestion with Mrol and HindIIl restriction
enzymes. Figure 3 shows diagnostic restric-
tion fragments expected at the U1S-30tg
APRT locus after targeted correction with
pAG100 leading to target gene conversion or
vector integration at the target gene; Fig. 4
shows Southern blots with examples of
targeted recombinants. The fragments illus-
trated in Fig. 3 are observed using a
hybridization probe consisting of sequences
from the BamHI site located 5’ to APRT
extending downstream to the EcoRV site in
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Fig. 3. Restriction fragment patterns for U1S-30tg
APRT recombinants. The structures of plasmid pAG100
and the endogenous U1S-30tg APRT locus are shown,
with restriction fragments generated from target locus
correction and targeted integration recombination prod-
ucts illustrated. Restriction enzyme sites follow abbrevi-
ations used in Fig. 2.

exon 2; this 600-bp fragment is absent from
pAG100 and will not detect vector sequences
unless they are linked to the endogenous
fragment corresponding to this probe. As
illustrated in Fig. 3, digestion of DNA from
U1S-30tg generates a 9-kb Mrol fragment
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and a 8.5-kb HindlII fragment, which each
contain the 21-bp deletion in exon 3 (Fig. 4,
lanes 1). In all targeted recombinants, a
1.8-kb Mrol fragment will result from linkage
of the Mrol site at the 5’ end of the gene to
the Mrol site in exon 3, which is donated by
pAG100. In targeted recombinants arising
from sequence replacement at the U1S-30tg
APRT locus (target convertants), the 9-kb
Mrol fragment will be replaced by the 1.8-kb
Mrol fragment, but the endogenous 8.5-kb
HindlIH fragment will be unchanged (Fig. 4,
lanes 2, 3, 4, 7). Recombinants arising from
targeted integration of the vector at the
U1S-30tg APRT target locus (target inte-
grants) will lose the 8.5-kb endogenous
HindIll fragment in addition to the 9-kb
Mrol fragment and gain a new 10.3-kb
HindIll fragment (Fig. 4, lanes 6). Recombi-
nants arising from correction of the deletion
in the vector (vector convertants) will retain
both the 9-kb Mrol and 8.5-kb HindIIl

B

=

¥

1 2 3 4 5 6 7

Fig. 4. Southern blot analysis of Mrol- and HindIII-digested DNA samples from APRT* recombinant clones.
Membranes were probed with the 3?P-labeled 600-bp BamHI-EcoRV APRT fragment shown at the top of Fig. 3. (A)
Mrol (BspEl) digests: lane 1is U1S-30tg DNA, lanes 2-7 are DNA samples from recombinants. (B) HindIII digests:
lanes are the same as for A. Lanes 2-4 and 7 are DNA samples from clones arising from target gene correction events
(i.e., target convertants); lane 5 is DNA from a vector convertant, and lane 6 is from a target integrant,
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fragments characteristic of the parental cell
line, but will also have the diagnostic 1.8-kb
Mrol fragment (Fig. 4, lanes 5). HindIII-
digested DNA from vector convertants will
show another band arising from random
integration in addition to the 8.5 kb fragment
derived from the target locus (Fig. 4B, lanes 5).
To determine if vector configuration
influenced the distribution of targeted correc-
tion events, we used the criteria described
above to analyze 66 independent APRT™
clones from pAG100-transfected cells; 26
clones were from transfections with EcoRI-
digested pAG100 (insertion-type configura-
tion) and 40 clones were from Sacl-digested
pAG100 (replacement-type configuration).
The results of Southern blot analysis of DNA
samples from these APRT" recombinant
clones are shown in Table 2. These data
indicate that transfection with the vector in
replacement-type configuration yielded signif-
icantly fewer targeted integrants (3/40) than
did transfection with the vector in insertion-
type configuration (9/26). In addition, the
proportion of target convertants at the
U1S-30tg APRT locus was increased using
replacement-type vector (28/40) compared
to the insertion-type vector (11/26). The
proportions of vector convertants were nearly
the same for both vector configurations.
Results presented in Table 2 also show
that the transfection method did not signifi-
cantly influence the distribution of targeted
recombination events. Targeted recombi-
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nants arising from Sacl-digested pAG100
transfections showed an almost identical
distribution for both calcium phosphate and
electroporation methods. For EcoRI-di-
gested pAG100-derived recombinants, there
was a small apparent increase in the propor-
tion of target convertants arising from cal-
cium phosphate transfection (7/14) com-
pared to electroporation (4/12). Given the
small sample size, this difference is probably
not significant; however, similar differences
are apparent in comparing these results with
results of previous studies using other inser-
tion-type vectors for targeted correction of
the CHO APRT locus (14, 15). In these ex-
periments, calcium phosphate transfection
with an insertion-type vector (14) resulted in
the distribution: target convertants (16/31),
target integrants (6/31), vector convertants
(9/31). In separate experiments (15), electro-
poration of the same cell line, ATS-49tg, with
a second insertion-type vector gave the
distribution: target convertants (17/51), tar-
get integrants (16/51), vector comvertants
(18/51). Overall, these results indicate that,
unlike vector configuration, transfection
method did not markedly affect the distribu-
tion of targeted recombinants.

APRT Recombinant Structures in Target
Integrant and Vector Convertant Clones.
APRT* recombinants were classified as
target integrants based on replacement of
the endogenous 8.5-kb HindIIl fragment
with a diagnostic 10.3-kb fragment generated

Table 2. Distribution of Targeted Correction Events at APRT Locus of U1S-30tg Cells

Target convertant Target integrant Vector convertant
EcoR1-digested pAG100 (insertion vector)
Calcium phosphate 7/14 4/14 3/14
Electroporation 4/12 54/12 3/12
11/26 (42%) 97206 (35%) 6/26 (23%)
Sacl-digested pAG100 (replacement vector)
Calcium phosphate 14/20 2/20 4/20
Electroporation 14/20 1/20 5/20
28/40 (70%) 3740 (8%) 9/40 (23%)

Blot analysis of one clone indicated the presence of original APRT gene target linkages in addition to both 10.3-kb
and 5.8-kb diagnostic targeted integration fragments in HindHI digests; this clone was classified as a target integrant
because it is highly improbable that both diagnostic HindIII fragments would be present in a vector convertant,
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by linkage of the Hindl1 site in pAG100 with
an endogenous HindlII site 5’ to the APRT
gene (see Fig. 3). Targeted integration of
vector DNA into the APRT gene results in a
partial duplication of APRT sequences, with
3.2 kb of APRT sequence from vector DNA
located 3’ to the reconstructed APRT gene
and the integrated GPT sequence. This
recombinant structure generates another
HindIIl restriction linkage diagnostic for
target integrants, a 5.8-kb fragment that
represents the linkage of the vector HindIII
site to the downstream chromosomal HindI1l
site that defines the 3’ boundary of the
endogenous 8.5-kb fragment. The 600-bp
BamHI-EcoRV APRT fragment used as the
hybridization probe for the blots of Fig. 4
(this probe is shown in Fig. 3) will not detect
this downstream HindIII fragment, since its
corresponding sequence is missing. However,
probing with the 3.9-kb BamHI fragment
containing the entire APRT gene will reveal
both diagnostic HindIIl fragments in target
integrants.

Figure 5 shows the blot of Fig. 4B
stripped and reprobed with a radiolabeled
3.9-kb BamHI fragment, revealing both
diagnostic HindH1 fragments in DNA from a
target integrant (Fig. 5, lane 6). Vector
convertants (e.g., Fig. 5, lane 5) are distin-
guished from target integrants (e.g., Fig. 5,
lane 6) in lacking the 5.8-kb diagnostic
HindIll fragment detected by the 3.9-kb
probe, as well as possessing the endogenous
8.5-kb fragment. In the case of the vector
convertant in Fig. 5 (lane 5), the 10.3-kb
HindIlI fragment is also present. This 10.3-kb
HindIII fragment was observed in 11/15
vector convertants. In these clones, correc-
tion of vector DNA has apparently resulted
in the transfer of at least 4.5 kb of upstream
chromosomal sequence (i.e., to at least the
HindIlI site ~4.5 kb upstream of the APRT
gene) to the vector prior to its integration
elsewhere in the genome. The additional
band in lane 5 indicates an additional,
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Fig. 5. Southern blot analysis of Hindili-digested DNA
samples from APRT" recombinant clones probed with
the 3.9-kb BamHI APRT fragment. The membrane of
Fig. 4B was stripped and reprobed with the #P-labeled
3.9-kb BamHI fragment containing the entire APRT
gene. Lanes are the same as for Fig. 4.

nontargeted vector integration in this clone,
which is detected by the 3.9-kb, but not the
600-bp, APRT probe.

DISCUSSION

In this study, we compared the efficien-
cies of two different methods of gene
transfer, calcium phosphate~DNA coprecipi-
tation and electroporation, in targeted gene
correction of the CHO APRT locus. Electro-
poration of pAG100 in two different linear
configurations increased the efficiency of
targeted correction about fivefold compared
to calcium phosphate transfection. This is
reflected in the ratios of frequencies of
targeted recombination events to nontar-
geted vector integrations, presented in Table
1. Several factors could contribute to the
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apparent difference in efficiencies of tar-
geted recombination between the two tfrans-
fection methods. Exposure of cells to calcium
phosphate-DNA precipitates could influ-
ence targeting efficiency by perturbing intra-
celtular levels of Ca?*, which is a potent
second messenger. Furthermore, the damag-
ing cffects of a particular gene transfer
method on transfected DNA or the cells
themselves might be an important factor. In
this study, we used standard calcium phos-
phate and electroporation transfection meth-
ods and can not rule out that modifications to
these methods might further alter the ratios
of targeted to nontargeted gene correction
frequencies.

This study also examined the effects of
targeting vector configuration (i.e., replace-
ment-type vs. insertion-type) on the fre-
quency of targeted correction of APRT and
on the distribution of recombinants among
different classes of recombination events. In
our experiments, replacement-type and inser-
tion-type configuration of the targeting vec-
tor was determined solely by the position of
the double-strand break in the vector, and
there were no other differences between the
two targeting vector types (see Fig. 2).
Results of Table 1 indicate that transfection
with the targeting vector in the two different
configurations gave very similar efficiencies
of targeted correction when targeted recom-
bination frequencies were normalized to
frequencies of nontargeted integrations, re-
gardless of the method of gene transfer. In
other gene targeting studies, two similar
comparisons of insertion and replacement
vector configurations in HPRT gene disrup-
tion experiments in mouse ES cells reached
contradictory conclusions. In one study (35),
no difference in targeting efficiency was
observed, while in a second study (11)
insertion-type vectors were apparently up to
ninefold more efficient than replacement
vectors. A recent study by Deng and Capec-
chi (13) using 22 different sequence replace-
ment and insertion vectors targeted to the
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HPRT locus in mouse ES cells showed that
replacement-type and insertion-type target-
ing vectors were equally efficient at targeted
disruption of this locus, although anoma-
lously low targeting frequencies were ob-
served with certain vectors. These vectors
apparently produced low targeting frequen-
cies because of heterologies between vector
and target gene sequences at critical posi-
tions, not because of vector configuration per
se (13). Our targeted gene correction results
at the CHO APRT locus are thus in general
agreement with the conclusions reached by
Deng and Capecchi (13) for targeted disrup-
tion at the mouse HPRT locus.

The insertion vector configuration of the
EcoRI-digested pAG100 vector used in the
present study is similar to that of insertion-
type vectors used in our previous targeted
correction experiments at the CHO APRT
locus (14, 15). In these vectors, the double-
strand break is within the region of APRT
sequence homology in the vector, with
homology to the target locus on both sides of
the break. Such a targeting vector structure,
with homologous DNA in “ends-in” configu-
ration, presumably would allow either or
both homologous arms flanking the double-
strand break to interact with the target gene
and could serve as a substrate for several
types of recombination events. These in-
clude, as we showed previously (14, 15),
targeted correction of the endogenous locus,
targeted integration of plasmid sequences at
the endogenous locus, and generation of a
functional APRT gene by correction of
vector-borne APRT sequences. The relative
proportions of these three types of recombi-
nation events in the present study using an
insertion-type vector to correct the exon 3
APRT deletion in U1S-30tg cells (Table 2)
were similar to those previously obtained
using insertion-type vectors to correct an
exon 5 APRT deletion in ATS-49tg cells (14,
15).

Although all three types of recombina-
tion events were represented among the
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targeted recombinants generated by the
replacement-type vector used in this study,
Sacl-digested pAG100, the distribution of
recombinants was substantially different from
that generated by the insertion-type vector
configuration of EcoRI-digested pAG100
(Table 2). When compared directly to EcoRI-
digested pAG100, transfection with Sacl-
digested pAG100 resulted in fewer target
integrants and more target convertants,
while vector convertants remained about the
same. In the case of an insertion-type vector,
targeted integration can arise by a single
crossover at the site of the double-strand
break within the region of APRT homology in
the vector; however, no analogous pathway
for a linear vector monomer in replacement-
type configuration would lead to targeted
integration by a single crossover. Therefore,
a decrease in target integrants with the
replacement-type vector was not unexpected
and is consistent with the double-strand
break repair model largely developed from
studies of homologous recombination in
Saccharomyces cerevisiage (36). Furthermore,
the three target integrants observed in our
experiments with Sacl-cut pAG100 could
have arisen by single-reciprocal exchange
with a recircularized vector or by recombina-
tion with concatamerized vector molecules,
as suggested to explain analogous integration
recombinants arising from targeted recombi-
nation of replacement-type vectors at the
HPRT locus in mouse ES cells (11). Thus, our
result that targeted correction of APRT with
an insertion vector generated targeted inte-
gration recombinants more efficiently than
the replacement-type vector we used is
consistent with the double-strand break
repair model. However, it is also likely that
multiple pathways generate targeted recom-
binants in mammalian cells (14), and path-
way utilization could depend on a variety of
factors including, but not limited to, target-
ing vector structure,

Transfection with pAG100 in the two
different targeting configurations yielded
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very similar proportions of vector conver-
tants (Table 2). Since both vector configura-
tions contained only a 3’ segment of the
APRT gene, correction of vector required the
transfer of 5 APRT sequences from the
chromosome to plasmid DNA. Analysis of
vector convertants showed that 11/15 picked
up at least 4.5 kb of chromosomal sequences
upstream from the APRT gene prior to
integration elsewhere in the genome (e.g.,
Fig. 4, lane 5). It is possible that transfer of
chromosomal information to vector could
have occurred by intermolecular recombina-
tion between vector DNA and an extrachro-
mosomal copy of APRT sequences, perhaps
in the form of small polydisperse circular
DNA (37, 38). Alternatively, vector mole-
cules could pick up missing APRT sequences
by invading the chromosome through its
APRT homology and priming DNA synthesis
to copy the upstream APRT sequences, as we
previously suggested (14). The priming of
DNA synthesis after homologous pairing is
an integral feature of the double-strand
break repair model for homologous recombi-
nation (36), which has significant experimen-
tal support as the primary mechanism for
targeted recombination in mammalian cells
(4, 10, 12, 15). Other mechanisms not
requiring free homologous ends, however,
are possible, and further studies will be
necessary to define the major pathways for
formation of vector convertants in targeted
recombination experiments in mammalian
cells. This type of recombinant is very
common in our targeted correction experi-
ments at the CHO APRT locus, and under-
standing its formation may account for
observations in other studies that have
reported targeted recombinants in which
vector is correctly linked to chromosomal
sequences at one end but aberrantly linked at
the other end (10, 39, 40).

The CHO cell line used in this study,
U18-30tg, has a mutation in the ERCC2Z
DNA repair gene, which is homologous to
the RAD3 gene of yeast (41). Since some
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mutations in RAD3, which encodes a DNA
helicase (42), can lead to pleiotropic effects
on mutability and recombination in yeast
(43), we were interested in the effect of the
ERCC2Z mutation on gene targeting in U1S-
30tg cells. Comparison of the results of this
study with previous targeting experiments in
a CHO cell line carrying a wild-type ERC(C2
gene (14, 15) indicate that there were no
significant differences in targeting efficien-
cies or distribution of recombinants pro-
duced by transfection with insertion vectors.
A recent study of extrachromosomal recom-
bination confirms that the ERCC2 mutation
in U1S-30 cells does not cause a significant
recombination deficiency, although a differ-
ence from wild-type CHO cells was observed
in UV stimulation of extrachromosomal
recombination (44). However, it is possible
that this or other FRCC2 mutations could
exert subtle effects on homologous recombi-
nation, such as altering the efficiency of the
repair of mismatches in heteroduplex recom-
bination intermediates. Whether or not
other mutations in the ERCC2 gene influ-
ence targeted recombination in mammalian
cells is an interesting question, open to
further investigation.
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