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Lamin B2 prevents chromosome instability by ensuring proper
mitotic chromosome segregation
T Kuga1,2,3, H Nie2, T Kazami2, M Satoh2, K Matsushita2, F Nomura2, K Maeshima4, Y Nakayama3 and T Tomonaga1,2

The majority of human cancer shows chromosomal instability (CIN). Although the precise mechanism remains largely uncertain,
proper progression of mitosis is crucial. B-type lamins were suggested to be components of the spindle matrix of mitotic cells and
to be involved in mitotic spindle assembly; thus, B-type lamins may contribute to the maintenance of chromosome integrity. Here,
using a proteomic approach, we identified lamin B2 as a novel protein involved in CIN. Lamin B2 expression decreased in colorectal
cancer cell lines exhibiting CIN, as compared with colorectal cancer cell lines exhibiting microsatellite instability (MIN), which is
mutually exclusive to CIN. Importantly, lamin B2 knockdown in MIN-type colorectal cancer cells induced CIN phenotypes such as
aneuploidy, chromosome mis-segregation and aberrant spindle assembly, whereas ectopic expression of lamin B2 in CIN-type
colorectal cancer cells prevented their CIN phenotypes. Additionally, immunohistochemical analysis showed a lower expression
of lamin B2 in cancer tissues extracted from patients with sporadic colorectal cancer (CIN-type) than that from patients with
hereditary non-polyposis colorectal cancer (HNPCC; MIN type). Intriguingly, mitotic lamin B2 in MIN cancer cells was localized
outside the spindle poles and mitotic lamin B2 localization was diminished in CIN cancer cells, suggesting an important role of
lamin B2 in proper mitotic spindle formation. The obtained results suggest that lamin B2 maintains chromosome integrity by
ensuring proper spindle assembly and that its downregulation causes CIN in colorectal cancer.
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INTRODUCTION
Cancer is widely accepted as a disease of genetic instability. This
instability exists as two distinct forms: chromosomal instability
(CIN), characterized by gains or losses of whole or large portions of
chromosomes, and microsatellite instability (MIN), characterized
by mutations at the nucleotide level.1–3 The fact that most cancers
have abnormal chromosomal content, called aneuploidy, indicates
that CIN has an important role in carcinogenesis.4

CIN has been recognized to occur as a result of chromosome
mis-segregation, which is caused by defects in mitotic functions,
such as chromosome condensation, sister-chromatid cohesion,
kinetochore structure, centrosome formation and microtubule
dynamics, as well as the mitotic checkpoint that monitors the
proper progression of mitosis.4 Several proteins involved in mitotic
processes have been shown to have mutated or altered
expression levels in cancer.5–8 Moreover, we previously showed
that core kinetochore proteins, CENP-A and CENP-H, are
overexpressed in colorectal cancer and involved in CIN,9–11

suggesting that nuclear proteins are also responsible for
chromosome integrity.

Nuclear lamins were initially identified as the major compo-
nents of the nuclear lamina, a proteinaceous layer found at the
interface between chromatin and inner nuclear membrane.12

Although the early view of lamins was as a static nuclear skeleton,
recent observations suggest that lamins have far more active roles

throughout the cell cycle, such as DNA replication, transcription
and several mitotic events.13–23 Lamins are grouped as A type
(lamins A and C) or B type (lamins B1 and B2) on the basis of their
biochemical properties and behavior during mitosis.24 B-type
lamins are expressed in all somatic cell types, whereas A-type
lamins are expressed primarily in differentiated cells.24

During mitosis, B-type lamin has been observed to associate
with the mitotic spindle25,26 and shown to have an important role
in mitotic spindle formation.14,21 Both depletion and a dominant-
negative mutant of lamin B proteins disrupted spindle assembly in
mitosis.21 In C. elegans, downregulation of lamin expression
induced gross mitotic defects, such as anaphase chromosome
‘bridges’ and unequal distribution of chromatin to daughter
cells.13 These observations suggest that B-type lamins have an
important role in proper chromosome segregation.

In this study, we searched for CIN-related proteins using a
proteomic approach and showed the important role of lamin B2 in
CIN by manipulating its expression levels in CIN and MIN
colorectal cancer cell lines. Moreover, we observed a decreased
expression of lamin B2 in human sporadic colorectal cancer tissues
(CIN type) as compared with hereditary non-polyposis
colorectal cancer tissues (HNPCC, MIN type). Additionally, by
dissecting mitotic localization of lamin B2, we suggested a novel
mechanism of how lamin B2 maintains mitotic spindle assembly
to prevent CIN.
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RESULTS
Proteomic analysis of colorectal cancer cell lines reveals that lamin
B2 is downregulated in CIN cell lines
To search for the factors involved in CIN, we compared protein
expression profiles of CIN and MIN colorectal cancer cell lines by a
proteomic approach. Both types of cell lines have previously been
well studied;1,27 thus, we used HT29, SW480, SW837 and Caco-2 as
CIN cell lines and HCT116, RKO, DLD1 and SW48 as MIN cell lines.
Nuclear proteins were extracted from each cell line. Pooled nuclear
extracts of CIN cell lines were labeled with Cy5 dyes, whereas those
of MIN cell lines were labeled with Cy3 dyes. The labeled proteins
were mixed and separated in the same agarose two-dimensional
electrophoresis gel (Figure 1a). Proteins that increased or decreased
in CIN nuclear extracts (displayed as red or green spots,
respectively) were identified by tandem mass spectrometry and
their expression levels were validated by western blotting.

One of the clearest differences in expression between CIN and
MIN nuclear extracts was that of lamin B2, which significantly
decreased in all tested CIN cell lines as compared with MIN cell
lines (Figures 1a, arrow and b). In contrast, lamin B1 did not show a
clear difference between CIN and MIN cell lines, and the
expression of lamin A/C varied between individual cell lines
(Figure 1b). Immunofluorescence for lamin B2 further confirmed
the decreased level of lamin B2 in CIN cell lines. Although strong
lamin B2 staining was detected at the nuclear envelope in several
MIN cell lines, the staining was very slight in CIN cell lines
(Figure 1c). Thus, these results indicate that the expression of
lamin B2 is specifically suppressed in CIN cell lines.

Repression of lamin B2 in MIN cancer cells causes aneuploidy
To examine whether the decreased expression of lamin B2 was
involved in CIN, MIN-type HCT116 cells were transfected with
lamin B2-siRNA and analyzed for alterations in the chromosome
number by fluorescent in situ hybridization (FISH) analysis using
several centromere probes (CEPs). Depletion of lamin B2 was
checked by western blotting (Figure 2a, lanes 1 and 2) and reverse
transcription (RT)–PCR (Supplementary Figure S1). Figure 2b
shows that lamin B2 knockdown increased the number of
aneuploid cells (arrows). As assessed by counting the number of
centromere signals for chromosomes 7, 8, 12 and 15 in at least 200
nuclei, the frequency of aneuploid cells increased 2.2–4.4 times in
lamin B2-siRNA-treated cells as compared with control cells
(Figure 2c). Similar results were obtained using another lamin
B2-siRNA targeting a different region of lamin B2 mRNA
(Supplementary Figure S2).

To exclude the possibility that the aneuploidy observed above
was due to the off-target effect of lamin B2-siRNA, HCT116 cells
were co-transfected with lamin B2-siRNA and lamin B2-GFP
plasmid, which would replace the expression and function of
endogenous lamin B2. The expression level of lamin B2-GFP was
comparable to that of endogenous lamin B2 (Figure 2a). The
number of aneuploid cells was then evaluated. By transfection
with lamin B2-GFP, the frequency of aneuploidy was markedly
decreased as compared with that in cells treated with lamin B2-
siRNA alone, and it was almost comparable to that of control-
siRNA-treated cells (Figure 2c). These results indicate that the
suppression of lamin B2 causes aneuploidy.

To examine the effect of lamin B2 stable knockdown on the
proliferation and CIN of cancer cells, we attempted to generate
HCT116 MIN cell lines stably depleted of lamin B2 using four
plasmids encoding different lamin B2-shRNA. We could obtain
only one clone exhibiting B60–70% depletion of lamin B2
(Supplementary Figure S3a). This clone showed neither increased
frequency of aneuploidy (Supplementary Figure S3b) nor alteration
in cell proliferation (data not shown). These results suggest that this
incomplete depletion of lamin B2 may not be satisfactory to cause
CIN, and that a certain level of lamin B2 is sufficient to maintain

chromosome integrity. Because MIN cell lines maintain the
checkpoint system against aneuploidy,28 HCT116 cells depleted of
lamin B2 at sufficient levels to cause CIN might be lost by cell death
or cell-cycle arrest during the clonal selection. Further study using
other approaches is also needed to understand the effects of CIN
caused by lamin B2 depletion on cancer survival.

Repression of lamin B2 in MIN cancer cells causes mitotic delay
and chromosome mis-segregation
To further examine whether the aneuploidy observed by the
depletion of lamin B2 occurred as the result of chromosome mis-
segregation, HCT116 cells expressing histone H2B-GFP were
treated with lamin B2-siRNA and live-cell imaging of the mitosis
was carried out. The duration of mitosis in lamin B2-siRNA-
treated cells was significantly longer than in control cells.
Compared with control cells that took 12.5±5.6 min from
congression to separation of sister chromatids, lamin B2-siRNA-
treated cells took more than two times longer (28.9±18.2 min;
Student’s t-test; P¼ 2� 10� 12) to complete metaphase
(Figure 2d; Supplementary Figure S4; Supplementary Videos 1
and 2). Moreover, lamin B2-depleted cells often showed signs of
chromosome mis-segregation, such as chromosome bridges and
lagging chromosomes (Figure 2d, arrowheads). These results
strongly suggest that lamin B2 is involved in proper chromosome
segregation.

Repression of lamin B2 in MIN cancer cells compromises mitotic
spindle formation
What is the mechanism of the aberrant mitosis induced by
suppression of lamin B2 expression? Recent reports showed that
B-type lamins are required for spindle assembly;14,21 thus, to test
the hypothesis that suppression of lamin B2 in MIN cancer cells
induces abnormal spindle assembly, two MIN cell lines, HCT116
and RKO, were transfected with lamin B2-siRNA and examined by
immunofluorescence with antibodies against a- and b-tubulin,
components of the mitotic spindle. For accumulation of mitotic
cells, 48 h after transfection, cells were synchronized with
thymidine for 16 h and then cultured in fresh medium for
10–12 h. Depletion of lamin B2 caused a spindle defect
or poor spindle morphology with a lack of chromosome
congression, whereas control cells showed clear mitotic spindles
(Figures 3a and b). Suppression of lamin B2 in HCT116 cells caused
an increase in the spindle defect to 40.6% as compared with
16.0% of control cells (n¼ 50–100 mitotic cells). These results
suggest that depletion of lamin B2 induces mitotic defects, mainly
due to aberrant spindle assembly.

Ectopic expression of lamin B2 in CIN cancer cells prevents
chromosome mis-segregation and severe aneuploidy
We next examined whether the induction of lamin B2 expression
in CIN cancer cells could rescue the mitotic defects characteristic
of CIN. CIN-type WiDr cells expressing histone H2B-GFP were
transfected with lamin B2-mCherry and live-cell imaging of mitosis
was carried out. Expression of lamin B2-mCherry was confirmed by
western blotting (Figure 4a) and fluorescence microscopy
(Figure 4b). Cells transfected with the control plasmid encoding
mCherry alone exhibited chromosome bridges or lagging
chromosomes in anaphase at high frequency (38.1%) (Figure 4b;
Supplementary Video 3). In addition, these cells showed severe
mitotic delay, 166±125 min from nuclear envelope breakdown to
anaphase onset (Figure 4c). Strikingly, ectopic expression of lamin
B2-mCherry not only decreased the frequency of anaphase
chromosome mis-segregation (24.4%) but significantly improved
mitotic delay (75±24 min) (Figures 4b and c; Supplementary
Video 4). These results suggest that lamin B2 re-expression
promotes accurate chromosome congression and prevents
chromosome mis-segregation.
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Figure 1. Proteomic analysis of colorectal cancer cell lines revealed that lamin B2 is downregulated in CIN cell lines. (a) Proteomic analysis of
CIN and MIN cell lines using agarose 2D-DIGE. Nuclear extracts prepared from the cell lines were labeled with Cy3 (MIN) and Cy5 (CIN), and
separated with two-dimensional electrophoresis. Increased and decreased protein spots in CIN nuclei are displayed as red (Cy5) and green
(Cy3), respectively. Yellow arrow shows the protein spot corresponding to lamin B2. (b) Western blot analysis of nuclear extracts (10 mg) from
CIN and MIN cell lines using antibodies to lamin B2, B1 and lamin A/C. (c) Immunostaining of CIN and MIN cell lines using anti-lamin B2
antibody and DAPI for DNA. Images show interphase cells. Scale bars, 10 mm.
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We next examined aneuploidy in lamin B2-overexpressed CIN
cells. WiDr cells were transfected with lamin B2-GFP or GFP alone
(control) and, 7 days after transfection, analyzed by FISH with
CEP12 and 15. A large fraction of control cells exhibited three
copies of CEP12 and 15 signals, whereas 9.5±1.5% and
14.5±2.5% of control cells exhibited X4 copies of CEP12 and
15 signals, respectively (Figures 4d and e). Strikingly, ectopic

expression of lamin B2-GFP decreased the number of severely
aneuploid cells exhibiting X4 copies of CEP12 (6.0±4.7%) and
CEP15 (4.6±1.5%) signals, while the number of cells exhibiting
3 copies of these CEP signals increased (Figures 4d and e). Given
that intercellular heterogeneity in the chromosome copy number
is a typical feature of CIN cancer cells,1,28 these results suggest that
lamin B2 overexpression improves chromosome integrity.

Figure 2. Repression of lamin B2 induces mitotic defects and aneuploidy. (a) Lamin B2-siRNA alone or together with lamin B2-GFP expression
plasmid was transfected into MIN-type HCT116 cells and, 48 h later, the expressions of lamin B2 and lamin B2-GFP were checked by western
blotting. Lane 1, control-siRNA; lane 2, lamin B2-siRNA alone; lane 3, lamin B2-siRNAþ lamin B2-GFP expression plasmid. (b) FISH analysis using
centromere probes (CEP7, 8 and 12) was performed 48 h after transfection with lamin B2-siRNA in HCT116 cells. White arrows indicate
aneuploid cells. (c) Frequency of aneuploid cells in HCT116 cells transfected with either lamin B2-siRNA alone or together with lamin B2-GFP
expression plasmid. Centromere singles (CEP7, 8, 12 and 15) were counted in at least 200 cells. (d) HCT116 cells stably expressing histone H2B-
GFP were treated with control or lamin B2-siRNA for 24 h. Time-lapse images of the cells were taken at 3- to 5-min intervals. Images shown are
representative of control or lamin B2-siRNA-treated cells from prophase to anaphase. Control cells took 12.5±5.6min (n¼ 81) from
congression to separation of sister chromatids, whereas lamin B2-siRNA-treated cells took 28.9±18.2min (n¼ 84). Arrowheads indicate a
chromosomal bridge. Scale bars, 10 mm.
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Ectopic expression of lamin B2 in CIN cancer cells prevents
aberrant mitotic spindle formation
We further examined mitotic spindle formation in CIN cancer cells
with overexpression of lamin B2. To monitor mitotic spindle formation,
we generated WiDr cells stably expressing mCherry-a-tubulin.

The cells were transfected with lamin B2-GFP or GFP (control)
and live-cell imaging of mitosis was carried out. Control cells
showed poor spindle morphology at high frequency (38.0%)
during chromosome segregation (Figure 5; Supplementary
Video 5), suggesting that mitotic spindle formation is disturbed

Figure 3. Repression of lamin B2 abrogates mitotic spindle formation. MIN cell lines, HCT116 and RKO, were transfected with control- or lamin
B2-siRNA. Forty-eight hours after transfection, the cells were synchronized with thymidine for 16 h and then released into fresh medium. Cells
that entered mitosis were analyzed by immunostaining using anti-b-tubulin (a) and a-tubulin (b) antibodies in HCT116 (a) and RKO (b) cells,
respectively. DNA was marked by DAPI. Scale bars, 10 mm.
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Figure 4. Ectopic expression of lamin B2 in CIN cancer cells prevents mitotic defects. (a–c) WiDr cells stably expressing histone H2B-GFP were
transfected with lamin B2-mCherry or mCherry (control) expression plasmid, and expression of lamin B2-mCherry (Mr, 96 kDa) was examined
by western blotting with anti-lamin B2 and anti-DsRed antibodies (a). Anti-DsRed antibody can detect mCherry. Living cells expressing lamin
B2-mCherry or mCherry were monitored by confocal microscopy. Representative images of living cells are shown (b). Elapsed times from
nuclear envelope breakdown (NEB) are indicated at the bottom of mitotic images (b). Dotted arrow indicates chromosome mis-segregation in
anaphase. Scale bars, 10 mm. Percentages of cells exhibiting chromosome mis-segregation during anaphase (mCherry, n¼ 42; lamin B2-
mCherry, n¼ 41) are indicated below mitotic images (b). (c) Plot represents the value of the time from NEB to anaphase onset in each cell, and
the means±s.d. are shown (mCherry, n¼ 28; lamin B2-mCherry, n¼ 13). Asterisk indicates a significant difference from the control, calculated
by Student’s t-test (*Po0.05). (d, e) CIN-type WiDr cells were transfected with lamin B2-GFP or GFP (control) expression plasmid. Seven days
after transfection, cells were analyzed by immunofluorescence with anti-GFP antibody and FISH with CEP12 (d) or CEP15 (e). DNA was marked
by DAPI. Projections of z-stack images at 1-mm intervals are shown. Arrowheads and arrows indicate cells exhibiting 3 and X4 copies of CEP
signals, respectively. Scale bars, 10 mm. Bar diagrams show percentages of cells exhibiting indicated copies of CEP12 (d) or CEP15 (e) signals.
Data are the mean±s.d. of four (d) or three (e) independent experiments (n4100 cells for each experiment). The percentage of cells
exhibiting X4 copies of CEP12 (d) or CEP15 (e) signals significantly decreased upon lamin B2 ectopic expression (Student’s t-test).
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in WiDr cells. In lamin B2-GFP-expressing cells, the frequency
of poor spindle morphology was reduced (24.1%) (Figure 5;
Supplementary Video 6). These results suggest that lamin
B2 overexpression improves the accuracy of chromosome
segregation by preventing aberrant mitotic spindle formation.

Mitotic lamin B2 localization outside the spindle poles disappears
in CIN cancer cells
Previous reports suggested that B-type lamins are structural
components of the mitotic spindle matrix required to promote
spindle assembly.21 To visualize mitotic lamin B2 in CIN and MIN
cell lines, we performed immunofluorescence with anti-lamin B2
antibody. Although HCT116 and DLD1 MIN lines exhibited
intensive staining for mitotic lamin B2 around the spindle poles,
SW837 and HT29 CIN lines showed no or very weak staining for
mitotic lamin B2 (Figure 6a). These results suggest that CIN cancer
cells largely lose the mitotic function of lamin B2.

Unexpectedly, lamin B2 in MIN colorectal cancer cell lines was
distributed mainly outside the spindle poles (Figure 6a, magnified
images), although the previous report showed co-localization of
lamin B2 with kinetochore microtubules in mitotic HeLa cells.21

Staining of mitotic lamin B2 in HCT116 MIN cells was detected
using both rabbit (Figure 6a) and mouse (Figure 6b) anti-lamin B2
antibodies and disappeared upon treatment with lamin B2-siRNA
(Figure 6b), confirming the specificity of mitotic lamin B2 staining.
Lamin B1 was also localized outside spindle poles, but more
broadly than lamin B2. Lamin A/C showed uniform staining
throughout the cytoplasm (Figures 6c and d). The specificity of
lamins B1 and A/C staining was also confirmed by their knock-
down (Figures 6c and d). The mitotic lamin B3 matrix formed in
Xenopus egg extracts contained spindle assembly factors,
including Eg521; however, in HCT116 cells, a large fraction of
lamin B2 was not co-localized with Eg5 (Figure 6e). Taken
together, these results suggest that the disappearance of mitotic
lamin B2 outside the spindle poles is involved in aberrant spindle
assembly and chromosome mis-segregation.

SUN1 is a protein associated with mitotic lamin B2
To further understand the role of lamin B2 in spindle formation, we
identified proteins associated with lamin B2 in mitosis. Immuno-
precipitates using anti-lamin B2, B1 or A/C antibody were prepared
from mitotic HCT116 MIN cells and analyzed by LC-MS/MS. By
comparing proteins identified from lamin B2 immunoprecipitates
with those of lamin B1 and A/C immunoprecipitates, SUN1, an inner
nuclear membrane protein,29,30 was determined as a mitotic lamin
B2-associated protein (Supplementary Table S1). In mitotic HCT116
cells, SUN1 was colocalized with lamin B2 and SUN1 staining was
attenuated upon knockdown of SUN1 (Figure 6f), indicating that
SUN1 is associated with mitotic lamin B2 outside the spindle poles.
Since lamins and SUN1 were reported to be involved in stabilizing
the position of the nucleus in the cell,31,32 these results suggest that
lamin B2 and SUN1 may contribute to mitotic spindle formation by
physically supporting the spindle poles.

Sporadic colorectal cancer tissues (CIN) show decreased lamin B2
expression
The majority of human sporadic colorectal cancer exhibits CIN,
whereas HNPCC exhibits MIN.33 We therefore compared the lamin
B2 expression in sporadic colorectal cancer tissues with that in
HNPCC tissues. HNPCC patients were diagnosed based on
Amsterdam criteria II, and paraffin-embedded tissues from
sporadic colorectal cancers and HNPCCs were analyzed by
immunohistochemistry with anti-lamin B2 antibody. The staining
intensity of lamin B2 is objectively quantified using the TissueFAXS
system and the corresponding HistoQuest software (TissueGnostics,
Vienna, Austria). Sporadic colorectal cancer tissues showed lower
levels of lamin B2 staining than HNPCC (Figures 7a and b; Table 1;
Supplementary Figure S5), which supports the idea that repression
of lamin B2 is involved in CIN. Interestingly, these data also showed
that the mean intensity of lamin B2 expression in HNPCC (MIN) was
1.3±0.4-hold higher than that in adjacent non-tumor tissues
(Student’s paired t-test, P¼ 0.055). These results suggest not only
that a decrease in lamin B2 expression is involved in the induction

Figure 5. Ectopic expression of lamin B2 in CIN cancer cells prevents aberrant mitotic spindle formation. WiDr cells stably expressing mCherry-
a-tubulin were transfected with lamin B2-GFP or GFP (control) expression plasmid. Living cells expressing lamin B2-GFP or GFP were
monitored by confocal microscopy. Images shown are representative cells (arrows). Scale bars, 10 mm. Elapsed times during chromosome
segregation are indicated at the top of mitotic images. Percentages of cells exhibiting aberrant spindle formation during mitosis (GFP, n¼ 29;
lamin B2-GFP, n¼ 29) are indicated below mitotic images.
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Figure 6. Disappearance of immunostaining for mitotic lamin B2 in CIN cell lines. (a) CIN (SW837 and HT29) and MIN (HCT116 and DLD1) cell
lines were stained with anti-lamin B2 (red) and anti-a-tubulin (green) antibodies. Images show mitotic cells. (b–d, f ) HCT116 cells were treated
with siRNA targeting lamin B2 (b), B1(c) or A/C (d) or SUN1 (f ) and stained with the indicated antibodies. (e) HCT116 cells were stained with
anti-lamin B2 and anti-Eg5 antibodies. DNA was stained with DAPI (blue). Scale bars, 10 mm. The areas indicated by arrows are shown at high
magnification.
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of CIN in human colorectal cancer but also that its enhanced
expression might be required for MIN cancer to prevent CIN.

DISCUSSION
In this study, we provided the first evidence that downregulation
of lamin B2 is involved in chromosome instability and that
restoration of the lamin B2 level is able to prevent mitotic
defects. Importantly, low levels of lamin B2 expression were

observed not only in CIN colorectal cancer cell lines but also in
sporadic colorectal cancer tissues (CIN). Furthermore, we
determined a novel mitotic localization of lamin B2 outside the
spindle poles. Our data suggest that lamin B2 has a critical role in
preventing CIN in colorectal cancer by maintaining spindle pole
stability and consequent spindle assembly.

The major cause of CIN is believed to be chromosome mis-
segregation. Proper formation of bipolar spindles is crucial for
accurate segregation of chromosomes.4 Recent studies suggested

Figure 7. Immunohistochemical analysis of lamin B2 in sporadic colorectal cancer and HNPCC. Paraffin-embedded tissue sections of sporadic
colorectal cancer (CIN) and HNPCC (MIN) were stained with rabbit polyclonal anti-lamin B2 antibody. Using the TissueFAXS system and
HistoQuest software, images of cancer cells and adjacent normal epithelial cells in each tissue section were obtained, and the intensity of
lamin B2 staining in these cells was quantitated. (a) Representative images at low and high magnification of the dotted square regions are
shown. Bars, 100 mm. (b) Plot represents the value of the relative intensity of lamin B2 staining in cancer cells in each tissue section compared
with the intensity in adjacent normal epithelial cells in the same tissue section, and the means±s.d. are shown (sporadic colorectal cancer,
n¼ 8; HNPCC, n¼ 8). The P-value was calculated by Student’s t-test.
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that B-type lamins associate with the mitotic spindle25,26 and have
an active role in mitotic progression by promoting the formation
of a spindle matrix.14,21 Furthermore, downregulation of lamin
expression in C. elegans induced chromosome mis-segregation.13

Intriguingly, in CIN colorectal cancer cell lines, lamin B2, but not
lamins B1 and A/C, was specifically downregulated (Figure 1).
Knockdown experiments of MIN colorectal cancer cells showed
that decreased expression of lamin B2 is sufficient to cause
aberrant spindle formation, chromosome mis-segregation and
aneuploidy (Figures 2 and 3). These results suggest that lamin B2
is a cause of CIN in colorectal cancer.

Mitotic lamin B2 in MIN colorectal cancer cell lines was detected
outside spindle poles (Figure 6a), although the previous report
suggested that B-type lamins were co-localized with kinetochore
microtubules in HeLa cells.21 Mitotic lamin B2 staining outside the
spindle poles was carefully confirmed using two different anti-
lamin B2 antibodies and lamin B2 knockdown. The discrepancy
might be explained by differences in cell lines or techniques of
immunofluorescence.

This study further showed the co-localization of mitotic lamin
B2 with an inner nuclear membrane protein SUN1 outside the
spindle poles (Figure 6f). SUN1 is known to interact with outer
nuclear membrane protein nesprins.29,34 SUN1 and nesprins bind
to lamins and cytoskeletal components, respectively, resulting in
nuclear-cytoplasmic connection in interphase cells.32 In addition,
SUN1 was reported to mediate attachment of the nucleus to the
centrosome in C. elegans.31 These results indicate that the lamin–
SUN1–nesprin complex stabilizes the position of the nucleus in a
cell. Intriguingly, nesprin-2 and nesprin-3 were also identified by
LC-MS/MS from lamin B2 immunoprecipitates prepared from
mitotic HCT116 cells (Supplementary Table S1), suggesting that
mitotic lamin B2 makes a complex with SUN1 and nesprins
outside the spindle poles. Although the effect of the non-mitotic
function of lamin B2 in mitotic processes is unknown, these results
imply that the lamin B2 mitotic structure contributes to
stabilization of the spindle poles and mitotic spindles.

As CIN is involved in tumorigenesis and tumor progression,
prevention of CIN might be an approach for cancer therapy. A
number of reports have shown that aberrant expression of mitotic
proteins induces chromosome mis-segregation and causes CIN;

however, it is unknown whether most of these proteins actively
prevent mitotic defects. Recently, two microtubule-depolymeriz-
ing kinesins, Kif2b and MCAK, have been shown to actively
prevent chromosome mis-segregation in CIN cancer cell lines.35

Ectopic expression of these kinesins corrects improper
microtubule attachment to kinetochores, leading to protection
from chromosome mis-segregation. Our data showed that ectopic
expression of lamin B2 in CIN cancer cells rescues aneuploidy and
mitotic defects such as chromosome mis-segregation, mitotic
delay and aberrant spindle formation (Figures 4 and 5), suggesting
that forced expression of lamin B2 seems to promote the
correction of chromosome segregation. Given that lamin B2
expression levels are enhanced in HNPCC MIN-type cancer as
compared with not only CIN-type cancer but also non-tumor
epithelium (Figure 7), enhanced lamin B2 expression in MIN
cancer cells might be actively preventing CIN.

Our results may contribute to develop a novel strategy for
cancer therapy that specifically targets aneuploid cancer cells. A
recent report showed that proliferation of aneuploid, but not
euploid, cancer cells is inhibited by AICAR, 17-AAG, chloroquine or
their combination.36 On the other hand, recent meta-analysis
identified that MIN tumor patients do not benefit from
fluorouracil-based adjuvant chemotherapy.37 In this respect,
determination of the state of chromosome stability of cancer
may support a strategy for cancer therapy. Further study is needed
to evaluate whether CIN-causative protein lamin B2 is a useful
marker for planning a cancer therapy strategy as well as whether
ectopic expression of lamin B2 is useful for CIN-preventing
therapy.

MATERIALS AND METHODS
Cell culture and cell-cycle synchronization
Caco-2, HCT116, SW48, WiDr and RKO colorectal cancer cell lines were
purchased from ATCC (Manassas, VA, USA). HT29 and SW480 cell lines and
DLD1 and SW837 cell lines were kindly provided by Dr Takenaga and
Dr Tagawa (Chiba Cancer Center Research Institute, Chiba, Japan),
respectively. Cells were grown at 37 1C in 5% CO2 in IMDM or RPMI-1640
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum
(Invitrogen) and 1% penicillin-streptomycin (Invitrogen). To accumulate
mitotic cells, cells were pre-synchronized at the G1/S phase upon
treatment with 2 mM thymidine for 16 h and then released into fresh
medium for 10–12 h.

Plasmid DNA, siRNA and antibodies
To generate lamin B2-GFP and lamin B2-mCherry plasmids, cDNA
encoding human lamin B2 was amplified from HeLa cells by PCR using
the forward primer 50-TAAAGCTTATATGGCCACGCCGCTGCCC-30 and the
reverse primer 50-ATAGGTACCCACATCACGTAGCAGCCTCTT-30 , and was
cloned into pEGFP-N1 or pmCherry-N1 vector plasmids (Clontech, Palo
Alto, CA, USA). To generate the mCherry-a-tubulin plasmid, full-length
human a-tubulin cDNA was amplified from HeLa cells by PCR using the
forward primer 50-GCAAAGATCTATGCGTGAGTGCATCTCCATCC-30 and the
reverse primer 50-GCGGGGATCCTTAGTATTCCTCTCCTTCTTC-30 , and was
cloned into the pmCherry-C1 vector plasmid (Clontech). The histone H2B-
GFP plasmid38 was kindly provided by Dr Kimura (Kyoto University, Kyoto,
Japan). Plasmids encoding lamin B2-shRNA (TRCN0000255440,
TRCN0000255441, TRCN0000255443 and TRCN0000255444) or non-target
control shRNA (SHC216) were purchased from Sigma-Aldrich (St Louis, MO,
USA). Lamin B2-siRNA duplex (TCGGCAATAGCTCACCGTTTA) was
purchased from Qiagen (Hilden, Germany) and Invitrogen (LMNB2-
HSS189214). siRNA duplexes targeting lamins A/C (LMNA-HSS106094)
and B1 (LMNB1-HSS106096) were purchased from Invitrogen. siRNA
targeting SUN1 (Hs_UNC84A_2809) was purchased from Sigma-Aldrich.
Control siRNAs were purchased from Qiagen (Firefly luciferase GL2-siRNA)
and Invitrogen (Medium GC Duplex#2). Antibodies to the following
proteins were purchased: mouse (LN43; Abcam, Cambridge, UK) and rabbit
(Proteintech Group, Chicago, IL, USA) anti-lamin B2, goat anti-lamin B1
(sc-6216; Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-lamin
A/C (636; Santa Cruz Biotechnology), mouse (DM1A; Sigma-Aldrich) and rat
(YOL1/34; Santa Cruz Biotechnology) anti-a-tubulin, mouse anti-b-tubulin

Table 1. Clinical features of patients with colorectal cancer

Cancer
type

Age Sex Locationa Histological
stage

Lamin B2
levela

1 HNPCC 49 Male R 3 1.4***
2 HNPCC 44 Male S 4 1.0
3 HNPCC 46 Male R 1 1.5***
4 HNPCC 44 Male T 3 2.0***, 1.0b

5 HNPCC 57 Female A 3 1.3***
6 HNPCC 48 Female R 3 1.0
7 HNPCC 61 Female A 2 0.8***
8 Sporadic 67 Male T 3 0.9*
9 Sporadic 82 Male A 2 1.2*
10 Sporadic 56 Female A 3 1.0
11 Sporadic 67 Female C 3 0.5***
12 Sporadic 41 Female A 4 0.9
13 Sporadic 60 Male S 3 1.1
14 Sporadic 67 Male D,S 4 1.0
15 Sporadic 82 Male D 2 1.0

Abbreviations: A, ascending colon; C, cecum; D, descending colon; R,
rectum; S, sigmoid colon; T, traverse colon. Asterisks indicate significant
differences between cancer and normal epithelial cells, calculated by
Student’s t-test (*Po0.05; ***Po0.001). aLevels of lamin B2 expression in
cancer cells are relative to the adjacent normal epithelial cells (see
Supplementary Figure S5). bTwo distinct tissues from the same patient
were examined for lamin B2 expression.
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(TUB2.1; Sigma-Aldrich), mouse anti-GFP (Roche, Basel, Switzerland), rabbit
anti-DsRed (Clontech), rabbit anti-KIF11 (Eg5) (HPA010568; Sigma-Aldrich),
rabbit anti-SUN1 (sc-135077; Santa Cruz Biotechnology), and goat anti-
actin (C-11; Santa Cruz Biotechnology) antibodies. Alexa Fluor 488 goat
anti-mouse IgG and Alexa Fluor 594 goat anti-mouse IgG antibodies were
purchased from Molecular Probes (Eugene, OR, USA). HRP-conjugated
anti-mouse IgG (Dako, Glostrup, Denmark), anti-rabbit IgG (GE Healthcare,
Little Chalfont, UK) and anti-goat IgG (MP Biomedicals, Santa Ana, CA, USA)
antibodies were used.

Protein extraction and western blotting
Nuclear extracts were obtained from B1� 108 cells. Cells were
resuspended in 5 ml cold buffer (20 mM HEPES-KOH (pH 7.4), 20 mM KCl,
1 mM DTT, 0.1% NP-40, and Complete protease inhibitor cocktail; Roche)
and allowed to swell on ice for 15 min. Then, cells were homogenized with
a Dounce homogenizer or vigorously vortexed for 15 s 2 times and
centrifuged for 5 min at 1000 r.p.m. After pellets were washed twice with
the same cold buffer, they were solubilized in lysis buffer (7 M urea, 2 M

thiourea, 4% w/v CHAPS, 30 mM Tris–HCl (pH 8.5) and Complete) by
passing through 26-gauge needles and were then ultracentrifuged for 1 h
at 100 000 g. For extraction of whole-cell proteins, cells were directly lysed
in SDS–PAGE sample buffer. Western blotting was performed using the
enhanced chemiluminescence (ECL) detection system (GE Healthcare), as
described previously.22,39

RT–PCR
Extraction of total RNA and cDNA synthesis were performed as described
previously.40 The expression levels of lamin B2 mRNA were examined by
PCR using the forward primer 50-TCCGCACCGTCCTGGTTA-30 and the
reverse primer 50-CCTGTTGGTGGAAAAGATCCTC-30 . The primer pair for
GAPDH (RPP-401) was purchased from TOYOBO (Osaka, Japan).

Agarose 2D-DIGE and protein identification
Agarose 2D-DIGE was performed as described previously.41 Pooled nuclear
extracts (50mg) of CIN cell lines (HT29, SW480, SW837 and Caco-2) and MIN
cell lines (HCT116, RKO, DLD1 and SW48) were labeled with 400 pmol of
Cy5 and Cy3, respectively. Internal standard, created by pooling aliquots of
all the samples, was labeled with Cy2. The mixed labeled extract (50mg
each) was applied to agarose 2D-DIGE. In-gel tryptic digestion of proteins
and identification by mass spectrometry were performed as described
previously.41,42

Immunoprecipitation-LC-MS/MS
To collect mitotic HCT116 cells, cells were treated with 10mM RO-3306
(Enzo Life Sciences, Farmingdale, NY, USA) for 19 h to arrest the cell cycle at
G2 phase and then cultured in fresh medium without the drug for further
45 min. To prepare cell lysates used for immunoprecipitation (IP lysates),
cells were suspended in phosphate-buffered saline containing 1% NP-40,
Complete, and phosphatase inhibitor cocktail PhosSTOP (Roche), and then
homogenized by sonication. After centrifugation at 100 000 g for 30 min,
the supernatant was collected. Immunoprecipitation was performed using
anti-lamin B2 (LN43), A/C, or B1 antibody crosslinked to Protein G
Dynabeads (Invitrogen) using dimethyl pimelimidate. IP lysates were
reacted with antibody-coated Dynabeads for 1 h at 4 1C, and the absorbed
proteins were eluted with SDS–PAGE sample buffer free of reducing
agents. After reduction with b-mercaptoethanol, immunoprecipitates were
resolved by SDS–PAGE and the gel lane was divided into several pieces,
and in-gel tryptic digestion of proteins was performed as described
previously.43 The digested peptides were analyzed by LTQ-Orbitrap XL.44

Protein identification was performed using the MASCOT search engine v2.4
(the UniProtKB/Swiss-Prot database 2012_6). Database search parameters
were the charge of the precursor ion, 2þ and 3þ ; peptide mass
tolerance, 3 p.p.m.; fragment tolerance, 0.6 Da; allowing up to one missed
cleavage; fixed modification, carbamidomethylation of cysteine; variable
modification, oxidation of methionine. Proteins were identified based on at
least two unique peptides. The number of assigned spectra was calculated
by the Scaffold 3 software (Proteome Software, Portland, OR, USA) for
semiquantitation.

Immunostaining and FISH of cell lines
For immunostaining, cells were fixed with acetone for 10 min at 4 1C (Figures
1c and 3) or 4% HCHO for 20 min at room temperature (Figures 4d and e)

or 30 1C (Figure 6), and HCHO-fixed cells were permeabilized in phosphate-
buffered saline containing 0.5% Triton X-100 on ice. After blocking in
phosphate-buffered saline containing 3% bovine serum albumin and 0.1%
Tween-20, cells were stained with appropriate antibodies. Immunostained
cells were viewed under an LSM710 confocal microscope with the Zen
software (Carl Zeiss, Jena, Germany). The objective lenses were EC Plan-NEO
FLUAR � 40/1.3 and Plan APOCHROMAT � 63/1.4. FISH was performed as
described previously.9,10 Probes to the pericentromeric regions of
chromosome 7, 8, 12 and 15 were purchased from Vysis (Downers Grove,
IL, USA). FISH-stained cells were viewed under a Zeiss fluorescent
microscope with a � 40/1.3 or a � 63/1.4 oil immersion objective and an
AxioVision digital imaging system (Carl Zeiss).

Transient and stable transfection
Transfection with plasmids or siRNA was performed using Lipofectamine
2000 or RNAiMAX (Invitrogen) as described previously.9,10 For stable
transfection, HCT116 or WiDr cells were transfected with histone H2B-GFP,
mCherry-a-tubulin, lamin B2-shRNA, or control shRNA expression plasmid
containing the neomycin- or puromycin-resistant gene and then selected
in medium containing 400mg/ml geneticin (Invitrogen) or 4 mg/ml
puromycin (StressMarq Biosciences, Victoria, BC, Canada).

Live-cell imaging
Cells expressing histone H2B-GFP or mCherry-a-tubulin were mounted on
a Zeiss LSM510 confocal microscope equipped with a heating stage
(37 1C), CO2 (5%) incubation chamber, and a � 40/1.2 water immersion or
a � 63/1.4 oil immersion objective (Carl Zeiss). Cells were monitered at
3- or 5-min intervals. To detect the total fluorescence of histone H2B-GFP
or mCherry-a-tubulin in a cell, z-stack images from the cell bottom to the
cell top were collected and merged into a single plane at each time point
during time-lapse experiments.

Patients and immunohistochemistry
From HNPCC and sporadic colorectal cancer patients, paraffin-embedded
blocks of tumor tissues were collected in the Department of Frontier
Surgery, Chiba University Hospital. The definition of HNPCC is based on the
Amsterdam II criteria.33,45 The ethics committee of the Graduate School of
Medicine, Chiba University approved the protocol. Written informed
consent was obtained from each patient before surgery. Four-micrometer
sections from paraffin tissues were fixed on slide glasses. Tissues were
immunostained as described previously.46 After deparaffinization and
antigen retrieval with microwave irradiation for 5 min in pH 6.0 citric buffer
three times, tissues were stained using anti-lamin B2 antibody and En
Visionþ (Dako). Tissue sections were counterstained with hematoxylin.
Using the TissueFAXS system and the corresponding HistoQuest software,
stained tissues were viewed and lamin B2 staining was quantitated.
Normal epithelial and cancer cells in at least 12 areas in each tissue section
were analyzed for the mean intensity of lamin B2 staining, and the average
value was calculated.
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