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Figure 2 Key molecules in AlzPathway. Overview of AlzPathway in binary-relation notation, and key molecules showing high centrality. The drug targeting a key
molecule might be effective but could cause significant side effects due to off-target and/or unintended downstream target effects. ACh, acetylcholine; APOE,
apolipoprotein E; APP, amyloid precursor protein; MAPT, microtubule-associated protein 1; NMDAR, N-methyl-o-aspartate receptor; TNF, tumor necrosis factor.

(memanatine). They are dementia-suppressing drugs, rather than
AD curative drugs. Of note, when mapped in the AlzPathway,
no compensatory or major interacting pathway is observed
around cholinesterase and the N-methyl-p-aspartic acid receptor
(Figure 1), implying that these pathways are vulnerable to inhibi-
tion without off-target effects. Moreover, both the acetylcholine
and N-methyl-p-aspartic acid receptors are peripheral molecules
(not key molecules) in the AlzPathway (Figure 2). Because these
target molecules have low centrality in the AD-signaling network,
their inhibitors are predicted to have relatively specific effects with-
out eliciting broader influences on off-target network elements.

CONCLUDING REMARKS

More than 25 drugs have been targeted to the p-amyloid path-
way, but none has been successfully marketed for various
reasons. The AlzPathway provides an integrated platform of
comprehensive AD signaling that may be used to inform the
AD drug discovery and development processes. If proven suc-
cessful, the AlzPathway will serve as a model for pathway-based
drug discovery in other diseases.
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Visualization of Stem Cell Features in Human
Hepatocellular Carcinoma Reveals InVivo
Significance of Tumor-Host Interaction

and Clinical Course

maten b Qhings 7t 1 N ] .
Shunsuke Muramatsu,' Shinji Tanaka,' Kaoru Mogushi,” Rama Adikrisna,’ Arihiro Aihara,' Daisuke Ban,'

Takanori Ochiai,' Takumi Irie," Atsushi Kudo," Noriaki Nakamura,' Koh Nakayama,® Hiroshi Tanaka,?
Shoji Yamaoka,” and Shigeki Arii'

Hepatocellular carcinoma (HCC) is one of the most aggressive malignancies because of
recurrence and/or metastasis even after curative resection. Emerging evidence suggests that
tumor metastasis and recusrence might be driven by a small subpopulation of stemness cells,
so-called cancer stem cells (CSCs). Previous investigations have revealed that glioma and
breast CSCs exhibit intrinsically low proteasome activity and that breast CSCs also report-
edly contain a lower reactive oxygen species (ROS) level than corresponding nontumorigenic
cells. Here we visualized two stem cell features, low proteasome activity and low intracellular
ROS, in HCC cells using two-color fluorescence activated cell sorting to isolate cells with
stem cell features. These cells were then analyzed for their division behavior in normoxia
and hypoxia, expression of stem cell markers, tumorigenicity, metastatic potential, specific
gene expression signatures, and their clinical implications. A visualized small sub lati
of HCC cells demonstrated asymmetric divisions. Their remarkable tumorigcnic;tyrin non-
obese diabetic/severe combined i deficient mice suggested the cancer initiation poten-
tial of these HCC CSCs. Comprehensive gene expression analysis revealed that chemokine-
related genes were up-regulated in the CSCs subpopulation. Our identified HCC CSCs
facilitated the migration of macrophages in vitro and demonstrated metastatic potential by
way of recruitment of macrophages i vivo. In patients who undergo curative operation for
HCC, the CSC-specific gene signature in the liver microenvironment significantly correlates
with recurrence. Conclusion: Based on these findings, the stem cell feature monitoring
system proposed here is a promising tool to analyze the in vivo significance of CSC

microenvir ; int HCCs. (Heratorocy 2013;00:000-000)

epatocellular carcinoma (HCC) is one of the
most common malignancies and the third
leading cause of cancer death worldwide.'
The primary curative treatment for HCC is surgical
resection; however, even after curative resection patient
prognosis remains poor because of frequent recurrence
and/or metastasis.>® Because cancer stem cells (CSCs)
possess self-renewal capacity, multilineage potency, and

increased tumorigenicity, it has been hypothesized that
CSCs exist as a small population within the bullk
tumors and play a critical role in cancer progression,
metastasis, and recurrence.” Various tools have been
reported for identification of the CSC population,
including the cell surface markers CD44, CD133,
CD90, and ESA/EpCAM.*® 1In addition, specific

stemness properties based on stem cell biology of their
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intracellular activities may be useful in identifying
CSCs.? For example, one property that may be useful
in identifying stemness is 26S proteasome activity,
which is involved in a diverse array of biological proc-
esses, including cell-cycle progression, DNA repair,
apoptosis, and protein quality control.’® Proteasome
activity is significantly activated in cancer cells with
proliferating and hypermerabolic activities, but gener-
ally suppressed in dormant states of stem cells.!’ Vla-
shi et al'? reported that human glioma and breast
CSCs were identical to the subpopulation of cells
monitored by green fluorescent protein ZsGreen fused
to a degron motif of ornithine decarboxylase (ODC),
which accumulated wichin the cell because of low 2658
proteasome activity. Stem cells are also characterized
by resistance to oxidative stress (superoxide) according
to data obtained using the detoxifier system.'® Hema-
topoietic stem cells contain a Jower level of reactive ox-
ygen species (ROS) than their mature progeny, and
these differences are critical for maintaining stem cell
function.’® Human breast CSCs contain lower ROS
levels, especially mitochondrial sugeroxide, than corre-
sponding nontumorigenic cells.'> In this study, we
visualized two stem cell features, low proteasome activ-
ity and low ROS levels, in human HCC cells using
the ZsGreen-fused degron sequence of ODC and the
mitochondrial superoxide indicator MiwSOX Red,
respectively. This monitoring system of stemness is a
promising tool to elucidate the mechanism of progres-
sion and metastasis of human HCC.

Materials and Methods

Cell Culture. HCC cell lines (Hep3B, SK-Hepl,
HuH?7, and HLF) were purchased from the American
Type Culture Collection (Manassas, VA) and the
Human Science Research Resources Bank (Osaka,
Japan). HuH7, Hep3B, and SK-Hepl cells were cul-
tured in log-growth phase in 1640 RPMI medium
(Invitrogen, Carlsbad, CA), supplemented with 10%
fetal bovine serum (Sigma-Aldrich, St. Louis, MO)
and Pen/Strep (Sigma) as antibiotics. HLEF cells were
cultured in  Dulbecco’s modified Eagles medium
(DMEM; Invitrogen, Carlsbad, CA), supplemented
with 10% fetal bovine serum and Pen/Strep, and
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grown in an incubator with 5% CO, at 37°C. Four
HCC tumor samples were harvested at the time of
surgery. After digestion with type IV collagenase (100
units/mL; Sigma) at 37°C for 15 minutes, the tissues

“were minced and the cell suspension was passed

through a 100-uM nylon mesh and placed into
DMEM medium, Cells were cultured in log-growth
phase in DMEM medium (Invitrogen), supplemented.
with 10% fetal bovine serum (Sigma) and grown in an
incubator with 5% CO; at 37°C.

Retroviral Transduction of the Degron Reporter
Into Human HCC Cells. The degron sequence of
ODC is known to be directly recognized by the pro-
teasome, which leads to the immediate destruction of
the involved protein. A retroviral expression vector
pQCXIN-ZsGreen-cODC, containing green fluores-
cent ZsGreen-labeled degron ODC {Gdeg), was kindly
provided by Dr. Frank Pajonk. The vector was trans-
fected into platinum retroviral packaging cells and the
retrovirus collected from the supernatant was used to
infect HCC cells. Stable transfectants were selected
with G418 (Invitrogen), and the accumulation of
ZsGreen-degron ODC protein (Gdeg) was monitored
by fluorescence microscopy and flow cytometry (FITC
channel). Stable transfection was confirmed by expos-
ing the cells to the proteasome inhibitor MG-132
(Calbiochem, San Diego, CA) for 12 hours. The
established cell lines (HuH7, Hep3B, HLE and SK-
Hepl) as well as one cell culture line derived from
each of the four HCC tissues were successfully engi-
neered to stably express Gdeg. Fluorescence micros-
copy was performed using Axio-Observer (Carl Zeiss,
Oberkochen, Germany), and images were acquired
digitally using AxioVision (Carl Zeiss).

Flow Cytometry and Cell Sorting. For the flow
cytometry experiments the cell number was evaluated
using a FACSCanto II (BD Biosciences), and cell sort-
ing was performed using a FACSAria II (BD Bioscien-
ces). HCC cells were washed with phosphate-buffered
saline (PBS), then enzymatically dissociated using
0.05% trypsin-EDTA (Invitrogen). Tiypsinized cells
were suspended in fluorescence activated cell sorting
(FACS) buffer and analyzed on a FACSCanto II using
FACSDiva software (BD Biosciences). For intracellular
ROS analysis, cells were loaded with 5 mM MitoSOX
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Red (Invitrogen) at 37°C for 30 minutes and were im-
mediately analyzed using FACSCanto II. Gdeg"®'RO-
§'% cells represented 0.16%-2.5% of the established
HCC cell lines (Supporting Table 1). The percentage
of Gdeg""ROS™™ cells remained the same immedi-
ately after isolation by FACS, but increased to approxi-
mately 40% after cime in culture (Supporting Fig. 4).
For surface maker analysis, cells were labeled with
allophycocyanin-conjugated antihuman CD44, CD90,
EpCAM (BioLegend), and CD133/1 (MACS Miltenyi
‘Biotec) antibodies. Labeled cells were immediately
analyzed using FACSCanto II,

Time-Lapse Analysis. Afer FACS, Gdeg"®® or
Gdeg” HCC cells were plated separately at a density
of 107 cells in 6-cm dishes and in log-growth phase in
1640 RPMI medium (Invitrogen), supplemented with
10% fetal bovine serum (Sigma) and Pen/Strep
(Sigma) as antibiotics. After incubation in 5% CO; at
37°C overnight, cell attachment was confirmed. Image
analysis was performed using AxioVision and Axio-
Observer.

Treatment With Hypoxia or CoCly HCC cells
were exposed to hypoxic conditions (1% Oz 5%
CQ,, and 94% N,) in an anaerobic workstation (Hir-
asawa Works, Tokyo, Japan). Oxygen concentration
inside the workstation was constantly monitored by
the oxygen sensor (MC-8G-S, lijima Electrics, Gama-
gori, Japan) and maintained at 1% during the experi-
ment. Cells (2.5 X 10°) were grown with RPMI me-
dium plus 3.5 g/L D-glucose in 10-cm dishes. The
proportion of fluorescent cells was measured using
FACSCanto 11 every 2 days. Cells were passaged every
6 days in an anaerobic workstation.

To further assess the effect of hypoxia on HCC
cells, cells were treated with 100 uM CoCl, (Sigma)
and/or 10 nM echinomycin (Sigma) added to the me-
dium. After 24 and 48 hours, the proportion of fluo-
rescence cells was measured using FACSCanto I Che-
mosensitivity to the anticancer drug flucrouracil (5-
FU) was analyzed using Gdeg"®" HuH7 and unsorted
Hul7 cells under these hypoxia-mimicking condition.
5-FU was suspended in the culture media, serially
diluted across 96-well microtiter plates (100 uL), and
incubated at 37°C with 5% CO; for 48 hours. The
number of living cells was measured using the MTS
assay (Celltiter-Glo Luminescent Cell Viability Assay,
Promega, Madison, WI), according to the manufac-
wrer’s instructions. The absorbance was read at 490
nm using a multiwell plate reader (Model 550, Bio-
Rad, Richmond, CA), with wells containing medium
but no cells serving as blank controls. Experiments
were independently evaluated in triplicate.
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Spheroid Assay. The spheroid assay was performed
as described.'® After FACS, Gdeg"®" or unsorted cells
were plated separately at a density of 1,000 cells in
low attachment plates (96-well Ultra Low Cluster
Plate; Costar, Corning, NY) and incubated in serum-
free DMEM/F12 medium (Invitrogen). For observa-
tion by time-lapse microscopy, G-cm dishes were
coated with poly-HEMA (20 mg/mL; Sigma). Image
analysis was performed using AxioVision and
AxioObserver.

Tumor Xenotransplantation and Timorigenicity.
Female NOD.CB17-PRkdc™/] mice aged 4-6 weeks
were purchased from Charles River Japan (Kanagawa,
Japan). Various numbers of sorted GdegM8"ROS!™
and unsorted HCC cells, ranging from 1 x 10% to 1
% 10° cells, were each mixed with 100 uL of Matrigel
(BD Biosciences) and injected subcutaneously into
both flanks of mice under anesthesia. Tumor forma-
tion was monitored every 2 days. All in wvivo proce-
dures were approved by the Animal Care Committee
of Tokyo Medical and Dental University (Permission
No. 090235).

RNA Extraction and Gene Expression Analysis.
Total RNA was extracted from cancer and adjacent
noncancerous tissues using the RNeasy kit (Qiagen,
Hilden, Germany), and the integrity of obtained RNA
was assessed using the Agilent 2100 Bioanalyzer (Agi-
lent Technologies, Palo Alto, CA). All samples had an
RNA Integrity Number greater than 5.0. Contaminant
DNA was removed by digestion with RNase-free
DNase (Qiagen). Complementary RNA was prepared
from 2 pg of toral RNA using 1-cycle targer labeling
and a control reagent kit (Affymetrix, Santa Clara,
CA). Hybridization and signal detection of HG-U133
Plus 2.0 arrays (Affymetrix) were performed according
to the manufacturer’s instructions. The microarra
datasets of (1) GdeghighROSbw and Gdcg""”ROSmg’
HuH7 cells and (2) 253 tissue samples from HCC
patients were normalized separately using the robust
multiarray average method found in the R statistical
softiware (v. 2.12.1) together with the Bioconductor
package. Estimated gene-expression levels were
obrained in log2-transformed values, and 62 control
probe sets were removed for further analysis.

Gene Set Enrichment Analysis (GSEA). Biological
functions associated with the malignant phenotype in
HCC cells were investigated using GSEA v. 2.0.7 with
MSigDB gene sets v. 3.0."7 Probe sets marked as
“present” by the Gene Expression Console software
(Affymetrix) in at least one Gdeg®"ROS™ or Gde-
gOROSMHUHT cell were used for this analysis.
Gene set category “C2 CP REACTOME,” which is
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~ based on the Reactome database (huep://www.reacto-

me.org), was used. For analysis of the gene expression
profiles obtained from HCC patients, a custom gene
set was employed using genes showing more than a 2-
fold change between Gdeg"$"ROS™ and Gdeg™"
ROSY8" HyH?7 cells. Gene sets satisfying both criteria
with P < 0.05 and a false discovery rate (FDR) <0.05
were considered significant.

Macrophage  Migration  Assay. To  determine
whether tumor cells induce macrophage/monocyte che-
motaxis, the double chamber migration assay was per-
formed using the RAW264 murine macrophage cell
line (RIKEN Cell Resource Center, Tsukuba, Japan).
Briefly, the migration of RAW264 cells was assayed
using a transwell chamber (24-well plate, 8-ym pore;
BD Biosciences, Bedford, MA). In the lower chamber,
7.5 % 10* tumor cells in 0.8 mL of media were seeded
and incubated in serum-free media for 72 hours.
RAW264 cells (5 x 10" in 0.3 mL serum free media)
were then seeded into the upper chamber and incu-
bated at 37°C for 4 hours. RAW264 cells found on
the upper surface of the filter were removed using a
cotton wool swab. Cells were then fixed with 100%
methanol and stained using Giemsa solution and the
number of cells migrating to the lower surface was
counted. Each experiment was conducted in triplicate
and the mean is shown.

Peritoneal Metastasis Model. Peritoneal merastatic
potentials of cancer cells were assessed as reported.'®
Bricfly, 10° Gdeg"s"ROS™ HCC cells or unsorted
control cells were injected intraperitoneally into 5-
week-old female NOD.CB17-PRkdc™ /] mice (n = 4
mice per group; Charles River Japan, Kanagawa,
Japan). The care and use of animals was in accordance
with institutional guidelines. The mice were monitored
three times weekly for lethargy, weight loss, and
abdominal enlargement. Mice were euthanized by cer-
vical dislocation at 4 weeks and the number and
weight of tumor nodules within the peritoneal cavity

were counted.
I ot

1 ofluorescent ing. Tissue sections were
prepared according to standard procedures. After
deparaffinization, slides were incubated in permeabili-
zation buffer (0.2% Triton-PBS) for 30 minutes, fol-
lowed by incubation in blacking buffer (3% bovine
serum albumin [BSAJ-PBS) for 1 hour and exposure
to the primary antibodies (F4/80 1:200, BioLegend)
overnight at 4°C. Sections were then treated for 30
minutes with the secondary antibody Alexa Fluor 568
tetramethylrhodamine isothiocyanate-conjugated anti-
rat IgG (1:1,000, Sigma) and Hoechst 33342 solution
for nuclear staining diluted in PBS and 3% BSA. After
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mounting the slides were visualized with a fluorescent
microscope (Carl Zeiss, Germany).

Protein Network Aunalysis, To reveal functional
relationships among genes differentially expressed in
Gdeg"™"ROS"™™ HuH7 cells, the protein interaction
network was analyzed. Genes up-regulated or down-
regulated more than 1.1-fold between Gdeg"s"ROS™
and Gdeg™“ROS"B"HuH?7 cells were included in the
network. Protein interaction data obtained from
BIND  (hutp://bond.unleashedinformatics.com), Bio-
GRID  (http://thebiogrid.org), and HPRD (hup://
www.hprd.org) were downloaded from the fip site of
the National Center for Biotechnology Information
(NCBL;  fip://fip.ncbi.nih.gov/gene/GeneRIF/interac-
tions.gz). The protein interaction network was ana-
lyzed using Cytoscape software.'?

Patients and Tissue Samples. In all, 187 parients
underwent curative hepatectomy for HCC from 2004
to 2007 at Tokyo Medical and Dental Univessity Hos-
pital (Tokyo, Japan), and among these, 153 cases were
randomly selected for this study. With Institucional
Review Board approval, written informed consent was
obtained from all patients (Permission No. 1080).
Noncancerous liver tissue adjacent to HCC (n = 100)
was snap-frozen in liquid nitrogen and stored at
—80°C. Patients were followed up with assays for se-
rum alpha-fetoprotein levels and protein induced by
vitamin K absence or antagonists-II every month and
with ultrasonography, computed tomography, and
magnetic resonance imaging every 3 months, Median
observation time was 9.86 months.

To divide patients into subgroups based on expres-
sion profiles of a particular genc set, gene-set enrich-
ment patterns were analyzed using a method similar to
that described by Ben-Porath et al.*® For each patient,
the number of genes that showed more than a 1.1-fold
change in expression (either up-regulation or down-
regulation) compared to the ‘mean expression levels
were counted. Patients who exhibited up-regulation of
more than 30% of the genes in the gene set were clas-
sified as the high expression group. Likewise, patients
who showed down-regulation of more than 30% of
the genes in the gene set were classified as the low
expression group. Samples that satisfied neither or
both criteria above were classified as the moderate
expression group. The recurrence-free survival rates
among three groups were compared by Kaplan-Meier
curves, followed by the Jog-rank test.

Statistical Analysis. Experimental data are expressed
as mean values with 95% confidence intervals (CI) and
were compared using a two-sided paired Student’s # test.
Statistical significance was defined as P < 0.05.
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) Fig. 1. (A) Frel uency of cells with accumulation of Gdeg protein (Gdeg™™®) in human HCC cultures (bar, 100 pm). (B) Asymmetric cell divi-
sion of the Gdeg"® HCC observed by time-lapse microscope. Gdeg"® HCC cells asymmetrically divided into Gdeg™® and Gdeg™ HCC cells
(bar, 50 um). (C) The alteration of the Gdeg™™ proportion in the unsorted HCC cells after 24-hour and 48-hour treatment of CoCly (100 M)

with or without echinomycin (10 nM); results are p as means

dard deviati

from triplicate experiments. (D) The alteration of the

Gdeg“"'" proportion in the unsorted HCC cells under long-term hypoxic conditions (1% 0,); results are presented as means * standard deviation

from triplicate experiments.

Results

Characterization of CSC Proteasome Activity in
Human HCC Cells, Human HCC cells were engi-
neered to stably express ZsGreen-labeled degron (Gdeg)
according to the previous report by Vlashi et al.'? Cells
displaying high levels of Gdeg (Gdeg"®) represented
0.5%-7.5% of the population in human HCC cell lines
(Fig. 1A). In contrast, Gdeg"igh cells represented 0.1%
of the population in human primary HCC (Supporting
Fig. 1); however, only four generations were passaged
without establishment. Isolation of the established Gde-
g"e cells and Gdeg®" cells was performed using FAC-
SAria II (BD Biosciences). As demonstrated by time-
lapse microscopy, Gdeg™" cells can asymmetsically
divide into Gdcg"’w and Gdeghig]' cells, while Gciegk’“z
cells never divide into Gdeg™®" cells. These results dem-
onstrate some properties of CSCs and non-CSCs,”'
such as hierarchical division of CSCs and loss of stem-
ness in differentiated non-CSCs (Fig. 1B; Supporting
Video 1). In addition, the spheroid assay revealed that
Gdegh'® cells form slightly larger spheroids than
unsorted cells (Supporting Fig. 2).

Effects of Hypoxia on HCC CSCs. Since pluripo-
tent potentials in embryonic stem cells can be effi-
ciently maintained under low oxygen levels™ and hy-
poxia can contribute to CSC maintenance,”  the
effects of hypoxic conditions in unsorted HCC cells

transfected with Gdeg were analyzed. The proportion
of Gdcghigh HCC cells significantly increased after 48-
hour treatment with CoCl,, an agent mimicking the
activation of hypoxia-inducing factor (HIF).*" The
effects of CoCla were blocked by echinomycin, a mol-
ecule inhibiting HIF-1 DNA binding activity (Fig.
1C) that has recently been reported to eradicate serially
transplantable human acute myeloid leukemia (AML)
in xenogeneic models by preferential elimination of
CSCs.?> The effects of long-term hypoxic treatment
(1% O,) were also analyzed in the unsorted HCC
cells. Gdeg"®" cells represented 0.5% of the popula-
tion on Day 1, but significantly increased to 28.0%
on Day 14 (Fig. 1D). Similar to previous reports
showing that CSCs are usually resistant to the conven-
tional chcmothcmpy,g Gdegmgh cells also demonstrated
chemoresistance compared to unsorted cells under hy-
poxia conditions (Supporting Fig. 3). These results are
consistent with reports showing that hypoxic condi-
tions serve as a stimulus to reprogram cells towards
normal stem cells and CSCs.?>*

CSCs Property of the HCC Subpopnlation With
Low Intracellular ROS Levels and Low Proteasome
Activity. Gdeg"™® cells had a lower concentration of
ROS than the unsorted cells based on the intracellular
concentrations of MitoSOX Red staining. Intracellular
ROS-positive cells (ROS‘"S") accounted for 71.0% *
8.22% of the unsorted HuH7 HCC cells, but only
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Fig. 2. (A) The proportion of ROS-positive cels (ROS™™) in unsorted
HCC cells (left) and the sorted Gdeg™® HCC cells (right) determined by
FACS analysis with MitoSOX Red staining; results are presented as
means = standard deviation from triplicate experiments (P < 0.05).
(B) Gdeg"®" and Gdeg"?" HCC cells stained with MitoSOX Red; (C) Flow
cytometry histogram showing expression of CD44 positive cells in the
Gdeg"®"ROS"™ HuH7 cells (80.7%) and unsorted HuH7 cells (12.4%).
(D) Tumorigenicity analysis using NOD/SCID mice; a tumor nodule was
detected at the inoculation site of 10% Gdeg"™R0OS™ HCC cells, but
not at the inoculation site of the unsorted cells.

37.20 + 10.8% within the Gdeg"®" HuH7 cell pop-
ulation (P < 0.05). The Gdeg"‘gl’ group also contained
a subpopulation of cells with low intracellular ROS
levels (Gdeg"#"ROS"™™) (Fig. 2A).

To determine whether Gdeg""ROS™ HCC cells
might possess certain stem cell-like properties, the
expression of stem cell surface markers, CD133,°
CD90,* EpCAM,” and CD44 was analyzed.” CD44-
postiveness was detected in 80.7% of Gdeg"8"ROS'™
HuH7 cells, but in only 12.4% of unsorted HuM7
cells (Fig. 2C). EpCAM and CD90 expression were
increased in the Gdeg"®"ROS®Y HLEF cells compared
to the unsorted HLE cells (EpCAM; 6.0% versus
2.7%, CD90; 55.9% versus 44.6%).

An important test for validating whether cells are
CSCs is the identification of a cancer initiation popu-
lation demonstrated by increased tumorigenicity in
vivo. Differenc cell numbers from each population
were injected subcutaneously into nonobese diaberic /
severe combined immunodeficient (NOD/SCID) mice
in numbers ranging from 107 to 10° cells per injec-
tion. Gdeg"8"ROS®" HCC cells had higher tumori-
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genic capacity than unsorted cells. As few as 10% Gde-
g"E"ROS™ HCC cells could form a subcutaneous
tumor (Fig. 2D, Table 15 Supporting Table 2). Cancer
initiation. frequency was calculated: using L-Calc Soft-
ware?S (Stem' Cell Technologies), and significance was
determined by chi-square analysis using ELDA (Walter
and Eliza Hall Bioinformatics).*® The cancer inisiation
frequency was 1 in 2,083 (95% CI = 739 to 5,867)
for Gdeg"8"ROS"™ HCC cells and 1 in 79,189 (95%
Cl = 31,651 to 198,128) for unsorted cells (P <
0.001). These data validate that CSCs are significantly
enriched in the Gdeg"¥"ROS"™" subpopulation com-
pared to unsorted HCC cells.

Tumor-Host Interactions of HCC CSCs. Compre-
hensive gene expression analysis in GdegmghROS‘“w
HCC cells was performed to acquire the CSC gene
profile. As described in a previous report,'”® GSEA
based on the Reactome database” was utilized to
determine the biological pathways activated or
inactivated in Gdeg"™"ROS™ HCC cells. The GSEA
demonstrated significant enrichment in 8 gene sets
(Supporting Table 3), and the gene set “chemokine_
receptors_bind_chemokines” showed the lowest FDR
(Fig. 3A). A protein interaction network was then con-
structed using 12,890 probe sets with at least 10%
change in expression levels. To more closely investigate
molecular networks associated with chemokines, a sub-
network of 2-hop neighbors from chemokine ligands
and receptors including CXCL, CCL, CX3CL, XCL,
CXCR, CCR, CX3CR, and XCR family genes was
generated (Fig. 3B).

The ability of Gdeg"$"ROS"" HCC cells to induce
macrophage chemotaxis was determined using a che-
motaxis assay and the RAW264 murine macrophage-
like cell line (Fig. 3C). Gdeg"*"ROS™™ HCC cells sig-
nificantly facilitated RAW264 cell migration compared
to their counterparts and unsorted controls (average
number of cells that migrated to the lower chamber,
C§ticg"'["']‘}7\OS"°‘v HCC cells versus unsorted” HCC
cells: difference = 192, 95% CI = 61 1w 323, P =
0.0153, n = 3; Gdeg"™ROS™ HCC cells versus
Gdeg™ROS"e" HCC cells: difference = 196, 95%

Table 1. Enhanced Tumor Formation by
Gdeg"s"ROS™ HCC Cells

Fractlort (%) of Injected Mice That Developed Tumors

Number of Injected With injocted With
Cells Infected Gdeg""ROS™™ Calls Unsorted Colls
10? 3/6 (50%) 0/6 (0%)
10° 4/6 (66.7%) 1/6 (16.7%)
10 5/6 (83.3%) 2/6 (33.3%)
108 5/6 (83.3%) 3/6 (50%)
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CI = 112 to 280, P = 0.0029, n = 3, Gdeg"®"RO-
$% HCC cells versus medium: difference = 292,
95% CI = 214 to 370, P < 0.001, n = 3) (Fig.
3D,E). Facilitated migration of host macrophages may
be associated with niche formation of the HCC CSCs
subpopulation.

To investigate whether the HCC cells established
vivo metastasis, Gdeg'“ghROSI"“' or unsorted HCC

cells were administered intraperitoneally in a NOD/
SCID mouse model, as described previously.'® Perito-
neal metastases were assessed by counting the number
of nodules and evaluating tumor weight in the mesen-
tery and peritoneal walls. The twmor weight (average
weight of dissemination nodules: Gdeg"s"ROS®™
HCC cells versus unsorted HCC cells, difference =
0.197, 95% CI = —0.304 to 0.699, P = 0.3728,
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nodule number

| i
(S
ROSov

n = 4; Fig. 4B) and number (average number of dis-
semination nodules: Gdeg"#"ROS™ HCC cells versus
unsorted HCC cells, difference = 2.00, 95% CI =
—1.28 to 5.28, P = 0.1857, n = 4; Fig. 4C) of the
Gdeg"s"ROS"™ HCC cells group were higher than
those in the unsorted group. Immunofluorescent analy-
sis revealed that murine macrophages had infiltrated
around the Gdeg"®" HCC cells located at the meta-
static tumor margins, indicative of the ability of these
cells to recruit macrophages in vive (Fig. 5).

Clinical Implication of the Gene Signature
Up-Regulated in HCC CSCs. The clinical implication
of the HCC CSC gene signature was retrospectively
assessed using liver tissues from patients who received
curative resection of HCC. CSC-gene signatures were
generated as 43 probe sets using the gene expression
profiles up-regulated in Gdeg"$"ROS™ HCC cells

DAPI

Fig. 5 of

rine macrophages infiltrated around the Gdeg'

unsorted Greghish

ic tumor sections labeled with antimouse F4/80 (bars, 1,000 um (white) and 100 xm (yellow)); mu-
MEN HUHT cells located at the margins of the metastatic tumors.
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06 | Fig. 4. (A) Macroscopic appeai-
ance of peritoneal metastases on
day 28 after intraperitoneal injection
of 10° HCC cells {Upper, unsorted

oa HuH7 cells; Lower, Gdeg"®'ROS'™"
HuH7 cells). The capacity of
03 Gdeg"®'ROS™ HCC cells to estab-

lish peritoneal metastases was
assessed by (B) counting the num-
ber of nodules, and (C) evaluating
tumor weight in the mesentery and

total weight of nodules (g)

0.1
peritoneal walls compared to the
0 o ... L8 unsorted cells. Four mice were used
unsorted  Greghs»  in each group. Each value repre-

ROSlw sents the mean * 95% Cl.

(Supporting Table 4) and revealed a significant correla-
tion between the noncancerous liver gene expressions
and the CSC-gene signatures (P = 0.004 and FDR =
0.005; Fig. 6A). CSC-gene signatures were then eval-
uated with regard to patient outcomes. Patients were
divided into three subtypes; high, moderate, and low
expression groups, on the basis of expression profiles
of the 43 CSC-related probe sets (Fig. GB). These
three groups showed significant differences in recur-
rence-free survival rates (P = 0.002 by log-rank test;
Fig. 6C). High expression was significantly associated
with diminished liver function (low albumin and high
bilirubin) and tumor number (Supporting Fig. 5).
Expression of CSC markers (CD133, EpCAM, CD44,
and CD90Y*"® and biliary/progenitor cell markers (cy-
tokeratin 7 and cytokeratin 19)%® was also up-regulated
in the high expression group (Supporting Fig. 6).

ZsGreen F4/80 meried
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the Gdeg"®"ROS™" HCC gene signature and the recurrence-free survival rates of the patients after curative resection of HCC (P = 0.002).

Recently, leukemia CSC-specific gene signatures were
revealed as highly independent predictors of patient
survival.®® This gene signature analysis demonstrates
the clinical significance of identifying CSC populations
in HCC using the stem-cell monitoring system
described here.

Discussion

The monitoring system of stemness proposed here
visualized two stem cell features, low proteasome activ-

ity and low ROS levels, in human HCC. Monitoring
HCC proteasome activity revealed that human HCC
cells contain a small population of cells that undergo
asymmetric division, exhibiting the multipotency and
self-renewal of CSCs (Fig. 1B).*® Next, we showed
that CoCl,, an agent mimicking the activation of
HIE* increased the proportion of Gdegmgh HCC
cells, indicative of low proteasome activity, while echi-
nomycin, a molecule that inhibits HIF-1 DNA bind-
ing activity, blocked this effect (Fig. 1C). Recently,
echinomycin was also reported to eradicate serially
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transplantable human AML in xenogeneic models by
preferential elimination of CSCs.?* Similar to CoCl,
treatment, hypoxic conditions also increased the pro-
portion of Gdeg"®" HCC cells (Fig. 1D), consistent
with a previous report indicating that hypoxia serves as
a stimulus to reprogram cells towards normal stem
cells?® and CSCs.?® Additionally, HCC cells had an
ROS concentration lower than that of unsorteed HCC
cells, including a subpopulation of Gdegh™®" HCC cells
(Gdegh'®"ROS™), in agreement with a previous seport
showing that normal stem cells and CSCs contain a
lower concentration of ROS than their more mature
progeny. Importantly, xenotransplantation experi-
ments revealed that cells with increased tumorigenicity
were significantly concentrated in the subpopulation of
Gdeg"™®"ROS™ HCC cells.

An HCC stem cell-specific signature (Supporting
Table 4) was identified by genome-wide expression
analysis, and GSEA based on the Reactome data
base”’ showed that our HCC stem ccll system signifi-
cantly correlated with the chemokine network (Fig.
3A,B; Supporting Table 3). Inflammatory mediators
and cells are indispensable components of tumor-host
interactions,®® and studies have shown that cancer cell-
secreted factors generate an inflammarory niche hospi-
table for progression and metastasis of cancer.?"?
More recent studies have shown that glioma-initiating
cells produced inflammatory mediators such as chemo-
kines that induce tumor-associated macroaghages o
organize the glioma-initiating cells niche.” Macro-
phages are an important component of the tumor-host
interaction that controls the survival, migration, and
growth of metastatic cells.®® Our data showed that
Gdeg"™"ROS™™ HCC cells induced macrophage che-
motaxis more effectively than their counterparts (Fig.
3E). Furthermore, these cells had a higher capacity for
dissemination in an iz vive peritoneal metastasis model
(Fig. 4B,C). We also found macrophage infiltration
around the CSCs located at the margin of the dissemi-

nation tumor (Fig. 5), indicative of the ability of:

HCC CSCs to recruit macrophages in vivo.

Recent studies on murine breast CSCs have revealed
that the tumor-host interaction plays a critical role in
metastatic colonization of cancer cells.? Tt is notewor-
thy that the tumor-host interaction mediated by HCC
CSCs is potentially associated with metastatic initia-
tion in our study. The host gene expression signature
of the noncancerous microenvironment is closely asso-
ciated with prediction of HCC recurrence® and lung
adenocarcinoma.?” As a result, the gene expression sig-
nature of our HCC stem cells (Supporting Table 4)
significantly correlates with the discase-free survival

HEPATOLOGY, Month 2013

rate after radical surgery and eatly recurrence (Fig.
GA). These findings strongly suggest that our HCC
stem cell monitoring system is useful in predicting
clinical prognosis, and the validity of this system was
further confirmed (Fig. 6C).

Our HCC CSCs system, which monitors two stem
cell features, is a promising tool to extract and identify
CSCs in live bodies and histological specimens. This
system demonstrated the presence of a small cell popu-
lation with an increased capacity to generate dissemi-
nation #n vive. Clinically, the gene signature specifically
expressed in our HCC stem cells significantly corre-
lated with HCC recurrence after radical resection.
Taken together, these findings suggest thar this stem
cell monitoring system could illuminate the in vive
significance of CSC-host interactions and microenvir-
onments and improve therapeutic approaches for me-
tastasis and recurrence of aggressive cancers.
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;. Abstract ) . 5

The human o4 voltage-dependent calcium channel {Cay2.1) is a pore-forming essentlal subunit embedded In the plasma
membrane, its cytoplasmic carboxyl{C)-tail contains a small poly-glutamine (Q) tract, whose length is normally 4~19 Q, but
when expanded up to 20~33Q, the tract causes an autosomal-dominant neurodegenerative disorder, spmocerebellar ataxia
type 6 (SCA6). A recent study has shown that a 75-kDa C-terminal fragment {CTF) containing the polyQ tract remains soluble
in normal brains, but becomes insoluble mainly in the cytoplasm with additional localization to the nuclei of human SCA6
Purkinje cells. However, the mechanism by which the CTF aggregation leads to neurodegeneration is completely elusive,
particularly whether the CTF exerts more toxicity in the nucleus or in the cytoplasm. We tagged recombinant {NCTF with
either nuclear-localization or nuclear-export signal, created doxycyclin-inducible rat pheochromocytama (PC12) cell lines,
and found that the CTF is more toxic in the cytoplasm than in the nucleus, the observations being more obvious with Q28
(disease range) than with Q13 (normal-length). Surprisingly, the CTF aggregates co-localized both with cAMP response
element-binding protein (CREB) and phosphorylated-CREB (p-CREB) in the cytoplasm, and Western blot analysis showed
that the quantity of CREB and p-CREB were both decreased in the nucleus when the rCTF formed aggregates in the
cytoplasm. In human brains, polyQ aggrégates also co-localized with CREB in the cytoplasm of SCA6 Purkinje cells, but not
in other conditions, Collectively, the cytoplasmic Ca,2,1-CTF aggregates are sufficient to cause cell death, and one of the -
pathogenic mechanisms may be abnormal CREB trafficking in the cytoplasm and reduced CREB and p-CREB levels in the
nuclei,
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Introduction repeat is below 35 in normal individuals. In these diseases,
however, the CAG repeat is expanded above 35 to even more than
100, which gives rise to a mutated protein with an expanded
polyQ tract that tends to adopt a B-sheet structure, become
misfolded, and form oligomers of mutated protein eventually
forming microscopic aggregates.

The polyQ, expansion causing SCAB exists in the cytoplasmic
carboxyl(C)-tail of the o\ {F/Q:type) voltage-dependent calcium
channel protein (Cay2.1) [3]. The cardinal clinical feature of SCA6

Polyglutamine (polyQ) disease is 2 group of nine neurodegen-
erative disorders that are associated with protein aggregation
caused by an expansion of the polyQ tract. These disorders
include Huntington’s disease (HD), spinobulbar muscular atrophy
(SBMA), dentatorubral-pallidoluysian atrophy (DRPLA) and
spinocerebellar ataxia (SCA) types 1, 2, 3, 6, 7, and 17 (SCA3 is
also known as Machado-Joseph disease (MJD)) [1,2]. In general,
the length of the polyQ tract encoded by trinucleotide (CAG)
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is progressive cerebellar ataxia with an average age-of-onset at
45.5 years and gaze-evoked nystagmus [4,5]. The Purkinje cell of
the cerebellar cortex, which expresses Ca,2.1 most abundantly in
the brain, undergoes degeneration [5,G]. Previous studies have
shown that the polyQ expansion in Ca,2.1 causes functional
alterations of Ca,2.1 [7-10]. However, such functional alterations
are not considered critical for SCAG pathogenesis, as Ca,2.1

. functions were not abviously altered in two independent studies on

knock-in mice [11,12]. Probably more important for the patho-
genesis of SCAG is the formation of microscopic aggregation of
Ca,2.1, which has been demonstrated in SCA6 human Purkinje

cells by using several antibodies against the Ca,2.1 C-terminus’

[6,13]. SCAG6 has several unique features that make it appear as a
different disorder among the rest of other polyQ diseases. First, the
length of the polyQ tract in the Ga,2,1 that is responsible for
SCA® falls within the normal range of repeats for other polyQ
diseases (4-19 CAG/polyQs in the Ca,2.1 of normal individuals
compared with 20-33 CAG/polyQs in SCAG subjects) [14,15].
Secondly, microscopic Ca,2.1 aggregates can be seen in the
cytoplasm {i.e., the cell body or cell processes) of SCA6 Purkinje
cells, whereas in other polyQ) diseases, aggregates with expanded
polyQ are prevalent in the nuclei rather than in the cytoplasm of
neurons expressing the responsible proteins [16,17]. These could
indicate that SCA6 has a distinct underlying pathophysiology
among polyQ diseases. Recently, a study by Western blot analysis
showed that a 75-kDa Ca,2.1 C-terminal fragment (CTT), thought
to be generated by a proteolytic cleavage of the full-length Ca,2.1,
might have a critical role in SCAS pathogenesis from the following
reasons‘'[18]. First, the CTF with a normal-length polyQ tract
remains soluble and is localized exclusively in the cytosolic fraction
of the normal human cerebellum, Second, the CTF becomes
insoluble in the cytosolic fraction of SCA6 cerebellum. Third, a
small amount of CTF is additionally detected in the nuclear
fraction in the human SCA6 cerehellum, suggesting that the
expansion of polyQ causes the CTT to translocate into the nucleus
as well as to aggregate in the cytoplasm. These findings raise a
fundamental question: where {i.e., the nucleus or the cytoplasm)
does the CTT exert serious toxicity? In this context, two previous
studies reported that a recombinant ()CTT, when expressed in
cultured cells, tends to localize into the nuclei and exert toxicity in
the nucleus rather than in the cytoplasm [19,20]. However, two
other studies d rated p pposite data that the
tCTF predominantly locates in the cytoplasm where it exerts
toxicity [18,21]. We therefore irvestigated the relationship
between the location of GTT and cell death by using newly
created cultured cell models. In addition, we also pursued
alterations in protein expression and intracellular localization of
the cAMP response element-binding protein (CREB) suggested by
the pathogenesis of other polyQ) diseases. We finally asked whether
the findings in cultured cells are relevant to the human SCAS
pathology. Here we show that the CTT with expanded polyQ is
sufficient to cause toxicity in the cytoplasm.

Results

Nuclear localization signal (NLS) and nuclear export
-signal (NES) faithfully targeted the CTF to the desired

intracellular locations

We first asked the primary lacation of the rCTF. We avoided
using the enhanced green-fluorescent protein (EGFP), since a large
proportion of the rCTF-polyQ (either Q13 or Q28) dramatically
shifted into the nucleus with the presence of EGFP (Figure S1A,
S1B, S1C). Instead, we utilized an artificial nuclear localization
signal (NLS) and export signal (NES), to regulate the location of
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the rCTFs (Figure 1A). Two types of polyQ (Q13: normal, Q28:
expanded) were used (Figure 1A). We fused the rCTFs with either
NLS or NES, transfected each of these in PC12 cells, and then

ined the intracellular distributions of these constructs. The
rCTF-Q13, the normal version of CTF with an approximate size
of 75-80 kDa [18], was predominantly, though not exclusively,
expressed in the cytoplasm. In the presence of the NLS tag, the
rCTF-Q13-NLS dramatically translocated to the nucleus, whereas
the NES tag made the rCTF-Q13-NES anchor in the cytoplasm
(Figure 1B), This result was confirmed in human embryonic
kidney (HEK) 293T cells (Figure S2), and was consistent with the
location of native CTF in human brain [18]. The expanded
version of the CTF, rCTF-Q28 was alse expressed mainly in the
cytoplasm with some obvious amounts in the nucleus (Figure 1C).
In contrast, the rCTF-Q28 tagged with NLS showed much
stronger tendency to locate in the nuclei, while the rCTF-Q28
tagged with NES appeared to remain entirely in the cytoplasm,
showing that both NLS and NES are efficient signals to make the
tCTF confine in a desired location. When the intracellular
locations of various rCTEs were rated into 4 groups {N: exclusively
seen in the nucleus; N-c: predominantly located in the nucleus; n-
C: predominantly located in the cytoplasm; C: exclusively seen in
the cytoplasm)(See, Materials and Methods for details), the effects of
NLS and NES were confirmed (Figure 1D). This allowed us to
examine the roles of CTF in the nucleus and in the cytoplasm
separately by using the NLS and NES.

rCTF-NES/-NLS stably expressed in PC12 cell lines with
doxycyclin removal

To dlarify the chronological seq; of the CTT expression
the formation of CTF aggregates and the point of cell death, we
created PCI2 cell lines that stably expressed the rCTF by
removing the doxycyclin (Dox) (Tet-off PC12 system). In basal
conditions when the Dox is kept added in culture medium, Tet-off
PC12 cells do not express rCTF (termed “Dox{+)” condition).
However, when the culture medium was replaced with the one
lacking the Dox, cells began to express rCTTs (termed “Dox(—)"
condition), Taking an ge of the fact that the PCL2 cells
differentiate into cells with netironal characteristics on exposure to
the nerve-growth factor (NGF), we added the NGF and removed
the Dox at the same day, which we designate “Day0”. We chose
six stable PC12 cell clones (fCTF-Q13, xCTF-Q13-NLS, rCTF-
QI3-NES, rCTF-Q28, rCTI-Q28-NLS, rCTF-Q28-NES), which
had been confirmed to express equivalent rGTF levels by
quantitative real-time reverse-transcription PCR (qQRT-PCR) {data
shown upon request). At the mRNA level, the quantitative RT-PCR
showed that the rCTF mRNA level starts to be detected from
Day3 (Figure 2A). At the protein level, Western analysis using the
AGRPT-#5803 antibody against the C-terminus of Ca,2.1 [18]
showed that the rCTF expression starts to be detected on the
fourth day after Dox removal (“Day4”) and reaches abundant
levels by Day6 (Figure 2B). The maximum protein expression level
at Day6 was approximately 10% of that expressed in transiently
over-expressed PC12 cells (data shown upon request).

The fluorescent immunocytochemistry revealed that in the
stable PC12 cells expressing rCTF-Q28-NES, the recombinant
protein was expressed mainly in the cytoplasm (Figure 2C, upper
panels), whereas in stable PC12 cells expressing rCTF-Q28-NLS,
the protein was confined to the nucleus (Figure 2G, lower panels).
The restricted intracellular distribution by NES and NLS was also
confirmed by Western blotting (Figure 2D).

We next scarched the timeline of the formation of rCTF
aggregates. In PCl2 cells expressing rCTF-Q28-NES, the
cytoplasmic rCTT aggregates visualized by using AGRPT-#5803
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NLS and NES efficiently shift rCTFs with expanded polyQ (Q28} into the nucleus and cytoplasm respectively (scale bars: 10 um). (D) The proportion of
the subcellular localization in each rCTF expressed. The rCTF-polyQ Is predominantly, though not exclusively, expressed in the cytoplasm of PC12
cells. The localization signals change subcellular localization of rCTFs-polyQ effectively. (N; the cells expressing rCTF exclusively in the nucleus; N-c: the
cells expressing rCTF predominantly in the nucleus than in the cytoplasm; n-C: the cells expressing rCTF predominantly in the cytoplasm than in the
nucleus; C: the cells expressing rCTF exclusively in the cytoplasm) (For D: ***:p<.0.001;ANOVA. Error bars indicate == SEM.).
doi:10.1371/journal.pone.0050121.g001

started to be detected on Day4 and become conspicuous on Day6
(Figure 25). In stable rC'ECF-Q13-NES cells, the rCTF aggregates
were observed only with AGRPT-#5803 but not with 1C2,
Because no aggregates are detected by AGRPT-#5803 in normal
human brains, the stable PC12 cells expressing rCTF-Q13-NES
can be considered as an exaggerated cell model for normal C'LF.
On the other hand, those expressing rCTF-Q28-NES recapitu-

Cytoplasmic expression of CTF triggered cell death with
aggregate formation

We next asked whether the CTF is more toxic in (he nucleus
than in the cytoplasm, as in other polyQ diseases [2]. To address
this question, we transiently over-expressed rCTF-polyQ-NLS or
rC'LT-polyQ-NES in HEK293T cells, and measured cell death by
lactate dehydrogenase (LDH) assay at 72 hours after transfection,
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Figure 1. Localization signals efficiently change the intr Hular | ion of CTF, (A) Rec i Ca,2.1 C-terminal fragment (rCTF)s used

in this study. Definition of rCTF (amino acid(AA} #1954-2506 in Ca,2.1 [GenBank AB035726] [18]), artificial nuclear localization or export signals (NLS
or NES), two different polyglutamine (Qn) (Q13; Q28) and recognition sites of three different antibodies (1C2 against expanded polyQ, A6RPT-#£5803
against Ca,2.1 CTF, c-Myc antibody against Myc-tag) are shown. (B) The rCTF-Q13 is predominantly expressed in the cytoplasm of PC12 cells. The NLS
and NES efficiently localize the tagged rCTF to the designed location [AGRPT-#5803 antibody (red), Hoechst 33258 (blue)] {scale bar: 10 pm). (C) The
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lalrcd SCA6 aggn‘egalcs in ]\u}]}z\n Purkinje cells, showing AGRPT- Surprisingly, we found that the rCTF-polyQ-NES showed
#5803 and 102 double-positive aggregates [18]. stronger toxicity than the rCTF-polyQ.-NLS, regardless of the
polyQ lengths (Figure 3A). This is striking, as most proteins
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Figure 2. Characterization of inducible PC12 cells stably expressing rCTFs. Only the cell lines expressing rCTF-Q28-NES, rCTF-Q28-NLS and
rCTF-Q13-NES are shown here (Other cells are shown upon request). {A) A timeline of rCTF expression in PC12 cells stably expressing rCTF-Q28-NES by
quantitative real-time PCR (qRT-PCR). The rCTF mRNA level starts to be detected inDay3 and gradually increases with a time-dependent manner. The
beta-actin expression level was used as an internal control. (B) A timeline of rCTF expression in PC12 cells stably expressing rCTF-Q28-NES by Western
blot using the AGRPT-#5803 antibody. Protein expression starts to be detected on the fourth day after the Dox removal (“Day4”) and reaches
abundant level in Day6. Anti beta-tubulin antibody was used as internal control. {C) Immunofluorescence cytochemistry in Day6 stable PC12 cell lines
expressing rCTF-Q28-NES {upper row) and rCTF-Q28-NLS (lower row). The NES-tag faithfully anchored rCTF to the cytoplasm, whereas the NLS-tag
efficiently directed rCTF to the nucleus. (D) Western blot analysis on protein extracts from stable cell lines expressing rCTF-Q28-NLS and rCTF-Q28-NES
confirming efficient intracellular localizations (AGRPT-#£5803: anti-Ca,2.1CTF, beta-tubulin: a cytoplasmic protein marker, Histone H3: a nuclear
protein marker), (E) Immunofluorescence cytachemistry in Day6 stable PC12 cell lines expressing rCTF-Q28-NES (upper row) and rCTF-Q13-NES (lower
row). In PC12 cells expressing rCTF-Q28-NES, cytoplasmic aggregates are detected by both A6RPT-#5803 and 1C2. In rCTF-Q13-NES cells, rCTF-
aggregates are recognized by the anti-Ca,2.1 antibody A6RPT-#:5803, but not by 1C2, a monoclonal antibody specific for expanded polyQ. (For C&E,
scale bars: 10 pm).

doi:10.137V/journal.pone.0050121,g002
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Figure 3. The rCTF is toxic to cells when expressed in the cytoplasm. (A) Cell death in transiently over-expressed HEK293T cells assessed by
LDH level at 72 hours after transfection, The rCTF-polyQ-NES exhibits stronger cytotoxicity than rCTF-polyQ-NLS. (B) Time course of cell death in
inducible rCTF-Q28-NES PC12 cell line. Cell toxicity is detected from Day5 and beceme prominent in Day6. {C) The cell death at Day6 compared in 6
inducible PC12 cell lines (rCTF-Q13, rCTF-Q13-NLS, rCTF-Q13-NES, rCTF-Q28, sCTF-Q28-NLS, rCTF-Q28-NES}. The cell line expressing rCTF-Q28-NES
exerts the strongest cell death. Y-axis shows differences of LOH values between {Dox(—)} and {Dox{:+)) states. Cells do not show obvious cell death in
Dox(+) states, (D&E) TUNEL positive cells are dramatically increased when doxycyclin Is removed (Dox(—)). Eight randomly selected microscope flelds

PLOS ONE | www.plosone.org

March 2013 | Volume 8 | Issue 3 | e50121

Ca,2.1-CTF Aggregate Is Toxic in the Cytoplasm

were counted for TUNEL positive calls and total cell numbers. (For A to C and E: % p<0.05; **: p<0.01; ***p<0.001;ANCVA for A te C. Mann-Whitney's

U test for E. Error bars indicate = SEM..
doi:10.137V/journal.pone.0050121.g003

causing polyQ), discases show dramatic cell death when thcy are
expressed in the nucleus.

We then compared the cell toxicity for the period after the Dox
removal. In the inducible stable PCI2 cell line expressing the
rCTF-Q28-NES, we found that the cell death measured by LDH
assay started to appear on Day5, and become prominent on Day6
(Figure 3B), We alsa found the cell death is not seen when the Dox
is kept in the media, confirming that the cell death is induced by
the rCTT expression in the cytoplasm. Based on these results, we
compared cell death at Day6 in the 6 stable PC12 cell lines. In a
manner consistent with results from transient expression in
HEK293T cells, we found that the stable PC12 cells expressing
rCTF-polyQ(Q13, Q28)}-NES exerted stronger toxicity than
CTFpolyQ(Q13, Q28) or rCTF-polyQ(Q13, Q28)}-NLS
(Figure 3C). Importantly, we also found that the PC12 cells
expressing rCTF-Q28-NES revealed the strongest toxicity among
the 6 cell lines. This is an intriguing finding demonstrating that
such a small polyQ) repeat, the length that corresponds to a normal
repeat in other poly() diseases, exerts toxicity in the cytoplasm of
cultured cells. The cell death was compatible with apoptosis and
showed a significant increase of TUNEL (T'dT-mediated dUTP-
biatin nick end labeling)-positive cells (Figure 3D & 3L).

The cytoplasmic Ca,2.1-CTF aggregates co-localize with
CREB and phosphorylated(p)-CREB resulting in
reductions of CREB/p-CREB in the nuclei

In other polyQ diseases such as HD, onc of the underlying
mechanisms for suppressing CREB-dependent transcription is the
sequestration of CREB-binding protein (CBP) by the aggregations
of mutant proteins within the nuclei [22-25]. However, it is not
known if this is also the case in SCAG. To clarify whether and how
the CTF suppresses CREB-dependent transcription, we analyzed
localizations of rCTF, CREB and phosphorylated-CREB (p-
CREB), the active form of CREB, in PC12 cell models. While the
immunoreactivities for CREB and p-CREB were both strong in
the nuclei, they were very weak in the cytoplasm of non-
transfected PC12 cells (Figure 4A). On the other hang, in PC12
cells transiently expressing rCTF-Q28-NES, we found that the
cytoplasmic rCTF aggregates co-localized with both CREB and p-
CREB demenstrating focally strong immunoreactivities for these
proteins (Figure 4B). Similar co-localizations were also observed
both for CREB and p-CREB with rCTT aggregates in the stable
PC12 cell lines expressing rCTF-Q28-NES in contrast to the
control Dox(+) cells (Figure 4C & 4D). When rCTF-Q13-NES was
transiently over-expressed in PC12 cells, CREB and p-CREB also
co-localized with rCTF aggregates in the cytoplasm (Figure 83).
These results suggested to us that the rCTF expression in the
cytoplasm indeed alters intracellular distribution of CREB and p-
CREB irrespective of the polyQ) length.

We also examined whether the formation of cytoplasmic rCTF
aggregates influence the quantity of CREB and p-CREB in the
nucleus. By Western blot analysis, we found that they were both
decreased when the rCTT was expressed in the cytoplasm
(Figure 4E). Surprisingly, the reductions of CREB and p-CREB
in the nucleus were not observed when the rCTF was expressed
directly in the nucleus. Therefore, over-expressing the rCTF in the
cytoplasm leads to the reductions of CREB and p-CREB in the
nuclei, possibly by retaining them in the cytoplasm through their
co-localization with the CTF aggregates. This also suggests that
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the cytoplasmic CTF aggregates cause the repression of the
CREB-dependent transcription through abnormal intracellular
trafficking of CREB.

CREB co-localized with cytoplasmic aggregates in the
human SCA6 Purkinje cells

We finally examined whether the CREB co-localizes with
Ca2.1 microscopic aggregates in SCA6 Purkinje cells. Although
CREB expression was seen in the nuclei of cultured cells, the
mununoneacuvxly against CREB was present but weak and

in the I cytoplasm in control human

Purkinje cells (Figure 54), This would indicate species or cellular
differences in the immunoreactivity against the antibody we used.
In SCA6 human Purkinje cells, CREB immunareactivity was also
seen expressed in the cytoplasm. However, granular or thread-like
CREB-immunoreactive structures were frequently observed in the
cytoplasm of SCA6 Purkinje cells (Figure 5B). When these
structures were counted, we observed that SCAS Purkinje cells
show a higher number of CREB-immunoreactive structures than
controls (Figure 5 C). We next examined the relationship between
the CREB and 1C2-immunoreactive Ca,2.1 aggregates in the
SCAG Purkinje cells by double immunofluorescence technique.
We found that the 1C2-immunoreactive microscopic polyQ
aggregates in the cytoplasm of SCAB Purkinje cells indeed co-
localize with CREB (Figure 5D). Among the remaining Purkinje
cells in the three SCA6 cercbella, we found that 50% of such
Purkinje cells had the co-localization of CREB and Ca,2.1
aggregates. As there are no Ca,2.1 aggregates in control Purkinje
cells, such co-localization is specific to SCA6 Purkinje cells
(Figure 5 E), Also, this co-localization mimics what we observed in
cultured cells, suggesting that altered intracellular trafficking of
CREB takes place in human SCAG Purkinje cell as well.

Discussion

Molecular genetics of SCAS are characterized by two main
features; namely, 1) a small polyQ expansion (normal range 4-19
repeat o5 SCA6 20-33 repeat) that falls within a normal range of
other polyQ discases (usually more than 35 repeat in other polyQ,
diseases), and 2) the cytoplasmic localization of aggregations which
contrasts with nuclear localization in other polyQ, diseases
[2,16,17). It should be noted that nuclear aggregates were seen
in SCA6 Purkinje cells in a very small amount, though cytoplasmic
aggregations are far dominant in both immunochistochemical and
Western blotting observations [18]. Thus, it remained te be
clarified whether cytoplasmic aggregates are miore toxic than
nuclear ones, or vice versa as in other polyQ) diseases. To define
which location of the C'TF is more toxic, and also to elucidate the
mechanisms of its toxicity, we developed cell models expressing
rCTF tagged with either NLS or NES. These signals faithfully
targeted the rCTF to the aimed intracellular cites (cytoplasm or
nucleus). We here demonstrate that the rCTF-Q18 and -28 both
consistently show toxicity in cultured HEK293T and PCI2 cells
when the tCTTs are expressed in the cytoplasm, On the other
hand, neither rCTF-Q13 nor rCTF-Q28 showed obvious toxicity
when expressed in the nucleus, Furthermore, the toxicity exerted
by tCTF-Q28-NES was more profound than that of rCTF-Q)3-
NES, an important observation supporting the fundamental idea
that SCA6 complies with the general rule of polyQ-length
dependent toxicity in all polyQ diseases. Taking these observations
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Figure 4. CREB co-localizes with intracytopl; ic CTF aggregates and quantity of CREB is decreased in cultured cell model. (A) In

non-transfected PC12 cells, CREB and p-CREB-immunofluorescence labeling is strong in the nucleus, while the cytoplasm shows only weak and
diffuse immunofluorescence. (B) In PC12 cells over-expressing rCTF-Q28-NES, the cytoplasmic CTF aggregates co-localize with CREB (upper row) and
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p-CREB (fower row), showing focally strong Immuncfluorescence in their cell bodies (arrows), (C&D) In contrast to the Dox(+) stable PC12 cells (upper
row in C&D), co-localizations of CREB {fower row in C) or p-CREB {lower row in D) with cytoplasmlc aggregates are also observed in Dox(—) stable
PC12 cells expressing rCTF-Q28-NES (arrows). (B} The quantities of CREB and p-CREB in the nucleus were both decreased when the 1CTF was
expressed in the cytoplasm, but not so when the rCTF was targeted in the nucleus. (For A-D: scale bars: 10 pm).

doi:10.1371/journal.pone.0050121.g004

together, it seems rational 1o consider that important cascades in
SCAB pathogenesis occur in the cytoplasm of CTF-expressing
cells, such as Purkinje cells.

Then how does the CTT cause cell death? Although this is still
an open question, we here showed that the cytoplasmic
overexpression of rCTF resulted in the altered intracellular
distributions of CREB and p-CREB. The CREB and p-CREB
both co-localized with Ca,2,1-CTF aggregates in the cytoplasm,
and the amount of CREB and p-CREB were both reduced in the
nuclei of cultured cells, Furthermore, co-localization of CREB and
cytoplasmic Ca,2.1 aggregates was confirmed in human SCA6
Purkinje cells, suggesting that the suppression of CREB-mediated
transcription takes place in SCA6 Purkinje cells. Indeed, we
recently found that the brain derived neurotrophic factor (BDNF)
mRNA, which is regulated by the CREB-mediated transcription,
is reduced in SCAG human cerebellum [26]. It is also important to
note that the CREB and p-CREB were not reduced even when the
rGIF was over-expressed in the nuclei by tagging the rCTF with
NLS. Although the present observation is strikingly different than
with other polyQ diseases, in which suppression of CREB-
transcription is seen by puclear localizations of mutated proteins
[23,24,27], it should be noted that polyQ-aggregates are also seen
in the cytoplasm in other polyQ) diseases such as HD [28] and
MJD (13], raising a hypothesis that CREB-transcriptional
repression may be further enhanced by the formation of protein
aggregates in the cytoplasm, It has been shown that the CREB is
transported from axons to cell body [29], and translocated from
the cytoplasm to the nucleus [30,31]. This retrograde trafficking
has been claimed to be important for neurons to survive, Thus, it
may be possible that the cytoplasmic protein aggregates can affect
neuronal survival by trapping the CREB in the cytoplasm resulting
in the reductions of the nuclear CREB and pCREB levels.
Interestingly, the CREB-related transcription is suppressed in
Parkinson’s disease by the formation of p-CREB aggregates in the
neuronal cytoplasm [31]. However, many issues remain unsolved
concerning the link between the Cay2.1 with expanded polyQ and
the suppression of the CREB-related transcription. For example, it
is not known whether the CTF could directly bind CREB/
pCREB, as we failed to detect direct interactions between rCTF
and CREB by co-immunoprecipitation experiments (data not
shown). It is'thus possible that some other proteins mediate co-
localization of Ca,2.1 aggregates and CREB/pCREB. Further
studies are needed to elucidate how CREB and p-CREB co-
localize with Ca,2.1 aggregates.

Our observation. of cytoplasmic toxicity of the CTT is
confounded by two previous studies showing rCTF toxieity in
the nuclei [19,20], However, as we showed here, tagging rCTF
with EGFP may artificially confine the rCTF into the nuclei. It
should also be noted that the components of the rCTTs are not
exactly the same as the four studies [18~21]: the present study
utilized CTF (Amino acids #1954-#2506) [18] which is exactly
the same with the one Li et al. used [20], except for the differences
in tag proteins. The CTT used by Kordasiewicz HB et al. (Amino
acids #2096-#2510) [19]is slightly shorter than ours, and
Marquéze-Pouey et al, [21Jused a much shorter CTT (corre-
sponding amino acids #2319-C-term of rat Ca,2.1), Of note is
that the size of rCTT we used here is very close to the native CTF
Jjudging from the result in Western blot [18]. The toxicity when
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expressed in the cytoplasm is also supported by another study
showing that the rCTF with expanded polyQ, caused cell death
and promoted the CTF to be condensed at the plasma membrane
by interacting with myosin IIB [21]. Although the xCTF-Q28-
NLS was not obviously toxic in our system, we do not preclude a
possibility that the CTT in the nucleus could exert subtle toxicity
Since the CTT is also present in the nucleus in the SCA6 human
brains, the true pathogenic mechanisms of SCAG arc predicted to
be more complicated than our cellular models. Particularly, we
must admit that our cultured cells should have different
intracellular conditions and thus should respond differently to
various stinuli compared to the Purkinje cells. Nevertheless, we
consider that tracking downstream events in each location of CTF
would be an important step for exploring the disease mechanism,
In conelusion, we showed that the GTF with a small polyQ)
expansion is sufficient to cause toxicity when it forms aggregates in
the cytoplasm. This was iated with changes in CREB/p-
CREB intracellular distribution, and their quantities in the
nucleus, A precise und Jing of the | of intracel-
lular CTF aggregations such as the mechanism of CREB
inactivation and the downstream gene expression changes appear
important for establishing fundamental therapy of SCAG.

Materials and Methods

Constructs

Recombinant CTF of Ca,2.1 vector (fCTF-polyQ) encoding
the C-terminal 553 amino acids (AA) with either 13 or 28 CAG
repeats was constructed as previously described [6]. NLS and NES
tags were generated from custom oligonucleotides (Sigma-Aldrich
Japan, Tokyo, Japan). NLS was derived from SV40 large T
antigen (PKKKRIKV) and NES was derived from human cAMP-
dependent protein kinase inhibitor, alpha form (LALKLAGLDI),
and flanked by restriction sites of Xbal. The rCTF-polyQ,
constructs were digested with RV and Pmel, destroying the
Xbal restriction site in the multi cloning site. Then, the resulting
blunt-end fragment of rCTF-polyQ was ligated into the Pmel-
digested pcDNA3.1 (Invitrogen, CA, USA). Finally, NLS or NES
was cloned into the Xbal site of rCTF-polyQ in pcDNA3S.1. EGFP
fused rCTF vectors were constructed with pEGFP-C2 vectors
(Clontech, CA, USA). The rCTF-polyQ constructs were digested
with Bglll and EeRV and the resulting fragment of rCTF-polyQ,
was ligated into EGFP-C2 vector digested with Bglll and Smal in
multi cloning site.

Cell culture and transfection of genes-of-interest

Rat adrenal pheochromocytoma PCI2 cells and Human
embryonic kidney (HEK293T) cells were obtained from American
Type Culture Collection (ATCC, VA, USA). PC12 cells were
grown in Dulbecco’s Modificd Eagle’s Medium (DMEM)
(WAKO, Saitama, Japan) containing 10% horse serum (HS)
(GIBCO, Tokyo, Japan), 5% fetal bovine serum (FBS) (GIBCO)
and 1% penicillin/streptomycin (PS) (GIBCO) in a humidificd
atmosphere of 5% COg at 37°C. HEK293T cells were grown in
DMEM containing 10% FBS and 1% PS in a humidified
atmosphere of 5% CO, at 37°C. Cells were transfected using
Lipofectamine 2000 (Invitrogen) Jing to the f er’s
protocol.
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Figure 5, CREB and Ca,2.1 aggregates co-localize in SCA6 human Purkinje cells. (A) In a control brain affected with Parkinson's disease, the
immunoreactivity against CREB is present but weak and homogeneous in the neuronal cytoplasm of two Purkinje cells. (8) In SCA6 human Purkinje
cells, focally accentuated immunoreactive structures (arrows) are seen in the cytoplasm. (C) In ten control brains, a vast majority of Purkinje cells
showed weak and diffuse immunoreactivity for the anti-CREB antibody as demonstrated in the Figure 5 A. In contrast, aggregate-like CREB-
immunoreactive structures were seen in the Purkinje cells from three SCA6 cerebella. Please refer to the Materials and Methods for the detailed
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description on the criteria of CREB-ir tivities. (D) On double |

Cay2.1-CTF Aggregate Is Toxic in the Cytoplasm

analysis using a rabbit polyclonal CREB antibody and 1C2, a

mouse monoclonal antibody against expanded polyQ tracts, microscopic Ca,2.1 aggregates in the cytoplasm of the SCA6 Purkinje cells indeed co-
localized with CREB (arrows). {For A&B: scale bars: 50 um; for DEE: scale bar: 10 um). (€} In three SCA6 cerebella, approximately 50% of Purkinje cells
contalning 1C2-positive polyQ aggregates In the cytoplasm showed co-localization of the polyQ aggregates and CREB. In contrast, the Purkinje cells
in control cerebella did not show 1C2-positive aggregates. lting in no co-localizati

doi:10.1371/journal.pone.0050121.9g005

Generation and culture of inducible PC12 stable cell lines

PC12 Tet-off cell lines (Clontech, CA, USA) were grown in
DMEM containing 10% HS, 5% TET-system approved FBS
(Clontech), 1% PS and 200 pg/ml G418 (SIGMA, Tokyo, Japan)
in a humidified atmosphere of 5% CO, at 37°C. Tet-off PC12
cells were transfected with each *CTT vector at 70% confluence
using Lipofectamine 2000 ({Invitrogen). Positive clones were
selected in complete medium containing 200 pg/mi G418
(SIGMA), 200 pg/ml hygromycin (WAKO) and 2 pg/ml doxy-
cycline (Dox) (Clontech). To initiate differentiation, cells were
plated on collagen type I-coated plate (IWAK], Tokyo, Japan) and
grown in DMEM containing 1% HS, 1% PS, 200 ug/ml G418,
200 pg/ml hygromycin, 2 pg/ml Dox and 50 ng/ml nerve
growth gactor (NGT) 2.5S {Invitrogen, CA, USA).

Immunocblot analysis

The procedure was described previously [18]. Subcellular
fractionation was performed with NE-PER Nuclear and Cyto-
plasmic Extraction Reagents (Pierce, IL, USA).

Cell toxicity and viability analysis

Cell toxicity were assessed by lactate dehydrogenase (LDH)
assay with CytoTox 96® Non-Radioactive Cytotoxicity Assay
(Promega, WI, USA) and TUNEL assay with DeadEnd™
Fluorometric TUNEL System (Promega). Cell toxicity with
LDH assay was calculated using the following formula {experi-
mental LDH release/maximum LDH release).

Immunocytochemistry
The procedure was described previously [6,18]. Either of the

following primary antibodies was used; mouse monoclonal anti-¢c-

Myc antibody (diluted with phosphate buffered saline (PBS) into
1:100) (Santa Cruz Bioteclmology, CA, USA), rabbit polyclonal
ABRPT-#5803 (1:500), rabbit polyclonal antd-CREB antibody
(1:500) (Cell Signaling Technology, MA, USA), rabbit polyclonal
anti-p-CREB antibody (1:100) (Cell Signaling Technology), mouse
monoclonal anti-expanded 1G2 (1:1000)Millipore, CA, USA). To
visualize the anti-p-CREB antibody signal, endogenous PKA was
activated by the 10 uM forskolin containing medium for 1 hour
before the fixation,

To examine the proportion of cells with a particular subcellular
localization of each rCTF, the cells expressing each rCTF were
classified into the following four groups and counted in five
randomly selected microscope fields: N; the cells expressing fCTF
exclusively in the nucleus; N-c: the cells expressing rCTF
predominantly in the nuclets than in the cytoplasm; n-C: the
cells expressing rCTF predominantly in the cytoplasm than in the
nucleus; C: the cells expressing rCTF exclusively in the cytoplasm.
‘The proportion of subcellular localization was calculated using the
following formula: total number of cells in each of the four groups/
total rCTF expressing cells. The difference was then statistically
analyzed using ANOVA.

‘Immunohistochemistry

Formalin-fixed paraffin-embedded tissue sections of the cere-
bellar cortex were analyzed. Three SCA brains and 10 controls (4
individuals with Parkinson’s disease, 2 with amyotrophic lateral

PLOS ONE | www.plosone.org

sclerosis, 2 with multiple system atrophy, 1 with cercbral infarction,
and 1 with SCA31) were investigated, The procedure was described
previously [6,13,18]. Either of the following primary antibodies was
used; AGRPT-#5803 (diluted in 1:500 concentration with PBS), 1C2
(1:1000), and anti-CREB antibody {1:100). For double immunofiu-
orescent labeling, sections were incubated with 1% sudan black B in
70% methanol for 5 minates to block the autofluorescence.

To examine the proportion of Purkinje cells which shows
different immunostaining against CREB, five random microscopic
fields were selected and each immunostained Purkinje cell was
classificd into the following three categories; “Normal™ the
Purkinje cells which were stained diffusely in the cytoplasm;
“Granule™ the Purkinje cells containing small puncta in the
cytoplasm; “Aggregate”™ the Purkinje cells showing thread-like
structures or coarse large aggregates in the cytoplasm. The
proportion of each category was calculated using the followi
formula: the number of Purkinje cell in each of the three groups/
total number of immunostained Purkinje cells.

To examine the proportion of Purkinje cells which shows co-
localization of CREB and 1C2 positive aggregates, ten consecutive
Purkinje cells containing 1C2 positive aggregates in the cytoplasm
was examined under a confocal laser microscope in three different
regions of cerebellar cortex and calculated,

RNA isolation and real time quantitative PCR (RT-qPCR)
Total cellular RNA was isolated by TRIzol (Invitrogen, CA, USA)
according to the manufactures’ protocol. Cellular extracts were then
treated with DNase (Invitrogen) and total RNA was quantified on a
Nanodrop spectrophotometer. Total RNA was carried out reverse

- transcription to cDNA using a super script® 111 first-strand synthesis

system for RT-PCR {Invitrogen) and random hexamers. The primer
and probes for rCTF was designed from Life technologies (Applied
biosystems by Life technologies, CA, USA). The other primer and
probes were from TagMan® Gene Expression Assays. '

Statistical analysis

Where applicable, data are presented as mean *standard error
of the mean (SEM), and statistical analysis was tested by using
Mann-Whitney's U test (for TUNEL assay) or a one-way analysis
of variance (ANOVA) tests {all assays except for TUNEL assay).
Each experiment was repeated three times independently and
statistical analysis was performed.

Supporting Information

Figure S1 Presence of enhanced green fluorescent protein
(EGFP) dramatically shifts the tagged rCTT into the nuclei. (A)
A scheme of the recombinant Ca, 2.1 C-terminal fragment (tCTF)
vectors with or without EGFP uscd in this study. (B) The rCTF-
polyQ (either Q13 or Q28)-EGFP locates almost exclusively in the
nuclei irrespective of the length of polyQ), This localization is quite
different from the predominantly cytoplasmic location of rCTF-
polyQ without EGFP. (scale bars: 502m} (C) The proportion of the
subcellular localization of each rC1'F in the transiently expressing
PC12 cells. (N; the cells expressing rCTF exclusively in the
nucleus; N-c: the cells expressing rCTF predominandy in the
nuclews than in the cytoplasm; n-C: the cells expressing rCTF
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predominandy in the cytoplasm than in the nucleus; C: the cells
expressing rCTT exclusively in the cytoplasmy).

(PPTX)

Figure 82 rCTF expression in HEK293T cells, While rCTF-
Q13 distributed both in the cytoplasm and nucleus of HEK293T
cells, NLS and NES both efficiently shifted the rCTF localization
in the nucleus and cytoplasm, respectively. (scale bars: 10um).
(PPTX)

Figure 83 Co-localization of CREB and p-CREB with cyto-
plasmic aggregates in rCTFQ13-NES expressing PC12 cells. In
PCI12 cells over-expressing rCTI-Q13-NES, some of the cyto-
plasmic CTF aggregates co-localized with CREB {upper row) and
p-CREB (lower row) (co-localizations: arrows).

(PPTX)

References

1. Orr HT, Zaghbi HY (2007) Trinuclcotide repeat disorders, Annu Rev Newroscl
30: 575-621.

Shac J, Dinmond MI (2007) Pelyglutamine discascs; cmerging concepts in
pathogenesis mnd therapy. Hum Mol Genet 16 Spec No. 2: R115-123.
Zhuchenko O, Bailey J, Bonnen P, Ashizawa T, Stockton DY, et al. (1997)
Autosoraal dominant cercbellar atasia (SCA) associated with souall polyglutas
mine ions in the alpha 1A-voltagy dent caleivn channel. Nat Genet
15: 62~69

Ishikawa K, Tanaka H, Saito M, Ohkoshi N, Fujita T, ot al. (1997) Japanese
Families with sutosotnal dominant pure cercbellar ataxin map to

[od

tad

-

Ca,2.1-CTF Aggregate Is Toxic in the Cytoplasm

Acknowledgments

The authors thank Professor Hirotsugu Asabara, Dr. Kei Watase and Mr.
Toshiki Unno (Tokye Medical and Dental University) for their stimulating
discussions and 1echmcal advice, Mr. Ando and Mrs. Matsuo for their
excellent and Scientilic Language Editing Team,
Tsukuba, Japan, for pmorreadmg the manuscript for editing English,

Author Contributions

Conceived and designed the exg : KI MT. Perft d the
experimentst MT MO TI N§ YN KO KM YM. ‘Analyzed the data:
MT KM YM H. Tanaka. Contributed reagents/materials/analysis tools:
FT RD MY H. Takahashi TK OM YE. Wrote the paper: MT HM K1

=

. Diiglia M, Sapp E, Chase KO, Davies SW, Bates GP, et al. (1997) Aggregation
of huntingtin in neuronal intranuclear inclusions and dystrophic newrites in
brain. Science 277: 1990~1993,

17. Paulson HL, Perez MK, Trottier Y, Trojanowski JQ, Subramony SH, et al.
(1997) Intranuclear inclusions of cxpnndc(l polyglutamine protein in spinaces
chellar ataxir type 3, Neuron 19; 3!

18. Ishiguro T, Ishikawa K, Takahashi \A Obay'\slu M, Amino T, et l, (2010) The

carboxy-terminal fragment of ablhn(ll\) calcium chmmnl preferentinlly aggre-

gates in the cytoplsm of human spinocercbellar ataxia type 6 Purkinje cells,

Acra 119: 447-464.

19p13,1-p13.2 and arc-strongly associated with mild CAG expansions in the
spinocerebellar ataxia type 6 gene in chromosome 19p13.1. Am J Hum Genet
61: 336-346.

Gomez CM, Thompson RM, Gammack JT, Perlman SL, Dobyns W3, et al,
{1997) Spinocerebellar atxia type 6: gaze-cvoked and vertical nystagmus,
Purkinje cell degeneration, and varinble age of onset, Ann Neurol 42: 933-050,
Ishikawa K, F\uug\s:\kn H Snegusa H Ohwﬂdn K, Fujita T, ct al. (1999)
Abundant of [alphallA volinges
dependent calcium :hanm:l protein associated with ucurodegencration in
spmnccrcbclhr muwn type 6. Hun Mol Genee 8: 1185-1193,

3 M, Mori Y, K i H, Nak

b

b

s, et al. (1909)

19. Kordasiewicz HB, Thompson RM, Clark B, Gomez CM (2006} C-termini of

P/Qetype Ca24+ channel alphalA subunits translocate 10 nuclei and promore

polyglutamine-mediated toxicity. Hum Mol Genet 15: 1587-1599.

Li L, Sacgusa H, Tanabe T (2009) Delicit of heat shock wanseription factor 1-

heat shock 70 kDa protein LA axis determines the cell death vulnerability in a

modc] nl'spmutcrnbc)hr 'mxx\a type 6. Gcms Cells 14: 1253-1269.

20, y By N, S N M, Leveque G, Ji ¥, et
nl (2008) Toxicity and cndoc)msxs of splnnccrcbcl[r\r ataxia type 6 polygluin-

mine domains: role of myosin 1Ib, Traflic 9 1086-1100.

Shimohata T, Nukajima T, Yamada M, Uchida C, Onodera O, ct al. (2000)

F.x;,vuulcd polygluzmmnc suc:clm interact with TI\I'IHEU. uucfrcnng with

Nat Genet 26: 29-36.

20,

s

22.

IS

Direct nltcmllur\ of the P/Qlypc Cn2+ channel property by p
cxpansion in spinocerebellar ataxia 6. ] Neurosci 19: RC14.
Toru §, Murakoshi T, Ishikawa K, Sacgusa H, Fujigasaki H, ct al. (2000)
Spinocerebellar ataxia type 6 mutation allers P-type calcium channel function.
J Blol Chein 275: 10893-10898.

Rastituito §, Thompson RM , Bliee J, Rmkc RS Ricdl M, et al, (2000) The

¢ § causes a beta subunit-

spccxﬂc enhanced 'xcnvnnon of P/Q-type c1lcmm cll.umcls in Xenopus oocytes,
J Neurosci 20: 6394-6403,

10, Picdras-Renteria ES, Watase K, Harata N, Zhuchmko O, Zoghti HY, ct al.
(2001) Increased expression of alpha 1A Ca2+ channel currents arising from
expanded rrinuclcotide repeats in spinocerebellar ataxia type 6. J Neurosci 21:
91659193,

. Sacgusa H, Wakamori M, Matsuda Y, WangJ, Mori Y, et al, (2007) Properties
of Juman Cw2,] channel with o spinacerebellar awsin fype 6 mutation
expressed in Purkinje cells, Mol Cell Neurosci 34: 261-270.

. Watase K, Barrete CF, Miyaznki T, Ishigwo T, Ishikawa K, ct al. (2008)
Spmm:cmbc!l’lr ataxin fype 6 kiockin mice dm'clop a progressive neurenal

ion with age-ds lation of mutant CaV2.1 channels, Proc

Nad Acad 5ci U S A 105: 11987-11992.

3 lslulmwu K, Owada K, Mudn K, Fujigasaki H, Shun Li M, et al. (2001)

and nuclear in SCAB Purkinje cclls.

l\mlrulogy 56: 17531756,

14, Yabe I, Sasaki H, Maisuura T, Takada A, Wakisaka A, et al, (1998) SCA6

‘mutation annlysis i a large cohort of the Jaanese patients with Jatc-onset pure

cerebellar ataxia, J Neurol Sci 156; 89-95.

. Takahashi H, Ishikawa K, Tsusumi T, Fujigasaki H, Kawata A, et al, (2004} A
clinical and genetic study in a large cohort of patients with spinacercbellar ataxia
type 6, J Hum Genet 49: 256-264.

| ]

©

g

&

@

PLOS ONE | www.plosone.org

o
2

3 \m:nmpbm A, Taylor JP, Taye AA, Robitsclick J, Li M, t al. (2000} CREB- .

binding protein by expanded § Hum Mol Gener 9:
2197-2202,

24, Nucifora FC, Jr Smh M, Peters MT, Huang H, Coopcr JK, et al (20(]1)
1 I and atrophin-) with cbp-

Jeading to calll\lar toxicity. Scicnce 291: 2423-2428.
8 crvood Al Gladdmg CM, Pouladl MA, Kaufman AM, Hines RM, et al.
(‘2010) Early increase in cx!r'ls}'n’lpnc I\\IDA receptor slgnnlmg and expression

to plienotype onset in s discase mice. Neuron 65: 178-

26, Tnknlmlli M, Ishikawa K, Sato N, Obayashi M, Niimi Y, ¢t al, {2012) Reduced
brain-derived ueurotrophic factor (BDNF) mRNA expression and presence of
BDNF-immunorcactive granules in the spinocerebeline atasia type 6 (SCA6)
cerebellum, Neuropathalogy, In press.

. Jiang H, Nucifora FG, Jr., Ross CA, DcFranco DB (2003) Cell death triggered
by palyglutamine-cxpanded huntingtin in a neuronal cell line is associated with
degradation of CREB-binding protein. Hum Mol Gener 12: 112,

L Li XJ (1999) The carly cellular pathology of Huntington’s discase. Mol
Neurobiol 20: 111-124,

29. Cox LJ, Hengst U, Gurskaya NG, Lukyanov KA, Jalfrey SR (2008) Intra-axonal
wanstation and retrograde waflicking of CREB promotes ueuronal survival. Nav
Cell Biol 10: 149-159.

. Forwood JK, Lam MH, Jans DA (2001) Nuclear import of Creb and AP-1
transcription factors requires importin-beta 1 and Ran but is independent of
importin-alpta. Biochemistry 40; 5208-3217.

. Chalovich EM, Zhu jH, Caltagarone J, Bowser R, Chu CT (2006) Functional
repression of cAMP response elenient in 6-hydroxydopamine-treated neuronal
«ells. ] Biol Chem 281: 17870-17881.

»
S

ey
-3

w
=3

w

March 2013 | Volume 8 | Issue 3 | e50121



. FULL PAPER

Circulating microRNAs as biomarkers for
early detection of diffuse-type gastric cancer
using a mouse model

P Rotkrua'®*, S Shimada®?, K Mogushi?, Y Akiyama', H Tanaka? and Y Yuasa™"'

Division of Molecular Oncology, Graduate Schoo! of Medical and Dental Sciences, Tokyo Medical and Dental University, 1-5-45
Yushima, Bunkyo-ku, Tokyo 113-8519, Japan and 2Division of Systems Biology, Graduate School of Biomedical Science, Tokyo
Medical and Dental University, 1-5-45 Yushirna, Bunkyo-ku, Tokyo 113-8519, Japan

Background: Diffuse-type gastric cancer (DGC) exhibits rapid disease progression and a poor prognosis. There are no effective
serum biomarkers for early detection of DGC. We have established an E-cadherin/p53 double conditional knockout (DCKO)
mouse line that recapitulates human DGC morphologically and molecularly. In this study we tried to identify circulating
microRNAs (miRNAs) as non-invasive biomarkers for DGC diagnosis using DCKO mice.

Methods: We performed miRNA microarray and quantitative reverse transcription-PCR analyses of tissue and serum samples
from DCKO mice with DGC and age-matched littermate controls.

Results: Comparative analyses showed that mouse and human primary gastric cancers have similar miRNA expression patterns.
Next, we selected some candidate miRNAs highly expressed in sera and cancer tissues of DCKO mice for further evaluation.
TagMan quantitative RT-PCR analyses indicated that four of them, miR-103, miR-107, miR-194 and miR-210, were significantly
upregulated in sera of both early and advanced-stage DGC-bearing mice compared with in carresponding controls. Receiver-
operating characteristic curve analyses demonstrated that these four miRNAs can discriminate DGC-positive cases from normal
ones with high sensitivity and specificity.

Conclusion: These observations suggest that this mouse model of DGC is useful for identifying serum biomarkers, and we found
circulating miRNAs that can accurately detect DGC at an early stage.

Gastric cancer (GC) is the fourth most common cancer and the
second leading cause of cancer death worldwide (Ferlay et al,
2010). Gastric cancer can be classified into two major subtypes:
intestinal-type GC (IGC) and diffuse-type GC (DGC) (Laurén,
1965; Japanese Gastric Cancer Association, 1998; Yuasa, 2003).
Diagnosis of GC is frequently missed or delayed because there are
no symptoms or signs in early stages of the disease. Although
endoscopic and microscopic examinations exhibit high reliability
for early detection of GC, they are invasive and inappropriate for

routine screening. Routine clinical application requires easily
implementable tests for biomarker analyses. Some markers ‘in
serum such as CEA and CA19-9 are not sensitive or specific
enough (Liu et al, 2011). Thus, the best way to use serum tumour
markers for diagnosing GC has not been found.

MicroRNAs (miRNAs), which are non-coding RNAs of ~22
nucleotides in length, inhibit gene expression at the post-
transcriptional level, and have crucial roles in a broad range of
physiological and pathological processes. MicroRNAs are
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estimated to regulate the expression of >60% of "human
protein-coding genes. Surprisingly, miRNAs show unexpected
stability in serum. There are at least three proposed mechanisms
underlying how miRNAs are released and protected in the
bloodstream. The delivery of miRNAs is mediated by exosome
and microvesicle (Valadi et al, 2007), Argonaute2 (Ago2) (Arroyo
et al, 2011), and high-density lipoprotein (Vickers et al, 2011).
Several lines of evidence have demonstrated that circulating
miRNAs exhibit unique profiles for each tumour and histopatho-
logical subtype (Cortez et al, 2011; Song and Meltzer, 2012).
Therefore, the discovery of miRNAs in serum opens up the
possibility of novel biomarkers for non-invasive diagnostic
screening.

Even though some circulating miRNAs have recently been
identified as potential biomarkers for several types of cancers
including GC, the results were inconsistent among studies. This
might be due to differences in the histopathological subtypes of the
study subjects, or the lack of standardised sample collection and
storage methods. The utilisation of genetically engineered mouse
models could minimise these problems because we can control the
age of the mice, the stage of the tumours, homogeneous breeding,
environmental factors, the health conditions and the sampling
protocol (Kuick ef al, 2007). We have established an E-cadherin/
p53 double conditional knockout (DCKO) mouse model that
recapitulates human DGC morphologically and molecularly
(Shimada ef al, 2012). Diffuse-type gastric cancers develop from
the age of 6 months in DCKO mice, and early- and advanced-stage
DGCs are found in 100% and 69% of 12-month-old ones,
respectively. Moreover, lymph node (LN) metastasis of DGC was
observed in 40% of cancer-positive cases.

In this study, first, we demonstrated that DCKO mouse and
human GCs are very similar in their miRNA expression patterns.
Next, we searched for candidate DGC-specific miRNA biomarkers
in sera using DCKO mice at different ages, that is, with each stage
of DGC. Our results suggested that miR-103, miR-107, miR-194
and miR-210 were significantly upregulated in both DCKO mouse
sera and DGC tissues compared with in control mice, and that
these miRNA signatures are useful biomarkers for detecting early-
stage DGC.

MATERIALS AND!

Mouse tissue and serum samples. The DCKO (Atpdb-Cre™;
Cadli 1'05P0P Typ53esPioPy mouse line was described previously
(Shimada ef al, 2012), To minimise genetic background differences,
Atpdb-Cre ™ ;Cd 1< P1oxP, Typ53loxPloxP que matched  littermates
were used as controls. Tumour tissues from DCKO mice and
normal tissues from control mice were dissected out, and
subsequently formalin-fixed and paraffin-embedded for histologi-
cal analyses. Pathological classification was performed according to
the criteria established by the Japanese Gastric Cancer Association
(Japanese Gastric Cancer Association, 1998) and Laurén’s
classification (Laurén, 1965). Whole blood was taken by cardiac
puncture from mice at different ages (3, 6-12 and 12 months). The
blood samples were allowed to stand at room temperature
for at least 1h to a maximum of 2h. Mouse sera were
separated from clots by centrifugation at 15000 r.p.m. for 10 min
at 4°C, and stored at —80°C. All animal experiments were
conducted following the protocols approved by the Institutional
Animal Care and Use Committee of Tokyo Medical and Dental
University.

Microarray profiling of tissue and serum miRNAs, Total RNA
was extracted from primary GC and LN metastases of three DCKO
mice, and normal stomach and LN of three age-matched
fittermates with TRIzol reagent (Invitrogen, Carlsbad, CA, USA).

MicroRNA microarray analyses were carried out by an outsource
research company, Toray Industries, Inc. (Kanagawa, Japan).
MicroRNA microarray profiling was performed on Mouse miRNA
Oligo chip ver.16. The nucleotides on the chip can detect ~1100
types of mouse miRNAs sclected from database miRBase (http://
www.mirbase.org/) release 16.0.

To assess contamination by normal tissues of tumour samples,
we performed single-stranded ¢cDNA synthesis using SuperScript
111 reverse transcriptase (Invitrogen) and RT-PCR with the primer
sets shown in Supplementary Table S1. As mentioned in our
previous report (Shimada et al, 2012), Fibronectin 1 (Fnl) and
Alpda are good markers for distinguishing GC from normal gastric
mucosae in DCKO mice (Supplementary Figure $1A). Mucin I
(Mucl) and Cd8a are tissue-specific markers of GC and normal
LN, respectively, (Supplementary Figure S1B). Transcripts of
Gapdh, glyceraldehyde-3-phosphate dehydrogenase, and Hmbs, a
house keeping gene coding porphobilinogen deaminase, were
amplified as internal controls.

One hundred microliters of each serum sample from five DCKO
mice (12 months old) and five age-matched control mice were
pooled to give a final volume of 500 pl. MicroRNA was extracted
from the pooled sera based on Toray’s original protocol. RNA
quality and concentration were assessed by this company using an
Agilent 2100 Bioanalyzer and a spectrophotometer (Agilent
Technologies, Palo Alto, CA, USA). MicroRNA microarraying of
cach pooled sample was performed by the same method as that
described above.

RNA isolation from serum samples. One hundred microliters of
serum was thawed on ice and then transferred to a tube containing
150 pl of nuclease-free water. The samples were cach added to
750 pl of TRI1zol LS reagent (Invitrogen), followed by homogenisa-
tion by pipetting up and down several times. To allow for
normalisation of sample-to-sample variation, 25 fmol of synthetic
C. clegans miRNA cel-miR-39 (5pul of 5nmM miRNA mimic)
(Qiagen, Hilden, Germany) was added to the denatured samples.
Total RNA in serum samples was then extracted according to the
manufacturer’s protocol.

Real-time guantitative RT- PCR (qRT-PCR) of miRNAs. The
levels of miRNAs in serum samples were determined using
TaqgMan MicroRNA Assays (Applied Biosystems, Foster City, CA,
USA). TagMan miRNA reverse transcription was performed with
miRNA-specific stem-loop primers. The amplification was carried
out by denaturation at 95°C for 10 min, followed by 45 cycles of
95°C for 155 and 58 °C for 60s. Each reaction was performed in
triplicate. Spiked-in cel-miR-39 was analysed as a normalisation
control and relative expression was calculated using the 2-Aac
method (Livak and Schmittgen, 2001).

Statistical analysis. R statistical software (R Poundation for
Statistical Computing, Vienna, Austria) was utilised to calculate
correlation coefficients in regression analyses. Fisher’s exact test,
Student’s f-test and Mann-Whitney U-test were also performed
using R. Statistical significance was defined as P<0.05. The
sensitivity, specificity and cutoff value were calculated according to
standard formulas. The receiver-operating characteristic (ROC)
curve and area under the curve (AUC) were established to
discriminate mice with and without DGC.

Comparison of miRNA expression profiles of mouse and human
primary GC. We analysed the miRNA profiles of primary DGC in
DCKO mice using Mouse miRNA"Oligo chip ver.16. To compare
the miRNA expression profiles of mouse and human GC, we
investigated the expression levels of miRNAs that were found to be
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Figure 1, Heat maps (A) and dot plots (B) of miRNA expression profiles in mouse and human primary GC using homologous miRNAs reported by
Petrocca et al (2008), Kim et al {2009), Ueda et al (2010) and Tsukamoto et al {2010), respectively. The expression levels of miRNAs are represented
by log2 ratios and fold-changes as to normal gastric tissues from control mice or humans in heat maps and dot plots, respectively.

significantly upregulated or downregulated in human primary GC
in four published studies (Petrocca et al, 2008; Kim et al, 2009;
Ueda et al, 2010; Tsukamoto ef al, 2010). Out of them, we selected
miRNAs that were detected in Mouse miRNA Oligo chip ver.16,
and visualised the miRNA expression patterns of mouse and
human GC by means of heat maps (Figure la) and dot plots
(Figure 1b). These comparative analyses demonstrated that DGC
in DCKO mice was very similar to human GC in their miRNA
signatures (P=0.01, 0.03, 0.001 and P<0.001, respectively).

Ueda et al (2010) have reported that eight and four miRNAs
were overexpressed in human DGC and 1GC, respectively. Notably,
seven (miR-100, miR-125b, miR-199a, miR-99a, miR-143, miR-
145 and miR-133a) of eight miRNAs upregulated in human DGC
were highly expressed in mouse DGC, while none of four miRNAs
upregulated in human IGC were (P=0.01; Fisher’s exact lest).
Overall, microarray analyses of primary GC revealed that DCKO
mice could recapitulate human DGC at the miRNA level.

Correlation of miRNA signatures of mouse tissue and serum
samples. We analysed the miRNA characteristics of pooled sera
from DCKO and control mice, primary GC and LN metastases of
DCKO mice, and normal stomach and LN of control mice using
miRNA microarrays. We sclected 774 miRNAs that were detected
in all of our microarray assays, and performed regression analyses
of them (Figure 2). The correlation coefficients of miRNA
expression patterns between normal gastric mucosae and primary
GC, and normal LN and metastatic GC were high, that is, 0.933
and 0.926, respectively (Figure 2a), indicating that the differences
between normal and cancer tissues are small. The correlation
coefficient between primary and metastatic GC in miRNA profile,
0.973, was higher than the other two coefficients (P<0.001 for
both; Student’s f-test), suggesting that primary and metastatic GC
exhibit similar characteristics as to miRNA expression.

Figure 2b shows that the miRNA patterns in sera were not
closely associated with those in gastric tissue samples in DCKO
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Figure 2. Dot plots of miRNA signatures in mouse hormal and cancer tissue specimens (A), and in mouse tissue and serum samples (B).

mice or littermate controls (R =0.678 and 0,696, respectively). Sera
of cancer-positive and -negative mice exhibited higher miRNA
expression similarity (R=0.971) than pairs of tissue and serum
samples in the two groups of mice (P<0.001 for both; Student’s
t-test), indicating that only some miRNAs overexpressed in cancer
tissues could be released into the serum.

Identification of DGC-related miRNAs in sera using micro-
arrays, We employed a strategy including screening by means of
miRNA microarrays using pooled samples and validation by
TaqMan qRT-PCR for individual mouse samples at different ages
(Figure 3a). We initially searched for candidate miRNAs by
comparing the miRNA profiles of DCKO and control mice in three
types of samples: (1) DCKO vs control mouse sera, (2) primary
DGC vs normal stomach tissues and (3) metastatic DGC vs normal
stomach tissues. As shown in Figure 3b and Supplementary Table
S2, the microarray analyses revealed 27 upregulated miRNAs in the
sera and GC of DCKO mice compared with in controls, of which
18 were increased in LN metastasis specimens as well. In addition,
75 miRNAs that were significantly upregulated only in the sera
were also identified. We selected candidate miRNAs that satisfied
three criteria: (1) the level in DCKO mouse serum was > 1.5-fold
higher than that in controls; (2) the global normalisation value was
> 100 in DCKO mouse serum, indicating easily detectable levels of
miRNAs; and (3) the identified miRNAs were coincidently
upregulated in both sera and DGC tissues.

Candidate miRNA selection, Among the 27 and 75 candidate
miRNAs identified on microarray analyses, 5 were selected for
further validation based on previous papers, in which these
miRNAs were reported to have important functions in carcinogen-
esis, We chose miR-103 and miR-107, which belong to the same
family, because these two miRNAs were simultaneously upregu-
lated in both sera and DGC tissues, but not significanily in LN
metastasis tissues. The higher expression of the miR-103/107
family has been reported not only in GC (Tsukamoto et al, 2010)
but also in other cancers such as pancreatic (Roldo et al, 2006),
breast (Martello et al, 2010) and prostate (Lodes et al, 2009)
cancers. In addition, miR-194 and miR-210 were selected from the
group of miRNAs increased in sera, DGC and LN metastasis
tissues. The miR-194 level was considerably high in sera (6.3-fold)
and LN metastases (1.8-fold). MiR-210 has been suggested to be a
serum biomarker for diffuse large B-cell lymphoma and pancreatic
cancer (Cortez ef al, 2011).

Interestingly, five members of the miR-290-295 cluster,
miR-291b-5p, miR-291a-5p, miR-290-5p, miR-294* and miR-
292-5p, exhibited 5.54-, 4.81-, 3.26-, 2.52- and 1.56-fold higher
expression levels in DCKO mouse sera, respectively. The miR-290-
295 cluster codes a family of miRNAs that was identified as cell-
cycle controllers via targeting of the cell-cycle regulator genes,
Weel and Fbxl5 (Lichner et al, 2011). A redundancy of this
miRNA family in diseased mouse sera may reflect their critical
functions and ability to serve as serum biomarkers. Thus, we
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Figure 3. {A) Overview of miRNA analyses of DCKO mouse tissue and serum samples. (B) The three-way Venn diagram showing the numbers of
upregulated miRNAs in DCKO mouse samples overlapping in sera, DGC tissues and lymphatic metastasis tissues.

picked miR-291b-5p as a representative for this cluster for the next
validation. Totally, we selected five miRNAs, that is, miR-103, miR-
107, miR-194, miR-210 and miR-291b-5p, as candidate biomarkers.

Validation of serum miRNAs by qRT-PCR in mice at different
cancer stages. To evaluate the accuracy of microarray data, the
levels of the five selected miRNAs in serum samples were
individually assessed by TaqgMan qRT-PCR. First, we examined
the miRNA levels in 12-month-old DCKO mice with advanced-
stage DGC (1 =5) and age-matched controls (1=6) (Figure 4a).
Four of the five miRNAs, miR-103, miR-107, miR-194 and miR-
210, showed significant elevation in DCKO mouse sera at
P=0,045, 0.004, 0.004 and 0.030, respectively (Mann-Whitney
U-test). These results indicate that the microarray analysis data
were mostly reliable. Secondly, these five miRNAs were further
quantified in 6-12-month-old DCKO mice with histologically
proven intramucosal DGC (#=6) and age-matched littermates
(n=7) (Figure 4b). Similar to the results for mice with advanced
DGC, the levels of miR-103, miR-107, miR-194 and miR-210 were
significantly increased in DCKO mouse sera (P=0.014, 0.022,
0.014 and 0.022, respectively), suggesting the potential of these four
miRNAs for identifying DGC at an carly stage.

It was questionable whether upregulation of miR-103, miR-107,
miR-194 and miR-210 in mice with early- and advanced-stage DGC
resulted from inactivation of E-cadherin and p53 in the cells-of-
origin, or was induced by the process of malignant transformation.
We thus investigated whether or not the levels of the candidate
miRNAs were changed in mice at 3 months of age (11 =5), in which
DGC had not been detected. As shown in Figure 4c, no significant

elevation of any miRNA, miR-103, miR-107, miR-194, miR-210 or
miR-291b-5p, was found in DCKO mouse sera (P=0421, 0.690,
0.548, 0.548 and 0.151, respectively). This evidence suggested that
upregulation of miR-103, miR-107, miR-194 and miR-210 in mice
with early- and advanced-stage DGC was triggered by aberrant
processes during the cancer development.

Profiles of serum miRNA levels during DGC development. The
levels of the four miRNAs were examined in DCKO mice at
different time points during DGC progression. The medians of
their levels in both DCKO and control mouse sera were plotted at 3
months of age (no DGC), 6-12 months of age (carly-stage DGC),
and 12 months of age (advanced-stage DGC). Understanding the
trend of candidate miRNA levels could provide an insight as to
biomarker determination. Ideal biomarkers would not only be able,
to discriminate DGC patients from healthy ones, but also indicate
the clinical stage. As shown in Figure 5, the levels of miR-103,
miR-107 and miR-194 in control mouse sera were relatively constant,
but not that of miR-210, whose level was significantly reduced in 12-
month-old mice (P=0.045). On the other hand, upregulation of the
miR-103 and miR-194 levels in DCKO mouse sera occurred in a
stepwise manner during the progression from normal to early-stage
DGC and finally to advanced-stage DGC, suggesting both of them
are very suitable biomarkers for DGC diagnosis.

Although the level of miR-107 in DCKO mouse sera was slightly
decreased at the advanced stage, its level was still significantly
higher than that in the no DGC group (P=0.008). Therefore,
miR-107 could be a biomarker of choice for differentiating
DGC-bearing mice from normal ones. However, the level of
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Figure 4. (A) Comparison of serum miRNA levels between DCKO
{n=>5) and control {n = 6) mice at 12 months of age. All DCKO mice had
developed advanced-stage DGC. (B) Comparison of serum miRNA
levels between DCKO mice with early-stage DGC (n=6) and control
mice {n=7) at 4~12 months of age. {C} Comparison of serum miRNA
levels between DCKO (n=75) and control {n=5) mice at 3 months of
age. Double conditional knockout mice had not developed GC

yet at this age. The levels of miRNAs in' all the samples were
determined by qRT-PCR analyses.

miR-210 did not show a significant difference between 12-month-
old DCKO mice with advanced-stage DGC and 3-month-old
DCKO mice without cancer, leading to the idea that miR-210 may
be an improper indicator if DGC is already advanced.

Risk assessment of candidate miRNAs in discriminating DGC
from non-cancer cases. An ROC curve was plotted to identify

cutoff values for miR-103, miR-107, miR-194 and miR-210 that
could be used to distinguish DGC-positive cases from healthy
controls (Figure 6). ROC curve analyses showed that at the cutoff
level of 2.58, miR-103 exhibited 81.8% sensitivity and 95.7%
specificity with an AUC of 0.881. At the cutoff level of 2.11, miR-
107 exhibited 90.9% sensitivity and 95.7% specificity with an AUC
of 0.909. At the cutoff level of 3.36, miR-194 exhibited 90.9%
sensitivity and 95.7% specificity with an AUC of 0.925. At the
cutoff level of 2.29, miR-210 exhibited 72.7% sensitivity and 87.0%
specificity with an AUC of 0.846.

iDiscussio

A mouse model of human cancer could be an efficient means of
discovering diagnostic markers not only because the genetic
alterations associated with human tumours can be engineered in
mice, but also because mouse and human cancers can exhibit similar
molecular signatures. We demonstrated that primary GC and LN
metastases induced in DCKO mice resembled human GC in their
miRNA expression profiles. We used this animal model of DGC to
identify the circulating miRNAs that can serve as non-invasive
biomarkers for DGC diagnosis. As a result of microarray analyses,
five miRNAs, miR-103, miR-107, miR-194, miR-210 and miR-291b-
5p, that were increased in sera from DCKO mice with DGC, were
selected as candidate biomarkers. We validated that the levels of four
of these five circulating miRNAs, that is, miR-103, miR-107,
miR-194 and miR-210, were upregulated in sera of mice with both
early- and advanced-stage DGC compared with in controls.

Several studies have revealed subsets of miRNAs whose
expression levels are upregulated or downregulated in human
GC (Petrocca et al, 2008; Kim et al, 2009; Tsukamoto et al, 2010;
Ueda et al, 2010). They exhibited similar miRNA signatures, such
as overexpression of miR-21, miR-17-92 and miR-106b-25 clusters,
consistent with our finding that these miRNAs were highly
expressed in primary DGC of DCKO mice on microarray analyses.
In contrast, although other research groups have identified
some miRNAs differentially expressed in sera or plasma of
human GC patients as biomarkers, there has been a conflict as
to their levels in those studies (Tsujiura ef al, 2010; Liu ef al, 2011;
Konishi et al, 2012; Liu et al, 2012; Song et al, 2012). So far, no
overlap of miRNA biomarkers for GC detection has been reported.
The inconsistency of these results could be explained by many
factors, particularly variations in histopathological types and
experimental methods. The GC samples used in previous studies
comprised combination of both histological subtypes (intestinal-
and diffuse-types).

On the other hand, our study only involved DGC-associated
samples, leading to the difference in discovered miRNAs compared
with those in human GC samples. However, we found that five
miRNAs had the corresponding probes in our mouse miRNA
microarray data among the 11 upregulated circulating miRNAs in
human GC cases reported by Liu et al (2012), and that four (miR-
150*, miR-371-5p, miR-187* and miR-378) of these five miRNAs
showed similar upregulation in sera of DCKO mice. These results
suggest that the changes in serum miRNA levels in DCKO mice
could be comparable to those in human GC patients.

. Burthermore, there has been another study discovering miRNA
biomarkers using a mouse model of prostate cancer (Selth et al,
2012). They performed comprehensive and quantitative analyses of
serum miRNAs of the transgenic mice in the same manner as we
did in this work, and have demonstrated that some serum miRNAs
identified in diseased mice are shared between human and mouse
prostate cancers. Therefore, although further validation with a
large cohort of human samples and a prospective study are
required, four miRNAs identified in this study, miR-103, miR-107,
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Figure 6. Receiver-operating characteristic curve analyses of the serum miR-103, miR-107, miR-194 and miR-210 levels to discriminate mice with
DGC {n=11; not including 3-month-ald DCKO mice) from healthy ones (n=18).

miR-194 and miR-210, could be promising as effective serum
markers for DGC diagnosis and screening.

The activation of miR-103 and miR-107 in GC is consistent with
a previous study that involved human tissue samples (Tsukamoto
et al, 2010). There is evidence that the miR-103/107 family induces
the epithelial-to-mesenchymal transition (EMT) in breast cancer
(Martello et al, 2010). Taken together with our finding that EMT
could have crucial roles in diffuse-type carcinogenesis in DCKO
mice (Shimada et al, 2012), this miRNA family might be associated
with the development and/or progression of the malignancy.
Further functional studies on this miRNA family to determine
their interactions with tumour-suppressor genes are required.

Our data showed that the miR-194 level was upregulated in all
types of samples obtained from DCKO mice with DGC, that is,
serum, DGC tissues and LN metastasis tissues. In a former study,
Tsukamoto et al (2010) demonstrated that the elevation of
miR-194 was as high as 5.16-fold in human GC tissues. Moreover,
miR-194 has been reported to be overexpressed in oesophiageal
cancer (Song and Meltzer, 2012), and to be involved in the
carcinogenesis in pancreatic ductal adenocarcinomas (Mees et al,
2010). It has been proved that miR-194 regulates metastasis
formation through targeting of the metastasis-suppressor gene,
EP300 (Mees et al, 2010). However, the oncogenic role of miR-194
in DGC metastasis has not been determined,
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In addition to for DGC, a high level of miR-210 has been
supposed to be a diagnostic biomarker for other malignancies,
that is, diffuse large B-cell lymphoma (Lawrie et al, 2008) and
pancreatic cancer (Wang ef al, 2009; Ho ¢t al, 2010), and a
prognostic marker for breast cancer (Camps et al, 2008). Two
reports have mentioned that miR-210 was directly regulated by
HIFIA and therefore induced by hypoxia, a common
feature of solid tumours (Crosby et al, 2009; Mathew and Simon,
2009). Although the miR-210 level in DCKO mouse sera with
advanced-stage DGC was not significantly different from
that in DCKO mice without cancer, comparison of 12-month-
and 3-month-old control mice also showed the similar trend that
the miR-210 level had significantly decreased by 12 months
of age (P=0.045). This reduction in the miR-210 level in
12-month-old mice for both DCKO and control mice might be
dependent on age.

In summary, we have demonstrated that a mouse model of
human GC provided helpful materials for discovering circulating
mikNAs relevant to the clinical stage of DGC. We found that
four miRNAs, miR-103, miR-107, miR-194 and miR-210, were
specifically upregulated in  DGC-positive mouse sera, and
suggested they are novel non-invasive biomarkers for the early
detection of DGC. Furthermore, the elevation of miR-103 and
miR-194 occurred during the entire progression from the non-
cancer status to the advanced-stage, implying their ability as
biomarkers that can be used to determine the DGC stage.
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Contrast-Enhanced Intraoperative Ultrasonography for

Vascular Imaging of Hepatocellular Carcinoma:
Clinical and Biological Significance

Kota $ato," Shinji Tanaka,' Yusuke Mitsunori,' Kaoru Mogushi,® Mahmut Yasen," Arihiro Aihara,'
Daisuke Ban," Takanori Ochiai,! Talumi Irie,' Atsushi Kudo,' Noriaki Nakamura,'
Hiroshi Tanaka,® and Shigeki Arij’

Abnormal tumor vascularity is one of the typical features of hepatocellular carcinoma
(HCC). In this study, the significance of contrast-enhanced intraoperative ultrasonography
(CEIOUS) images of HCC vasculature was evaluated by clinicopathological and gene
expression analyses. We enrolled 82 patients who underwent curative hepatic resection for
HCC with CEIOUS. Clinicopathological and gene expression analyses were performed
according to CEIOUS vasculature patterns, CEIOUS images of HCC vasculatures were clas-
sified as reticular HCC or thunderbolt HCC. Thunderbolt HCC was sigaificantly correlated
with higher alpha-fetoprotein levels, tumor size, histological differentiation, portal vein
invasion, and tumor-node-metastasis stage, and these patients demonstrated a significantly
poorer prognosis for both recurrence-free survival (P = 0.0193) and overall survival (P =
0.0362) compared with patients who had reticular HCC. Gene expression analysis revealed
that a rereplication inhibitor geminin was significantly overexpressed in thunderbolt HCCs
(P = 0.00326). Jn vitro knockdown of geminin gene reduced significantly the proliferation
of human HCC cells. Immunohistochemical analysis confirmed overexpression of geminin
protein in thunderbolt HCC (P < 0.0001). Multivariate analysis revealed geminin expres-
sion to be an independent factor in predicting poor survival in HCC patients (P = 0.0170).
Conclusion: CEIOUS vascular patterns were distinctly identifiable by gene expression profil-
ing associated with cellular proliferation of HCC and were significantly related to HCC pro-
gression and poor prognosis. These findings might be clinically useful as a determinant

factor in the postoperative treatment of HCC. (Heparorocy 2013;57:1436-1447)

epatocellular carcinoma (HCC) is the fifth

most common malignancy and one of the

maost common causes of cancer-related death
in the world."? Surgical resection is considered the
primary curative therapy in the trearment of HCC.*?
During hepatic resection, intraoperative ultrasonogra-
phy (I10US) of the liver is used as an aid for surgical
navigation. IOUS provides crucial diagnostic and stag-
ing information to the surgeon during the procedure.®
Recently, contrast-enhanced  ultrasonography techni-
ques using microbubble agents have been developed.”
Among these agents, Sonazoid (gaseous perfluburane;

Daiichi-Sankyo, Tokyo, Japan) is a unique ultrasound
contrast agent that is accumulated in Kupffer cells.®'?
We reported recently that Kupffer imaging of Sonazoid
with contrast-enhanced intraoperative ultrasonography
(CEIOUS) is quite useful for derailed detection of
tumors in real time during hepatic resection.'?

Tumor angiogenesis is one of the critical features in
determining overgrowth and metastatic potential.'®!?
In contrast to normal vessels, tumor vessels are tortu-
ous, excessively branched, and short-circuited. In this
manner, tumor vasculature is highly disorganized.'*'8
HCC is a tumor that is typically known to exhibit

Abbreviations: AFE alph aprotein; CEIOUS, i hanced i

2

i FC, fold change; HCC, hepatocellular carcivoma; 10US,

I iphy: MEL microflow imaging; PBS, phosphute-bufféred saline: preRC, prereplication comples; siRNA, small interfering RNA: TNM,
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tumor-node-metustasis.
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angiogenesis.>>'*? n particular, a dramatic altcration

in arterial hypervascularity is observed in moderately
and poorly differentiated HCC.""**?! Such hypervas-
cularity can be observed using angiogragh and con-
trast-enhanced computed tomography,?"**# but it is
quite difficult to analyze the deailed intratumoral vas-
culature in real time.

Recently, it has been reported that contrast-
enhanced ultrasonography can be used to evaluate tu-
mor vasculature similarly to what is seen with other
contrast-enhanced  radiological  imaging  techni-
ques?®?3 1 the present study, the HCC vasculature
was analyzed in detail by CEIOUS with Sonazoid to
identify the specific patterns associated with clinicopa-
thological features. Additionally, genome-wide gene
expression was assessed via DINA microarray analysis,
which offers a systematic approach to acquire compre-
hensive information regarding ‘gene transcription
profiles®® Such swdies could lead not only to the
identification of unique biomarkers but also to the de-
velopment of a novel molecular-targeted therapy for
HCC2® The present study demonstrates the evi-
dence indicating the biological and clinical significance
of CEIOUS microflow imaging (MFI).

Patients and Methods

Patients and Samples, We enrolled patients who
underwent curative hepatic resection for HCC ac the
Tokyo Medical and Dental University Hospital
berween August 2007 and March 2010. From a total
of 167 patients with HCC, 135 patients underwent
CEIOQUS of the main tumor during hepatic resecrion.
Among them, 82 patients were technically eligible for
MEFT analysis. The other 53 patients were technically
ineligible for MFI mainly because of pretrearment
with sorafenib, radiofrequency ablation, and transcath-
eter arterial chemoembolization. The baseline charac-
teristics of the enrolled patients are summarized in
Table 1. Written informed consent was obtained from
the patients, and the institutional review board
approved the study. The preoperative evaluations have
been described elsewhere.>! Resected tissue containing
no necrosis was divided into two specimens immedi-
ately after surgery: one was snap-frozen in liquid
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Table 1. Patient Characteristics

Characteristic Valuo
Age, years, mean = SD (range) 70 + 9,0 (34-84)
Sex, no., maleiflemale . 62:20
Viral infetion, no., HBV:HCV:non-B/C 13:46:23
Background liver pathology, no.

Nomal 6

Chronle hiepatitis or liver fibrosis 33

Liver cinhosis 43
Child-Pugh classlfication, no., A:B 84
Albumin, mg/dL, mean % SD 41 £ 04
Total bilirubin, mg/dL, mean = SD 0.90 = 0.40
PT%, mean = SD 822 £ 80
AFR ng/mL, mean * SE 5,751 * 4,832
PIVKA-ll, mAU/mL, mean + SE 7,355 + 3,575
Tumor slze, cm, mean * SD 4,2 £ 3.4 (1-25)
Tumar number, no., solitary:multipie 49:33
TNM stage, LAy 5:28:32:17

HBY, hepatitls B virus, HCV, hepatitis C vitus; PIVKA-II, proteln Induced by
vitamin X absence o antagonist Ii; PT%, prothrombin time.

nitrogen and stored at —80°C for microarray analysis;
the other was fixed in 10% formaldehyde solution and
embedded in paraffin for histopathological analysis.
According to The General Rules for the Clinical and
Pathological Study of Primary Liver Cancer,®® histopath-
ological analysis was performed. To confirm the
expression patterns detected by the microarrays, the
median follow-up period was 784 days (interquartile
range, 497-1,015).

Analysis of MFI via CEIOUS. The ultrasound sys-
tem Xario-XG (Toshiba Medical) was used for all
IOUS and CEIOUS procedures with a 7-MHz,
T-shaped linear probe (PLT-705BTH; Toshiba Medi-
cal). CEIOUS was performed with pulse inversion har-
monic imaging capability. The mechanical index was
set at 0.15 in all CEIOUS procedures. The acoustic
power was altered to keep the mechanical index ac
0.15 because the depth of the focus point varied. Dur-
ing CEIOUS procedures, a real-time fundamental
mode image was displayed simultaneously with a pulse
inversion harmonic image side-by-side for reference.
Thus, the target lesions were not missed even if they
were difficult to recognize in the pulse inversion har-
monic imaging. During the operation, the liver was
mobilized off the diaphragm for improved sonographic
visualization. JOUS was then performed in a system-
atic fashion in bascline fundamental mode scan to
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confirm the preoperative tumor staging. There was no
lesion discovered in the preoperative staging found
during JOUS. After IOUS, Sonazoid was injected at a
dose of 0.5 mL{body in approximately "1 second
through a catheter inserted in the antecubital vein, fol-
lowed by a 10-mL normal saline flush. Following
injection, a dynamic CEIOUS was- performed with the
focus depth beyond the main tumor. The main tumor
was observed continuously for approximately 1 minute
from the time of injection (vascular phase). The arte-
tial phase was timed for 45 seconds after completion
of the flash, after which the portal venous phase was
timed from 45 to 70 seconds after injection. We per-
formed MFI after observation of the portal venous
phase. For MFI analysis, the combination of flash
replenishment sequence and the maximum intensity
holding sequence was expected to make it possible to
visualize the umor vasculature clearly with high spe-
cial resolution and vascular continuity.?> The accumu-
lation time for each MFI sequence was 10-15 seconds,
depending on the perfusion of the targer tissue. As the
standardized procedure, we applied three-time flashes
on the main tumor and confirmed the MFI partern
based on the dominant image during CEIOUS. At
approximately 10-15 minutes after injection, ultrasonic
observation was resumed using pulse inversion har-
monic imaging in the systematic liver (Kupffer phase).
Hypoechoic lesions were searched for in hyperechoic
surrounding liver with accumulated microbubbles. The
focus point was set at the bottom of the liver. In the
case of new lesions detected, we performed defect
reperfusion imaging with an additional injection of
Sonazoid (0.5 mL/body). The observation in the
Kupffer phase was not repeated after the $econd injec-
tion because all focal liver lesions were theoretically
examined by a thorough scan in the first Kupffer
phase. We removed all lesions diagnosed as HCC by
each modality under conditions that ensured safery.
The IOUS and CEIOUS scans and image analysis

were performed in consensus reading by surgeons with *

8, 10, 20, and 40 years of experience in liver surgery.
DNA Microarray Analysis. For the gene expression
analysis, at least three sections of the largest nodule
were used from the largest cross-section of the main
tumor. Total RNA was extracted from the HCC speci-
mens with an RNeasy kit (Qiagen, Hilden, Germany).
The integrity of the RNA obtained was assessed with
an Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA). Among the HCC tmors limited
<4 em in diameter to exclude the bias of tumor size,
27 samples (11 rericular HCC, 16 thunderbolt HCC)
were available for analysis of gene expression. In the
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27 samples, the mean size of the tumor was 2.9 = 0.2
cm. Contaminating DNA was removed by digestion
with RNase-free DNase (Qiagen), and with 2 ug of
total RNA, complementary RNA was prepared with a
one-cycle target labeling and control reagents kit
(Affeymetrix, Santa Clara, CA). The hybridization and
signal detection of the Human Genome U133 (HG-
U133) Plus 2.0 arrays (Affymetrix) were performed in
accordance with the manufacturer’s instructions. A
total of 37,743 microarray data sets were normalized
by the robust multiarray average method (R2.4.1 sta-
tistical software together with the BioConductor pack-
age), essentially as described in our previous report.’’
The estimated gene expression levels were log 2 trans-
formed, and the fold change (FC) values were calcu-
lated using ratios of genometric means of gene expres-
sion levels between two MFI patterns. A Wilcoxon
rank sum test was performed to estimate the signifi-
cance levels of . the differences in gene expression
between the two groups. For each statistical test, the
obtained P values from the multiple hypothetical test-
ing were adjusted by a false discovery rate, and probe
sets with a false discovery rate <0.47 were considered
for further analysis. Hierarchical clustering with the
selected probe sets was performed using a plete linkage
method. For visualization, the expression levels were
standardized as z scores (mean = 0, variance = 1) for
each probe set.

Cell Culture, The human HCC cell lines SK-Hepl,
Hep3B, and PLC/PRF/5 were obrtained from Ameri-
can Type Culture Collection (Manassas, VA). The
other human HCC cell lines Huhl, Huh7, HLE,
HLE and HepG2 were obtained from the Human Sci-
ence Research Resources Bank {(Osaka, Japan). The
culture media used were Roswell Park Memorial Insti-
tute 1640 medium (SK-Hepl, Hep3B, Huh7, and
HepG2) and Dulbecco’s modified Eagle medium
(PLC/PRF/S, Huhl, HLE, and HLF) supplemented
with 5% fetal bovine serum for the HLF cells or 10%
fetal bovine serum for the remaining cell lines. All
media were supplemented with 100 U/mL of penicil-
lin and 100 pg/mL of streptomycin. All cell lines were
cultivated in a humidified incubator at 37°C in 5 %
carbon dioxide and were collected with 0.25% trypsin-
0.03% ethylene diamine tetraacetic acid.

Western Blotting b cytochemistry. Geminin
protein expression in the cell lines was detected via
western  blotting analysis. The total protein was
extracted from each cell line as described.?> The protein
levels of geminin and o-tubulin (control) were detected
via standard western blot analysis by using 8-15% so-
dium dodecyl sulfate~polyacrylamide gel electrophoresis.
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The blots were incubated overnight at 4°C with the
primary antibody, anti-human geminin (1:200; Santa
Cruz Biotechnology, Santa Cruz, CA; catalog #sc-
13015), and then at room temperature for 1 hour with
anti-o-tubulin (1:5,000; Sigma-Aldrich, St.Louis, MO;
catalog #T9026). The appropriate secondary antibodies
were added for 2 hours, and the protein expression was
visualized with enhanced chemiluminescence by the
ECL western blot testing detection system (GE Health-
care, Buckinghamshire, UK). The immunocytochemical
analysis was performed with culured cells on glass
slides coated with saline. The cells were fixed in phos-
phate-buffered saline (PBS)-10% trichloroacetic acid for
15 minutes, permeabilized in PBS-0.2% Triton X-100
for 5 minutes, and then blocked in PBS-3% bovine se-
rum albumin for the immunocytochemical detection of
geminin. The primary antibody (Santa Cruz Biotech-
nology) was used at 1:50 dilution, and p-tubulin anti-
body (Sigma-Aldrich; catalog #T6557) was used at
1:1,000. The secondary antibody for geminin was the
Alexa Fluor 568 fragment of a donkey anti-rabbit im-
munoglobulin G (H+L) and antibody for y-tubulin
was the Alexa Fluor 488 fragment of a donkey
anti-mouse immunoglobulin G (H+L) (Invitrogen,
Carsbad, CA). The DNA was counterstained with 4,6-
dia-midino-2-phenylindeole. Image acquisition was per-
formed on a confocal microscope (Axio Observer.ZL,
Carl Zeiss Microimaging GmbH, Germany).

Gene Silencing. The knockdown of geminin was
performed by using small interfering RNA (siRNA)
(Invitrogen; catalog #1299003) and negative control
SIRNA duplexes (Invitrogen; catalog #12935112).
HLF, SK-Hepl, and Hep3B cells were seeded at a
density of 1.0 x 10° cells into G-well plates in 2,000
4L of culture medium with 5% fetal bovine serum for
the HLF cells or 10% fetal bovine serum for Hep3B
and SK-Hepl (for western blot testing, cell prolifera-
tion analysis, cell cycle analysis). Thereafter, transfec-
tion with the siRNA was performed by using Lipofect-
amine 2000  (Invitrogen) according to  the
manufacturer’s instructions, After transfection, the cells

" were incubated for 96 hours at 37°C in a 5% carbon

dioxide atmosphere. At the 0-, 24-, 48-, 72-, and 96-
hour time points after siRNA transfection, cells were
detached from each plate. The number of viable cells
was counted by an automatic cell counting machine
(CYTORECON; GE Healthcare) according to the
manufacturer’s instructions. The number of nonviable
cells was assessed using CYTORECON and trypan
blue dye exclusion. These experiments were independ-
ently evaluated in triplicate for cell proliferation analy-
sis. And fluorescence-activated cell sorting for cell cycle
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analysis was done on cells that were collected by tryp-
sinization on each point after siRNA transfection cells,
fixed with 70% echanol overnight at 4°C. Cells were
rehydrated in PBS and then resuspended in PBS con-
taining 100 pg/mL RNase (Sigma) and 10 ug/mL pro-
pidium iodide. Cellular DNA content was analyzed
with a FACSCaliber flow cytometer (Becton Dickinson
Biosciences, San Joes, CA) using Cellquest software.

b histochemical Analysis, Immunchisto-
chemical analysis was performed on HCC dssue
samples. The primary antibodies were used at the fol-
lowing concentrations diluted in PBS containing 1%
bovine serum albumin: geminin (1:500; Santa Cruz
Biotechnology), Ki67 (1:100; Abcam, Cambridge, UK;
catalog #ab833), EpCAM (1:3,000; AbD Serotec,
Oxford, UK; caralog #MCA1870G), CK19 (1:100;
Dako, Glostrup, Denmark; catalog #M088801), and
cKIT (Ventana XT System; Ventana, Tucson, AZ; cat-
alog 790-2951). The tissue sections were stained by an
automated immunostainer (Ventana XT System) using
heat-induced epitope retrieval and a standard DAB
detection kit (Ventana). The immunostaining was eval-
uated quantitatively by counting at least 500 cells in
three different random fields (magnification x100)
under a light microscope by three independent investi-
gators (Sato, Tanaka, and Arii), The mean value was
calculated for the final result of each case.

Statistical Analysis. Statistical comparisons of clini-
copathological characteristics for significance were per-
formed using a x° test or Fisher’s exact test with a sin-
gle degree of freedom, and a Student # test was used to
analyze the differences between continuous values.
Overall survival and recurrence rates were determined
by the Kaplan-Meier method, and for compatisons,
log-rank tests were used. P values less then 0.05 were
considered to have statistical significance. To investi-
gate those factors that predicted overall sutvival, multi-
variate analyses were performed using Cox propor-
tional hazard models and logistic regression models.
All statistical analyses were performed using SPSS
version 17.0 (SPSS, Chicago, IL).

Results

Classification of MFI Patterns and Postoperative
Outcomes of Patients with HCC, A roral of 82
patients who underwent CEIOUS examination during
hepatic resection of HCC were analyzed. According to
MEFI data, tumor vasculatures were classified as two
characteristic patterns: a thin, ramified pattern (reticu-
lar HCC) and a thick, linear pattern (thunderbolt
HCQ), although such a difference could not be



