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Genetic instability was one of the first characteristics to be
postulated to underlie neoplasia'”. Such genetic instability
occurs in two different forms. In a small fraction of colorectal
and some other cancers, defective repair of mismatched bases
results in an increased mutation rate at the nucleotide level and
consequent widespread microsatellite instability*””. In most col-
orectal cancers, and probably in many other cancer types, a
chromosomal instability (CIN) leading to an abnormal chromo-
some number (aneuploidy) is observed®. The physiological and
molecular bases of this pervasive abnormality are unknown. Here
we show that CIN is consistently associated with the loss of
function of a mitotic checkpoint. Moreover, in some cancers
displaying CIN the loss of this checkpoint was associated with
the mutational inactivation of a human homologue of the yeast
BUBI gene; BUBI controls mitotic checkpoints and chromosome
segregation in yeast. The normal mitotic checkpoints of cells
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Figure 1 Analysis of the cell cycle of MIN and CIN cells. MIN (HCT 116, DLD1, and
RKO) and CIN (SW480, V400, and HT29) cells were treated with nocodazole or
colcemid for 18 h, stained with Hoechst 33258, a DNA-specific dye, and analysed
by flow cytometry. 2’ and 4’ refer to the DNA contents of each cell line in G1 and
G2/M phases, respectively.
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displaying microsatellite instability become defective upon trans-
fer of mutant hBUBI alleles from either of two CIN cancers.
The key insight leading to the discovery of the molecular basis of
microsatellite instability (MIN) in human tumours was the dis-
covery of a similar phenotype in Saccharomyces cerevisiae cells
carrying mutations in yeast mismatch repair (MMR) genes’. Fol-
lowing this paradigm, we reasoned that the basis for CIN in human
tumour cells might be mitotic checkpoint defects similar to those
previously observed in yeast cells with chromosomal instability'*~"2.
Cells with such defects are expected to exit mitosis prematurely after
treatment with microtubule-disrupting agents'". To test this
hypothesis in human colorectal cancer cells, we treated four MIN
lines (HCT116, DLD1, RKO, and SW48) and six CIN lines (SW480,
HT29, V400, V429, Caco2, and SW837) with nocodazole, a micro-
tubule-disrupting drug. As expected, all lines achieved nearly
complete cell-cycle blocks shortly after nocodazole treatment,
with DNA contents of 4C (with 2C representing the DNA content
in the G1 phase of the cell cycle, before DNA replication has
occurred; representative examples are shown in Fig. 1). Morpho-
logical analysis of the 4C blocked cells, however, revealed a striking
difference between MIN and CIN cells. All MIN cell lines had a
normal checkpoint response, resulting in an accumulation of cells
with condensed chromosomes characteristic of a sustained mitotic
block. In the CIN lines, there was an abnormal response, with many
fewer mitotic cells and no clear peak in mitotic index observed at
any time point (Fig. 2a). The response of MIN cells was character-
istic of those with intact mitotic checkpoints”, and a similar
response was observed in normal human fibroblasts (Fig. 2a).
Consistent differences in mitotic indices were also observed in
CIN cells versus MIN cells after treatment with colcemid (Figs 1 and
2b), an agent that blocks microtubules through a different mech-
anism from that of nocodazole. This defect was further established
by the higher fraction of CIN cells that synthesized DNA during
nocodazole or colcemid treatment (Fig. 2¢). There was little overlap
between the responses observed in MIN and CIN cells in these
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Figure 2 Mitotic indices and DNA synthesis in MIN and CIN cells. Cells were
treated with nocodazole (a) or colcemid (b) for the indicated times, stained with
H33258, and analysed by fluorescence microscopy. ¢, BrdU was added to the
nocodazole- or colcemid-treated cultures 2.56h before collection. The bars
represent the percentage reduction in BrdU incorporation compared with
untreated cells, assessed using an antibody to BrdU. At least 200 cells were
counted for each determination and the result shown is representative of those
observed in three independent experiments.
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assays. For example, the decrease in bromodeoxyuridine (BrdU)
incorporation into newly synthesized DNA ranged from 61% to
92% in MIN cells and from 0% to 34% in CIN cells. Similarly, the
maximal mitotic indices achieved following 12—18 h of colcemid
treatment ranged from 72% to 89% in the four MIN lines, whereas
those in the six CIN lines ranged from 20% to 31% (P < 0.01 by
two-tailed Student’s t-test).

To elucidate the genetic mechanisms underlying the checkpoint
defect in CIN cells, we chose first to evaluate the human homologue
of S. cerevisiae BUBI. BUBI is the prototype member of a family of
genes, some of which encode proteins that bind to the kinetochore
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Figure 3 Sequence analysis of human BUB1 genes. a, S. cerevisiae (Sc) and
human protein sequences were aligned using Macaw Version 2.0.3. CD1, NLS
(nuclear-localization signal), and CD2 represent sequence blocks that are highly
related among the genes. Identical amino acids are shaded. b, Sequence of
hBUBT in CIN cell lines V400 and V429, in normal cells and in the primary tumours
from the patients from whom the corresponding cell lines were derived. Arrows
indicate the G-to-A transition at the canonical splice donor site following codon
140 in line V400 and the C-to-A transversion at codon 492 in line V429.
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and all of which are required for a normal mitotic delay in response
to spindle disruption'*""”. The human (h) homologue of BUBI was
cloned and the complete coding sequence determined using a
combination of DNA-database searches and reverse transcription
with polymerase chain reaction (RT-PCR) methods. Comparison
with the S. cerevisiae BUBI gene showed that these two genes
contain two highly conserved domains (CD1 and CD2; Fig. 3a).
CD1 (hBUBI codons 21-152) directs kinetochore localization and
binding to Bub3 whereas CD2 (codons 732-1043) encodes the
kinase domain''®. We isolated a genomic clone containing the
hBUBI gene and used it to map the location of hBUBI to chromo-
some 2q12-14 through fluorescence in situ hybridization (FISH).

We then selected 19 colorectal cancer cell lines with a CIN
phenotype to search for mutations in hBUBI through RT-PCR-
mediated amplification and direct sequencing of the entire coding
region of hBUBI. RT-PCR analysis of V400 (one of the lines whose
phenotype is shown in Figs 1 and 2) revealed a small amplification
product (~800 base pairs (bp)) in addition to one of normal size
(~1,000bp). Sequencing of the shorter RT-PCR product showed
that it was the result of an internal deletion of 197 bp, predicted to
remove codons 76 to 141 and create a frameshift immediately
thereafter. Sequencing of the relevant region of genomic DNA
identified a G-to-A transition at the canonical splice donor site,
which comprises the first intronic nucleotide following codon 140
(Fig. 3b). Sequence analysis of cDNA from another line, V429,
revealed a missense mutation at codon 492 (Fig. 3b) that resulted in
the substitution of tyrosine for a conserved serine. In both V400 and
V429, the mutations were heterozygous and the second allele of the
pair was wild type (WT). Analysis of DNA derived from archived
tissues of the patients from whom these cell lines were derived
revealed that the mutations were somatic, present in their primary
tumours but not in their normal tissues (Fig. 3b).

To determine whether the mutant alleles in V400 and V429 could
be functionally distinguished from null or WT alleles, we expressed
them in MIN cells and evaluated the cells’ behaviour following
microtubule disruption. Expression vectors encoding both an
hBUBI cDNA (either WT or one of the two mutants) and a green
fluorescent protein (GFP) gene were constructed and transfected
into MIN cell lines. We treated cells with nocodazole and produc-
tively transfected cells were isolated by cell sorting on the basis of
GFP fluorescence (Fig. 4). Over 90% of transfected cells were found
to accumulate a DNA content of 4C following nocodazole treat-
ment, regardless of which hBUBI sequences were present in the
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Figure 4 The hBUB1 expression system. Following transfection of an expression
vector encoding mutant hBUBT from V400 (Bub1*V400) or of a control vector
without hBUBT, into HCT 116 cells, fluorescence-activated cell sorting (FACS) was
used to isolate transfected cells on the basis of GFP expression. Cells were
analysed with fluorescence microscopy to ensure that the sorted cells expressed
GFP (left panels), and to analyse both mitotic indices following H33258 staining
(middle panels) and cell-cycle distributions (right panels). Arrows point to cells in
mitosis. The cell-cycle distributions before (red profiles) and after (black profiles)
nocodazole treatment are shown on the right. 2’ and 4’ are defined in Fig. 1.
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vector (examples in Fig. 4). However, expression of either of the
mutant hBUBI genes substantially altered the mitotic indices of
transfected cells after nocodazole treatment, whereas the WT
hBUBI gene had little effect, compared with a control vector lacking
hBUBI sequences (Fig. 5a). These results indicated that both
mutants could confer a dominant-negative effect in two different
MIN cell lines, at least when overexpressed relative to endogenous
levels. To determine whether a dominant-negative effect was
observed when mutant and WT genes were expressed at equivalent
levels, we performed cotransfections. Both hBUBI mutant expres-
sion vectors resulted in altered checkpoint status when transfected
with an equal amount of the WT hBUBI expression vector; the
mitotic index was decreased by 45-69% compared with the index
resulting from transfection of the WT hBUBI expression vector
alone.

If the hBUBI mutants caused a premature exit from mitosis in the
presence of microtubule disruption, one would expect that such
cells would re-enter S phase, just as did the CIN cells depicted in
Fig. 2¢. To address this point, we added BrdU to the culture media of
nocodazole-treated, hBUBI-transfected HCT116 cells 2.5h before
collecting them. As shown in Fig. 5b, there was significantly less
reduction in BrdU incorporation after transfection with either of
the two mutant hBUBI expression constructs than after transfection
with the WT hBUBI expression construct or with the control vector.
A similar re-entry into S phase was observed in DLD1 cells after
expression of mutant hBUBI genes (Fig. 5b).

Because many genes control the mitotic checkpoint in yeast, we
searched for additional genes that might play a role in this process in
humans. Another BUBI homologue, named hBUBRI, was identi-
fied and its sequence determined through a strategy similar to that
described above for hBUBI (Fig. 3a). The hBUBRI gene is of
comparable size to hBUBI but is less homologous to the murine
BUBI gene (29% versus 81% identical residues in the conserved
domains, respectively). Sequence comparisons also revealed a third
domain between CD1 and CD2 that contains a putative nuclear-
localization signal that is present in both human homologues and in
murine BUBI but not in the yeast gene (Fig. 3a). We isolated a
bacterial artificial chromosome (BAC) clone containing hBUBRI
and used it in FISH experiments to show that the gene is located on
human chromosome 15q14-21. We found the hBUBRI gene, like
hBUBI, to be expressed in all 19 CIN cancers analysed. Using RT-
PCR products as templates for sequencing, we noted several variants
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Figure 5 Effects of hBUB1 expression. Mitotic indices (a) or BrdU incorporation
(b) in nocodazole-treated, hBUB1-transfected cells were compared with mitotic
indices or BrdU incorporation in control-transfected cells. Transfected cells were
isolated through cell sorting on the basis of GFP fluorescence. The shaded bars
and error bars represent the means and standard deviations, respectively,
determined from at least two independent assessments of 100 cells each in a
single experiment; similar results were obtained intwo independent experiments.
The hBUB1 expression vectors (WT or mutant from V400 [*400] or V429 [*429]),
and the cell lines transfected (HCT 116 and DLD1), are indicated.
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of hBUBRI that are likely to be polymorphisms on the basis their
frequency. We also found two mutations, neither one of which was
found among 40 normal alleles. The first was a germline C-to-T
transition at codon 40, resulting in a substitution of methionine for
threonine, in line V531. The second mutation, found in line V1394,
was a somatic deletion of T at codon 1,023. Although this latter
mutation would be predicted to remove part of the kinase domain
within CD2 (ref. 19), further studies will be required to determine
whether either of these ABUBRI mutations functionally alters the
gene product.

The results described above indicate that all tested CIN cell lines
were defective in a well defined mitotic checkpoint and had a
phenotype similar to that seen in yeast cells with genetic alterations
of mitotic checkpoint genes such as BUBI. Although such results, in
addition to the mutational analyses reported above, do not prove
that aneuploidy can be due to defects in mitotic checkpoints, the
data are consistent with this possibility. This hypothesis is sup-
ported by the fact that the expression of either of two naturally
occurring hBUBI mutants converted the normal checkpoint status
of MIN cells to the defective type characteristic of CIN cells.
Analogously, it has been shown that expression of in vitro-generated
variants of murine BUB1 allowed cells to exit mitosis prematurely'®.
Such dominant-negative effects are intriguing in light of the pre-
vious demonstration that the CIN phenotype is dominant upon
fusion of MIN and CIN cells®.

It will be important to determine whether defects in other mitotic
checkpoint genes contribute to mitotic checkpoint defects and
aneuploidy in other human cancers. Interestingly, the expression
of one such gene (hsMAD?2) was relatively low in breast cancer cells
that exhibited an abnormal mitotic checkpoint®. Finally, the
purposeful activation of cell-cycle checkpoints by exogenous
agents might be used to exploit the differences between normal
and tumour cells described here and thus improve the selectivity of

chemotherapy'®*"*.

Note added in proof: A partial cDNA for hBUB1 (AF011387) has
been independently identified by F. Pangilinan et al.”. O
Methods

Cell culture and cell-cycle analysis. The derivation and growth conditions of
the colorectal cancer cell lines used in this study have been described®****. The
ten cell lines studied for mitotic checkpoint status were analysed in detail for
karyotype and MMR, as described®. The four MIN lines (HCT116, DLD1, RKO,
and SW48) were MMR-deficient and diploid whereas the six CIN lines were
MMR-proficient and aneuploid, with substantial variability in chromosome
number and modal chromosome numbers of 71, 119, 82, 86, 96, and 40 in lines
HT29, SW480, V400, V429, Caco2, and SW837, respectively. Primary fibro-
blasts from normal human skin were obtained from Clonetics and used at third
passage, when their doubling time was ~26 h, similar to that of the cancer cell
lines. Nocodazole or colcemid was added to the media to final concentrations of
0.2 pgml™ or 1 pgml™, respectively. Cells were harvested at 6-h time intervals
thereafter, then fixed with glutaraldehyde and stained with Hoechst 33258
(H33258). Viable cells were defined as those without fragmented nuclei or
other signs of apoptosis. Flow cytometry (>10,000 cells per sample) was used
to evaluate the cell-cycle profile and fluorescence microscopy was used to assess
the mitotic index (percentage of viable cells arrested in mitotis). In some
experiments, BrdU (10 uM) was added to the cells 2.5h before harvest and
BrdU incorporation was evaluated using a monoclonal antibody to BrdU
(Boehringer) and a rhodamine-coupled goat anti-mouse secondary antibody
(Pierce).

Cloning of hBUB1 and hBUBR1. Full-length protein and nucleotide sequences
of S. cerevisiae and murine BUBI genes were used to search the National Center
for Biotechnology Information expressed sequence tag database (dbEST).
Multiple overlapping EST clones were identified for the carboxy-terminal ends
of the proteins. To derive the remainder of the sequences, rapid amplification of
c¢DNA ends (RACE) was performed using colonic adenocarcinoma RACE-
ready cDNA (Clontech). RT-PCR amplification and sequencing from multiple
cDNA samples derived from human tissues provided corrections to the contig
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assembled from the databases and EST clones. Genomic clones of each gene
were identified by PCR-based screening of a human BAC library (Release III,
Research Genetics). FISH was performed on human prometaphase spreads as
described®.

Mutational analysis. CIN status of evaluated lines was documented by the
presence of aneuploidy or the absence of MIN®*. Two lines (LoVo and V1394)
showed both CIN and MIN, a phenomenon noted previously®. Total RNA was
purified and used for DNA synthesis with random hexamers and Superscript I
(Life Technologies) as described”. The following primers were used to amplify
hBUBI in three overlapping segments: 5'-CATGGACACCCCGGAAAATGTC-
3" and 5'-GCATCTTTGCTGGCCACTGC-3' for codons 1-404; 5'-GTGGA-
GACATCCCATGAGGATC-3’ and 5'-GGATCTTCTGCAATGGCAGCG-3' for
codons 304-710; and 5'-AGCCCAAAACAGGCCTTGTCG-3' and 5'-
CAGTGTGATTTTTAAGGACTGTC-3' for codons 661-1085. The following
primers were used to amplify hBUBRI in three overlapping segments: 5'-
TGTAGCTCCGAGGGCAGG-3' and 5'-TTGAGAGCACCTCCTACACG-3’
for codons 1-249; 5'-GAGTCTTCTGTACCACAACG-3" and 5’-AAAACG-
GAGCTGCTTCTGGC-3' for codons 218-617; 5'-TCACAGGCTTCAGAAA-
TGTAAC-3" and 5'-ATACATGGTGATCATAAGAGAAC-3’ for codons 594—
1050. The RT-PCR products were purified on an agarose gel and sequenced
with a series of internal primers using Thermosequenase (Amersham). The
intron—exon structures of selected regions of hBUBI and hBUBRI were
determined through sequence analysis of PCR products generated from
genomic DNA. Genomic PCR was performed using primers derived from
sequences surrounding the mutations described in the text. DNA from paraffin
blocks of the primary tumours from which these lines were derived was purified
as described®. The sequences of all primers used for mutational analysis are
available from the authors upon request.

hBUB1 expression vectors. Expression vector pBI-GFP was constructed by
insertion of the blunt-ended HindIII/Nofl fragment of phGFP-S65T (Clon-
tech) into the EcoRV site of pBI (Clontech). pBI-GFP-Bub1WTwas constructed
by cloning RT-PCR products representing the WT hBUBI sequence into the
Notl and SalTssites of pBI-GFP. pBI-GFP-Bub1*V400 and pBI-GFP-Bub1*V429
were similarly constructed by insertion of RT-PCR products from tumour lines
V400 and V429, respectively, into pBI-GFP. HCT116 or DLDI cells were
cotransfected with vector DNA and DNA from a plasmid driving the expression
of the tTA transcriptional activator (Clontech) and Lipofectamine Plus (Life
Technologies). Twelve hours after transfection, cells were treated with 0.2 ugml™
nocodazole. BrdU was added to the media 15.5h later and the cells were
collected 2.5 h after BrdU addition. Successfully transfected cells were isolated
by sorting on the basis of GFP fluorescence. Sorted cells were analysed by flow
cytometry and fluorescence microscopy as described above. BrdU incorpora-
tion was compared with that in transfected cells not treated with nocodazole.
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in regulating the onset of
mitosis in budding yeast
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Signalling via calcium is probably involved in regulating eukary-
otic cell proliferation, but details of its mechanism of action are
unknown"?, In Schizosaccharomyces pombe, the onset of mitosis is
determined by activation of a complex of the p34°“? protein
kinase and a cyclin protein that is specific to the G2 phase of the
cell cycle. This activation requires dephosphorylation of p34°
(ref. 3). Weel, a tyrosine kinase that inhibits p34°“* by phos-
phorylating it, is needed to determine the length of G2 phase.
Here we show that calcium-activated pathways in Saccharomyces
cerevisiae control the onset of mitosis by regulating Swel, a Weel
homologue. Zds1 (also known as Ossl and Hstl) (refs 4-7) is
important in repressing the transcription of SWEI in G2 phase. In
the presence of high calcium levels, cells lacking Zds1 are delayed
in entering mitosis. Calcineurin®*"' and Mpkl (refs 12, 13)
regulate Swel activation at the transcriptional and post-
translational levels, respectively, and both are required for the
calcium-induced delay in G2 phase. These cellular pathways also
induce a G2-phase delay in response to hypotonic shock.

A null mutation of the ZDSI gene (Azdsl) in the W303 S.
cerevisiae strain causes no obvious phenotype’, although a similar
mutation (Aoss] = Azdsl) in other strain backgrounds causes a
severe delay in passage through G2 and the cells form a highly
elongated bud®. However, the Azds] W303 strain did show a growth
defect in rich medium (see Methods) supplemented with CaCl,
(50—-300 mM) and the cells formed an elongated bud® (data not
shown). These Ca*'-induced cell abnormalities were apparently
similar to those observed with the AossI mutant in rich medium
without added CaCl, (ref. 5). AzdsI cells grown in calcium medium
were analysed by flow-cytometry analysis (FACS) and staining with
4,6-diamidino-2-phenylindole (DAPI). Most of the elongated cells
had one nucleus at the mother/bud neck, which is characteristic of
G2 delay (data not shown). FACS analysis showed that the cells had
two copies of the DNA, showing that Ca** causes severe cell-cycle
delay in G2 rather than in earlier stages (Fig. 1).
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