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Long-range chromosomal engineering is more efficient in vitro than in vivo
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Abstract

Cre/LoxP mediated chromosomal engineering in embryonic stem (ES) cells has a variety of applications,
including the creation of model systems for studying aneuploidy. Targeted meiotic recombination (TA-
MERE) was proposed as a high efficiency in vivo alternative to effect Cre-mediated recombination, in
which Cre recombinase under control of the Synaptonemal Complex 1 promoter is expressed during
male meiosis in transgenic mice. TAMERE has been successfully used with LoxP sites up to 100 kb
apart. We tested TAMERE for a chromosome engineering application in which LoxP sequences were
integrated into sites 3.9 Mb apart on the same (cis) or opposite (trans) copies of mouse Chromosome 16
(MMU16). TAMERE was ineffective in generating either a deletion or a translocation in vivo. The TA-
MERE method may be of limited use for large genomic rearrangements. The desired translocation was
achieved with an in vitro method that can be used in any ES cell line. Mice produced from the reciprocal
duplication/deletion of MMU16 in a region homologous to human chromosome 21 provide models that

are useful in studies of Down syndrome.

Introduction

The creation of large, precise genomic alterations
in mice provides experimental models for human
aneuploid conditions. The Cre/LoxP system
(Tronche et al., 2002) can be used to choose spe-
cific endpoints for deletions, inversions, and
duplications depending on the placement of
34 bp LoxP sites in the genome. If LoxP sites are
located on the same chromosome (i.c., in cis) in
the same orientation, Cre recombination will
result in deletion of the intervening sequence.
When LoxP sites are in cis in opposite orienta-
tions, the intervening sequence will be inverted.
Cre-mediated recombination between LoxP sites
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located in the same orientation in frans results in
a reciprocal translocation.

The most common method used to date to
express Cre recombinase for chromosome engi-
neering is an in vitro culture system (Yu &
Bradley, 2001). The major advantage of this
approach is the ability to select for rare recombi-
nants by reconstitution of selectable markers.
However, this system requires several consecutive
transfection and selection steps. ES cell lines can
become aneuploid and accumulate mutations
after extensive culture and manipulation, causing
them to lose the ability to colonize the germline
(Liu et al., 1997; Longo et al., 1997).

TAMERE was described as an alternative
method which requires fewer in vitro manipula-
tions of ES cells and therefore can minimize
problems associated with extended cell culture
(Herault et al., 1998). This strategy utilizes a
transgenic mouse which expresses Cre recombin-
ase during spermatogenesis by virtue of the
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Synaptonemal Complex Protein 1 (Sycpl) pro-
moter (Vidal et al., 1998). The extremely high
frequency of in vive recombination (12%)
reported initially between LoxP sites separated
by 5.4 kb in trans demonstrated its utility
(Hernandez & Fisher, 1999). A subsequent study
indicated that sex-specific methylation of LoxP
sites occurs in males carrying the Sycpl-Cre
transgene, which complicates breeding strategies
for TAMERE (Rassoulzadegan et al., 2002).
Recent reports demonstrate that TAMERE-
mediated recombination can occur over regions
up to 100 kb, albeit at lower efficiency of
0.2-5% (Herault et al.,, 2002; Genoud et al.,
2004; Zakany et al., 2004). In theory, TAMERE
should work for large distances on paired chro-
matids except at (and across?) the small segments
where they are rigidly linked in the synaptonemal
complex. TAMERE has not been tested for Mb
size regions.

We confirmed a high frequency of TAMERE
over short distances and the previously reported
methylation of LoxP sequences inherited from
Sycpl-Cre males. We found TAMERE to be
ineffective at producing recombination in cis or
trans over a 3.9 Mb region of MMUI16. A vector
system that is compatible with any ES cell line
was used to create the desired asymmetrical reci-
procal translocation in vitro, producing new
mouse models for the study of Down syndrome.

Materials and methods
Animals

Sycpl-Cre mice (Herault et al., 1998) and Z/AP
mice (Lobe et al., 1999) were obtained from the
Jackson Laboratories (Bar Harbor, ME). Fixa-
tion and staining for testes from adult male Z/
AP mice were performed as described (Lobe
et al., 1999). All experiments for the TAMERE
strategy used mice that were established on a
C57BL6/J background (Jackson Laboratories,
Bar Harbor, ME) by more than five generations
of repeated backcrossing. Mice were maintained
in a virus antibody-free colony and given breeder
chow and water ad libitum. All procedures were
approved by the Institutional Animal Care and
Use Committee.

Genotyping

Sycp1-Cre mice were genotyped by PCR with prim-
ers Crel (5% TGATGGACATGTTCAGGGATC
3") and Cre2 (5% CAGCCACCAGCTTGCATGA
3"). PCR reactions contained 2 mM MgCI2 and
were performed for 30 cycles of denaturation (30 s,
94°C), annealing (1 min, 59°C), and extension
(45 s, 72°C). Z/AP mice were genotyped by staining
ear punches as described (Lobe et al., 1999). Typ-
ing for Cbr-Lox and Mx-Lox mice has been
described previously (Olson et al., 2003; Olson
et al., 2004).

Bisulfite sequencing

Mouse tail DNA (10 pug) was denatured in a final
concentration of 0.3 M NaOH for 15 min at 37°C,
then treated with an equal volume of bisulfite solu-
tion (1 mM hydroquinone/2 M sodium metabisul-
fite/60 mM NaOH) overnight at 55°C. Treated
DNA was cleaned with Qiaquick PCR purification
kit (Qiagen, Valencia, CA). DNA was treated with
a final concentration of 0.3 M NaOH for 15 min
at 37°C and neutralized with a final concentration
of 3 M NH4OAc at room temperature for 5 min.
Three volumes of ethanol were added and DNA
was recovered by centrifugation, washed in 70%
ethanol, and resuspended in 40 pul 10 mM
Tris—=HCI/1 mM EDTA. The PCR reactions
(20 ul) contained 4 ul DNA, 1 mM dNTPs, 5 mM
MgCl2, and 1 pM each primer: MXPR-M/U (5
AAAARCRCCTCCCCTACCC 3’) and MXPF2-
M/U (5 GGAYGGTTGGAGAAGAAGGT 3).
PCR parameters were: 30 cycles of denaturation
(30 s, 94°C), annealing (30 s, beginning at 65°C
and dropping 0.5°C each cycle), and extension
(15 s, 72°C), followed by 20 cycles at an annealing
temperature of 50°C. PCR products were TA
cloned (Invitrogen, Carlsbad, CA), sequenced,
and scored for conversion of C to T.

Cre vector testing

Cre vectors were tested by electroporating 10 pg
circular plasmid at 0.32 kV and 250 pF using
a BioRad (Hercules, CA) electroporator into
1.4 x 10° floxed thymidine kinase cells (kindly
provided by M. Dehoff). After three days,
gancyclovir (InvivoGen, San Diego, CA) was
added to a final concentration of 2 uM. After a



further three days under selection, plates were
fixed in methanol and cells were stained with
Giemsa (VWR, West Chester, PA).

Results

Testing TAMERE in the Z/AP reporter mouse
line

In the TAMERE strategy, Cre recombinase con-
trolled by the Sycpl promoter is expressed in
male spermatocytes at the time of chromosomal
pairing in meiosis (Herault et al., 1998). As a
positive control for TAMERE efficacy, we mated
Sycp1-Cre mice to Z/AP mice (Lobe et al., 1999),
a double-reporter mouse line that expresses lacZ
prior to Cre-mediated recombination and alka-
line phosphatase after recombination. Testes
from three adult male double heterozygotes (Z/
AP/+, Sycpl-Cre/+) and two Z/AP only control
mice were stained to assess Cre activity. Control
Z/AP mice exhibited /acZ staining but no alka-
line phosphatase staining, whereas Z/AP/+,
Sycpl-Cre/ + double heterozygous mice exhibited
multiple patches of alkaline phosphatase staining
(Figure 1). This pattern is expected due to syn-
chronized regions of spermatogenesis. Therefore,
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TAMERE was effective in generating a deletion
between LoxP sites separated by 4.7 kb in cis.

Targeted recombination of LoxP sites

We generated two copies of MMUI16 with
LoxP sites in trans at asymmetrical positions
using homologous recombination in ES cells
(Figure 2a) (Olson et al., 2004). The proximal
LoxP sequence was targeted to the Chrl gene
(Cbr-Lox), and the distal LoxP sequence was
targeted to genomic sequence between the MxI/
and Mx2 genes near the distal end of MMUI16
(Mx-Lox). The sites are separated by 3.9 Mb
on MMUI16 and by 5.4 Mb on human chromo-
some 21. These endpoints are the most com-
monly cited boundaries of the ‘Down syndrome
critical region’ (Delabar et al., 1993; Korenberg
et al., 1994). The cells, and mice derived from
them, were used here to test both in vitro strat-
egies and TAMERE.

The Cbr-Lox targeting created a null allele of
Cbrl (Olson et al., 2003). Mice homozygous for
the Mx-Lox allele are normal with no observed
effect on viability or fertility. Two lines of
transgenic mice were created from ES cells carry-
ing either the proximal or distal LoxP site and

Figure 1. TAMERE is effective in the Z/AP mouse reporter line. Testes from adult male Z/AP and Sycpl-Cre double heterozygous
(a and c) mice and Z/AP only (b and d) mice were stained for alkaline phosphatase (a and b) or LacZ plus alkaline phosphatase
(c and d). LacZ is expressed prior to Cre recombination and alkaline phosphatase is expressed after Cre recombination. Regional
expression in a subset of seminiferous tubules is expected due to the synchronization of spermatogenesis. Bar equals 100 pm.
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Figure 2. Chromosome engineering strategy to create a dele-
tion and duplication of a region of MMUI16. (a) When LoxP
sites are in trans, Cre-mediated recombination will produce a
duplication and a deletion. Each targeting vector contained a
LoxP site (triangle), an antibiotic resistance gene (hyg, hygro-
mycin resistance; puro, puromycin resistance), and half of the
neomycin resistance gene (5" or 3’ neo). DSCR, region orthol-
ogous to the hypothesized ‘Down syndrome critical region’ on
MMU16; cen, centromere; tel, telomere. (b) A deletion occurs
when LoxP sites are in cis.

backcrossed to C57BL6/J for five or more gener-
ations. These lines were intercrossed to produce
mice with LoxP sites in trans.

TAMERE did not generate trans recombination

We initially generated ‘trans-loxing’ fathers carry-
ing the Sycpl-Cre transgene and the Cbr-Lox
and Mx-Lox sites in trans by mating as in
(Figure 3a). Subsequently, it was demonstrated
that a LoxP site can become methylated when it
is transmitted through the male germ line with
Sycpl-Cre, and this methylation inhibits Cre-
mediated recombination (Rassoulzadegan et al.,
2002). Methylation of LoxP in these trans-loxing
fathers was confirmed using bisulfite sequencing
around the Mx-Lox site in a mouse which
inherited the LoxP allele from a Sycpl-Cre
expressing father (Figure 3a). The different CpG

dinucleotides near LoxP were methylated in
7-36% of sequence reads (n = 14 reads). Clones
from the same mouse showed different methyla-
tion patterns, reflecting varying degrees of meth-
ylation in different cells. This may be due to the
young age at which tail biopsies were obtained in
this study (ten days), since methylation was
reported previously to increase with age from
three weeks to three months (Rassoulzadegan
et al., 2002). We screened 142 pups for transloca-
tion products by PCR from four of these
trans-loxing fathers. All were negative for the
deleted and duplicated chromosomes.

(a)Q Mx-Lox, + x L,Cbr-LoxO/

+ + + +
Sycp1-Cre
+,+ Cbr-Lox, + “ 4
¥ F X = ’—O/ Trans-loxing
MX‘LDX males”
l Sycp1-Cre

142 pups negative for deletion and duplication

% , Mx—l;ox O/

(b) Cbr-Lox, +
B

X
Sycp1-Cre l

+,+ Cbr-Lox, + 8
Q T O+ X + Mx-Lox O/“Trans-loxing

Sycp1-Cre males”

208 pups negative for deletion and duplication

() +,+ Chr-Lox , +
Q + +X + Mx—LoxO/

?

257 pups negative for deletion

+ Cbr-Lox , Mx-Lox 7
T X ¥ ¥ O/ “Cis-loxing
Sycp1-Cre males”

+|+

Figure 3. TAMERE mating strategy. (a) trans-loxing fathers
which inherit a LoxP allele with the Sycpl-Cre transgene
through the paternal germline undergo methylation of LoxP
sites which inhibits recombination. No deleted or duplicated
chromosomes were found in the offspring of these matings.
(b) Methylation is avoided when the Sycpl-Cre transgene is
inherited through the maternal germline. No deleted or dupli-
cated chromosomes were found in the offspring of these mat-
ings. (c) Mice with LoxP sites in frans were mated to produce
animals with LoxP sites in cis following meiotic recombina-
tion. These cis-loxing mice were used in TAMERE but no
deletions were detected.



We then altered breeding strategies to avoid
this methylation by introducing Sycpl-Cre and
one LoxP site through the maternal germline
(Figure 3b). No methylation was observed in a
mouse which inherited a LoxP allele and Sycpl-
Cre from a female (n =9 sequence reads). How-
ever, none of 208 progeny from eight of these
trans-loxing males contained the deletion or the
duplication. To determine whether rare recombi-
nations occurred but were not detected as prog-
eny, DNA isolated from testes of trans-loxing
fathers was screened for recombination by PCR;
no recombination was detected.

TAMERE with LoxP sites in cis did not generate
deletions

Several in vitro studies have shown a higher fre-
quency of Cre-mediated recombination when
LoxP sites were in cis (producing a deletion,
Figure 2b) than when they were in trans (produc-
ing a translocation, Figure 2a) (Ramirez-Solis
et al., 1995; Lindsay et al., 1999; Puech et al.,
2000). To test the efficacy of TAMERE for long
range recombination of LoxP sites in cis, we first
generated doubly heterozygous mice with the
Cbr-Lox and Mx-Lox sites in trans by breeding
the singly-targeted mouse lines together. These
mice were mated with wild type mice and pups
were screened for the presence of both LoxP
sites, demonstrating recombination between Cbrl
and MxI. These genes are separated by 4.2 cM
on MMUI6 (www.informatics.jax.org). Two
recombinant offspring were recovered from 70
pups (2.9%) and used to generate ‘cis-loxing’
fathers expressing Sycpl-Cre (Figure 3c). We
screened 257 progeny from seven cis-loxing
fathers by PCR and all were negative for the
deletion. PCR of testis DNA from cis-loxing
fathers did not detect deletions.

Efficacy of Cre expressing plasmids in ES cells

The efficacy of TAMERE may be target-
dependent. We used an established in vitro method
involving the transfection of a Cre expressing
plasmid in ES cells to confirm that Cre-mediated
recombination between Mx-Lox and Cbr-Lox
constructs can occur. To optimize the in vitro
strategy, Cre expression controlled by several dif-
ferent promoters was tested in the ‘floxTK’ ES cell
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line (M. Dehoff, unpublished). FloxTK cells con-
tain a thymidine kinase gene flanked by LoxP sites
(floxed). The tested promoters included the major
immediate early promoter of human cytomegalo-
virus (Sauer, 1993), the chicken p-actin/rabbit
B-globin hybrid promoter, CAGGS-Cre (Niwa
et al., 1991; Puech et al., 2000), and the elongation
factor la promoter (Gagneten et al., 1997).

FloxTK cells die in the presence of gancyclo-
vir unless the thymidine kinase gene is deleted by
Cre-mediated recombination. We transfected the
different plasmids into an equal number of cells,
selected with gancyclovir, and visualized surviv-
ing colonies by Giemsa staining. The CAGGS-
Cre vector yielded >10-fold more colonies than
the other vectors (Figure 4).

Generation of a T(16C4;16C4)1Rhr translocation
in vitro

To demonstrate that a reciprocal translocation
could be induced by Cre, we created ES cell lines
containing both LoxP sites by transfecting the
vectors successively (Olson et al., 2004). Five
karyotypically normal ES cell lines were

Figure 4. CAGGS-Cre is much more effective than other vec-
tors at deleting a floxed thymidine kinase gene. Cre-mediated
recombination confers resistance to gancyclovir by deleting
the thymidine kinase gene. Colonies were stained with Giemsa
six days after transfection (three days of gancyclovir selec-
tion). CMV, cytomegalovirus promoter; EFle, elongation fac-
tor lo promoter; CAGGS, chicken [-actin/rabbit f-globin
hybrid promoter.
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produced that contained both Cbr-Lox and
Mx-Lox sites. It was unknown whether these
sites were located in cis or trans in a given line.
In contrast to previous reports of Cre-medi-
ated chromosome rearrangement which required
the use of Hprt-null ES cell lines (Ramirez-Solis
et al., 1995; Liu et al., 1998; Lindsay et al., 1999;
Mills & Bradley, 2001; Yu & Bradley, 2001), our
approach can utilize any ES cell line, since suc-
cessful Cre recombination reconstitutes a neomy-
cin® cassette (Figure 2). Double LoxP-targeted
cell lines were transfected with CAGGS-Cre plas-
mid and grown in G418 to select for those cells
that had undergone Cre recombination. One cell
line gave rise to two G418 resistant colonies; as
these arose on the same plate, it is unclear
whether they were independent clones. Both
clones retained both hygromycin and puromycin
resistance, indicating that the parental line con-
tained LoxP sites in trans and that Cre recombi-
nation had therefore produced an asymmetrical
reciprocal translocation (Figure 2a). If LoxP sites
had been in cis, only a deletion would have
occurred and cells would have lost resistance to
both hygromycin and puromycin (Figure 2b).

Discussion

The TAMERE strategy, although effective for
recombination with target regions up to 100 kb,
may not be useful for creating deletions or dupli-
cations over distances that are substantially lar-
ger. We confirm the TAMERE strategy here in a
mouse reporter line but show that it was ineffec-
tive in generating recombination either in cis or
in trans on MMU16 homologues. However, we
were successful in generating this translocation
by optimizing an in vitro method for use in any
ES cells. Previous approaches required the use of
Hprt-null cell lines for chromosomal engineering
(Adams et al., 2004).

Chromosomally engineered mice have many
potential uses. Large inversions can be used as
balancer chromosomes to maintain stocks of
mutant mice (Yu & Bradley, 2001). Deleted chro-
mosomes are advantageous for targeted mutagen-
esis strategies that elucidate the function of
unknown genes or create novel alleles of known
genes. In a typical mutagenesis scheme, recessive

mutations are not detected until the third genera-
tion (G3), requiring large breeding colonies. By
using mice carrying large deletions, a recessive
mutation corresponding to the deleted segment
will be uncovered in the G2 generation.

Chromosome-engineered mice can also be
used to model human aneuploid disorders. Engi-
neering aneuploid mice to model human devel-
opment has advantages over radiation-induced
(Davisson et al., 1990), fortuitously recovered
(Sago etal, 1998), or transgenic (Kola &
Pritchard, 1999) mouse models of aneuploidy.
Endpoints for the ancuploid segment can be
chosen to test specific hypotheses about dosage
imbalance, eliminating complicating effects of
irrelevant segments of aneuploidy or gene rear-
rangements that occur during spontaneous
translocations. Large genomic alterations more
closely resemble human aneuploid conditions;
transgenic mice do not always express genes at
levels analogous to those of human aneuploidy,
and even large insert (BAC, PAC) transgenics
may not carry all coding or regulatory
sequences for a given gene. YAC transgenics
often are rearranged or missing segments (Smith
et al., 1995; Kola & Pritchard, 1999).

The endpoints of the translocated segment
described here are the most commonly cited
boundaries of the ‘Down syndrome critical
region’, the smallest region of overlap among
individuals with segmental trisomy for human
chromosome 21 who share specific Down syn-
drome features (Delabar et al., 1993; Korenberg
et al., 1994). Down syndrome features associated
with this region include abnormalities of the face
and craniofacial skeleton, mental retardation,
joint hyperlaxity, muscle hypotonia, short stature
and a variety of dermatoglyphic abnormalities.
Barlow et al., have defined a congenital heart dis-
ease region on chromosome 21 that overlaps sub-
stantially with this region (Barlow et al., 2001).
The mice generated with this deletion and dupli-
cation enable hypothesis testing about gene
action in Down syndrome (Figure 5). Segmen-
tally trisomic mice can be tested for quantifiable
phenotypes with direct parallels to Down syn-
drome, and monosomic mice can be bred to cur-
rently existing mouse models such as the Ts65Dn
mouse to subtract this segment from the larger
Ts65Dn trisomic region (Reeves et al.,, 2001;
Olson et al., 2004).
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Figure 5. Chromosome engineering provides new models to study dosage sensitive genes in mouse models of trisomy. Interphase
FISH analysis of chromosomes from mice containing a normal chromosome complement (euploid) and from Down syndrome
models, Msl1Rhr/Ts65Dn, TsIRhr and Ts65Dn. The cartoons indicate the positions of FISH probes relative to triplicated or
deleted segments and the segmental trisomy in each model. Superimposition of green and red signals is shown as a yellow signal in
Ts65Dn. Numbers in parentheses indicate the number of conserved genes orthologous to HSA21 (Gardiner et al., 2003) that are

triplicated in each model.

Chromosome engineering is a time- and
resource-consuming endeavor. Consequently,
few comparisons have been made of the differ-
ent methods available. Our results suggest that
TAMERE is most effective across short dis-
tances, while expression of Cre under optimal
promoters in ES cells provides a versatile sys-
tem for recombination across long distances.
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