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A two-marker selection system that allows the efficient isolation of diploid gene knockouts by two sequential
rounds of targeted homologous recombination has been developed. A systematic evaluation of the biological
parameters that govern the selection process showed that a successful strategy must match the expression level
of the target gene, the efficacy of the marker, and the selection stringency. An enrichment ratio of 5,000- to
10,000-fold, which resulted in a 30% targeting efficiency of the c-myc gene in a fibroblast cell line, has been
achieved. Such efficiency brings the difficulty of gene targeting effectively down to the level of simple transfec-
tions, since only 10 to 20 drug-resistant clones need to be screened to recover several homologous hits. The
general utility of the targeting strategy is of interest to investigators studying gene function in a large variety
of mammalian tissue culture systems.

The principal impediment to the widespread application of
targeted homologous recombination (gene targeting) for pre-
cise and specific genetic manipulations of mammalian cells is
the low efficiency with which desired clones are recovered (30).
In mitotic mammalian cells, nonhomologous recombination is
3 to 5 orders of magnitude more frequent than homologous
recombination. Lack of success in significantly enhancing the
frequency of homologous recombination has led to the devel-
opment of genetic enrichments whose purpose is to eliminate
clones arising from nonhomologous events.
The efficiency with which homologously targeted clones are

recovered is the ratio of two absolute frequencies: that of
homologous recombination at the target locus versus global
nonhomologous recombination (30, 37). Locus-to-locus vari-
ability in the frequency of homologous recombination has been
extensively documented. Evidence is accumulating that gene
targeting in embryonic stem (ES) is significantly more efficient
than in other cell types (1). The original gene-targeting strat-
egies, either promoterless (11, 12, 21, 31) or positive-negative
(PNS [23]), led to an explosion in research using ES cells.
Analogous studies with other cell lines have remained largely
inaccessible, mainly because the low intrinsic efficiency of most
non-ES cell types makes the original gene-targeting protocols
inadequate.
To illustrate the case, a typical gene-targeting experiment

involves electroporation of vector DNA, selection of drug-
resistant colonies, cloning and establishment of cell lines, and
finally analysis by either Southern blotting or PCR to distin-
guish homologous and nonhomologous recombinants. In ES
cells, targeting vectors in current use usually yield several ho-
mologous recombinants among the first 50 to 100 drug-resis-
tant clones examined. Screening can be facilitated by combin-
ing individual clones into small pools for analysis by PCR.
Screening above the 50- to 100-clone level requires a very
significant expenditure of effort as well as time. Pooling large
numbers of colonies followed by sib selection to recover clonal
targeted cell lines is significantly hampered by clonal variability

in growth rates. In cases where the targeted clones have re-
duced growth rates (32), recovery of clonal cell lines from
complex pools is impossible. The targeting of the c-raf gene in
our laboratory (28) is a typical example of the effort required
with non-ES cell types. The primary screen involved ring clon-
ing of 960 cell lines (40 24-well culture dishes) which were
screened in pools of 12 by PCR (80 individual PCRs). The
experiment resulted in the recovery of four targeted clones.
One strategy to circumvent the problem of low efficiency is

to perform the targeting in ES cells and then establish cell lines
of interest from the mutant animals (or embryos). There are,
however, a number of compelling reasons why it would be
advantageous to perform gene targeting directly in somatic cell
lines. First, the generation of transgenic animals from ES cells
is costly and requires specialized skills. Second, homozygous
mutant embryos may not survive to a stage at which a cell line
of interest can be established. Third, in many cases the estab-
lishment of cell lines is inefficient and difficult. Fourth, estab-
lishment of cell lines involves the poorly understood processes
of crisis and immortalization. This means that any two cell
lines, even if established from the same animal, cannot be
considered isogenic. In contrast, a cell line and its directly
targeted derivative are an isogenic pair. Fifth, many cell lines
are already readily available and have been developed into
extensively characterized model systems. Analysis of pheno-
types elicited by gene targeting in such cell lines could thus
draw on a large preexisting database. Sixth, the ES cell meth-
odology is currently restricted to mice, a major impediment
when human model systems are needed. For example, signif-
icant interspecies physiological differences call into question
the validity of many extrapolations from studies of malignant
transformation in rodent model systems to human carcinogen-
esis.

MATERIALS AND METHODS

Culture conditions. TGR-1 is an early-passage, 6-thioguanine (6-TG)-resistant
subclone of the Rat-1 cell line (27). Cells were cultured in Dulbecco’s modified
Eagle medium (DMEM; Gibco) with glutamine, pyruvate, and high glucose,
containing 3.7 g of sodium bicarbonate per liter, penicillin-streptomycin, and
10% calf serum, in a 5% CO2 atmosphere at 378C.
Selection conditions. All selections were performed by incubating electropo-

rated cells for 48 h in the absence of selection, followed by trypsinization and
plating directly into selective medium. Cells were plated in selective medium at
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various dilutions but never exceeding 30% confluence at the time of plating.
G418 (Geneticin) was from Gibco, hygromycin B was from Calbiochem, and
histidinol z 2HCl and 6-TG were from Sigma. Gancyclovir was kindly provided by
Syntex Laboratories, Palo Alto, Calif. Various drug concentrations were used, as
indicated. Drug concentrations are expressed as total weight of the drug prep-
aration. According to the data sheets of the manufacturer (Gibco), the fraction
of active G418 varied from 45 to 55% in the lots used during this investigation.
The His selection was performed by using histidine-free DMEM (Gibco custom
preparation).
Electroporation conditions. Electroporation conditions have been described

elsewhere (27). The amount of targeting vector DNA was held constant in all
experiments (total of 10 mg in a 0.5-ml electroporation reaction).
Determination of enrichments. Enrichments of PNS constructs were deter-

mined by placing aliquots of a single electroporation under two selections: one
for the positive marker only, and the other for both the positive and negative
markers. A wide range of dilutions was plated in all cases. In the case of the
diphtheria toxin gene (dta), parallel electroporations were performed by using
identical constructs with and without dta. After 14 days at 378C (feeding every 4
days), dishes were stained with crystal violet and colonies were counted.
Selection and analysis of recombinants. Individual drug-resistant colonies

were picked by using cloning rings (Corning) and trypsin, transferred into 24-well
culture dishes, and expanded into cell lines. In all targeting experiments, clonal
cell lines were individually analyzed by Southern blotting hybridization. Genomic
DNA was prepared from one 6-cm-diameter dish by a miniprep procedure
involving sodium dodecyl sulfate lysis, proteinase K digestion, phenol extraction,
and ethanol precipitation. Southern blotting analysis was performed by standard
procedures (29), using a 59 flanking c-myc chromosomal probe (Fig. 1 and 2).
Since the probe sequences are absent from the targeting vector, nonhomologous
recombination events are not detected. Neomycin phosphotransferase gene
(neo) and histinol dehydrogenase gene (his) probes were also used, as indicated.
Quantitative Western blotting (immunoblotting) analysis was performed as de-
scribed previously (17, 27). Anti-Neo antibody was from 59-39, Inc. Total cyto-
plasmic extracts were prepared by the method of Nonidet P-40 lysis (27), and
protein content was determined using the micro bicinchoninic acid assay
(Pierce). Signals were detected by the enhanced chemiluminescence method
(Amersham). Signals were quantitated by reference to lanes loaded with a
dilution series of known quantities of purified Neo protein (59-39, Inc.).
Selection and analysis of mitotic nondisjunction events. TGR-1 cells were

either infected with the pZIPgpt retrovirus vector (9) or electroporated with
pSV2gpt plasmid DNA (25). Clones were selected in hypoxanthine-aminopterin-
thymidine (HAT) medium (Sigma), and cell lines that contained single-copy
inserts (determined by Southern blotting hybridization) were selected for 6-TG
resistance. To determine the reversion frequency, the cells were grown for two
passages in HAT medium and one passage (four to five doublings) in HT
medium (HAT without aminopterin) and finally selected with 6-TG (6 mg/ml) in
DMEM. For each cell line, a total of 2 3 107 cells were selected in 20 10-cm-
diameter dishes (less than 30% confluent at the time of plating). After 14 days at
378C (with feeding every 4 days), dishes were stained with crystal violet and
colonies were counted. The frequencies reported were calculated by dividing the
number of colonies by the number of cells plated.
Targeting constructs. All targeting constructs were of the replacement (dou-

ble-crossover) type, were made with isogenic DNA, and contained identical
c-myc-homologous regions (2 and 5.2 kbp on the 59 and 39 arms, respectively).
The 59 flank extended to the start of exon 1 (both P1 and P2 promoter sequences
were absent), and the 39 flank extended some 3 kbp past the end of exon 3. In
promoterless vectors, the neo (34), hyg (hygromycin phosphotransferase [3]), or

his (18) coding sequence was substituted directly at the ATG start codon of
c-myc. The constructs thus encode native Neo, Hyg, or His protein. In all cases,
the junctions were synthetic double-stranded oligonucleotides, which were li-
gated with appropriate restriction fragments from a genomic c-myc clone. PCR
was not used in the constructions, and all relevant junctions were sequenced to
confirm their fidelity. Negatively selectable genes gpt (guanine phosphoribosyl-
transferase [25]), tk (herpes simplex virus thymidine kinase [23]), and dta (38)
were placed in various combinations on the flanks. In PNS vectors, the positive
marker was the hyg gene driven by the Moloney murine leukemia virus long
terminal repeat and was also substituted into exon 2 of c-myc.

RESULTS

The PNS selection produces only limited enrichments. The
key feature of the PNS strategy is a negatively selectable
marker on the flank of the targeting vector which is recom-
bined away during the process of homologous integration. The
enrichment of a PNS selection is the ratio of clones recovered
with the positive selection only (total number of integration
events) versus the combined positive and negative selections
(homologous integrations plus all other events accompanied by
inactivation of the negative marker). In a targeting experiment
using a PNS construct, we tested 187 clonal cell lines by South-
ern blotting, but no targeted events were recovered (Fig. 1;
Table 1; see Materials and Methods for experimental details).
The degree of enrichment provided by the PNS selection was
subsequently tested with numerous constructs, using positive
(neo, hyg, and his) and negative (gpt, tk, and dta) selectable
genes in various combinations. We never observed an enrich-
ment exceeding 8- to 10-fold, and in most cases the enrich-
ments were 2- to 3-fold. We did not see any significant differ-
ences among the various negative markers or with various
combinations of positive and negative markers. When two dis-
tinct negative markers were used in one vector, the effects were
roughly additive. The low enrichments can be explained by
nucleolytic damage to the negative marker during electropo-
ration (16). A large number of reports confirming these results
have appeared in the literature (37).
Cells targeted with a promoterless neo vector are highly

G418 resistant. The promoterless strategy uses vectors in
which the positively selectable marker lacks its own promoter
but its expression is activated from the target gene promoter
following homologous integration. We succeeded in targeting
c-myc with a promoterless neo vector; 72 cell lines were
screened, and three hits were recovered, an efficiency of 4%
(Fig. 2A; Table 1). The fidelity of recombination events was
verified with several restriction enzymes and with neo as well as

FIG. 1. Structure of the c-myc gene and design of targeting vectors. The c-myc gene contains three exons, and the Myc protein is initiated in exon 2. A neo
promoterless construct is shown in the diagram (for details, see Materials and Methods). The hyg and his genes were substituted at the same position. In PNS vectors,
the positive marker was the hyg gene driven by the Moloney murine leukemia virus long terminal repeat and was also substituted into exon 2. pA, polyadenylation site;
heavy arrow, promoter; dashed lines, crossovers.
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flanking probes. Additional nonhomologous insertions were
not detected in the homologously targeted clones. Heterozy-
gous cells (cell line HET15 [32]) were plated in increasing
concentrations of G418 and were found to be resistant up to 20
mg of G418 per ml (45 mM) (Fig. 3A). This was a surprising
result because the c-myc gene does not have a strong promoter.
We then tested the G418 resistance of 10 clonal nonhomolo-
gous cell lines recovered in the targeting experiment. All were
strikingly less G418 resistant than homologously targeted cells
(Fig. 3B).
The low Neo expression level found in nonhomologously

recombined cell lines is not a property of the particular vector
construct, or of promoterless vectors in general, but rather is a
consequence of the nonhomologous integration process. This
was shown in an experiment in which commonly used Neo-
expressing vectors (pSV2neo and pRSVneo) were electropo-
rated into TGR-1 cells and selected in increasing concentra-
tions of G418 (Fig. 3D). The selections were done on pooled
populations (as opposed to isolated clonal cell lines) and show
that 80% of randomly integrated nonhomologous recombi-
nants are eliminated by increasing G418 concentrations from
600 mg/ml to 5 mg/ml.

FIG. 2. Analysis of recombination events by Southern blotting hybridization. All samples were digested with NcoI (see diagram). The untargeted locus produces
an NcoI fragment of approximately 15 kbp. Since both the neo and his sequences contain an NcoI site, neo- and his-targeted loci produce bands of 4.0 and 5.0 kbp,
respectively. The probe used (F, 59 flanking chromosomal probe; N, neo probe; H, his probe) is indicated below each lane. (A) Targeting of the first copy of c-myc with
a neo vector. Lanes: 1, phage lambda DNA digested with HindIII; 2, TGR-1 (parental diploid) cell line; 3 and 4, two independent cell lines targeted with a wild-type
neo vector (Table 1, experiment 2); 5 and 6, same as lanes 3 and 4 but probed with a neo probe. (B) Targeting of the second copy of c-myc with a his vector. Lanes:
7, phage lambda DNA digested with HindIII; 8, the parental neo-targeted heterozygous cell line (Table 1, experiment 3); 9, a his-targeted cell line (Table 1, experiment
5); 10, same as lane 9 but probed with a his probe. (C) High-efficiency targeting with a mutant neo vector. The parental cell line was TGR-1. All of the G418-resistant
clones recovered in one experiment (Table 1, experiment 4) are shown. The position of the targeted band is indicated by the arrowhead on the right. Targeted hits are
in lanes 13, 17, 22, 23, 27, and 29. pA, polyadenylation site.

TABLE 1. Summary of c-myc-targeting experimentsa

Expt Type of selection Selectable
genes

Selection (mg/ml) No. of hits/total no.
of clones analyzed

Targeting
efficiency (%)G418 Hyq 6-TG His

1 PNS hyg gpt 110 6 0/187 ,0.5
2 Promoterless/PNS neo gpt 600 6 3/72 4
3 Promoterless/PNS neo*gpt 600 6 16/173 9
4 Promoterless/PNS neo*gpt 3,000 6 6/19 32
5 Promoterless/PNS his gpt 600 6 43 7/23 30
6 Promoterless/PNS hyg gpt 600 110 6 0/48 ,2

a Selection conditions are given in Materials and Methods. In experiment 5, the histidinol concentration was lowered from that indicated in Fig. 4, because it was
found that the presence of G418 and 6-TG in the medium enhanced the effectiveness of histidinol. In experiments 1 to 4, TGR-1 cells were used. In experiments 5 and
6 a neo-targeted c-myc heterozygote expressing a c-myc transgene was used; G418 was included in the selection at 600 mg/ml to prevent the retargeting of the
neo-targeted gene copy. In all targeting experiments, clonal cell lines were individually analyzed by Southern blotting hybridization. neo*, mutant neo.
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Increasing the stringency of selection results in high target-
ing efficiency. Since the wild-type neo gene behaved as an
extremely and, in the case of c-myc, an unnecessarily powerful
selectable marker, we reduced the enzymatic activity of the
Neo protein by introducing a point mutation into the neo
coding region (39) in the promoterless vector. In a repeat of
the targeting experiment, 173 colonies were screened and 16
targeted hits were recovered (9% efficiency; Table 1). The
original and mutant-neo vectors are identical with the excep-
tion of the point mutation, but under identical selection con-
ditions (600 mg of G148 per ml and 6 mg of 6-TG per ml), the
latter is more efficient. As expected, cell lines targeted with the
mutant-neo construct displayed increased G418 sensitivity
(Fig. 3C). To determine if targeting efficiencies could be fur-
ther improved, we performed another experiment with the
mutant-neo vector which was selected at 3 mg of G418 per ml.
Only 19 colonies were recovered, but 6 of these were targeted
hits (32% efficiency; Fig. 2C; Table 1).
In a parallel selection at 5 mg of G418 per ml, only four

colonies were recovered, and one contained a targeted event.
The targeted clone grew very slowly at 5 mg of G418 per ml
(but grew well at 3 mg/ml), and it is likely that others were lost
during the ring cloning of the cell lines. G418 at 3 mg/ml is thus
the maximum selection stringency for c-myc, since the c-myc
promoter is apparently too weak to express enough of the
mutant neo gene for effective growth above this concentration
of G418. This finding, in turn, indicates that efficiencies above
32% should be possible with genes that have promoters stron-
ger than c-myc.
We estimated, using quantitative Western blotting analysis,

that homologously targeted cells produce 5 3 104 to 1 3 105

Neo molecules per cell (approximately 0.001% of total cellular
protein [16]). This level of expression if typical of low-abun-
dance housekeeping genes, such as the adenylyl cyclase
(0.003% [26]), SP1 transcription factor (0.003% [20]), cdc2
kinase (0.02% [8]), and protein kinase C (0.1% [19]) genes. A
nonhomologously recombined clone with an efficiency of plat-
ing of 5% at 2 mg of G418 per ml did not display a detectable
Neo signal on Western blots. We estimated that the detection
limit was approximately 5 3 103 Neo molecules per cell.
Selectable genes for multiple rounds of gene targeting. One

approach to generating homozygously disrupted cell lines is to
perform a second round of targeting, which requires a vector
with a distinct positively selectable gene. Experiments with neo

vectors demonstrated the importance of two aspects of the
promoterless strategy: (i) the level of marker gene expression
necessary to generate a drug-resistant clone and (ii) the ex-
pression levels elicited by individual (nonhomologous as well
as homologous) recombinant events. We applied a promoter
trap method (14, 15, 36) to assess the efficacy of positive mark-
ers and their suitability for the promoterless strategy. In an
experiment of this design, the fragments are randomly probing
the genome for sites that allow sufficient expression to yield
drug-resistant clones. Promoterless fragments with a wild-type
neo, mutant neo, hyg, or his open reading frame were excised
from the corresponding targeting vectors (Fig. 1) and electro-
porated into cells, and drug-resistant clones were selected. The
fragments were isogenic with the exception of the marker se-
quences and contained, in the following order, a short 39 seg-
ment of c-myc intron 1, the beginning of exon 2, a selectable
gene open reading frame, the simian virus 40 late polyadenyl-
ation site, the end of c-myc exon 2, and a short 59 segment of
c-myc intron 2.
The results of gene trap experiments showed that wild-type

neo is the most powerful selectable marker, mutant-neo and his
are intermediate, and hyg is very weak (Fig. 4). This finding, in
turn, predicts that a his vector should target c-myc with an
efficiency approximately that of the mutant-neo vector and that
a hyg vector may not be able target c-myc. When the his and hyg
isogenic vectors were used in targeting experiments, the his
vector yielded seven homologous hits from a total of 23 clones
(30% efficiency; Fig. 2B; Table 1), which is very similar to the
efficiency obtained with the mutant-neo vector (32%), whereas
the hyg vector yielded no homologous hits from a total of 48
clones. In both cases, the recipient cell line was a neo-targeted
c-myc heterozygote (cell line HET40) expressing a c-myc trans-
gene (Myc-estrogen receptor chimera [13]), and the cells were
grown in the presence of estrogen in the targeting experiments.
Under these conditions, the HET40 cell line grows at the same
rate as the parental TGR-1 cell line. The promoter trap ex-
periment thus accurately predicted the targeting frequencies.
The following trivial explanations for the failure of the hyg

vector to target are unlikely: (i) position effects (hyg was in the
same position as neo and his, the flanking c-myc sequences
were the same, and the recombinant junction was confirmed by
DNA sequencing); (ii) translational effects (the Kozak consen-
sus sequence surrounding the ATG initiation codon was the
same in neo, his, and hyg constructs); (iii) stringency of selec-

FIG. 3. G418 resistance measured by an efficiency-of-plating assay. (A) Heterozygous c-myc cells targeted with a promoterless wild-type neo vector; (B) cell lines
with nonhomologous insertions of a promoterless wild-type neo vector; (C) heterozygous c-myc cells targeted with a promoterless mutant-neo construct; (D) TGR-1
cells electroporated with pSV2neo and pRSVneo vectors. Clonal cell lines were used in panels A to C. In panel D, the pooled population following electroporation was
used. Cells were trypsinized, diluted, and plated with the indicated concentrations (milligrams per milliliter) of G418. A wide range of dilutions was plated. The medium
was buffered withN-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid (HEPES) at pH 7.4. After 14 days at 378C (feeding every 4 days), dishes were stained with crystal
violet and colonies were counted.

48 HANSON AND SEDIVY MOL. CELL. BIOL.



tion (the drug concentration used was the minimum necessary
[110 mg of hygromycin B per ml] to eliminate sensitive cells);
and (iv) mutations in hyg sequences (the hyg gene was obtained
from a common vector [pY3 {3}] and functioned well in that
plasmid or when recloned with another promoter). In addition,
a plasmid in which the c-myc promoter was reconstructed into
the targeting vector yielded very few Hyg-resistant clones,
whereas insertion of a long terminal repeat promoter restored
the yield of Hyg-resistant clones to the level of the original pY3
plasmid. We conclude that the hyg vector failed to target be-
cause the c-myc promoter is too weak to express sufficient Hyg
protein to generate a drug-resistant clone.
Homogenotization of heterozygously targeted loci. Two

strategies can be used to obtain homozygous cell lines: direct
targeting of the second gene copy and homogenotization of a
heterozygously targeted clone by selection in high drug con-
centrations (24). The probable mechanism of homogenotiza-
tion is duplication of the targeted chromosome in combination
with loss of the untargeted chromosome. Non-sister chromatid
exchange is such an exceedingly rare event in mitotic cells that
gene conversion is an unlikely mechanism (4). Mitotic nondis-
junction, which can lead to either chromosome duplication or
loss, has been documented to occur at frequencies of 1023 to
1024 in many cell lines (6, 7, 33). We selected mutant-neo-
targeted cells (Fig. 3C) at 20 mg of G418 per ml (efficiency of
plating of 1 to 2%), but among 51 cell lines recovered, no
homozygotes were found. Lethality of the Myc2 phenotype
cannot account for the failure to homogenotize, because the
cells were transfected with a conditional Myc-expressing trans-
gene (13).
We examined the propensity for nondisjunction by introduc-

ing single-copy insertions of the gpt gene and testing individual
clones for spontaneous resistance to 6-TG. Single-copy gpt
integrants were obtained by both infection with the retroviral
vector pZIPgpt and electroporation with the plasmid vector
pSV2gpt. Clonal cell lines were established and screened by
Southern hybridization, and cell lines with multiple integration
events were discarded. Fifteen single-copy Gpt1 cell lines
(nine ZIPgpt derived and six pSV2gpt derived) were tested for
reversion to a Gpt2 phenotype be selection in 6-TG (Materials
and Methods). Two distinct frequency classes were observed:
high (1023 to 1024) and low (1026 to 1027). Four cell lines fell

into the high-frequency class (2 each ZIPgpt and pSV2gpt de-
rived), and 11 cell lines fell into the low-frequency class (7
ZIPgpt derived and 4 pSV2gpt derived). Selections repeated in
an independent experiment with three cell lines produced the
same results.
Only the low-frequency class is consistent with spontaneous

mutagenesis of the gpt gene in several cell lines (2) as well as
with spontaneous mutagenesis of the hprt gene in Rat-1 cells
(27). Southern blotting hybridization showed that a gpt signal
was lost in cell lines of the high-frequency class but not of the
low-frequency class. Reversion to 6-TG resistance in the high-
frequency class could be enhanced approximately 10-fold by
sublethal concentrations of colcemid, a treatment known to
increase chromosome nondisjunction. These results indicate
that the Gpt2 phenotype was due to point mutagenesis in the
low-frequency class and to mitotic nondisjunction in the high-
frequency class. The failure to homogenotize is thus not a
general property of the TGR-1 cell line, and, most importantly,
some chromosomes apparently cannot be homogenotized by
nondisjunction.

DISCUSSION

A systematic evaluation of the biological parameters opera-
tive during the selection process for homologously targeted
events has not been reported; investigators have typically em-
ployed minimum drug concentrations required to elicit effec-
tive killing, and various selectable markers have been used
essentially interchangeably. We found that enrichment ratios
of up to 5,000- to 10,000-fold can be obtained with promoter-
less vectors by exploiting the biological characteristics of se-
lectable markers and the chromosomal target gene. Our exam-
ination of commonly used selectable genes revealed that
widely differing levels of expression are necessary to generate
drug-resistant clones. A powerful selectable marker is required
to target a gene expressed at a low level, whereas weaker
markers can be used with more abundantly expressed genes. A
powerful marker, however, also generates a high background
of nonhomologous events, since many exceed the low expres-
sion threshold required to generate drug-resistant clones. We
also found that marker genes integrated homologously are
expressed at a significantly higher level than those integrated
nonhomologously, which provides a large window of opportu-
nity for differential selection.
The high efficiencies that we observed are not due to an

unusual recombinogenicity of the c-myc locus, since a conven-
tional isogenic PNS vector had an efficiency of less than 0.5%.
The high efficiencies are due to the progressive elimination of
nonhomologous recombinants. This is evidenced by the fact
that the absolute frequencies of homologous recombination
were essentially identical in all our experiments: 5.9 3 1026

(one hit in 1.7 3 105 cells surviving electroporation) in the
initial experiment (Table 1, experiment 2; 4% efficiency) and 3
3 1026 (one hit in 3.3 3 105 surviving cells) in the final
high-efficiency experiment (Table 1, experiment 4; Fig. 2C;
32% efficiency). A comparison of these absolute frequencies
with frequencies typically obtained in ES cells (37) also under-
scores the fact that the c-myc locus in TGR-1 cells is actually of
relatively low recombinogenicity. The low frequency of target-
ing is not due to inefficient electroporation, since the absolute
frequencies of both transient and stable transfection (2.5 3
1021 and 1 3 1022 to 3 3 1022, respectively) are quite high in
TGR-1 cells (27). From these values, the overall enrichment
ratio can be calculated to be 5 3 103 to 1 3 104.
The level at which a selectable gene must be expressed to

generate a drug-resistant clone, a property that we refer to as

FIG. 4. Estimation of selectable marker efficacy in gene trap experiments.
Parts A and B show experiments performed on separate occasions under iden-
tical conditions. Restriction fragments containing the indicated selectable mark-
ers were excised from the corresponding targeting vectors (Fig. 1) and gel
purified. Recovery was determined by gel electrophoresis of dilution series and
comparison with standards of known concentration. Equivalent amounts of DNA
(5 mg) were electroporated in parallel into TGR-1 cells. Selection conditions:
wild-type neo (neo1) and mutant-neo (neo*), 600 mg of G418 per ml; his, 86 mg
of histidinol per ml (0.4 mM); hyg, 110 mg of hygromycin B per ml. In separate
experiments, 110 mg of hygromycin B per ml was determined to be the minimum
concentration required to effectively eliminate sensitive TGR-1 cells. A wide
range of dilutions was plated. After 14 days at 378C (feeding every 4 days), dishes
were stained and colonies were counted.
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marker efficacy, is an important parameter in gene targeting.
We have used a biological promoter trap assay to assess the
efficacy of several selectable markers and found large differ-
ences among them. The hyg gene produced 200-fold-fewer
colonies than wild-type neo. This finding indicates that wild-
type neo is a powerful selectable marker and accounts for the
fact that it can be used to target a gene with a relatively weak
promoter, such as c-myc (albeit with intermediate efficiency,
since nonhomologous hits with low expression can also score).
This finding also predicts that wild-type neo can be used to
target genes with even weaker promoters, which has been
documented (10, 22). hyg scores as a very weak selectable
marker, which explains why it cannot be used to target a gene
like c-myc. This finding predicts that hyg can be used to effi-
ciently target genes with strong promoters, which has also been
documented (35). The mutant-neo and his genes are interme-
diate: they can be adequately expressed from the c-myc pro-
moter, but since they are weaker than wild-type neo, better
efficiencies of targeting are obtained. In all cases examined, the
results of promoter trap experiments agreed with subsequent
targeting efficiencies. The efficacies of selectable markers can
be fine-tuned by adjusting the drug concentrations in the me-
dium.
Since the selection strategy that we have developed is based

on exploiting the biological properties of selectable genes, it
should be generally applicable to other loci as well as cell lines.
In other words, whatever the recombinogenicity of a given
chromosomal locus, our strategy should achieve a high enrich-
ment ratio on top of that intrinsic frequency. The selection
strategy is based primarily on the surprising observation that
nonhomologous recombination following electroporation re-
sults in poor expression of the transfected genes. Since the
enrichment ratio is determined by both the expression level of
the target gene (the lower the expression, the lower the en-
richment) and its intrinsic recombinogenicity, we believe that a
significant point in assessing the general applicability of the
strategy is that the c-myc gene is a good representative of an
‘‘average’’ gene likely to be encountered in future targeting
experiments. In other words, the c-myc gene is not expressed at
a high level, and it is not unusually recombinogenic.
Several strategies can be used to boost the expression level

of the selectable marker protein (and thus the overall enrich-
ment) from very weak target promoters. In the case of c-myc,
the mRNA has a short half-life; placing a polyadenylation site
immediately 39 to the selectable marker removed the major
destabilization sequence from the mRNA and greatly en-
hanced expression. Many low-abundance proteins are trans-
lated from messages with poor Kozak box consensus sequenc-
es; replacement with an optimal sequence would enhance
expression of the selectable marker protein. Our strategy of
having the c-myc start codon synonymous with that of the
selectable marker would allow this strategy and also precludes
problems with multiple translational starts or reduced enzy-
matic activity of fusion proteins. This strategy, however, has
the disadvantage in cases where the translation start and the
promoter are separated by insufficient length of sequence to
construct an effective targeting vector.
As a method to obtain homozygous knockout cell lines, the

successful use of a homogenotization method has been docu-
mented in a number of cases (5, 24), but we as well as others
(1) have found that it is not universally applicable. We believe
that this is because homogenotization occurs by mitotic chro-
mosome nondisjunction, and the loss of certain chromosomes
would be prevented by the presence of recessive lethal muta-
tions. The acquisition of recessive lethal mutations may be a
general property of cell lines that have been extensively cul-

tured in vitro. Another disadvantage of homogenotization is
that unless cells are recently derived from highly inbred ani-
mals, the nondisjunction derivative and the parental cell line
cannot be considered isogenic. To directly target two gene
copies, targeting vectors with distinct selectable markers are
required. In this context, it is significant that the his marker
displayed the same high efficiency as the mutant-neo marker.
We have thus developed the tools to rapidly and efficiently
target two gene copies in any diploid cell line.
Our data on Neo expression in c-myc recombinants, and the

relative efficacies of selectable markers, can be used as a guide
in the design of future targeting strategies. We recommend the
following procedure to optimize selection conditions (28). The
expression level of the target gene is quantitated in the cell line
of interest, and this information is used to choose a selectable
marker. A targeting vector incorporating the marker gene is
constructed, cells are electroporated, and aliquots are selected
with increasing drug concentrations. For each aliquot, plates
are trypsinized to establish several pools (without ring cloning
of colonies), and each pool is analyzed by PCR. Targeted
events are typically present in pools selected at low drug con-
centrations. As the concentration of drug at which the target
gene promoter is unable to sufficiently express the selectable
marker is reached, homologous recombinants rapidly disap-
pear. Total colony numbers (the sum of homologous and ille-
gitimate events) decrease continuously with increasing drug
concentrations. The objective of this pilot experiment is to
determine the maximum drug concentration at which targeted
events can be recovered. Targeting efficiencies can also be
calculated. The electroporation is then repeated, with selection
at the drug concentration determined to yield the maximum
efficiency of targeting, and the requisite number of individual
colonies are cloned.
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