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ABSTRACT
Chromosome engineering in mice enables the construction of models of human chromosomal diseases

and provides key reagents for genetic studies. To begin to define functional information for a small
portion of chromosome 11, deficiencies, duplications, and inversions were constructed in embryonic stem
cells with sizes ranging from 1 Mb to 22 cM. Two deficiencies and three duplications were established in
the mouse germline. Mice with a 1-Mb duplication developed corneal hyperplasia and thymic tumors,
while two different 3- to 4-cM deficiencies were embryonically lethal in heterozygous mice. A duplication
corresponding to one of these two deficiencies was able to rescue its haplolethality.

ONE of the most common causes of human develop- deleterious to an embryonic cell. Occasionally, however,
mental disorders and fetal loss are chromosomal an alteration may occur that allows a cell to obtain a

abnormalities such as inversions, duplications, defi- specific growth advantage and to escape the normal
ciencies, translocations, and nondisjunction. Chromo- mechanisms that might otherwise result in cell death.
somal changes that result in gene dosage differences Such a cell may continue to proliferate and become
(deletions, duplications, and nondisjunction) can be neoplastic. Chromosomal alterations that cause ectopic
particularly severe. Chromosomal aberrations that cause expression of oncogenes (Rabbitts 1994) or loss of
minor perturbations in an embryonic cell’s capacity to tumor suppressor genes (Marshall 1991; Weinberg

fulfill a developmental program may initially result in 1991) are therefore selected in neoplasia.
subtle developmental defects; however, these can be Some chromosomal rearrangements, such as a simple
rapidly amplified by the developmental hierarchy, ulti- translocation or an inversion, may affect just a few genes.
mately resulting in major developmental abnormalities. For example, the inversions that disrupt the X-linked
Consequently, many chromosomal alterations are in- factor VIII gene cause severe hemophilia A (Lakich et
compatible with full-term fetal development. Some re- al. 1993). The specific gene(s) associated with patholog-
arrangements are tolerated, however, and individuals ical deletions and duplications are, however, much
may be born with a variety of clinical symptoms. For harder to identify because many genes are affected by
example, duplication of regions of chromosomes 21 and these aberrations. The generation of animal models that
17 cause Down syndrome (Epstein 1986) and Charcot- accurately recapitulate these types of genetic lesions
Marie-Tooth disease (Lupski et al. 1991), while Di- will facilitate the study of human disease, and this will
George syndrome has been shown to be associated with eventually enable the definition of specific gene-func-
microdeletions of chromosome 22q11 (Driscoll 1994). tion relationships in these clinical syndromes.

Alterations in chromosomes also occur spontaneously Chromosomal rearrangements have been used exten-
in somatic cells during the life of the organism, and sively as an experimental tool in model organisms such
these alterations are usually less of a problem to the as Drosophila melanogaster. Chromosomes with inversions
organism. In many cases, somatic cells that suffer chro- (Inv; Sturtevant 1926) are used as balancers to main-
mosomal damage that is deleterious to a cell may simply tain recessive mutations in specific linkage relationships
cause that cell to be lost from the organism and be by reducing recombination, while chromosome defi-
replaced by cells from the same lineage with intact ge- ciencies (Df; Bridges 1917) and duplications (Dp;
nomes. The genome of a differentiated somatic cell is

Bridges 1919) have been very useful for studying gene
not challenged with the rigor of executing an appro- dosage and mapping genes in a defined genomic re-
priate developmental program; therefore, somatic cells gion. More importantly, chromosomal deficiencies are
can usually tolerate genetic changes that would be very commonly exploited in genetic screens because a small

portion of the genome is functionally hemizygous. Thus,
the phenotype of a recessive mutation, which would
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salient aspects of mammalian anatomy and physiology, somes in mice. This portion of the mouse genome con-
coupled with the close genome homology between these tains genes whose homologues map to human chromo-
two species, makes mice an excellent model for illustrat- some 17q. All the rearrangements in this study are
ing the function of human genes. In many chromosome centered around the Hsd17b1 locus, which is located
domains, the gene order is conserved between the two close to the Brca1 gene in the region that corresponds
species (Watkins-Chow et al. 1996). The generation to human chromosome 17q21. The intensive genetic
of mouse strains with defined chromosomal alterations studies involved in the search for the human BRCA1
will not only confirm the causative role of specific DNA gene have yielded detailed genetic and physical maps
rearrangements in human genetic diseases, but provide of this region (Miki et al. 1995). In addition, several
accurate models as well. Most chromosomal rearrange- clinical cases have been reported that were associated
ments described in the mouse have been induced by with chromosomal deletions on 17q (Park et al. 1992;
ionizing irradiation, and they are the outcome of studies Khalifa et al. 1993; Levin et al. 1995).
initiated to examine the effects of radiation on the mam- To begin to derive some functional information for
malian genome (Rinchik and Russell 1990). The dele- this portion of the genome, a series of deficiencies,
tions that arose in these studies are clustered around duplications, and inversions were generated and trans-
seven recessive and several dominant loci that result in mitted into the mouse germline, and the resulting phe-
readily identifiable phenotypes when deleted (Rinchik notypes were examined. It was found that duplications
and Russell 1990). Although many of these existing of a 1.0-Mb region caused corneal hyperplasia and thy-
deficiencies are poorly defined, they have proven to be mic tumors. Deficiencies of the two adjacent 6- to 8-Mb
invaluable for genetic studies of these particular regions. regions around the Hsd17b1 (E2DH) locus caused early
For example, the overlapping deletion series around embryonic lethality in the heterozygous state, while the
the albino locus have been studied extensively to define corresponding duplication of one region did not cause
the complementation groups that are implicated in a detectable phenotype but was able to rescue the haplo-
early embryogenesis (Holdener-Kenny et al. 1992; lethality of its deficiency counterpart.
Shumacher et al. 1996) and in saturated chemical muta-
genesis screens (Rinchik 1991).

In the chromosome deficiencies induced by irradia- MATERIALS AND METHODS
tion in mice, the induced breakpoints occur more or

Genomic clones for gene targeting: Genomic clones for allless randomly throughout the genome. Thus, the char-
the genetic loci in this study were isolated from a mouse 129/acterization of the size of a deficiency and identifying
SvEv genomic library in lambda FIXII (Stratagene, La Jolla,simple deficiencies from those that are associated with
CA). The hybridizations were routinely performed in 63 SSC,

other rearrangements, such as translocations and inver- 0.1% nonfat dry milk at 658 overnight. Washes were usually
sions, can be labor intensive. Duplications can also be performed in 1.03 SSC, 0.1% SDS at 658 for 20 min, and in
induced by X rays, although these are relatively rare 0.13 SSC, 0.1% SDS at 658 for 10 min, except for the human

Hsd17b1 probe, which was performed in 1.03 SSC, 0.1% SDSevents. This may be because this rearrangement is quite
at 658 for 20 min.difficult to detect cytogenetically (especially when small),

Targeting the HprtD39 cassette to the Hsd17b1 locus: Theand also because the phenotypes of mice harboring
coding region of the mouse Hsd17b1 gene (5.5 kb) was re-

DNA duplications can be subtle. Germline mutations placed by the HprtD39 cassette, which also contains the Neo
are detected in X-irradiated mice at the rate of 1.5–3 3 gene and the 59 half of truncated Hprt minigene (see Figure

2A), in both orientations (A or B). The 59 diagnostic probe1024 per locus (Rinchik 1991). Thus, the generation
(PL16) hybridizes to a 15-kb EcoRI fragment from the wild-of a specific set of DNA rearrangements by irradiation
type allele. The fragments from the targeted alleles are 10.4requires vast facilities that are available in very few labo-
kb for A and 9.2 kb for B (Figure 1A). The targeted clones wereratories. The chemical chlorambucil is an alternative to confirmed with a 39 diagnostic probe (PL17). Two targeted

X irradiation for inducing deletions because this agent ES cell clones, A2.2L2E11 (orientation A, EA) and B2.2LB8
induces deletions at a much higher frequency of 1.3 3 (orientation B, EB), were expanded, and their totipotency

was tested by generating and breeding chimeras. Both cell1023 per locus, although in mice it can also induce
lines produced germline-transmitting chimeras at a high fre-translocations (Rinchik et al. 1993).
quency. They were used for further targeting as describedMany germline modifications of single genes have
below.

been constructed by manipulating the genome in Targeting the HprtD59 cassette to the Gas locus: The 3.5-
mouse embryonic stem (ES) cells (Bradley and Liu kb sequence containing the entire mouse Gas-coding se-
1996). The largest deletion generated in the mouse by quence was replaced by the HprtD59 cassette, which contains

puromycin-resistance gene (Puro) and the 39 half of the trun-conventional gene targeting was 19 kb (Zhang et al.
cated Hprt minigene (Figure 2A), in both orientations (GA1994). By combining homologous and Cre-loxP site-spe-
or GB). The two targeting vectors were separately transfectedcific recombination, we have successfully generated a
into the EA and EB cell lines. Targeted clones were detected

variety of chromosome rearrangements on the distal using the 59 diagnostic probe (PG14), which detects a 12.5-
part of chromosome 11 in mouse ES cells (Ramirez- kb PstI wild-type fragment or a 10.2-kb (GA orientation) or a

8.5-kb PstI (GB orientation) fragment from the targeted allelesSolis et al. 1995) and established these altered chromo-
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Figure 1.—Targeting of the D39 Hprt cassette to the Hsd17b1 locus
and of the D59 Hprt cassette to the four different loci on mouse chromo-
some 11. (A) Targeting the D39 Hprt cassette to the Hsd17b1 locus. (B)
Gene targeting at the Gas locus. (C) Introduction of the D59Hprt cassette
to the Wnt3 locus. (D) Targeting the D59 cassette into the D11Mit199
locus. (E) Homologous recombination at the D11Mit69 locus. Inser-
tional targeting vectors were built for the D11Mit199 and D11Mit69
loci.
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(Figure 1B). The targeted clones were further confirmed using 0.5% fat-free milk, and 200 mg/ml denatured salmon testis
DNA overnight at 658. Washing was usually conducted in 1.03the 39 diagnostic probe (PG20).

Introducing the HprtD59 cassette to the Wnt3 locus: Two SSC, 0.1% SDS at 658 for 20 min, and in 0.13 SSC, 0.1% SDS
at 658 for 10 min. Probes were labeled with [a-32P]dCTP usingreplacement vectors (PW13 and PW14) that contain the

HprtD59 cassette in both orientations replacing a 2.1-kb frag- the QuickPrime kit from Pharmacia (Piscataway, NJ). For
probes that contain repetitive sequences, preassociation ofment (exon 3 and most of exon 4) of the Wnt3 locus were

built. This deletion will presumably create a null allele for the these probes with mouse genomic DNA was performed. In
brief, purified labeled probes (25 ng in 100 ml) were mixedmouse Wnt3 gene. The two targeting vectors were transfected

into the EB cell line. DNA from the transfectants was digested with 20–50 mg (50 ml) mouse genomic DNA and 100 ml hybrid-
ization solution. This probe mixture was heated at 1008 for 5with EcoRI and probed with a 0.75-kb fragment of PW15. The

20-kb wild-type fragment is altered to 8.5 or 10.8 kb in the min and then kept at 658 for 1–2 hr before it was added to a
hybridization cylinder. Southern blots from such a hybridiza-PW13 and PW14 mutant alleles, respectively (Figure 1C).

Targeting the HprtD59 cassette to the D11Mit199 and tion were washed in regular stringency or washed at a higher
temperature such as at 708.D11Mit69 loci: D11Mit199 and D11Mit69 are anonymous mi-

crosatellite loci on mouse chromosome 11. The D11Mit199 Fluorescent in situ hybridization: A mouse BAC library was
screened by PCR using primers for D11Mit199 for D11Mit11.locus is z2 cM from the Hsd17b1 locus and 1 cM from the

Wnt3. The D11Mit69 locus maps very close to the telomere of Two positive BACs were identified: BAC 293C22 for the
D11Mit199 locus and BAC 330P14 for the D11Mit11 locuschromosome 11, z22 cM from the Hsd17b1 locus. An arrayed

mouse 129/SvEv genomic phage library was screened by PCR (59TAT TCT CTC CTT CCC CCC AC39; 59TAG AGT TGG
GAC ACC CAA GC39). BAC DNA was purified and used asusing primers specific for the D11Mit199 locus (59ATC GTC

AAT AGG TGG CCA AG39; 59AGG AAA GGA TTC GGT ATC probes for fluorescent in situ hybridization (FISH). Chromo-
some spreads from ES cells were prepared as described (Rob-ATA GG 39) and the D11Mit69 locus (59AGT TGC TGC AAT

ATG GAC CC 39; 59ATC TCA GTG CTG TTC TAA CAC ertson 1987), with minor modification. FISH was performed
according to the published protocol (Baldini and LindsayTGC39). The genomic inserts of the positive phages were

subcloned and used to construct the targeting vectors. In both 1994). BAC 330P14 was labeled with biotin and detected by
FITC-avidin, which gave green fluorescence. The green colorcases, insertion vectors were constructed. An 8.0-kb NotI/XhoI

fragment from the D11Mit199 phage was used as the homology was converted to yellow color artificially for easy identification.
BAC 293C22 was labeled with digoxigenin and detected byregion for the two targeting vectors (m199a and m199b).
anti-digoxigenin-rhodamine, which gave red fluorescence.These vectors were linearized with SfiI (Figure 1D). Two inser-

PCR genotyping embryos: PCR was used to genotype em-tion vectors were constructed from a 5.0-kb genomic fragment
bryos with the Df11(2) and Dp11(2) chromosomes. For de-from the D11Mit69 phage. NheI was used to linearize the vec-
tecting a chromosomal deficiency, primer 1 is from the humantors (m69a and m69b); one homology arm is 2.0 kb, and the
Hprt minigene exon 2, CCTCATGGACTAATTATGGAC;other is 3.0 kb (Figure 1E).
primer 2 is from the human Hprt minigene exon 9, CCAGTTTES cell culture and generation of chimeras: AB2.2 ES cells
CACTAATGACACA. The product is 2.1 kb. To amplify thewere used for gene targeting in this study. This cell line was
duplication allele, primer 1 was specific for the human Hprtderived from Hprt-deficient 129/SvEv mice (Matzuk et al.
minigene intron, 59AGGATGTGATACGTGGAAGA39, while1992). Embryonic stem cells were cultured and transfected
primer 2 is specific to the PolII promoter, 59GCCGTTATTAGaccording to described protocols (Ramirez-Solis et al. 1993).
TGGAGAGGC39. The PCR product is 770 bp.Typically, 20 mg linearized targeting vector DNA was electro-

Histological analysis: Embryos were processed for histologi-porated into 1.0 3 107 ES cells that were subsequently selected
cal studies as described (Kaufman 1992). Briefly, the embryoswith G418 (targeting the Hsd17b1 locus), or in puromycin
were fixed in Bouin’s solution overnight and then washed(targeting the HoxB9, Gas, Wnt3, D11Mit199, and D11Mit69
extensively in 70% ethanol until they were not yellow. Afterloci), in the presence of FIAU (1-(2-dexyo-2-fluoro-b-D-arabi-
dehydration through a series of higher concentrations of etha-nofuranosyl)-5-iodouracil). FIAU selection was omitted in the
nol, the embryos were embedded in paraffin wax. The embryoscase of targeting the D11Mit199 and D11Mit69 loci. Clones
were sectioned at a thickness of 5–7 mm. Slides were stainedwere picked into 96-well arrays, and targeted ES cell clones
with Hematoxylin (Harris) and counterstained with eosin.were identified using Southern analysis (Ramirez-Solis et al.
Similar histological procedures were used for analyzing eyes,1993). Transient expression of Cre was achieved by electropor-
spleens, thymuses, and tumors from the Dp11(1)/1 mice.ating 20 mg of supercoiled pOG231 plasmid into 1.0 3 107

double-targeted ES cells. HAT (10 mm sodium hypoxanthine,
40 mm aminopterin, 1.6 mm thymidine) selection was initiated

RESULTS24–48 hr after the electroporation.
Chimeras were generated by injecting ES cells into 3.5-

Generation of chromosomal deficiencies, inversions,day blastocysts from C57BL/6-cBrd/cBrd (a spontaneous albino
and duplications: The strategy to generate the chromo-mutant coisogenic C57BL/6 strain) females mated with

C57BL/6-cBrd/cBrd males. The blastocysts were transplanted to somal rearrangements is illustrated in Figure 2. In brief,
the uterine horns of day-2.5 pseudopregnant foster mothers two complementary truncated Hprt minigene cassettes
produced by mating F1 (C57BL/6 3 CBA) females with the with an embedded loxP site were successively targetedvasectomized F1 males (Bradley 1987). Chimeras were identi-

to two loci on mouse chromosome 11 in ES cells (Figurefied among the resulting progeny by their Black Agouti fur
2A). Transient expression of Cre recombinase induces(ES cell-derived), and the male chimeras were subsequently

bred to C57BL/6 or 129/SvEv females. recombination between the two loxP sites, resulting in
Southern analysis of genomic DNA: Genomic DNA was di- either a Df, a Dp, or an Inv (Figure 1C), depending

gested with restriction enzymes, run on a 0.7% agarose gel in on the relative orientation of the two cassettes. The
1.03 TAE buffer, and blotted onto a nylon membrane filter

recombination between the loxP sites reconstructs ain 0.4 n NaOH overnight. The blot was neutralized in 2.03
full-length Hprt minigene from the complementary cas-SSC, 0.2 m Tris-HCl (pH 7.5) and baked at 808 for 30 min.

The hybridization was performed in 1.53 SSC, 1.0% SDS, settes, enabling cell lines with these recombinant chro-
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Figure 2.—(A) The strat-
egy for generating chromo-
somal deletions (deficien-
cies). Two cassettes, HprtD39
and HprtD59, were targeted
to two endpoints on a chro-
mosome. Transient expres-
sion of Cre recombinase cat-
alyzes the recombination
and generates a deletion.
(B) A deficiency and a du-
plication generated from
trans recombination. (C)
An inversion is expected if
the D39 and D59 cassettes are
in opposite orientation on
a chromosome. (D) Sum-
mary of the chromosomal
rearrangements on mouse
chromosome 11. Del (Df11),
deficiency; Dup (Dp11), du-
plication; Inv, inversion.

mosomes to be directly selected in HAT. All the alter- resistant clones for the D11Mit199 and D11Mit69 inser-
tion vectors, respectively.ations described here have the Hsd17b1 (E2DH) locus

as one of the endpoints. Therefore, this locus was tar- Double-targeted clones were transiently transfected
with a supercoiled Cre expression plasmid, and HAT-geted first with the HprtD39 vector in two different orien-

tations (Figure 1A). The HprtD59 cassette was subse- resistant clones were isolated. The frequency of recom-
bination varied, depending on the specific interval, thequently targeted to the loci around the Hsd17b1 locus

in these targeted cell lines. The targeting vectors and cis or trans configuration of the cassettes, and the type
of rearrangement induced by the recombination eventrecombinant alleles generated with these vectors are

summarized in Figure 1. The recombination endpoints (Table 2). Recombination between the two cassettes
when they have been targeted in direct orientation inincluded genes (Gas, HoxB9, and Wnt3) and microsatel-

lite loci (D11Mit199 and D11Mit69), and the targeting trans will generate an ES cell with a Df on one chromo-
some and the corresponding Dp on the other. The fre-efficiencies were very similar for these loci (Table 1).

Both replacement and insertion types of vectors were quency of trans recombination was generally much
lower than recombination in cis, and the frequency ofused (Figure 1). Targeting frequencies for these vectors

were in the range of 5–20% of the double-resistant generating duplications (cis) was lower than the corre-
sponding Df and Inv (Table 2). This may reflect the factclones (G418 and FIAU, or Puro and FIAU) for the

replacement vectors, and 20 and 8% of the puromycin- that Dp cis recombination can only be generated at the
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TABLE 1

Targeting the two truncated Hprt cassettes into loci on mouse chromosome 11

Genetic loci Hsd17b1 Gas Wnt3 D11Mit199 D11Mit69

Targeting frequency (%)a 5 5 15 20 8
Total homology length (kb)b 8.0 7.3 7 8 5

4.3/3.7 3.6/3.7 3.0/4.0 3.0/5.0 3.0/2.0
Negative selection enrichment 3 3 5 N/A N/A
Diagnostic enzyme R B R H3 for a RV

H3/S for b
Probe for Southernc 2.1 kb 1.3 kb 0.75 kb 1.5 kb 2.5 kb

N/RI Rs Hin/Xa Nc/X RV/X
PL16 PG20 PW15 CMJ-7b M69-7b

a The targeting efficiency of the same vector varied from one experiment to the next. For example, the
Hsd17b1 vectors had targeting frequencies in the range of 5–20%. The frequencies listed refer to the first
experiment using a targeting vector. Two targeting vectors are built for each locus, which have similar targeting
frequencies.

b The distribution of homology on the 59 and 39 sides of the targeting vectors. Insertion vectors were built
for D11Mit199 and D11Mit69 loci.

c The plasmids from which the probes were derived are listed with the enzymes used for digestions. R, EcoRI;
B, BamHI; H3, HindIII; Hin, HincII; N, NotI; Nc, NcoI; Rs, RsaI RV, EcoRV; S, Sal I; Xa, XbaI; X, XhoI. N/A, not
applicable.

sister chromatid stage, while Df and Inv can also arise decrease in the inversion frequency was not observed
in the case of the smallest inversion described herefrom recombination within a single chromatid. The ab-

breviations for the recombinant chromosomes are de- (Table 2).
FISH analysis of chromosomal rearrangements: Totailed in Table 3.

HAT-resistant clones were not recovered when the characterize some of the chromosomal rearrangements
in more detail, we performed FISH using probes fromcassettes were in inverted orientation in trans. This is

because the trans recombination frequency is very low, the D11Mit199 and D11Mit11 loci. Two BACs correspond-
ing to these loci were isolated: 293C22 (D11Mit199) andand acentric and dicentric chromosomes are the prod-

ucts from such a recombination event. Acentric chromo- 330P14 (D11Mit11). Figure 3 (A–D) shows the FISH
analysis of wild-type control and a Df11(2)/Dp11(2) cellsomes will be lost during cell division, and this will likely

be a cell-lethal event because loss of this acentric frag- line that has a 3- to 4-cM deficiency and the same size
duplication between the Hsd17b1 and Wnt3 loci. Thement is equivalent to a homozygous deficiency, in this

case covering 25% of chromosome 11. If two inverted FISH signals were artificially colored in red and yellow
to distinguish the signals from the different BACs. InloxP sites are close to each other in cis, then two sister

chromatids could theoretically recombine to form acen- the case of the Df11(2)/Dp11(2) cell line, the deficiency
chromosome domain can be identified in the in-tric and dicentric chromosomes at a high frequency,

which would lead to loss of these cells. Although this terphase nucleus as a single red dot resulting from the
D11Mit11 BAC, which lies outside the deficiency, whilehas been observed in D. melanogaster (Golic 1994) and

in mice (Lewandoski and Martin 1997), a marked the corresponding duplication chromosome has one

TABLE 2

Cre-lox recombination frequency on mouse chromosome 11

Deficiency Inversion Duplication

Interval Cis Trans Cis Trans Cis Trans

Gas-Hsd17b1 (1 Mb) 476 1 355 0 166 2
Hsd17b1-D11Mit199 (2 cM) 102 3 293 0 NA NA
HoxB-Hsd17b1 (3–4 cM) 2 0 43 0 NA NA
Hsd17b1-Wnt3 (3–4 cM) 36 4 19 0 NA NA
Hsd17b1-D11Mit69 (22 cM) 0 0 3 0 NA NA

1.0 3 107 double-targeted ES cells were electroporated with 20 mg pOG 231 (cre expression plasmid) and
selected with HAT medium. The numbers listed in the table refer to HATr colonies per electroporation, and
they are the mean value of three to four independent cell lines. NA, not available.
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red dot, but also two yellow dots, which is the signal most distal microsattelite marker described for mouse
chromosome 11, D11Mit69. Six double-targeted clonesfrom the D11Mit199 BAC hybridization that is within

the duplicated region. Because the duplicated region for each orientation of the D11Mit69 locus were gener-
ated and tested. Following cre transfection, a total ofis relatively small, the duplicated signals could not be

resolved as two discrete spots in a metaphase spread. nine HAT-resistant clones were recovered from three
double-targeted cell lines. Sib selection with puromy-However, the deficiency is clearly visible by the absence

of a yellow spot corresponding to the D11Mit199 locus. cin and G418 indicated that these HAT-resistant clones
had an inversion. This was confirmed by FISH analysisWe attempted to generate a 22-cM deficiency and the

same size inversion between the Hsd17b1 locus and the (Figure 3, A and E). Both probes (D11Mit199 and

Figure 3.—FISH analysis of the
chromosomal rearrangements. The
two BAC probes used in this study
were isolated using primers from
the D11Mit199 and D11Mit11 loci.
The D11Mit199 BAC is shown as
yellow and the D11Mit11 locus is
colored red. These loci are z10
cM apart on mouse chromosome
11 (Dietrich et al. 1996). (A and
C) Interphase nuclei and meta-
phase chromosome preparations
of wild-type ES cells, respectively.
(B and D) Interphase nuclei and
metaphase chromosome prepara-
tions, respectively, from the
A-PW13-A6 (#2 clone), which was
confirmed to possess a 3–4-cM de-
ficiency [Df11(2)], and the corre-
sponding duplication [Dp11(2)]
between the Hsd17b1 and Wnt-3
loci. (E) The metaphase spread
that has a 22-cM inversion be-
tween the Hsd17b1 and D11Mit69
loci. Both probes (D11Mit199 and
D11Mit11) are within this inverted
segment. (F) The enlarged view
of the wild-type chromosome 11
and the chromosome 11 with the
22-cM inversion (arrowed). Dia-
grams below the FISH images illus-
trate the interpretation of the hy-
bridization signals. The green
area represents the inverted re-
gion on chromosome 11.
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TABLE 3 of epithelial hyperplasia and increased vascularity. More
advanced lesions showed small aggregates of polymor-Chromosome abbreviations
phonuclear leukocytes, marked polypoid subepithelial
and epithelial thickening, and ulceration. IntercrossingChromosome Size (Mb) Abbreviation
Dp11(1)/1 mice resulted in the generation of Dp11(1)/

del(11)(gas-Hsd17b1)Brd 1 Df11(1) Dp11(1) homozygotes. These were recovered at the ex-
del(11)(Hsd17b1-Wnt3)Brd 6–8 Df11(2)

pected 25% frequency and appeared to be initially nor-del(11)(Hoxb9-Hsd17b1)Brd 6–8 Df11(3)
mal, though both males and females had reduced fertil-del(11)(Hsd17b1-D11Mit199)Brd 3–4 Df11(4)
ity. Like the Dp11(1)/1 heterozygous mice, thesedp(11)(gas-Hsd17b1)Brd 1 Dp11(1)

dp(11)(Hsd17b1-Wnt3)Brd 6–8 Dp11(2) animals exhibited the same corneal defect, but with a
dp(11)(Hsd17b1-D11Mit199)Brd 3–4 Dp11(4) shorter latency (Figure 4D). The Dp11(1)/Dp11(1) ho-

mozygotes and Dp11(1)/1 mice also developed thymic
tumors. By 10 mo of age, z20% of these mice (heterozy-
gotes and homozygotes, n 5 22) had these tumors.D11Mit11) lie within the inverted region, and meta-
These tumors were characterized by massive enlarge-phase analysis clearly shows that the order of these
ment of the thymus, and they showed enlarged nucleiprobes with respect to the centromere has been reversed
with prominent nucleoli with an increased mitotic activ-in the inversion chromosome. HAT-resistant recombi-
ity. Grossly enlarged spleens were also noted in somenants were not recovered from the other three double-
animals, and many of these exhibited lymphoid andtargeted clones with the same orientation of the HprtD59
myeloid hyperplasia (Figure 5). Some were accompa-cassette, indicating the two cassettes are likely to be in
nied by chronic inflammation of undetermined etiologytrans in these cell lines.
in the liver and other organs.None of the six cell lines with the HprtD59 cassette

Taken together, these data strongly suggest that therein the opposite orientation gave HAT-resistant clones.
exists a dosage-sensitive gene (or genes) within thisThere are two possible explanations: either all of these
1000-kb interval. Relatively modest increases in genewere targeted in the trans configuration and the recom-
dosage (50%) in the case of the Dp11(1)/1 heterozy-bination frequency is below the threshold of detection,
gotes were sufficient to confer corneal hyperplasia andor the 22-cM deficiency induced by the cis recombina-
predisposition to thymic neoplasia.tion causes cell lethality in the heterozygote state.

The Df11(2) chromosome is haplo-insufficient duringDp11(1) causes corneal hyperplasia and thymic neo-
early embryogenesis: Chimeras were generated fromplasia: Using Df11(1)/Dp11(1) genetically balanced ES
Df11(2)/Dp11(2) ES cells produced from the trans re-cells, chimeric mice were generated, and the Df and
combination event. Test breeding of these chimerasDp chromosomes were segregated during germ line
resulted in repeated transmission of the Dp11(2) chro-transmission, allowing them to be analyzed indepen-
mosome (n 5 33), but the corresponding Df11(2) chro-dently. Both Dp11(1)/1 and Df11(1)/1 mice were ob-
mosome was never recovered. It was therefore evidenttained and initially appeared overtly normal. However,
that the Df11(2) chromosome caused embryonic lethal-the two genotypes were present at a 2:1 ratio (Dp:Df),
ity in the heterozygotes.rather than at the expected 1:1 ratio, when mice were

While there are several possible explanations for this,genotyped at 3 wk of age (Table 4), but this ratio distor-
such as imprinting or position effects, the most likelytion was not observed in subsequent generations.
explanation is haploinsufficiency caused by the loss ofThe Dp11(1)/1 and Df11(1)/1 mice initially ap-
specific genes. To distinguish between these hypotheses,peared to be unremarkable and had normal fertility.
Dp11(2)/1 females were backcrossed to the Df11(2)/As the Dp11(1)/1 animals aged, however, their eyes
Dp11(2) chimeric males. Mice that had the Df11(2) chro-became opaque. Histological analysis of the eyes showed
mosome, but only in combination with the Dp11(2) chro-that this was caused by corneal hyperplasia (Figure 4,

A–C). The early changes in the corneal lesions consisted mosome, were recovered from these matings. These

TABLE 4

Germline transmission of engineered chromosomes from chimeras

Interval ES cellsa Genetic distance Deficiency Duplication Wild type DT

Hsd17b1-Gas Df/Dp 1000 kb 27 48 NA NA
Hsd17b1-HoxB Df/1 3–4 cM 0 NA 31 1
Hsd17b1-Wnt3 Df/Dp 3–4 cM 0 33 NA NA

a Most chimeric mice were derived from ES cells that are genetically balanced: a deficiency on one chromo-
some 11 and a duplication counterpart on the other chromosome 11. These two chromosomes are segregated
in meiosis. Therefore, both Df/1 and Dp/1 are expected from such chimeras. DT, mice have a chromosome
with the two truncated Hprt cassettes; NA, not applicable.
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Figure 4.—Histological
studies of the eyes of
Dp11(1)/1 and Dp11(1)/
Dp11(1) mice. (A) Section
of the eye of a wild-type
mouse (7 mo). (B) Section
of the eye of a Dp11(1)/
Dp11(1) mouse (7 mo). (C)
Section of the cornea of
a Dp11(1)/Dp11(1) mouse
(12 mo). (D) The incidence
of corneal hyperplasia is
correlated with gene dos-
age. Ep, corneal epithe-
lium; En, corneal endothe-
lium; S, stroma; L, lens; I,
iris.

Dp11(2)/Df11(2) mice are overtly normal and fertile, were dissected from the decidua, and the yolk sac DNA
was genotyped by PCR. Approximately half of the con-allowing the Df11(2) chromosome to be maintained by

intercrossing Df11(2)/Dp11(2) mice. From these crosses, ceptuses recovered at E8.5 and E7.5 were abnormal, or
the embryos were in the process of resorption. These30/46 (67%) of the mice were Df11(2)/Dp11(2) com-

pound heterozygotes, while 16/46 (33%) are homozy- abnormal embryos were much smaller at E7.5 days than
the normal E7.5 embryos, and they overtly resembledgous for the Dp11(2) chromosome. These are the ex-

pected ratios because the Df11(2) is highly unlikely to E6.5 embryos. All the abnormal embryos (n 5 36) had
inherited the Df11(2) allele, while the morphologicallybe viable in the homozygous state, given that this 3–4-

cM interval will contain an estimated 200–300 genes. normal embryos were Dp11(2)/1 heterozygotes. At 9.5
days, all the abnormal conceptuses were totally resorbedThe loss of the Df11(2) heterozygotes and homozygotes

occurs before birth because the average litter size in and could not be genotyped.
To further investigate the embryonic lethality, Df11these crosses is reduced to 4.4 from 8 for wild-type mat-

ings. The Dp11(2)/1 and Dp11(2)/Dp11(2) mice are (2)/1 embryos were examined histologically. Embryos
were collected at E5.5 (n 5 10), E6.5 (n 5 20), andfertile and normal at the age of 1 yr.

To characterize the basis of the Df11(2)/1 embryonic E7.5 (n 5 22), processed, and transversely and sagittally
serially sectioned. At E5.5, there was no obvious differ-lethality, timed matings were established between Df/

Dp males and wild-type females so that half of the con- ence between the Df11(2)/1 embryos and their
Dp11(2)/1 littermates. Coincident with the onset ofceptuses would be Df11(2)/1. The resulting embryos
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gastrulation at E6.5, approximately half of the embryos cells. To investigate the possible developmental speci-
ficity of this defect, Df11(2)/1 ES cells were used tocould be distinguished from their Dp11(2)/1 litter-

mates. Overall, these abnormal embryos were much generate chimeras by blastocyst injection into wild-type
embryos. These chimeras had extensive contributionssmaller, there was no clear demarcation between the

embryonic and extra-embryonic portions, and the em- from the injected ES cells. This indicates that cells with
this large deficiency are viable as terminally differenti-bryonic ectoderm cells were packed loosely and lacked

the typical elongated shape seen in the normal embryos ated somatic cells when rescued through early em-
bryogenesis by wild-type cells.(Figure 6, A and B).

By E7.5, wild-type embryos have progressed through Df11(3) causes haplolethality: Df11(3)/1 ES cells were
used to generate chimeras. Out of 32 germline transmis-gastrulation, there is extensive mesoderm present, and

the embryos have formed the chorion, amnion, and sion pups, 31 inherited the wild-type chromosome 11,
while 1 had the double-targeted chromosome 11 wherevisceral yolk sac. At the same gestational stage, the

Df11(2)/1 embryos do not appear to have progressed the HprtD39 and HprtD59 cassettes are at the Hsd17b1
and HoxB9 loci, respectively (presumably derived frommuch beyond 6.5 days of development (Figure 6, C and

D). While the visceral endoderm appears to be overtly minor contamination of the parental double-targeted
ES cells in the HATr clones with the deficiency as thenormal in the Df11(2)/1 embryos, there is no evidence

of mesoderm formation, and the embryonic and extra- result of cross-feeding among Hprt2 and Hprt1 cells).
The fact that the mice with the deficiency were notembryonic ectoderm layers appear to be markedly defi-

cient. In particular, the embryonic ectoderm cells were recovered indicated that the Df11(3) also leads to haplo-
lethality. The availability of mice with the double-tar-restricted to the distal end of the embryos and were

dying. In mice, gastrulation coincides with a period of geted chromosome 11 will make it possible to establish
Df11(3) in somatic cells. The Cre-lox recombination ef-exceedingly rapid cell proliferation as the embryo accu-

mulates the minimum threshold number of 1400–1500 ficiency for generating the Df11(3) was very low com-
pared to that of Df11(2); consequently, to date, it hasepiblast cells required to initiate gastrulation (Power

and Tam 1993). It is possible that the Df11(2)/1 epiblast not been possible to derive the balanced trans-recombi-
nation product Df11(3)/Dp11(3) and study this haploin-cells have a reduced rate of proliferation compared to

Dp11(2)/1 epiblast cells at this critical developmental sufficiency further.
stage, and, therefore, Df11(2)/1 embryos do not accu-
mulate the required number of epiblast cells for gastru-

DISCUSSION
lation.

To examine the possibility of a reduced cell cycle Large DNA rearrangements and their frequency: With
the development of high-resolution genetic maps of therate, we determined the mean cell cycle rate of Df11(2)/

1 ES cells. A mean doubling time of 24 hr was measured, mouse genome including .6500 microsatellite markers
(Dietrich et al. 1996), specific chromosome alterationswhich is indistinguishable from that of the wild-type ES
can be rapidly constructed for a specific purpose with
the Hprt-loxP-Cre selectable system used in this study. In
many cases, the relative position of the two loci on a
chromosome will be known from genetic maps. These
genetic loci can be readily prepared as recombination
endpoints using conventional targeting vectors. To gen-
erate a full repertoire of rearrangements, it is necessary
to target one cassette to an anchor point, in both orien-
tations. In most cases, the relative orientations of the
loci selected for endpoints will not be known, but they
can be inferred by determining which of the four possi-
ble configurations of the cassettes is able to produce
the deficiency. This is not difficult to determine because
the neomycin- and puromycin-selectable markers are
lost only when deficiencies are generated from recombi-
nation events where the cassettes have been targeted in
cis. Once the relative orientations are determined for a
pair of markers, this information can be used in the

Figure 5.—Histopathological analysis of the lymphomas in design of subsequent experiments in which only two
mice with the 1-Mb DNA duplication. (A) Wild-type spleen. possible combinations may need to be tested.
Note the benign cytological features in lymphocytes compris-

If a deficiency is generated by recombination on theing the white pulp. (B) Malignant lymphoma of the thymus,
same chromatid or chromosome, then the reciprocalexhibiting nuclear enlargement, prominent nucleoli, and fre-

quent mitotic figures. 3128. recombination product is a ring chromosome that will
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Figure 6.—Histological
analysis of embryos with the
3–4-cM deficiency and the
duplication. (A) E6.5 day
embryo of Dp11(2)/1. (B)
E6.5 day embryo of Df11(2)/
1. (C) E7.5 day embryo of
Dp11(2)/1. (D) E7.5 day
embryo of Df11(2)/1. am,
amnion; ch, chorion; ee,
embryonic ectoderm; me,
mesoderm; pe, parietal en-
doderm; ve, visceral endo-
derm; al, allantois.

be lost in subsequent cell divisions. Such molecules have entation in trans can generate ES cells with a deficiency
accompanied by a duplication, regardless of the relativebeen detected as FLP-FRT recombination products in

nondividing cells in D. melanogaster (Ahmad and Golic orientation of the two cassettes along a chromosome.
The recombinant chromosomes will differ slightly, de-1996). We have not been able to detect ring molecules

in ES cells, presumably because these products are rap- pending on the relative order of the Hprt cassettes. In
one case, the chromosome with the deficiency will beidly lost in the process of normal cell growth.

Recombination between loxP sites with the same ori- tagged with the regenerated Hprt minigene, while the
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chromosome with the duplication will carry the neomy- slightly dosage-sensitive genes. Although clones with the
combination Df/Dp status over this 22-cM intervalcin- and puromycin-resistance cassettes. If the two cas-

settes are oppositely oriented, then the chromosome should have been recovered, the failure to recover such
clones indicates that the trans recombination frequencywith the deficiency will carry the neomycin- and puromy-

cin-resistance genes, and the chromosome with the du- is quite low in this instance. It is interesting to note that
this region of the genome is frequently deleted in bothplication will carry the Hprt minigene.

The recombination frequency between loxP sites on human and mouse tumors, indicating that the survival/
proliferation phenotype observed in ES cells may bethe same chromosome appears to decrease as the dis-

tance between the loxP sites increases (Table 2). Similar specific to this cell type because these ES cells can de-
velop into certain somatic cell types in chimeric mice,observations have been reported in experiments in D.

melanogaster using the FLP-FRT system (Golic and and cells with a corresponding deficiency have the abil-
ity to proliferate as tumor cells. Similar differences haveGolic 1996). It is possible that this distance factor could

reflect limiting time of availability and/or concentration been observed in some other genes; e.g., both Brca1
(Hakem et al. 1996) and Brca2 (Sharan et al. 1997) areof Cre caused by the transient expression system used

in our experiments, and that this distance frequency essential for survival in ES cells, but tumor cells deficient
in these gene products are able to proliferate.relationship may vary under conditions of constitutive

Cre expression. Gene dosage effects: Gene dosage plays an important
role in diseases in humans and mice. There are severalThe frequency of recombination between loxP sites

in trans is always 1022- to 1023-fold lower than the equiva- genes that are known to exhibit striking dosage effects.
For example, heterozygous mutations in Pax6 cause thelent recombination event when the loxP sites are on the

same chromosome. However, the frequency of recombi- small eye phenotype in mice (Hill et al. 1991) and Aniri-
dia in humans (Gessler et al. 1989). Similarly, muta-nation in trans does not exhibit significant distance de-

pendence, at least over the 1 Mb to 3- to 4-cM intervals tions in Pax3 cause white belly spots in mice (Epstein

et al. 1991) and Waardenburg syndrome in humanstested in this study. The fact that we were unable to
recover translocations using the cassettes used in this (Tassabehji et al. 1992). There are other regions of

the human genome that exhibit gene dosage effectsstudy (data not shown) suggests that recombination be-
tween homologous chromosomes is more frequent than resulting from an increased as well as decreased gene

dosage (Fisher and Scambler 1994). Several clinicalthat between two nonhomologous chromosomes. This
also suggests that interactions between nonhomologous syndromes are caused by gene dosage alterations on

human chromosome 17; e.g., Charcot-Marie-Tooth typechromosomes occur less frequently than those between
the homologues. 1A is caused by a 1.5-Mb duplication in 17q12 (Lupski

et al. 1991), while deficiency of the same region leads toIn this study, we have examined recombination be-
tween loxP sites positioned 3–4 cM apart in two adjacent hereditary neuropathy with liability to pressure palsies

(Chance et al. 1993). The Smith-Magenis syndrome hasregions (HoxB-Hsd17b1 and Hsd17b1-Wnt3) on chromo-
some 11. Despite the similar size of these intervals, they recently been found to have an z10-Mb DNA deletion

in 17p11.2 (Chen et al. 1997).yielded very different recombination frequencies (Table
2). The cis recombination frequency between the HoxB Of the hundreds of published knockouts in the

mouse, only one has been reported to exhibit an embry-and Hsd17b1 loci is similar to the frequency of trans
recombination between the Hsd17b1 and Wnt3 loci. onic haplolethality phenotype (Ferrara et al. 1996).

Although these genes only represent a small sample ofOther recombination events in the HoxB cluster have
also been quite low; e.g., the frequency of deleting a 90- the entire mouse genome, these results indicate that

the number of haplolethal genes is likely to be quitekb fragment in the HoxB cluster was lower than ob-
taining a 1.0-Mb deficiency between the Gas and low in the mouse. It has been estimated that only three

or four loci are truly haplolethal in D. melanogaster, theHsd17b1 loci (Ramirez-Solis et al. 1995). These data
indicate that the efficiency of this system is position other model organism that has been most extensively

studied in the context of chromosomal variants (Linds-dependent. This might be caused by target accessibility
of Cre recombinase (Sauer and Henderson 1988) or ley et al. 1972). Similarly, the presence of haplolethality

can be examined in mice carrying large DNA deficien-might reflect the physical proximity of various chromo-
somal domains. cies. Viable mice have been generated with deletions

using ionizing irradiation, and these deficiencies collec-It was not possible to obtain ES cells with a heterozy-
gous 22-cM Df between the Hsd17b1 and D11Mit69 loci; tively have been estimated to cover z8% of the mouse

genome (defined cytogenetically) in one study (Catta-however, clones with the corresponding inversion could
be obtained, confirming that Cre could mediate recom- nach et al. 1993). In some cases, these deficiencies are

very large, and mice carrying deletions covering 30%bination over this large distance. It is therefore likely
that this specific deficiency results in slow growth or cell of chromosome 14 or 22% of chromosome 1 were re-

ported to be viable (Cattanach et al. 1993). However,lethality in ES cells as a consequence of either the loss of
a single highly dosage-sensitive gene or the cumulative the deletions generated by irradiation of mice have been

biologically selected to be viable and cytogenetically visi-effect of the simultaneous loss of one copy of many
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ble. This selection criterium is likely to favor regions erozygous for a deficiency are functionally hemizygous
of the genome with a low gene density. Furthermore, for this chromosomal region. This will be a very valuable
without a duplication counterpart chromosome pres- resource for saturated genetic screens with a set of defi-
ent, the haplolethality can be difficult to detect. In this ciencies covering the entire mouse genome. The power
study, both the Hsd17b1-Wnt3 [Df11(2)] and the of such screens has been demonstrated in Drosophila
Hsd17b1-HoxB [Df11(3)] deficiencies led to lethality in (Ashburner 1989) and in the existing deficiency collec-
the heterozygous state; this was not caused by heterozy- tions in mice (Rinchik 1991).
gous deficiency for the anchor loci because these have An alternative method for generating chromosomal
been evaluated independently and do not exhibit any deficiencies in the mouse has been reported recently
phenotype. We have demonstrated that the haploletha- (You et al. 1997; Thomas et al. 1998). In this system, a
lity of the Df(2) was caused by alteration of gene dosage. negative selectable marker is targeted to the region of
At this time, we cannot discriminate if this lethality is interest in a hybrid ES cell line, the cells are irradiated,
caused by a single gene or by many genes that map over and clones that have lost the negative selectable cassette
this region. It has been demonstrated that the gene can be selected. Although many chromosomal deletions
density in the region of human chromosome 17 that can be rapidly generated using this approach, the
corresponds to this region of mouse chromosome 11 is breakpoints are randomly distributed and, therefore,
unusually high (Schuler et al. 1996). Specific subdele- require detailed characterization with respect to their
tions can be generated rapidly with our chromosome size and the exclusion of complex rearrangements. In
engineering system. Cell lines carrying both a duplica- addition, the definition of the endpoints can be particu-
tion and a deficiency within the Df11(2) interval have larly time consuming. The detection of chromosome
been generated between the Hsd17b1 and D11Mit199 deficiencies generated by this method also depends on
loci [Df11(4)/Dp11(4)]. Transmission of these chromo- the density of polymorphic markers in the region of
somes into the mouse genome will enable us to generate interest. The clustering of polymorphisms between cer-
Df11(2)/Dp11(4) and Df11(4)/1 mice. These mice will tain strains may limit the application of this method to
facilitate a refinement of the haplolethality critical re- generate nested series of deletions to specific regions
gion and enable the identification of the gene(s) in- of the genome. Moreover, deficiencies in haplolethality
volved. regions, inversions, and duplications are unlikely to be

Dp11(1)/1 and Dp11(1)/Dp11(1) mice have various recovered by this selection procedure. The Cre-loxP sys-
abnormalities, while the Dp11(2)/1 and Dp11(2)/ tem described here obviates many of these problems.
Dp11(2) mice do not exhibit any phenotype. This con- In summary, a series of large DNA rearrangements
firms that the phenotypes seen in the Dp11(1)/1 mice have been generated in ES cells and established in the
are most likely caused by specific genes in this 1.0-Mb mouse germline. Analysis of mice with these engineered
interval. The most penetrant of these is the corneal chromosomes has identified a 1000-kb region that con-
hyperplasia, which occurs in 80% of the Dp11(1)/ tains a gene(s) which causes tumorigenesis when overex-
Dp11(1) mice. Interestingly, the latency and penetrance pressed. A contiguous 12- to 16-cM region of the ge-
of the eye phenotype is dosage dependent. The develop- nome is dosage sensitive (HoxB-Wnt3), resulting in early
ment of lymphoma also indicates that there exists a embryonic lethality in the heterozygotes. Further studies
highly dosage sensitive gene(s) within this 1.0-Mb inter- will allow the isolation of genes responsible for these
val. It is not possible to determine if the eye and thymic phenotypes. The data described here demonstrate that
tumor phenotypes are the consequence of an increased precise manipulation of chromosome segments in mice
dosage of the same or different genes. Because this is possible. This will not only facilitate the modeling of
interval is relatively small, mouse BAC contigs are being various human “chromosomal diseases,” but it will also
assembled to span this region. The phenotypes associ- provide rich resources for functional genomic studies
ated with individual BAC clones will be assessed in in the mouse.
transgenic mice. This will help to separate the pheno-
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