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ABSTRACT Targeted recombination in murine embry-
onic stem cells promises to be a powerful tool for introducing
specific mutations into target genes to study development in
mice and to create animal models of human disease. Gene
targeting also holds potential for correcting genetic defects as
an approach to human gene therapy. To precisely modify target
genes, homologous recombination must proceed with high
fidelity. However, several results have suggested that targeted
recombination may be highly mutagenic. To test the accuracy
of gene targeting we analyzed 44 independent targeted recom-
binants at the hypoxanthine phosphoribosyltransferase
(HPRT) locus in a human fibroblast cell line and in mouse
embryonic stem cells. We surveyed 80 kilobases around the
sites of recombination by using chemical cleavage of mis-
matches. Only two mutations were found: a T -* G transver-
sion and a thymidine deletion. Thus, gene targeting in mam-
malian cells can be extremely accurate. These results demon-
strate the feasibility of generating precise modifications of
mammalian genomes by gene targeting.

Brinster et al. (8). In gene targeting designed to correct a
deficient mouse major histocompatibility complex class II Ea
gene directly in mice by pronuclear injection, 15 new muta-
tions were introduced into a segment of the target gene only
1.5 kilobases (kb) long.

In this work, we have addressed the question of fidelity by
analyzing targeted recombination events at the HPRT locus
in two cell types: the immortalized human fibroblast line
HT1080 (9), and mouse ES cells (1). We have used a strategy
of chemical cleavage of mismatches (10, 11), which has
permitted us to scan large stretches ofDNA in the vicinity of
recombination events for mutation. The results show that
targeted recombination in both cell types is extremely accu-
rate. A comparison of our results with previous data suggests
conditions under which precise modifications of mammalian
genomes can be accomplished by gene targeting.

MATERIALS AND METHODS

Gene targeting has become a powerful tool for functional
analysis of genes in vivo. In conjunction with mouse embry-
onic stem (ES) cell technology, it has made it possible to
generate mice with mutations at virtually any desired locus
(1-4). Much of the work to date using gene targeting has
involved insertion of a selectable marker into an exon of the
target gene, so that the reading frame is interrupted. Although
this approach is valuable to study the effects ofgene ablation,
detailed analysis of a gene product and the control of its
expression will require modification at the level of specific
nucleotides. To achieve such precise modifications, targeted
recombination must proceed with very high fidelity.

In contrast to intrachromosomal recombination, which
seems very accurate in mammalian cells (5), several lines of
evidence have suggested that targeted recombination may
induce additional mutations with high frequency (6-8). The
first evidence of induced mutations came from experiments
by Thomas and Capecchi (6), in which a deficient neomycin
resistance (neo) gene was corrected by recombination. Ofthe
cell colonies with restored neo function, fully 50% resulted
from the acquisition ofnew mutations in the neo gene, rather
than from correction of the original mutation. The actual
mutation frequency may have been even higher because
mutations that did not generate a functional neo gene would
not have been scored. Doetschman et al. (7) have reported an
experiment in which two of six targeted recombination events
at the hypoxanthine phosphoribosyltransferase (HPRT) lo-
cus in mouse ES cells were accompanied by deletion muta-
tions. A particularly striking instance has been reported by

Electroporation and Selection of Targeted HPRT Recombi-
nants. The targeted human HPRT clones were derived by
electroporating the HindIII-digested vector RV6.9h (Fig. 1A)
into the HT1080 cell line, by using a Bio-Rad Gene Pulser
apparatus. Cells (1 x 107) were resuspended in 800 A.l of
phosphate-buffered saline containing 50 ,tg of DNA and
electroporated at 250 uF and 1125 V/cm. The treated cells
were selected in G418 at 400 ,ug/ml 24 hr later, and 6-thiogua-
nine at 5 tug/ml was applied 10 days after G418 selection.
Independent G418 and 6-thioguanine-resistant colonies were
picked, grown up, and analyzed by PCR and/or Southern
analysis. The maintenance of ES cultures and the targeting
process on the mouse HPRT gene in AB1 ES cells have been
described (1, 12).
Chemical Cleavage of Mismatches. The chemical mismatch

cleavage reaction was done essentially as described, except
that 250 ng of genomic DNA was used as template for PCR,
and the hydroxylamine reaction was shortened to 10-15
min (11). The products were resolved by electrophoresis in a
4% denaturing polyacrylamide gel followed by autoradiogra-
phy.
PCR Direct Sequencing. The method for PCR direct se-

quencing has been described (13). For sequencing of the
human HPRT mutant T11, the template was obtained by a
PCR using primers b and d to amplify the downstream
fragment containing the cleavage site (Fig. 3B). A single-
strand PCR reaction was done by using the first PCR product
and primer d only. Primer b was labeled with [y-32P]ATP
through a kinase reaction and used as the annealing primer for
dideoxynucleotide chain-termination sequencing.

Abbreviations: ES cells, embryonic stem cells; neo, neomycin
resistance; HPRT, hypoxanthine phosphoribosyltransferase.
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FIG. 1. Gene targeting pathway and primer design for mutation detection. (A) Gene targeting at the HPRT locus using replacement vectors.
The 2.1-kb arm of the human gene targeting vector was separated into two PCR products for chemical mismatch cleavage reaction. Primers a
and c and e and c amplified the upstream fragment of wild-type (1.7 kb) and targeted clones (1.5 kb), respectively, and primers b and d amplified
the downstream fragment 1.5 kb in length. Primers b and c were overlapped by 150-bp sequences. The 1.2-kb 3' arm ofthe mouse vectorRV6.8m
was amplified as a single PCR fragment using primers h and g, which generated a fragment of 1.5 kb. Primers f and g were used to amplify
wild-type AB1 cells. The orientation of each primer was shown by the arrow. H, HindIII; S, Sac I; and R, EcoRI. Sequences of primers are
as follows: a, 5'-CCT TAT GAA ACA TGA GGG CAA AGG-3'; b, 5'-CAG GGT AGA AAT GCT ACT TCA GGC-3'; c, 5'-GCT CGA CAT
TGG GTG GAA ACA TTC-3'; d, 5'-TAA AGG CTG GCC AGT TAT ACT GCC-3'; e, 5'-CAC TAC TTC CTA CCC ATA AGC TCC-3'; f,
5'-TTA TGA TTA CAG TCC AGC CTG GGC-3'; g, 5'-CTC TGT GAG CCA CTA TGT AAG TGC-3'; and h, 5'-ATC GCC TTC TAT CGC
CTT CTT GAC-3'. (B) Gene targeting at the mouse HPRT locus using insertion vectors. Primers f and g were used to amplify both the wild
type and the 3'-duplication of the targeted clones. R, EcoRI; B, BamHI; and BN is part ofthe BamHI-Not I-BamHI linker derived by linearizing
with Not I. The oligonucleotide sequences are as follows: BamHI linker, 5'-AAT TGC CGG ATC CGG CCG GAT CCG GGC-3'; BamHI-Not
I-BamHI linker, 5'-TCG ATG GAT CCG CGG CCG CGG ATC CA-3'.
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Subcloning Sequencing. The wild-type AB1 DNA and the
mutant IV6.8BN J8 were amplified by primers f and g. The
PCR products were digested with Xho I and EcoRI and
subcloned into pTZ18u vector. Automated DNA sequencing
was done on an ABI 370A fluorescent sequencer.

RESULTS
Gene Targeting at the Human and Mouse HPRT Locus. For

these experiments we examined targeting to the same region
of the HPRT gene-=6.8 kb that encompasses exons 2 and
3-in human HT1080 cells and mouse ES cells. We chose to
disrupt the wild-type HPRT gene, rather than correct a
defective gene, to avoid selecting against potential recombi-
nation-induced mutations. Two kinds of vector architecture
were tested: replacement vectors were used in human and
mouse cells (Fig. LA), and insertion vectors were used in
mouse cells (Fig. 1B) (14). The targeting vector for human
cells RV6.9h (Fig. lA) consisted of a 6.9-kb HindIII segment
of the HPRT gene (15). A pMClneopA gene (14) was inserted
at the Xho I site in exon 3, which separated the HPRT
sequence into 4.8-kb 5' and 2.1-kb 3' elements. The replace-
ment vector for mouse ES cells RV6.8m (Fig. lA) contained
a 6.8-kb Sac I-EcoRI fragment ofthe mouse HPRT sequence
(16), which was interrupted by insertion of a PGKneobpA
gene into the Xho I site of exon 3 (2). The lengths of 5' and
3' homologous sequences were 5.6 kb and 1.2 kb, respec-
tively.
Three insertion vectors were used: IV6.8, IV6.8R-B, and

IV6.8BN (Fig. 1B). All of these contained the same HPRT
sequence as RV6.8m, the pTZ vector, and the pMClneopA
gene inserted in the plasmid backbone. Vector IV6.8 con-
tained the wild-type HPRT sequence. Vectors IV6.8R-B and
IV6.8BN were derived from vector IV6.8 by inserting a
BamHI linker into the EcoRI site in HPRT intron 2 or a
BamHI-Not I-BamHI linker into the Xho I site of exon 3,
respectively. Vectors IV6.8 and IV6.8R-B were linearized at
the Xho I site, whereas vector IV6.8BN was linearized by
Not I digestion before being introduced into ES cells. Tar-
geted recombinants the structures of which were verified to
match those shown in Fig. 1 were used to assess the accuracy
of gene targeting.
Primer Design for PCR Amplification of Targeted Recom-

binants. In all cases the focus for analysis was the short arm
of the targeting vector; in this way we could cover the entire
region in which a recombination event occurred. Using PCR
technology we amplified fragments across target regions in
the parent chromosome and from the targeted recombinants,
using primers as indicated in Fig. 1. Because mutations at the
ends of vectors had been previously observed (1, 7), we
positioned the 3' primer 500 and 150 nucleotides outside the
end of homology with the vectors for targeting human and
mouse cells, respectively, so that mutations immediately
adjacent to the target site would be detected. In the initial
phase ofthe work, PCR products from targeted recombinants
in human cells were sequenced directly. A total of 2 kb of
DNA sequence from three independent recombinants were
analyzed and were found to match perfectly with the pub-
lished sequence (data not shown). These results suggested
that the mutation rate may be low in human cells and that we
would need to compare larger stretches to find evidence for
mutations.
Chemical Cleavage of Mismatches. To compare large

stretches of sequence rapidly, we used the technique of
chemical cleavage of mismatches (10, 11). In this method,
PCR fragments from the wild-type and targeted clones are
generated, and heteroduplexes are created between the two
PCR products. Any sequence difference leads to a mismatch
that must expose either a thymidine or a deoxycytidine in one
of the two possible heteroduplexes (Fig. 3). Thymidines and

deoxycytidines in mismatches are susceptible to modification
by either hydroxylamine (which reacts with deoxycytidines)
or by osmium tetroxide (which reacts primarily with thy-
midines and to a lesser extent with deoxycytidines). Subse-
quent cleavage by piperidine generates fragments the lengths
of which correspond to the sites of the mismatches. By using
a single-labeled primer in the PCR reactions, it is possible to
identify individual strands in either heteroduplex and, there-
fore, to detect- all mutations (11). Because the frequency of
mutations was apparently low, we set up several positive
control mismatches for the cleavage reactions from known
mutants as indicated in Figs. 2 and 3 (17). It was shown that
all three classes of mutations-i.e., point mutations, dele-
tions, and insertional mutations, could be correctly detected.

Analysis of Clones Targeted with Replacement Vectors.
Using chemical cleavage strategy, we analyzed 11 human
clones that arose from targeting with the replacement vector
RV6.9h (Fig. 1A). In >30 kb screened, a sequence difference
was detected in only one recombinant (Fig. 3B). Direct
sequencing of the PCR product revealed a T -) G transver-
sion mutation at the site of cleavage (Fig. 3B). In this targeted
recombinant, the wild-type sequence was also evident in the
sequencing gel, suggesting a mixed colony (which could have
resulted either from an error of replication that occurred after
a single targeted event or from two separate targeted events,
only one of which was accompanied by a mutation). The
presence of only one mutation in the 30 kb around the
targeting sites suggests that gene targeting at the human
HPRT locus proceeds with high fidelity.
At the HPRT locus in mouse ES cells we analyzed two

targeted recombinants that arose from a replacement vector
(Fig. 1A). Neither targeted recombinant contained a detect-
able mutation (data not shown).
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FIG. 2. Chemical mismatch cleavage reaction on control DNA.
(A) Representation of heteroduplexes. RJK 1332 had a GT deletion
and RJK 892 had a C -- A point mutation in exon 3 (17). The probe
was made by a PCR using radiolabeled primer a and nonlabeled
primer c and RJK 1332 DNA as template. When the probe was
annealed to the antisense HT1080 DNA, the wild-type sequence
served as an insertional mutation at the site ofdeletion, and a product
of450 base pairs (bp) was expected to form if topological stress could
lead to a cleavage at this site. When the same probe was annealed to
another mutant, RJK 892, in addition to the cleavage product
expected from HT1080 DNA, another product should be formed at
400 bp, corresponding to the C A point mutation, i.e., C -* T
mismatch. Because the reaction is partial, the 1.7-kb wild-type
product should be seen in all cases. (B) Demonstration of the
cleavage products. The wild-type products at 1.7 kb existed in all
lanes. There was no specific cleavage products when the probe was
annealed to itself (lanes 1 and 2). However, expected cleavage
products were generated when the probe was annealed to both
HT1080 DNA (lane 4) and RJK 892 (lane 6). H, hydroxylamine; 0,
osmium tetroxide.
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FIG. 3. Chemical mismatch cleavage reaction and mutation
detection. (A) Chemical cleavage reaction on control, HT1080
cell line, and targeted human HPRT clones. The wild-type
HPRT clones from which the published sequence was derived
were used to make probes. (Left) Probes were labeled at top
strand. (Right) Probes were labeled at bottom strand. Ti, T5,
and T6 were three targeted human HPRT clones. The wild-type
products (1.7 and 1.5 kb) could be seen in all samples, and the
deletion mutant, RJK 1332, generated the expected cleavage
products by both probes (0.45 and 1.2 kb). However, neither the
HT1080 cell line nor the targeted clones gave any cleavage
products. (B) Mutation and sequencing. Til was a targeted
HPRT clone that produced a unique cleavage product by
osmium tetroxide reaction (115 bp). PCR direct sequencing
method was done and revealed a double sequencing at the site
of cleavage: thymidine was the wild-type sequence, and deoxy-
guanosine represented the mutation (Right). (C) Chemical

0.13- mismatch cleavage reaction on targeted mouse HPRT clones.
1 2 3 4 5 6 7 89101112 1314 2 3 4 5 67 8910 I111I 2 4311 Only osmium tetroxide cleavage reactions were shown. The

probes were PCR products by primers f and g with either f
RBJ10 BNJ8 RBJ 10 ~~~~~~~~labeled (Left) org labeled (Right), using ABi1 DNA as template.RBJ10 BN.4Jb8RI]1When the top strand-labeled probe was annealed to itself (Left,

01 kb jc'. lane 1), in addition to the wild-type product (1.5 kb), there was
a background cleavage product at 600 bp. This product could be'...'.h117/22222Z ~ seen in all DNA samples and corresponded to cleavage at a

27~~~ ~ ~ ~ ~ ~ ~~~c-14k & string of thymidines. In clone R-B J1O, the BamHI mutation
could be detected by both probes (Left and Right, lanes 2),

which in sum, gave the length of the wild-type product. Three targeted clones generated by vector 1V6.8R-B (R-B J6, J7, and J9) and nine clones
by vector 1V6.8BN (BN J1-J9) were shown, only one cleavage product could be detected (Left, BN J8, lane 13). (D) Mutation sequencing. (Left)
Wild-type sequence from ABi cells. (Right) Mutant with a thymidine deletion in the eight-thymidine cluster.
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Table 1. Summary of chemical mismatch cleavage results on
targeted HPRT clones

Species Human Mouse
Cell line HT 1080 AB 1
Class Fibroblasts ES cells
No. of clones
Replacement 11 2
Insertion 0 31

Sequence analyzed on each
clone (kb) 2.8 1.5

Total sequence analyzed (kb) 31 50
No. of mutations 1 1
Type T-G Deletion of T

transversion

Analysis of Targeted Clones Generated with Insertion Vec-
tors. The replacement vectors used in targeting the mouse
and human HPRT genes were perfectly homologous to the
chromosome. Because a high frequency of mutation was
previously observed resulting from heteroduplex formation
(6), we decided to examine the influence oflimited heterology
in our targeting vectors. We used targeted recombinants that
arose from three different insertion vectors (Fig. 1B). One
vector, IV6.8 was identical to the chromosomal sequence; a
second, IV6.8R-B, had an internal EcoRI site changed to a
BamHI site by insertion of a linker (12); and the third,
IV6.8BN, carried 13 nucleotides of heterology at each free
end by linearizing with Not I. Ten products from each vector
that generated the wild-type sequences in both duplications
and one recombinant from IV6.8R-B that had the wild-type
EcoRI site changed to the BamHI site in both duplications
(IV6.8R-B J10) were chosen for chemical cleavage analysis.
These particular recombinants were selected because they
were the most likely to have resulted from repair of hetero-
duplexes formed during the recombination event. All 31
recombinants were analyzed. One new mutation was de-
tected in a recombinant derived from the vector IV6.8BN,
which carried short terminal nonhomologies (Fig. 3C). Au-
tomated DNA sequencing of the PCR product showed dele-
tion of a thymidine at the site of cleavage (Fig. 3D).

DISCUSSION
The chemical mismatch cleavage data derived from the
analysis of all targeted clones are summarized in Table 1.
Only two mutations were detected from a total of 80 kb
around 44 targeted sites, indicating that targeted recombina-
tion, like intrachromosomal recombination (5), can be very
accurate in mammalian cells. In mouse cells heterology at the
free ends of the vector or at a single site within the vector did
not have an effect on the frequency of mutation.
These results contrast with previous reports in which

targeted recombination seemed mutagenic (6-8). For the
results obtained by Thomas and Capecchi (6) and by Brinster
et al. (8), the vectors were introduced by microinjection, and
the vector and chromosomal sequences were not identical.
Microinjection could conceivably disturb the normal fidelity
of recombination, or, alternatively, the formation of mis-
matched heteroduplexes during recombination could induce
an error-prone repair process. However, in our experiments,
limited heterology either inside the homology or at the end of
homology did not result in any increase in the frequency of
mutation.
The mutations detected in our experiments could have

arisen spontaneously in the cells before transfection or may
have arisen during the recombination process or during
electroporation of the DNA into the cells. While the source

of our mutations is unclear, the low frequency observed in
this study should not interfere with gene targeting as an
approach to achieve accurate modifications of chromosomal
loci in mammalian cells.
Gene targeting technology has moved beyond simple gene

"knock-outs;" methods have now been developed to create
very subtle modifications of mammalian genomes by homol-
ogous recombination (12, 18-20). The ability to create subtle
mutations in ES cells and carry them into the mouse germ line
is essential for detailed in vivo analysis of gene function and
regulation and for creating animal models that precisely
mimic mutations of human diseases. Here we studied the
products of targeted recombination at the nucleotide se-
quence level and demonstrated that it is an extremely accu-
rate process. Thus, precise modifications of mammalian
genomes can be achieved by gene targeting with high fidelity.
In addition, this work assures that targeted recombination
can be used to correct a deficient gene in a predictable
manner and, therefore, could be applied in human gene
therapy.
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