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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 recurrence 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 subpopulation
of HCC cells demonstrated asymmetric divisions. Their remarkable tumorigenicity in non-
obese diabetic/severe combined immunodeficient 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 in 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
microenvironments in human HCCs. (HEPATOLOGY 2013;58:218-228)

H
epatocellular carcinoma (HCC) is one of the
most common malignancies and the third
leading cause of cancer death worldwide.1

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.2,3 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 bulk
tumors and play a critical role in cancer progression,
metastasis, and recurrence.4 Various tools have been
reported for identification of the CSC population,
including the cell surface markers CD44, CD133,
CD90, and ESA/EpCAM.5-8 In addition, specific
stemness properties based on stem cell biology of their
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intracellular activities may be useful in identifying
CSCs.9 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.10 Proteasome
activity is significantly activated in cancer cells with
proliferating and hypermetabolic activities, but gener-
ally suppressed in dormant states of stem cells.11 Vla-
shi et al.12 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.13 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.14 Human breast CSCs contain lower ROS
levels, especially mitochondrial superoxide, than corre-
sponding nontumorigenic cells.15 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-Hep1,
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-Hep1 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

grown in an incubator with 5% CO2 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-lM 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% CO2 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, HLF, and SK-
Hep1) 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). 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. GdeghighRO-
Slow cells represented 0.16%-2.5% of the established
HCC cell lines (Supporting Table 1). The percentage
of GdeghighROSlow 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, Gdeghigh or

Gdeglow HCC cells were plated separately at a density
of 104 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% CO2 at
37�C overnight, cell attachment was confirmed. Image
analysis was performed using AxioVision and Axio-
Observer.
Treatment With Hypoxia or CoCl2. HCC cells

were exposed to hypoxic conditions (1% O2, 5%
CO2, and 94% N2) in an anaerobic workstation (Hir-
asawa Works, Tokyo, Japan). Oxygen concentration
inside the workstation was constantly monitored by
the oxygen sensor (MC-8G-S, Iijima Electrics, Gama-
gori, Japan) and maintained at 1% during the experi-
ment. Cells (2.5 � 105) 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 lM CoCl2 (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 HuH7 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 lL), and
incubated at 37�C with 5% CO2 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 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.

Spheroid Assay. The spheroid assay was performed
as described.16 After FACS, Gdeghigh 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, 6-cm dishes were
coated with poly-HEMA (20 mg/mL; Sigma). Image
analysis was performed using AxioVision and
AxioObserver.
Tumor Xenotransplantation and Tumorigenicity.

Female NOD.CB17-PRkdcScid/J mice aged 4-6 weeks
were purchased from Charles River Japan (Kanagawa,
Japan). Various numbers of sorted GdeghighROSlow

and unsorted HCC cells, ranging from 1 � 102 to 1
� 105 cells, were each mixed with 100 lL 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 lg of total RNA using 1-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) GdeghighROSlow 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. 3.0.17 Probe sets marked as
‘‘present’’ by the Gene Expression Console software
(Affymetrix) in at least one GdeghighROSlow or Gde-
glowROShighHuH7 cell were used for this analysis.
Gene set category ‘‘C2 CP REACTOME,’’ which is
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based on the Reactome database (http://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 GdeghighROSlow and Gdeglow-

ROShigh 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-lm pore;
BD Biosciences, Bedford, MA). In the lower chamber,
7.5 � 104 tumor cells in 0.8 mL of media were seeded
and incubated in serum-free media for 72 hours.
RAW264 cells (5 � 104 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 metastatic

potentials of cancer cells were assessed as reported.18

Briefly, 105 GdeghighROSlow HCC cells or unsorted
control cells were injected intraperitoneally into 5-
week-old female NOD.CB17-PRkdcScid/J mice (n ¼ 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

mounting the slides were visualized with a fluorescent
microscope (Carl Zeiss, Germany).
Protein Network Analysis. To reveal functional

relationships among genes differentially expressed in
GdeghighROSlow HuH7 cells, the protein interaction
network was analyzed. Genes up-regulated or down-
regulated more than 1.1-fold between GdeghighROSlow

and GdeglowROShighHuH7 cells were included in the
network. Protein interaction data obtained from
BIND (http://bond.unleashedinformatics.com), Bio-
GRID (http://thebiogrid.org), and HPRD (http://
www.hprd.org) were downloaded from the ftp site of
the National Center for Biotechnology Information
(NCBI; ftp://ftp.ncbi.nih.gov/gene/GeneRIF/interac-
tions.gz). The protein interaction network was ana-
lyzed using Cytoscape software.19

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 Institutional
Review Board approval, written informed consent was
obtained from all patients (Permission No. 1080).
Noncancerous liver tissue adjacent to HCC (n ¼ 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.20 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 t test.
Statistical significance was defined as P < 0.05.
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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.12 Cells
displaying high levels of Gdeg (Gdeghigh) represented
0.5%-7.5% of the population in human HCC cell lines
(Fig. 1A). In contrast, Gdeghigh 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-
ghigh cells and Gdeglow cells was performed using FAC-
SAria II (BD Biosciences). As demonstrated by time-
lapse microscopy, Gdeghigh cells can asymmetrically
divide into Gdeglow and Gdeghigh cells, while Gdeglow

cells never divide into Gdeghigh cells. These results dem-
onstrate some properties of CSCs and non-CSCs,21

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
Gdeghigh 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 levels22 and hy-
poxia can contribute to CSC maintenance,23 the
effects of hypoxic conditions in unsorted HCC cells

transfected with Gdeg were analyzed. The proportion
of Gdeghigh HCC cells significantly increased after 48-
hour treatment with CoCl2, an agent mimicking the
activation of hypoxia-inducing factor (HIF).24 The
effects of CoCl2 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.25 The effects of long-term hypoxic treatment
(1% O2) were also analyzed in the unsorted HCC
cells. Gdeghigh 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,9 Gdeghigh 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.22,23

CSCs Property of the HCC Subpopulation With
Low Intracellular ROS Levels and Low Proteasome
Activity. Gdeghigh cells had a lower concentration of
ROS than the unsorted cells based on the intracellular
concentrations of MitoSOX Red staining. Intracellular
ROS-positive cells (ROShigh) accounted for 71.0% 6

8.22% of the unsorted HuH7 HCC cells, but only

Fig. 1. (A) Frequency of cells with accumulation of Gdeg protein (Gdeghigh) in human HCC cultures (bar, 100 lm). (B) Asymmetric cell divi-
sion of the Gdeghigh HCC observed by time-lapse microscope. Gdeghigh HCC cells asymmetrically divided into Gdeghigh and Gdeglow HCC cells
(bar, 50 lm). (C) The alteration of the Gdeghigh proportion in the unsorted HCC cells after 24-hour and 48-hour treatment of CoCl2 (100 lM)
with or without echinomycin (10 nM); results are presented as means 6 standard deviation from triplicate experiments. (D) The alteration of the
Gdeghigh proportion in the unsorted HCC cells under long-term hypoxic conditions (1% O2); results are presented as means 6 standard deviation
from triplicate experiments.
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37.2% 6 10.8% within the Gdeghigh HuH7 cell pop-
ulation (P < 0.05). The Gdeghigh group also contained
a subpopulation of cells with low intracellular ROS
levels (GdeghighROSlow) (Fig. 2A).
To determine whether GdeghighROSlow HCC cells

might possess certain stem cell-like properties, the
expression of stem cell surface markers, CD133,5

CD90,6 EpCAM,7 and CD44 was analyzed.8 CD44-
postiveness was detected in 80.7% of GdeghighROSlow

HuH7 cells, but in only 12.4% of unsorted HuH7
cells (Fig. 2C). EpCAM and CD90 expression were
increased in the GdeghighROSlow 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 102 to 105 cells per injec-
tion. GdeghighROSlow HCC cells had higher tumori-

genic capacity than unsorted cells. As few as 102 Gde-
ghighROSlow HCC cells could form a subcutaneous
tumor (Fig. 2D, Table 1; Supporting Table 2). Cancer
initiation frequency was calculated using L-Calc Soft-
ware26 (Stem Cell Technologies), and significance was
determined by chi-square analysis using ELDA (Walter
and Eliza Hall Bioinformatics).26 The cancer initiation
frequency was 1 in 2,083 (95% CI ¼ 739 to 5,867)
for GdeghighROSlow HCC cells and 1 in 79,189 (95%
CI ¼ 31,651 to 198,128) for unsorted cells (P <
0.001). These data validate that CSCs are significantly
enriched in the GdeghighROSlow subpopulation com-
pared to unsorted HCC cells.
Tumor-Host Interactions of HCC CSCs. Compre-

hensive gene expression analysis in GdeghighROSlow

HCC cells was performed to acquire the CSC gene
profile. As described in a previous report,13 GSEA
based on the Reactome database27 was utilized to
determine the biological pathways activated or
inactivated in GdeghighROSlow 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 GdeghighROSlow HCC cells to induce

macrophage chemotaxis was determined using a che-
motaxis assay and the RAW264 murine macrophage-
like cell line (Fig. 3C). GdeghighROSlow 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,
GdeghighROSlow HCC cells versus unsorted HCC
cells: difference ¼ 192, 95% CI ¼ 61 to 323, P ¼
0.0153, n ¼ 3; GdeghighROSlow HCC cells versus
GdeglowROShigh HCC cells: difference ¼ 196, 95%

Fig. 2. (A) The proportion of ROS-positive cells (ROShigh) in unsorted
HCC cells (left) and the sorted Gdeghigh HCC cells (right) determined by
FACS analysis with MitoSOX Red staining; results are presented as
means 6 standard deviation from triplicate experiments (P < 0.05).
(B) Gdeghigh and Gdeghigh HCC cells stained with MitoSOX Red; (C) Flow
cytometry histogram showing expression of CD44 positive cells in the
GdeghighROSlow 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 102 GdeghighROSlow HCC cells, but
not at the inoculation site of the unsorted cells.

Table 1. Enhanced Tumor Formation by
GdeghighROSlow HCC Cells

Fraction (%) of Injected Mice That Developed Tumors

Number of

Cells Injected

Injected With

GdeghighROSlow Cells

Injected With

Unsorted Cells

102 3/6 (50%) 0/6 (0%)

103 4/6 (66.7%) 1/6 (16.7%)

104 5/6 (83.3%) 2/6 (33.3%)

105 5/6 (83.3%) 3/6 (50%)
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CI ¼ 112 to 280, P ¼ 0.0029, n ¼ 3, GdeghighRO-
Slow HCC cells versus medium: difference ¼ 292,
95% CI ¼ 214 to 370, P < 0.001, n ¼ 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, GdeghighROSlow or unsorted HCC

cells were administered intraperitoneally in a NOD/
SCID mouse model, as described previously.18 Perito-
neal metastases were assessed by counting the number
of nodules and evaluating tumor weight in the mesen-
tery and peritoneal walls. The tumor weight (average
weight of dissemination nodules: GdeghighROSlow

HCC cells versus unsorted HCC cells, difference ¼
0.197, 95% CI ¼ �0.304 to 0.699, P ¼ 0.3728,

Fig. 3. (A) GSEA evaluation of gene-expression profile associated with GdeghighROSlow HCC cells; the gene set ‘‘chemokine_receptors_bind_-
chemokines’’ showed the lowest FDR (P < 0.001; FDR ¼ 0.0078; NES ¼ 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. (E)The number of the RAW264 cells migrated to the lower surface induced by GdeghighROSlow HCC
cells compared to GdeglowROShigh HCC cells, unsorted HCC cells, and medium. Each experiment was conducted in triplicate, and data are pre-
sented as the means 6 95% CI.
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n ¼ 4; Fig. 4B) and number (average number of dis-
semination nodules: GdeghighROSlow HCC cells versus
unsorted HCC cells, difference ¼ 2.00, 95% CI ¼
�1.28 to 5.28, P ¼ 0.1857, n ¼ 4; Fig. 4C) of the
GdeghighROSlow 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 gene expression
profiles up-regulated in GdeghighROSlow HCC cells

(Supporting Table 4) and revealed a significant correla-
tion between the noncancerous liver gene expressions
and the CSC-gene signatures (P ¼ 0.004 and FDR ¼
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 (P ¼ 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)5-8 and biliary/progenitor cell markers (cy-
tokeratin 7 and cytokeratin 19)28 was also up-regulated
in the high expression group (Supporting Fig. 6).

Fig. 4. (A) Macroscopic appear-
ance of peritoneal metastases on
day 28 after intraperitoneal injection
of 105 HCC cells (Upper, unsorted
HuH7 cells; Lower, GdeghighROSlow

HuH7 cells). The capacity of
GdeghighROSlow 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 6 95% CI.

Fig. 5. Immunofluorescence of metastatic tumor sections labeled with antimouse F4/80 (bars, 1,000 lm (white) and 100 lm (yellow)); mu-
rine macrophages infiltrated around the Gdeghigh HuH7 cells located at the margins of the metastatic tumors.
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Recently, leukemia CSC-specific gene signatures were
revealed as highly independent predictors of patient
survival.29 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).20 Next, we showed
that CoCl2, an agent mimicking the activation of
HIF,24 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

Fig. 6. (A) GSEA evaluation of the adjacent nontumor tissues; a positive correlation was observed between the gene set of GdeghighROSlow

HCC gene signature and noncancerous liver gene expression (P < 0.004; FDR ¼ 0.005; NES ¼ 1.58). (B) Patients were divided into three sub-
types based on the expression profiles of 43 up-regulated probe sets of GdeghighROSlow HCC. (C) A significant correlation was observed between
the GdeghighROSlow HCC gene signature and the recurrence-free survival rates of the patients after curative resection of HCC (P ¼ 0.002).

226 MURAMATSU ET AL. HEPATOLOGY, July 2013



transplantable human AML in xenogeneic models by
preferential elimination of CSCs.25 Similar to CoCl2
treatment, hypoxic conditions also increased the pro-
portion of Gdeghigh HCC cells (Fig. 1D), consistent
with a previous report indicating that hypoxia serves as
a stimulus to reprogram cells towards normal stem
cells22 and CSCs.23 Additionally, HCC cells had an
ROS concentration lower than that of unsorted HCC
cells, including a subpopulation of Gdeghigh HCC cells
(GdeghighROSlow), in agreement with a previous report
showing that normal stem cells and CSCs contain a
lower concentration of ROS than their more mature
progeny.14 Importantly, xenotransplantation experi-
ments revealed that cells with increased tumorigenicity
were significantly concentrated in the subpopulation of
GdeghighROSlow 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
base27 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,30 and studies have shown that cancer cell-
secreted factors generate an inflammatory niche hospi-
table for progression and metastasis of cancer.31,32

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.33 Macro-
phages are an important component of the tumor-host
interaction that controls the survival, migration, and
growth of metastatic cells.34 Our data showed that
GdeghighROSlow HCC cells induced macrophage che-
motaxis more effectively than their counterparts (Fig.
3E). Furthermore, these cells had a higher capacity for
dissemination in an in 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.35 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 recurrence36 and lung
adenocarcinoma.37 As a result, the gene expression sig-
nature of our HCC stem cells (Supporting Table 4)
significantly correlates with the disease-free survival

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 in 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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