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Background: Aneuploidy has been suggested as one of the major causes of cancer from the time of Boveri. In support of this no-
tion, many studies have shown that cancer cells exhibit aneuploidy. However, there are evidences that do not support the aneu-
ploidy hypothesis. We have previously reported that the spindle assembly checkpoint protein BubR1 is acetylated in mitosis and
that the acetylation of BubR1 is crucial for checkpoint maintenance and chromosome-spindle attachment. Mice heterozygous for
acetylation-deficient BubR1 (K243R/+) spontaneously develop cancer with chromosome instability. As K243R/+ mice develop
hepatocellular carcinoma, we set out to test if chromosome mis-segregation was the cause of their liver cancer.

Methods: Primary hepatocytes in the regenerating liver after partial hepatectomy (PH) were analyzed and compared for various
mitotic parameters.

Results: Primary hepatocytes isolated from K243R/+ mice after PH displayed a marked increase of chromosome misalignment, ac-
companied by an increase of micronuclei. In comparison, the number of nuclei per cell and the centrosome numbers were not differ-
ent between wild-type and K243R/+ mice. Taken together, chromosome mis-segregation provokes tumorigenesis in mouse liver.
Conclusion: Our results corroborate that PH provides a reliable tool for assessing mitotic infidelity and cancer in mice.
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INTRODUCTION

in yeast, aneuploidy causes proteotoxic stress and inhibition of
cell growth [4,5] and in mouse, a certain level of aneuploidy is

More than one hundred years ago, German biologist Theodor
Boveri proposed that malignant tumors begin from a single cell
in which the chromosomes are scrambled, resulting in uncon-
trolled cell growth [1-3]. His proposal led to the hypothesis that
aneuploidy, an aberrant number of chrom osomes in a cell, is
the cause of cancer. Indeed, a majority of cancers display aneu-
ploidy. However, some data oppose the aneuploidy hypothesis;

tumor suppressive due to growth inhibition. Aneuploidy be-
comes oncogenic only when combined with genotoxic stress
[6,7]. Therefore, whether aneuploidy is the cause or the result
of cancer is still at debate.

Aneuploidy can result from a compromised spindle assem-
bly checkpoint (SAC), which monitors the bipolar spindle at-
tachment to kinetochores. SAC ensures that the duplicated
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chromosomes do not divide into two cells until all chromo-
somes are properly attached to microtubule spindles [8-10].
We, and others, have shown previously that among the SAC
components, BubR1 plays a critical role in SAC signaling; it
is a critical component in the inhibition of APC/C and plays a
pivotal role in the stable maintenance of kinetochore microtu-
bule attachment in metaphase [11-14]. For BubR1’s dual ac-
tivity in mitosis, acetylation at lysine 250 (lysine 243 in mouse)
is critical [15]. Further, we have shown that the acetylation re-
quires the tumor suppressor BRCA2, which functions as a
scaffold to bring the acetyl transferase P300/CBP-associated
factor (PCAF) to mediate acetylation of BubR1 in prometa-
phase [16]. Mice heterozygous for acetylation-deficient
BubR1 allele (K243R/+) develop spontaneous tumors due to
chromosome mis-segregation, corroborating that BubR1 acet-
ylation is indeed tumor suppressive [11]. From the mouse
study, it was revealed that BubR 1 acetylation is required to re-
cruit the PP2A-B56a subunit to the kinetochore, counteracting
the excessive Aurora B activity and maintaining stable chro-
mosome-microtubule attachments. This study revealed that
BubR1 acetylation has dual roles in mitosis: it is required for
SAC maintenance and chromosome congression [11]. There-
fore, spontaneous cancer development in K243R/+ mice is due
to the marked increase of chromosome mis-segregation with
failure in chromosome-spindle attachment and weakened SAC
activity.

The liver is a terminally differentiated organ, thus cell divi-
sion is rare. It has been known for some time that adult liver
cells are composed of binuclear or tetranuclear cells, hence are
polyploidy in karyotypes. Polyploidy in liver cells is due to
the incompletion of cytokinesis [17]. As loss of BubR1 acety-
lation promotes spontaneous tumorigenesis, including in the
liver [11], we asked how polyploidy in the liver contributes to
tumorigenesis by analyzing regenerating hepatocytes in
K243R/+ mice after partial hepatectomy (PH).

METHODS

Animal care

The generation of K243R/+ mice was previously reported [11].
All mice were housed in a specific pathogen-free facility or
semiconventional (virus antibody-free) facility in Seoul Na-
tional University. The Institutional Animal Care and Use
Committee of Seoul National University (SNU-090630-3) ap-
proved the animal and the experimental protocols. We strictly
followed the guidelines, policies, and regulations for the Care
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and Use of Laboratory Animals in Seoul National University.

Partial hepatectomy

Mice, 10 to 15 weeks old, were anesthetized using a mixture of
isoflurane/oxygen. Seventy percent PH, which involves exci-
sion of the medial and left lateral lobes, was performed, accord-
ing to Mitchell and Willenbring [18]. Three each of wild-type
and K243R/+ mice were subjected to PH and liver biopsies were
performed at each time point. After the procedure, the mice
were kept ad libitum and sacrificed by cervical dislocation. Har-
vested livers were processed for subsequent analyses.

Statistical analysis

The statistical data were analyzed using SPSS version 15.0
(SPSS Inc., Chicago, IL, USA). The Student # test was used for
statistical analysis and the mean=standard error of the mean is
shown as indicated. P values are marked.

Immunofluorescence assay and immunostaining in
paraffin sections

Immunofluorescence and immunohistochemical assays of par-
affin-embedded liver tissues were conducted with slight modi-
fications from the previously described methods [19]. In brief,
liver tissue specimens were collected after PH and embedded
in paraffin. After deparaffinization, hydration, fixation, and an-
tigen retrieval, paraffin sections were either stained with hema-
toxylin and eosin or the following primary antibodies. After
blocking, specimens were stained with Ki-67 (1:500, Abcam,
Cambridge, UK), y-tubulin (T6557, T5192, 1:1,000, Sigma Al-
drich, St. Louis, MO, USA), and Alexa Fluor 488 phalloidin
(1:50, Invitrogen, Grand Island, NY, USA), followed by incuba-
tion with appropriate secondary antibodies.

RESULTS

Monitoring the mitotic parameters in the regenerating
hepatocytes of K243R/+ mice
Previously, we demonstrated that the presence of one acetyla-
tion-deficient BubR1 allele leads to robust tumorigenesis
through failure of the SAC maintenance and chromosome con-
gression [11]. Although mouse embryonic fibroblasts (MEFs)
are a valuable resource from mice, they are comprised of a het-
erogeneous origin and are difficult to synchronize at a particu-
lar cell cycle stage.

To confirm the results in an in vivo system and to under-
stand the molecular basis of liver tumorigenesis in K243R/+
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Fig. 1. (A) Proliferation capacity in regenerating hepatocytes measured by counting the mitotic cells (mitotic index) or Ki-67-positive
cells (B) at the indicated time points after partial hepatectomy (PH). The values in the graph are the mean of three independent experi-
ments (mean+SEM). (C) The regenerating liver sections were stained with H&E (upper panel) and an antibody directed against Ki-67
(lower panel). Mitotic cells are marked in the brackets. Scale bar, 50 um.
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mice, we set out to test the process of cell proliferation in liver
regeneration after surgery. When two-third of the liver is hepa-
tectomized, a large proportion of hepatocytes in GO stage enter
the proliferating cell cycle 1 to 2 days postoperation. These
mitotic cells later differentiate and reconstitute the fully devel-
oped tissue [18].

Beginning at 24 hours posthepatectomy, we assessed and
compared the proliferative capacity and integrity of mitosis in
wild type (WT) and K243R/+ mice by analyzing the regener-
ating liver. For this, liver tissue specimens were collected in a
time-course manner after hepatectomy. The biopsied liver tis-
sues were embedded in paraftin, and finally analyzed with im-
munohistochemistry. The mice were euthanized for 72 hours
during the experiment. The ability to enter the cell cycle was
similar in the WT and K243R/+ hepatocytes of the regenerat-
ing livers (Fig. 1A, C). Seven days postoperation, the liver
mass was restored in both genotypes without any significant
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Fig. 2. (A) Chromosome misalignments (left) and lagging chro-
mosomes (right) in regenerating K243R/+ hepatocytes. Scale bar,
10 um. (B) The incidence of congression defects and lagging
chromosomes compared with that of wild type (independent-sam-
ples ¢ test) are represented as bar graphs.

564 www.e-enm.org

difference. Concordantly, hepatocytes positive for Ki-67,
which marks proliferating cells, accumulated to a similar de-
gree (Fig. 1B, C). Interestingly, K243R/+ hepatocytes appeared
to proliferate faster, compared to WT (Fig. 1).

When we assessed the chromosomes in mitotic cells, lag-
ging chromosomes were frequently detected in the regenerat-
ing K243R/+ liver (Fig. 2A). Lagging chromosomes result from
faulty attachment of microtubules to kinetochores, such as
merotely, a form of microtubule attachment to a kinetochore
from the opposite pole [20,21], and are thought to be the major
source of aneuploidy. The result corroborates our previous
finding from MEFs that having one allele of acetylation-defi-
cient BubR1 precipitates aneuploidy [11]. It demonstrates that
liver regeneration after PH reflects forced mitosis in vivo, and
therefore, is a reliable system for assessing tumorigenesis in
relation to proliferation.

In the paraffin-embedded liver sections of K243R/+ after PH,
we were able to assess the congression, or metaphase chromo-
some alignment, as well. Consistent with the apparent lagging
chromosomes, we detected a marked increase of congression
defects in metaphase (Fig. 1C, 2B, left). Accordingly, chromo-
some mis-segregation, displayed by lagging chromosomes, and
anaphase bridges were markedly increased in the regenerating
hepatocytes of K243R/+ mice (Fig. 2B, right).

Number of centrosomes and nuclei are not affected after
the loss of BubR1 acetylation

Abnormal centrosome numbers can result in multipolar segre-
gation of chromosomes, resulting in chromosome instability.
We asked whether centrosome numbers were affected in the
regenerating livers of K243R/+ mice. Between wild-type and
K243R/+ mice, there was not an apparent difference in centro-

B ++
B K243R/+

80

Cells (%)

1 2 3 4 5 6
Centrosome number

Fig. 3. Number of centrosomes in liver sections analyzed by anti-
y-tubulin, phalloidin, and diamidino-2-phenylindole immunos-
taining.
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Fig. 4. (A) Comparison of the number of nuclei in the regenerating hepatocytes of WT and K243R/+ mice. The graph represents the
analysis of hepatocytes from three of each WT and K243R/+ mice, subjected to partial hepatectomy (PH). The exact number of hepato-
cytes counted in each group is shown in the table. (B) Model showing how the PH experiment contributed to the understanding of the
mouse hepatocellular carcinoma development with chromosome instability in K243R/+ mice.

some numbers (Fig. 3). Therefore, the chromosome mis-seg-
regation (Fig. 2) in K243R/+ mouse liver is not due to aberrant
centrosome numbers.

A fully differentiated liver naturally harbors binuclear cells
as a result of cytokinesis failure, thus polyploidy is not always
a genetic insult in the liver [17]. However, tetraploidy has been
suggested as a prerequisite for aneuploidy [22,23]. Therefore,
we compared the incidence of mononuclear and binuclear
cells in regeneration at postoperative day seven. Fifty-seven
and forty high-power fields were observed from the livers of
three K243R/+ and three WT mice, respectively. Our observa-
tions showed that there was no significant difference in the
proportion of binuclear cells in K243R/+ livers during regen-
eration (Fig. 4A).

Finally, we asked whether there was significant increase of
DNA damage in K243R/+ mice during liver regeneration. Im-
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munostaining with an anti-yH2AX antibody and the TUNEL
assay revealed that there was not a significant difference (data
not shown).

DISCUSSION

As we reported, mice heterozygous for acetylation-deficient
BubR1 precipitate mitotic infidelity, manifested by massive
chromosome mis-segregation and micronuclei. Micronuclei
were observed in regenerating hepatocytes as well, and the in-
cidence was 5-fold higher in K243R/+ compared to wild-type
[11]. In this report, we showed that mitotic infidelity in K243R/+
mice is seen in regenerating hepatocytes after PH. We showed
that the polyploidy resulting from binuclear cells of the liver is
not the prerequisite for aneuploidy in regenerating liver. In-
stead, the aneuploidy resulted from aberrant mitosis. Collec-
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tively, liver regeneration after PH confirmed that the partial
impairment of BubR1 acetylation led to mitotic infidelities dur-
ing proliferation, initiating tumorigenesis in mice (Fig. 4B). As
liver regeneration after PH faithfully recapitulates the prolifera-
tion burden, our experiments can be applied to assessing the
mitotic integrity in other mouse models.
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