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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 hypermetabolic 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 within the cell because of low 26S
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 lower 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 superoxide, 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 MitoSOX 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,
HuH7, 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. HLF cells were
cultured in Dulbecco’s modified Eagle’s 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.

Retrovival 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 IT (BD Bioscien-
ces). HCC cells were washed with phosphate-buffered
saline (PBS), then enzymatically dissociated using
0.05% trypsin-EDTA (Invitrogen). Trypsinized 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"8"RO-
S 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 time 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. After FACS, Gdeg"®" or
Gdeg'™ HCC cells were plated separately at a density
of 10* 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 CoCl. HCC cells
were exposed to hypoxic conditions (1% O,, 5%
CO,, 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 II 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 II. Che-
mosensitivity to the anticancer drug fluorouracil (5-
FU) was analyzed using Gdeghigh HuH?7 and unsorted
HuH7 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-
turer’s instructions. The absorbance was read at 490
nm using a multdwell 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, G6-cm dishes were
coated with poly-HEMA (20 mg/mL; Sigma). Image
analysis was performed wusing AxioVision and
AxioObserver.

Tumor Xenotransplantation and Tumorigenicity.
Female NOD.CB17-PRkdc®™/] mice aged 4-6 weeks
were purchased from Charles River Japan (Kanagawa,
Japan). Various numbers of sorted Gdeg™"ROS"™
and unsorted HCC cells, ranging from 1 X 10* to 1
x 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 vivo 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 ug of total RNA using l-cycle target 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 microarray
datasets of (1) GdeghighROSIOW and GdeglowROShigh
HuH7 cells and (2) 253 tissue samples from HCC
patients were normalized separately using the robust
multiarray average method found in the R statistical
software (v. 2.12.1) together with the Bioconductor
package. Estimated gene-expression levels were
obtained 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." Probe sets marked as
“present” by the Gene Expression Console software
(Affymetrix) in at least one Gdeg"S"ROS"™ or Gde-
g"ROS™"HuH7 cell were used for this analysis.
Gene set category “C2 CP REACTOME,” which is
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based on the Reactome database (heep://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™™
ROS"E" HuH7 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-pum pore;
BD Biosciences, Bedford, MA). In the lower chamber,
7.5 x 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. Fach experiment was conducted in wiplicate
and the mean is shown.

Peritoneal Metastasis Model. Peritoneal metastatic
potentials of cancer cells were assessed as reported.'®
Briefly, 10° GdeghighROS]OW HCC cells or unsorted
control cells were injected intraperitoneally into 5-
week-old female NOD.CB17~PdecS°id/] 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.

Immunofluorescent Staining. 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 blocking buffer (3% bovine
serum albumin [BSA]-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 Analysis. 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™#"ROS'™
and Gdeg ""ROS"8"HuH7 cells were included in the
network. Protein interaction data obtained from
BIND  (http://bond.unleashedinformatics.com), Bio-
GRID  (htep://thebiogrid.org), and HPRD  (htep://
www.hprd.org) were downloaded from the ftp site of
the National Center for Biotechnology Information
(NCBI;  ftp://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 patients
underwent curative hepatectomy for HCC from 2004
to 2007 at Tokyo Medical and Dental University Hos-
pital (Tokyo, Japan), and among these, 153 cases were
randomly selected for this study. With Insticutional
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 gene 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 log-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) Frequency of cells with accumulation of Gdeg protein (Gdeg™e") in human HCC cultures (bar, 100 um). (B) Asymmetric cell divi-
sion of the Gdeg"®" HCC observed by time- Iapse microscope. Gdeg™®" HCC cells asymmetrically divided into Gdeg™®" and Gdeg®™ HCC cells
(bar, 50 um). (C) The alteration of the Gdeg high proportion in the unsorted HCC cells after 24-hour and 48-hour treatment of CoCl, (100 uM)
with or without echinomycin (10 nM); results are presented as means = standard deviation from triplicate experiments. (D) The alteration of the
Gdeghigh proportion in the unsorted HCC cells under long-term hypoxic conditions (1% O,); 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"®" 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-
ghish cells and Gdeg®™ cells was performed using FAC-
SAria II (BD Biosciences) As demonstrated by time-
lapse mlcroscopy, Gdeg cells can asymmetrically
divide into Gdeg® and Gdeg"®" cells, while Gdeg®™”
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
Gdeg"®" 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 Gdeg™®" HCC cells significantly increased after 48-
hour treatment with CoCl,, an agent mimicking the
activation of hypoxia-inducing factor (HIF).** The
effects of CoCl, 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 chemotherapy,” Gdeg"®" 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 Subpopulation 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™8") 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 cells (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"™"ROS™ HCC cells, but
not at the inoculation site of the unsorted cells.

37.2% * 10.8% within the Gdeg"®" HuH7 cell pop-
ulation (P < 0.05). The Gdeg"®" group also contained
a subpopulation of cells with low intracellular ROS
levels (GdeghighROSlow) (Fig. 2A).

To determine whether Gdeg"8"ROS™ HCC cells
might possess certain stem cell-like properties, the
expression of stem cell surface markers, CD133,’
CD9O,6 EpCAM,7 and CD44 was ztnalyzed.8 CD44-
postiveness was detected in 80.7% of Gdeg"#"ROS"™
HuH?7 cells, but in only 12.4% of unsorted HuH7
cells (Fig. 2C). EpCAM and CD90 expression were
increased in the Gdeg™"ROS™ HLF cells compared
to the unsorted HLF 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. Different cell numbers from each population
were injected subcutaneously into nonobese diabetic /
severe combined immunodeficient (NOD/SCID) mice
in numbers ranging from 10° to 10 cells per injec-

tion. Gdeg"®"ROS™" HCC cells had higher tumori-
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genic capacity than unsorted cells. As few as 10% Gde-
g"S"ROS™™ HCC cells could form a subcutaneous
wmor (Fig. 2D, Table 1; Supporting Table 2). Cancer
initiation frequency was calculated using L-Calc Soft-
ware”® (Stem Cell Technologies), and significance was
determined by chi-square analysis using ELDA (Walter
and Eliza Hall Bioinformatics).”® The cancer initiation
frequency was 1 in 2,083 (95% CI = 739 o 5,867)
for Gdeg"s"ROS"™ HCC cells and 1 in 79,189 (95%
CI = 31,651 to 198,128) for unsorted cells (P <
0.001). These data validate that CSCs are significantly
enriched in the Gdeg"s"ROS™" subpopulation com-
pared to unsorted HCC cells.

Tumor-Host Interactions of HCC CSCs. Compre-
hensive gene expression analysis in Gdeg"s"ROS
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,
Gdeg"8"ROS'Y HCC cells versus unsorted HCC
cells: difference = 192, 95% CI = 61 to 323, P =
0.0153, n = 3; GdeghighROSk’w HCC cells versus
Gdeg®"ROS™®" HCC cells: difference = 196, 95%

Table 1. Enhgnced Tumor Formation by
Gdeg"="R0OS'™ HCC Cells

Fraction (%) of Injected Mice That Developed Tumors

Number of
Cells Injected

Injected With
Gdeg"="ROS" Celis

Injected With
Unsorted Cells

102 3/6 (50%) 0/6 (0%)
103 4/6 (66.7%) 1/6 (16.7%)
10* 5/6 (83.3%) 2/6 (33.3%)
10° 5/6 (83.3%) 3/6 (50%)

— 440 —



HEPATOLOGY, July 2013

224  MURAMATSU ET AL.

B

A Enrichment plot:
REﬁCTﬁME GHEH@KB“E REC@TBRS BIND GﬁEHﬂK[‘

i "/Wﬂx‘@%’%

L
L

e 2001
FOR=0.0078
NES=2.016

o

S
s

i

Erutieheranl srars E5)
it
B

L
a L

£t BT TIE

FUBINPE faagatively waplatedy
Ak L loon s
; F?Z&ﬂi 71 D wd Danel

- FATTH mem 52:95@&1

A

I Ensinman proile = Wi

C  sci0tpaweed eonis

T.5x10* HCC ealis
were seedad

4 hours
imcubation

I s |
BAWZE4 cells migrated to ‘
the lower surface wore counted

188

Modlurn Unsored Gdeg™™ Gdegha®
ROSHe" ROSe

Fig. 3. (A) GSEA evaluation of gene-expression profile associated with Gdeg“ig“ROS"’W HCC cells; the gene set “chemokine_receptors_bind_-
chemokines” showed the lowest FDR (P < 0.001; FDR = 0.0078; NES = 2.016). (B) A protein interaction network constructed using 12,890
probe sets with at least 10% change in expression levels; a sub-network of 2-hop neighbors from chemokine ligands and receptors was
extracted. (C) Diagram of the double chamber migration assay using a RAW264 murine macrophage-like cell line. (D) Giemsa staining for the
RAW264 cells migrating to the lower surface. (EJThe number of the RAW264 cells migrated to the lower surface induced by Gdeg"®"R0OS'Y HCC
cells compared to Gdeg®"ROS™E" HCC cells, unsorted HCC cells, and medium. Each experiment was conducted in triplicate, and data are pre-

sented as the means * 95% Cl.

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-

CI = 112 to 280, P = 0.0029, n = 3, Gdeg"¢"RO-
S 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 in
vivo metastasis, Gdeg"8"ROS" or unsorted HCC

tery and peritoneal walls. The tumor weight (average
weight of dissemination nodules: Gdeg™€"ROS™"
HCC cells versus unsorted HCC cells, difference
0.197, 95% CI = —0.304 o 0.699, P = 0.3728,
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Fig. 4. (A) Macroscopic appear-
ance of peritoneal metastases on
day 28 after intraperitoneal injection
of 10° HCC cells (Upper, unsorted
HUH7 cells; Lower, Gdeg"®"ROS™"
HuH7 cells). The capacity of
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
peritoneal walls compared to the
unsorted cells. Four mice were used
in each group. Each value repre-
sents the mean = 95% Cl.

n = 4; Fig. 4B) and number (average number of dis-
semination nodules: GdeghighROSk’w 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"#"ROS'™ HCC cells group were higher than
those in the unsorted group. Immunofluorescent analy-
sis revealed that murine macrophages had infiltrated
around the Gdeghigh HCC cells located at the meta-
static tumor margins, indicative of the ability of these
cells to recruit macrophages in vivo (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 %ene expression

profiles up-regulated in GdeghighROS Y HCC cells

DAPI
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(Supporting Table 4) and revealed a significant correla-
tion between the noncancerous liver gene expressions
and the CSC-gene signatures (2 = 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. 6B). These
three groups showed significant differences in recur-
rence-free survival rates (2 = 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 CD90)>® 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 merged

Fig. 5. Immunofluorescence of metastatic tumor sections labeled with antimouse F4/80 (bars, 1,000 pm (white) and 100 um (yellow)); mu-

rine macrophages infiltrated around the Gdeg™®"

HuH7 cells located at the margins of the metastatic tumors.
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Fig. 6. (A) GSEA evaluation of the adjacent nontumor tissues; a positive correlation was observed between the gene set of Gdeg"®"ROS'®"
HCC gene signature and noncancerous liver gene expression (P < 0.004; FDR = 0.005; NES = 1.58). (B) Patients were divided into three sub-
types based on the expression profiles of 43 up-regulated probe sets of Gdeg"&"ROS'™ HCC. (C) A significant correlation was observed between
the Gdeg“’ghROS"’W 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 wusing 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).2% Next, we showed
that CoCl,, an agent mimicking the activation of
HIE?* increased the proportion of Gdeghigh 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 xenogencic models by
preferental elimination of CSCs.” Sumhu o 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 unsorted HCC
cells, including a subpopulation of (;rd%“é' HCC cells
(Gdeg"®"ROS"™), in agreement with a previous report
showmg that normal stem cells and CSCs contain a
lower concentration of ROS than their more mature
progeny.'* Importanty, 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 cell 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 inflammatory 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 macrophages to
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"8"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 77 vivo 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.”® It 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 disease-free survival
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rate after radical surgery and early recurrence (Fig.
6A). 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 iz vivo. 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 that this stem
cell monitoring system could illuminate the in vivo
significance of CSC-host interactions and microenvir-
onments and improve therapeutic approaches for me-
tastasis and recurrence of aggressive cancers.
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Integrative Array-Based Approach Identifies MZB1 as a
Frequently Methylated Putative Tumor Suppressor in
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Abstract

Purpose: The aim of this study was the identification of novel tumor suppressor genes (TSG) silenced by
DNA hypermethylation in hepatocellular carcinoma (HCC).

Experimental Design: We conducted integrative array-based approach for genome-wide screening of
methylation targets using a methylated DNA immunoprecipitation-CpG island microarray and expression
array in three universal hepatoma cell lines and normal liver tissue. Through detailed expression and
functional analyses using hepatoma cell lines and primary HCC samples, we isolated novel TSGs for HCC.

Results: A total of 642 genes were identified as methylated in three hepatoma cell lines but unmethylated
in normal liver tissue, whereas 204 genes on autosomes were identified as genes unexpressed but restored
after treatment with 5-aza-2'-deoxycytidine in these cell lines and expressed in normal tissue. Through the
integration of results of the two-array analyses and further validation analyses of expression and methylation
status in 17 cell lines and 30 primary tumors of hepatoma, we identified MZB1, marginal zone B and B1 cell-
specific protein, encoding an endoplasmic reticulum protein, as a putative TSG frequently methylated within
its CpG island in hepatoma. Among 162 patients with primary HCC, silencing of MZB1 protein was
significantly and independently associated with a worse outcome. Restoration of MZB1 expression in
hepatoma cells reduced cell proliferation in vitro and in vivo through G-arrest.

Conclusions: These results suggest that methylation-mediated silencing of MZB1 expression leads to loss
of its tumor-suppressive activity, which may be a factor in the hepatocarcinogenesis, and is a useful

prognosticator in HCC. Clin Cancer Res; 18(13); 3541-51. ©2012 AACR.

Introduction

Hepatocellular carcinoma (FHCC), one of the most com-
mon malignancies worldwide, is associated with hepatitis
virus infections, dietary aflatoxin, chronic alcohol/tobacco
consumption, and cirrhosis. Genomic alterations, such as
the gain or loss of chromosomal regions and specific gene
mutations, have been frequently noted in hepatocarcino-
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genesis (1). Furthermore, epigenetic abnormalities, such as
DNA methylation and chromosome remodeling, may also
promote tumorigenesis (2, 3). DNA hypermethylation of
promoter CpG islands leads to the inactivation of tumor
suppressor genes (TSG) and critical cancer-related genes in
human cancers including HCC (4, 5). DNA methylation
changes have been reported to be specific to the cancerous
tissue making it possible to distinguish HCC and surround-
ing nontumorous tissues (6). Indeed, abnormal DNA meth-
ylation of several TSGs, such as RASSF1A, CDKN2A,
CRABP1, GSTP1, CHRNA3, DOK1, SFRP1, GAAD45a, and
CDKN2B, is reported to be associated with HCC, and
hypermethylation of specific genes, such as CHFR and SYK
is detected in advanced stages of HCC (6). However, the
number of reported methylation-target genes is far fewer for
HCC than for colon cancer or gastric cancer (7). Therefore,
further identification of remaining targets for methylation
may clarify the specific molecular events involved in HCC
progression, enabling the prevention, diagnosis, and treat-
ment of HCC to be approached as potential clinical appli-
cations of DNA methylation signature at a molecular level.

To discover novel methylation-target sequences with
high specificity and sensitivity in a genome-wide manner,
large-scale screening methods, which have the potential to

www.aacrjournals.org
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find novel methylation targets in a whole range of cancers,
have been developed. A combination of 3 types of pretreat-
ments, such as enzyme digestion, affinity enrichment, or
sodium bisulfite, was followed by different analytical steps,
such as gel-, array-, or next-generation sequencing-based
analysis (8). Among them, methylated-DNA immunopre-
cipitation (MeDIP; ref. 9) in combination with an oligo-
nucleotide array or next-generation sequencing allows for
rapid and efficient genome-wide assessment of DNA meth-
ylation, although these methodologies generally result in a
list of several hundred candidate genes. Although an anal-
ysis of possible promoters or dense CpG islands is used to
narrow down the number of candidate genes, the list is still
too long. Pharmacologic unmasking expression microarray
approaches are also used widely to identify methylation
targets (10), although they are also prone to give false-
positive genes that are indirect methylation targets them-
selves and not considered to be a reliable gauge of DNA
methylation at a given locus.

To identify genes that are downregulated because of DNA
hypermethylation and to concentrate those genes most
frequently involved in HCC, we applied the following
integrative array-based approach to 3 hepatoma cell lines:
(i) MeDIP in combination with CpG island-array (MeDIP-
chip) analysis to identify genes methylated in a cancer-
specific manner, (i) expression microarray analysis to iden-
tify genes downregulated in a cancer-specific manner
and reactivated upon treatment with 5-aza-2'deoxycytidine
(5-aza-dCyd), and (iii) a combination of data from both
approaches. Through further examination of a subset of
obtained candidates, we identified marginal zone B and B1
cell-specific protein (MZB1), also known as proapoptotic

caspase adaptor protein (PACAP), pERp1, or MGC29506
(11), whose inactivation is related with a worse prognosis in
primary tumors as a possible TSG for HCC.

Materials and Methods

Cell lines and primary tumor samples

A total of 17 hepatoma cell lines including 15 HCC lines
(cHc4, Hep3B, Hep-Kano, Hep-TABATA, HLE, HLF, huH-1,
HuH-7, JHH-1, JHH-4, JHH-5, JHH-7, Li-7, PLC/PRF/5, and
SK-HEP-1) and 2 hepatoblastoma lines (HepG2 and HUH-
6) were used (12). All 162 primary HCC samples were
obtained during surgery from patients with HCCs treated
at Tokyo Medical and Dental University (Tokyo, Japan)
between 2000 and 2005. Relevant clinical and survival data
were available for all patients (Table 1). The median follow-
up period for the surviving patients was 19 months (ranging
from 1 to 103 months). Samples from 17 of these patients
with HCC were immediately frozen in liquid nitrogen and
stored at —80°C until required for DNA and RNA analyses.
Normal liver tissues were obtained from surgical samples in
2 patients (cases C20 and C40) with colon cancer metas-
tasis. Written consent was obtained after approval by the
local ethics committee.

MeDIP-chip analysis

The DNA methylation profiles were analyzed by MeDIP
using anti-5-methylcytidine antibody (Eurogentec) fol-
lowed by the Human 244K CpG island microarray (Agi-
lent), which contains 237,220 probes, covering 27,800 CpG
islands (97.5% of UCSC annotated CpG islands), according
to the manufacturer’s instructions. Image analysis with data
extraction was done using Feature Extraction Software,
version 9.0 (Agilent Technologies). The analytic procedure
used for the results of the MeDIP-chip assay was described in
the Supplementary Experimental Procedure.!

Gene expression array

Gene expression was profiled using a 4 x 44K Human
Whole Genome Ver. 2.0 gene expression array (Agilent
Technologies) according to the manufacturer’s instructions.
Total RNAs extracted from hepatoma cell lines and from
these cells treated with 10 pmol/L 5-aza-dCyd for 5 days
were used for conventional and pharmacologic unmasking
analyses, respectively. Two normal livers (C20 and C40)
were used as controls. All samples were analyzed twice.
Image analysis with data extraction and the data analysis
were conducted using Feature Extraction Software, version
9.0 and GeneSpring GX10 software (Agilent Technologies),
respectively.!

Real-time reverse transcription PCR

To analyze the restored expression of genes, the cell lines
were cultured with 1 to 10 umol/L 5-aza-dCyd for 5 days.
Levels of mRNA expression were measured with ABI PRISM

The entire microarray data set is available at http:/ /www.ncbinlm.nih.
gov/geo/info/linking.html under the data series accession no. GSE35313.
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MZB1 Methylation in Hepatocellular Carcinoma

Table 1. Association between clinicopathologic characteristics and MZEB1 expression
MZB1 immunoreactivity
n Negative (%) Positive (%) P?
Total 162 84 (51.9) 78 (48.1)
Gender
Male 122 66 (54.1) 56 (45.9) 0.4139
Female 40 18 (45.0) 22 (55.0)
Age, y
Mean 65.7 65.7
>65 98 49 (50.0) 49 (50.0) 0.5594
<65 64 35 (54.7) 29 (45.3)
Virus
HCV(+) 79 39 (49.4) 40 (50.6) 0.2742
HBV(+) 38 25 (65.8) 13 (34.2)
HCV(-), HBV(-) 45 20 (44.4) 25 (55.6)
AFP, ng/mL” 5,390 + 22,968 2,819 4 138,373 0.3982
PIVKA-II, mAU/mLP 7,252 - 43,097 6,767 - 25,669 0.9325
Aspartate aminotransferase, 1U/L" 48.6 + 25.3 54.7 + 34.2 0.1982
Alanine aminotransferase, 1U/L" 42.8 + 32.6 53.7 + 34.8 0.0418
Platelet (%)° 84.1 4 13.1 85.9 4 13.6 0.3862
Total bilirubin, mg/dL” 0.86 = 0.44 0.86 & 0.40 0.9795
Albumin, g/dL® 3.9+£05 3.9 404 0.6972
Child-Pugh score® 5.4+ 0.6 53+ 07 0.8199
Tumor size, cm® 46428 4.5 431 0.8411
Tumor number
Single 105 50 (47.6) 55 (52.4) 0.1940
Multiple 57 34 (59.6) 23 (40.4)
Histopathologic grading
Well-differentiated 43 24 (55.8) 19 (44.2) 0.4560
Moderately differentiated 90 43 (47.8) 47 (52.2)
Poorly differentiated 29 17 (568.6) 12 (41.4)
Portal vein invasion
Absent 92 40 (43.5) 52 (56.5) 0.0222
Present 70 44 (62.9) 26 (37.1)
Surgical margin
Absent 139 73 (52.5) 66 (47.5) 0.8478
Present 23 11 (47.8) 12 (52.2)
Background liver parenchyma
Normal liver 10 2 (20.0 8 (80.0) 0.0696
Chronic hepatitis 78 39 (50.0) 39 (50.0)
Liver cirrhosis 74 43 (58.1) 31 (41.9)
Tumor stage
| 13 3(23.1) 10 (76.9) 0.0207
Il 57 26 (43.9) 32 (66.1)
1l 58 33 (56.9) 25 (43.1)
IVA 34 23 (67.6) 11 (32.4)
NOTE: Statistically significant values are in boldface type.
Abbreviations: HBV, hepatitis B virus; HCV, hepatitis C virus.
P values are from %2, Fisher exact, or Student t test and were statistically significant at <0.05.
®Mean =+ SD.

7500 sequence detection System (Applied Biosystems)
using TagMan Gene Expression Assays (Hs01048042_m1
for ANGPT2, Hs00174937_m1 for CCK, Hs00405322_m1
for DERL3, Hs00417143_m1 for RADIL, Hs00191390_m1

for KCNKG6, Hs00219458_m1 for L1TD1, Hs00414907_m1
for MZB1, Hs00386153_m1 for FARI, Hs00382235_m1
for OCIAD2, Hs00257935_m1 for PBX4, and
Hs00610060_m1 for SFRPI; Applied Biosystems)
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according to the manufacturer’s instructions. Gene expres-
sion values are given as ratios between the genes of interest
and an internal reference gene (Hs99999903_m1 for ACTB;
Applied Biosystems) that provides an internal normaliza-
tion factor, and subsequently normalized with the value in
the controls (relative expression level). The assay was con-
ducted twice for each sample.

Methylation analysis

Sodium bisulfite-treated genomic DNA was subjected
to PCR using primer sets to amplify regions of interest
(Supplementary Table S1). For the combined bisulfite
restriction analysis (COBRA), PCR products were digested
with BstU1, Taq1, or Hhal and electrophoresed (13). The
intensity of methylated alleles as a percentage on the
ethidium bromide-stained gels was calculated, and a
methylation density cutoff point of 20% was considered
significant as described elsewhere (14). For bisulfite geno-
mic sequencing (BGS), PCR products were subcloned and
sequenced.

Immunochistochemistry

Indirect immunohistochemistry was conducted with for-
malin-fixed, paraffin-embedded tissue sections using an
automated immunostainer (Benchmark XT; Ventana Med-
ical Systerns) with heat-induced epitope retrieval, anti-
MZB1 (1:50; 11454-1-AP; Protein Tech), anti-PCNA
(1:1,000; #2586; Cell Signaling Technology), or anti-Ki-
67 antibodies (1:100; M7240; Dako). The slides were
counterstained with Mayer’s hematoxylin, and analyzed
under a light microscope by 2 pathologists blinded to
clinical characteristics and outcomes. Twenty representative
fields per slide were examined, and the percentage of the
total cell population that expressed MZB1 was evaluated for
each case at x200 magnification. Expression of MZB1
protein was graded as either positive (>10% of tumor cells
showing immunopositivity) or negative (+10% of tumor
cells showing immunopositivity or no staining). Plasma
cells and bile duct epithelial cells were used as positive and
negative controls, respectively.

Western blotting

Western blotting was conducted as described elsewhere
(12). Anti-FLAG-tag and anti-B-actin antibodies were pur-
chased from Sigma-Aldrich, and the anti-cleaved caspase-3
antibody (#9661) was purchased from Cell Signaling
Technology.

Fluorescent immunocytochemistry

The plasmid expressing C-terminally FLAG-tagged
MZB1 (pCMV-3Tag3A-MZB1) was obtained by cloning
the full coding sequence of MZB1 in-frame along with
the 3xFLAG-epitope into the pCMV-3Tag3A vector (Stra-
tagene). Cells were fixed in 10% trichloroacetic acid,
permeabilized with 0.2% Triton X-100, and treated with
blocking solution (1% bovine serum albumin in PBS).
After incubation with the primary antibodies (anti-MZB1,
1:100 and/or anti-Calnexin, 1:100) for 1 hour, the bound

antibody was visualized using a Cy3-conjugated or
fluorescein isothiocyanate (FITC)-conjugated secondary
antibody (1:1,000). After being mounted with DAPI
(4/,6'-diamidino-2-phenylindole) to stain nuclei, the
cells were observed under a fluorescence microscope

(BZ-8100; Keyence).

In vitro and in vivo growth assay

Colony formation assays using cells transiently intro-
duced with pCMV-3Tag3A-MZB1 or the empty vector
(pCMV-3Tag3A-mock) was conducted as described else-
where (15). The expression of MZB1 protein was confirmed
48 hours after transfection by Western blotting and fluo-
rescent immunocytochemistry.

Stable MZB1 transfectants and control counterparts
were obtained by introducing pCMV-3Tag3A-MZB1 or
pCMV-3Tag3A-mock into cells with G418 selection, and
2.5 x 10* cells were seeded in 24-well plates. The num-
bers of viable cells were assessed 24 to 72 hours after
seeding by the water-soluble tetrazolium salt assay. The
cell cycle was evaluated 48 hours after seeding by a
fluorescence-activated cell sorting (FACS) as described
elsewhere (15).

The in vivo tumor-suppressive ability of MZB1 was inves-
tigated by conducting tumor xenograft experiments. Six-
week-old female severe combined immunodeficient
(SCID) mice were injected subcutaneously in the lower
back with MZB1-expressing or control mock-transfected
cells (4 x 107). All procedures involving animals were
approved by and conformed to the guidelines of our Insti-
tutional Animal Care and Use Committee. Tumor forma-
tion in SCID mice was monitored daily and the recipient
mice were sacrificed for tumor weight evaluation and pro-
tein expression analyses 5 weeks postinjection.

Statistical analysis

The ¢ or Fisher’s exact test was used to test for differences
between groups. Kaplan-Meier method and log-rank test
were used for the survival analyses. Univariate and multi-
variate survival analyses were conducted using the likeli-
hood ratio test of the stratified Cox proportional-hazards
model. Differences between subgroups were tested with the
Student ¢ test. For multiple group comparisons, ANOVA
followed by Schefté post-hoc test was used. Differences were
assessed with a 2-sided test, and considered significant at the
P < 0.05 level.

Resulis

Screening in the MeDIP-chip analysis

For the screening of aberrantly methylated genes by
MeDIP-chip analysis, we used a CpG island microarray, in
which 11,229 genes harbor CpG islands upstream or
within, with the algorithm shown in the Supplementary
Experimental Procedure and Supplementary Fig. S1.
Among 11,229 genes, CpG islands of 2,476 genes were
unmethylated in normal liver tissue (case C20) but meth-
ylated in at least 1 of 3 hepatoma cell lines (Hep3B,
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Figure 1. Identification of 11 genes as possible methylation targets. A, left top, overview of the screening approach using MeDIP-chip analyses in 3 hepatoma
cell lines (Hep3B, HepG2, and HuH-7) and control normal liver tissue (case C20); right top, overview of the screening approach using duplicate expression
array analyses in the same 3 hepatoma cell lines without and with 5-aza-dCyd treatment and 2 normal liver tissues (cases C20 and C40); bottom, by
combining results obtained from 2 different genome-wide array-based screening methods, 11 genes overlapped between 2 approaches as possible genes,
which are consistently silenced by tumor-specific CpG island methylation. B, top, summary of DNA methylation status of CpG islands around

11 selected candidates in 17 hepatoma cell lines and normal liver tissue determined by COBRA. Each box indicates restricted status by enzymes

(% methylated allele). A methylation density cutoff point of 20% was considered significant (13). Arrowheads indicate regions in which more than 50%
(>9 of 17) of cell lines showed tumor-specific hypermethylation compared with normal liver tissue; bottom, profiles of expression of 11 candidates determined
by real-time RT-PCR in 17 hepatoma cell lines. Three (Hep3B, HepG2, and HuH-7) of 17 lines were treated with 5-aza-dCyd. Ratio relative to normal
liver tissue (C20) is shown by a 7-gradient pattern. "M's" indicates that genes showed hypermethylation (see C, top) in each cell fine: nonunderlined and
underlined "M's" indicate silenced (<0.01 compared with C20) and retained gene expression, respectively.

HepG2, and HuH-7). Because CpG islands of 642 of those
2,476 genes were methylated in all 3 cell lines
(Fig. 1A), we selected them as candidates consistently
hypermethylated in hepatomas.

Screening in the expression array analysis

In expression array analysis done in a duplicate man-
ner, we used only reproducible probes (the coefficient of
variation, CV <50%) in each set of experiments to eval-
uate obtained values. We focused on genes satisfying 2
criteria: (a) genes whose expression was observed in
normal liver tissue but repressed in hepatoma cells, and
(b) genes whose expression was restored after treatment
with 5-aza-dCyd in hepatoma cells. Among genes
expressed in normal liver tissue (C20 and C40), the
expression of 1,730, 1,158, and 1,521 genes was silenced

but restored by 5-aza-dCyd in Hep3B, HepG2, and HuH-7
cells, respectively. Among them, 204 genes on autosomes
commonly satisfied criteria in all 3 lines (Fig. 1A), indi-
cating 204 genes to be candidates consistently silenced
through methylation in hepatocarcinogenesis.

Integration and validation of results in two microarray-
based analyses

On the basis of the MeDIP-chip and expression array
analyses, 11 genes were selected as overlapping genes in 2
different genome-wide array-based screening methods, sug-
gesting them to be pharmacologically unmasked, tumor-
specific methylation targets in all 3 hepatoma cell lines
(Fig. 1A and Supplementary Table 52). Because these genes
seem to besilenced in a tumor-specific manner, they are also
candidates for TSG in hepatocarcinogenesis.
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Figure 3. A, representative results of immunochistochemical staining of MZB1 protein in normal liver tissue, nontumorous liver tissue, and tumorous tissues
in HCCs. Both normal and nontumorous hepatocytes showed MZB1 immunopositivity, whereas tumor cells showed either negative or positive
immunoreactivity. Bars, 25 pum. Magnifications are »x200. B, Kaplan-Meier curves for overall survival (left) and recurrence-free survival (right) rates of 162
patients with primary HCCs. Negative MZB1 immunoreactivity of tumor cells was significantly associated with worse overall and recurrence-free survivals

(P = 0.0031 and 0.0044, respectively; log-rank test).

and all of those cases also showed tumor-specific down-
regulation of this gene. Among 12 cases available for
immunohistochemical staining of MZB1 protein, MZB1
was expressed in nontumorous tissues and the methylation
status and protein expression status of MZB1 matched in 8
tumorous tissues (Fig. 2B).

To clarify the methylation status of the CpG island of
MZB1, we conducted BGS in cell lines and tumorous and
nontumorous tissues of HCC as well as normal liver tissue.
CpG sites within the CpG island tended to be differentially
methylated among the cell lines and primary samples:
MZB1-nonexpressing cell lines except HuH-7 and primary
tumors showed a highly methylated pattern within the CpG
island, whereas MZB1-expressing normal liver tissue and
nontumorous tissue of HCC case showed partially meth-
ylated (Fig. 2C). Although total %methylation of CpG sites
within the CpG island of HuH-7 cells is higher than but
close to those in MZB1-expressiong samples, dense meth-
ylation without unmethylated allele was observed in spe-
cific regions within CpG island in HuH-7 cells. In addition,
we confirmed that treatment with 5-aza-dCyd partially
restored methylation within the CpG island of MZBI in
HepG2, Hep3B, and HuH-7 cells, whose expression of
MZB1 was restored after the same treatment (Fig. 1B),
suggesting that methylation within the CpG island
upstream to MZB1 occurs in cell lines and primary tumors
of hepatoma and at least partly contributes to the silenc-
ing of its expression of the mRNA and protein level.
Notably, 5-aza-dCyd-treated hepatoma cells and C20
showed similar methylation level of the MZB1 CpG
island (Fig. 2C), whereas 5-aza-dCyd-treated hepatoma
cells showed much higher MZB1 expression level com-

pared with C20 (Fig. 1B), suggesting that 5-aza-dCyd
treatment indirectly activates transcription of MZB1
through demethylation of transcription factors/cofactors
for MZB1, which might downregulated in normal hepa-
tocytes or other mechanisms.

Immunohistochemical staining of MZB1 in primary
HCCs

To determine clinicopathologic significance of the
MZB1downregulation in primary HCCs, we conducted an
immunohistochemical analysis of the MZB1 in 162 primary
cases (Fig. 3 and Table 1). In the tumorous regions, 78
(48.1%) showed immunoreactivity to MZB1 (positive
in Table 1), whereas 84 (51.9%) did not (negative
in Table 1). In the nontumorous regions, on the other
hand, 135 (83.3%) showed immunoreactivity to MZB1,
whereas 27 (16.7%) did not. Negative MZB1 immunore-
activity was more frequent in cases with portal invasion
(P = 0.0222) and in higher tumor stages (P = 0.0207).
However, the MZB1 protein expression in each tumor was
not associated with other characteristics.

In Kaplan-Meier survival curves, univariate analyses of
overall and nonrecurrent survival with log-rank tests
showed a significant association between negative MZB1
immunoreactivity and a poor survival rate of patients
(P = 0.0031 and 0.0044, respectively; Fig. 3B). In the
Cox proportional hazard regression model (Table 2),
univariate analyses showed that negative MZB1 immu-
noreactivity, o-fetoprotein (AFP), tumor size, tumor
number, portal vein invasion, background liver paren-
chyma, and tumor stage were significantly associated with
overall survival. Multivariate analysis using a stepwise
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Table 2. Cox proportional hazard regression analysis for overall survival
Univariate
Multivariate®

Factor HR (95% Cl) P P°
Gender

Male vs. female 0.990 (0.509-1.925) 0.9764 X
Age, y

>65 vs. <65 0.957 (0.527-1.738) 0.8859 X
AFP

>200 vs. <200 ng/mlL. 2.202 (1.214-3.995) 0.0094 X
Tumor size

>3 vs. <3 cm 3.548 (1.498-8.401) 0.0040 0.0319
Tumor number

Multiple vs. single 2.531 (1.406-4.554) 0.0019 X
Histopathologic grading

Poor-moderate vs. well 2.312 (1.074-4.975) 0.0321 X
Portal vein invasion

Present vs. absent 2.309 (1.136-3.716) 0.0173 X
Surgical margin

Present vs. absent 1.948 (0.963-3.940) 0.0637 X
Background liver parenchyma

LCvs. CH + NL 1.825 (1.009-3.300) 0.0468 X
Stage

-+ IVAvs. 1+ Il 3.466 (1.710-7.024) 0.0006 0.0301
MZB1 expression®

Negative vs. positive 2.532 (1.338-4.791) 0.0043 0.0234
NOTE: Statistically significant values are in boldface type.
Abbreviations: CH, chronic hepatitis; LC, liver cirrhosis; NL, normal liver.
2Forward and backward stepwise analyses were used for multivariate analysis.
bp values are from 2-sided tests and were statistically significant at <0.05.
°MZB1 expression was evaluated by immunohistochemical analysis as described in Materials and Methods.

Cox regression procedure revealed that MZB1 immuno-
reactivity, tumor size, and tumor stage were independent-
ly selected as predictive factors for overall survival in both
forward and backward procedures (P = 0.0234, 0.0319,
and 0.0301, respectively).

MZB1 reexpression suppresses proliferation and
tumor formation of cancer cells in vitro and in vivo

To investigate the biologic significance of MZB1 in
hepatocarcinogenesis, MZB1 expression was transiently
or stably restored in hepatoma cells lacking MZB1 expres-
sion. We then measured the proliferation and tumor
formation of those cells in comparison with the control
counterparts transduced with an empty vector in vitro and
in vivo.

In colony-formation assays using transiently trans-
fected cells, the occupancy of the stained area of colonies
produced by MZB1-transfected HLE cells (Fig. 4A), which
show MZBI1 hypermethylation pattern (Supplementary
Fig. S4), and other hepatoma cells (data not shown)
decreased compared with those of control counterparts.
In an in vitro proliferation assay using stably transfected

cells, cells expressing MZB1 protein, which was predom-
inantly colocalized with an endoplasmic reticulum (ER)
marker in the cytoplasm, grew slightly but significantly
slower than the control cells (Fig. 4B). In a FACS analysis
to examine the mode of action of MZB1 in the cell cycle,
an accumulation of cells in Go-G, phase and a decrease in
S and G,-M phase cells but no increase in sub-G, phase
cells was observed among MZB1-transfected cells com-
pared with mock-transfected counterparts (Fig. 4C), sug-
gesting that MZB1 contributes to the arrest of hepatoma
cells at the G,-S checkpoint without inducing apoptosis.
Indeed, a similar expression pattern of cleaved caspase 3,
one of markers of apoptosis, was observed between stable
MZB1 transfectants and control counterparts even after
treatment with CDDP for induction of apoptosis (Fig.
4C). Subcutaneous tumor growth experiments using sta-
ble transfectants showed that restored expression of
MZB1 in hepatoma cells correlated with reduced tumor
volume and weight in vivo probably because of a decrease
in cell proliferation shown by lower PCNA and Ki-67
positivities in MZB1-transfected cells (Fig. 4D). In
resected tumors, no induction of apoptosis detected by
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Figure 4. Tumor-suppressive effects of restoration of MZB1 expression in hepatoma cells in vitro and in vivo. A, HLE cells lacking MZB1 expression were
transiently transfected with pCMV-3Tag3A-MZB1 or pCMV-8Tag3A-mock and selected with G418 for 2 weeks. MZB1 expression was confirmed by
immunoblotting using 10 ng of protein extract and anti-MZB1 antibody (left). The drug-resistant colonies formed by the MZB1-transfected cells were more
numerous than those formed by control counterparts (top right). Occupancy of the stained colony area was calculated (bottom right). Columns,

means of 3 separate experiments, each conducted in triplicate; bars, SD (histogram). *, P < 0.05 versus mock control (Student t test). Similar results were
obtained in the Hep3B and SK-HEP-1 cell lines (data not shown). B, stable HepG2 transfectants were established by transfection of pPCMV-3Tag3A-MZB1 or
pCMV-3Tag3A-mock with G418 selection. Immunofluorescence cytochemistry showed almost all pPCMV-3Tag3A-MZB1-transfected cells to express FLAG-
tagged MZB1 predominantly with an endoplasmic reticulum (ER) marker (calnexin, left). After plating into 24-well plates (2.5 x 10* cells per well), the
proliferative activity of stably MZB1-transfected cells was found to be less than that of the control counterparts. Results of relative growth ratio are shown with
the mean - SD for 3 separate experiments, each done in triplicate (right). Differences were analyzed by 1-way ANOVA with subsequent Scheffé tests: aand b,
P < 0.05 versus mock #1 and #2, respectively. C, top left, representative results of the population in each phase of the cell cycle in stable transfectants
described in (B) assessed by FACS. Bottom left, columns, means of 3 separate clones, each conducted in triplicate; bars, SD (histogram). *, P < 0.05
versus mock control (Student t test). Right, representative results of immunoblotting of MZB1 protein and cleaved caspase-3 (cCASP3), one of apoptotic
markers, without (no treatment, NT) or with cisplatinum (CDDP, 20 umol/L) treatment for 48 hours. D, representative results of tumors formed in

SCID mice following injection of stably MZB1-transfected cells. MZB1-transfected HepG2 cells or mock-transfected cells (4 x 107) were injected into the right
and left dorsal flanks. SCID mice were sacrificed for tumor weight evaluation 5 weeks postinjection (top left). Results of tumor weight are shown with the mean
=+ 8D for 3 separate experiments, each done in triplicate (top right). Differences were analyzed as described in (B). Bottom left, representative

results of immunohistochemical analysis of MZB1 as well as PCNA and Ki-67, markers for cell proliferation, in resected tumors. A positive MZB1
immunoreactivity was detected in MZB1-transfetced cells but not in mock-transfected counterparts, and both PCNA and Ki-67 immunoreactivities were less
frequently observed in MZB1-transfetced cells compared with mock-transfected counterparts. Bars, 25 pm. Magnifications are x200. Bottom right,
representative results of immunoblotting of MZB1 protein and cCASP3 in resected tumors.

cleaved caspase 3 expression in MZB1-transfetced cells
was observed compared with mock-transfected counter-
parts in vivo (Fig. 4D).

Discussion

Epigenetic silencing of TSGs plays an important role
in the carcinogenesis (16), including hepatomagenesis
(5-7). Although many studies have reported aberrant
hypermethylation of genes in HCC, e.g. CDH1, RASSFIA,

GSTP, SOCS1, SFRP1, and PTEN identified as TSGs
silenced by hypermethylation, most of these studies
were limited to the analysis of a single or a few genes
(5-7, 17). Because the number of methylation-target
TSGs identified to date is far fewer for HCC than for
other cancers possibly because of fewer attempts to con-
duct genome-wide analysis (18), there remain many
genes hypermethylated in HCC. With advancements in
microarray technology, the number of genes found to be
hypermethylated in HCC in a cancer-specific manner is
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expected to increase (8, 19). Although the functional
consequence of promoter hypermethylation is transcrip-
tional silencing of the associated gene, this assumption
often goes untested, as few have concurrently investigated
both methylation and expression (6, 7). On the basis of
these hypotheses and background, we conducted
genome-wide screening of methylation-target TSGs
using a combination of 2 microarray-based approaches:
MeDIP-chip analysis in hepatoma cell lines and expres-
sion array analysis for genes pharmacologically un-
masked in the same lines. As a result of this approach,
several genes were newly identified as candidate methyl-
ation targets, and among them MZB1 was showed to be
the most possible TSG, which is silenced through meth-
ylation and contributes to the hepatocarcinogenesis.

Among 11 genes we identified through genome-global
screening of methylation-mediated silenced genes in hep-
atoma cells, 10 were newly identified candidates and only
SFRP1 was known as possible methylation-target TSG in
HCC (20, 21). The remarkable reduction in the number of
candidate genes and lack of various known HCC-related
methylation targets within candidates may be because of a
small number of commonly methylated and/or silenced
genes among the 3 cell lines used in this study. Indeed,
several frequently methylated genes, such as SLIT2, PTGS2
(COX2), and HHIP, for which methylation data are avail-
able in all 3 hepatoma cell lines, showed different methyl-
ation patterns among the cell lines (22-24). These varia-
tions may come from the different backgrounds of the 3 cell
lines, such as hepatitis B virus infection in Hep3B and no
hepatitis virus infection in the other 2 lines, because hyper-
methylated genes in HCC tumors are known to exhibit
remarkably distinct patterns depending on associated risk
factors (25, 26). Therefore, it is suggested that the candidate
genes identified and validated in the present study may
contribute to functional pathways shared among different
subtypes of HCC regardless of associated risk factors, and
this might be the reason why MZB1 protein expression
status was not statistically associated with the status of
hepatitis virus infection and background liver parenchyma
in our analysis.

One of striking findings of our immunohistochemical
analysis of MZB1 using a panel of primary tumor samples of
HCC was that immunoreactivity to the MZB1 protein in
each sample was significantly associated with a worse clin-
ical outcome even after stratification with other clinico-
pathologic characteristics. This result indicates that MZB1
might be useful as an independent prognosticator in
patients with HCC, although MZB1 immunoreactivity in
each case was significantly associated with portal invasion
and in tumor stages. Because MZB1 seems to be down-
regulated in a cancer-specific manner in HCC and its
expression is observed in most normal human tissues
(11), it will be interesting whether MZB1 works as a TSG
in specific tissues including liver or in various tissues.

MZB1 was first identified as a caspase-2-binding mol-
ecule through a yeast 2-hybrid system using a human
B lymphocyte ¢DNA library, which was conducted to

determine the mechanism of activation of caspase-2 in
apoptosis of B cells triggered by ligation of the antigen
receptor (11). Although MZB1 was shown to bind cas-
pase-2 and -9 in vitro and in vivo and be triggered upon the
transient transfection of human kidney cells and Rat-1
fibroblasts and stable transfection of human B cell lines
(11), the precise mechanisms by which it exerts proapop-
totic activity remain unclear because of the absence of
structural hallmarks besides a CXXC thioredoxin motif
and no homology with other molecules in apoptotic
pathways. Recently, it was shown that MZB1 occurs in
the luminal ER and affects multiple cellular processes,
such as (a) the oxidative folding and assembly and
secretion of immunoglobulin in plasma cells (27, 28)
and (b) the regulation of Ca** homeostasis and ER Ca"
stores, integrin-mediated adhesion, and antibody secre-
tion in marginal zone B cells of the spleen and innate-like
B cells (Bl cells, ref. 29). Because those processes are
associated with the functional differentiation of B cells, it
is possible that the MZB1-induced assembly of several
target proteins including integrin may contribute to the
antiproliferative effect of MZB1 on hepatoma cells with-
out induction of apoptosis observed in this study. The
expression of this gene is observed not only in the B-cell
lineage including plasma cells, marginal zone B cells, or
B1 cells (27-29), but also in most normal human tissues
except the placenta constitutively even in the absence of
an apoptotic stimulus (11), suggesting MZB1 to affect
various biologic processes in different tissues possibly
through interaction with various proteins and/or the
targeting of various molecules. Indeed, MZB1 protein
was reported to be downregulated in intestinal-type gas-
tric cancer, although the clinicopathologic and biologic
significance was not analyzed (30), suggesting MZB1 to
act as a TSG at least in some tissues including stomach
and liver tissue. Further examination will be required to
clarify the mechanisms of the antiproliferative effect of
MZB1.
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