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Aurora kinase B, one of the three members of the mammalian Aurora kinase family, is the catalytic component of the chromo-

somal passenger complex, an essential regulator of chromosome segregation in mitosis. Aurora B is overexpressed in human

tumors although whether this kinase may function as an oncogene in vivo is not established. Here, we report a new mouse model

in which expression of the endogenous Aurkb locus can be induced in vitro and in vivo. Overexpression of Aurora B in cultured

cells induces defective chromosome segregation and aneuploidy. Long-term overexpression of Aurora B in vivo results in aneu-

ploidy and the development of multiple spontaneous tumors in adult mice, including a high incidence of lymphomas. Overex-

pression of Aurora B also results in a reduced DNA damage response and decreased levels of the p53 target p21Cip1
in vitro and in

vivo, in line with an inverse correlation between Aurora B and p21Cip1 expression in human leukemias. Thus, overexpression of

Aurora B may contribute to tumor formation not only by inducing chromosomal instability but also by suppressing the function

of the cell cycle inhibitor p21Cip1.

Most human cancers contain aneuploid cells, and a significant
number of studies have pointed to abnormalities in the reg-

ulation of mitosis as a contributing cause of chromosomal insta-
bility in tumors (1–4). Various defects in mitotic checkpoints, the
anchoring of chromosomes to the mitotic spindle, chromosome
cohesion, or the number of centrosomes can result in aberrant cell
division leading to aneuploid daughter cells. Aurora kinase B
(AurkB), one of the three members of the Aurora kinase family
(5), is involved in many of these mitotic processes. Aurora B was
first identified in Saccharomyces cerevisiae (as Ipl1) in a screen for
mutants that display an increase in ploidy (6). This kinase is the
catalytic subunit of the chromosomal passenger complex (CPC),
which regulates key steps during mitosis, including chromosome
interactions with microtubules, chromatid cohesion, spindle sta-
bility, and cytokinesis (7). Aurora B kinase plays a central role in
correcting kinetochore attachment errors, including merotelic at-
tachments, through the phosphorylation of kinetochore sub-
strates, thus leading to the destabilization of incorrect attachments
and allowing reorientation of the kinetochore toward the correct
spindle pole (8, 9). It has been proposed that correct attachment
requires fine-tuning of tension across sister kinetochores and that
either increasing or decreasing Aurora B activity may cause mero-
telic and syntelic attachments, which in turn can lead to aneu-
ploidy (5, 7, 10–12).

Aurora A, but not Aurora B, has been claimed to function as an
oncogene in vivo by inducing mitotic abnormalities (13). Aurora
B overexpression is common in human tumors, where elevated
levels of the Aurora B transcript or protein are often associated
with poor prognosis (14–22). Moreover, Aurora B is part of the
CIN70 gene expression signature associated with high chromo-
some instability (CIN) in human cancers (23). Recent studies have
also linked Aurora B activity with inhibition of the tumor suppres-
sor p53 and decreased levels of its target genes although the rele-
vance of this interaction in vivo has not been tested (24–26).

To understand the possible oncogenic function of Aurora B,

we have generated a murine allele in which the expression of the
endogenous Aurora B gene, Aurkb, can be hyper-induced in vitro
and in vivo. This allele is based on the “promoter-hijack” strategy
previously used in chicken DT40 cells in which the endogenous
Aurkb promoter is replaced with a minimal promoter responsive
to the tetracycline-inducible transactivator (rtTA) (27). Overex-
pression of Aurora B results in chromosomal instability and an-
euploidy in vitro and in vivo. In addition, Aurora B overexpression
is accompanied by a defective DNA damage response and im-
paired induction of the p53 target p21Cip1. Long-term overexpres-
sion of Aurora B results in the development of multiple tumors,
including spleen lymphomas or lung adenocarcinomas among
others, suggesting that Aurora B overexpression may favor both
aneuploidy and p21Cip1 downregulation during tumor develop-
ment.

MATERIALS AND METHODS

Generation and characterization of Aurora B mutant mice. The induc-
ible Aurkb allele was generated by using the promoter-hijack strategy (27).
The conditional targeting construct contained a minimal tetO-cytomeg-
alovirus (CMV) promoter (Tet-P) inserted in front of the Aurkb ATG,
thus replacing the Aurora B endogenous promoter, and a puromycin
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cassette for positive selection of the clones (Fig. 1a). After homologous
recombination in embryonic stem (ES) cells, clones were selected using
puromycin resistance, and Aurkb�/lox-tet clones were identified using
Southern blot analysis (Fig. 1b). These ES cells were aggregated to generate
Aurkb�/lox-tet mice, and the puromycin resistance cassette was removed in
vivo by crossing these mice with transgenic mice expressing the Cre re-
combinase, resulting in the Aurkbtet allele. The Rosa26 rtTA
(Rosa26M2rtTA) allele expresses a tetracycline-inducible M2rtTA transac-
tivator driven from the endogenous ubiquitous Rosa26 promoter (28).

Complete protocols, primers, and probes for genotyping are available
from the authors upon request. For induction, mutant and wild-type mice
were fed with doxycycline-supplemented food (Harlan Laboratories
Models) after weaning. All animals were maintained in a mixed 129/Sv
(25%), CD1 (25%), and C57BL/6J (50%) background. Mice were housed
at a pathogen-free animal facility of the Centro Nacional de Investigacio-
nes Oncológicas (CNIO; Madrid, Spain), according to the animal care
standards of the institution. These animals were observed daily, and sick
mice were euthanized humanely in accordance with the Guidelines for
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FIG 1 Generation and characterization of an endogenous Aurora B-inducible model. (a) Schematic representation of the alleles used in this study for the
inducible overexpression of Aurora B (see Materials and Methods for details). In the Aurkblox-tet allele, the Aurora B endogenous promoter was replaced by Tet-P,
a minimal CMV promoter that contains seven in tandem repeats of tetO sequences recognized by the transactivator regulatory proteins rtTA. The activity of Cre
recombinase resulted in the removal of the puromycin (puro) resistance cassette and the generation of the Aurkbtet allele. HR, homologous recombination; TK,
thymidine kinase. (b) Southern blot analysis of ES cell clones after homologous recombination, indicating the presence of the recombinant Aurkblox-tet

allele in one of the clones. The location of the probe is indicated in panel a. (c) Quantitative RT-PCR data from Aurkb�/�, Aurkb�/lox-tet, and Aurkb�/tet

MEFs, carrying the Rosa26M2rtTA/M2rtTA allele, in the absence or presence of doxycycline (Doxy) for 48 h. GAPDH was used as a control of expression. Data
are means � standard deviations (n � 3 separate clones). *, P � 0.05; **, P � 0.01 (Student’s t test). AU, arbitrary units. (d) Immunodetection of Aurora
B in Aurkb�/�; Rosa26M2rtTA/M2rtTA, Aurkb�/lox-tet; Rosa26M2rtTA/M2rtTA and Aurkb�/tet; Rosa26M2rtTA/M2rtTA primary mouse embryonic fibroblasts (MEFs)
stimulated with doxycycline. �-Tubulin (�-tub) was used as a loading control. (e) Aurora B levels in serum-starved Aurkb�/lox-tet; Rosa26M2rtTA/M2rtTA MEFs
treated or not treated with doxycycline for 48 h. �-Tubulin was used as a loading control. (f) Aurora B expression is significantly induced in Aurkb�/lox-tet resting
(0 h) or concanavalin A plus lipopolysaccharide (ConA�LPS)-induced (48 and 96 h) splenocytes. PS, Ponceau S. (g) EdU incorporation and DNA content
profiles in Aurkb�/lox-tet splenocytes before or after treatment with concanavalin A plus lipopolysaccharide (ConA�LPS). Data are representative of two separate
experiments.
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Humane Endpoints for Animals Used in Biomedical Research. The Insti-
tuto de Salud Carlos III and the IACUC approved all animal protocols for
animal care and research.

For histological analysis, dissected organs were fixed in 10% buffered
formalin (Sigma) and embedded in paraffin wax. Sections of 3- or 5-�m
thickness were stained with hematoxylin and eosin (H&E). Additional
immunohistochemical examination of the tissues and pathologies was
performed using specific antibodies against the following antigens: Au-
rora B (ab2254; Abcam), Ki67 (0003110QD; Master Diagnostica), active
caspase 3 (AF835; R&D Systems), CD3e (M-20, sc-1127; Santa Cruz Bio-
technology), phospho-p53 (Ser15; Cell Signaling), p21Cip1 (sc-397-G;
Santa Cruz Biotechnology), Pax-5 (C-20, sc-1974; Santa Cruz Biotechnol-
ogy), or �-H2AX (05-636; Millipore).

Characterization of MEFs and splenocytes. Mouse embryonic fibro-
blasts (MEFs) were isolated from embryonic day 13.5 (E13.5) embryos
and cultured using standard protocols (29). Immortalization was
achieved by retroviral infection with a plasmid encoding the first 121
amino acids of the simian virus 40 (SV40) large T antigen (T121) follow-
ing hygromycin selection. To induce Aurkb expression, doxycycline was
added at a final concentration of 1 �g/�l (D-9891; Sigma-Aldrich). For
growth curve assays, 50,000 cells were plated in triplicate and were treated
with doxycycline or left untreated. The number of cells was counted on a
daily basis for a week of treatment. The following drugs were used in
cultured cells at the indicated concentrations: nocodazole (3.5 �M;
Sigma), paclitaxel (originally named taxol; 1 �M [Sigma]), reversine (1
�M; Sigma), and ZM447439 (2 �M; Tocris Bioscience). To induce DNA
damage, immortal murine MEFs were treated with doxycycline for 24 h
and 1 �M doxorubicin (Adriamycin) was then added for 2 h, and samples
were taken 6 and 10 h later. For DNA damage in vivo, Aurkb�/�;
Rosa26M2rtTA/M2rtTA and Aurkb�/tet Rosa26M2rtTA/M2rtTA mice were
treated for 15 days with doxycycline and exposed to a single dose of 8 Gy
of gamma radiation. For time-lapse imaging experiments, synchronous,
histone H2B-green fluorescent protein (GFP)-expressing cells were re-
corded (5-min frames for 24 h) using a DeltaVision RT imaging system
(Applied Precision, LLC; Olympus IX70/71 microscope) equipped with a
charge-coupled-device camera (CoolSNAP HQ; Roper Scientific). Images
were analyzed using ImageJ software (National Institutes of Health, Be-
thesda, MD, USA [http://rsb.info.nih.gov]).

Splenocytes were isolated and stimulated to enter cell cycle by cultur-
ing them in RPMI medium with the addition of concanavalin A (ConA) (3
�g/ml; Sigma) and lipopolysaccharide (LPS) (1 �g/ml; Sigma) for 96 h.
For DNA content analysis, cells were stained with 5-ethynyl-2=-deoxyuri-
dine (EdU) (10 �M; Sigma) for 30 min and then fixed in 70% ethanol
overnight at 	20°C. The following day, 4=,6=-diamidino-2-phenylindole
(DAPI) (2 �g/ml; Sigma) was added, and cells were analyzed by flow
cytometry (Becton Dickinson). FlowJO software was used to analyze cell
populations.

Real-time PCR. Total RNA from cells and tissues was isolated using
TRIzol (Invitrogen). Expression of Aurora B was quantified by real-time
quantitative amplification with a SuperScript III Platinum assay kit, ac-
cording to the manufacturer’s instructions, in a Bio-Rad iCycler Real-
Time PCR apparatus. The following primers were used: Aurkb forward
(FW), 5=-AGGTCTGCAGGGAGAACTGA-3=; Aurkb reverse (RV), 5=-A
GGCACAGAAGAGGGGAACT-3=; p21 FW, 5=-CTAGGGGAATTGGAG
TCAGGC-3=; and p21 RV, 5=-AACAGGTCGGACATCACCAG-3=.
Amplification of anti-glyceraldehyde-3-phosphate dehydrogenase (anti-
GAPDH) was used for normalization using the following oligonucleo-
tides: GAPDH FW, 5=-GCCACCCAGAAGACTGTGGATGGC-3=;
GAPDH RV, 5=-CATGATGGCCATGAGGTCCACCAC-3=. Data analysis
was performed using iQ5, version 2.0, software (Bio-Rad).

Immunofluorescence and protein analysis. The protocol for immu-
nofluorescence in cultured cells was adapted from Perera et al. (30). Cells
grown in coverslips were incubated overnight at 4°C in a humid chamber
with human anticentromere antibodies (ACA) (1:500; Antibodies, Inc.)
or primary antibodies against �-tubulin (Tub2.1, 1:250; Sigma-Aldrich),

Aurora B (ab2254, 1:250; Abcam), BubR1 (SBR1.1, 1:100; a gift from S. S.
Taylor), Mad2 (1:200; gift of K. Wassmann), phosphorylated Hec1 (phos-
pho-S55, 1:200; GeneText), or phospho-histone H3 Ser10 (P-H3, 1:500;
Upstate Biotechnologies). Matching secondary antibodies (Alexa 488 or
594) were from Molecular Probes (Invitrogen). Images were acquired
using a Leica D3000 microscope or a Leica TCS-SP5-AOBS-UV confocal
ultraspectral microscope.

For immunoblotting, cells or tissues were harvested and lysed in
Laemmli buffer supplemented with protease and phosphatase inhibitor
cocktails (Sigma), and 50 �g of total protein was separated by SDS-PAGE
and probed with antibodies against Aurora B (ab2254, 1:200; Abcam),
phospho-H2AX (Ser139) (05-636, 1:1,000; Millipore), p21Cip1 (sc-397,
1:1,000; Santa Cruz Biotechnology), p53 (1:500) (2524, clone 1C12; Cell
Signaling), 
-actin (A4700, 1:2,000; Sigma-Aldrich), �-tubulin (T7451,
1:1,000; Sigma-Aldrich), or vinculin (V9131, 1:2,000; Sigma-Aldrich).

Karyotyping and scoring of aneuploidy. Cultured cells were exposed
to colcemid for 5 h and hypotonically swollen in 40% full medium– 60%
tap water for 5.5 min. Hypotonic treatment was stopped by addition of an
equal volume of Carnoy’s solution (75% pure methanol, 25% glacial ace-
tic acid); cells were then spun down and fixed with Carnoy’s solution for
10 min. After fixation, cells were dropped from a 5-cm height onto glass
slides previously treated with 45% acetic acid. Slides were mounted with
ProLong Gold antifade reagent with 4,6-diamidino-2-phenylindole
(DAPI; Invitrogen), and images were acquired with a Leica D3000 micro-
scope and a 60 PlanApo N (numerical aperture [NA],1.42) objective.
Chromosomes from 50 cells per genotype were counted using ImageJ
software. Blood lymphocytes were extracted using Lymphocyte-M cell
separation medium (Cedarlane), and cytospin preparations from these
samples (interphasic lymphocytes) were analyzed by chromosome fluo-
rescence in situ hybridization (FISH). Probes from two mouse bacterial
artificial chromosome (BAC) clones (a gift from A. Losada, CNIO) of
chromosome 8 (RP23-310L10) and chromosome 11 (RP23-263C13; both
a gift of R. Sotillo and R. Benezra) were labeled with Spectrum Green-
dUTP and Spectrum Red-dUTP (Vysis), respectively. The BAC DNAs
were labeled by nick translation (Abbot, Inc.) according to standard pro-
tocols. The number of hybridization signals for these probes was assessed
in a minimum of 100 interphase nuclei with well-delineated contours.
Cells with only one probe signal were not considered.

Statistical and imaging analysis. Statistical analysis was performed
using Student’s t test, Fisher’s exact test, or log rank tests (GraphPad
Prism, version 5). All data are shown as means � standard deviations
(SD). Probabilities (P) of �0.05 or alpha values of �0.05 (Fisher’s exact
test) were considered significant. Images were quantified using ImageJ.
Expression data in human tumors was obtained from the Gene Expression
Omnibus (GEO) database (accession number GSE11877) (31, 32) and
analyzed using GraphPad Prism, version 5.

RESULTS

Generation and characterization of an endogenous Aurora B-
inducible model. To generate a model with inducible expression
of Aurora B, we genetically modified the promoter region of the
corresponding murine gene (Aurkb) (Fig. 1a). Specifically, we re-
placed 2 kb upstream of the translation initiation codon ATG by a
tetracycline-responsive minimal promoter (27). Clones in which
homologous recombination occurred were selected by Southern
blotting (Fig. 1b). These clones were aggregated into developing
blastocysts to generate Aurkb�/lox-tet mice. The puromycin resis-
tance cassette was then removed by crossing the mice with trans-
genic mice expressing the Cre recombinase (33) resulting in the
Aurkb�/tet mice (Fig. 1a). We were not able to obtain homozygous
Aurkblox-tet/lox-tet or Aurkbtet/tet mutants from crosses between
heterozygous mice, in agreement with a lethal phenotype caused
by the lack of Aurora B in embryos (34).

To generate an inducible system, these alleles were introduced
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into mice expressing an M2rtTA transactivator under the ubiqui-
tous Rosa26 promoter (28). Aurkb�/tet; Rosa26M2rtTA/M2rtTA and
Aurkb�/lox-tet; Rosa26M2rtTA/M2rtTA mouse embryonic fibroblasts
(MEFs) were obtained and cultured in the absence or presence of
doxycycline. Treatment with doxycycline induced a significant in-
crease in Aurora B mRNA (Fig. 1c) and protein (Fig. 1d) levels.
Aurora B was always induced to a higher level in Aurkb�/tet than in
Aurkb�/lox-tet MEFs, and we therefore selected Aurkb�/tet clones
for further assays. Induction of Aurora B was also evident in se-
rum-starved MEFs (Fig. 1e) and noncycling lymphocytes (Fig. 1f
and g) treated with doxycycline, indicating that Aurora B gene
induction in this system is independent of cell cycle regulation. In
these assays, treatment with doxycycline resulted in a significant
increase in the intracellular levels of Aurora B, which displayed a
pancellular localization in mitosis in addition to the normal cen-
tromeric localization (Fig. 2a). Overexpression of Aurora B did

not significantly affect the levels of its CPC partners INCENP or
survivin (Fig. 2b). In addition, we did not observe a significant
increase in the levels of Hec1 phosphorylation (Fig. 2c, pHec1).
Similarly, phosphorylation of histone H3 was not increased in
prometaphase or metaphase although it was slightly increased in
prophase (Fig. 2d, pH3).

Aurora B overexpression results in mitotic defects and aneu-
ploidy. Treatment of Aurkb�/tet; Rosa26M2rtTA/M2rtTA MEFs with
doxycycline for 6 days resulted in impaired proliferation com-
pared to that in untreated Aurkb�/tet clones or control Aurkb�/�

fibroblasts (Fig. 3a). The proliferation of untreated Aurkb�/tet

MEFs was reduced compared to that of wild-type cells probably as
a consequence of the presence of a single functional Aurkb allele in
these mutant cells. Overexpression of Aurora B did not signifi-
cantly alter the percentage of cells in mitosis although these mu-
tant cells displayed an increased percentage of prometaphase cells

FIG 2 Localization and activity of overexpressed Aurora B. (a) Detection of Aurora B (green in the merged image) by immunofluorescence in the absence or
presence of doxycycline. Data are representative of 50 mitotic cells analyzed per condition. Scale bars, 10 �m. (b) Protein levels of the CPC components in Aurora
B-overexpressing and control MEFs. �-Tubulin was used as a loading control. (c) Phosphorylation of Hec1 (phospho-S55; pHec1) in prometaphase Aurora
B-overexpressing cells. rel, relative. (d) Phosphorylation of histone H3 (pH3) in prophase or prometaphase/metaphase Aurora B-overexpressing cells. In panels
a, c, and d, DAPI (blue) was used to stain DNA, and anticentromere antigen (ACA; red) was used as a control of centromeric localization. In panels c and d,
horizontal bars indicate means (n � 10 to 12 mitotic cells per condition). ns, not significant; *, P � 0.05 (Student’s t test).
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FIG 3 Overexpression of Aurora B results in chromosome segregation defects. (a) Proliferation of early-passage primary MEFs with or without the addition of
doxycycline. Aurkb�/� and Aurkb�/tet cells (always in the presence of the Rosa26M2rtTA allele) were treated with doxycycline or left untreated for 5 days. Data are
representative of two different clones per condition. (b) Percentage and distribution of mitotic cells indicating the percentage of prometaphase (PM), metaphase
(M), anaphase (A), or telophase (T) cells 48 h after the addition of doxycycline (n � 400 cells per treatment). (c) Percentage of abnormal mitotic figures (left
panel) or abnormal interphasic cells (right panel) (bi-, multi-, and micronucleated cells; as shown in panel d) in Aurkb-overexpressing cells (n � 50 cells per
treatment). (d) Percentage of mitotic defects (lagging or misaligned chromosomes and aberrant spindles), cytokinesis figures, and nuclear alterations in
interphase in Aurkb�/tet MEFS in the absence or presence of doxycycline. Representative pictures are shown in the upper parts of the graphs. DAPI was
used to stain DNA. Scale bars, 5 �m. n � 400 cells per condition. (e) Cytogenetic analysis of immortalized MEFs after exposure to 5 h of colcemid. The
absolute numbers of chromosomes per metaphase were grouped in categories at early (passage 2) or late (passage 30) immortal passages (iP2 or iP30,
respectively). Data are means � standard deviations. n, number of metaphases analyzed per genotype. (f) Representative images of chromosome spreads
from the indicated cultures. n, number of chromosomes per metaphase. ns, not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001 (Student’s t test).
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(40.3% � 4.6% versus 56.3% � 5.4%; P � 0.02) (Fig. 3b). Mitotic
defects, mostly lagging chromosomes and spindles with multiple
asters, were significantly more abundant in Aurkb�/tet cells treated
with doxycycline (14.4% � 3.7% versus 4.8% � 2.7% in un-
treated cells; P � 0.0245) (Fig. 3c and d). The percentage of aber-
rant interphase cells, including multinucleated cells or cells with
micronuclei, was also more frequent upon Aurora B overexpres-
sion (9.8% � 1.9% versus 6.3% � 0.7% in control cultures; P �

0.0489) (Fig. 3c and d).
In order to assess whether Aurora B overexpression induced

chromosomal instability, we performed karyotype analyses of
metaphase spreads generated from early (passage 2) or late (pas-
sage 30) immortal MEFs. As shown in Fig. 3e, overexpression or
Aurora B in early-passage cells resulted in a broader variance in
the number of chromosomes after 5 days in doxycycline. In addi-
tion, whereas control cultures were relatively stable 30 passages
later, Aurora B-overexpressing cells showed a significantly wider
variance in their chromosome numbers (Fig. 3e and f), as expected
from the missegregation of chromosomes during cell division.

Aurora B is involved in the error correction mechanism that
monitors chromosome attachments to the spindle, and its activity
generates unattached kinetochores that are sensed by the spindle
assembly checkpoint (SAC). We therefore analyzed mitotic pro-
gression in Aurora B-overexpressing and control cells (Fig. 4a).
Whereas overexpression of Aurora B did not alter the response to
microtubule poisons such as paclitaxel or nocodazole in MEFs,
the duration of mitosis was increased in Aurora B-overexpressing
MEFs in the absence of these microtubule poisons (137.7 � 9.7
min versus 108.2 � 5.5 in untreated Aurkb�/tet cells) (Fig. 4b and
c). This defect was prevented by treatment of Aurora B-overex-
pressing cells with the Aurora B inhibitor ZM447439 (Fig. 4d),
which had no obvious effect on Plk1 or Cdk1 kinase activity (data
not shown). In addition, the defect in the duration of mitosis was
rescued by the Mps1 inhibitor reversine (Fig. 4e), suggesting that
mitotic delay in the presence of increased Aurora B levels was
caused by SAC activation. Whereas we found no significant dif-
ferences in the loading of BubR1 or Mad2 to kinetochores in the
presence of microtubule poisons (data not shown), we observed a

FIG 4 Overexpression of Aurora B results in increased duration of mitosis accompanied by enhanced kinetochore loading of BubR1. (a) Schematic represen-
tation of the protocol used for time-lapse microscopy. Confluent cultures of immortalized Aurkb�/tet; Rosa26M2rtTA/M2rtTA MEFs were infected with adenoviruses
(Adeno) expressing GFP-tagged histone H2B (H2B-GFP) following serum deprivation for 48 h. These cells were stimulated with serum and treated or not treated
with doxycycline for 18 h. Then, the cells were left untreated or exposed to different drugs; next, they were monitored by using time-lapse microscopy during an
additional 48 h. (b) Representative images of the indicated cultures during mitosis. The numbers of cells analyzed is indicated in each frame. Scale bars, 10 �m.
H2B-GFP is in green. (c) Duration of mitosis in immortal untreated Aurkb�/tet (n � 74 cells) or doxycycline-induced Aurkb�/tet (n � 82 cells) MEFs showing an
increase in the duration of mitosis when cells overexpress Aurora B. No differences were found when cells were exposed to 3.5 �M nocodazole or 1 �M paclitaxel.
(d) The delay in mitotic exit upon Aurora B overexpression was rescued by the Aurora B inhibitor ZM447439 (n � 49 to 60 cells per condition). (e) The delay
in mitotic exit upon Aurora B overexpression was rescued by the Mps1 inhibitor reversine (n � 65 to 100 cells per condition). Ratio between BubR1 (f) and Mad2
(g) to anticentromere antigen (ACA) signal in Aurkb�/tet MEFs treated or not treated with doxycycline (n � at least 70 centromere signals per group).
Representative images of BubR1 and Mad2 (green) staining at kinetochores in untreated or doxycycline-treated Aurkb�/tet MEFs are also shown. ACA is shown
in red, and DNA (DAPI) is in blue. Three different clones from each genotype/condition were analyzed. RU, relative units. Scale bars, 10 �m. ns, not significant;
*, P � 0.05; **, P � 0.01; ***, P � 0.001 (Student’s t test). Horizontal bars indicate means.
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significant increase in BubR1 protein levels at centromeres in un-
perturbed Aurkb�/tet MEFs overexpressing Aurora B (Fig. 4f).
Levels of centromeric Mad2, however, were unaffected in these
cells (Fig. 4g), suggesting a specific limiting role for Aurora B in
the kinetochore localization of BubR1.

Aurora B suppresses the expression of the cell cycle inhibitor
p21Cip1. Aurora B has been shown to inactivate p53 function,
lowering expression of its target genes in vitro (24, 25). We there-
fore explored whether p53 or its target genes were affected by
Aurora B overexpression in cells treated with the topoisomerase II
inhibitor doxorubicin (Fig. 5a). The doxycycline-dependent in-
duction of Aurora B correlated in these cells with a significant
reduction in the level of induction of p21Cip1 transcripts (Fig. 5b)
and protein (Fig. 5c). In these assays, the levels of p53 were signif-
icantly increased with doxorubicin but were not affected by Au-
rora B overexpression (Fig. 5c). On the contrary, phosphorylation
of p53 at Ser15 was decreased in these Aurora B-overexpressing
cells (Fig. 5c), suggesting that Aurora B affects p53 activity rather
than protein levels.

We next analyzed whether Aurora B regulates the p53 pathway
in vivo by treating Aurkb�/� and Aurkb�/tet mice, in the presence
of the Rosa26M2rtTA/M2rtTA alleles, with gamma irradiation (8 Gy).
The intensity of Aurora B immunostaining increased in the white
pulp of the spleen after treatment with doxycycline in both irra-
diated and nonirradiated mice (Fig. 5d). Whereas overexpression
of Aurora B did not significantly alter the induction of p53 in these
irradiated mice, the percentage of p21Cip1-positive cells was signif-
icantly reduced in irradiated Aurkb�/tet mice compared to that in
wild-type controls (Fig. 5d). This effect was accompanied by a
reduced response to DNA damage, as scored by phosphorylation
of H2AX (�H2AX), and a significant decrease in the ratio of apop-
totic cells after irradiation (Fig. 5d), suggesting that overexpres-
sion of Aurora B impairs the DNA damage response in vivo.

Aurora B-overexpressing mice are tumor prone. To monitor
long-term effects of Aurora B overexpression in vivo,
Rosa26M2rtTA/M2rtTA mice harboring the mutant Aurkbtet or
Aurkblox-tet allele were treated with doxycycline in the drinking
water for 20 months. We first confirmed the in vivo induction of
Aurora B by analyzing mRNA (Fig. 6a) and protein levels (Fig. 6b
and c) in several proliferative and nonproliferative tissues. Al-
though both mutant alleles resulted in Aurora B overexpression,
the levels of Aurora B were higher in Aurkb�/tet tissues than in the
corresponding Aurkb�/lox-tet samples.

We next asked whether overexpression of Aurora B caused
aneuploidy in peripheral blood lymphocytes of mutant mice by
scoring interphase nuclei by fluorescence in situ hybridization
(FISH) using probes against chromosomes 8 and 11. Age-depen-
dent accumulation of aneuploidy in lymphocytes was observed in
mice of both genotypes although Aurkb�/tet animals contained a
significantly higher percentage of aneuploid cells (Fig. 6d). The
percentage of aneuploidy, calculated as the deviation from the
mode, was 0.28% in 4-month-old Aurkb�/� mice and 3.04% in
Aurkb�/tet littermates (P � 0.0021). At 20 months of age, these
numbers increased to 3.00% in Aurkb�/� and 7.66% in Aurkb�/tet

mice (P � 0.0033) (Fig. 6d and e). Levels of aneuploidy were not
significantly different when untreated Aurkb�/�, Aurkb�/lox-tet, or
Aurkb�/tet mice aged 20 months were analyzed (data not shown).

Importantly, Aurkb�/tet and Aurkb�/lox-tet mice were character-
ized by a high incidence of tumor development during ageing.
Whereas spontaneous tumors were detected in 14.3% of control

mice, 58.3% of the Aurkb�/lox-tet mice and more than 90% of the
Aurkb�/tet mice had at least one tumor (P � 0.0006, for Aurkb�/tet

versus wild-type mice) (Fig. 7a). Furthermore, 60% of Aurkb�/tet

mice and 25% of Aurkb�/lox-tet mice were simultaneously affected
with more than one tumor type. Histological analysis of both
Aurkb�/tet and Aurkb�/lox-tet mice showed a wide spectrum of tu-
mors, with spleen lymphomas being the most common neoplasia
(25% and 93.3% of Aurkb�/lox-tet and Aurkb�/tet mice, respec-
tively) (Fig. 7a). These lymphomas were follicular B-cell subtype
(Pax5-positive), characterized by enlarged spleen follicles popu-
lated by a mixture of cells, including centrocytes, centroblasts, and
Cd3� T cells (Fig. 7b and c). Aurkb�/tet lymphomas presented a
higher degree of aggressiveness, as shown by infiltrations in the
lung, liver, kidney, and bone marrow, where these tumors prefer-
entially metastasized (Fig. 7d). Aurora B overexpression in Au-
rkb�/tet mice also resulted in sarcomas (25%), alveolar type II cell
adenomas in the lung (13.33%), and liver hemangiomas (20%) as
well as other more infrequent tumors and nontumoral lesions
(Fig. 7b).

Aurora B-overexpressing tumors display increased aneu-
ploidy and reduced p21Cip1 levels. Spleen sections from tumor-
bearing and healthy 20-month-old Aurkb�/tet and wild-type mice
were hybridized with FISH probes against chromosomes 8 and 11.
The percentage of aneuploid cells in small, nonmetastatic (initial)
or advanced, metastatic Aurkb�/tet tumors was significantly higher
than that in nontumoral (NT) spleen cells from age-matched
wild-type animals (Fig. 8a). Aneuploidy also increased in the
spontaneous tumors observed in Aurkb�/� mice (8% aneuploid
cells) although it never reached the levels found in initial (10.9%)
or advanced (14.8%) Aurkb�/tet tumors. This increase in total an-
euploidy reflected an increase in both near-diploid and near-tet-
raploid aneuploid cells within spleen lymphomas (Fig. 8b). Simi-
lar results were found in lung tumors, the most prominent
epithelium-originating tumor in Aurkb�/tet mice, which reached
17.5% aneuploid cells (data not shown). Together, these data sug-
gest that Aurora B overexpression leads to chromosomal instabil-
ity in vivo, which may proceed to overt transformation.

Since Aurora B can modulate p21Cip1 levels (Fig. 5), we also
analyzed p53 and p21Cip1 levels in spleen tumors. p53 protein
levels were significantly reduced in Aurkb�/tet tumors in compar-
ison to levels in tumoral or nontumoral spleen samples from
Aurkb�/� mice (Fig. 8c). Similarly, a significant decrease in
p21Cip1 levels was also found in spleen tumors from Aurkb�/tet

mice compared with levels in similar tumors from Aurkb�/� ani-
mals (Fig. 8d). p21Cip1 was almost absent in metastatic Aurkb�/tet

tumors, in line with their aggressive phenotype. To test whether
these observations might also apply to human lymphoblastic leu-
kemias, we compared AURKB and CDKN1A (the human gene
encoding p21Cip1) mRNA levels in B-cell acute lymphoblastic leu-
kemia (B-ALL) samples (31, 32). As represented in Fig. 8e, the
levels of expression of these transcripts displayed a significant in-
verse correlation in which p21Cip1 expression was constantly low
in tumors expressing high levels of Aurora B. All together, these
data suggest that Aurora B overexpression triggers tumor devel-
opment in vivo in association with both increased aneuploidy and
defective p21Cip1 function.

DISCUSSION

Aurora B, the catalytic component of the chromosomal passenger
complex (CPC), is an essential kinase in the error correction
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FIG 5 Overexpression of Aurora B impairs the DNA damage response. (a) Schematic representation of the DNA damage assay performed in Aurkb�/tet;
Rosa26M2rtTA/M2rtTA and Aurkb�/�; Rosa26M2rtTA/M2rtTA MEFs. Cells were treated with doxycycline (Doxy) for 24 h and doxorubicin (Adriamycin, Adr) was
added for 2 h in order to induce p53 signaling. The protein levels of the indicated proteins were assessed before or at 10 h post-damage induction, and the fold
change versus that in nondamaged cells is shown in the right histograms. (b) mRNA levels of Aurkb and Cdkn1a (encoding p21Cip1) transcripts in doxycycline-
treated Aurkb�/tet; Rosa26M2rtTA/M2rtTA and Aurkb�/�; Rosa26M2rtTA/M2rtTA MEFs at the indicated times (0, 6, or 10 h) after treatment with doxorubicin
(Adriamycin, Adr). GAPDH transcripts were used for normalization. Data are representative of three experiments. (c) Levels of the indicated antigens in the
absence (	) or presence (10 h) of doxorubicin (Adriamycin, Adr) treatment and/or doxycycline (Doxy). The histogram shows the means � standard deviations
(n � 4 independent assays) of the change of these protein levels upon doxorubicin treatment in control or Aurkb�/tet cells treated with doxycycline. (d) To induce
DNA damage in vivo, 6- to 8-week-old Aurkb�/�; Rosa26M2rtTA/M2rtTA (�/� mice) and Aurkb�/tet; Rosa26M2rtTA/M2rtTA (�/tet) mice were treated for 15 days with
doxycycline and irradiated (IR; 8 Gy of gamma irradiation). Cells positive for the corresponding antigens are indicated by arrows. The levels of the indicated
proteins were tested by immunohistochemistry in the spleen 24 h later. �H2AX, phosphorylated H2AX; AC3, active caspase 3. Scale bars, 50 �m. Data in the
histograms indicate means � standard deviations. At least 15,000 cells were counted per genotype and condition (n � 4 irradiated and 2 nonirradiated mice). ns,
not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001 (Student’s t test).
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FIG 6 In vivo overexpression of Aurora B induces aneuploidy. (a) Expression of Aurora B transcripts in the indicated tissues from Rosa26M2rtTA/M2rtTA

mice harboring the Aurkblox-tet and Aurkbtet alleles after treatment with doxycycline for 2 weeks. mRNA levels were normalized to the expression of Gapdh
mRNA. Data are representative of three assays (2 mice per genotype). ns, not significant; *, P � 0.05; **, P � 0.01. (b) Immunodetection of Aurora B in
MEFs of the indicated tissues from Rosa26M2rtTA/M2rtTA mice harboring the Aurkblox-tet and Aurkbtet alleles. �-Tubulin (�-tub) and Ponceau S (PS) were
used as loading controls. wt, wild type. (c) Immunohistochemical detection of Aurora B for the indicated tissues and genotypes (n � 3 mice per
condition). Scale bars, 50 �m. (d) Levels of aneuploid cells in Aurkb�/�; Rosa26M2rtTA/M2rtTA and Aurkb�/tet; Rosa26M2rtTA/M2rtTA mice after 4 or 20
months in the presence of doxycycline. Aneuploidy (deviation from the mode) was scored using FISH for two different chromosomes in lymphocytes
from 4- and 20-month-old animals (at least n � 100 cells from each of four animals per genotype and time point). Each column represents one animal
of the indicated genotype. **, P � 0.01; ***, P � 0.001 (Student’s t test). (e) Representative images of interphasic FISH analysis using probes for
chromosomes 8 (red) and 11 (green). At least 100 cells from each of four animals per genotype and time point were analyzed. Scale bars, 20 �m.
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mechanism that ensures proper chromosome segregation when
cells divide (8, 35). Reducing Aurora B activity by means of RNA
interference or small-molecule inhibitors results in failure in
chromosome alignment and defective kinetochore-microtubule
attachment, cleavage furrow formation, and cytokinesis, ulti-
mately leading to tetraploidization (36–39). Aurora B heterozy-
gosity in the mouse results in increased tumor incidence, whereas
complete loss of Aurkb prevents chromosome segregation and re-
sults in a premature mitotic exit (26, 34).

Although most studies have used loss-of-function approaches
to understand the function of this kinase, Aurora B is overex-

pressed in many tumor types, and a correlation between its levels
and tumor grade or poor clinical prognosis has been also pro-
posed (16–18, 20–22). Previous cellular studies indicate that sus-
tained overexpression of Aurora B in murine epithelial cells in-
duces tetraploidy and chromosomal instability, increasing the
oncogenic potential of cultured cells (12, 39, 40). A recent report
in yeast cells suggests that these defects may be a consequence of
the continuous disruption of chromosome-microtubule attach-
ments even when sister chromatids are properly bioriented (11).

Here, we have taken advantage of a robust system to modulate
the expression of endogenous genes in mammals by using a pro-

FIG 7 Tumor susceptibility in Aurora B-overexpressing mice. (a) Spontaneous tumor incidence (one tumor or more than one tumor per mouse) and type of
neoplasias found in control (n � 7) or Aurora B-overexpressing (n � 12 Aurkblox-tet and 15 Aurkbtet) mice. ns, not significant; *, P � 0.05; ***, P � 0.001
(chi-square test). (b) Hematoxylin and eosin staining of the indicated tumors found in Aurkb�/tet; Rosa26M2rtTA/M2rtTA mice. Frames i and ii, spleen
lymphoma; frame iii, histiocytic sarcoma; frame iv, lung adenoma; frame v, liver hemangioma; frame vi, lipogranuloma. Scale bars, 100 �m. Frame ii is
an enlargement of the boxed area in frame i. (c) Representative pictures of CD3 and Pax5 staining in tumor samples from the spleen, liver and pancreas
of Aurkb�/tet; Rosa26M2rtTA/M2rtTA mice. Scale bars, 50 �m. (d) Representative images of lymphoma metastasis in the lung (i), liver (ii), kidney (iii), and bone
marrow (iv) in Aurkb�/tet; Rosa26M2rtTA/� mice. Scale bars, 200 �m.
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moter-hijack strategy previously used to modulate gene expres-
sion in chicken DT40 cells (27, 41). Replacement of endogenous
promoter regions by tetracycline-responsive elements results in
robust control of endogenous gene expression both in vitro and in
vivo, eliminating the need to express exogenous genes (Fig. 1 and
5). The mouse model described here confirms the effect of Aurora
B overexpression in the generation of misaligned chromosomes
and in triggering an SAC-dependent response, as recently re-
ported in yeast cells (11). These defects could be a consequence of

kinetochore-microtubule attachment defects induced by satu-
rated levels of the kinase at the kinetochores. Although we ob-
served a slight increase in histone H3 S10 phosphorylation in pro-
phase cells, we did not observe enhanced phosphorylation of
mitotic Aurora B targets such as Hec1. Thus, our data are not
conclusive to discriminate between kinase-dependent and -inde-
pendent effects of Aurora B overexpression in these cells. Mitotic
defects are accompanied by an increase in the length of mitosis
and increased levels of BubR1 in kinetochores, in line with previ-

FIG 8 Aneuploidy and reduced p21Cip1 levels in Aurora B-overexpressing tumors. (a) Percentage of aneuploid cells in nontumoral (NT) spleens or spleens with
initial (small, nonmetastatic) or fully developed tumors (T) from the indicated genotypes. FISH was performed for chromosomes 8 (data not shown) and 11 (red
in the image) on spleen sections from 80-week-old mice. Each column represents one animal of the indicated genotype. Representative images are shown at the
bottom. DNA is shown in blue, and FISH probes to chromosome 8 and 11 are in green and red, respectively. Scale bar, 20 �m. At least 100 cells were counted per
condition. (b) Percent of near-tetraploid cells and aneuploid cells (excluding those scored as near-tetraploid) determined by chromosome FISH hybridization in
nontumoral (NT) or tumoral (either initial, Init-T or fully developed, T, tumors) spleen samples from Aurkb�/�; Rosa26M2rtTA/M2rtTA and Aurkb�/tet;
Rosa26M2rtTA/M2rtTA mice. Each column represents one animal of the indicated genotype. At least 100 cells were counted per condition. (c) Immunodetection of
p53 in nontumoral (NT) or tumoral (either initial or fully developed) spleen samples from Aurkb�/�; Rosa26M2rtTA/M2rtTA and Aurkb�/tet; Rosa26M2rtTA/M2rtTA

mice. Scale bar, 80 �m. The quantification of the percentage of p53-positive cells (means � standard deviations; n �10,000 cells per genotype and condition) is
shown in the histogram. (d) p21Cip1 levels in nontumoral (NT) and tumoral (T) spleen samples from Aurkb�/� mice in comparison to levels in initial and fully
developed tumors from Aurkb�/tet mice. Scale bar, 80 �m. The percentage of p21Cip1-positive cells (means � standard deviations; n � 11,000 cells per genotype
and condition) is shown in the histogram. Significance in panels a to d is indicated as follows: *, P � 0.05; ***, P � 0.001 (Student’s t test). (e) Inverse correlation
between AURKB and CDKN1A mRNA levels in 207 samples of human B-cell acute lymphoblastic leukemia (B-ALL). Expression data obtained from Kang et al.
and Harvey et al. (31, 32). Pearson correlation (R2) and P values are indicated.
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ous work showing that Aurora B participates in the recruitment of
BubR1 but not Mad2 to kinetochores (34, 37).

Our ability to chronically induce Aurora B overexpression in
the mouse allowed us to analyze the consequences of the resulting
mitotic defects during ageing. Overexpression of Aurora B in vivo
resulted in a significant increase in aneuploidy accompanied by a
dramatic susceptibility to spontaneous tumors. The percentage of
aneuploid cells in Aurora B-overexpressing normal or tumoral
lymphocytes reached �13 to 18%, similarly to previous models
with Bub1 overexpression, although these levels are difficult to
compare due to technical and biological reasons (42, 43). The
increased levels of kinetochore BubR1 may actually limit chromo-
some aberrations in Aurora B-overexpressing cells due to the
function of this SAC component in protecting against aneuploidy
(44). However, we were initially surprised by the fact that spleen
tumors were much more frequent than epithelial tumors, such as
lung or liver cancers commonly found in other CIN models (4, 42,
45). These results may be a consequence of the possible role of
Aurora B in modulating p53 activity in vivo. Aurora A and Aurora
B are known to phosphorylate and inactivate p53 in cultured cells,
resulting in decreased expression of its transcriptional targets (24,
25, 46). Indeed, Aurora B deficiency leads to enhanced expression
of p21Cip1, resulting in aberrant Cdk activity and cell cycle pro-
gression (26, 47). These results are also in agreement with an in-
verse correlation between Aurora B and p21Cip1 mRNA levels in
human B-ALL (Fig. 8).

Our data suggest that Aurora B is indeed a critical regulator of
p53 in vivo and that overexpression of this kinase in cancer may
lead to impaired p53 function and reduced levels of p53 targets
such as the cell cycle inhibitor p21Cip1. Although our data do not
demonstrate a causal role for aneuploidy or defective p53 target
expression in tumor formation in Aurora B-overexpressing mice,
it is likely that these two factors may contribute to tumor forma-
tion in specific cell types. Since Aurora kinases are currently con-
sidered important cancer targets (48, 49), our data also suggest a
possible effect of Aurora inhibitors in restoring p53 activity at least
in some specific tumors.
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