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Bub3 is a conserved component of the mitotic spindle
assembly complex. The protein is essential for early de-
velopment in Bub3 gene-disrupted mice, evident from
their failure to survive beyond day 6.5–7.5 postcoitus
(pc). Bub3 null embryos appear normal up to day 3.5 pc
but accumulate mitotic errors from days 4.5–6.5 pc in
the form of micronuclei, chromatin bridging, lagging
chromosomes, and irregular nuclear morphology. Null
embryos treated with a spindle-depolymerising agent fail
to arrest in metaphase and show an increase in mitotic
disarray. The results confirm Bub3 as a component of the
essential spindle checkpoint pathway that operates dur-
ing early embryogenesis.
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The accurate attachment of chromosomes to the mitotic
spindle via the kinetochore is vital for correct segrega-
tion of the genetic material into daughter cells. This
process is overseen by a feedback-response mechanism,
commonly known as the mitotic spindle checkpoint (for
review, see Skibbens and Hieter 1998; Amon 1999). If
defects are detected in the spindle, mitosis is halted to
ensure that chromosomes achieve bipolar alignment be-
fore the cell proceeds through to anaphase.

Genetic screens in the budding yeast Saccharomyces
cerevisiae have identified a series of genes (BUB1, BUB2,
BUB3, MAD1, MAD2, MAD3, and MPS1) that fail to
arrest in response to spindle damage (Hoyt et al. 1991; Li
and Murray 1991; Weiss and Winey 1996). In the pres-
ence of microtubule-depolymerising drugs, the mutants
accumulate severe mitotic errors because of their prema-
ture exit into anaphase. Higher eukaryotes contain sev-
eral functional orthologs of these genes, including Bub1,
Bub3, BubR1/Mad3, Mad1, and Mad2 (Chen et al. 1996;
Li and Benezra 1996; Taylor and McKeon 1997; Basu et
al. 1998; Chen et al. 1998; Taylor et al. 1998; Basu et al.
1999). Mutations and immunodepletion experiments on
Bub1, BubR1/Mad3, Mad1, and Mad2 have shown that
cells are unable to block at mitosis in response to micro-

tubule-depolymerising agents, resulting in a premature
exit into anaphase before the chromosomes have prop-
erly aligned (Chen et al. 1996; Li and Benezra 1996; Tay-
lor and McKeon 1997; Cahill et al. 1998; Chen et al.
1998; Gorbsky et al. 1998; Waters et al. 1998; Basu et al.
1999; Chan et al. 1999). In humans, dominant-negative
mutations of the Bub1 gene show a chromosomal insta-
bility phenotype in colorectal cancer cell lines (Cahill et
al. 1998). These cell lines also fail to arrest at metaphase
when treated with microtubule-depolymerising drugs.

Bub3 is found in most eukaryotes through evolution
(Efimov and Morris 1998; Taylor et al. 1998; Martinez-
Exposito et al. 1999). It contains four conserved WD40
repeats that are found in many proteins with diverse
functions thought to be involved in protein–protein in-
teractions (Neer et al. 1994). During mitosis, Bub3 ap-
pears on kinetochores during prophase, diminishing in
quantity by metaphase. When kinetochores are unat-
tached to the spindle, or lagging, the amount of kineto-
chore-associated Bub3 antigen increases (Martinez-Ex-
posito et al. 1999). In higher eukaryotes, no mutation or
depletion studies on Bub3 have been described. In this
study, we have performed a genetic disruption of the
Bub3 gene in mouse, using gene-targeting techniques.
We describe a lethal phenotype for the gene-disrupted
mice and show that Bub3 is an essential component of
the mitotic spindle checkpoint pathway that is required
for mitotic fidelity.
Results
Disruption of the Bub3 gene

To disrupt the mouse Bub3 gene, a promoterless target-
ing construct was used to obtain a high level of homolo-
gous recombination. The selection cassette, which con-
tained the splice-acceptor/IRES/lacZ-neomycin resis-
tance gene, was used to delete exons 2 and 3 (Fig. 1A).
Only the first 65 amino acids of the 326–amino acid
Bub3 protein would be correctly translated following
gene disruption with the selection cassette. This disrup-
tion would result in the loss of three of the four WD40
repeat domains and the Bub1–interacting kinetochore
domain and thus was expected to abolish any Bub3 ac-
tivity at the kinetochore (Taylor et al. 1998). When thecon-
struct was transfected into two different ES cell lines,129/1
or W9.5, 20 of 107 (19%) neomycin-resistant cell lines were
found to have the desired targeting event (Fig. 1B).

Production of gene-disrupted mice
For the generation of chimeric mice, heterozygous cell
lines from the 129/1 and W9.5 embryonic stem (ES)
background were injected into C57BL/6 blastocysts.
This resulted in independent germ line–transmitting
chimeric mice from the 129/1 and W9.5 substrains car-
rying the targeted allele. The chimeric mice were suc-
cessfully bred to produce heterozygous animals.

Embryonic lethality of Bub3 gene-disrupted mice
Bub3+/− mice were healthy, fertile, and showed no ap-
parent phenotype due to haplo-insufficiency. PCR geno-
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type analysis of 91 live-born mice from Bub3+/− inter-
crosses showed 32 wild-type and 59 heterozygote ani-
mals with no homozygous mutants detected. The
observed wild type:heterozygote:mutant homozygote ra-
tio of ∼1:2:0, therefore, suggests an embryonic-lethal
phenotype for the null mutant.

To further pinpoint the time of embryonic lethality,
day 8.5 embryos from heterozygous crosses were re-
moved from the mice and PCR genotyped. No Bub3 null
embryos were observed out of a sample of 29 embryos,
which consisted of eight wild types and 21 heterozy-
gotes. This result suggested that embryonic death oc-
curred prior to day 8.5 pc.

Morphological degeneration of early embryos

For morphological study and the further determination
of the time of embryonic lethality, blastocysts were ob-
tained from heterozygous crosses at day 3.5 and cultured
in ES cell media. The embryos were monitored and pho-
tographed after 2, 3, and 4 days in culture (denoted as
days 3.5 + 2, 3.5 + 3, and 3.5 + 4, respectively). At the
end of day 3.5 + 4, the embryos were harvested and geno-
typed using the nested PCR strategy outlined in Figure 1.
Of the 32 embryos studied, 10 +/+, 15 +/−, and 7 −/− were

obtained (Fig. 1C). All 7 −/− embryos,
but not any of the +/+ and +/− em-
bryos, showed a rapidly degenerating
phenotype (see below), suggesting a
complete correlation between mor-
phological deterioration and the −/−
genotype. This result, combined with
those for the day 8.5 embryos and the
live-born pups, provided evidence
that Bub3−/− embryos were viable at
day 3.5 in utero and persisted in cul-
ture up to day 3.5 + 4 but were com-
pletely resorbed or proceeded to de-
generate beyond experimental detec-
tion by the time they reached day 8.5
in utero.

By phase-contrast microscopy, no
significant morphological difference
was observed between the different
genotypes at day 3.5 or 3.5 + 1 (not
shown). In both the wild-type and
heterozygous embryos, the transition
from day 3.5 + 2 to 3.5 + 4 was char-
acterized by an increase in the size of
the inner cell mass and the trophec-
toderm (Fig. 2). This increase was due
to the rapidly dividing inner cell mass
population, whilst the cells of the
outer trophectoderm simply in-
creased in size without undergoing
many divisions. In contrast, the inner
cell mass of all the Bub3−/− embryos
were significantly smaller in size and
were obviously degenerated by day
3.5 + 3. The trophectoderm, however,
appeared morphologically indistin-

guishable from those of the wild-type and heterozygous
littermates throughout the culture period.

Severe mitotic phenotype in null embryos

To further examine the null phenotype, cultured em-
bryos from heterozygous crosses were fixed and then
stained with DAPI. Since the results of genotype analysis
has indicated a complete concordance between embryo
deterioration and the −/− genotype, and because of diffi-
culties associated with PCR genotyping on fixed and
stained cells, deteriorating or affected embryos were des-
ignated as presumed null mutants without further geno-
typing in the following studies. At day 3.5, no observable
difference in nuclear morphology was detected between
the embryos. After one day in culture, eight of 30 em-
bryos exhibited a significantly increased number of mi-
cronuclei (Fig. 3B,C), compared to the normal littermate
(Fig. 3A). An average of 7.4 micronuclei per affected em-
bryo was scored, compared with a baseline level of 1.1
micronuclei for the unaffected embryos (Tab. 1). Other
defects observed in the affected embryos included the
occasional chromatin bridge and nuclear blebbing (not
shown). No significant difference in the mitotic indices
was seen between the normal and affected embryos (Tab. 1).

Figure 1. Targeted disruption of the mouse Bub3 gene. (A) Gene disruption construct
and restriction maps. (i) Mouse Bub3 protein showing positions of four WD40 motifs
(WD) and the Bub1-kinetocore-interacting domain (K) (Taylor et al. 1998; Martinez-
Exposito et al. 1999). The disruption site is indicated by the vertical arrow. Restriction-
enzyme maps for (ii) the Bub3 gene covering exons 1 to 8, (iii) the neomycin-resistance
gene targeting construct, and (iv) the Bub3 locus following targeted disruption. Black
boxes represent exons. The selectable marker cassette contained in the targeting con-
struct consists of a splice acceptor site (SA), a picornaviral internal ribosome-entry site
(IRES), a lacZ–neomycin fusion gene (beta-geo) and a SV40 polyadenylation sequence
(pA). A 1.2-kb XbaI–EagI fragment (designated 5� probe) spanning exon 1 was used in the
Southern-screening strategy and detected a 12-kb wild-type PstI fragment in the untar-
geted locus or a 9.3-kb PstI fragment in the targeted locus. The positions of the primers
for nested PCR genotyping of cultured embryos up to day 3.5 + 4 are shown by the
horizontal arrows in (ii) and (iii). Wild type primer pairs include BI3H-BI3I for the first
round and BI3J-BI3K for the second round of amplification (closed horizontal arrows in
ii), giving a final product of 161 bp for the untargeted allele. Beta-geo primer pairs include
GF1–GR1 for first-round synthesis and GF2–GR2 for second-round synthesis (open hori-
zontal arrows in iii), giving a final product of 248 bp for the targeted allele. Crosses
denote expected sites of homologous recombination. Abbreviations for restriction en-
zymes are (E) EagI, (P) PstI, (Sc) SacI, (S) SalI, and (X) XbaI. (B) Southern blot analysis of
wild-type and gene-targeted ES cell lines. The sizes of wild-type 12-kb and homologous
recombinant 9.3-kb bands are shown. (C) Nested PCR analysis of cultured 3.5 + 4 day
embryos from heterozygous crosses showing the expected bands for the targeted (248 bp)
and untargeted (161 bp) alleles.
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At day 3.5 + 2, 12 of 42 embryos were clearly affected,
as characterized by an increase in the number of micro-
nuclei, irregular nuclear morphology, and smaller inner
cell mass (Fig. 3E,F). When immunofluorescence was
performed using a previously described anti-CENP-A
and CENP-B antisera (CREST#6) (du Sart et al. 1997) on
these embryos, the micronuclei seen in the affected em-
bryos were shown to contain one or more chromosomes,
providing evidence that these micronuclei represented
lagging chromosomes due to missegregation (Fig. 3J).
The average cell number for an affected embryo was 130,
which was significantly lower than 200 for a normal day
3.5 + 2 embryo (P = 0.0047) (Fig. 3D,E). Thus, while the
normal embryos have undergone an approximate dou-
bling in cell number compared to day 3.5 + 1, only a mar-
ginal increase of <10% in cell number was seen in the
affected embryo over the same culture period (Table 1).
The average mitotic index for an affected embryo at day
3.5 + 2 was also noticeably lower than that of a normal
embryo at the same stage (3.2% vs. 7.0 %; P = 1.5 × 10−5).
These results suggest a slowing down in development at
3.5 + 2 days in the affected group.

At day 3.5 + 3, ten of 37 embryos were abnormal. The
abnormalities were more pronounced than those seen in
earlier stages and included a greatly reduced cell number,
grossly irregular nuclear morphology, chromatin bridg-
ing, lagging chromosomes, and the presence of many mi-
cronuclei (Fig. 3H,I). At this stage, accurate scoring of the
number of cells or mitoses became difficult because of
the large highly compacted inner cell mass in the normal
embryos and the grossly deteriorated nuclear morphol-
ogy of the inner cell population of the affected embryos.
The approximate cell number for an affected embryo was
estimated to be between 50 and 100 compared with the

300–500 cells in an unaffected littermate, suggesting
that while the normal embryos continued to actively
divide in culture at day 3.5 + 3, cells in the affected em-
bryos had stopped dividing and/or were disintegrating. In
addition, while mitoses were clearly visible in the nor-
mal embryos, little or no metaphases were observed in
the affected embryos by this stage.

Failure of nocodazole to arrest mitosis

To assess whether the observed phenotype was due to
the breakdown of a mitotic checkpoint, day 3.5 + 1 em-
bryos from heterozygous crosses were incubated with 2
µM nocodazole for ∼5 hrs. This drug depolymerizes and
destroys the function of the microtubules. The results
indicated that in the presence of nocodazole, mitosis in
the normal embryos from heterozygous or control wild-
type crosses was severely arrested, as evident from a
great increase (by eight–ninefold) in mitotic index from

Figure 2. Morphology of cultured blastocyst outgrowths from
heterozygous crosses. Cultured wild-type, heterozygous and ho-
mozygous embryos were photographed using phase microscopy,
from day 3.5 + 2 to +4. The tightly packed inner cell mass is
found in the center of all the embryos (arrow), surrounded by the
larger, flat cells of the trophectoderm layer (arrowhead). Scale
bar represents 200 µm.

Figure 3. Nuclear morphology of cultured embryos from het-
erozygous crosses. (A) DAPI-stained day 3.5 + 1 normal embryo,
showing regular interphase nuclei and metaphase chromosomes
(open arrow). (B,C) Two different magnifications of a DAPI-
stained day 3.5 + 1 affected embryo, showing regular interphase
nuclei, metaphase chromosomes (open arrow), and micronuclei
(arrowheads). (D) A normal embryo at day 3.5 + 2. (E,F) Two
different magnifications of an affected embryo at day 3.5 + 2,
showing greatly reduced cell number, irregular nuclei with
blebs (diamond arrows) and many micronuclei (some examples
shown by arrowheads). (G) A normal day 3.5 + 3 embryo con-
taining over 300 cells, with many metaphases (not shown). (H,I)
Two different magnifications of a day 3.5 + 3 affected embryo,
showing a dramatic reduction in the number of cells and a wors-
ening mitotic phenotype, exhibited by micronuclei, chromatin
bridging (closed arrows) and lagging chromosomes (open arrow-
head). (J) Anticentromere CREST immunofluorescence of day
3.5 + 2 affected embryos, showing positively stained micronu-
clei (arrowheads). Scale bars, (A–B) 50 µm, (D,E,G,H) 100 µm,
(C,F,I) 20 µm, and (J) 10 µm.
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an untreated value of 2.1% to treated values of 19% and
17%, respectively (Table 1; also cf. Fig. 4A with Fig. 3A).
In stark contrast to this increase in mitotic index, noco-
dazole treatment did not result in a significant alteration
in the mitotic index of the null embryos (3%) compared
to the untreated null embryos (1.6%) (Table 1). However,
following the drug treatment, a noticeable deterioration
of the mitotic missegregation phenotype was evident
from the greatly increased number of micronuclei in the
null embryos (from 7.4 micronuclei to 17 micronuclei
per embryo before and after treatment) (Table 1; also cf.
Fig. 4B with Fig. 3B). Other defects observed were an
increase in irregular nuclear morphology, nuclear bridg-
ing, and blebbing in the treated null embryos. Control
experiments using nocodazole-treated day 3.5 + 1 em-
bryos from wild-type crosses did not result in embryos
with a phenotype corresponding to that found in the null
embryos (Table 1). This suggests that the effects of this
drug seen in the null embryos from the heterozygous
crosses were specifically related to the Bub3−/− genotype.

Discussion

In order to understand the role of mitotic checkpoint
control in mouse development, we have created Bub3
gene-disrupted mice. Bub3 is part of a protein complex
that interacts with the kinetochore before all chromo-
somes have achieved bipolar attachment to the mitotic
spindle. By deleting exons 2 and 3 of the Bub3 gene, we
have interrupted the protein at amino acid No. 65, caus-
ing the loss of the Bub1 interaction domain and three of
the four WD40 repeat regions (Taylor et al. 1998; Mar-
tinez-Exposito et al. 1999). Success in generating a rela-
tively large number of heterozygous knockout ES cell
lines indicates that the gene-targeting strategy is effi-
cient and that the growth of heterozygous cells in cul-
ture has not been compromised.

Heterozygous Bub3 mice show no apparent abnormali-
ties in development or fertility, showing that one func-
tional copy of the gene is sufficient for normal develop-
ment. Genotyping of the progeny of heterozygous
crosses indicates the absence of Bub3−/− pups and sug-
gests an embryonic lethal phenotype. Morphological
analysis of embryos grown in culture from the blastocyst

stage (day 3.5) demonstrates a dramatic decrease in the
size of the inner cell mass of the null embryos from +3
days to +4 days in culture, suggesting that rapid cell di-
visions have ceased in the mutant embryos by these
stages. Closer examination of the embryos from the +/−
crosses at the nuclear level reveals mitotic abnormalities
in approximately 25% of day 3.5 + 1, 2, and 3 embryos,
with no evidence of such abnormalities in any of the
progeny of wild-type crosses. Determination of cell num-
ber indicates that mitotic division in the null embryos
has decreased greatly at day 3.5 + 2 and ceased com-
pletely by day 3.5 + 3. By this latter stage, the embryos
have accumulated such abundance of mitotic errors, in
the form of micronuclei, nuclear bridging, and abnormal
nuclear morphology, that cessation of embryo develop-
ment becomes inevitable. These results show that Bub3
is essential for normal mitosis and for early embryonic
development in the mouse. Such an essential role, there-
fore, contrasts the phenotype seen in previously reported
null mutants of the BUB3 gene in S. cerevisiae and As-
pergillus nidulans because these mutants are viable, al-
beit slower in growth relative to the wild type (Hoyt et
al. 1991; Efimov and Morris 1998).

When compared to a number of other essential centro-

Table 1. Analysis of mitotic phenotype in day 3.5 + 1 untreated or nocodazole-treated embryos from heterozygous crosses

+/− cross +/+ cross

Untreated + Nocodazole + Nocodazole

Normal Null P value Normal Null P value Normal

No. of embryos 23 (74%) 8 (26%) 21 (78%) 6 (22%) 21 (100%)
No. of cellsa 110 120 0.12 98 100 0.56 80
Mitotic indexa,b 2.1 1.6c 0.55 19 3c 6.1 × 10−6 17
No. of micronucleia 1.1 7.4d 3.6 × 10−7 1.2 17d 3.6 × 10−7 0.65

In addition to the normal litter mates from the heterozygous crosses, normal embryos from +/+ crosses were used as further controls
to ascertain the effects of nocodazole.
aAverage value per embryo.
bExpressed as a percentage of cells in mitosis over total cell number.
cP = 0.071 for the mitotic indices of untreated versus nocodazole-treated null embryos.
dP = 0.039 for the number of micronuclei in untreated versus nocodazole-treated null embryos.
P values were derived using the student’s t test.

Figure 4. Nocodazole-treated day 3.5+ 1 embryos from hetero-
zygous crosses. (A) A normal embryo, showing regular-sized nu-
clei and many arrested metaphases (some examples indicated by
arrows). (B) A similarly treated null embryo, showing irregularly
sized nuclei, very few metaphases (arrow), and a large number of
micronuclei (selected examples shown by arrowheads). Scale
bars represent 50 µm.
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mere proteins that have recently been disrupted in the
mouse, such as Cenpc, Incenp and Cenpa, the Bub3−/−

mice show a similar phenotype in that the accumulation
of severe mitotic errors contribute directly to early le-
thality (Kalitsis et al. 1998; Cutts et al. 1999; Howman et
al. 2000). Closer examination reveals that the Bub3−/−

embryos appear to survive slightly longer, by two to
three days in culture. This may be explained by the fact
that a defect in the constitutive centromere proteins
Cenpa and Cenpc is expected to immediately disrupt
centromere function, leading to a rapid breakdown in
kinetochore-microtubule binding and mitotic arrest.
Similarly, perturbation of the Incenp protein results in a
gross dysfunction in cytokinesis that is expected to have
an immediate detrimental effect on mitotic progression.
In comparison, a defect in a protein such as Bub3 that
plays a checkpoint role (discussed below) may allow mi-
tosis to proceed aberrantly for a slightly greater number
of cycles before the accumulation of excessive errors
eventually brings it to a halt.

In previous studies on the BUB and MAD genes in
yeast and higher eukaryotes, spindle-depolymerizing
drugs have been used to assess whether the mutants
have a compromised spindle assembly checkpoint.
These mutants characteristically fail to arrest in re-
sponse to mitotic spindle damage, leading to chromo-
some missegregation. We have used a similar strategy to
investigate whether Bub3 functions as a component of a
mitotic spindle checkpoint in the developing mouse em-
bryo. Examination of the effect of the spindle-disrupting
drug nocodazole on normal embryos indicates that, in
the presence of this drug, normal embryos are severely
blocked in mitosis, as evident from a large increase in
mitotic index, compared to untreated normal embryos.
This result suggests that early mouse embryos utilize a
mitotic spindle checkpoint mechanism that is sensitive
to spindle-depolymerizing drugs, similar to those that
have been described in other organisms and somatic cell
lines.

To investigate the specific role of Bub3, we studied the
effect nocodazole has on the Bub3 null embryos at day
3.5 + 1, when the total cell number and the extent of
mitotic disarray are still sufficiently moderate to allow
accurate ascertainment of mitotic indices and micronu-
clei numbers. At this time point, null embryos that have
not been drug treated show clear signs of mitotic errors,
as indicated by an approximately sevenfold increase in
the number of micronuclei per embryo compared to an
untreated normal embryo. However, the relatively unal-
tered mitotic index in the untreated null embryos com-
pared to the normal embryos indicates that cell division
appears to proceed at a normal rate. This mitotic index
remains unaffected when the null embryos are chal-
lenged with nocodazole, which drastically contrasts
with the situation in the normal embryos, in which
treatment with the drug precipitates a large rise in mi-
totic index. This observation indicates that the Bub3
null embryos are able to escape the block imposed by the
mitotic spindle checkpoint pathway that operates upon
the normal embryos. A predicted consequence of an es-

cape from such a checkpoint, especially when the mi-
totic process is seriously compromised by a potent
spindle-disrupting drug, is an elevation in the level of
mitotic errors. This prediction is supported by the ob-
served significant increase in the number of micronuclei,
from 7.4 per untreated null embryo to 17 per nocodazole-
treated null embryo. These results are characteristic of
mutants that are defective in mitotic spindle checkpoint
mechanisms (Hoyt et al. 1991; Li and Murray 1991; Tay-
lor and McKeon 1997; Cahill et al. 1998; Basu et al.
1999), thus lending strong support that mouse Bub3 par-
ticipates directly in such a checkpoint system.

Genetic and biochemical evidence indicates that Bub3
interacts with other proteins, including Bub1, to form a
checkpoint kinase complex (Hoyt et al. 1991; Roberts et
al. 1994; Basu et al. 1998; Farr and Hoyt 1998; Taylor et
al. 1998; Brady and Hardwick 2000). Since the presence
of both Bub3 and Bub1 is required for localization to the
kinetochores that have not completely attached to the
mitotic spindle, mutations in these two proteins are ex-
pected to share a common phenotype. Consistent with
this, genetic disruption of the Drosophila bub1 gene,
which also leads to the depletion of Bub3 at the kineto-
chore (Basu et al. 1998, 1999), results in embryonic le-
thality at the larval/pupal transition stage. Cells from
these null embryos fail to block in mitosis in response to
microtubule-depolymerizing drugs and contain severe
mitotic abnormalities (lower mitotic index, premature
chromatid separation, lagging chromosomes, and chro-
matin bridging). Recently, Mad2, another essential com-
ponent of the MAD/BUB checkpoint complex has been
disrupted in the mouse (Dobles et al. 2000). The pheno-
type of the Mad2−/− and Bub3−/− embryos share many
features. Both mutants show few cells in mitosis beyond
day 6.5, contain chromosome segregation errors in the
form of lagging chromosomes, and fail to arrest in the
presence of nocodazole. Taken together, the results of
the above studies in mouse and Drosophila clearly indi-
cate that the MAD/BUB complex constitutes a crucial
mitotic checkpoint for early embryonic development,
and that the mitotic checkpoint pathway is not only con-
served at a molecular level but also at the functional
level within metazoans.

Materials and methods
Targeting construct
Three BAC clones—195c21, 177c15, and 24e04—were identified in a
mouse ES 129 BAC library (Incyte Genomics). DNA pools were screened
using PCR with primers, B1 (5�-AGAAACGTTGCTTAGGCGG-3�), and
B2 (5�-GAACTCGGAGTACCTTAACC-3�), which spanned exon 1 and 2
of the mouse Bub3 gene, generating a PCR product size of 437 bp.
BAC#177c15 was used for further subcloning. A 12-kb PstI genomic frag-
ment containing exons 1 to 7 was cloned into the PstI site of pAlter
(Promega; Fig. 1A). A 3.1-kb SacI/SalI fragment spanning exons 3 and 4
was removed and then replaced by a splice-acceptor/IRES/lacZ-neomycin
cassette.

Transfections and chimera production
Mouse ES cell culture and manipulations were carried out using standard
procedures (Kalitsis et al. 1998). For the creation of heterozygous cell
lines, 50 µg of linearized DNA was electroporated at 0.8 kV, 3 µF, � �

into 5 × 107 mouse 129/1 or W9.5 ES cells and selected with 200 µg/ml of
G418 (GIBCO BRL). Correctly targeted events were detected using South-
ern hybridization. A XbaI/EagI 1.2-kb fragment containing exon 1 was
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used as a 5� external probe in the hybridization assay (Fig. 1A). Genomic
DNA was digested with PstI, generating a 12-kb wild-type or 9.3-kb tar-
geted band. Targeted ES cell lines were used in the generation of chimeric
and heterozygous mice using standard methods (Kalitsis et al. 1998).

Genotyping of mice
Mouse tail DNA was extracted using standard techniques. For PCR geno-
typing, a duplex strategy was employed using the following primers:
BI3G (5�-AGTGAATGACCAAACCTGGG-3�) and BI4F (5�-CAACAG-
CACACTCTCCAACC-3�) for the wild-type allele (407 bp), and GF2 (5�-
CCATTACCAGTTGGTCTGGTG-3�) and GR2 (5�-CCTCGTCCTG-
CAGTTCATTC-3�) for the targeted allele (248 bp).

Culturing and genotyping of mouse embryos
Embryos were dissected out at day 3.5 and cultured in ES media at 37°C
5% CO2 for the required duration. After culturing, the DNA was ex-
tracted and resuspended in 10 µl of TE. Three µl of the embryo DNA was
used in the first round of a nested PCR strategy. The first-round primers
BI3H (5�-GATGCCTTTGCGTTCTTAGC-3�) and BI3I (5�-GATTCCAG-
GAGCAGCATCA-3�) (for the wild-type allele) and GF1 (5�-AGTATCG-
GCGGAATTCCAG-3�) and GR1 (5�-GATGTTTCGCTTGGTGGTC-3�)
(for the targeted allele) were used in a duplex reaction, using the follow-
ing conditions: first cycle at 95°C for 2 min, 55°C for 3 min, 72°C for 90
sec, and cycles 2–30 at 95°C for 60 sec, 55°C for 60 sec, 72°C for 90 sec,
in a final reaction volume of 25 µl. For the second round, 1 µl of the
first-round amplified product was used in separate wild-type BI3J (5�-
TGTGGCAGGATTTGGAATG-3�) and BI3K (5�-TGTGCTTCTCAG-
TCCACTCG-3�) and targeted (GF2 and GR2) reactions, producing 161-
and 248-bp bands, respectively. The conditions for the second-round am-
plification were first cycle at 95°C for 2 min, 57°C for 60 sec, 72°C for 90
sec, and cycles 2–30 at 95°C for 60 sec, 59°C for 60 sec, 72°C for 90 sec,
in a final reaction volume of 20 µl.

Nuclear staining, immunofluorescence, and statistical analysis
Day 3.5 and 3.5 + 1 embryos were fixed and stained in DAPI, as previ-
ously described (Kalitsis et al. 1998). Embryos cultured on coverslips
were washed three times in PBS and fixed in 4% paraformaldehyde/PBS
for 15 min, followed by 0.1% Triton X-100/PBS for 10 min. The embryos
were then rinsed twice in PBS and stained in DAPI and Vectashield
(Vector Laboratories). For immunostaining of the kinetochore using the
CREST#6 autoimmune serum, day 3.5 + 2 embryos were treated as de-
scribed previously (Howman et al. 2000). Images were captured using an
Axioplan2 microscope (Zeiss), with a Sensys-cooled CCD camera (Pho-
tometrics) and processed with IP Lab software (Scanalytics). Statistical
analyses were performed using the Student’s t-test.
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