Mitochondrial Proteomics in LHON

E

SpotlD {Protein}

'm affsctedicontrol
unaffected/contio

Log. {spotintensity ratic to control}

{B)
LHON CASES  UNAFFECTED LHONS 1
DLD UQCRCY
P | ACADVL
CAT
ETFA
GPD2
HADHA
HEPAY
ACADVL IMMT
CAT | Lonp1
ETFA LRPPRC
GPo2 || SDHA
HADHA VCL
HEPAD
IMT
LONP1
LRPPRC
SDHA
VoL | Gt CONTROLS

Figure 7. (A) A plot of log-ratio spot intensities, comparing affected individuals (black bars) and unaffected relatives (grey bars)
versus controls. Log-ratios of protein spot intensities were plotted according to the method of [63]. In the case that one protein was identified in
several spots, the only spot intensity that gave the highest significant value was selected for this plot. Negative changes were observed in all
discoveries. Group A includes protein spots which were significantly differentially expressed in comparisons of affected and unaffected carriers,
affected individuals and controls, and unaffected individuals and controls (Post Hoc Tukey Test; P-value<<0.05). Group B includes protein spots which
were significantly differentially expressed in comparisons of affected and unaffected carriers, and between unaffected carriers and controls. Changes
between affected individuals and controls were not significant. Group C includes protein spots which were significantly differentially expressed only
in the comparison between affected individuals and control. Group D includes protein spots which were significantly differentially expressed only in
the comparison between unaffected carriers and controls. Group E includes protein spots which were significantly differentially expressed the
comparisons between affected individuals and controls, and between unaffected carriers and controls. Here, the differences in expression between
affected and unaffected carriers are not significantly different. (B) Venn diagram representation of proteins identified in three comparisons
derived from figure 7A.

doi:10.1371/journal.pone.0106779.g007

Given the decreased levels of metabolic and OXPHOS related Several stability and transport proteins were also differentially
proteins in mutation carriers in the present study, it is likely that expressed: heat shock protein 60 (HSPDI), Stress-70 protein
aerobic respiration is particularly affected in LHON mutant (MTHSP75/HSPAY) and lon protease 1 (LONP1) (Table 2 and
fibroblasts. To further support this notion, ETFA electron transfer 3). HSPD! is one of the most important chaperonins inside the

flavoprotein subunit alpha was down regulated in the fibroblasts of ~ mitochondrial matrix. It facilitates correct folding and prevents
both affected and unaffected mutation carriers. This protein is mis-folding of unfolded proteins formed under mitochondrial
important in transferring electrons from many of the mitochon- stress [44]. Mutations of HSPD1 in hereditary spastic paraplegia
drial flavoprotein dehydrogenases to the respiratory chain [41]. and MitChap60 disease highlight possible implications for
This bioenergetic dysfunction is consistent with previous reports of  neurodegenerative disease [45-47]. In the present study, expres-
defective energy metabolism in LHON mutant fibroblasts, sion of HSPD1 was reduced 1.5 fold in LHON case fibroblasts
including reduction of complex I activity, poor respiratory compared to unrelated controls. This reduction may have
capacity and reduced ATP content in mutants compared to deleterious consequences if it happens in neuronal retinal ganglion
controls [42,43]. cells, since they are post-mitotic and are highly susceptible to the
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Table 6. Differentially expressed proteins which show similar trends of down-regulation in the mitochondrial proteomes of both
LHON cases and unaffected relatives when compared with controls.

Name of Protein Cellular pathway or function involved

Trifunctional enzyme
subunit alpha

70 kDa
protein 9/MTHSP75

Leucine-rich PPR motif-
containing protein

Major vault protein Signal transduction

doi:10.1371/journal.pone.0106779.t006

accumulation of unfolded proteins [48]. Another chaperone degradation of HyOs, leading to potential mitochondrial and
Stress-70 protein (MTHSP75/HSPAY) was down-regulated in cellular damage [57].
fibroblasts of both affected and unaffected mutation carriers Mitofilin, a protein which plays a role in/influences cristae
compared with controls. In addition, HSPA1, HSPA9 and morphology and nucleoid structure, was down-regulated. Previ-
LONPI co-occurred as differentially expressed proteins in other ously, down-regulation of mitofilin was observed in dopamine
cellular models [49]. They are the components of the mitochon- induced oxidative stress [58] and MPTP induced complex I
drial protein quality control system which protects the formation inhibition [59]. Since oxidative stress and complex I inhibition are
of the unfolded protein with chaperones and clears protein associated with LHON mutations, the down-regulation of mitofilin
aggregates with proteases [50]. There can be detrimental in 11778G>A mutant cells may have a role in LHON
consequences when the system is under-expressed, as found in pathogenesis.
the 11778G>A fibroblasts of the present study. It is interesting to observe the similarities in fibroblast
In addition to the proteomic changes in metabolic enzymes and mitochondrial protein expression profiles between affected and
the protein quality control system, some proteins controlling unaffected 11778G>A carriers, in comparison with the unrelated
mitochondrial gene expression were also down-regulated in the controls. The levels of 14 (out of total 27) identified proteins were
mutation carriers: Leucine-rich pentatricopeptide repeat motif- reduced both in the affected and the unaffected mutation carriers
containing protein (LRPPRC) and LONP1. LRPPRC was down- compared to the controls (Table 6). The proteins down-regulated
regulated in the fibroblasts of both affected and unaffected carriers in both groups of 11778 mutant fibroblasts were electron transfer

of 11778G>A. It is a disease modifier in Leigh syndrome French- flavoprotein, succinate dehydrogenase, dihydrolipoyl dehydroge-
Canadian type [51]. Silencing of LRPPRC was associated with nase, subunit of pyruvate dehydrogenase, glycerol-3-phosphate

reduction of mitochondrial proteins including mitochondrial and dehydrogenase concerned with electron transfer and aerobic
nuclear encoded subunits of OXPHOS [52]. LONPI, a nucleoid respiration, very long chain specific acyl-CoA dehydrogenase,
protein, was also under-expressed in mutant cells. LONP1 binds to trifunctional plasma enzyme of B-oxidation, chaperonins such as
mtDNA, and its level influences a cell’s sensitivity to mtDNA lon protease 1, heat-shock protein-70, leucine-rich PPR motif-
damage [53], with potential implications for LHON pathogenesis. containing protein, mitofilin, catalase and some other proteins

Apart from proteins involved in bioenergetic pathways and (Table 6). This similarity might reflect common compensatory
mitochondrial protein quality control, catalase and mitofilin were responses cells responding similarly to the same adverse condi-
also differentially expressed. Compared to controls, catalase was tions, regardless of whether the cells come from affected or

down-regulated in both affected and unaffected fibroblasts unaffected individuals. Since 11778G>A mutant fibroblasts have
carrying 11778G>A. Though it is mainly located in the been shown to have reduced complex I activity and larger

peroxisome [54], it is also associated with mitochondria in some bioenergetic defects [43], these reduced levels of protein expres-
cell types [55,56]. Reduction or absence of catalase under sion might be due to degradation of proteins with poor
oxidative stress in mitochondria can lead to the inefficient performance or to alteration of nuclear gene responses in the
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presence of OXPHOS deficiency. These mechanisms would be
consistent with the observed results: that the cells in primary
fibroblasts cultures encountering the 11778G>A  mutation
respond similarly to the adverse consequences of the mutation,
regardless of the phenotypic status of the person who provided the
biopsy. This mutation might reprogram gene expression profiles,
with similar consequent physiological states of the cells driving
similar proteome changes between the carriers. Similar transcrip-
tomic profiles have been observed in previous studies, where
clinically affected and unaffected tissues from the same individual
have similar profiles [60].

There are some previous studies on transcriptomal changes in
LHON mutant cells using various cell types. However, they
reported differing patterns of transcriptomal changes, possibly
reflecting differences in susceptibility to bioenergetic derangements
between cell types. For instance, transcriptomic changes from
osteosarcoma-derived LHON cybrids and LHON-mutant lym-
phoblastoid cell lines generally showed different profiles, with the
exception of nine common genes [17,19]. Differentially expressed
gene products involved in transcription and transport processes
were reported in the lymphocytes of four Saudi Arab LHON
patients [18]. None of these gene products was differentially
expressed in our data. This could be due the employment of
different cell types (fibroblasts versus osteosarcoma derived cybrids
or lymphoblastoid cell lines), different sub-cellular locations that
we are observing (enrichment of mitochondrial proteins in our
study versus global expression profiling), or different patterns of
expression at the RINA level and the protein level, because of post-
translational modifications, degradation and dependence on
organellar transport. Consequently, we did not find any evidence
of ER stress or protein unfolding responses, which are observed in
various mitochondrial diseases [19].

This study which, to the best of our knowledge, is the first study
to profile mitochondrial proteomes in LHON, has some limita-
tions. One potential limitation is the challenge of selecting well
age-and sex-matched controls for cases and their related unaffect-
ed individuals. We selected pedigrees in which the unaffected
individuals were well above the age of onset of their affected
relatives for each particular family (Table 1). All of the three
unaffected relatives, Ul from pedigree F1 (30 years old at present),
U2 from pedigree F9 (21 years old at present) and U3 (49 years old
at present) from pedigree F66 were above both the mean age of
onset for Thai individuals (20.7%10.0 years for males and
28.6%14.6 years for females) [61], and the mean age of onset
within their families, 13 years, 17 years and 32 years respectively.
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None of them have developed the disease, and their latest eye
examinations in early 2014 were within normal limits. Another
potential limitation was that not all of the unaffected individuals
were of the same sex: two were male and one was female. Sex
differences could potentially confound the results, especially in the
comparisons between unaffected mutation carriers and controls.
Nevertheless, in spite of these limitations, the results from the
present study could contribute to extant understanding of
proteome changes in LHON mutant cells.

In summary, our proteomic data highlight proteins that were
differentially expressed between the fibroblast of LHON cases,
unaffected carriers of the LHON 11778G>A primary mtDNA
mutation, and normal individuals. Functional analyses of these
proteins imply that bioenergetic derangements and poor protein
quality control systems, both incompatible with regular function-
ing of retinal ganglion cells, may be involved in LHON
pathogenesis. Failure to conduct proper protein folding, to
assemble protein complexes properly and to prevent unfolded
proteins having damaging effects on cells may lead to the onset of

LHON.
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Lamin B2 prevents chromosome instability by ensuring proper

mitotic chromosome segregation

T Kuga'??, H Nie?, T Kazami?, M Satoh? K Matsushita?, F Nomura?, K Maeshima®, Y Nakayama® and T Tomonaga'?

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.'” The fact that most cancers
have abnormal chromosomal content, called aneuploidy, indicates
that CIN has an important role in carcinogenesis.”

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.* Several proteins involved in mitotic
processes have been shown to have mutated or altered
expression levels in cancer.>® Moreover, we previously showed
that core kinetochore proteins, CENP-A and CENP-H, are
overexpressed in colorectal cancer and involved in CIN,-T
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.”
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."**® 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.>* B-type
lamins are expressed in all somatic cell types, whereas A-type
lamins are expressed primarily in differentiated cells.**

During mitosis, B-type lamin has been observed to associate
with the mitotic spindle?®?® and shown to have an important role
in mitotic spindle formation.'*?' Both depletion and a dominant-
negative mutant of lamin B proteins disrupted spindle assembly in
mitosis.? In C. elegans, downregulation of lamin expression
induced gross mitotic defects, such as anaphase chromosome
‘bridges’ and unequal distribution of chromatin to daughter
cells.'® 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;"?’ 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 ~60-70% 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

Oncogenesis (2014), 1-12

243

chromosome integrity. Because MIN cell lines maintain the
checkpoint system against aneuploidy,?® 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+5.6min 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 ttest; P=2x10""%) 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;'*?" 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 o- and B-tubulin,
components of the mitotic spindle. For accumulation of mitotic
cells, 48h after transfection, cells were synchronized with
thymidine for 16h and then cultured in fresh medium for
10-12h. 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 (n=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 +24min) (Figures 4b and c¢; Supplementary
Video 4). These results suggest that lamin B2 re-expression
promotes accurate chromosome congression and prevents
chromosome mis-segregation.

© 2014 Macmillan Publishers Limited
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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 ug) from
CIN and MIN cell lines using antibodies to lamin B2, B1 and lamin A/C. (¢) Immunostaining of CIN and MIN cell lines using anti-lamin B2
antibody and DAPI for DNA. Images show interphase cells. Scale bars, 10 um.
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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-siRNA + 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 (n=281) from
congression to separation of sister chromatids, whereas lamin B2-siRNA-treated cells took 28.9 + 182 min (n=84). Arrowheads indicate a
chromosomal bridge. Scale bars, 10 um.

We next examined aneuploidy in lamin B2-overexpressed CIN expression of lamin B2-GFP decreased the number of severely

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+15% and
14.5+2.5% of control cells exhibited >4 copies of CEP12 and
15 signals, respectively (Figures 4d and e). Strikingly, ectopic

Oncogenesis (2014), 1-12

245

aneuploid cells exhibiting >4 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,® these results suggest that
lamin B2 overexpression improves chromosome integrity.

© 2014 Macmillan Publishers Limited



Lamin B2 prevents chromosome instability
T Kuga et al

a HCT116 cell

Control

famin B2 siRNA

B-tubulin

DAPI

Merge

b RKO cell

Cantrot

famin B2 siRNA

DAPE a-tubulin

Merge

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 um.

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-o-tubulin.

© 2014 Macmillan Publishers Limited

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
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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 (M, 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 um. Percentages of cells exhibiting chromosome mis-segregation during anaphase (mCherry, n =42; lamin B2-
mCherry, n =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 t s.d. are shown (mCherry, n = 28; lamin B2-mCherry, n = 13). Asterisk indicates a significant difference from the control, calculated
by Student’s t-test (*P<0.05). (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-um intervals are shown. Arrowheads and arrows indicate cells exhibiting 3 and >4 copies of CEP
signals, respectively. Scale bars, 10 um. 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 (n>100 cells for each experiment). The percentage of cells
exhibiting >4 copies of CEP12 (d) or CEP15 (e) signals significantly decreased upon lamin B2 ectopic expression (Student’s t-test).

Oncogenesis (2014), 1-12 © 2014 Macmillan Publishers Limited

247



Pre-mitosis

Lamin B2 prevents chromosome instability
T Kuga et al

Mitosis {from metaphase to telophase)

GFP &
GFP mCherry-g-tubulin

mCherry-o-tubulin

GFP

famin B2-GFP

Frequency of aberrant spindle ‘formation, 24.1% (n=29)

Figure 5.

11.1 min 16.7 min

5.6 min

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 um. Elapsed times during chromosome
segregation are indicated at the top of mitotic images. Percentages of cells exhibiting aberrant spindle formation during mitosis (GFP, n = 29;

lamin B2-GFP, n = 29) are indicated below mitotic images.

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.?' 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
famin B2 with kinetochore microtubules in mitotic Hela cells?’
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 6¢c 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 Eg5®'; 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.

© 2014 Macmillan Publishers Limited

SUNT 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 celis 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,®®*° 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 SUNT were reported to be involved in stabilizing
the position of the nucleus in the cell,3'3? 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.>* 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 1l, 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
13+ 04-hold higher than that in adjacent non-tumor tissues
(Student’s paired t-test, P=0.055). These results suggest not only
that a decrease in lamin B2 expression is involved in the induction
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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 um. The areas indicated by arrows are shown at high
magnification.
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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 um. (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,

n=28; HNPCC, n=8). The P-value was calculated by Student’s t-test.

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

© 2014 Macmillan Publishers Limited

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 spindlie 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.* Recent studies suggested
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Table 1. Clinical features of patients with colorectal cancer
Cancer Age Sex Location®  Histological ~ Lamin B2
type stage level®

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 2,04, 1,0°
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 DS 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 (*P<0.05; **P<0.001). *Levels 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.

that B-type lamins associate with the mitotic spindle®?® and have

an active role in mitotic progression by promoting the formation
of a spindle matrix."*?' Furthermore, downregulation of lamin
expression in C. elegans induced chromosome mis-segregation.’®
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.?' 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.®>** SUN1 and nesprins bind
to lamins and cytoskeletal components, respectively, resulting in
nuclear-cytoplasmic connection in interphase cells.*? In addition,
SUN1 was reported to mediate attachment of the nucleus to the
centrosome in C. elegans.®' 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;
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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®
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.® On the other hand, recent meta-analysis
identified that MIN tumor patients do not benefit from
fluorouracil-based adjuvant chemotherapy” 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 °C in 5% CO, 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 G;/S phase upon
treatment with 2 mm thymidine for 16h and then released into fresh
medium for 10-12h.

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 5-TAAAGCTTATATGGCCACGCCGCTGCCC-3’ and the
reverse primer 5-ATAGGTACCCACATCACGTAGCAGCCTCTT-3/, 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 o-tubulin ¢cDNA was amplified from Hela cells by PCR using the
forward primer 5'-GCAAAGATCTATGCGTGAGTGCATCTCCATCC-3' and the
reverse primer 5-GCGGGGATCCTTAGTATTCCTCTCCTTCTTC-3', and was
cloned into the pmCherry-C1 vector plasmid (Clontech). The histone H2B-
GFP plasmid®® was kindly provided by Dr Kimura (Kyoto University, Kyoto,
Japan). Plasmids encoding lamin B2-shRNA (TRCN0000255440,
TRCNO0000255441, TRCNO000255443 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
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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 1gG 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 ~1x10% cells. Cells were
resuspended in 5ml cold buffer (20 mm HEPES-KOH (pH 7.4), 20 mm KCl,
1mm 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 15s 2 times and
centrifuged for 5min at 1000 r.p.m. After pellets were washed twice with
the same cold buffer, they were solubilized in lysis buffer (7m urea, 2m
thiourea, 4% w/v CHAPS, 30mm Tris—-HCl (pH 8.5) and Complete) by
passing through 26-gauge needles and were then ultracentrifuged for 1 h
at 100000 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.?*3?

RT-PCR

Extraction of total RNA and ¢DNA synthesis were performed as described
previously.*® The expression levels of lamin B2 mRNA were examined by
PCR using the forward primer 5-TCCGCACCGTCCTGGTTA-3' and the
reverse primer 5'-CCTGTTGGTGGAAAAGATCCTC-3'. 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.*’ Pooled nuclear
extracts (50 pg) 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 (50 ug
each) was applied to agarose 2D-DIGE. In-gel tryptic digestion of proteins
and identification by mass spectrometry were performed as described
previously.*"#?

Immunoprecipitation-LC-MS/MS

To collect mitotic HCT116 cells, cells were treated with 10 um RO-3306
(Enzo Life Sciences, Farmingdale, NY, USA) for 19 h to arrest the cell cycle at
G, 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 100000g 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°C, 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.*® The digested peptides were analyzed by LTQ-Orbitrap XL.**
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, 2+ and 3+; 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 °C (Figures
1c and 3) or 4% HCHO for 20 min at room temperature (Figures 4d and e)
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or 30°C (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 x 40/1.3 and Plan APOCHROMAT x 63/1.4. FISH was performed as
described previously.>'® 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 x 40/1.3 or a x 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.”'® For stable
transfection, HCT116 or WiDr cells were transfected with histone H2B-GFP,
mCherry-g-tubulin, famin B2-shRNA, or control shRNA expression plasmid
containing the neomycin- or puromycin-resistant gene and then selected
in medium containing 400pug/ml geneticin (Invitrogen) or 4pg/ml
puromycin (StressMarq Biosciences, Victoria, BC, Canada).

Live-cell imaging

Cells expressing histone H2B-GFP or mCherry-u-tubulin were mounted on
a Zeiss LSM510 confocal microscope equipped with a heating stage
(37 °Q), CO; (5%) incubation chamber, and a x 40/1.2 water immersion or
a X 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 Il criteria.*®* 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.*® After deparaffinization and
antigen retrieval with microwave irradiation for 5min in pH 6.0 citric buffer
three times, tissues were stained using anti-lamin B2 antibody and En
Vision + (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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Clinicopathological Significance of Leucine-Rich a2-
Glycoprotein-1 in Sera of Patients With Pancreatic Cancer
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Objectives: Leucine-tich o2-glycoprotein-1 (LRG-1) is an inflammatory
protein. Serum LRG-1 levels can reportedly be used as a cancer biomarker
for several types of carcinoma. In the present study, we investigated the clin-
ical usefulness of serum LRG-1 levels as a biomarker of pancreatic cancer.

Methods: A total of 124 patients with pancreatic cancer, 35 patients with
chronic pancreatitis (CP), and 144 healthy volunteers were enrolled in the
study. Serum LRG-1 levels were assayed by enzyme-linked immunosor-
bent assay. Immunohistochemistry was used to examine LRG-1 expression
in pancreatic cancer tissues.

Results: Serum LRG-1 levels were significantly increased in patients
with pancreatic cancer compared with CP patients and healthy volunteers.
The LRG-1 levels increased with progressive clinical stages of pancreatic
cancer. Receiver operator curve analysis showed that a combination of car-
bohydrate antigen 19-9 and LRG-1 resulted in a higher area under the
curve for the diagnosis of pancreatic cancer. Positive staining was observed
in all cases of pancreatic cancer, but positive signal was scarcely detected in
tissues from CP patients or normal surrounding tissue.

Conclusions: These results suggest that serum LRG-1 is a promising
biomarker for pancreatic cancer.

Key Words: leucine-rich o2-glycoprotein-1, pancreatic cancer, biomarker

(Pancreas 2014;00: 00-00)

ancreatic cancer is the fourth leading cause of cancer-related

death in the United States.! Pancreatic ductal adenocarcinoma
(PDAC) is the most common form of pancreatic cancer. In Japan,
the mortality rate for PDAC has increased over the past decade,
currently ranking fifth.? Pancreatic ductal adenocarcinoma has
an extremely poor prognosis with a 5-year survival rate of less
than 5%. Early detection of PDAC remains clinically challenging
because of its asymptomatic nature, and surgery offers the only
potential cure. However, the 5-year survival of PDAC patients af-
ter curative resection (surgery alone) is estimated to be 10% to
20%.> Curative surgery with adjuvant chemotherapy improves
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overall survival,* but the clinical outcome of pancreatic cancer
has not been markedly improved. One strategy that could improve
PDAC survival is to detect the cancer in its early clinical stages.
Thus, there is an urgent need to develop biomarkers for the strat-
ification of patients for current treatment modalities and the devel-
opment of novel therapeutic strategies.

Molecules that are specifically overexpressed in tumors not
only serve as useful diagnostic markers, but also as potential ther-
apeutic targets.” The development of methods that are sensitive
and specific enough to permit an early diagnosis of PDAC may
facilitate the detection and subsequent treatment of this disease.
However, an important factor adds another level of complexity
to this already demanding task. A number of overlapping symp-
tomatological features are known to link pancreatic adenocarci-
noma to the inflammatory disease chronic pancreatitis (CP),
often obscuring the distinction between these 2 pathological
conditions.

Carcinoembryonic antigen, carbohydrate antigen 19-9 (CA19-9),

and DUPAN-2 are the only serum biomarkers currently available for AQ3

PDAC detection and have shown some utility as diagnostic adjuncts
and prognostic markers in Japan.® However, these markers are not
widely used in routine clinical practice in Europe and America due
to low sensitivity, specificity, or reproducibility and therefore cannot
be routinely used to diagnose PDAC. Although CA19-9 is not a spe-
cific marker, identifying characteristic CA19-9 carrier proteins may
allow higher specificity (molecular proteomics). Although the detec-
tion of CA19-9 carrier proteins is established, it will be very difficult
to detect the early stage of pancreatic cancer.” To establish a next-
generation biomarker for pancreatic cancer, combination assays of sev-
eral cancer biomarkers or a novel type of cancer biomarker involved in
CP will be required.

Leucine-rich o2-glycoprotein-1 (LRG-1) was first identified
in 1977 as an inflammatory protein in human serum.® Recent
studies have demonstrated that serum LRG-1 can be used as a bio-
marker in several kinds of cancer, including ovarian, lung, biliary
tract, and hepatocellular carcinoma related to hepatitis B virus
infection.’™!® Increased serum LRG-1 levels in patients with pan-
creatic cancer were first reported using multidimensional liquid
chromatography followed by 2-dimensional difference gel elec-
trophoresis in plasma proteomics.'* The authors used Western
blot to confirm the increase in serum LRG-1 patients with pancre-
atic cancer compared with healthy volunteers (HVs), and they
showed that patients with CP tended to express lower serum levels
of LRG-1 than patients with PDAC. However, they did not find
significant differences between patients with CP and patients with
PDAC due, at least in part, to the limited number of patients in the
study. The study did not investigate the relationships between the
marker and the clinical stages of pancreatic cancer, and no immu-
nological study of LRG-1 in pancreatic cancer was performed. As
LRG-1 has also been reported to be part of an acute inflammatory
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response in ulcerative colitis and acute appendicitis, LRG-1 may
be increased as a result of inflammation.!3-18

In the present study, we determined serum LRG-1 levels in
patients with CP and PDAC and assessed the clinicopathological
significance of the increase in LRG-1 in terms of clinical param-
eters and immunohistochemistry.

MATERIALS AND METHODS

Patients and Sample Collection

Peripheral blood samples from patients with pancreatic dis-
ease and apparently HVs were obtained from Ogaki Municipal
Hospital, Japan Community Health Care Organization Osaka
Hospital, and Osaka University Hospital. Written informed con-
sent was obtained from all patients and HVs. The study was per-
formed in accordance with the guidelines issued by the local
institutional review board of Osaka University. Sera from 124 pa-
tients with PDAC and 35 patients with CP were evaluated. All
blood sampling was done at the time of diagnosis (pretreatment).
A total of 144 serum samples from HVs were used as controls.
Detailed information on clinical background was available for
71 PDAC patients, 20 CP patients, and 91 HVs. The collection,
processing, and storage of all blood samples were standardized
as follows: blood samples were collected in a vacutainer tube,
allowed to clot at room temperature for 30 minutes, and then cen-
trifuged at ~2500 x g for 10 minutes. The serum was removed and
immediately divided into 100-uL and 1-mL aliquots and stored
at —80°C until use.

Formalin-fixed, paraffin-embedded tissue blocks from pa-
tients with PDAC were obtained from surgical cases at Osaka Uni-
versity Hospital in 2011 and 2012. Eleven PDAC, 1 CP, and 3
noncystic lesions of intraductal papillary mucinous neoplasm
(IPMN;; control for normal pancreas) were randomly selected.

Quantification of Serum LRG-1

Serum LRG-1 levels were determined using the human LRG
assay kit (IBL, Fujioka, Japan) according to the manufacturer’s
protocol. Briefly, each serum sample was diluted (1:100) with
buffer from the kit and the assays performed in triplicate. The
LRG-1 levels were determined from a standard curve created
using control samples. If the concentration of serum LRG-1 was
less than 1.56 ng/mL or greater than 100 ng/mL, the dilution rate
was changed.

Serum CA19-9 levels were measured in the hospital labora-
tory at the time of diagnosis.

Statistical Analysis

All statistical analyses were performed using JMP (version
9.0; SAS Institute Inc, Japan). Continuous data between clinical
groups were compared by the Mann-Whitney U test for nonpara-
metric data and the Student ¢ test for normally distributed data.
The Pearson product-moment correlation coefficient was used
to examine associations between 2 continuous variables. Associa-
tions between categorical variables were examined using Fisher
exact test. Normal cutoffs were defined for LRG-1 as the optimum
point at which sensitivity and specificity was maximized. Re-
ceiver operating characteristic (ROC) curves were generated, and
the areas under the curve (AUCs) were defined.

Immunohistochemical Staining

To analyze LRG-1 expression by immunohistochemistry,
formalin-fixed, paraffin-embedded tissue blocks from patients
with pancreatic cancer were deparaffinized in xylene and rinsed
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in a series of 100%, 95%, 90%, 80%, 70%, and 60% ethanol so-
lutions. The antigen was recovered by incubating the slides in
10 mmol/L citrate buffer (pH 6.0) for 40 minutes in boiling water.
To quench endogenous peroxidase activity, the slides were incu-
bated with 0.3% H,0, in methanol for 30 minutes and then rinsed
extensively in phosphate-buffered saline. The slides were incu-
bated with blocking serum for 20 minutes followed by a 1:400
dilution of rabbit anti-LRG monoclonal antibody (Cat# 13224-
1-AP; ProteinTech Group, Chicago, Ill) overnight at 4°C. Endog-
enous biotin activity was blocked using an avidin D-biotin
blocking solution before in situ localization of the antigen using
a biotin-avidin antigen detection method (R.T.U. Vectastain kit,
Vector Laboratories, Burlingame, Calif). After extensive washing
in phosphate-buffered saline, sections were incubated in a diami-
nobenzidine solution (Stable DAB, Invitrogen, Carlsbad, Calif)
and counterstained with a hematoxylin solution. The slides were
then dehydrated by washing in ethanol and cleared in xylene.
Cover slips were placed on the slides, which were evaluated
for LRG-1 staining. The intensity of LRG-1 staining was scored
on a scale of 0 to 2 (0, no staining; 1, moderate staining; 2, strong
staining).

RESULTS

Quantification of Serum LRG-1 Levels

Serum LRG-1 levels were significantly elevated in patients
with PDAC (7.99 [5.07] pg/mL) compared with HVs (3.51 [1.42]
pg/ml) and patients with CP (4.96 [2.11] ug/mL) (P < 0.001;
Fig. 1, Table 1).

‘When 71 patients with pancreatic cancer were investigated in
terms of clinical stage, the mean (SD) LRG-1 concentrations sig-
nificantly increased with the progression of clinical stage as fol-
lows: 3.33 (0.66) pg/mL in stage I, 7.07 (4.18) pg/mL in stage
11, 8.74 (5.86) ug/mL in stage III, and 8.72 (4.35) pg/mL in stage

IV (Fig. 2). Among them, significant difference of the LRG-1

concentrations was observed between stage I and the other stages,
but the differences between stage II and III, III and IV, and I and
IV were not significant. The mean (SD) LRG-1 concentration was
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FIGURE 1. Detection of serum LRG-1 by enzyme-linked
immunosorbent assay. Serum LRG-1 concentrations were
determined for 124 patients with PDAC, 35 patients with CP, and
144 HVs. The mean (SD) LRG-1 concentration for PDAC patient sera
was 7.99 (5.07) pg/mL compared with 3.51 (1.42) ug/mL for HV
sera (P < 0.001) and 4.96 (2.11) yg/mL for CP patients (P < 0.001).
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TABLE 1. Clinicopathological Characteristics of Patients With PDAC, HVs, and Patients With CP

PDAC (n=124) HV@m=144) CP(n=35) PDACvsHV  PDAC vs CP
Age, y* 66.4 (7.83) 449 (12.5) 66.7 (10.6) P<0.01 NS
Sex, % male 704 593 60.0 NS NS
LRG-1, pg/mL* 7.99 (5.07) 351 (1.42) 496 (2.11) P <001 P <001
CA19-9, U/mL* 213.7 (208.1) 133 (9.61) 7.88 (8.88) P <0.01 P<0.01
Tumor location (head/body, tail) 42/29
Lymph node metastasis (positive/negative) 31/40
Clinical stage (1/2/3/4)" 6/28/21/16

*Data are presented as mean (SD).
AQ5

NS indicates not significant.

TGeneral Rules for the Study of Pancreatic Cancer, 6th edition (Japan Pancreas Society).

significantly higher in the lymph node metastasis—positive group than

AQOG the lymph node metastasis—negative group (9.23 [4.68] pg/mL
and 6.51 [4.69] ug/mL, respectively; P < 0.001). These results clearly
demonstrate that in patients with PDAC, LRG-1 can be associated
with local progression or lymph node metastasis of the primary
tumor, but not with distant progression, such as liver metastasis. In
addition, serum LRG-1 levels positively correlated with CA19-9
(R* = 0.088, P < 0.001), but not with carcinoembryonic antigen
(R*=0.017,P=027).

ROC Curve Analysis and Diagnostic Performance

The ROC curve analysis was performed to determine the

clinical usefulness of LRG-1 for diagnosing pancreatic cancer.

As shown in Figure 3A, CA19-9 was useful for differentiating
patients with PDAC from HVs with AUC of 0.869. At a cutoff
value of 37 U/mL for CA19-9, the optimal sensitivity and speci-
ficity were 71.9% and 96.4%, respectively. Similar analysis indi-
cated that the AUC for LRG-1 was 0.850. At a cutoff value of
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FIGURE 2. Detection of serum LRG-1 in pancreatic cancer patients
by enzyme-linked immunosorbent assay. The mean (SD) LRG-1
concentration increased with the progression of clinical stage as
follows: stage I, 3.33 (0.66) pg/mL; stage ll, 7.07 (4.18) pg/mL;
stage lll, 8.74 (5.86) pg/mL; and stage 1V, 8.72 (4.35) yg/mL. A
significant difference was observed between stage | and the other
stages, but the differences between stage Il and lli, lil and IV, and |l
and |V were not significant.
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4.81 pg/mL for LRG-1, the optimal sensitivity and specificity
were 67.7% and 88.2%, respectively. The combination of LRG-1
and CA19-9 was analyzed by fixing the cutoff value at that of
CA19-9. The combination of LRG-1 and CA19-9 improved the dif-
ferential diagnosis between patients with PDAC and HVs, with an in-
crease in AUC of 0.881 and 75.6% sensitivity and 91.7% specificity.
The ability of LRG-1 to make a differential diagnosis be-
tween patients with PDAC and patients with CP was also exam-
ined. The ROC curve analysis showed that AUC for CA19-9
was 0.913 (Fig. 3B). At a cutoff value of 37 U/mL for CA19-9,
the optimal sensitivity and specificity were 73.7% and 100.0%, re-
spectively. Similar analysis for LRG-1 showed AUC of 0.686. Ata
cutoff value 0f 4.81 ug/mL for LRG-1, the optimal sensitivity and
specificity were 67.7% and 54.3%, respectively. The combination
of LRG-1 and CA19-9 enhanced the differentiating power be-
tween patients with PDAC and patients with CP, with an increase
in AUC to 0.942 with 75.6% sensitivity and 100.0% specificity.
In CA19-9-negative cases, the AUC for LRG-1 was 0.785. At
a cutoff value of 4.81 pg/mL for LRG-1, the sensitivity and speci-
ficity in differentiating patients with PDAC from HVs were
68.8% and 86.3%, respectively. In regards to differentiating patients
with PDAC from patients with CP, the AUC was 0.65, and the sen-
sitivity and specificity were 68.8% and 50.0%, respectively.

LRG-1 Immunohistochemistry

Serum cancer biomarkers can be produced by both cancer
cells and the tissues surrounding them. Because LRG-1 is pro-
duced in the liver and white blood cells, it is important to identify
which cells produce LRG-1 in pancreatic cancer tissue. To address
this issue, the pattern of LRG-1 protein expression was assessed
by immunohistochemistry using morphological cancer lesions
and noncancerous lesions from resection tissue. As shown in
Figure 4, pancreatic cancer cells stained positively on the cell sur-
face with a plasma membrane staining pattern, but pancreatic duct
cells from noncancer cases, including CP and IPMN, did not stain.
However, in CP cases, inflammatory cells such as lymphocytes
exhibited weak staining. Positive staining was observed in all
cases of pancreatic cancer, but a positive signal was scarcely
detected in tissue from CP patients or normal surrounding tissue.
Serum LRG-1 levels did not correlate with the intensity of immu-
nostaining (P = 0.327).

DISCUSSION

We demonstrated that preoperative serum LRG-1 levels are el-
evated in patients with PDAC compared with HVs and patients with
CP. The LRG-1 level is associated with disease progression and
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FIGURE 3. Receiver operating characteristic curve analysis for PDAC patients versus HVs (A) and PDAC patients versus CP patients (B). A, Power
of LRG-1, CA19-9, and the combination of LRG-1 and CA19-9 in differentiating PDAC patients from HVs. The AUC was 0.850 for LRG-1 alone,
0.869 for CA19-9 alone, and 0.881 for LRG-1 and CA19-9 together. B, Power of LRG-1, CA19-9, and the combination of LRG-1 and CA19-9 in
differentiating PDAC patients from CP patients. The AUC was 0.686 for LRG-1 alone, 0.913 for CA19-9 alone, and 0.942 for LRG-1 and

CA19-9 together.

lymph node metastasis. Although previous studies have suggested
that LRG-1 is induced by both tumor cells and acute/chronic in-
flammation, serum LRG-1 levels were not as high in the CP patients
in our study as previously reported, dues in part to the mild/
moderate levels of CP we investigated. Thus, the diagnosis of CP
with mild inflammation may be difficult. In contrast, immunohisto-
chemical staining clearly revealed that pancreatic cancer cells, but
not noncancer lesions from CP and IPMN cases, were positive for
LRG-1. This result suggests that high levels of LRG-1 in pancreatic
cancer may be derived from cancer cells or a change in the micro-
environment, such as local inflammation associated with cancer
progression. However, serum LRG-1 levels did not correlate with
staining intensity in tissues, suggesting that serum LRG-1 levels
may be dependent on the cleavage of LRG-1 on the cell surface.
Andersen et al’ reported an association between LRG-1 and ovarian
cancer. The mean serum LRG-1 concentration was higher in ovar-
ian cancer patients than in healthy women, and highest among stage
MMI/IV patients. Ovarian cancer cells secrete LRG-1, which may
contribute directly to the elevated levels of LRG-1 observed in
the serum of ovarian cancer patients. Interestingly, the time course
is quite different for plasma LRG-1 and CA125. Suboptimal
debulking surgery results in a substantial decrease in CA125,
whereas LRG-1 levels remain elevated. Thus serum LRG-1 levels
seem to be more directly related to tumor burden than CA125.

Initially, LRG-1 was classified as a marker of acute phase in-
flammatory responses. Serada et al'> showed that serum LRG-1
concentrations correlate better with disease activity in ulcerative
colitis than C-reactive protein. Kawakami et al'® reported that
LRG-1 levels increase after radiofrequency ablation for hepatocel-
lular carcinoma, suggesting a possible role in the acute stress reac-
tion. We confirmed an association between LRG-1 and C-reactive
protein in patients with pancreatic cancer (R*> = 0.774, P < 0.001).
These dual functions of LRG-1 as a tumor marker and acute phase
protein prompted us to use it as a marker of tumor recurrence after
an acute phase.

We conducted this study to confirm that LRG-1 can be used
as a diagnostic marker for PDAC. We found that LRG-1 can dis-
tinguish between patients with PDAC and HVs or patients with
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CP, but we were not able to demonstrate its effectiveness as an
early diagnostic marker. However, we confirmed that serum
LRG-1 levels are associated with disease progression and lymph
node metastasis, and that pancreatic cancer cells express LRG-1
on the cell surface. An analysis of LRG-1 glycosylation may be
a promising approach to distinguish cancer-associated LRG-1
from inflammation-associated LRG-1. In the future, if glycan
changes in LRG-1 can be used to identify the pancreatic cancer-
specific LRG-1, which is different from the LRG-1 protein made
by normal cells such as hepatocytes, it may be a more specific bio-
marker in PDAC.

Leucine-rich o2-glycoprotein-1 was purified more than
30 years ago. The protein contains 8 typical 24-residue leucine-
rich repeats with the consensus sequence.?® However, the physio-
logical function of LRG-1 is still largely unknown. Shirai et al?!
showed that autologous cytochrome c (cyt ¢) is an endogenous li-
gand of LRG-1 and functions in the detoxification of neurotoxins
from snake venom. The expression of LRG-1 is up-regulated dur-
ing neutrophilic granulocyte differentiation in response to G-CSF,
suggesting that LRG-1 is involved in granulopoiesis. Leucine-rich
o2-glycoprotein-1 functions as 1 of the pattern recognition recep-
tors of polymorphonuclear neutrophils and modulates neutrophil
function through innate immunity. Serum LRG-1 concentrations
correlate well with disease activity in ulcerative colitis. Recent re-
ports have also demonstrated the diagnostic value of LRG-1 in the
urine of children with acute appendicitis. These results support the
role of LRG-1 in inflammatory responses. Leucine-rich o:2-glyco-
protein-1 and Apaf-1 have some amino acid sequence homology,
and LRG-1 binding to cyt c is similar to that of Apaf-1.22 How-
ever, in contrast to Apaf-1, LRG-1 may clear potentially danger-
ous cyt ¢. This report suggests a role of LRG-1 in preventing
lymphocyte death. When bound to extracellular cyt ¢ released
from apoptotic cells, serum LRG-1 acts as a survival factor for
lymphocytes, and possibly other cells. Moreover, aberrant neovas-
cularization contributes to diseases, such as cancer, and is the con-
sequence of inappropriate angiogenic signaling. The epithelial
growth factor receptor and vascular endothelial growth factor are
related to angiogenesis, and targeted agents that are capable of
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