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Aneuploidy is a hallmark of human cancers. Although the
maintenance of genomic integrity by p53 is important in preventing
aneuploidy, its mechanism remains to be elucidated. Here we report
evidence that B-cell linker protein (BLNK) mediates the inhibition of
cytokinesis, which generates tetraploidy but prevents aneuploidy.
We identified BLNK as a transcriptional target of p53. Surprisingly,
ectopic expression of exogenous BLNK inhibited cytokinesis, resulting
in the formation of tetraploid cells. Indeed, BLNK was involved in
the generation of spontaneously arising binucleate tetraploid cells.
Interestingly, cytokinesis after DNA damage was inhibited in p21–/–

and p53+/+ cells, but not in p53–/– cells. BLNK knockdown in p53+/+ and
p21–/– cells enhanced cytokinesis after DNA damage, leading to the
generation of aneuploid cells. In addition, a BLNK-downregulated
human pre-B leukemia cell line showed increased cytokinesis and
aneuploidy after DNA damage compared with two other pre-B
leukemia cell lines expressing higher levels of BLNK. These results
suggest that BLNK acts as a mediator of p53 in the inhibition of
cytokinesis, which prevents aneuploidy. We propose that the inhibition
of cytokinesis is crucial for the maintenance of genomic integrity.
(Cancer Sci 2008; 99: 2444–2454)

The tumor suppressor p53 prevents malignant transformation
when cells suffer stresses including severe DNA damage.(1)

Hence, p53 is known as ‘a guardian of the human genome’.(2)

Indeed, p53 is mutated in more than 50% of all human cancers,
emphasizing its essential role in tumorigenesis in any of the
human cancers. The p53 gene encodes a transcription factor that
binds to a specific sequence of its downstream target gene.
Therefore, p53 exerts its functions via transcriptional activation
of various target genes. Although four major genes, including
those functioning in cell-cycle arrest, apoptosis, DNA repair,
and antiangiogenesis, are considered to be involved in the core
mechanism of p53-regulated tumor suppression, a considerable
number of target genes have been reported and their functions
display great diversity, implying that many p53-target genes still
remains unknown.(3,4) Because the maintenance of genomic integrity
by p53 is critical in preventing aneuploidy,(5,6) identification of
the p53-target genes involved in this function is important.

Aneuploidy is a major characteristic of various human cancers.(7)

Therefore, aneuploidy likely plays a significant role in cancer
initiation and progression.(8) There are several checkpoint systems
to prevent aneuploidy in normal cells, which monitor proper
chromosome segregation, cytokinesis, and cell-cycle progression.
Recently, the p53-regulated tetraploidy checkpoint was reported
to prevent the progression of aneuploidy.(9–12) At this checkpoint,
most cells that suffer from DNA damage progress to mitosis
without cytokinesis and arrest at G1 phase of the cell cycle.(12)

Therefore, the arrested cells with DNA damage become tetraploid
at G1 phase. If the function of p53 is impaired, the tetraploid
cells at G1 begin to progress through the cell cycle, replicate
DNA, and continue cell division, resulting in the progression
of aneuploidy. Although p21/WAF1 has been shown to play a

critical role in this checkpoint pathway,(12) the precise mechanism
remains to be elucidated.

B-cell linker protein (BLNK),(13) also called SLP-65(14) or
B-cell adaptor containing SH2 domain protein (BASH),(15) is a
B-cell adaptor molecule and plays an essential role in signal
transduction from pre-B-cell receptor and B-cell antigen receptor.
As BLNK encodes no intrinsic enzymatic activity, its function is
to serve as a scaffold for assembling molecular complexes.(16)

After phosphorylation by the kinase Syk, BLNK couples
enzymes (phospholipase C, γ2, and Vav) and additional linker
proteins (Grb2 and Nck), and regulates downstream signaling
pathways.(13–15) The important function of BLNK has been
demonstrated by the phenotype of BLNK-deficient mice, which
show an incomplete block in B-cell development at the pre-B-cell
and immature B-cell stage, suggesting that BLNK is essential
for mature development of B cells.(17) More importantly, the
BLNK-deficient mice have a high incidence of spontaneous
pre-B-cell lymphoma, which likely results from the enhanced
proliferative capacity of BLNK-deficient pre-B cells.(18) Consistent
with this finding, approximately 50% of human childhood pre-B
acute lymphoblastic leukemias show complete loss or drastic
reduction of BLNK expression.(19) Those results provide evidence
that BLNK acts as a tumor suppressor.(18–20)

Cytokinesis is the physical process by which a cell divides
after the completion of mitosis.(21,22) Cell division is completed
through the sequential coordination of chromosome segregation
and cytokinesis. Mitosis without cytokinesis can produce multi-
nucleate polyploid cells. Cytokinesis at the wrong location and
time can lead to the generation of aneuploid cells or mitotic
catastrophe. However, despite its importance in cell growth and
division, little attention has been paid to the role of the inhibition
of cytokinesis in tumorigenesis. Here we report on a cytokinesis-
blocking role of BLNK, which is a candidate tumor-suppressor
gene in pre-B-cell leukemia. In addition, BLNK-regulated
cytokinesis inhibition appears to be involved in the p53-regulated
maintenance of genomic integrity, which prevents aneuploidy.
We therefore propose that cytokinesis block is an essential
safeguard system that prevents aneuploidy arising from cell
division with chromosome missegregation and breakage or DNA
damage.

Materials and Methods

Detection of binucleate cells. Various HDK1 and HMEC4 cells,
including parental, GFPsi, BLNKsi-1 (si-1), BLNKsi-2 (si-2),
and BLNKsi-3 (si-3) cells, were seeded in six-well plates at a
density of 1.5 × 105 or 2 × 105 cells/plate, respectively. After 72
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(HDK1) or 24 h (HMEC4), we randomly captured up to 50
fields of vision, each of which included approximately 20 cells,
as photographic images using an Olympus IX71 microscope and
DP70-BSW software (Olympus, Tokyo, Japan). The numbers of
mononucleate, binucleate, and multinucleate cells were counted
in approximately 500–600 independent cells. The ratio of the
binucleate cells (including approximately 10% multinucleate
cells) to the total number of cells was calculated and evaluated
statistically.

Detection of micronucleate cells. Various HCT116-p53+/+ or
p21–/– cells, including parental, GFPsi, si-1, si-2, and si-3 cells,
were seeded in six-well plates at a density of 3 × 105 cells/plate.
After 24 h, the cells were treated with 1 μg/mL adriamycin for
2 h. At the indicated times, 25–30 fields of vision, each of which
included approximately 20 cells, were captured as photographic
images using an Olympus IX71 microscope with DP70-BSW
software. The numbers of mononucleate, binucleate, and
micronucleate cells were counted in approximately 500
independent cells. The ratio of the mononucleate, binucleate, or
micronucleate cells to the total number of cells was calculated
and evaluated statistically.

Cytokinesis index. HCT116-p21–/– or HCT116-p21–/–-BLNKsi-1
cells were treated with 1 μg/mL adriamycin for 2 h, and then
250–350 independent cells were monitored until 24 h after
treatment by time-lapse microscopy. The number of cells that
had undergone cytokinesis was counted, and the ratio of the
cells that had undergone cytokinesis to the total number of cells
was calculated and evaluated statistically.

Fluorescence in situ hybridization analysis. To examine aneuploidy
with probes specific for chromosomes 8 and 12, CEP8 (30-
160008; Abbott Molecular, Des Plaines, IL, USA) and
CEP12 (D12Z3, 32-112012; Abbott Molecular) DNA probe kits
were used. The cells were fixed in Carnoy’s liquid (acetic
acid : methanol = 3:1) at room temperature for 30 min. Slide
glasses were allowed to dry, and were incubated sequentially in
2× saline-sodium citrate (SCC) and 0.1% Nonidet P-40 (NP-40)
at 37°C for 30 min. The slides were then incubated in increasing
concentrations of ethanol (70, 85, and 100%) for 1 min each.
Then, the slides were incubated in 70% formamide and 2× SSC
at 73°C for 5 min, and incubated in increasing concentrations of
ethanol (70, 85, and 100%) for 1 min each. The slides were
allowed to dry completely, and then 10 μL hybridization
solution containing labeled probes at a concentration of 1 ng/μL
per probe was added to each slide glass, which was incubated at
42°C for 16 h. The slides were washed three times in 50%
formamide and 2× SSC at 45°C for 10 min, and then incubated
in 0.1% NP-40 and 2× SSC at 45°C for 5 min. The nuclei on the
slides were stained with 4′, 6-diamidino-2-phenylindole (DAPI)
II. The chromosome 8 (green) and 12 (red) signals were
examined using an Olympus IX71 microscope and DP70-BSW
software in 300 independent nuclei to detect aneuploid cells,
which were defined as the number cells with zero, one, or three
signals of either chromosome 8 or chromosome 12. The ratio of
aneuploid cells to the total number of cells was calculated and
evaluated statistically.

Results

Identification of BLNK as a novel p53-inducible gene. In order to
identify new p53-target genes, we screened p53-inducible genes
using microarray analysis, as reported previously.(23) The
expression level of BLNK was notably elevated in the
hepatoblastoma cell line HepG2 infected with Ad-p53-wt (data
not shown). BLNK is an adaptor protein that is involved in B-cell
receptor signaling,(13–15) and its role in B-cell tumorigenesis has
previously been reported in both human and mouse pre-B
leukemias.(18–20) As the expression of BLNK can be induced
by p53, we speculated that it might be involved in the

tumorigenesis of various cell types in addition to B cells. We
therefore further analyzed the activities of BLNK. As indicated
in Figure 1a,b, BLNK expression was strongly induced in
response to DNA damage in p53 wild-type colorectal cancer cell
lines (HCT116-p53+/+ and LS174T-control), but the induction of
BLNK was severely impaired in the corresponding isogenic
p53-deficient cell lines (HCT116-p53–/– and LS174T-p53si).
Similar results were obtained in other cancer cell lines, including
HepG2 and the breast cancer cell line MCF7 (data not shown).
These results suggest that endogenous p53 activates the
transcription of BLNK in response to DNA damage in various
cell types in addition to B cells.

We identified a possible p53-binding sequence (p53BS) in
intron 1 of the BLNK gene (Fig. 1c). A chromatin-immuno-
precipitation assay indicated that the DNA fragment containing
p53BS was immunoprecipitated with an anti-p53 antibody, and
was polymerase chain reaction amplified with the precipitated
genomic DNA; this suggested that p53 interacts with p53BS
in vivo (Fig. 1d). Moreover, a heterologous reporter assay showed
that the transcriptional activities of luciferase reporter plasmids
containing p53BS (pGL-pro-BS, pGL-promoter 1xBS, and
pGL-promoter 2xBS) were strongly enhanced when they were
cotransfected with wild-type (WT)-p53 but not mutant (MT)-p53,
indicating that p53BS is a p53-responsive sequence of BLNK
(Fig. 1d). Based on these findings, we concluded that BLNK is
a bona fide target of the tumor suppressor p53.

B-cell linker protein inhibits cytokinesis and induces binucleate
tetraploid cells. To explore the function of BLNK as a mediator
of p53, we prepared an adenovirus vector containing full-length
BLNK complementary DNA (cDNA; Ad-BLNK), which was
designed to express the full-length BLNK protein. As indicated
in Figure 2a,b, when p53-deficient cells (such as HCT116-p53–/–

and HepG2-p53si) were infected with Ad-BLNK, the number of
tetraploid cells with 4 N DNA content increased by 24 h. This
phenomenon was also observed in the p53-mutated glioblastoma
cell line U373MG (Fig. 2c). All of the cell lines infected with
Ad-BLNK experienced cell death 48–72 h after infection. These
results suggest that the overexpression of BLNK preferentially
generates tetraploidy.

To investigate the mechanism of the BLNK-induced tetra-
ploidy, U373MG cells infected with Ad-BLNK were monitored
by time-lapse microscopy. Surprisingly, most of the cells
infected with Ad-BLNK showed inhibition of cytokinesis,
resulting in the generation of tetraploid cells (Fig. 2d). These
results suggest that BLNK might be involved in the inhibition of
cytokinesis and the generation of tetraploid cells.

The role of BLNK is closely related to the generation of
tetraploid cells via cytokinesis block. A previous report showed
that chromosome non-disjunction accelerated tetraploid cell
formation in order to prevent aneuploidy.(24) According to this
model, tetraploid cells could be actively generated by an
unknown mechanism in order to stop cell cycle progression of
cells with chromosome non-disjunction.(24) We therefore specu-
lated that BLNK might generate tetraploid cells in order to
prevent aneuploidy. To validate this model, we inhibited the
expression of BLNK with short interfering RNA (siRNA)
against the BLNK sequence in normal human dermal keratinocyte
(HDK1) cells, which were used previously,(24) as well as in
normal human mammary epithelial cells (HMEC4). As shown
in Figure 3a,b, the expression of endogenous BLNK mRNA was
significantly downregulated in HDK1-si-1, HDK1-si-2,
HMEC4-si-1, and HMEC4-si-2 cells. Consistent with these
expression levels, BLNK knockdown significantly decreased the
number of spontaneously arising binucleate tetraploid cells in these
lines (Fig. 3a,b). Our results suggest that BLNK is important in the
generation of spontaneously arising binucleate tetraploid cells.

B-cell linker protein is involved in the p53-regulated mononucleate
tetraploid checkpoint. Contrary to previous observations,(24) DNA
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damage did not enhance the generation of binucleate tetraploid
cells in our current system (Fig. 3c,d). G1 arrest of the
mononucleate tetraploid cells after DNA damage was previously
suggested to be involved in a p53-regulated DNA-damage
checkpoint that induces long-term cell cycle arrest and
subsequent cellular senescence.(25) We therefore proposed that
BLNK-induced cytokinesis block might be involved in the
DNA-damage checkpoint. Indeed, after DNA damage, the
HCT116-p53+/+ cells moved from cell cycle phase G2 to G1
without cytokinesis, as indicated by decreased cyclin B1 and

CDK1 expression, and increased expression of cyclin E, cyclin
D, and p27 (Fig. 4a,b). These cells eventually arrested in G1
phase in the mononucleate tetraploid state until at least 72 h
after the DNA damage when some cell death was observed
(Fig. 4a,c). By contrast, HCT116-p53–/– cells had a tetraploid
DNA content 24 h after DNA damage (Fig. 4a) and cell cycle
arrest was not observed, as indicated by increased levels of
cyclin B1 and CDK1 expression, and decreased expression of
cyclin E, cyclin D, and p27 (Fig. 4b). Eventually, the tetraploid
DNA content decreased as a consequence of cell division

Fig. 1. Identification of B-cell linker protein (BLNK) as a direct target gene of p53. Endogenous p53-dependent induction of BLNK in (a) HCT116-
p53+/+ and p53–/– cells, or (b) LS174T-control-si and p53-si cells after DNA damage by treatment with 1 μg/mL adriamycin. Expression levels are shown
by (a) reverse transcription–polymerase chain reaction, and (b) northern and western blot analysis. Beta 2-microglobulin expression or coomassie
brilliant blue (CBB) staining was used as a loading control. p21waf1 was used as a positive control. (c) Identification of p53-binding sequence (p53BS)
in the genomic DNA of BLNK. Black boxes indicate the locations and relative sizes of 17 exons; the arrow indicates the potential p53BS in intron
1 of BLNK. (d) Binding of p53 with p53BS of BLNK and p53-dependent transcriptional activity of p53BS. A chromatin-immunoprecipitation assay
was carried out on the DNA–protein complex, which was immunoprecipitated with anti-p53 antibody from HepG2 cells infected with Ad-p53 or
Ad-EGFP at a multiplicity of infection of 30. The heterologous luciferase reporter plasmid containing p53BS (258 bp), 1 × BS (20 bp) or 2 × BS (40 bp)
was cotransfected with the plasmid designed to express wild-type p53 (wt), mutant p53 (mt), or no p53 (mock) into H1299 cells. The luciferase
activity 24 h after transfection is shown in relation to the activity of the pGL3-promoter vectors without p53BS, 1 × BS, or 2 × BS.
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Fig. 2. B-cell linker protein (BLNK) induces binucleate tetraploid cells by inhibiting cytokinesis. (a–c) BLNK induces tetraploidy. p53-wild-type and
p53-deficient cancer cell lines, including (a) HCT116-p53+/+ and p53–/–, (b) HepG2-control and p53si, and (c) U373MG cells were infected with Ad-
BLNK at a multiplicity of infection of 10. The DNA contents were examined by fluorescence-activated cell sorting (FACS) analysis at the indicated times.
The results are shown as FACS images. (d) BLNK inhibits cytokinesis. A time-lapse microscopic analysis was carried out to monitor the cytokinesis of
U373MG cells infected with Ad-BLNK at a multiplicity of infection of 10. Arrows (black, red, blue) indicate the cells that have undergone inhibition
of cytokinesis.
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leading to aneuploidy or cell death (Fig. 4a). In addition, the
cells had abnormal multilobulated nuclei (referred to hereafter
as micronucleate cells) as described previously(26) (Fig. 4c).
However, the phenotype of the HCT116-p21–/– cells appeared to
differ from that of the HCT116-p53–/– cells. In the early phase,
similar to the HCT116-p53–/– cells, the HCT116-p21–/– cells
became tetraploid by 24 h, and the cell cycle subsequently
proceeded with a significant fraction of dead cells (Fig. 4a).
However, in contrast to the p53–/– cells, many HCT116-p21–/–

cells were not only micronucleate but also relatively large in
size, and had a polyploid (>4 N) phenotype 72 h after DNA
damage (Fig. 4a,c), implying a failure of cytokinesis. Time-
lapse microscopy confirmed that that HCT116-p21–/– cells had
entered M phase, but many failed to complete cytokinesis,
thereby resulting in endomitosis and a polyploid phenotype
(data not shown). We hypothesized that BLNK might contribute
to the failure of cytokinesis and the polyploid phenotype in the
HCT116-p21–/– cells.

We thus examined the expression levels of p53, p21, and
BLNK in these cell lines. As expected, p53 and p21 expression

was not detected in HCT116-p53–/– and p21–/– cells, respectively
(Fig. 4b). Interestingly, the expression level of BLNK in the
HCT116-p21–/– cells was as much as twice that in the HCT116-
p53+/+ cells (Fig. 4b). Therefore, in order to examine the role of
BLNK in cytokinesis inhibition after DNA damage, its expression
was downregulated with siRNA against the BLNK sequence
(Supporting Fig. S1a,b). As shown in Figure 4d, BLNK knock-
down significantly enhanced the generation of micronucleate
cells after DNA damage in HCT116-p53+/+ and p21–/– cells.

B-cell linker protein prevents aneuploidy by inhibiting cytokinesis.
To determine whether the elevation of micronucleate cells was
caused by enhanced cytokinesis, we monitored the HCT116-
p21–/– parent cells and the BLNK-si-1 cells until 24 h after DNA
damage using time-lapse microscopy, and counted the number
of cells that completed cytokinesis during this period. As
indicated in Figure 5a, BLNK knockdown in the BLNK-si-1
cells enhanced cytokinesis by as much as three times compared
with the parental cells, implying that BLNK was involved in the
failure of cytokinesis in the HCT116-p21–/– cells. We proposed
that the failure of cytokinesis induced by BLNK might prevent

Fig. 3. B-cell linker protein (BLNK) is involved in
the generation of spontaneously arising binucleate
tetraploid cells. (a,b) Spontaneously arising
binucleate tetraploid cells. Downregulation of
endogenous BLNK expression by shot interfering
RNA (siRNA) in (a) HDK1 or (b) HMEC4 cells. BLNK
mRNA was downregulated with three different
siRNA: BLNKsi-1 (si-1), BLNKsi-2 (si-2), and BLNKsi-3
(si-3). Parental HDK1 and HMEC4 cells (parent), or
HDK1 and HMEC4 cells infected with retrovirus
containing the siRNA of green fluorescence
protein-si (GFPsi), were used as negative controls.
Endogenous BLNK mRNA expression was examined
by real-time polymerase chain reaction analysis.
BLNK was involved in spontaneously arising
binucleate tetraploidy. The numbers of binucleate
cells in (a) HDK or (b) HMEC cells, in which BLNK
was downregulated with the siRNA of si-1, si-2,
and si-3, were counted. Parental HDK and HMEC
cells, or HDK and HMEC cells infected with GFPsi
siRNA, were used as negative controls. Error
bars ± SD (n = 4); *P < 0.01, Student’s t-test. (c,d)
Binucleate tetraploid cells after DNA damage.
Endogenous expression levels of BLNK mRNA in
various (c) HDK1 or (d) HMEC4 cells after DNA
damage. Endogenous BLNK mRNA expression was
examined by real-time polymerase chain reaction
analysis in parental, control (GFPsi), and BLNK-
knockdown (si-1, si-2, and si-3) HDK1 or HMEC4
cells after DNA damage with 1.0 μg/mL adriamycin.
DNA damage did not induce the generation of
binucleate tetraploid cells. The numbers of
binucleate cells in (c) HDK or (d) HMEC cells, in
which BLNK was downregulated with si-1, si-2, and
si-3 siRNA, were counted after DNA damage by
1.0 μg/mL adriamycin (ADR). Parental HDK and
HMEC cells, or HDK and HMEC cells infected with
GFPsi siRNA, were used as negative controls. Error
bars ± SD (n = 4); *P < 0.01, Student’s t-test.
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Fig. 4. B-cell linker protein (BLNK) is involved in the p53-regulated mononucleate tetraploid G1 checkpoint after DNA damage. (a) The DNA
contents of HCT116-p53+/+, p53–/–, and p21–/– cells after DNA damage. HCT116-p53+/+, p53–/–, and p21–/– cells were treated with 1.0 μg/mL adriamycin,
and the DNA contents were analyzed at 0, 24, 48, and 72 h after the treatment, by green fluorescence activated cell sorting (FACS) analysis. The
polyploidy phenotype after DNA damage was observed only in HCT116-p21–/– cells: M1 ≤ 2 N; M2 = 2 N; M3 = 2 N–4 N; M4 = 4 N; M5 ≥ 4 N. The
results were shown by FACS images (left) and bar graphs (right). (b) Expression levels of various cell cycle regulators and BLNK in HCT116-p53+/+,
p53–/–, and p21–/– cells after DNA damage. HCT116-p53+/+, p53–/–, and p21–/– cells were treated with 1.0 μg/mL adriamycin, and the expression levels
of p53, p21waf1, cyclin B1, CDK1/cdc2, cyclin E, cyclin D1, and p27 were examined by western blot analysis with specific antibodies at the times
indicated. β-Actin was used as a loading control. BLNK was highly expressed in HCT116-p21–/– cells after DNA damage. BLNK mRNA expression was
examined by reverse transcription–polymerase chain reaction. Each expression level is shown relative to the level of BLNK at 0 h in HCT116-p53+/+

cells. (c) Nuclear and cellular appearance of HCT116-p53+/+, p53–/–, and p21–/– cells after DNA damage. DNA damage induced micronucleate and
multinucleate cells in HCT116-p53–/– and p21–/–, and large polyploid cells in HCT116-p21–/–. Images are shown 48 h after DNA damage. (d) BLNK
inhibited the generation of micronucleate cells after DNA damage. HCT116-p53+/+ or p21–/– cells, in which BLNK expression was downregulated
with the short interfering RNA (siRNA) of BLNKsi-1 (si-1), BLNKsi-2 (si-2), and BLNKi-3 (si-3), were treated with 1.0 μg/mL adriamycin, and the
numbers of mononucleate, binucleate, and micronucleate cells were counted 24 h after DNA damage. Parental HCT116-p53+/+ and p21–/– cells
(parent) or these cells infected with green fluorescence protein siRNA (GFPsi) were used as negative controls. Error bars ± SD (n = 4); *P < 0.01,
**P < 0.001, Student’s t-test between GFPsi and BLNK-si cells (si-1, si-2 and si-3). White, gray, and black bars indicate cells with mononucleate,
binucleate, and multilobulated nuclei, respectively.
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Fig. 5 B-cell linker protein (BLNK) prevents aneuploidy by inhibiting cytokinesis after DNA damage. (a) Cytokinesis enhancement by BLNK
knockdown. HCT116-p21–/– and p21–/–-BLNKsi-1 cells were treated with 1.0 μg/mL adriamycin, and then monitored for 24 h by time-lapse
microscopy. The numbers of cells that completed cytokinesis were counted during this period. The cytokinesis index indicates the ratio of the cells
that underwent cytokinesis to the total number of cells. Error bars ± SD (n = 5); **P < 0.001, Student’s t-test. (b) Impairment of BLNK induces
aneuploidy after DNA damage. HCT116-p21–/– and p21–/–-BLNKsi-1 cells were treated with 1.0 μg/mL adriamycin, and 24 h after treatment, the
numbers of chromosomes 8 and 12 in 300 independent cells were examined by fluorescence in situ hybridization (FISH) analysis. Signals of 0, 1,
and 3 were judged to indicate aneuploidy. The experiments were repeated four times. Error bars ± SD (n = 4); *P < 0.01, **P < 0.001, Student’s t-
test. (c) Representative results of aneuploid HCT116-p21–/– cells. HCT116-p21–/– cells were treated with 1.0 μg/mL adriamycin, and 24 h after the
treatment the cells were subjected to FISH analysis, in which probes of chromosome 8 (green) and chromosome 12 (red) were used to detect
aneuploidy. Signals of 0, 1, and 3 in either chromosome 8 or 9 were judged to indicate aneuploidy: 1 = diploidy (chromosome 8, 2; chromosome
12, 2); 2 = tetraploidy (chromosome 8, 4; chromosome 12, 4); 3 = aneuploidy (arrow, chromosome 8, 2; chromosome 12, 3); 4 = aneuploidy (arrow,
chromosome 8, 1; chromosome 12, 2); 5 = aneuploidy (arrow, chromosome 8, 2; chromosome 12, 1); 6 = aneuploidy (chromosome 8, 1; chromosome
12, 1); 7 = aneuploidy (chromosome 8, 2; chromosome 12, 1); 8 = aneuploidy (chromosome 8, 2; chromosome 12, 0); 9 = aneuploidy (chromosome
8, 3; chromosome 12, 2); 10 = aneuploidy (chromosome 8, 3; chromosome 12, 3); 11 = aneuploidy (chromosome 8, 3; chromosome 12, 1);
12 = aneuploidy (chromosome 8, 4; chromosome 12, 3); 13 = aneuploidy (arrow, chromosome 8, 1; chromosome 12, 2); 14 = aneuploidy
(chromosome 8, 3; chromosome 12, 4); 15 = aneuploidy (chromosome 8, 10; chromosome 12, 9). (d) Impairment of BLNK-induced aneuploidy after
DNA damage. HCT116-p53+/+-parent, p53+/+-BLNKsi-1, and p53–/–-parent cells were treated with 1.0 μg/mL adriamycin, and 24 h after the treatment
the numbers of chromosomes 8 and 12 in 300 independent cells were examined by FISH analysis. Signals of 0, 1, and 3 were judged to indicate
aneuploidy. Error bars ± SD (n = 2); *P < 0.05, **P < 0.01, Student’s t-test.
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aneuploidy derived from the division of cells with DNA
damage. Therefore, cytokinesis enhancement after DNA damage
would cause an increase in the number of aneuploid cells. To
validate this notion, we examined aneuploid cells in these lines
by fluorescence in situ hybridization analysis with probes for
chromosomes 8 and 12, as described previously.(24) Importantly,
the enhancement of cytokinesis caused by the inhibition of
BLNK significantly increased the number of aneuploid cells in
the HCT116-p21–/– and HCT116-p53+/+ cell lines (Fig. 5b,d).
Representative signals of diploidy and aneuploidy are shown in
Figure 5c. Interestingly, the frequency of aneuploid cells in the
HCT116-p53+/+-BLNKsi-1 cell line was similar to that in the
HCT116-p53–/– cell line (Fig. 5d). These results strongly suggest
that BLNK is involved in a p53-regulated DNA-damage
checkpoint via cytokinesis inhibition, that it plays a pivotal role
in the generation of mononucleate tetraploid cells in G1 phase,
and that impairment of BLNK function induces cytokinesis after
DNA damage, thereby leading to aneuploidy.

Potential role of BLNK as a cytokinesis inhibitor in pre-B-cell
leukemia. Finally, we evaluated the role of BLNK as a
cytokinesis inhibitor in human pre-B-cell leukemia cells. BLNK
was originally identified as a mediator of B-cell receptor
signaling,(13–15) and its inactivation is closely related to the
initiation of human and mouse pre-B-cell leukemia,(18–20) implying
that it is a tumor-suppressor gene for B cells. As shown in
Figure 6a, BLNK expression was severely impaired in HPB-null
pre-B leukemia cells, whereas high expression levels were
detected in REH and LAZ-221 pre-B leukemia cells. Interestingly,
an accumulation of endogenous BLNK in the REH cell line was
observed at the spindle midzone in late anaphase and at the
midbody in telophase, especially overlapping the signals of
Aurora-B at the midbody in late telophase (Supporting Fig. S2a).
BLNK signals were also detected at the midbody in cytokinesis,
and were colocalized between the two signals of Aurora-B
(Supporting Fig. S2b). In addition, binucleate cells (~10%) were
observed in the REH cell line, in which the BLNK signals
tended to accumulate in the region between the two nuclei
(Supporting Fig. 2a). Using these pre-B leukemia cell lines, we
examined the status of cell division reflecting cytokinesis under
various conditions, including floating or attached, and with or
without DNA damage. Compared with the REH and LAZ-221
cells, the number of HPB-null cells increased more rapidly
under all of the conditions tested, implying a higher frequency
of cell division (Fig. 6b). In addition, the REH and LAZ-221
cells underwent cell cycle arrest with 2 N and 4 N DNA
contents after DNA damage, whereas the NPB-null cells showed
continued cell division and had an aneuploid DNA content
(2–4 N; Fig. 6b). To validate this result, we carried out
fluorescence in situ hybridization analysis of these cell lines
with the same probes as indicated in Figure 5c. Representative
signals of diploidy and aneuploidy are shown in Supporting
Figure S3. As indicated in Figure 6c, we detected aneuploid cell
levels of approximately 14% (chromosome 8 or 12) or 23%
(both chromosome 8 and 12) after DNA damage in the HPB-
null cells; these levels were approximately four times higher
than those in two other cell lines expressing high levels of
BLNK. Taken together, these results suggest that BLNK plays
an important role in cytokinesis inhibition, in order to prevent
aneuploidy after DNA damage, even in B-cell lines.

Discussion

In the present paper, we demonstrated that BLNK functions as a
cytokinesis inhibitor generating tetraploidy in order to prevent
aneuploidy. Based on our findings and previous reports(12,24,25) it
appears likely that BLNK-induced tetraploidy plays a critical
role in blocking cytokinesis of cells with chromosome miss-
egregations, chromosome breakages, and DNA damage, thereby

preventing the occurrence of aneuploidy. We also demonstrated
that there are two major states of tetraploidy, binucleate and
mononucleate, in G1-arrested cells: the former is probably
generated from spontaneous chromosome missegregations,(24)

whereas the latter is likely to be a G1-arrest DNA-damage
checkpoint that is regulated by p53.(12,25) We consider the
primary role of BLNK in the generation of tetraploidy to be the
inhibition of cytokinesis (Figs 2,3; Supporting Fig. S2).
However, the BLNK-knockdown experiment suggested that
BLNK is also involved in keeping cells that have incurred DNA
damage in a state of mononucleate tetraploidy at the G1 phase of
the cell cycle (Fig. 4). If this is the case, what is the regulatory
mechanism for BLNK-induced mononucleate tetraploidy?
Mitosis, as well as cytokinesis, did not occur during the
movement of the mononucleate tetraploid cells from cell cycle
phase G2 to G1 after DNA damage. If BLNK regulates only
cytokinesis, how can the inhibition of BLNK promote mitosis?
We speculate that, in addition to the inhibition of cytokinesis,
BLNK might also regulate factors that trigger the start of
mitosis, which determines the timing of the cell entering M
phase. In fact, it is generally thought that M phase can be
completed through sequential coordination of mitosis and
cytokinesis, implying that the factor that regulates cytokinesis is
also involved in mitosis. Further careful investigation of this
process will be required to clarify the mechanism in detail.

A tetraploid-checkpoint hypothesis has been suggested to
explain the p53-regulated checkpoint system.(9–12,25) In this
model, p53 recognizes tetraploid cells as abnormalities, such
that cell cycle is arrested at G1 phase in a p53-dependent
manner, followed by senescence or cell death. However, in our
model, p53 induces tetraploidy through the activation of BLNK,
in order to prevent aneuploidy. Therefore, we consider p53-induced
tetraploidy, regardless of whether it is mononuleate or binucleate,
to be the ‘last bastion’ that blocks the generation of aneuploid
cells, rather than being an abnormal state (Fig. 6d). It is likely
that, in response to DNA damage, p53 stops the cell cycle at G1
phase via p21/WAF1, and blocks cytokinesis via BLNK, leading
to the G1 arrest of tetraploid cells (Fig. 6d). Consistent with
previous observations,(12,25) DNA damage-induced tetraploid
cells moved from cell cycle phase G2 to G1 without mitosis and
cytokinesis in our current study. Thus, we speculate that BLNK
might prevent accidental division of cells with DNA insult during
their movement from cell cycle phase G2 to G1. We propose that
p53-regulated tetraploid G1 arrest mediated by the cooperation
of p21/WAF1 and BLNK is an important safeguard system to
maintain genomic integrity (Fig. 6d).

Recently, Takahashi et al. reported that sustained activation of
reactive oxygen species–protein kinase C (ROS-PKC)σ signaling
blocks cytokinesis irreversibly.(26) This irreversible cytokinetic
block is likely to act as a second barrier to cellular immortalization,
ensuring stable cell cycle arrest in human senescent cells.(26)

Interestingly, we observed that human normal cell lines including
HMEC4 and HDK1 sustained high-level BLNK protein expression
at least until 7 days after DNA damage, when a senescence-like
cell cycle arrest was induced in more than 50% of the cells (M.
Futamura and H. Arakawa, unpublished data, 2008). Therefore,
the irreversible cytokinetic block in senescent cells may be
mediated by BLNK. It will be very interesting to further explore
the role of BLNK in this novel tumor-suppressive mechanism.

Accumulating evidence suggests that the molecules promoting
cytokinesis are strongly expressed in human cancers(27–30) and
that their activation or inactivation enhances cancer cell growth
or death, respectively.(27–29) Therefore, the molecules that are
involved in cytokinesis progression have potential for use as
molecular targets for cancer therapy.(31,32) We demonstrated that
BLNK was localized at the midzone and the midbody in late
anaphase, telophase, and cytokinesis (Supporting Fig. S2a), and
in the middle region of the two nuclei of binucleate cells, even
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Fig. 6. Potential role of B-cell linker protein (BLNK) as an inhibitor of cytokinesis in pre-B-cell leukemia. (a) BLNK expression in human pre-B-cell
leukemia. Three human pre-B-cell leukemia cell lines (HPB-null, REH, and LAZ-221) were irradiated at the indicated doses, and BLNK expression at
24 h after DNA damage was examined by western blot analysis. β-Actin was used as a loading control. (b) HPB-null cells lacking BLNK showed
enhanced cell division and impaired tetraploid cell cycle arrest. Three human pre-B-cell leukemia cells (HPB-null, REH, and LAZ-221) were irradiated
at 2.5 Gy, and the numbers of live cells were examined at the indicated times in the floating (gray bar) or attached (black bar) condition. The
numbers of live cells without γ-irradiation were also examined at the indicated times in the floating (white bar) or attached (striped bar) condition.
The DNA contents of each cell 24 h after DNA damage were determined by fluorescence activated cell sorting analysis. (c) Aneuploidy was
generated preferentially from HPB-null cells lacking BLNK after DNA damage. HPB-null, REH, and LAZ-221 cells were irradiated at 2.5 Gy, and 24 h
after treatment, the numbers of signals for chromosomes 8 and 12 in 300 independent cells were examined by fluorescence in situ hybridization
analysis. Signals of 0, 1, and 3 were judged to indicate aneuploidy. The experiments were repeated twice. Error bars ± SD (n = 2); *P < 0.01,
Student’s t-test. (d) Hypothetical model of BLNK-regulated cytokinesis.
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in interphase (Supporting Fig. S2a). In addition, the signal was
colocalized with Aurora-B in cytokinesis (Supporting Fig. S2b).
This result suggests a number of possible ways in which BLNK
might inhibit cytokinesis. At the midzone and the midbody,
Aurora-B interacts with and regulates several mediators that are
involved in cytokinesis promotion, including RhoA,(33) PRC1,(34)

MgcRacGAP,(35) and Plk.(36) All of these molecules are thought
to promote cytokinesis, and their dysfunction causes failure of
cytokinesis and multinucleate polyploidy in cells. BLNK probably
interacts with at least one of these molecules to prevent cytokinesis.

On the other hand, we actually observed that the enforced
expression of BLNK in U373MG cells strongly induced activa-
tion of RhoA, but not Rac1 and Cdc42 (K. Kabu and H.
Arakawa, unpublished data, 2008). RhoA activation is really
critical for cytokinesis progression.(21) However, at the late stage
of cell division, the downregulation of RhoA activity at the
midbody plays a crucial role in completion of cytokinesis
probably through MgcRacGAP activation by Aurora B.(21,35)

Thus, we speculate that BLNK may prevent this downregulation
of RhoA activity at the midbody, resulting in the failure of
cytokinesis and generation of tetraploid cells.

Although a number of cytokinesis promoters have been
reported thus far, a physiological inhibitor of cytokinesis has not
previously been identified. We believe that BLNK is the first

candidate for a physiological cytokinesis inhibitor. Our findings
thus shed light on the importance of the inhibition of cytokinesis
in the maintenance of genomic integrity. In addition, our findings
highlight the need for further investigations of the precise
mechanism of this physiological cytokinesis inhibition.
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Supporting information

Additional Supporting Information may be found in the online version of this article:

Fig. S1. Inhibition of B-cell linker protein (BLNK) expression by short interfering RNA in HCT116-p53+/+ and HCT116-p21–/– cells. (a) Downreg-
ulation of BLNK mRNA expression in (a) HCT116-p53+/+ and (b) HCT116-p21–/– cells. Various cells, including parental (P), GFPsi (G), BLNKsi-1
(si-1), BLNKsi-2 (si-2), and BLNKsi-3 (si-3), were treated with 1.0 μg/mL adriamycin, and the BLNK mRNA expression levels were examined by
real-time polymerase chain reaction 24 and 48 h after DNA damage. The expression levels are shown relative to the level (= 1) of (a) HCT116-p53+/+

and (b) HCT116-p21–/– parental cells without DNA damage.

Fig. S2. Localization of B-cell linker protein (BLNK) at the mid-zone and mid-body during late anaphase, telophase, and cytokinesis. BLNK and
Aurora B were colocalized at the mid-body in telophase. In REH cells, BLNK (green) and Aurora B (red) proteins were stained with anti-BLNK and
anti-Aurora B antibodies, respectively. DNA (blue) was stained with Topro 3.B, BLNK and Aurora B were localized at the midbody in cytokinesis.
BLNK (green) was localized at the center of the midbody between the two signals (red) of Aurora B in cytokinesis.

Fig. S3. Aneuploidy was preferentially generated from HPB-null cells lacking B-cell linker protein (BLNK) after DNA damage. Representative flu-
orescence in situ hybridization images are shown. The signals indicate the number of chromosomes 8 (green) and 12 (red): 1 = diploidy (chromosome
8, 2; chromosome 12, 2); 2 = aneuploidy (chromosome 8, 1; chromosome 12, 1); 3 = aneuploidy (chromosome 8, 2; chromosome 12, 0); 4 = aneuploidy
(chromosome 8, 1; chromosome 12, 2); 5 = aneuploidy (chromosome 8, 2; chromosome 12, 1); 6 = aneuploidy (arrow, chromosome 8, 3; chromosome
12, 2). The individual (8 or 12) and combined (8 and 12) are shown.
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