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Borealin, a member of the chromosomal passenger complex,
plays a key regulatory role at centromeres and the central spin-
dle during mitosis. Loss of Borealin leads to defective cell prolifer-
ation and early embryonic lethality. The in vivo functions of Borea-
lin in mammalian postnatal development, tissue homeostasis, and
tumorigenesis remain elusive. We specifically analyzed the role of
Borealin in regulating postnatal liver development, damage-in-
duced liver regeneration, and liver carcinogenesis using mice car-
rying conditional Borealin alleles. Perinatal loss of Borealin caused
increased genome ploidy and enlarged cell size in hepatocytes,
likely due to the impaired function of the chromosomal passenger
complex in mitosis. Borealin deletion also showed attenuated
expansion of Sox9�HNF4�� progenitor-like cells in liver regener-
ation during 3,5-diethoxycarbonyl-1,4-dihydrocollidine diet-in-
duced liver injury. Moreover, �N90-�-Catenin and c-Met-induced
hepatocarcinogenesis development was largely impeded by Borea-
lin deletion. These findings indicate that Borealin plays a key role in
liver development, regeneration, and tumorigenesis and suggests
that Borealin could be a potential target for related liver diseases.

The liver possesses a remarkable regeneration capacity after
damage, which is achieved by the proliferation of differentiated
hepatocytes or facultative progenitors when the proliferative
capacity of hepatocytes is blocked or compromised (1). Recent
studies also proposed that transiently formed Sox9�HNF4��

progenitor-like cells undergo extensive proliferation and
replenish liver mass after chronic liver injuries (2– 4). Although
liver regeneration repairs damaged liver tissues and restores
impaired liver function, the fast regeneration process is suscep-
tible to malignant transformation, with the potential for the
eventual development of hepatocellular carcinoma (HCC)4

(5–7). HCC is currently the third most deadly and fifth most

common cancer worldwide (8). Identifying the key players with
important roles in liver regeneration and HCC development
will provide potential targets and pave the way for the treat-
ment of these liver diseases.

Chromosomal passenger complex (CPC) contains Survivin,
Borealin, INCENP, and Aurora B kinase, of which Aurora B is
the core enzyme and the other proteins are regulatory compo-
nents (9). The CPC complex is essential for genomic stability
and works by controlling multiple processes during both
nuclear and cytoplasmic division (10). Previous studies found
that Survivin deficiency during postnatal liver development
impaired hepatocyte mitosis, induced hepatocyte death and
oval cell activation, and complete reconstitution of the liver (11,
12). Moreover, Survivin deletion in the liver markedly
repressed HCC development (13, 14). Loss of Survivin is asso-
ciated with impaired Aurora B activation, which implies the
CPC complex plays a critical role in liver regeneration and
tumorigenesis. However, given that Survivin has additional
functions as an inhibitor of apoptosis protein, it remains
unclear whether the functions of Survivin in the regulation of
postnatal liver development, oval cell reaction, and hepatocar-
cinogenesis are mediated only through its function in the CPC
complex. A careful characterization of other regulatory mem-
bers in the CPC complex will provide additional insights about
the CPC complex in liver regeneration and tumorigenesis.

The function of Borealin (also called cell division cycle asso-
ciated 8, CDCA8) is confined in the CPC complex and mitosis
by facilitating CPC assembling, Aurora B kinase activation, and
localization in kinetochores (15). Consistent with its prominent
role in mitosis, Borealin is indispensable for ontogenesis. In
Drosophila melanogaster, inactivation of Borealin results in
polyploidy, delayed mitosis, and abnormal tissue development
(16). In mice, Borealin is widely expressed in embryonic tissues
and Borealin-deficient mice died in utero due to mitotic defects
and apoptosis in blastocyst cells (17). Moreover, Borealin
played key roles in tumor onset and recurrence and Borealin
was also overexpressed in colorectal and lung cancers and con-
tributed to the proliferation of cancer cells (18, 19). Further-
more, Borealin expression was related to poor prognosis in gas-
tric cancers (20). Suppression of Borealin expression by RNA
interference significantly suppressed the growth of cancer cells
(18, 19). These findings suggest inhibition of Borealin could be
a promising strategy for cancer treatment; however, the in vivo
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functions of Borealin in postnatal development, tissue homeo-
stasis, and tumor development remain largely undefined.

In this study, which used mouse lines carrying conditional
alleles, we found that in neonatal livers, hepatocytes lacking
Borealin were blocked in mitosis and displayed increased
genome ploidy and enlarged cell size. Moreover, the loss
of Borealin dramatically reduced DDC diet-induced
Sox9�HNF4�� progenitor-like cell proliferation and �N90-�-
Catenin/c-Met-induced HCC development, indicating that
Borealin is a potential target for HCC prevention and therapy.

Results

Efficient Deletion of Borealin in Hepatocytes of Borealin�li

Mice—Mice homozygous for floxed Borealin alleles were
crossed with mice that carry Cre recombinase under control of

the albumin promoter (Alb-Cre) (21) to specifically delete
Borealin in hepatocytes perinatally (Fig. 1A). The Alb-Cre,
Borealinf/f (Borealin�li) mice were born indistinguishable from
their littermates (Borealinf/f) with the expected Mendelian fre-
quency. To monitor deletion efficiency during postnatal liver
development, total liver RNA was isolated from the Borealin�li

livers. Borealin mRNA levels progressively decreased in control
livers during development (Fig. 1B), consistent with the role of
Borealin in cell proliferation. Expression of Borealin was
unchanged on E16.5 and postnatal day 1 in the Borealin�li livers
compared with the control livers (Fig. 1B). Notably, Borealin
mRNA levels were reduced by 50% at the age of 1 and 2 weeks,
and were further decreased at the age of 3 and 4 weeks, indicat-
ing a progressive and efficient deletion of Borealin in the
Borealin�li livers (Fig. 1B). Because the mRNA levels at the age

FIGURE 1. Efficient deletion of Borealin in hepatocytes of postnatal Borealin�li mice. A, schematic diagram of the Borealin gene locus and related alleles.
The Borealin floxed alleles have two loxP sites (triangles) flanking the third exon (boxes). Mice with Borealin floxed alleles were crossed with a Cre line to generate
the deleted Borealin allele. B, Borealin mRNA levels were measured by q-PCR in livers at the indicated ages. C, genotypes were determined by PCR using liver
genomic DNA. D, borealin protein levels were characterized by IHC staining in livers. Arrowheads indicate Borealin-positive cells, which have brown-stained
nuclei. Scale bars, 50 �m.
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of 8 weeks were almost undetectable in both the wild-type and
the Borealin�li livers, we validated the deletion efficiency of
Borealin using liver genomic DNA. Genotyping PCR showed
that the floxed allele was only slightly deleted in E16.5
Borealin�li livers and efficiently deleted in the livers of the
8-week-old Borealin�li mice (Fig. 1C). Moreover, immunohis-
tochemical (IHC) staining confirmed that the Borealin protein
levels were comparable in Borealin�li and control livers at E16.5
and postnatal day 1 (Fig. 1D). Borealin was already efficiently

deleted in the Borealin�li hepatocytes at 2 weeks of age
(Fig. 1D). These results indicated that Borealin was efficiently
deleted in the Borealin�li livers during postnatal liver
development.

Borealin Deficiency Induces Hepatocyte Hypertrophy and
Polyploidy—The 8-week-old Borealin�li mice appeared healthy
and their liver morphology and liver/body weight ratios were
comparable with controls (Fig. 2A). The serum levels of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)

FIGURE 2. Borealin maintains hepatocyte cell size and genome ploidy. A, the 8-week-old Borealin�li mice showed normal livers and liver/body weight ratios
of Borealin�li and control Borealinf/f mice were measured. B, serum ALT and AST levels were measured in Borealinf/f and Borealin�li mice. C, hematoxylin and
eosin staining of liver sections of the 8-week-old mice. Hepatocyte diameters were quantified. Scale bars, 50 �m. D, the genome ploidy of hepatocytes was
characterized by propidium iodide staining followed by fluorescence-activated cell sorting. E, karyotype analysis showed that Borealin deletion caused
tetraploid cells in cultured tail-tip fibroblasts. F, H&E staining of liver sections from the 2-week-old mice. Scale bars: 50 �m.
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were also within the normal range (Fig. 2B) suggesting that liver
functions of the Borealin�li mice were apparently normal. Hep-
atocyte morphology was further analyzed on hematoxylin and
eosin (H&E)-stained paraffin sections. Histological inspection
revealed that the hepatocyte diameters were comparable in
Borealin�li and control livers in postnatal day 1 (supplemental
Fig. S1). Then, the Borealin�li hepatocytes underwent progres-
sive hypertrophy with a 2-fold increase in diameter compared
with the controls (Fig. 2C). Notably, Borealin-deficient hepato-
cytes showed enlarged nuclei, suggesting that these cells may be
polyploid. To further characterize the genome ploidy of Borea-
lin-deficient hepatocytes, single hepatocytes were prepared by
collagenase perfusion and the genome ploidy was determined
by propidium iodide staining and FACS analysis. We found that
Borealin-deficient hepatocytes were highly polyploid (Fig. 2D),
suggesting impaired mitosis in their cell cycle. To analyze the
overall chromosomal stability after Borealin deletion, we used
Borealinf/f tail-tip fibroblasts and deleted Borealin by Adeno-
Cre virus. We found that the number of tetraploid cells was
dramatically increased after Borealin deletion and tetraploid
cells had around 80 chromosomes. When the frequency of ane-
uploidy cells were calculated, there was no difference between
Borealin-deficient cells and control cells (Fig. 2E, 12/50 versus
5/50, p � 0.11, Fisher’s exact test). These data suggest that
Borealin deletion may not have a dramatic effect on overall
karyotype stability. Interestingly, the morphology of liver lob-
ules and bile ducts was unaffected in the Borealin�li livers
(Fig. 2F).

Previous studies have shown that Borealin was highly
expressed in the G2/M phase and was required for mitotic tran-
sition to control CPC complex assembly and localization (15).
The impaired mitosis of Borealin-deficient hepatocytes may be
caused by mislocalization of the CPC complex. To verify this
hypothesis, we analyzed Aurora B kinase localization during
hepatocyte mitosis in the 2-week-old Borealin�li livers. In the
Borealinf/f hepatocytes, Aurora B kinase was located at centro-
meres and midbodies during metaphase and anaphase, respec-
tively; however, Aurora B kinase diffusely localized on the chro-
mosome arms with no detectable centromere enrichment in
the Borealin�li hepatocytes (Fig. 3A). It is well known that
H3S10 is phosphorylated by Aurora B kinase during mitosis.
We found the number of phosphorylated histone H3Ser-10
(pH3S10)-positive or pH3Ser-28 (pH3S28)-positive hepato-
cytes were both dramatically decreased in the 2-week-old
Borealin�li livers (Fig. 3B). Because both H3S10 and H3S28
were directly phosphorylated by Aurora B kinase, these data
indicate that Borealin deficiency caused disturbed localization
and dysfunction of Aurora B kinase. These data demonstrate
that during postnatal liver development, Borealin deficiency
induces hepatocyte mitotic defects and leads to genome polyp-
loidy and cell hypertrophy.

No Induction of Liver Progenitors in Borealin-deficient
Livers—In our previous study, we found that liver-specific dele-
tion of another CPC component, Survivin, caused cell death
and liver damage, which triggered extensive oval cell prolifera-
tion in the 3-month-old Alb-Cre, Survivinf/f (svv�li) mice (11).
However, in contrast to increased liver/body weight ratio, cell
death, and liver damage in the svv�li mice, the liver/body weight

ratio and liver functions of the 3- and 8-month-old Borealin�li

mice were unexpectedly normal (Fig. 4, A and B). Histological
inspection revealed that hepatocyte size of 3- and 8-month-
old Borealin�li mice remained enlarged (Fig. 4, C and D). Cell
death was undetectable and there was no obvious oval cell
expansion in the 3-month-old Borealin�li mice (Fig. 4E). The
distinct phenotypes between Borealin and Survivin liver-
specific deletion indicate that Survivin may regulate other
signaling pathways, e.g. cell apoptosis, independent of Borea-
lin and CPC (Table 1).

Borealin Is Essential to DDC-induced Formation of
Sox9�HNF4�� Progenitor-like Cells—Because Borealin defi-
ciency in liver did not induce hepatocyte death and oval cell
reaction, we questioned whether regeneration induced by addi-
tional injuries might have also interfered in the Borealin�li

mice. We used the DDC diet to induce liver damage in
2-month-old Borealin�li mice (Fig. 5A). After 3 weeks of DDC
feed, the liver weights of the control mice were significantly
increased, consistent with previous studies (11). The liver
weight was comparably increased in the Borealin�li mice (Fig.
5B). The serum ALT and AST levels and periportal cell death in
the Borealin�li mice were comparable with the Borealinf/f livers
after DDC treatment (Fig. 5, C and D). Moreover, the DDC diet
induced the deposition of collagen in both the Borealin�li and
the Borealinf/f livers (Fig. 5E). All of these results indicated that
the liver damage induced by the DDC diet was comparable in
the Borealin�li and Borealinf/f livers.

The DDC treatment induced oval cell reaction in the Bore-
alinf/f livers. Interestingly, the oval cell reaction was reduced in
the Borealin�li livers (Fig. 5F). Recent studies showed that
Sox9�HNF4�� progenitor-like cells, which might be derived
from hepatocytes in response to injury, expanded and subse-
quently contributed to restoration of the liver mass (2, 22).
Consistently, we found that DDC treatment induced the expan-
sion of Sox9�HNF4�� progenitor-like cells in the Borealinf/f

livers (Fig. 5F). Notably, the number of Sox9�HNF4�� progen-
itor-like cells was markedly decreased in the Borealin�li livers
(Fig. 5, F and G), which may be caused by disabled proliferation
capacity of the Borealin-deficient cells. Consistently, the total
pH3S10-positive cells were markedly decreased in the
Borealin�li livers after DDC treatment (Fig. 5H). Interestingly,
we found the hepatocyte diameter was further increased to
about 50 �m in Borealin�li livers after DDC treatment (Fig. 5I),
which indicated that liver regeneration was impaired by the
decrease of Sox9�HNF4�� progenitor-like cells and accom-
plished by compensatory hypertrophy of hepatocytes. We fur-
ther analyzed liver injury and hepatocyte death for a prolonged
DDC treatment of 8 weeks. We found that hepatocyte death in
Borealin�li livers was comparable with that in the control mice
(supplemental Fig. S2, A–D). Our data demonstrate that
Borealin deficiency inhibits DDC diet-induced formation of
Sox9�HNF4�� progenitor-like cells and impairs the liver
regeneration.

Borealin Deficiency Prevents Oncogene-induced HCC
Development—The above data show that Borealin was essen-
tial for hepatocyte proliferation both in postnatal liver develop-
ment and in damage-induced formation of progenitor-like
cells. Our previous study showed that Survivin was highly
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expressed in HCCs and promoted HCC initiation and develop-
ment (11, 13, 14). Others found that Borealin was highly
expressed in gastric, colorectal, and lung cancers, and was
essential to cancer cell proliferation (18 –20). These data indi-
cated that Borealin might also play an important role in HCC
development.

In clinical HCC samples, we found that 52.6% (10/19) of
HCCs were Borealin positive and the paired non-cancerous tis-
sues were all Borealin negative (Fig. 6, A and B). These data
indicated that Borealin had important functions in HCC devel-
opment. We analyzed the in vivo function of Borealin in HCC
development by Sleeping Beauty transposase (SBT)-mediated
human �N90-�-Catenin and c-Met overexpression in the liver.
In this model, �N90-�-Catenin and c-Met oncogenes were
inserted into the hepatocyte genome by SBT, and the overex-
pression of these two oncogenes induced malignant HCCs (23).
The 8-week-old Borealin�li mice were transfected with SBT-
�N90-�-Catenin/c-Met plasmids through hydrodynamic tail

vein injection (24) (Fig. 6C). IHC staining showed that human
�-Catenin protein and c-Met were both highly expressed in the
Borealin�li and Borealinf/f livers (Fig. 6C). The target gene of
�-Catenin, glutamine synthetase, was also highly induced (Fig.
6C).

HCCs were developed in the control Borealinf/f mice 8 weeks
after transfection (Fig. 6, D and E). By contrast, HCC develop-
ment was almost completely inhibited in the Borealin�li livers
(Fig. 6, D and E). Tumor quantification demonstrated that both
total tumor mass and average tumor size were reduced in the
Borealin�li mice (Fig. 6E). Interestingly, a few tumors developed
in the Borealin�li mice. We found that the deletion efficiency of
Borealin was low and Borealin-positive cells were detected in
HCCs of the Borealin�li mice (Fig. 6, F and G), indicating that
Borealin was essential for HCC development and hepatocytes
that escaped Cre recombinase-mediated excision of floxed
alleles were transformed by �N90-�-Catenin/c-Met and devel-
oped into HCC.

FIGURE 3. Borealin is required for mitotic transition during postnatal liver development. A, co-immunofluorescent staining of �-tubulin and Aurora-B
kinase in Borealin�li livers. Scale bars, 5 �m. B, IHC staining showed that the numbers of pH3S10-positive or pH3S28-positive hepatocytes were reduced in
borealin�li livers. *, p � 0.05. Scale bars, 50 �m.
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Discussion

The liver provides the important function of detoxification of
chemicals and metabolites, which increases the likelihood that
the liver will experience damage and a loss of tissue mass.
Although the damage can be repaired by rapid liver regenera-
tion, hepatocyte death is apt to elicit a cyclical inflammatory
response that triggers further cell death and compensatory pro-
liferation, followed by eventual development of HCC. Explicat-
ing the mechanisms underlining the liver damage-regeneration
response and HCC development will provide potential targets
for liver diseases.

The CPC plays important roles in cell mitosis and prolifera-
tion and is therefore highly expressed in cells with a high
mitotic index, such as embryonic and neonatal tissues, adult
progenitor cells, and tumor cells. The essential role of the CPC
components, Borealin, Survivin, INCENP, and Aurora B kinase
for ontogenesis has long been known (16, 17, 25, 26). However,
the specific functions of each component in physiological and
pathological conditions remain largely uncharacterized. We
previously found that hepatic loss of Survivin resulted in hepa-
tocyte mitotic arrest, hypertrophy, genome polyploidy, and
chronic cell death during postnatal liver development, which
caused oval cell proliferation and reconstitution of the liver
mass (11). Moreover, we found that Survivin was essential to
HCC initiation and development (13, 14). Because Survivin reg-
ulates cell mitosis through CPC and cell apoptosis as an inhib-
itor of apoptosis protein, analyzing the function of other CPC
components during postnatal liver development, liver homeo-
stasis, and HCC development will enhance our understanding
of the function of CPC in these physiological and pathological
conditions.

In the present study, which used a mouse model of condi-
tional Borealin deletion in the liver, we found that perinatal loss
of Borealin impaired hepatocyte mitosis and induced hepato-
cyte polyploidy and hypertrophy but did not induce oval cell
reaction. We found that Survivin or Borealin deletion in the
liver resulted in hepatocyte mitotic arrest, hypertrophy, and
genome polyploidy. Interestingly, we found that Borealin defi-
ciency caused a milder phenotype and less severe liver damage
when compared with those in Survivin-deficient mice. More-
over, Survivin rather than Borealin deletion induced hepato-
cyte death, oval cell proliferation, and liver mass replenishment
during postnatal liver development (11) (Table 1). The oval
cells that appeared in the Survivin�li livers were Survivin-posi-

tive cells that escaped Cre-mediated recombination. However,
Borealin-positive oval cells were undetectable in the uninjured
Borealin�li livers. The differences between the phenotypes of
the Borealin�li and the Survivin�li mice indicated that Survivin
might play other roles besides the one in CPC. It is well known
that Survivin is an inhibitor of apoptosis protein and regulates
cell apoptosis. Survivin deletion consistently enhanced hepato-
cyte death and liver damage, which further induces Survivin-
positive oval cell proliferation and reconstitution of the liver
(11). In contrast, cell death was undetectable in the Borealin�li

mice (Fig. 4E).
Sox9�HNF4�� progenitor-like cells emerge under injury

conditions in the periportal region of the liver (2). We found
that the DDC diet induced similar liver injury in the Borealin�li

and control mice; however, Sox9�HNF4�� progenitor-like
cells were dramatically decreased in Borealin�li mice, which
indicated that Borealin deficiency might induce mitosis impair-
ment in Sox9�HNF4�� progenitor-like cells. Consistently,
the pH3S10-positive cells were markedly decreased in the
Borealin�li livers.

Consistent with the essential functions of Borealin in hepa-
tocyte proliferation and injury-induced regeneration, we found
that Borealin was highly expressed in human HCC samples and
Borealin deficiency suppressed �N90-�-Catenin/c-Met-in-
duced HCC development, which was similar to the HCC sup-
pression effect of Survivin deletion. Both Borealin and Survivin
deficiency induced disturbed localization and dysfunction of
Aurora B kinase, implying that the CPC complex was essential
to HCC development and the HCC suppressive effect of Borea-
lin or Survivin deletion was largely caused by the dysfunction of
the CPC complex. Our data indicate that Borealin played
important roles in HCC development and targeting Borealin
appears to be a better strategy for HCC therapy with less
adverse effect on liver tissue damage and repair. Screening
small compounds that can disturb the interactions between
Survivin and Borealin or between Survivin/Borealin and phos-
phorylated histones, renders prospective value for HCC
therapy.

Experimental Procedures

Mice—The Borealin�li mice were generated by crossing Bore-
alinf/f mice with Alb-Cre mice, with the Cre recombinase gene
under the control of the albumin promoter and enhancer (21).
Liver samples were collected at the indicated time points for
various assays.

Mouse Hepatocyte Isolation—Mouse hepatocytes were iso-
lated following a modified two-step perfusion and collagenase
digestion. Briefly, mice were anesthetized with ketamine. Sur-
gery was performed to insert a catheter into the hepatic vein.
The livers were then perfused with calcium-free and magne-
sium-free Earle’s balanced salt solution (Hyclone) containing
100 mM EGTA (Sigma) and 10 mM Hepes, pH 7.4 (Sigma), and
then 0.025% collagenase type IV (Sigma) in Earle’s balanced salt

FIGURE 4. Borealin deletion does not lead to oval cell expansion in 3– 8-month-old Borealin�li mice. A, Borealin�li mice showed normal liver/body weight
ratios. B, serum ALT and AST levels were measured in Borealinf/f and Borealin�li mice at the indicated ages. C, hematoxylin and eosin staining of liver sections
from 3- and 8-month-old mice. Scale bars, 50 �m. D, hepatocyte diameters were quantified. E, IHC staining showed that there was no Sox9� oval cell expansion.
TUNEL staining showed that apoptosis of hepatocytes was undetectable.

TABLE 1
Phenotype comparison between Borealin�li and Survivin�li mice

Survivin�li Borealin�li

M phase block Yes Yes
Polyploidy Yes Yes
Hepatocyte hypertrophy Yes Yes
Hepatocyte death Yes No
Inflammation Yes No
Ductal reaction/LPC Yes No
HCC resistance Yes Yes
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solution with calcium and magnesium (Hyclone). After perfu-
sion, liver cells were suspended in calcium-free and magne-
sium-free Earle’s balanced salt solution containing 90% Percoll
(Sigma) and then filtered through a 100-�m cell strainer (BD
Bioscience).

HistologicalAnalysis—Livertissuesampleswerefixedbypara-
formaldehyde and embedded in paraffin. Sections were sub-

jected to hematoxylin and eosin (H&E), IHC, immunofluores-
cent, tyramide signal amplification, and TdT-mediated dUTP
nick end labeling (TUNEL) staining.

IHC staining was performed using the Elite ABC kit (Vector
Laboratories). For immunohistochemistry, deparaffinized and
rehydrated slides were subjected to autoclave antigen retrieval
in a 10 mmol/liter of citric acid buffer, pH 6.0, and allowed to

FIGURE 5. Borealin deficiency inhibits DDC-induced Sox9�HNF4�� progenitor-like cell proliferation. A, 8-week-old Borealinf/f and Borealin�li mice were
treated with DDC diet. These mice were killed 3 weeks later. B, liver/body weight ratios of Borealin�li and control Borealinf/f mice 3 weeks after DDC treatment
were measured. C, serum ALT, AST, and T-BIL levels were measured in Borealinf/f and Borealin�li mice after DDC treatment. D, apoptosis of hepatocytes was
confirmed by TUNEL staining. E, Sirius Red staining in DDC-treated Borealin�li and Borealinf/f livers. F, Sox9 and HNF4� immunofluorescent staining and
Sox9�HNF4�� progenitor-like cells were quantified. G, the mRNA levels of hepatocyte progenitor genes were measured by q-PCR in DDC-treated Borealin�li

and Borealinf/f livers. H, hepatocyte mitosis was determined by pH3S10 IHC staining. Ratio of pH3S10 positive hepatocytes was quantified. I, hepatocyte
diameters were quantified.
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FIGURE 6. Borealin deficiency inhibits �N90-�-Catenin/c-Met-induced HCC development. A, borealin protein levels were characterized by IHC staining in
human HCC samples. Arrowheads indicate Borealin-positive cells. B, borealin positive ratio in human HCC samples was quantified. C, HCC was induced by the
hydrodynamic transfection of plasmids encoding the Sleeping Beauty transposase and transposons with oncogenes of �N90-�-Catenin and c-Met in 8-week-
old Borealin�li and control Borealinf/f mice. These mice were sacrificed 8 weeks later to quantify the HCC mass. IHC staining showed that human �-Catenin
protein and its downstream target glutamine synthetase (GS) were both highly expressed in the Borealin�li and Borealinf/f livers 8 weeks after transfection. D,
large amounts of HCCs developed in control Borealinf/f mice but not in Borealin�li livers. E, H&E staining of liver sections from the Borealin�li and control
Borealinf/f mice. Liver cancers were encircled by dashed lines. Total tumor mass, tumor number, and tumor size were quantified. *, p � 0.05; t test. F, genotypes
were determined by PCR using HCC genomic DNA. G, IHC staining showed that there were many Borealin-positive cells in HCCs of the Borealin�li mice. Scale
bars, 50 �m.
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cool to room temperature. Slides were blocked with 3% H2O2
for 30 min, washed in phosphate-buffered saline, and then
blocked with 5% normal goat serum in PBS. Slides were incu-
bated with diluted primary antibodies overnight at 4 °C. The
following primary antibodies were used: rabbit anti-phospho-
Histone H3Ser-10 (1:1000 dilution, Upstate Biotechnology),
rabbit anti-phospho-Histone H3Ser-28 (1:1000 dilution, Novus
Biologicals), mouse anti-Borealin (1:200 dilution, Santa Cruz),
rabbit anti-Sox9 (1:1000 dilution, Millipore), mouse anti-�-
Catenin (1:500 dilution, BD Biosciences), mouse anti-gluta-
mine synthetase (1:500 dilution, BD Biosciences), and rabbit
anti-c-Met (1:200 dilution, Cell Signaling). Biotinylated anti-
rabbit (Vector Laboratories) and anti-mouse (Vector Laborato-
ries) antibodies were used as secondary antibodies according to
the manufacturer’s protocol. Biphenyl-3,3�,4,4�-tetrayltet-
raammonium tetrachloride (Dako) was used as a chromogen
according to the manufacturer’s protocol. TUNEL assays were
performed using the fluorescein cell death detection kit (Clon-
tech). Images were observed using a Leica BX51 microscope.

For immunofluorescence staining, deparaffinized and rehy-
drated slides were subjected to autoclave antigen retrieval in a
10 mmol/liter of citric acid buffer, pH 6.0, and allowed to cool to
room temperature. Blocking was performed in 1% BSA and
0.1% Triton X-100 for 1 h and then incubated with primary
antibodies at room temperature for 2 h or at 4 °C overnight. The
following primary antibodies were used: mouse anti-�-tubulin
(1:1000 dilution, Sigma), rabbit anti-Aurora-B (1:1000 dilution,
Abcam), and goat anti-HNF4� (1:250 dilution, Santa Cruz).
After incubation with FITC-conjugated goat anti-rabbit IgG
(1:1000 dilution, Molecular Probes), Cy3-conjugated goat anti-
mouse IgG (1:1000 dilution; Jackson Laboratories), and FITC-
conjugated donkey anti-rat IgG (1:1000 dilution, Molecular
Probes) secondary antibodies for 1 h at room temperature and
counterstaining with DAPI, fluorescence images were observed
using a Leica BX51 microscope.

Serum Contents Measurement—Blood was collected and
centrifuged at 12,000 � g for 10 min. Freshly isolated superna-
tant plasma was used for measuring ALT and AST activity and
the total bilirubin level according to the manufacturer’s
instructions (Shanghai Shensuo UNF Medical Diagnostic Arti-
cles Co., Ltd.).

Hydrodynamic Transfection—Procedures were as described
previously (24). Between 10 and 50 �g of the plasmids encoding
the Sleeping Beauty transposase and transposons with �N90-
�-Catenin and c-Met oncogenes in a ratio of 2:25 were diluted
in 2.5 ml of filtered 0.9% NaCl and then injected into the lateral
tail veins of the 8-week-old Borealinf/f and Borealin�li mice.
Ectopic expression of �N90-�-catenin and c-Met in the mouse
liver can induce HCC efficiently (23).

Quantitative Real-time PCR (q-PCR)—Total RNA was pre-
pared from liver tissue samples using TRIzol (Invitrogen)
according to the manufacturer’s protocol. Reverse transcrip-
tase PCR was performed using a Moloney murine leukemia
virus reverse transcriptase (Promega). Real-time PCR were per-
formed with SYBR Premix Ex Taq (Takara) and 300 nmol/liter
of each primer. Amplification was performed according to the
manufacturer’s protocol of the 7500 Fast Real-time PCR Sys-
tems (Applied Biosystems, CA).

Karyotyping—Tail-tip fibroblast cells (TTFs) were isolated
from 4-week-old Borealinf/f mice. �2 cm length of tail tip was
cut and washed with 70% ethanol and PBS. After dermis was
peeled away, the remaining part was placed into a 60-mm col-
lagen-coated dish in 5 ml of DMEM (Hyclone) containing 10%
FBS (Gibco). After 5 days incubation, fibroblasts that migrated
out were trypsinized and expanded to a 10-cm collagen-coated
dish.

For karyotypes, TTFs were treated with Adeno-Cre virus or
Adeno-GFP virus. After 72 h, TTFs were treated with 50 �g/ml
of colchicine (Sigma) for 3 h and harvested by trypsinization.
Then, after extensive washing, cells were incubated at 37 °C for
30 min in 75 mM KCl and fixed with methanol:acetic acid (3:1
ratio). Finally, chromosomes from 50 metaphase-arrested
TTFs/sample were G-banded with a standard trypsin/Wright’s
stain protocol. Photographs were taken using CytoVision soft-
ware from Applied Imaging.

Author Contributions—L. H., D. L., and L. L. designed the experi-
ments and analyzed data. L. L. and D. L. performed most of the
experiments. F. T. and Y. J. performed histological analyses. J. C. and
X. C. provided technical support and animal care. D. L., L. L., and
L. H. wrote the manuscript.
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