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We have investigated cotransformation in mammalian cells and its potential for identifying cells that have
been modified by gene targeting. Selectable genes on separate DNA fragments were simultaneously introduced
into cells by coelectroporation. When the introduced fragments were scored for random integration, 75% of the
transformed cells integrated both fragments within the genome of the same cell. When one of the cointroduced
fragments was scored for integration at a specific locus by gene targeting, only 4% of the targeted cells
cointegrated the second fragment. Apparently, ceUs that have been modified by gene targeting with one DNA
fragment rarely incorporate a second DNA fragent. Despite this limitation, we were able to use the
cotransformation protocol to identify targeted cells by screening populations of colonies that had been
transformed with a cointroduced selectable gene. When hypoxanthine phosphoribosyltransferase (hprt)
targeting DNA was coelectroporated with a selectable neomycin phosphotransferase (neo) gene into embryonic
stem (ES) cells, hprt-targeted colonies were isolated from the population of neo transformants at a frequency
of 1 per 70 G418-resistant colonies. In parallel experiments with the same targeting construct, hprt-targeted
cells were found at a frequency of 1 per 5,500 nonselected colonies. Thus, an 80-fold enrichment for targeted
cells was observed within the population of colonies btansformed with the cointroduced DNA compared with the
population of nonselected colonies. This enrichment for targeted cells after cotransformation should be useful
in the isolation of colonies that contain targeted but nonselectable gene alterations.

Gene targeting by homologous recombination is a power-
ful tool for creating planned alterations at chromosomal loci.
It has been used in mammalian cells both to inactivate
specific genes (14, 17, 26, 36) and to correct characterized
mutations (1-3, 5). When such alterations are made in
embryonic stem (ES) cells, the planned changes can be
transferred to the mouse germ line after blastocyst injection
(12, 13, 25, 31, 36). However, since homologous recombina-
tion is a rare event in mammalian cells, the identification of
a targeted cell within a pool of nontargeted cells can be
difficult. In previous experiments, targeted cells were iden-
tified by a selectable alteration in the activity of the target
gene (1-3, 5, 6) and/or by including a selectable gene in the
targeting DNA (17, 28, 30). This second, enrichment tech-
nique enables one to eliminate the majority of cells which are
not transformed since only the colonies that contain the
targeting DNA are screened for its incorporation at the
target locus. However, these techniques are limited because
few genes are directly selectable in vitro and because the
enrichment method is restricted to alterations that are com-
patible with the insertion of a selectable gene into the target
locus. To create subtle alterations without leaving selectable
sequences in the target gene, new enrichment methods must
be developed to assist in identifying targeted cells from the
mass of nontransformed and nontargeted cells.

Several investigators have reported that cells simulta-
neously transformed with two unlinked DNA fragments
often integrate both fragments into their genome (4, 21, 24,
32-34). This cotransformation procedure has been used to
isolate cells that have incorporated nonselectable exogenous
DNA by screening a population of cells transformed with a
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cointroduced selectable sequence (15, 19). The same proto-
col might be useful in gene targeting. If the targeting DNA
was cointroduced with an unrelated selectable gene, a high
proportion of the cells that integrated the selectable gene
might also contain the targeting DNA, possibly integrated at
the target locus. Thus, targeted cells could be enriched in the
cotransformed population without requiring the creation of a
selectable alteration at the target locus.

In this report, we describe the results of investigations of
cotransformation in mammalian cells to determine its poten-
tial in gene-targeting experiments. On the basis of previous
experiments by our laboratory (4) and others (33), we

expected to observe the independent integration of the
targeting DNA and the selectable gene after their coelectro-
poration. The selectable gene was not expected to interfere
with targeted recombination and should be separable from
the targeted locus by appropriate matings after the cotrans-
formed ES cells were established in the mouse germ line.
However, after examining cotransformation in fibroblasts
and mouse ES cells, we observed a discrepancy in the
pattern of DNA integration between targeted and nontar-
geted cells. Although cotransformation was frequently ob-
served in nontargeted cells, ES cells with targeted gene
alterations rarely integrated a second DNA molecule. In
addition, DNA that integrated by nonhomologous recombi-
nation was often present as concatemers at multiple sites
within the genome, whereas DNA that integrated by homol-
ogous recombination was observed in single copy at the
target locus. Despite these differences, we were able to
demonstrate an 80-fold enrichment for targeted cells within a

population of colonies transformed with a cointroduced
selectable gene, thereby establishing the usefulness of
cotransformation as an enrichment technique in some gene-
targeting experiments.
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FIG. 1. Structures of the plasmids used in these cotransforma-
tion studies. Boxes represent exons; solid lines represent genomic
DNA; dashed lines represent bacterial vector sequences. Symbols:
-, hprt DNA; I, P2m DNA; M, the neo gene. Regulatory

sequences are described in Materials and Methods, but are not
depicted here. Plasmids pMP8 and pMPN8 contain a mixture of
mouse- and human-derived hprt genomic DNA. Also, part of intron
1 in plasmid pC85I has been deleted. Restriction enzyme sites used
for linearization and Southern blot analysis are indicated: B,
BamHI; E, EcoRI; K, KpnI; S, SalI; Sc, ScaI; X, XhoI. DNA
fragments used as probes are illustrated below each line: a, 0.3-kb
XhoI-HindIII human hprt cDNA fragment; b, 1.1-kb XhoI-SalI neo
fragment; c, 1.0-kb SmaI human hprt genomic fragment; d, 0.2-kb
RsaI mouse hprt genomic fragment. Arrowheads represent some of
the primers used in PCR analysis.

MATERIALS AND METHODS

Cells and tissue culture. GM0847 is a hypoxanthine phos-
phoribosyltransferase (HPRT)-deficient, simian virus 40-
transformed human fibroblast line obtained from the Na-
tional Institute of General Medical Sciences Human Genetic
Mutant Cell Repository. Cells from this line were grown in
Dulbecco modified Eagle medium supplemented with 10%
fetal calf serum. E14TG2a is an HPRT- ES cell line obtained
from Martin Hooper (9). This cell line was grown on embry-
onic-fibroblast feeder layers as previously described (7).

Electroporation. Cells were electroporated in the electrode
chamber as previously described (4). GM0847 cells were
suspended in growth medium to 107 cells per ml. A 0.5-ml
portion of the cell suspension was mixed with linearized
DNA (5 nM for each of the cotransformed fragments). This
suspension was immediately exposed at room temperature
to an electric pulse from a 14-,uF capacitator charged to 500
V. Approximately 5 x 104 electroporated cells were plated in
100-mm dishes containing growth medium. At 24 h after
electroporation, the growth medium was replaced with me-
dium containing either G418 (400 ,ug/ml), HAT (120 p.M
hypoxanthine, 0.4 p.M aminopterin, 20 p.M thymidine), or
G418 plus HAT. E14TG2a cells were electroporated in a
similar manner, except that the 0.5-ml cell-DNA suspension
contained between 2.5 x 107 and 5 x 107 cells and the
electric pulse was from a 200- to 250-p.F capacitator charged
to 300 V. Electroporated E14TG2a cells were grown in either

TABLE 1. Cotransformation frequency in human fibroblasts

Transformation frequency (per 105
electroporated cells)a Cotransformation

Expt frequency (%)
HATr G418r HATr G418r (HATr G418r/HATr)

colonies colonies colonies

1 43 93 35 81
2 48 99 48 100
3 34 79 44 129
4 84 121 82 98

Mean 52 98 52 102

a Colonies obtained after coelectroporating the neo and hprt fragments from
plasmid pNHP12 digested with BamHI and EcoRI into GM0847 cells.

G418 (200 ,ug/ml), HAT, G418 plus HAT, or nonselective
medium. The cell densities were approximately 5 x 106 cells
per dish for HAT selection, 2.5 x 106 cells per dish for G418
selection, and 1 x 105 cells per dish for no selection.
Plasmid construction. The following plasmids were used in

our studies and are illustrated in Fig. 1. pNHP12 contains the
human hprt cDNA driven by a Moloney murine sarcoma
virus long terminal repeat and the neomycin phosphotrans-
ferase (neo) gene attached to simian virus 40 promoter,
intron, and polyadenylation sequences. It was constructed
by ligating the 4.9-kb BamHI-EcoRI neo fragment from
pSV2neo (29) to a 2.6-kb EcoRI-BamHI hprt fragment from
p4ALTR, a derivative of the hprt cDNA plasmids pLpL (18)
and p4aA8 (10). pC85I is a human hprt expression vector
that contains genomic DNA extending from the hprt pro-
moter through intron 2 and cDNA for exons 3 through 9. It
was constructed after modification of the ClaI site in p4aA8
(10) to an EcoRI site by treatment with Klenow fragment and
addition of EcoRI linkers (New England BioLabs). The
3.4-kb HindIII-EcoRI cDNA fragment from this modified
plasmid was then ligated to the 9.5-kb EcoRI-Hindlll ge-
nomic DNA fragment from pHP5 (22). pMClpolA (Strata-
gene) is a neo expression vector (30) driven by the thymidine
kinase promoter and the mutant polyomavirus enhancer
PyF441 (16). pC84.4B is a P2-microglobulin (12m) targeting
construct that contains the neo gene from pMClpolA in-
serted into exon 2 of a P2m gene fragment (14). pMP8 is an
hprt targeting construct designed specifically to correct the
hprt deletion in E14TG2a cells. It contains 4 kb of mouse
genomic DNA 5' to the deletion, 1.8 kb of human hprt
genomic DNA including the promoter and exon 1, and 7 kb
of mouse hprt genomic DNA including exons 2 and 3 (see
Fig. 3). pMPN8 is an hprt targeting construct that also
contains the neo gene. It was constructed by inserting the
1.1-kb XhoI-SaII neo fragment from pMClpolA into the Sail
site in the vector sequences of pMP8. The BamHI site in the
neo insert was removed by treatment with Klenow fragment.
DNA isolation and Southern blot hybridization. Genomic

DNA was isolated from cultured cells by using conventional
methods. DNA was digested, separated on 0.8% agarose
gels, transferred to nylon membranes, and hybridized with
32P-labeled probes. The locations of the probes are shown in
Fig. 1.
PCR. Approximately 104 cells were pelleted, resuspended

in 5 ,ul of phosphate-buffered saline (PBS), lysed with 30 p.l
of water, and treated with proteinase K as described previ-
ously (11). One-third to one-half of the lysis solution was
amplified in 50 ,u1 with polymerase chain reaction (PCR)
buffer [1.5 mM MgCl2, 67 mM Tris (pH 8.8), 17 mM
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TABLE 2. Cotransformation frequency in nontargeted ES cells

No. of No. of HAT' No. of HAT' No. of HAT' Cotrans-
Extelectro- colonies' colonies ex- clone with formation1AL porated (nntreted) amined by noDNA frequency

cells (107) (non PCRb neo Y(t)

1 2.5 762 50 37 74
2 2.5 523 24 19 79

Total 5.0 1,285 74 56 76

a Colonies obtained after coelectroporating the hprt nontargeting plasmid
pC85I digested with EcoRI and plasmid pC84.4B digested with XhoI and KpnI
into E14TG2a cells.

b PCR analysis performed with the primers 02m5' and Lrt to identify
nontargeted integration of the pC84.4B DNA.

c Percentage of HAT' colonies examined by PCR that also contain the neo
DNA.

FIG. 2. Genome analysis of fibroblasts cotransformed with hprt
and neo DNA. Southern blots hybridized with either the 0.3-kb
XhoI-HindIII human hprt cDNA probe (lanes H) or the 1.1-kb
XhoI-Sall neo probe (lanes N). The lanes contain 5 ,ug of XbaI-
digested genomic DNA from the parental fibroblast line GM0847 or
from three colonies, CTS71, CTS82, and CTS38, cotransformed
with the hprt and neo fragments derived from pNHP12. (Subsequent
hybridization of this blot to a ,3-globin IVS2 probe proved that these
genomic digests were complete.) The sizes (in kilobase pairs) of
some of the genomic bands are indicated.

(NH4)2SO4, 10 mM P-mercaptoethanol, 7 F.M EDTA, 50 ng
of bovine serum albumin per ml] including 0.25 ,ug of each
primer, 1.5 U of TaqI polymerase, and 0.2 mM each deoxy-
ribonucleotide. The mixture was exposed to 55 cycles of 65
s at 92°C followed by 7 min at 65°C. Some of the positions of
the PCR primers are shown in Fig. 1 (see also reference 14).
Their sequences are listed below: 02m5', 5'-GTGGCCCTCA
GAAACCCCTC-3'; 132m3', 5'-GATGCTGATCACATGTC
TCG-3'; Lrt, 5'-TGCGCTGACAGCCGGAACAC-3'; Rrt,
5'-TGGCGGACCGCTATCAGGAC-3'

RESULTS
Cotransformation frequency in human fibroblasts. In our

studies of cotransformation in cultured cells, we used two
selectable genes, hprt and neo, which, when expressed in the
cell, confer resistance to HAT and G418, respectively.
Previous cotransformation studies have introduced similar
selectable markers on two separate plasmids (4, 32, 33).
Homologous recombination between the vector sequences
common to these cointroduced plasmids might create con-
catemers that could integrate into the genome as one mole-
cule and consequently artificially increase the frequency of
cotransformed cells. To eliminate the possibility of this type
of homologous recombination, we electroporated cells with
an equimolar mixture of the selectable genes on separate,
nonhomologous fragments.
The plasmid pNHP12 contains both a human hprt cDNA

driven by a Moloney murine sarcoma virus long terminal
repeat promoter and a neo gene attached to simian virus 40
promoter, intron, and polyadenylation sequences. It was cut
into two fragments, one containing the neo gene and the
other containing the hprt gene, which were then cointro-
duced into the HPRT- human fibroblast line GM0847 by
electroporation. Treated cells were selected in medium
containing either HAT, G418, or HAT plus G418. The
frequency of resistant colonies obtained under each selective

condition is shown in Table 1. Individual colonies were
grown for further analysis.
The cotransformation frequency of the hprt and neo

fragments was determined by two methods. In the first
method, this value was calculated as the frequency of doubly
selected colonies (both HAT and G418 resistant) divided by
the frequency of singly selected colonies (HAT or G418
resistant). The average frequency of transformation for the
hprt fragment (52 HAT-resistant colonies per 105 electropo-
rated cells} was lower than that obtained for the neo frag-
ment (98 G418-resistant colonies per 105 electroporated
cells) (Table 1). Since the double-resistance frequency can-
not be higher than the lower of the two single-resistance
frequencies, we used the hprt transformation frequency as
the denominator in our cotransformation calculations. Using
this method, we computed the frequency of cotransforma-
tion as approximately 100o (+20%). In the second method
of estimating cotransformation, we calculated the frequency
as the fraction of colonies isolated from a single selection
method that could then survive the alternative selection
method. Of the 12 HAT-resistant colonies examined, 9 were
also resistant to G418. Likewise, of the 14 G418-resistant
colonies analyzed, 10 were also resistant to HAT. This
method leads to a cotransformation frequency of75%. These
frequencies indicate that a high proportion of the electropo-
rated fibroblasts integrate and express both of the cointro-
duced genes.
Genome analysis of cotransformed cells. The genomic ar-

rangement of the cointroduced fragments was determined
for a number of individual colonies by Southern blot analy-
sis. Genomic DNA isolated from fibroblast colonies resistant
to both HAT and G418 was digested with XbaI, which does
not cut within either of the introduced fragments. Blots of
these genomic digests were consecutively hybridized with
the 0.3-kb XhoI-HindIII hprt probe and the 1.1-kb XhoI-SalI
neo probe (labeled a and b in Fig. 1). Common bands, which
hybridize to both the neo probe and the hprt probe, indicate
genomic sites where both fragments have integrated together
as a concatemer. Unique bands, which hybridize to the hprt
probe or to the neo probe alone, indicate genomic sites
where only one fragment type has integrated, in either single
or multiple copies. The number of hybridizing bands reveals
the number of plasmid integration sites. A representative
blot for three cotransformed colonies is shown in Fig. 2.
Bands unique for neo hybridization are seen at 14 kb in
colony CTS38 and at 12.5 kb in colony CTS71. Bands unique
for hprt hybridization are observed at approximately 8.3 and
5.6 kb in colonies CTS71 and CTS82. Common bands of
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FIG. 3. Targeting design for the hprt locus in E14TG2a cells. The structures of the first three exons of the normal mouse hprt locus, the
E14TG2a deletion locus, and the targeted recombinant locus are illustrated. Boxes represent exons; solid lines represent introns; dashed
horizontal lines represent sequences normally several kilobase pairs upstream of the hprt locus. Diagonal solid lines indicate that this area
of the normal mouse hprt locus is not drawn to scale. The promoter and exon 1 sequences in the targeting DNA and recombinant locus are
derived from the human hprt gene. The BamHI (B) and Sall (S) restriction enzyme sites used to linearize the targeting DNA are indicated.
The origin of the 0.2-kb RsaI mouse hprt genomic probe (d) and the diagnostic BamHI fragments used for genome analysis are shown.

more than 14 kb, which hybridize to both probes, are
observed in each of the three colonies. No neo or hprt
hybridizing bands (including those from the endogenous hprt
locus) were detected under these hybridization conditions in
the parental cell line, GM0847.
Of 43 cotransformed colonies analyzed in this manner, 6

contained a single common band, suggesting the integration
of both fragments together at only one site in the genome.
The remaining 37 colonies showed multiple sites of DNA
integration (average number of integration sites per genome,
3.0; range, 1 to 7 sites). Of the 37 colonies, 5 had only unique
bands, suggesting integration of each plasmid type at sepa-
rate sites in the genome. The remaining 32 colonies had
either multiple common bands or a combination of both
common and unique bands, like those illustrated in Fig. 2.
These data suggest the frequent formation of concatemers of
the hprt and/or neo fragments. Indeed, 50% of the genomic
bands hybridized to both the neo and hprt probes. The
frequency of concatemers is probably larger than this num-
ber suggests, since unique bands that hybridize to either the
neo or the hprt probe alone may contain multiple copies of
one fragment type. These results indicate that under these
electroporation conditions, cotransformed colonies usually
integrate concatemers of the introduced fragments at several
sites in the genome.

Cotransformation frequency in nontargeted mouse ES cells.
The frequency of cotransformation in mouse ES cells was
also determined by using hprt and neo gene constructs
different from those introduced in the fibroblast experi-

ments. Plasmid pC85I contains the human hprt promoter and
coding DNA as well as regulatory elements in the first two
introns of the gene that are required for its efficient expres-
sion in ES cells (22). Plasmid pC84.4B contains the neo gene
driven by the thymidine kinase promoter and the mutant
polyomavirus enhancer PyF441 (16) that increase its expres-
sion in ES cells. This plasmid also contains mouse 2m gene
sequences (described below).
DNA fragments containing either the neo or hprt gene,

excised from these plasmids so that they have no sequences
in common, were cointroduced into the HPRT- ES cell line
E14TG2a. Electroporated cells were selected in HAT me-
dium. Resistant colonies were individually examined by
PCR analysis for the presence of the neo fragment, which
can be detected by the amplification of a 610-bp fragment
between the P2m5' and Lrt primers (Fig. 1). The frequency
of cotransformation was calculated as the proportion of
HAT-resistant ES cell colonies that had integrated (but not
necessarily expressed) the neo DNA. hprt transformants
were observed at a frequency of approximately 1 per 4 x 104
electroporated cells (Table 2). Approximately 75% of these
HAT-resistant colonies were cotransformed. This value is
essentially the same as that observed in the fibroblast cells
and indicates that ES cells also frequently integrate both
copies of the coelectroporated DNA.

Cotransformation frequency in targeted mouse ES cells. In
the foregoing cotransformation tests, both of the introduced
fragments were scored for random integration into the cel-
lular genome by nonhomologous recombination. We next

m m MMMMA.
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TABLE 3. Cotransformation frequency in targeted ES cells

No. of o of HAT' No. of HAT' No. of HAT' Cotrans-
Expt electro- coloniesA colonies ex- colonies with formationporated (targeted) amined by neo DNA frequencyccells (1O0 (agee) PCR"

1 2.5 145 95 5 5%
2 4.5 162 18 0 <5%

Total 7.0 307 113 5 4%

a Colonies obtained after coelectroporating the hprt targeting plasmid pMP8
digested with BamHI and Sall and plasmid pC84.4B digested with XhoI and
KpnI into E14TG2a cells.

b PCR analysis performed with the primers P2m5' and Lrt to identify
nontargeted integration of the pC84.4B DNA.

c Percentage of the HAT' colonies examined by PCR that also contain the
neo DNA.

determined the cotransformation frequency when one of the
introduced fragments was scored for integration at a specific
genome site by gene targeting. These experiments were
performed with the male-derived, HPRT- ES cell line
E14TG2a (9). In these cells, a spontaneous deletion has
removed the promoter, exons 1 and 2, and an undetermined
length of upstream DNA from the single, X-linked hprt
locus. The targeting plasmid pMP8 contains 7.6 kb of ho-
mology to this mutant locus, arranged so that recombination
between the targeting plasmid and the homologous genomic
sequences inserts the missing hprt promoter and exons (Fig.
3). A successful gene-targeting event creates an intact hprt
gene and restores hprt activity.
The hprt-targeting DNA from pMP8 and the neo plasmid

pC84.4B were coelectroporated into E14TG2a cells. Tar-
geted cells were isolated by their growth in HAT medium
and analyzed for the presence of the neo fragment by PCR.
Homologous recombination at the hprt locus occurred in
approximately 1 per 105 electroporated cells (Table 3). The
correctly targeted genotype of the HAT-resistant cells was
confirmed by Southern blot analysis of DNA from two
isolated colonies. In the parent E14TG2a cell line, the
deletion breakpoint in the mutant hprt locus is contained on
a 9.2-kb BamHI fragment. After introduction of the missing
promoter and exons by homologous recombination, the size
of this BamHI fragment should be increased to 12.7 kb.
These fragments can be detected in Southern blot analysis
by hybridization to a 200-bp RsaI fragment from intron 3 of
the mouse hprt gene (labeled d in Fig. 1 and 3). Both of the
HAT-resistant colonies examined contained the 12.7-kb

B
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FIG. 4. Genome analysis of ES cell colonies targeted at the hprt
locus. The lanes contain 3 1Lg of BamHI-digested genomic DNA
from the parental E14TG2a ES cell line or from two illustrative
HAT-resistant colonies, 8.5 and 8.8, targeted at the hprt locus after
transformation with plasmid pMP8. (A) A Southern blot with
E14TG2a and colony 8.8 DNA hybridized with the 0.2-kb RsaI
mouse hprt genomic probe. (B) A similar blot with colony 8.5 DNA.
The positions of the parental 9.2-kb and recombinant 12.7-kb bands
are indicated.

recombinant band in place of the 9.2-kb band seen in the
parental cells (Fig. 4). No randomly integrated copies of the
hprt DNA were observed.

Surprisingly, PCR analysis revealed that only 4% of the
targeted colonies contained the neo fragment (Table 3). (In
another experiment in which G418 resistance was used to
identify neo transformed cells, none of 18 hprt-targeted
colonies contained the cotransformed neo DNA.) This
cotransformation frequency in targeted ES cells is at least
20-fold lower than that observed in nontargeted fibroblasts
or ES cells. Apparently, cells in which gene targeting has
occurred with one DNA sequence are less likely to be
cotransformed with a second DNA sequence than are non-
targeted cells.

Targeting frequency at the hprt locus in cotransformed cells.
Although only 4% of the targeted cells contained a cointe-
grant under our conditions of coelectroporation, we still
wished to determine whether the cotransformation protocol
could be used to help identify targeted cells. To this end, we
initiated cotransformation experiments by using a test sys-

TABLE 4. Frequency of hprt targeted colonies in a cotransformed population

No. of electroporated No. of non- No. of HAT' No. of electro- No. of No. of Targeting fre-selected . Targeting porated cells HTExpt cells under HAT or selonies colonies'Tagtnaoae el G418r HAr quency afterno selection (107) (1o¶)l (targete frequencyb under G418 G418rnoselection(105)a (targeted) ~~selection (107) colonies' colonieSa cotransformationc
1 2.5 10.0 999 1/1,000 2.0 156 2 1/78
2 2.5 NDd 64 ND 2.3 153 4 1/38
3 1.3 3.2 28 1/11,400 2.3 180 2 1/90
4 2.5 6.6 158 1/4,200 ND ND ND ND

Meane 1/5,500 1/69
a Colonies obtained in experiments 1, 2, and 4 after coelectroporating the hprt targeting and neo nontargeting fragments from plasmid pMPN8 digested with

BamHI and Sall into E14TG2a cells. Colonies obtained in experiment 3 after coelectroporating the hprt targeting plasmid pMP8 digested with BamHI and SalI
and the neo nontargeting plasmid pMClpolA digested with Scal into E14TG2a cells.

b Ratio of HAT' colonies to nonselected colonies.
c Ratio of HAT' G418T Colonies to G418T Colonies.
d ND, Not determined.
Means were calculated by averaging the ratios from each experiment.
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tem in which both the targeting and nontargeting events
could be easily selected in vitro.
Two fragments, one containing the hprt targeting DNA

and the other containing the nontargeting neo gene, were
coelectroporated into E14TG2a cells. In the three experi-
ments, these fragments originated from a single plasmid
pMPN8. In the fourth experiment, the fragments were
excised from pMP8 and pMClpolA. Electroporated cells
were grown in either HAT, G418, or nonselective medium.
After 10 days of selection, the G418 medium was changed to
G418 plus HAT medium to allow survival of only the
G418-resistant colonies that had also been targeted at the
hprt locus. The number of resistant colonies observed from
these electroporations is shown in Table 4. As in previous
experiments, targeted HAT-resistant cells were isolated at a
frequency of approximately 1 per 105 electroporated cells.
Nonselected colonies were observed at a frequency of 1 per
30 electroporated cells, suggesting a survival and plating
efficiency in these experiments of approximately 3%. By
dividing the number of HAT-resistant targeted colonies by
the number of nonselected colonies, we estimated that the
frequency of targeted cells within the nonselected population
varied from 1/1,100 to 1/11,400, with a mean of approxi-
mately 1 targeted colony per 5,500 nonselected colonies.
This value indicates the number of colonies one would need
to screen to identify a targeted cell in the absence of any
enrichment or selection methods. G418-resistant cells were
isolated at a frequency of 1 per 105 electroporated cells.
Consecutive selection revealed that 8 of the 489 G418-
resistant colonies examined were also HAT resistant. These
colonies are independent since they were isolated from eight
separate tissue culture plates. Thus, approximately 1 hprt-
targeted colony was identified per 70 G418-resistant colo-
nies. Targeted cells can therefore be identified within a
population of colonies transformed with cointroduced DNA
at a frequency approximately 80-fold greater than that ob-
served within a nonselected population (1 targeted colony
per 5,500 nonselected colonies versus 1 targeted colony per
69 colonies selected for the cotransformed DNA).
Genome analysis of the targeted and cotransformed cells.

The arrangement of the nontargeted DNA in the eight
targeted and cotransformed colonies was determined by
Southern blot analysis with the 1.1-kb XhoI-SaIl neo probe
from pMClpolA and with the 1.0-kb SmaI probe from
human hprt genomic DNA (labeled b and c in Fig. 1).
Southern blots obtained after digesting genomic DNA with
KpnI and hybridization to either the neo or hprt probe
revealed bands of the types expected from insertions of the
cointroduced fragments in various concatemeric arrange-
ments. Figure 5A illustrates the results with four different
targeted and cotransformed colonies. The likely origins of
the KpnI bands are presented in Fig. 5B. In this analysis, the
BamHI site in the hprt fragment was chosen as the head of
this fragment, while the SalI site denotes the tail. This
orientation agrees with the transcriptional sense of the DNA.
Correspondingly, for the neo fragment, the SalI site is the
head and the BamHI site is the tail.
When the head of one hprt fragment is ligated to the tail of

another hprt fragment, an 11.6-kb KpnI band is expected
which will hybridize to the hprt probe (Fig. 5B). This 11.6-kb
band was observed in all of the targeted and cotransformed
colonies examined, indicating the presence of at least one
concatemer containing this arrangement of the introduced
hprt DNA. A comparable 17.4-kb KpnI band which hybrid-
izes with the hprt probe is predicted when the colonies
contain a concatemer with the tail of one hprt fragment
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FIG. 5. Genome analysis of ES cell colonies targeted at the hprt
locus and cotransformed with neo DNA. (A) Southern blots hybrid-
ized with either the 1.0-kb SmaI human hprt DNA probe (lanes H)
or the 1.1-kb XhoI-Sall neo probe (lanes N). The lanes contain 5 ,ug
of KpnI-digested genomic DNA from four HAT- and G418-resistant
colonies, N8.1, N8.2, N8.4, and N8.6, cotransformed with the hprt
and neo fragments excised from plasmid pMPN8. The sizes (in
kilobase pairs) of the diagnostic KpnI bands are indicated. (B) The
origins of KpnI bands for three likely concatemeric arrangements
between the cointroduced hprt and neo fragments are illustrated.
The BamHI site in the hprt fragment and the Sall site in the neo
fragment were assigned as the heads of the introduced DNA (0).
The Sail site of the hprt fragment and the BamHI site of the neo
fragment denote the tails of the DNA (-). Line 1 illustrates a
head-to-tail arrangement of two hprt fragments. Line 2 illustrates a
tail-to-tail arrangement of two hprt fragments. Line 3 illustrates a
head-to-tail arrangement of an hprt fragment and a neo fragment.
Coding sequences are depicted as in Fig. 1.

ligated to the tail of a second hprt fragment. Colonies N8.1
and N8.2 contain this 17.4-kb KpnI band. Concatemers
containing both of the introduced fragments are also possi-
ble. A 9.9-kb KpnI band is expected when the tail of an hprt
fragment is ligated to the head of a neo fragment. This band
hybridizes to both the neo and hprt probes. It was observed
in all of the targeted and cotransformed colonies examined.

Similar analyses with other enzymes revealed that most of
the possible arrangements of the cointroduced fragments
were present in all of the colonies examined, although the
relative abundance of the concatemers, as deduced from
their hybridization intensities, varies between individual
targeted and cotransformed colonies. Therefore, under the
present electroporation conditions, the DNA that integrates
nonhomologously in targeted ES cells is usually present as
concatemers. Whether the concatemers are integrated to-
gether at one site or individually at several sites scattered
throughout the genome has not been determined. Nor have
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we been able to exclude the possibility that some of the
concatemers are present at the target locus.

Cotransformation experiments at the (82m locus. We next
attempted to use cotransformation to identify cells targeted
at the 2m locus, which is not selectable in vitro. The neo
plasmid pC84.4B, introduced in some of the previous ES cell
cotransformation experiments, is capable of inactivating the
p2m locus by inserting neo sequences into exon 2 of this gene
during gene targeting (14). Cells targeted with this construct
are G418 resistant and yield a 910-bp recombinant fragment
after PCR amplification with the two primers Rrt and P2m3'
(14).

Initially, we looked for ,32m-targeted cells within a popu-
lation of colonies transformed with co-introduced DNA. To
this end, the P2m targeting DNA from pC84.4B and the hprt
nontargeting DNA from pC85I were coelectroporated into
HPRT- E14TG2a ES cells. Nontargeted, HAT-resistant
colonies were analyzed for P2m targeting by PCR in pools of
four or five colonies. No P2m-targeted colonies were identi-
fied among the 596 HAT-resistant colonies screened. Pre-
sumably, the enrichment provided by cotransformation was
not sufficient to allow the identification of targeted ES cells
at this locus within the number of cotransformed colonies
screened.
We also attempted to identify P2m-targeted cells within a

population of colonies already known to have been targeted
at another locus. For these experiments, the 2m-targeting
DNA from pC84.4B and the hprt-targeting DNA from pMP8
were coelectroporated into E14TG2a cells. Colonies tar-
geted at the hprt locus were isolated by HAT or HAT plus
G418 selection and then screened by PCR for a second
targeting event at the P2m locus. No 32m-targeted cells were
identified among the 455 hprt-targeted colonies examined.
Presumably, any enrichment provided by this cotargeting
procedure was likewise not sufficient to allow identification
of targeted ES cells at this locus within the number of
colonies screened.

DISCUSSION

We have investigated cotransformation in mammalian
cells with particular reference to its potential for identifying
cells that have been modified by gene targeting. In these
experiments, equimolar amounts of two different DNA mol-
ecules were cointroduced into cells by electroporation. The
frequency with which both molecules cointegrate into the
same cell was determined by in vitro cell selection and/or
PCR analysis. When both of the introduced molecules were
integrated randomly into the genome, a high cotransforma-
tion frequency of 75% was observed in both human fibro-
blasts and mouse ES cells. In contrast, when the experiment
required that one of the introduced molecules was integrated
at a specific genome site by gene targeting, the cotransfor-
mation frequency was reduced to 4%. Genome analysis of
the cotransformed colonies from either type of experiment
revealed frequent concatemers of the nonhomologously in-
tegrated DNA. Cotransformation and cotargeting protocols
were tested for their potential use as an enrichment proce-
dure for identifying targeted cells. Three pairs of fragments
were cointroduced: hprt nontargeting plus P2m targeting,
hprt targeting plus 2m targeting, and neo nontargeting plus
hprt targeting. No P2m-targeted colonies were identified
among either 455 hprt-targeted or 596 hprt-nontargeted col-
onies after coelectroporation of the appropriate pairs of
fragments. In contrast, hprt-targeted colonies were isolated
in cotransformation experiments at a frequency of approxi-

mately 1 per 70 neo transformed colonies. In parallel exper-
iments with the same targeting fragment, hprt-targeted col-
onies were found at a frequency of approximately 1 per 5,500
nonselected colonies. Thus, an 80-fold enrichment for hprt-
targeted colonies was observed within the neo transformed
population as compared with the nonselected population.

Previous studies have examined the cotransformation
frequency of two unlinked DNA molecules simultaneously
introduced into cultured cells. When the microinjection and
calcium phosphate precipitation transformation methods
were used, both molecules were incorporated into almost
100%o of the transformed cells (21, 34). Similar high frequen-
cies of cotransformation have been observed when electro-
poration is used to introduce DNA into plant protoplasts (24)
and mammalian cells (32, 33). We report here a cotransfor-
mation frequency of approximately 75% in both mouse ES
cells and human fibroblasts (Tables 1 and 2). This value is
not likely to be the consequence of homologous recombina-
tion between the two molecules, since the introduced frag-
ments were devoid of overt homology.
A paradoxical but extremely interesting finding from our

present work is that targeted cells are approximately 20-fold
less likely to incorporate a second fragment by nonhomolo-
gous recombination than are nontargeted cells. Only 4% of
the hprt-targeted colonies incorporated the cointroduced neo
DNA (Table 3), compared with 75% of the hprt-nontargeted
colonies in similar electroporation experiments (Table 2).
The reduced frequency of cotransformation in targeted cells
is also consistent with the absence of randomly integrated
copies of the targeting DNA observed in our hprt-targeted
(but not cotransformed) colonies (Fig. 4) and in most pub-
lished targeted cell lines (3, 5, 14, 28, 30). Indeed, in the few
cases in which more than one copy of the targeting DNA is
present in a targeted cell, it is notable that the additional
DNA is usually located in a tandem array at the target locus,
apparently integrating as part of the original homologous
recombination event (26, 31). Together, these data indicate
that the frequency with which two fragments cointegrate into
the same cell is determined in part by the type of recombi-
national events used for integration, homologous (targeted)
or nonhomologous (nontargeted).

This restriction on cotransformation in targeted ES cells
could be related to recombination factors dictated by the cell
cycle. Wong and Cappechi have reported that the frequency
of homologous recombination varies throughout the cell
cycle (35). Possibly, when selecting for targeted cells, we
isolated a subpopulation of the electroporated cells that were
in a cellular state able to execute homologous recombination
so effectively that randomly integrated DNA was seldom
observed. This explanation suggests that an enrichment for
multiple homologous recombination events may be possible
in targeted cells. However, such "cotargeted" cells, which
had undergone homologous recombination at both the hprt
and 2m loci, were not observed when targeting plasmids for
both of these genes were cointroduced into the same cell.
Other factors, such as the topology of the introduced DNA
or the existence of discrete enzymatic pathways for homol-
ogous versus nonhomologous recombination, may also be
responsible for the unusual integration pattern observed in
targeted cells.

It is interesting that although DNA fragments incorporated
by homologous recombination were observed in single copy
at a single site within the genome, DNA fragments that
incorporated by nonhomologous recombination were usually
present as concatemers at several sites within the same cell.
This pattern was observed for the nontargeted DNA in both
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the cotransformed fibroblasts (Fig. 2) and the rare targeted
and cotransformed ES cells (Fig. 5). Such concatemers of
nonhomologously integrated DNA are common after cal-
cium phosphate (20) and microinjection (8) transformation
protocols and have been reported by other investigators
after electroporation (2, 3, 23). In contrast, concatemers
were rarely observed in earlier electroporation experiments
by Toneguzzo et al. (33) and by Boggs et al. in our laboratory
(4). Differences in the electroporation conditions may be
responsible for this apparent discrepancy in the integration
pattern of the nontargeted DNA. Our current electropora-
tions were performed at 10 nM total DNA (5 nM each
cointroduced fragment), whereas our earlier experiments
were done at 2 nM. Given that Toneguzzo et al. noted that
the frequency of multiple-copy integration increases with the
DNA concentration (33), this fivefold increase in DNA
concentration seems a likely explanation for the frequent
concatemers observed in this report. Future analysis on the
relationship between electroporation conditions and the pat-
tern of DNA integration might allow us to alter the transfor-
mation protocol to favor single-site integrants in cotrans-
formed colonies.

Using cotransformation, we have identified hprt-targeted
cells at a frequency of 1 per 70 neo transformants (Table 4),
but no cells targeted at the P2m locus were isolated among
hprt-transformed colonies. These results are probably re-
lated to the different targeting frequencies observed at these
loci. Previous experiments have demonstrated that gene
targeting at the P2m locus occurs at approximately 1 per 2 x
107 electroporated cells, a 200-fold reduction compared with
that observed at the hprt locus with the constructs tested
(14). Thus, a frequency of 1 targeted colony per 14,000
colonies transformed with the cointroduced DNA would be
expected in these P2m cotransformation experiments, pro-
vided that the level of enrichment is the same as in the hprt
experiments (170 x 200). At this frequency, our inability to
locate P2m-targeted cells within the 596 hprt transformants
examined is not surprising.
The cotransformation protocol we have described has a

demonstrated 80-fold enrichment at the hprt locus. Whether
this enrichment will be the same at other loci remains to be
determined. Recently, Shulman et al. (27) reported cotrans-
formation experiments involving the coelectroporation of an
immunoglobulin targeting DNA and a neo gene into hybrid-
oma cells. Their frequency of immunoglobulin-targeted cells
in the nonselected population was 5 x 10-6; the frequency of
G418-resistant colonies was 3 x 1O-'; and the frequency of
immunoglobulin-targeted and G418-resistant colonies was
1.5 x 10-6. Although the authors did not analyze their
results in this manner, we calculate from their primiary data
that a 100-fold enrichment was obtained for targeted colonies
within the G418-resistant population (1.5 x 10-6/3 x 10-3 =

5 x 10-') compared with the nonselected population (5 x
10-6). This value agrees well with the 80-fold enrichment we
observed in our neo and hprt cotransformation experiments
and suggests that the enrichment provided by cotransforma-
tion may be similar between different loci and cells.
Although we observe a frequency of 1 targeted cell at the

hprt locus per 70 colonies transformed with the cointroduced
neo DNA, it is clear from the P2m experiments that this
value may be substantially reduced at some loci where gene
targeting is less frequent. For this reason, we would not
recommend cotransformation for carrying out simple gene-
inactivation experiments. In such experiments, targeted
cells can more easily be identified with the aid of selectable
genes on the targeting construct. These procedures can

produce a 10,000-fold enrichment for targeted colonies
within the selected population, as compared with the nonse-
lected population. However, cotransformation may prove to
be useful when more subtle gene modifications are desired or
when the introduced selectable genes are not expressed at
the target locus. Such targeted but nonselectable cells could
currently be identified only by screening every colony that
survived electroporation. Since many loci have a targeting
frequency of approximately 1 targeted colony per 106 sur-
viving cells (17, 26, 30, 31), a nonselective protocol might
require the examination of several million colonies. The
enrichment provided by cotransformation should reduce this
frequency approximately 100-fold, so that nonselectable
targeted cells could be identified within several tens of
thousands of colonies transformed with the cointroduced
DNA.

In conclusion, our data indicate that a considerable en-
richment for targeted cells can be obtained by selection for
colonies transformed with a cointroduced gene. This enrich-
ment was observed despite our surprising finding that only a
small fraction of the targeted cells incorporate a second
DNA molecule. The cotransformation protocol should there-
fore provide a definite advantage to investigators attempting
to isolate cells having targeted but nonselectable gene alter-
ations.
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