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The mouse is the leading vertebrate model because its genome can
be altered by both random transgenesis and homologous recombi-
nation with targeting constructs. Both approaches have been hin-
dered by the size and site limitations implicit in conventional
Escherichia coli DNA-engineering methods. Homologous recombi-
nation in E. coli, or ‘recombineering’, has overcome these limitations
for bacterial artificial chromosome (BAC) transgenesis!-3. Here we
applied Red/ET recombineering (using the lambda Redo/Redf
recombinase pair)*® to generate a 64 kilobase targeting construct
that carried two selectable cassettes permitting the simultaneous
mutation of the target gene, Mll, at sites 43 kb apart in one round of
mouse embryonic stem (ES) cell targeting. The targeting frequency
after dual selection was 6%. Because the two selectable cassettes
were flanked by FRT or loxP sites, three more alleles can be gener-
ated by site-specific recombination. Our approach represents a sim-
ple way to introduce changes at two or more sites in a genetic locus,
and thereafter generate allele combinations. The size of BAC tem-
plates offers new freedom for the design of targeting constructs.
Combined with the use of two selectable cassettes placed far apart,
BAC-based targeting constructs may be applicable to tasks such as
regional exchanges, deletions, and insertions.

We made a targeting construct from a mouse MIl BAC using
Red/ET recombination*®. Qur purpose was to create a loxP
translocation model for human mixed-lineage leukemia (MLL)’, to
introduce a protein tag at the N terminus, and to establish a versa-
tile allele from which several mouse lines could be generated to dis-
sect MIl function. MLL translocations, prevalent in childhood
leukemias®, map to a short breakpoint cluster region of 8.3 kilobas-
es that includes intron 11°, which in mouse is located [43 kilobases
from the initiating methionine.

End sequencing from the vector established that the BAC con-
tained 83 kb 5’ to the Mll-initiating methionine, and ended on the
3' side at the 25th Mil intron. In the first steps (Fig. 1), the BAC was
shaved on both sides by replacement with ampicillin and gentam-
icin selection cassettes, to leave homology arms for ES cell recom-
bination of 5 kilobases on the 5" side of the initiating methionine
and 6.6 kilobases on the 3' side of intron 11. The BAC was shaved
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for three reasons: first, to avoid hampering conventional Southern
analysis that distinguishes homologous from random integrants;
second, to choose the boundaries of the targeting construct accord-
ing to prior design of a convenient Southern analysis strategy;
third, to place sites for the rare cutting restriction enzyme, PI-Scel,
such that the vector could be severed from the targeting construct
before ES cell electroporation. This was accomplished by inclusion
of PI-Scel sites in the synthetic oligonucleotides, between the 5' MII
homology arms and 3" PCR primers, used for the BAC shaving
steps. After 5" and 3’ shavings, the BAC was 64 kilobases long.

The next steps were simplified by the use of selectable cassettes that
included dual prokaryotic and eukaryotic promoters to permit consec-
utive selection for correct recombinants in E. coli and then in ES cells!’.
The first cassette was designed to place the tandem affinity purification
(TAP) protein tag!! between the first and second codons of Ml using
the hygromycin phosphotransferase gene (hygro). The hygro cassette
was flanked by two FRT sites so that, upon FLPe recombination'?, the
cassette would be removed to restore the open reading frame (ORF) as
ATG-TAP-FRT-MII. The second cassette, flanked by loxP sites, was
placed in Mil intron 11. It includes a splice acceptor from engrailed-2
(en-2), the encephalomyocarditis virus (EMCV) internal ribosomal
entry site (IRES), followed by a [-galactosidase-neomycin fusion
(Bgeok) and the simian virus-40 (SV40) late polyadenylation signal.
Bgeok is a variation of the Bgeo cassette’?, in which a bacterial promot-
er and a ribosome-binding site were cloned between (3-galactosidase
and the neo gene, while keeping the fusion protein reading frame. This
allows kanamycin selection in E. coli and G418 selection in ES cells
from the Bgeo fusion protein. Apart from ligating the oligonucleotides
to the selectable cassettes (to avoid PCR mutagenesis), we followed the
same procedure as for BAC shaving, adding at each step the appropriate
antibiotic to identify colonies that had integrated the newly added
selectable marker. In both rounds, >95% of resistant colonies were the
intended homologous recombinants.

Feeder-independent E14TG2a ES cells were electroporated with
90 Mg of the targeting construct that had been digested with PI-Scel
(Fig. 1C). Three regimens of selection—G418 alone, hygromycin alone,
or both—were applied to evaluate whether the targeting construct
retained its integrity or had broken (Table 1). Breakage or degradation
would dissociate the two selectable marker cassettes. Alternatively,
coresistance for the unselected marker would indicate that the electro-
porated DNA fragment remained intact during genomic integration.
Overall ES cell colony numbers were similar to those produced with
smaller targeting constructs under equivalent electroporation and
selection conditions. As expected, fewer colonies were obtained by dou-
ble selection, reflecting the additional challenge posed by co-selection.
In both singly selected cases, most colonies were coresistant for the uns-
elected cassette. This implies that either the construct remained intact
upon integration in most cases, or the frequency of unselected second-
site integration after construct breakage is high, or both.

Analysis of 47 doubly selected colonies revealed that 3 were homolo-
gous recombinants at both 5' and 3' sites (Fig. 2A,B, and data not
shown). This frequency is similar to, if not higher than, frequencies
seen in targeting experiments with conventionally sized constructs.
Interestingly, a fourth colony (DB2; Fig. 2A,B) was positive for homolo-
gous recombination at the 3', but not the 5', end. Because this colony
was resistant to both antibiotics, the construct either broke, with a
hygromycin cassette integrating elsewhere in the genome, or provoked
a local rearrangement similar to one noted during the targeting of
N-myc!. Hence breakage and independent integration are possible. We
generated chimeric mice from ES colony AC4. The genetic modifica-
tion was transmitted through the germline to the fourth generation

(Fig. 2C) with complete co-segregation of both selection cassettes (data
not shown). Thus, we can exclude the unlikely scenario of simultane-
ous homologous recombination on different alleles.
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Figure 1. Red/ET engineering of a BAC targeting construct. (A) Schematic representation of the BAC modification strategy. The wild-type (wt) and the
shaved MII BACs, as well as the final Ml targeting construct, are drawn to scale with exons represented by numbered boxes. Amp and Gent represent the
two PCR products used in the two BAC shaving rounds, conferring resistance to ampicillin and gentamicin, respectively. The oligonucleotide homology
arms A, B, C, and D were taken from positions as indicated on the wt MIl BAC. A and D flank the BAC vector. The regions replaced with the Amp and Gent
PCR products (respectively in the first and second deletion round) are depicted on the wt BAC in light gray; the remaining Mll region after shaving is in
black. The oligonucleotides for the shaving steps each had 63 nucleotides of homology to the BAC. The two cassettes TAP-hygro and Bgeok were targeted
to the shaved MII BAC in two successive rounds of Red/ET recombination to produce the final Ml targeting construct, TAP-MIlI-LacZ. The BAC was obtained
from Research Genetics, and all engineering was done in their host, HS996. (B) Restriction-fingerprinting analysis of BAC DNA after the first deletion
round. A representative set of BamHI digests shows that the intended deletion was obtained in 100% of colonies examined. Colonies 1, 2, and 3 represent
mixed colonies, in which the intended deletion occurred only on one of two copies of the BAC within one cell. White asterisks indicate the wt bands missing
from the deleted BACs. (C) 0.4% agarose gel electrophoresis of PI-Scel digests of the TAP-MII-LacZ construct before ES cell electroporation. Lane 1, uncut
TAP-MIl-LacZ; lanes 2 and 3, TAP-MIl-LacZ, digested with PI-Scel; lane 4, high-molecular-weight marker (Gibco BRL), whose highest band corresponds to
48 kb; 1 kb ladder (Gibco, BRL), whose highest band corresponds to 12 kb. The white arrow indicates the excised TAP-MII-LacZ construct, whereas the
white arrowhead indicates the BAC vector. A total of 5 liters were grown to give a yield of 270 ug BAC using the Large Construct Maxiprep kit (Qiagen).

To confirm that the Ml allele had been correctly engineered, we
deleted the FRT and loxP cassettes in ES cells by co-electroporation of
FLPe and Cre expression plasmids to restore the MIl mRNA and ORF
with attached protein tag. Western blot analysis of extracts from ES cells
(Fig. 2D) and brain (Fig. 2E) showed that the expected, TAP-tagged
protein was expressed. We have also deleted both cassettes in mice by
crossing to FLPe, Cre, and FLPe:Cre deleter lines. All progeny carrying
the recombinase transgene(s) showed complete corresponding recom-
bination (data not shown). Hence, all data show that the MIl gene was
engineered correctly and simultaneously at two sites 43 kilobases apart.

As developed here by a first example, BAC-based targeting con-
structs permit the use of co-selection for two selectable cassettes sep-
arated by substantial distances. We now discuss four of the many
implications for genomic engineering (Fig. 3).

A genomic region can be simultaneously engineered at two sites sep-
arated by distances accessible with BACs. Previously, this could be
achieved only by two consecutive rounds of targeting in ES cells. Our
approach replaces laborious consecutive targeting rounds in ES cells
444
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with rapid consecutive targeting rounds in E. coli. Not only is this easier,
but it also reduces the handling of ES cells and the risks of impaired
germline transmission or other second-site mutagenesis.

By selecting for both cassettes at the two ends of the construct, the
region becomes a third area for introducing genetic change(s). This has
particular relevance to the introduction of small mutations in coding
regions or the placement of loxP sites for conditional strategies in cho-
sen neutral intronic positions. Combined with recent methods for
introducing seamless point mutations and small insertions in BACs!>16,
this represents a convenient means to discretely mutate given site(s)
distant from selectable cassettes.

Recombination-mediated cassette exchange (RMCE) is the major
current strategy for exchanging or deleting more than a few kilobases!”.
In RMCE, two different Site Specific Recombination Target sites
(SSRTs) are integrated by homologous recombination in two rounds of
targeting; in a third round, a site-specific recombinase then mediates
exchange of an incoming SSRT-flanked interval with the endogenous
one. Within the size range of BACs, our results present (i) a simultane-
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Figure 2. Analysis of the allele in ES cells and mice. (A) Southern analysis strategy to detect homologous recombination at the 3' end of the TAP-MII-LacZ
construct with an external probe (3' probe indicated in Fig. 3). The wild-type (10.6 kb) and the recombined (8.4 kb) bands are indicated. Colonies indicated by
an asterisk are correct recombinants. (B) Southern analysis strategy to detect homologous recombination at the 5’ end of the TAP-MII-LacZ construct with an
external probe (5' probe indicated in Fig. 3). The wild-type (9.8 kb) and the correctly recombined (12.1 kb) bands are indicated. (C) Germline transmission
assessed by Southern blot hybridization with the 3' external probe on a litter of four embryos harvested at embryonic day 10.5. Embryo 1 is wild type;
embryos 2—4 are heterozygous for the targeted allele. The wild-type (10.6 kb) and the recombined (8.4 kb) bands are indicated. (D) Western blots of protein
extracts from a recombined derivative of clone AC4. ES cell clone AC4 was co-electroporated with expression vectors for FLPe and Cre. Recombination at
either FRT or loxP sites was 5%, and 1.4% of colonies were doubly recombined. Nuclear extract was prepared from ES cells (lane 2) and embryoid bodies
(lane 3), loaded on a 5% polyacrylamide gel, and probed with a PAP (peroxidase-anti-peroxidase)-coupled IgG antibody (Sigma) to detect the protein A
moiety of the TAP tag. In lane 1, nuclear extract from a mouse organ expressing a TAP-tagged MIl homolog (Trx2), which is also large (310 kDa) was loaded
as a size control. Other protein size markers are indicated. (E) Western blot of brain protein extract. Nuclear (lanes 1 and 3) and cytoplasmic (lanes 2 and 4)
extracts were prepared from the brain of a wild-type mouse (lanes 1 and 2, respectively) and a high-grade chimera (>80%), generated by blastocyst injection

of the doubly recombined ES cell (lanes 3 and 4, respectively). Extracts were loaded on a 5% polyacrylamide gel and probed with a PAP-coupled 1gG
antibody to detect the protein A moiety of the TAP tag. The sizes of the highest protein marker band (175 kda) and TAP-Trx2 are indicated.

ous, not consecutive, way to insert the two SSRTs for later RMCE, and
(ii) the possibility that the exchange of an interval can be directly
accomplished in one step of homologous recombination in ES cells.
The second possibility may not be feasible if lengthy regions of nonho-
mology between the two selectable cassettes substantially impair the
efficiency of homologous recombination in ES cells. Further work is
required to explore this possibility. It may also be possible to use BAC-
based dual selectable cassettes as recombination ‘scissors’ to delete
BAC-sized regions of the mouse genome.

Multipurpose alleles make use of site-specific recombination to
change an allele from one state to another'®!®. The most popular appli-
cation involves the creation of conditional alleles. Usually loxP sites are
placed on either side of an exon(s) of the gene to be conditionally
mutated by Cre recombinase in the mouse, whereas FRT sites surround
the selectable cassette and FLPe recombinase is used to delete the selec-
table cassette. Before FLPe recombination, the presence of the FRT cas-

Table 1. Results from the three selection regimens.

Selection scheme G418 hygromycin G418
200 pg/ml 160 pg/mi 200 pg/ml plus
hygromycin
160 pg/ml
Colonies/dish? 900 680 450
Coresistance? 83% +5 76%

aThe absolute number of colonies/plate.
bPercentage of colonies initially selected with one drug that were also resistant
to the other drug.
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sette may also create a useful hypomorphic allele. Here we took advan-
tage of the freedom offered by BAC-based targeting constructs to
design a complex multipurpose allele that could serve at least four
goals. Other variations of designed multipurpose alleles are now possi-
ble. For example, we suggest the application of BAC targeting con-
structs to insert loxP sites at positions between the selectable cassettes,
rather than flanking one of the selectable cassettes. In the absence of
flanking loxP sites, the selectable cassette could be placed well outside of
the gene. Ideally, however, it would be flanked by SSRTs from a third
site-specific recombinase-SSRT system. We note that the application in
mice of a third system, based on phage phiC31 from Streptomyces, is
underway?. Molecular evolution of Cre or FLP to recognize different
target sites also provides options for an additional recombinase sys-
tem?!. An allele built with three site-specific recombinase options could
theoretically generate at least seven alleles.

BAC-based targeting constructs permit the design of multipurpose
alleles that can combine various options, such as knockout, hypomor-
phic, and conditional alleles, with expression reporters, protein tags,
knockins, and gain-of-function cassettes. Our Ml allele is an example
of such new combinatorial alleles built in BACs. Notably, MIl has been
targeted three times, with each mutation showing strikingly different
phenotypes?. Our Ml multipurpose allele series represents a more sys-
tematic approach to the dissection of Ml function in development and
illustrates a general approach for other studies.

We have shown that a reasonably large targeting construct was effi-
ciently electroporated into ES cells and predominantly integrated
intact. Homologous recombination was recorded at frequencies similar
to, if not higher than, those reported for standard vectors. We speculate
than an advantage of large targeting constructs will emerge as further
445
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Figure 3. Schematic representation of multi-purpose alleles. (A) Diagram of the wt mouse MIl gene with the two targeting cassettes depicted below
representing allele 1. Exons are shown as grey boxes. The two black arrows in the hygro cassette in opposite orientation to the MIl gene represent the
prokaryotic (Tn903) and eukaryotic (PGK) promoters used for selection in E. coli and ES cells, and the small arrow in the middle of the Bgeok
represents the prokaryotic Tn5 promoter. Allele 1 is intended to be a complete knock-out with the TAP-FRT-hygro cassette disturbing the protein reading
frame. Allele 2 is generated after FLPe recombination to restore the reading frame and position the TAP tag onto the N-terminus of MIl. Allele 2 is
designed to be a tagged hypomorphic (or dominant negative) allele due to transcript truncation after exon 11. It is also amenable to conditional gene
repair strategies upon Cre deletion of the Bgeok cassette in intron 11. Allele 3 is generated after FLPe and Cre recombination and is designed to be a
tagged wt allele for biochemical characterization. Furthermore, Cre mediated interchromosomal translocation” between the loxP site in intron 11 and a
loxP site in a relevant intron of an Ml translocation partner represents a conditional model for MIl leukemiogenesis. (B) Schematic representation of the
general architecture of large, dual selection targeting constructs. The homology arms lie at the 5’ and 3' ends and are separated by five positions that
can be occupied by a range of different cassettes or modules. The external positions (1 and 5) present options for inclusion of knock-in elements
including fusion tags, expression reporters, and coding or cis-element mutations. In positions 2 and 4 the selectable marker cassettes (sm1 and sm2)
are flanked by SSRTSs. Selective use of site specific recombination removes the cassettes and generates the various alleles. Position 3 is the
intervening region between the selectable marker cassettes. It could be engineered to contain point mutations and/or additional SSRTs to add greater
flexibility to conditional strategies. It may also be possible to use position 3 for the replacement or insertion of large stretches of foreign DNA so that, by
double selection, these foreign DNA sections can be placed in chosen mouse genomic sites. Abbreviations: ATG, start codon of Mll; Bgeok, fusion of
Bgalactosidase and neomycin genes, including a prokaryotic promoter for kanamycin selection; hygro, hygromycin phosphotransferase gene; IRES,
internal ribosomal entry site; pA, polyadenylation signal; sA, splice acceptor; TAP, Tandem Affinity Purification protein tag.

experience is gathered. Since a larger region of homologous DNA is
included, it is possible that targeting frequencies will typically be rea-
sonable to good, and that there will be fewer examples of the extremely
poor frequencies sometimes experienced with conventionally sized tar-
geting constructs.

Experimental protocol

Animals. All animal experiments were conducted in a licensed animal facility in
accordance with the German Animal Welfare Act (Tierschutzgesetz), following
the guidelines of the European Convention for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific Purposes (1986).

BAC engineering. BACs were obtained from Research Genetics in E. coli H$996.
All engineering was conducted in E. coli HS996, and the BACs were directly
sequenced as described?.
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For the first round of shaving (Fig. 1A), a PCR product containing the -
lactamase gene (Amp) replaced the 5’ end of the MIl BAC from the end of the
BAC vector to [5 kb upstream of the initiating ATG. The PCR primer oligos
included at their 5" ends 63 nucleotides of homology, and one included the 38 bp
restriction site for the intein-encoded endonuclease PI-Scel. The Amp PCR
product was electroporated into E. coli HS996 cells harboring the MII BAC and
the R6K-0y plasmid, which expresses the lambda phage proteins Reda, Red3,
and Redy’. Recombinant colonies were identified by double selection for chlo-
ramphenicol and ampicillin, and then restriction fingerprinting (Fig. 2A) and
end sequencing of the insertion site. The approach for the second round of shav-
ing was the same as above except the PCR product included the gentamicin-
resistance gene and the deletion left 6.6 kb downstream of the Bgeok insertion
site in intron 11. Recombinant colonies were identified by triple selection for
chloramphenicol, ampicillin, and gentamicin. These integration cassettes were
first built as plasmids by insertion of Ml PCR products or oligos at either side of
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the TAP-Hygro or Bgeok cassettes. For each engineering step, cells harboring the
BAC were transformed with the Red/ET expression plasmid pR6K-0f3y by stan-
dard procedures. Single colonies were picked and grown in 5 ml Luria (L) broth
overnight. Then, 0.7 ml was transferred into 70 ml of L-broth (without glucose)
and grown at 37 °C. At ODgg = 0.1-0.15, 0.7 ml of 10% L-arabinose (wt/vol) was
added to induce Red protein expression. At ODgg 0.25-0.4, cells were cen-
trifuged (10 min, 3,800g, —5 °C, Sorvall SS34 rotor; plastic tubes) and resus-
pended in 30 ml ice-cold 10% glycerol (vol/vol) (repeated three times). After the
final centrifugation, decanting, and wiping the tube with a tissue, cells were
resuspended in a minimum residual volume (<500 Pl final resuspended vol-
ume) and 50 pl aliquots were immediately electroporated with 0.3—1 pg of lin-
ear DNA fragment (PCR product or a fragment excised from a plasmid).
Colonies were identified on selection plates containing appropriate combina-
tions of the following antibiotics (tetracycline 25 Jg/ml for pR6K-apy, chloram-
phenicol 12.5 pg/ml, ampicillin 50 pg/ml, gentamicin 3 pg/ml, kanamycin
20 pg/ml, hygromycin 50 pg/ml).

BAC DNA was prepared using the Large Construct Maxiprep Kit (Qiagen,
Diisseldorf, Germany). Five liters yielded 270 pg. After PI-Scel digestion of the
targeting construct (10 g, 20 U enzyme, 200 Pl final volume, 37 °C, overnight
incubation), the DNA was extracted with phenol-chloroform, precipitated with
ethanol, and resuspended in PBS.

ES cells. Mouse E14Tg2a (ref. 24) ES cells were cultured without feeders in
medium supplemented with recombinant leukemia inhibitory factor (LIF) as
described?. Electroporation was carried out with a BioRad Gene Pulser using
standard conditions (3 UE, 800 V), adding 90 pg DNA in 90 pl PBS (without cal-
cium and magnesium ions) to 7.4 x 10 7 cells, resuspended in 710 pl PBS. Cells
were seeded at a density of 2 X 10° cells/10 cm plate. At 24 h after electroporation,
drug selection was started at the following concentrations: G418 (200 pg/ml);
hygromycin (160 pg/ml).

ES cell injections were done using standard procedures?.

Protein nuclear extracts from ES cells, embryoid bodies, and mouse organs
were done with the CellLytic NuClear extraction kit from Sigma
(Deisenhofen, Germany). Western blotting was done following standard pro-
cedures. The protein A part of the TAP tag"! was visualized with a peroxidase-
coupled anti-peroxidase rabbit antibody (Sigma) only (no first antibody), and
the ECL system (Amersham).
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Homologous recombination in Escherichia coli simplifies the gen-
eration of gene targeting constructs for transduction into mouse
embryonic stem (ES) cells!-’. Taking advantage of the extensive
homology provided by intact bacterial artificial chromosomes
(BACs), we have developed an efficient method for preparing tar-
geted gene disruptions in ES cells. Correctly integrated clones
were identified by a simple screening procedure based on chro-
mosomal fluorescence in situ hybridization (FISH). To date, five
mutant lines have been generated and bred to homozygosity by
this approach.

Site-specific gene disruption in mice has been an important tool
for the analysis of gene function in vivo®®. However, the process is
resource intensive and the targeting frequencies typically are low.
As currently practiced, creation of a targeting vector requires the
formation in bacteria of a replica of the desired disrupted gene, fol-
lowed by introduction of the replica into ES cells and identification
of the properly targeted DNA. Orthotopic integration can be
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