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Abstract. Background: A defective mitotic checkpoint has been proposed to contribute to chromosomal instability (CIN). We
have previously shown that expression changes of the mitotic arrest deficiency (MAD) gene family plays a role in renal cell
cancer (RCC) characterized by numerical chromosomal changes, namely papillary and chromophobe carcinomas, but nothing is
known about the expression of mitotic checkpoint genes in the clear cell histotype (ccRCC).

Methods: We analyzed the mRNA expression levels of the major mitotic checkpoint genes of the budding uninhibited by ben-
zimidazole family (BUB1, BUBR1, BUB3) and of the MAD gene family (MAD1, MAD2L1, MAD2L2) by real-time quantitative
PCR in 39 ccRCC and in 36 normal kidney tissue samples. We have additionally analyzed these tumors by comparative genomic
hybridization (CGH) in order to evaluate the relationship between mitotic checkpoint defects and the pattern of chromosome
changes in this subset of RCC.

Results: BUB1, BUBR1, MAD1 and MAD2L1 showed significant expression differences in tumor tissue compared to controls
(BUB1, BUBR1 and MAD2L1 were overexpressed, whereas MAD1 was underexpressed). Overexpression of BUB1 and BUBR1
was significantly correlated with the number of genomic copy number changes (p < 0.001 for both genes) and with Furhman
grade of the tumors (p = 0.006 and p = 0.005, respectively).

Conclusions: We conclude that BUB1 and BUBR1 overexpression plays a role in cytogenetic and morphologic progression of
ccRCC.
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1. Introduction

The mitotic spindle checkpoint is a highly con-
served mechanism that ensures that sister chromatids
are aligned at the metaphase plate and do not separate
prior to the bipolar attachment of all duplicated chro-
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mosomes, providing equally divided sister chromatids
during cell division [14,17,18,34].

Yeast cells defective in the mitotic checkpoint mech-
anism lose chromosomes at elevated rates and are hy-
persensitive to mitotic-spindle inhibitors [33,34]. In
humans, although mutations in known spindle check-
point genes are extremely rare [1,2,11–13,20,23,24,
35,36,38], several studies have shown evidence that
mutations and/or reduced levels of mitotic checkpoint
proteins can cause checkpoint malfunction and chro-
mosomal instability (CIN), and thereby contribute to
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tumor formation [10,16,21,33]. A few studies have
shown that non-mutational silencing of human BUB1
and BUBR1 genes is more common than mutational
inactivation, contributing to the development of aneu-
ploidy in human colorectal cancers [25,29].

We have previously evaluated renal cell cancer
(RCC) characterized by numerical chromosomal
changes, namely papillary and chromophobe carcino-
mas, for the expression levels of the six major mitotic
checkpoint genes and found that expression changes
of MAD1, MAD2L1, and MAD2L2 play a role in the
carcinogenesis of these tumor types [27]. Moreover,
the affected genes and the type of expression change
(under- or overexpression) differ between the tumor
type characterized by multiple monosomies (chromo-
phobe RCC) and the tumor type characterized by mul-
tiple trisomies (papillary RCC) [27].

Clear cell renal cell carcinoma (ccRCC) comprises
about 75% of all kidney neoplasms [19,31]. It origi-
nates from the proximal tubules and presents a defining
loss of the short arm of chromosome 3 (3p) in about
98% of the cases, which can occur either by deletion
or by an unbalanced translocation between 3p and the
long arm of chromosome 5 (70% of the cases) [3].
Other structural and numerical chromosome changes
are secondary events in ccRCC, including monosomies
(chromosomes 8, 9, 13 and 14), trisomies (chromo-
somes 12 and 20), and structural changes involving 5q,
6q, 8p, 10q and 14q, which seem to be associated with
tumor progression [3,31].

To evaluate the role of mitotic checkpoint defects
in cytogenetic progression of ccRCC, we have ana-
lyzed the relative transcript levels of BUB1, BUBR1,
BUB3, MAD1, MAD2L1 and MAD2L2, and compared
the findings with the degree of genomic complexity in
39 tumors. To the best of our knowledge, this is the first
study evaluating this relationship in ccRCC.

2. Materials and methods

2.1. Patients and sample collection

From a consecutive series of RCC prospectively col-
lected at the Portuguese Oncology Institute – Porto,
Portugal, 39 primary ccRCC diagnosed from 2001 to
2005 were studied. The mean age at diagnosis for these
patients was 61 years (range 33–82). The institutional
review board approved the project and patients were
enrolled in this study after informed consent. For con-
trol purposes, non-neoplastic renal tissue distant from
RCC (with chromophobe, papillary or clear cell histol-

ogy) was obtained from 36 patients (16 of which in-
cluded in the present ccRCC series). All patients in-
cluded in this study underwent radical nephrectomy
before any other kind of treatment. Tissue samples in-
tended for genetic analysis were snap-frozen in isopen-
tane immediately after surgery and stored at −80◦C.
Five-micron thick sections were cut and stained at
every 15 cuts for identification of the areas of carci-
noma and normal tissue. The remaining tissues were
formalin-fixed and subsequently processed for paraf-
fin embedding. Sections were cut and H&E stained for
histopathological evaluation. These procedures com-
prised the diagnosis, grading and pathological stag-
ing (2003 TNM staging system [5]). Five-micron thick
sections were cut and stained for identification of the
areas of carcinoma and normal tissue.

2.2. RNA extraction and cDNA synthesis

Total RNA was extracted from all samples using the
FastRNA Green Kit (Qbiogene, Carlsbad, CA, USA)
for 45 s, with a speed rating of 6.0 in a FastPrep
FP120 Instrument (Qbiogene, Carlsbad, CA, USA).
RNA quality was checked on 0.8% agarose gels. Re-
verse transcription was performed with the SuperScript
III First-Strand Synthesis System for RT-PCR (InVit-
rogen, Carlsbad, CA, USA), following the manufac-
turer’s instructions.

2.3. Quantitative RT-PCR

Real-time RT-PCR was performed in 39 ccRCC
and in 36 normal controls using a TaqMan® ABI
PRISM 7000 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA). Primers and
probes for the BUB gene family (BUB1, BUBR1 and
BUB3) and for the mitotic arrest deficiency genes
(MAD1, MAD2L1 and MAD2L2) were designed us-
ing the Primer Express Software (version 2.0; Ap-
plied Biosystems, Foster City, CA, USA) [27]. To use
as the internal reference gene, commercially available
TaqMan® reagents with optimized primer and probe
concentrations for human hypoxanthine ribosyltrans-
ferase (HPRT) were purchased from Applied Biosys-
tems (Applied Biosystems, Foster City, CA, USA).

cDNA generated from each sample was split in
equal parts for the measurement of the expression of
all six mitotic checkpoint genes under study, as well
as the endogenous control gene HPRT. PCR was per-
formed according to the manufacturer’s specifications
(Applied Biosystems, Foster City, CA, USA) in sepa-
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rate wells for each primer/probe set and each sample
was run in triplicate. The 20 µl total volume final reac-
tion mixture consisted of 1 µM of each primer, 0.25 µM
of probe, 1 µl of TaqMan® Universal PCR Master Mix
(Applied Biosystems, Foster City, CA, USA), and 9 µl
of cDNA (with approximately the same concentration
in each case). Negative controls consisted of bidistilled
H2O. PCR was performed using the following condi-
tions: 50◦C for 2 min, 95◦C for 10 min, followed by
50 cycles at 95◦C for 15 s and 60◦C for 1 min. Each
plate included multiple non-template controls and ser-
ial dilutions of a positive control to construct the stan-
dard curve.

To determine the relative mRNA expression levels
of each of the six genes in each of the 75 samples, the
values of the target gene were normalized against the
values of the internal reference gene HPRT to obtain
a ratio. Thus, expression data of each sample is given
as the mean quantity of each gene divided by the mean
quantity of the endogenous control HPRT gene for the
same sample.

2.4. Comparative genomic hybridization

DNA was extracted from frozen tissue samples from
the 39 ccRCC according to standard methods. Com-
parative genomic hybridization was performed as de-
scribed by Kallioniemi et al. [15], with the modifi-
cations previously reported by Ribeiro et al. [28]. To
determine the degree of genomic complexity of the
tumors (measured by the total number of copy num-

ber changes), loss or gain of entire chromosomes were
scored as one change each, whereas partial copy num-
ber changes in both chromosome arms and gain and
loss in the same arm were scored as separate changes.

2.5. Statistical analysis

For each of the six genes, the normalized expression
values of ccRCC were compared with those of normal
kidney tissue samples using the non-parametric Mann–
Whitney U test. The relationship between relative
expression changes and the number of chromosome
abnormalities was evaluated using Spearman’s non-
parametric correlation test. Relationship between clin-
icopathological variables (Furhman grade and pTNM
stage) and genetic variables (BUB1 and BUBR1 over-
expression and the number of chromosome alterations)
was assessed using Kruskal–Wallis H or Mann–
Whitney U tests, according to the categorization of
the data. To reduce the chance of false-positive find-
ings due to the number of variables tested, the sig-
nificance level was Bonferroni-corrected to p < 0.008.
All analyses were performed using SPSS version 15.0
(SPSS, Chicago, IL, USA).

3. Results

Normalized expression levels for the mitotic check-
point genes BUB1, BUBR1, BUB3, MAD1, MAD2L1
and MAD2L2 in normal kidney tissue and ccRCC
are presented in Fig. 1. Four out of the six genes

Fig. 1. Distribution of the relative expression levels in normal tissue (white box-plots) and ccRCC (shaded box-plots) for the six genes assessed
in this study. ∗Statistically significant differences between tumor samples and normal controls (BUB1, p < 0.001; BUBR1, p = 0.003; MAD1,
p < 0.001; MAD2L2, p < 0.001).
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showed significant expression differences in tumor
tissue compared to normal samples. More specif-
ically, BUB1, BUBR1 and MAD2L1 were overex-
pressed (p < 0.0001, p = 0.0032 and p < 0.0001, re-
spectively), whereas MAD1 was underexpressed
(p < 0.0001) (Fig. 1). No significant expression
changes were detected for BUB3 or MAD2L2.

CGH analysis detected copy number aberrations in
38 of the 39 tumors (97%). The median number of
genomic alterations detected was 4 (ranging from 1
to 21 changes). Overexpression of BUB1 and BUBR1
was significantly correlated with genomic complexity
(rs = 0.632, p < 0.001 and rs = 0.589, p < 0.001,
respectively) (Fig. 2(a) and (b)), but no association was
found between specific chromosomal alterations and
mitotic checkpoint gene expression. There was a sig-
nificant correlation between overexpression of BUB1
and overexpression of BUBR1 (rs = 0.940, p < 0.001)
(Fig. 2(c)). Significant correlations were additionally
seen between the expression level of several of the re-

maining genes, but with much lower correlation co-
efficients and without any association with genomic
complexity (data not shown). Overexpression of BUB1
and BUBR1 was significantly correlated with Fuhrman
grade (p = 0.006 and p = 0.005, respectively), but
not with pTNM stage (Table 1). No statistically signifi-
cant association was found between genomic complex-
ity and Fuhrman grade or pTNM stage.

4. Discussion

Mitotic checkpoint genes have drawn considerable
attention for their possible role in CIN in cancer, since
a reduction of function for one of these genes can have
a profound effect on mitotic stability and maintenance
of genomic integrity. We have here demonstrated for
the first time that ccRCC has significant differences
in the expression of four of six mitotic checkpoint
genes when compared to normal kidney tissue, with

(a) (b) (c)

Fig. 2. Correlation between relative expression levels of BUB1 (a) and BUBR1 (b) with genomic complexity, and between each other (c).
Abbreviations: rs – Spearman’s correlation coefficient.

Table 1

Association between BUB1 and BUBR1 expression levels and chromosomal alterations with Fuhrman grade and pTNM stage

BUB1 expression level BUBR1 expression level Chromosomal changes

Fuhrman (n)

2 (15) 0.06 (0.04–0.13) 0.11 (0.09–0.25) 3 (2–5)

3 (21) 0.24 (0.11–0.45) 0.46 (0.24–0.73) 4 (2.5–9)

4 (3) 0.53 (0.45–0.80) 0.98 (0.32–1.00) 14 (11–16)

p = 0.006 p = 0.005 ns

pTNM (n)

I + II (33) 0.19 (0.06–0.41) 0.31 (0.10–0.61) 4 (2–10.3)

III + IV (6) 0.20 (0.10–0.87) 0.36 (0.19–1.51) 4 (2–12)

ns ns ns

Notes: Expression levels are given by the median and interquartile range (25–75%). ns – not statistically significant.
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BUB1, BUBR1 and MAD2L1 showing overexpression
and MAD1 being underexpressed (Fig. 1).

CGH analysis revealed that 38 of the 39 tumors
(97%) displayed chromosome copy number changes,
with a median number of 4 (details on specific genomic
changes will be reported elsewhere as part of a larger
study). The degree of genomic complexity was signif-
icantly correlated with overexpression of BUB1 and
BUBR1 (Fig. 2(a) and (b)), which points to a signifi-
cant role of these genes in the development and/or cy-
togenetic progression of this neoplasia. Interestingly,
BUB1 and BUBR1 expression changes were not ob-
served in other subtypes of renal cancer, namely papil-
lary and chromophobe carcinomas, where an involve-
ment of the MAD gene family was seen [27]. Over-
expression of BUB1 and/or BUBR1 has been shown
in other tumor types, namely in breast, gastric, blad-
der, and colorectal carcinomas [8,9,23,29,37,38]. On
the other hand both over- and underexpression of these
genes have been reported in breast [23] and colorectal
tumors [29]. Whereas underexpression was associated
with the presence of metastasis and relapse of colon
tumors, overexpression was associated with genomic
complexity [29], something that is in agreement with
our results in ccRCC. The number of chromosome al-
terations was expected to be significantly associated
with Fuhrman grade and pTNM stage, but numbers are
too small to conclusively evaluate those relationships.

Upregulation of BUB1 was significantly correlated
with overexpression of BUBR1 (Fig. 2(c)). The sig-
nificance of this association is not known. Although
these two proteins form a complex at the kinetochores
[18,22], they do not recruit each other. Furthermore,
BUB3 is required for kinetochore localization of BUB1
and BUBR1 [32], but expression of that gene was not
significantly higher in the tumors compared to the nor-
mal samples. As far as we know, the positive correla-
tion between overexpression of BUB1 and BUBR1 has
not been specifically reported before, although overex-
pression of both genes has been found in other tumor
types [8,23,38]. The mechanism behind the combined
overexpression remains unclear, as well as its possible
causal relationship with increased genomic complex-
ity.

Although overexpression of BUB1 and BUBR1 was
significantly associated with increased Fuhrman grade
(Table 1), only a trend could be seen between over-
expression of these genes and tumor stage. This most
likely reflects the under-representation of pTNM stages
III and IV in our series (only six cases). In other
models, increased expression of BUBR1 characterizes

high-grade breast carcinomas [38] and mRNA levels
of BUB1 were reported to be high in breast cancers
with extremely poor outcome [4]. Overexpression of
the BUB gene family has been significantly associated
with tumor proliferation in gastric cancer [8]. It would
be interesting to evaluate in a larger series whether
there is any independent prognostic value of BUB1
and/or BUBR1 overexpression in ccRCC patients.

The other mitotic checkpoint genes whose expres-
sion was significantly altered were MAD1 (underex-
pression) and MAD2L1 (overexpression). We have pre-
viously reported underexpression of MAD1 in chromo-
phobe RCC [27], a tumor characterized by multiple
chromosome losses. On the other hand, we have pre-
viously shown upregulation of MAD2L1 in papillary
RCC [27], a tumor characterized by multiple chromo-
some gains. However, the significance of MAD1 un-
derexpression and MAD2L1 overexpression in ccRCC
is not known, since there was no correlation with ge-
nomic complexity. Overexpression of MAD2L1 has
previously been associated with the development of
a wide spectrum of tumors in nude mice, as well
as with chromosome breaks, anaphase bridges, and
whole-chromosome gains/losses in several cell lines
[30]. Concomitantly, downregulation of MAD1 has
been found to lead to aneuploidy in human colon car-
cinomas cell lines [16].

The mechanisms underlying the expression changes
we have found are not known. The CGH findings
of the 39 ccRCC did not reveal an association be-
tween expression levels and copy number changes at a
given gene locus. In fact, only one tumor with BUB1
overexpression had gain of 2q14 and a single case
with MAD2L1 overexpression presented gain of 4q27.
Furthermore, no copy number gains were detected at
15q15 (BUBR1) and no genomic losses were found at
7p22 (MAD1), so mechanisms other than copy num-
ber changes must be operative. No alternative mecha-
nisms of upregulation of these three genes have been
described [2,6,7,13,23,26,35] and MAD1 promoter hy-
permethylation seems to be an uncommon mechanism
of expression downregulation in kidney carcinomas or
other tumor types [13].

In summary, we found significant expression
changes of BUB1, BUBR1, MAD1 and MAD2L1 in
ccRCC compared to normal kidney tissue, suggest-
ing a role for these genes in the development of this
neoplasia. Moreover, there were significant associa-
tions between overexpression of BUB1 and BUBR1
with genomic complexity and with Furhman grade, im-
plicating its involvement in cytogenetic and morhpo-
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logic progression in ccRCC. Further studies are war-
ranted to identify the causes, consequences, and clini-
cal relevance of the expression changes we uncovered
in ccRCC.

Acknowledgements

This study was supported by the Fundação para
a Ciência e a Tecnologia (FCT; Projecto de Investi-
gação Plurianual do Centro de Investigação do IPO-
Porto (03-05)). MP and FRR are research fellows of
FCT (grants SFRH/BPD/14506/2003 and SFRH/BPD/
26492/2006) and MJS has a grant from Liga Por-
tuguesa Contra o Cancro. The authors declare that they
have no conflicts of interest.

References

[1] D.P. Cahill, L.T. da Costa, E.B. Carson-Walter, K.W. Kinzler,
B. Vogelstein and C. Lengauer, Characterization of MAD2B
and other mitotic spindle checkpoint genes, Genomics 58
(1999), 181–187.

[2] D.P. Cahill, C. Lengauer, J. Yu, G.J. Riggins, J.K. Willson,
S.D. Markowitz, K.W. Kinzler and B. Vogelstein, Mutations of
mitotic checkpoint genes in human cancers, Nature 392 (1998),
300–303.

[3] P.D. Cin, Genetics in renal cell carcinoma, Curr. Opin. Urol. 13
(2003), 463–466.

[4] H. Dai, L. Veer, J. Lamb, Y.D. He, M. Mao, B.M. Fine,
R. Bernards, M. van de Vijver, P. Deutsch, A. Sachs,
R. Stoughton and S. Friend, A cell proliferation signature is a
marker of extremely poor outcome in a subpopulation of breast
cancer patients, Cancer Res. 65 (2005), 4059–4066.

[5] J.M. Elmore, K.T. Kadesky, K.S. Koeneman and A.I. Saga-
lowsky, Reassessment of the 1997 TNM classification system
for renal cell carcinoma: a 5 cm T1/T2 cutoff is a better predic-
tor of clinical outcome, Cancer 98 (2003), 2329–2334.

[6] A. Gemma, Y. Hosoya, M. Seike, K. Uematsu, F. Kurimoto,
S. Hibino, A. Yoshimura, M. Shibuya, S. Kudoh and M. Emi,
Genomic structure of the human MAD2 gene and mutation
analysis in human lung and breast cancers, Lung Cancer 32
(2001), 289–295.

[7] A. Gemma, M. Seike, Y. Seike, K. Uematsu, S. Hibino, F. Ku-
rimoto, A. Yoshimura, M. Shibuya, C.C. Harris and S. Kudoh,
Somatic mutation of the hBUB1 mitotic checkpoint gene in pri-
mary lung cancer, Gen. Chromosom. Cancer 29 (2000), 213–
218.

[8] H. Grabsch, S. Takeno, W.J. Parsons, N. Pomjanski, A. Boeck-
ing, H.E. Gabbert and W. Mueller, Overexpression of the mi-
totic checkpoint genes BUB1, BUBR1, and BUB3 in gastric
cancer-association with tumour cell proliferation, J. Pathol.
200 (2003), 16–22.

[9] H.I. Grabsch, J.M. Askham, E.E. Morrison, N. Pomjanski,
K. Lickvers, W.J. Parsons, A. Boecking, H.E. Gabbert and
W. Mueller, Expression of BUB1 protein in gastric cancer cor-
relates with the histological subtype, but not with DNA ploidy
or microsatellite instability, J. Pathol. 202 (2004), 208–214.

[10] S. Hanks, K. Coleman, S. Reid, A. Plaja, H. Firth, D. Fitz-
Patrick, A. Kidd, K. Méhes, R. Nash, N. Robin, N. Shan-
non, J. Tolmie, J. Swansbury, A. Irrthum, J. Douglas and
N. Rahman, Constitutional aneuploidy and cancer predisposi-
tion caused by biallelic mutations in BUB1B, Nat. Genet. 36
(2004), 1144–1145.

[11] N. Haruki, H. Saito, T. Harano, S. Nomoto, T. Takahashi,
H. Osada, Y. Fujii and T. Takahashi, Molecular analysis of the
mitotic checkpoint genes BUB1, BUBR1 and BUB3 in human
lung cancers, Cancer Lett. 162 (2001), 201–205.

[12] E. Hernando, I. Orlow, V. Liberal, G. Nohales, R. Benezra and
C. Cordon-Cardo, Molecular analyses of the mitotic check-
point components HSMAD2, HBUB1 and HBUB3 in human
cancer, Int. J. Cancer. 95 (2001), 223–227.

[13] Y. Imai, Y. Shiratori, N. Kato, T. Inoue and M. Omata, Muta-
tional inactivation of mitotic checkpoint genes, hsMAD2 and
hBUB1, is rare in sporadic digestive tract cancers, Jpn. J. Can-
cer Res. 90 (1999), 837–840.

[14] P.V. Jallepalli and C. Lengauer, Chromosome segregation and
cancer: cutting through the mystery, Nat. Rev. Cancer 1 (2001),
109–117.

[15] O.P. Kallioniemi, A. Kallioniemi, J. Piper, J. Isola, F.M. Wald-
men, J.W. Gray and D. Pinkel, Optimizing comparative ge-
nomic hybridization for analysis of DNA sequence copy num-
ber changes in solid tumors, Gen. Chromosom. Cancer 10
(1994), 231–243.

[16] A. Kienitz, C. Vogel, I. Morales, R. Müller and H. Bastians,
Partial downregulation of MAD1 causes spindle checkpoint in-
activation and aneuploidy, but does not confer resistance to-
wards taxol, Oncogene 24 (2005), 4301–4310.

[17] G.J. Kops, D.R. Foltz and D.W. Cleveland, Lethality to human
cancer cells through massive chromosome loss by inhibition of
the mitotic checkpoint, Proc. Natl. Acad. Sci. USA 101 (2004),
8699–8704.

[18] G.J. Kops, B.A. Weaver and D.W. Cleveland, On the road to
cancer: aneuploidy and the mitotic checkpoint, Nat. Rev. Can-
cer 5 (2005), 773–785.

[19] G. Kovacs, M. Akhtar, B.J. Beckwith, P. Bugert, C.S. Cooper,
B. Delahunt, J.N. Eble, S. Fleming, B. Ljungberg,
L.J. Medeiros, H. Moch, V.E. Reuter, E. Ritz, G. Roos,
D. Schmidt, J.R. Srigley, S. Storkel, E. van den Berg and
B. Zbar, The Heidelberg classification of renal cell tumours,
J. Pathol. 183 (1997), 131–133.

[20] A. Langerød, M. Strømberg, K. Chin, V.N. Kristensen and
A.L. Børrensen-Dale, BUB1 infrequently mutated in human
breast carcinomas, Hum. Mutat. 22 (2003), 420.

[21] L.S. Michel, V. Liberal, A. Chatterjee, R. Kirchwegger,
B. Paschel, W. Gerald, M. Dobles, P.K. Sorger, V.V.V.S. Murty
and R. Benezra, MAD2 haplo-insufficiency causes premature
anaphase and chromosome instability in mammalian cells, Na-
ture 409 (2001), 355–359.

[22] A. Musacchio and K.G. Hardwick, The spindle checkpoint:
structural insights into dynamic signalling, Nat. Rev. Mol. Cell
Biol. 3 (2002), 731–741.



M. Pinto et al. / Overexpression of the mitotic checkpoint genes BUB1 and BUBR1 395

[23] K.A. Myrie, M.J. Percy, J.N. Azim, C.K. Neeley and
E.M. Petty, Mutation and expression analysis of human BUB1
and BUB1B in aneuploid breast cancer cell lines, Cancer Lett.
152 (2000), 193–199.

[24] S.H. Olesen, Y. Thykjaer and T.F. Ørntoft, Mitotic checkpoint
genes hBUB1, hBUBR1, hBUB3 and TTK in human blad-
der cancer, screening for mutations and loss of heterozygosity,
Carcinogenesis 22 (2001), 813–815.

[25] B. Ouyang, J.A. Knauf, K. Ain, B. Nacev and J.A. Fagin,
Mechanisms of aneuploidy in thyroid cancer cell lines and tis-
sues: evidence for mitotic checkpoint dysfunction without mu-
tations in BUB1 and BUBR1, Clin. Endocrinol. 56 (2002),
341–350.

[26] M.J. Percy, K.A. Myrie, C.K. Neeley, J.N. Azim, S.P. Ethier
and E.M. Petty, Expression and mutational analyses of the hu-
man MAD2L1 gene in breast cancer cells, Gen. Chromosom.
Cancer 29 (2000), 356–362.

[27] M. Pinto, M.J. Soares, N. Cerveira, R. Henrique, F.R. Ribeiro,
J. Oliveira, C. Jerónimo and M.R. Teixeira, Expression changes
of the MAD mitotic checkpoint gene family in renal cell carci-
nomas characterized by numerical chromosome changes, Vir-
chows Arch. 450 (2007), 379–385.

[28] F.R. Ribeiro, C. Jerónimo, R. Henrique, D. Fonseca, J. Oliveira,
R.A. Lothe and M.R. Teixeira, 8q gain is an independent
predictor of poor survival in diagnostic needle biopsies from
prostate cancer suspects, Clin. Cancer Res. 12 (2006), 3961–
3970.

[29] M. Shichiri, K. Yoshinaga, H. Hisatomi, K. Sugihara and Y. Hi-
rata, Genetic and epigenetic inactivation of mitotic checkpoint
genes hBUB1 and hBUBR1 and their relationship to survival,
Cancer Res. 62 (2002), 13–17.

[30] R. Sotillo, E. Hernando, E. Díaz-Rodrigues, J. Teruya-
Feldstein, C. Cordón-Cardo, S.W. Lowe and R. Benezra,
Mad2 overexpression promotes aneuploidy and tumorigenesis
in mice, Cancer Cell 11 (2007), 9–23.

[31] S. Storkel, J.N. Eble, K. Adlakha, M. Amin, M.L. Blute,
D.G. Bostwick, M. Darson, B. Delahunt and K. Iczkowski,
Classification of renal cell carcinoma: Workgroup No. 1. Union
Internationale Contre le Cancer (UICC) and the American Joint
Committee on Cancer (AJCC), Cancer 80 (1997), 987–989.

[32] S.S. Taylor, E. Ha and F. McKeon, The human homologue of
Bub3 is required for kinatochore localization of Bub1 and a
Mad3/Bub1-related protein kinase, J. Cell Biol. 142 (1998), 1–
11.

[33] C.D. Warren, D.M. Brady, R.C. Johnston, J.S. Hanna,
K.G. Hardwick and F.A. Spencer, Distinct chromosome segre-
gation roles for spindle checkpoint proteins, Mol. Biol. Cell 13
(2002), 3029–3041.

[34] K. Wassmann and R. Benezra, Mitotic checkpoint: From yeast
to cancer, Curr. Opin. Genet. Dev. 11 (2001), 83–90.

[35] H. Yamaguchi, L.J. Aridgides, W. Zeng, C. Osgood,
N.S. Young and J.M. Liu, Genetic and transcriptional analysis
of spindle checkpoint genes in bone marrow failure patients,
Blood Cells Mol. Dis. 30 (2003), 307–311.

[36] K. Yamaguchi, K. Okami, K. Hibi, S.L. Wehage, J. Jen and
D. Sidransky, Mutation analysis of hBUB1 in aneuploid HN-
SCC and lung cancer cell lines, Cancer Lett. 139 (1999), 183–
187.

[37] Y. Yamamoto, H. Matsuyama, Y. Chochi, M. Okuda,
S. Kawauchi, R. Inoue, T. Furuya, A. Oga, K. Naito and
K. Sasaki, Overexpression of BUBR1 is associated with chro-
mosomal instability in bladder cancer, Cancer Genet. Cyto-
genet. 174 (2007), 42–47.

[38] B. Yuan, Y. Xu, J.H. Woo, Y. Wang, Y.K. Bae, D.S. Yoon,
R.P. Wersto, E. Tully, K. Wilsbach and E. Gabrielson, Increased
expression of mitotic checkpoint genes in breast cancer cells
with chromosomal instability, Clin. Cancer Res. 12 (2006),
405–410.


