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patients (13). Thus, drug sensitivity appears to be one of
the major determinants of the prognosis of advanced
HCC patients treated with chemotherapy. Therefore, a
hallmark of successful treatment would be the identifica-
tion of useful biomarkers for determining the survival
benefits offered by each treatment strategy.

In this study, we investigated the gene expression
profiles of HCCs using serial analysis of gene expression
(SAGE) to identify novel molecular markers or targets
for the treatment of HCC (14-18). Here, we identified
the upregulation of the DUT gene that encodes dUTP
pyrophosphatase (dUTPase) in HCC. Markedly, HCC
with a high nuclear dUTPase expression correlated with a
poorly differentiated morphology and a poor prognosis.
DUT gene knockdown not only suppressed cell prolifera-
tion but also sensitized HuH?7 cells to low-dose 5-FU.

Materials and methods
Samples

All HCC tissues, adjacent non-cancerous liver tissues and
normal liver tissues were obtained from 110 patients
undergoing a hepatectomy between 1997 and 2006 in
Kanazawa University Hospital, Kanazawa, Japan. Five
normal liver tissue samples were obtained from patients
undergoing surgical resection of the liver for the treat-
ment of metastatic colon cancer. These samples were
snap-frozen in liquid nitrogen immediately after resec-
tion. One hundred and five HCC and surrounding non-
cancerous liver samples were obtained from patients
undergoing surgical resection of the liver for HCC
treatment, and part of these samples were used for the
recent study (19). Three HCC and adjacent non-cancer-
ous liver tissue samples were snap-frozen in liquid
nitrogen and later used for SAGE. Twenty HCC tissues
and their corresponding non-cancerous liver tissues were
also snap-frozen and later used for real-time reverse
transcription-polymerase chain reaction (RT-PCR) ana-
lysis, as described previously (19). Eighty-two additional
HCC samples were formalin-fixed, paraffin-embedded
and used for immunohistochemistry (IHC). HCC and
adjacent non-cancerous liver tissues were histologically
characterized, as reported elsewhere (19).

All strategies used for gene expression analysis as well
as tissue acquisition processes were approved by the
Ethics Committee and the Institutional Review Board of
Kanazawa University Hospital. All procedures and risks
were explained verbally to each patient, who then pro-
vided written informed consent.

Serial analysis of gene expression

Total RNA was purified from each homogenized tissue
sample using a ToTally RNA extraction kit (Ambion Inc.,
Austin, TX, USA), and polyadenylated RNA was isolated
using a MicroPoly (A) Pure kit (Ambion). A total of
2.5 pug of mRNA per sample was analysed by SAGE (20,
21). SAGE libraries were randomly sequenced at the
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Genomic Research Center (Shimadzu-Biotechnology,
Kyoto, Japan), and the sequence files were analysed with
SAGE 2000 software. The size of each SAGE library was
normalized to 300000 transcripts per library, and the
abundance of transcripts was compared with sage 2000
software. Monte Carlo simulation was used for selecting
genes whose expression levels were significantly different
between the two libraries (22). Each SAGE tag was
annotated using a gene-mapping website SAGE Genie
database (http://cgap.nci.nih.gov/SAGE/) and the Source
database  (http://smd.stanford.edu/cgi-bin/source/sour
ceSearch), as described previously (23).

Quantitative reverse transcription-polymerase chain
reaction

A 1pg aliquot of each total RNA was reverse-transcribed
using SuperScript II reverse-transcriptase (Invitrogen,
Carlsbad, CA, USA). Real-time RT-PCR analysis was
performed using the ABI PRISM 7700 sequence detec-
tion system (Applied Biosystems, Foster City, CA, USA).
Using the standard curve method, quantitative PCR was
performed in duplicate for each sample—primer set. Each
sample was normalized relative to P actin. The assay
IDs used were Hs00798995_s1 for dUTPase and
Hs99999903_m1 for B actin.

RNA interference targeting DUT

Small interfering RNAs (siRNAs) targeting DUT or
control (scrambled sequence) were synthesized by Dhar-
macon (Dharmacon Research Inc., Lafayette, CO, USA).
The target sequences of DUT are 5-AAGUUGU
GAAAACGGACAUUC-3' (DUT1) and 5'-CGGACAUU
CAGAUAGCGCUTT-3' (DUT?2). Lipofectamine 2000™
reagent (Invitrogen) was used for transfection according
to the manufacturer’s instructions.

Cell proliferation assay, soft agar assay and matrigel
invasion assay

Cell proliferation assays were performed using a Cell
Titer96 Aqueous kit in quintuplicate (Promega, Madi-
son, WI, USA). For the soft agar assay, 1 x 10* cells were
suspended in 2ml of 0.36% agar with growth medium
and added in each well of a six-well plate containing a
base layer of 0.72% agar. The plates were incubated at
37°C in a 5% CO, incubator for 2 weeks. Matri%el
invasion assays were performed using BD BioCoat'™
Matrigel Matrix Cell Culture Inserts and Control Inserts
(BD Biosciences, San Jose, CA, USA), as described in the
manufacturer’s instruction. 5-FU was obtained from
Kyowa Kirin (Kyowa Kirin, Tokyo, Japan). All experi-
ments were repeated at least twice.

Immunohistochemistry

Mouse monoclonal anti-dUTPase antibody M01 (Abnova
Corporation, Taipei, Taiwan) and mouse antiproliferating
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cell nuclear antigen (PCNA) monoclonal antibody PC10
(Calbiochem, San Diego, CA, USA) were used to evaluate
the immunoreactivity of HCC and adjacent non-cancer-
ous liver samples using a Dako EnVision+" kit (Dako,
Carpinteria, CA, USA), according to the manufacturer’s
instruction. Immunoreactivity was evaluated by deter-
mining the percentage of cells expressing dUTPase in the
examined fields, graded as low (0-50%) or high
( > 50%). The PCNA index was evaluated as described
previously (19).

Statistical analysis

Student’s t-test was used to determine the statistical
significance of the differences in cell viability between
the two groups. The Mann-Whitney U-test was used for
the analysis of gene expression between chronic liver
disease (CLD) and HCC tissues. The y*-test was used to
evaluate the correlation between clinicopathological
characteristics and dUTPase expression status. Univari-
ate and multivariate Cox proportional hazards regression
analysis was used to evaluate the association of dUTPase
expression and clinicopathological parameters with
patient outcome. All statistical analyses were performed
using spss software (spss software package; SPSS Inc.,
Chicago, IL, USA) and GraPHPAD PRISM software (Graph-
Pad Software Inc., La Jolla, CA, USA).

Resuits

Gene expression profiling identified the overexpression of
DUT in hepatocellular carcinoma

To overcome the considerable individual variability of
transcriptomic characteristics, we constructed a SAGE
library of normal human liver using RNAs derived from
five normal liver tissues. In addition, we constructed two
SAGE libraries derived from three HCC tissues or corre-
sponding non-cancerous liver tissues from patients who
developed HCC with a history of chronic hepatitis C. We
detected a total of 226 267 tags corresponding to 45746
unique tags from these SAGE libraries (supporting infor-
mation Table S1). After excluding the tags detected only
once in each library, we selected 15333 reliable unique
transcripts expressed in at least one of the SAGE libraries
to avoid contamination of tags derived from sequence
errors. Then, we annotated these transcripts using SAGE
Genie database and the Source database to identify the
potential subcellular localization of transcripts categorized
into eight groups in each SAGE library.

The number of nuclear component-related tran-
scripts was increased in the HCC library compared
with the normal liver and non-cancerous liver libraries,
whereas the other cellular component-related tran-
scripts did not show this tendency (supporting infor-
mation Fig. S1). Because nuclear component-related
genes may closely correlate with cancer cell prolifera-
tion and chemosensitivity (24), we further investigated
the expression of nuclear component-related tags in
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each library, and identified 10 transcripts associated
with nucleotide/nucleoside metabolism that are over-
expressed in HCC (Table 1). Using Monte Carlo simu-
lation, we evaluated the significance of differentially
expressed transcripts in HCC and corresponding CLD
libraries or in HCC and normal liver libraries. We
identified a DUT gene encoding dUTPase (dUTPase)
whose expression was significantly altered (P=0.01).
We also identified a TS gene encoding thymidylate
synthase in the list, but the difference did not reach
statistical significance.

dUTPase is a phosphatase known to maintain a dUMP
pool by catalysing the hydrolysis of dUTP to dUMP, and
thus provides a substrate of thymidylate synthase. Its role
in HCC is unknown; therefore, we examined DUT
expression in 20 independent HCC and corresponding
non-cancerous liver tissues, and identified significant
overexpression of DUT in HCC tissue (P=0.0015) (Fig.
1A). Moreover, we detected more than a two-fold in-
crease in DUT expression in 70% of HBV-related and
HCV-related HCC cases (14 of 20 HCCs) compared with
the non-cancerous liver tissues (Fig. 1B). We further
examined the expression of DUT in 238 HCC tissues
compared with the non-cancerous liver tissues using
publicly available microarray data (GSE5975) (Fig. S2).
Consistent with the SAGE data, DUT was overexpressed
more than two-fold in 121 of 238 HCC tissues (median:
2.03), whereas TS was overexpressed more than two-fold
in 54 of 238 HCC tissues (median: 1.41) compared with
the non-cancerous liver tissues.

Pivotal role of dUTP pyrophosphatase expression in cell
proliferation in hepatocellular carcinoma cell lines

In general, cancer gene signatures discovered by compar-
ison between tumour and non-tumour tissues are more
likely to reflect the differences in the control of cell
proliferation and growth (25). Accordingly, we investi-
gated the function of dUTPase in cell proliferation in
HuH7 cells by DUT gene knockdown. DUT expression
was decreased by 60-70% following the transfection of
the siRNA constructs specifically targeting DUT 48h
after transfection (DUT1 in Fig. 2A and DUT2 in Fig.
S3A), and cell growth was significantly inhibited com-
pared with the control 72 h after transfection (Fig. 2B and
Fig. $3B). Anchorage-independent cell growth was also
significantly impaired by DUT gene knockdown 14 days
after transfection (Fig. 2C). Furthermore, DUT gene
knockdown decreased the numbers of both migrating
and invading cells 72 h after transfection (Fig. 2D and E).

dUTPase is known to be associated with thymidylate
synthesis (26), and thus we evaluated the effects of 5-FU,
a thymidylate synthase inhibitor, on dUTPase expression
in HCC cell lines in vitro. When we treated HuH7 cells
with low-dose 5-FU (0.25 mg/ml), we could not detect
any growth-inhibitory effects (Fig. 2F). Based on this
condition, we evaluated the effect of DUT gene knock-
down on 5-FU sensitivity 72h after transfection.
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Table 1. Genes associated with nucleic acid metabolism overexpressed in hepatocellular carcinoma

Normal  Non-cancerous
Tag sequence liver liver HCC Fold*  Gene P-valuet
CAGCTCCGCT 0 2 11 5.5 dUTP pyrophosphatase 0.010
AAAGGATAAT 0 0 3 >3 General transcription factor It H, polypeptide 2 0.127
ACGGTCCAGG O 0 3 >3 Cytidine deaminase 0.127
ATGTAGAGTG O 0 3 >3 Thymidylate synthase 0.127
TGGGGATTAC 1 0 3 >3 Zinc ribbon domain containing, 1 0.127
CACCCTGTAC 2 2 6 3 Solute carrier family 29 0.147
GAACGCCTAA 1 1 3 3 Dihydropyrimidinase-like 2 0.308
GCGCTGGTAC 0 1 3 3 2'-5'-oligoadenylate synthetase 3 0.308
CTTAGTGCAA O 2 4 2 3’-phosphoadenosine 5'-phosphosulphate synthase 2 0.335
TTGTTACATC 0 2 3 1.5 Phosphoribosyl pyrophosphatase synthetase-associated protein 1 0.506

*Fold increase was calculated by dividing the number of tags in HCC by that of tags in non-cancerous liver. To avoid division by 0, a tag value of 1 was

used for any tag that was not detectable in one sample.

‘+Statistical significance of differentially expressed genes between two groups (HCC and non-cancerous liver libraries) was calculated using Monte Carlo

simulation.
HCC, hepatocellular carcinoma.
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Fig. 1. (A) Quantitative reverse transcription-polymerase chain
reaction analysis of DUTexpression in hepatoceliular carcinoma
(HCC) and corresponding non-cancerous liver tissues. DUTwas
significantly activated in HCC tissues compared with non-cancerous
liver tissues (P=0.0015). A median value in each group is indicated.
(B) DUT gene expression ratios of HCC and corresponding non-
cancerous liver tissues. Fourteen of 20 HCC tissues expressed DUT
more than two-fold compared with the background non-cancerous
liver tissues. HBV, hepatitis B virus; HCV, hepatitis C virus.
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Interestingly, DUT gene knockdown not only suppressed
cell proliferation but also sensitized HuH7 cells to
low-dose 5-FU (Fig. 2F and Fig. $S3B). These data suggest
that dUTPase overexpression in HCC tissues may be
associated with enhanced cell proliferation and 5-FU
resistance.

Intense dUTP pyrophosphatase expression is correlated
with a poor prognosis in hepatocellular carcinoma
patients

To characterize the clinicopathological characteristics of
dUTPase expression in HCC, we performed IHC using
an additional independent HCC cohort. Accordingly, we
explored the dUTPase expression in HCC using 82
formalin-fixed paraffin-embedded HCC specimens. All
HCC tissues were surgically resected at the Liver Disease
Center of Kanazawa University Hospital with full clinical
information, and their immunoreactivity to anti-dUT-
Pase antibodies was evaluated by IHC. We noticed that
anti-dUTPase antibodies reacted to both nuclear (red
arrows) and cytoplasmic (blue arrows) isoforms of
dUTPase, as described previously (26) (Fig. 3A and B).
We therefore evaluated the nuclear and cytoplasmic
expression of dUTPase separately. We stratified HCC
tissues and evaluated the dUTPase expression status
based on the percentages of dUTPase-positive cells. The
frequency of nuclear or cytoplasmic dUTPase-positive
cells was highly variable in each HCC tissue, and we
defined HCCs with nuclear or cytoplasmic dUTPase
expressed in >50% of tumour cells as nuclear or
cytoplasmic dUTPase-high HCC (Fig. 3C). Nuclear
dUTPase overexpression was detected in 36.6% (30 of
82), whereas cytoplasmic dUTPase overexpression was
detected in 67.1% (55 of 82) of HCC tissues compared
with the corresponding non-cancerous liver tissues
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Fig. 2. (A) Transfection of small interfering RNAs targeting DUT (DUT1) decreased DUT expression compared with the control (scrambled
sequence). Gene expression was evaluated in triplicate 72 h after transfection (mean + SD). (B) DUT gene knockdown significantly suppressed
cell proliferation (P < 0.0001). Cell viability was evaluated in triplicate 72 h after transfection (mean = SD). (C) Soft agar assay. DUT gene
knockdown suppressed anchorage-independent cell growth. (D and E) Matrigel invasion assay. DUT gene knockdown decreased the numbers
of both migrating and invading cells. Experiments were performed in triplicate (mean = SD). (F) DUT gene knockdown sensitized HuH7 cells to
low-dose 5-fluorouracil (5-FU) (0.25 pg/ml), which had no effect on the cell proliferation in the control (mean & SD).

(Table 2). In general, non-cancerous hepatocytes rarely
expressed nuclear dUTPase (Fig. 3A).

We investigated the clinicopathological characteristics
of nuclear or cytoplasmic dUTPase in low /high HCC
cases (Table 2). The expression status of nuclear dUTPase
showed no correlation with age, gender, virus, presence
of cirrhosis, a-fetoprotein value, tumour size and TNM
stages. However, nuclear dUTPase expression was signifi-
cantly correlated with the histological grades of HCC
(P=0.0099), and high frequencies of nuclear dUTPase-
positive cells were associated with poorly differentiated
cell morphology in the HCC tissue. In contrast, cyto-
plasmic dUTPase expression was not correlated with the
histological grades of HCC (P =0.077). We examined the
cell proliferation of these HCC samples by PCNA stain-
ing, and PCNA indexes were significantly higher in
nuclear dUTPase high HCC than low HCC with statis-
tical significance (P=0.01) (Fig. 54).
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We further investigated the prognostic significance of
dUTPase expression in HCC. Strikingly, high nuclear
dUTPase expression in HCC tissue correlated with a
poor survival outcome compared with low nuclear
dUTPase expression (P=0.0036), whereas high cytoplas-
mic dUTPase expression had little effects when evaluated
by recurrence-free survival (Fig. 3D). Furthermore, uni-
variate Cox regression analysis showed a significant
correlation between high nuclear dUTPase expression
and a high risk of mortality (HR, 2.47; 95% CI,
1.08-5.66; P=0.032; Table 3). By multivariate Cox
regression analysis, TNM stage (HR, 2.75; 95% CI,
1.11-6.79; P=0.027) and nuclear dUTPase (HR, 2.61;
95% CI, 1.13-6.05; P=0.024) were independent prog-
nostic factors associated with a high risk of mortality, and
other clinicopathological features did not add indepen-
dent prognostic information. These data indicate a sig-
nificant correlation between the malignant potential of
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Fig. 3. Immunohistochemistry analysis of dUTP pyrophosphatase (dUTPase) expression in hepatoceliular carcinoma (HCC). (A) A
representative photomicrograph of dUTPase staining in an HCC and adjacent non-cancerous liver tissue. (B) A representative photomicrograph
of dUTPase staining in an HCC. Both nuclear (red arrows) and cytoplasmic (blue arrows) forms of dUTPase were detected. (C) Representative
photomicrographs of HCC tissues with low (0-50%) and high (= 50%) frequencies of nuclear and cytoplasmic dUTPase-positive cells.

(D and E) Kaplan-Meier survival analysis of HCC tissues with nuclear (D) or cytoplasmic (E) dUTPase expression. High percentages of nuclear
dUTPase-positive tumour cells significantly correlated with poor clinical outcome in recurrence-free survival.

HCC and nuclear dUTPase expression, implicating the
potential effectiveness of nuclear dUTPase level as a
biomarker for predicting the survival of HCC patients
after surgical resection.

Discussion

Here, using a global gene expression profiling approach
(18), we have identified the activation of the nucleotide/
nucleoside metabolism-related gene DUT (encoding
dUTPase) in HCC. Notably, an intense dUTPase expres-
sion was detected in a subset of HCC with a poor
prognosis. To the best of our knowledge, this is the first

Liver International (2009)
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report describing the correlation between dUTPase acti-
vation and poor survival outcome in HCC patients.

In normal cells, dUTPase is known to catalyse the
hydrolysis of dUTP to dUMP in order to maintain the
dUMP pool at a certain level for thymidylate synthesis
(26). Interestingly, dUTPase mutations in Escherichia coli
increased dUTP levels, leading to dUTP misincorpora-
tion into DNA during replication, which resulted in DNA
fragmentation and apoptosis (27). Furthermore, intro-
duction of E. coli dUTPase into human tumour cells
resulted in the induction of resistance to fluorodeoxyur-
idine cytotoxicity (28), suggesting a pivotal role of
dUTPase in the prevention of DNA damage. Thus,
dUTPase activation in the nucleus appears to be critical
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Table 2. Clinicopathological characteristics and dUTP pyropho-
sphatase expression in hepatocellular carcinoma (n = 82)

Low High

dUTPase expression (nuclear)  (n=52) (n=30) P-value
Age ( < 60 years/>60years)  19/33 8/22 0.36
Sex (male/female) 36/16 23/7 0.47
Virus (HBV/HCV/B+C/NBNC) 15/33/1/3  10/20/0/0  0.48
Cirrhosis (yes/no) 33/19 22/8 0.36
AFP{ < 20ng/ml/>20ng/ml)  32/20 15/15 0.31
Histological grade™®

- 14 3

-1l 36 20

-V 2 7 0.0099
Tumour size (< 3cm/>3cm)  31/21 19/11 0.74
TNM classificationt (I, i1, V)  43/9 25/5 0.94
dUTPase expression Low High
(cytoplasmic) (n=27) {n=55) P-value
Age ( < 60 years/>60years)  10/17 17/38 0.58
Sex (male/female) 19/8 40/15 0.82
Virus (HBV/HCV/B+C/NBNC)  8/17/1/1 17/36/0/2 0.56
Cirrhosis (yes/no) 1710 38/17 0.58
AFP (< 20ng/ml/>20ng/ml)  16/11 3124 0.80
Histological grade™

-l 7 10

-1 20 36

-V 0 9 0.077
Tumour size ( < 3cm/>3cm)  17/10 33/22 0.80
TNM classificationt
{1, W, v) 21/6 47/8 0.39

*Edmondson-Steiner grades.

+UICC TNM dlassification of liver cancer, 6th edition (2002).

AFP, a-fetoprotein; dUTPase, dUTP pyrophosphatase; HBV, hepatitis B
virus; HCV, hepatitis C virus.

for preventing DNA damage possibly at the S phase.
Specifically, this activation may prevent dUTP misincor-
poration in various cancers and thus avert DNA damage
and apoptosis induction. Indeed, dUTPase activation has
recently been reported in colorectal and brain cancer (29,
30), and dUTPase accumulation might correlate with 53-
FU-based chemotherapy resistance and poor prognosis
in colorectal cancer (26).

If dUTPase activation plays a central role in the
development of resistance to thymidylate synthase in-
hibitors in order to prevent a DNA damage response,
dUTPase inhibition may facilitate the eradication of
cancer cells by sensitizing these cells to such inhibitors.
Indeed, a recent study suggested a drastic sensitization of
colon cancer cells to 5-FU by siRNAs-mediated dUTPase
suppression (31, 32), which is consistent with our
current observation. Because all HCC samples used in
this study were surgically resected, we could not evaluate
the effect of dUTPase expression on clinical HCC
patients’ outcome in relation to chemosensitivity to
thymidylate synthase inhibitors. Nevertheless, intense
nuclear dUTPase expression may be a good biomarker

Takatori et al.

Table 3. Cox regression analysis of recurrence-free survival rate
relative to dUTP pyrophosphatase expression and clinicopathological
parameters (n=82)

Univariate Multivariate
HR HR
Variables (n) (95% CI) P-value (95% Cl) P-value
Child-Pugh
A 1
B 1.73 0.38
(0.50-5.97)
Tumour size
< 3cm (n=50) 1
>3cm{n=32) 1.58 0.28
(0.69-3.63)
TNM stage™
I, 1 (n=68) 1 1
M, vV{n=14) 2.57 0.039 275 0.027
(1.05-6.29) (1.11-6.79)
Serum AFP
< 20ng/ml(n=49) 1
>20ng/mi(n=38) 1.54 0.31
(0.66-3.56)
Microvascular invasion
No 1
Yes 1.98 0.095
(0.89-4.44)
BCLC stage
A 1
B/C 2.16 0.07
(0.93-5.00)
Cytoplasmic dUTPase
Low (n=27) 1
High {n=55) 1.15 0.73
(0.50-2.62)
Nuclear dUTPase
Low (n="52) 1 1
High (n=30) 2.47 0.032 2.61 0.024
(1.08-5.66) (1.13-6.05)

*UICC TNM classification of liver cancer, 6th edition (2002).
AFP, a-fetoprotein; Cl, confidence intervals; dUTPase, dUTP pyropho-
sphatase; HR, hazard ratio.

for predicting the response to thymidylate synthase
inhibitors, and its usefulness should be further evaluated
in the future.

In conclusion, comprehensive gene expression profiling
shed new light on the role of dUTPase in HCC. Nuclear
dUTPase accumulation is potentially a good biomarker
for predicting poor prognosis in HCC patients, and the
development of a dUTPase inhibitor may promote the
possibility of tumour eradication in HCC patients.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Subcellular localization of genes detected in
each SAGE library.

Fig. S2. Microarray analysis of DUT and TS gene
expression in 238 HCC cases publicly available
(GSE5975). DUT was overexpressed more than 2-fold in
121 of 238 HCC tissues (median: 2.03), whereas TS was
overexpressed more than 2-fold in 54 of 238 HCC tissues
(median: 1.41) compared with the non-cancerous liver
tissues.
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Fig. $3. (A) Transfection of siRNAs targeting DUT
(DUT2) decreased DUT expression compared with the
control (scrambled sequence). Gene expression was eval-
uated in triplicates 72 hours after transfection (mean =4
SD). (B) DUT gene knockdown sensitized HuH7 cells to
low-dose 5-FU (0.25 mg/ml) (mean & SD).

Fig. S4. Nuclear and cytoplasmic dUTPase expres-
sion and cell proliferation in HCC. PCNA indexes in
nuclear dUTPase-high HCC were higher than those in -
low HCC with statistical significance (P = 0.01). Cyto-
plasmic dUTPase expression was not associated with
PCNA indexes in HCC.

Table S1. A summary of constructed SAGE libraries.

Please note: Wiley-Blackwell is not responsible for
the content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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Histological Course of Nonalcoholic Faity
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Tight glycemic control, rather than weight reduction, ameliorates liver

fibrosis
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OBJECTIVE — The goal of this study was to examine whether metabolic abnormalities are
responsible for the histological changes observed in Japanese patients with nonalcoholic fatty
liver disease (NAFLD) who have undergone serial liver biopsies.

RESEARCH DESIGN AND METHODS — In total, 39 patients had undergone consec-

utive liver biopsies. Changes in their clinical data were analyzed, and biopsy specimens were

scored histologically for stage.

RESULYS — The median follow-up time was 2.4 years (range 1.0-8.5). Liver fibrosis had
improved in 12 patients (30.7%), progressed in 11 patients (28.2%), and remained unchanged
in 16 patients (41%). In a Cox proportional hazard model, decrease in A1C and use of insulin
were associated with improvement of liver fibrosis independent of age, sex, and BMI. However,
AA1C was more strongly associated with the improvement of liver fibrosis than use of insulin

after adjustment for each other (x?; 7.97 vs. 4.58, respectively).

CONCLUSIONS — Tight glycemic control may prevent histological progression in Japanese

patients with NAFLD.

ccumulating trans-sectional evi-

dence suggests that the presence of

multiple metabolic disorders, in-
cluding obesity, diabetes, dyslipidemia,
hypertension, and ultimately metabolic
syndrome, are associated with nonalco-
holic fatty liver disease (NAFLD) (1).
However, it remains unclear which meta-
bolic abnormalities are responsible for the
pathological progression of NAFLD, es-
pecially in Japanese patients, who gener-
ally are not severely obese compared with
Western patients.

Diabetes Care 33:284-286, 2010

We retrospectively compared clinical
features with the histological changes in
the livers of Japanese patients with
NAFLD who had undergone serial liver
biopsies.

RESEARCH DESIGN AND

METHODS — We recruited 195 pa-
tients with clinically suspected NAFLD
who had undergone liver biopsies at Ka-
nazawa University Hospital from 1997
through 2008. For details about the
study subjects and the exclusion crite-
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ria, see supplementary Fig. 1 in the on-
line appendix, available at http://care.
diabetesjournals.org/cgi/content/full/
dc09-0148/DC1. Of 178 patients diag-
nosed histologically as having NAFLD, 39
had undergone serial liver biopsies.

Data collection

Clinical information, including age,
sex, body measurements, and preva-
lence of metabolic abnormalities, was
obtained for each patient. Venous blood
samples drawn for laboratory testing
before the liver biopsies were obtained.
All subjects had been administered a
75-g oral glucose tolerance test at base-
line and at follow-up.

Liver biopsies

Biopsies were obtained after a thorough
clinical evaluation and receipt of signed
informed consent from each patient. All
biopsies were analyzed twice and at sep-
arate times randomly by a single patholo-
gist who was blinded to the clinical
information and the order in which the
biopsies were obtained. The biopsied tis-
sues were scored for steatosis, stage, and
grade as described (2), according to the
standard criteria for grading and staging
of nonalcoholic steatohepatitis proposed
by Brunt et al. (3).

For additional details on subjects,
data collection methods, liver pathology,
and statistical analyses, see supplemen-
tary Methods in the online appendix.

RESULTS — The basal clinical and
biochemical data from 39 patients with
NAFLD are described in supplementary
Table 1. Prevalence of type 2 diabetes, hy-
pertension, and dyslipidemia were 77,
36, and 64%, respectively. The median
follow-up period was 2.4 years (range
1.0-8.5). Medications for diabetes and
medication changes during the follow-up
period are described in supplementary
Table 2. Seventeen patients treated with
oral diabetic agents were switched to in-
sulin therapy after the initial biopsy. No
patients initiated pioglitazone during
follow-up.
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Table 1—Baseline and follow-up clinical features and gradients of laboratory markers associated with changes in liver fibrosis in 39 patients with NAFLD

Baseline Follow-up
Improved Stable Progressed p Improved Stable Progressed P
n 12 16 11 12 16 11 —
Simple fatty liver:nonalcoholic
steatohepatitis () 39 9:7 10:1 10:2 9:7 6:5
Age (years) 51.5 (29-66) 48.5 20-79) 51.5 (29-66) 0.97
Sex (M:F) 5:7 12:4 5:7 0.17
BMI (kg/m?) 27.5(23.2-34.1) 27.7 22.5-44.4) 30.9(234-37.7) 0.74 26.9(22.8-31.2) 29.1 24.3-44.8) 30.7 24.1-36.3) 0.13
Aspartate transaminase (IU/1) 70 (11-106) 29 (14--86) 32 (13-83) 0.05 23(11-28) 26 (15-71) 24 (14-164) 0.20
Alanine transaminase (IU/]) 71 (10-209) 48 (23-81) 40 (11-162) 0.13 21 (11-53) 36 (21-66) 31 (12-202) 0.10
Fasting plasma glucose (mg/dD) 133 (96-207) 143 (87-414) 111 (76-167) 0.20 103 (93-220) 121 (83-198) 116 (88-199) 0.51
A1C (%) 8.2 (4.7-11.6) 8.0 (4.9-13.6) 6.2 (5.1-9.5) 0.27 6.0 (5.0-9.0) 6.2 (5.0~10.0) 7.0 (6.0-11.0) 0.10
HOMA-IR 3.9(0.7-5.5) 3.4 (1.9-7.7) 39(1.6-11.1) 0.91 3.1(1.5-8.5) 3.4(1.9-7.7) 3.9(1.6-11.1) 0.76
QUICKI 0.32 (0.29-0.40)  0.31(0.27-0.34) 031 (0.29-0.35) 0.32 0.33 (0.28-0.37) 0.32 (0.30-0.35) 0.31 (0.29-0.34) 0.82
Muscle insulin resistance 2.1(1.5-4.0) 1.7 (0.3-3.3) 3.02.1-44 0.20 2.0(1.3-5.9) 2.4 (1.6-4.5) 1.9(.3-4.5) 0.80
Hepatic insulin resistance (X10% 5.3(2.3-10.2) 5.0 (2.3-10.0) 3.7 (1.4-10.6) 0.66 3.9 (1.4-9.8) 4.3 (1.9-15.9) 4.5(2.3-8.8) 0.75
Total cholesterol (mg/dl) 191 (128-276) 187 (129-252) 206 (163-244) 0.57 192 (114-224) 195 (136-273) 194 (162-234) 0.74
Triglycerides (mg/dD) 111 (28-224) 114 (36-204) 96 (36-521) 0.87 104 (22-241) 115 (57-241) 131 (36-173) 0.68
HDL cholesterol (mg/dD 47 (35-82) 51 (31-73) 48 (20-74) 0.68 53 (40-71) 52 (39-64) 52 (36-79) 0.92
Platelets (X10%/pl) 21.1 (9.4-30.8) 23.0(7.0-38.2) 24.3(20.2-41.2) 0.29 23.3 (14.5-27.6) 21.5(6.3-31.8) 24.0 (15.2-32.6) 0.60
Ferritin (pg/dD 185 (13-452) 397 (190-604) 46 (10-347) 0.14 74 (16-211) 162 (110-614) 62 (10-171) 0.05
hs-CRP 0.40 (0.08-7.53)  0.14 (0.02-0.61)  0.06 (0.00-0.30) 0.23 0.09 (0.04-0.23) 0.10 (0.00-0.24) 0.09 (0.00-0.89) 0.89
Type IV collagen 75 (ng/dD 5.1 (2.7-10.0) 413.1-7.2) 3.7 (3.3-4.5) 0.27 3.5(2.3-3.9) 8.3 (3.2-14.0) 4.0 (3.2-5.0) 0.21
HA (ng/dD) 20.6 (0.0-144.7)  25.5 (11.5-299) 30.4 (0.0-61.7) 0.66 32.8(0.0-117.2) 24.5 (0.0-570) 24.3 (0.0-140.3) 0.63
P-1II-P (U/ml) 0.6 (0.5-1.2) 0.6 (0.4-45.0) 0.5 (0.4-0.6) 0.07 0.6 (0.3-0.8) 0.5 (0.5-233.0) 0.6 (0.4-1.0) 0.96
Diabetes (%) 82 69 64 0.59 82 75 64 0.56
Dyslipidemia (%) 73 63 73 0.95 73 63 73 0.86
Hypertension (%) 64 18 36 0.03 64 18 36 0.10
Metabolic syndrome (%) 73 38 27 0.18 67 50 45 0.43
AALIC —-19(~6.0t00.4) —-1.2(-6.1104.4) 03(~18t07.1) 0.02
ABody weight —4.7(-10.6 10 10.2) 22(-9410134) —-09(-12.7109.6) 0.04
AHOMA-IR —-1.3(—441012) -0.3(—4.3103.3) —0.7(—6.11t01.8) 0.81

Data are medians (range) or %. A Kruskal-Wallis test and 2 x* test were used to compare the continuous and categorical variables among three groups. HA, hyaluronic acid; hs-CRP, high-sensitivity C-reactive protein;

P-I1I-P, procollagen 111 peptide.
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Glycemic control ameliorates NAFLD

Liver fibrosis improved in 12 patients
(30.7%), progressed in 11 patients
(28.2%), and remained unchanged in 16
patients (41%). As shown in Table 1, fast-
ing plasma glucose, A1C, insulin resis-
tance indicators, and prevalence of
metabolic disorders were not significantly
different among the three liver fibrosis
groups. In the Cox proportional hazard
model (supplementary Table 3), although
some of the confidence intervals were
very wide because of the small sample
size, improvement of liver fibrosis was
significantly associated with changes in
A1C between the initial and final liver bi-
opsies (AA1C) (P = 0.005) and use of
insulin for the treatment of diabetes (P =
0.019). Both AAIC and use of insulin
were independently associated with the
improvement of liver fibrosis after ad-
justed for each other. However, AAIC
was more strongly associated with the im-
provement of liver fibrosis than use of in-
sulin (x* 7.97 vs. 4.58, respectively;
supplementary Table 3),

CONCLUSIONS — In the present
study, we showed that a change in glyce-
mic control (AA1C), but not changes in
insulin resistance indicators, was an inde-
pendent predictor of the progression of
liver fibrosis in Japanese patients with
NAFLD. This is the first report identifying
a change in A1C as a predictor of the his-
tological course in the liver of patients
with NAFLD. Two of five previous longi-
tudinal studies have identified obesity,
higher BMI, and homeostasis model as-
sessment of insulin resistance (HOMA-
IR) as predictors of liver fibrosis progression
in Western populations (4,5). The differ-
ence between those results and the results of
the present study may be due in part to
differences in the assessed severity of obe-
sity and insulin resistance between the
populations. We previously demon-
strated that diabetes is an independent
risk factor for the progression of liver fi-
brosis in hepatitis C (6) and that diabetes
accelerates the pathology of nonalcoholic
steatohepatitis in the type 2 diabetic rat
model OLETF (7).

Liver fibrosis is closely associated
with two regulators of fibrosis: transform-
ing growth factor (TGF)-B (8,9) and plas-
minogen activator inhibitor type 1
(PAI-1) (8,10). High glucose levels in-
duce the expression of TGF-B (11) and
PAI-1 (12). We previously reported that
the expression of TGF family member

genes, PAI-1, and genes involved in fibro-
genesis are upregulated in the livers of pa-
tients with type 2 diabetes (13,14),
suggesting that a diabetic state increases
the risk for liver fibrosis.

In the present study, only AA1C was
associated with the progression of liver
fibrosis, but not liver inflammation (data
not shown). We speculate that the reduc-
tion of A1C inhibits the expression of
master genes such as TGF-f and PAI-]
that are involved in the regulation of fi-
brogenesis, rather than genes involved in
liver inflammation, and thereby improves
liver fibrosis in NAFLD.

The major limitation of this study was
small population size. We could not eval-
uate the changes of liver histology
according to the difference in detail char-
acteristics such as treatment of diabetes.
Lower statistical power of this study
should be consider when we evaluate the
results.

In conclusion, our study suggested
that AAIC could predict liver fibrosis
progression in Japanese patients with
NAFLD, and tight glycemic control may
ameliorate liver fibrosis. Future large-
scale prospective studies are needed to
confirm our results.
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EpCAM-Positive Hepatocellular Carcinoma Cells Are Tumor-Initiating
Cells With Stem/Progenitor Cell Features

TARO YAMASHITA,* JUNFANG JI,* ANURADHA BUDHU,* MARSHONNA FORGUES,* WEN YANG,* HONG-YANG WANG,*
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Background & Aims: Cancer progression/metastases
and embryonic development share many properties
including cellular plasticity, dynamic cell motility,
and integral interaction with the microenvironment.
We hypothesized that the heterogeneous nature of
hepatocellular carcinoma (HCC), in part, may be ow-
ing to the presence of hepatic cancer cells with stem/
progenitor features. Methods: Gene expression pro-
filing and immunohistochemistry analyses were used
to analyze 235 tumor specimens derived from 2 re-
cently identified HCC subtypes (EpCAM™* a-fetopro-
tein [AFP*] HCC and EpCAM~ AFP- HCC). These
subtypes differed in their expression of AFP, a mol-
ecule produced in the developing embryo, and
EpCAM, a cell surface hepatic stem cell marker. Flu-
orescence-activated cell sorting was used to isolate
EpCAM™* HCC cells, which were tested for hepatic
stem/progenitor cell properties. Results: Gene ex-
pression and pathway analyses revealed that the
EpCAM* AFP* HCC subtype had features of hepatic
stem/progenitor cells. Indeed, the fluorescence-acti-
vated cell sorting-isolated EpCAM™* HCC cells dis-
played hepatic cancer stem cell-like traits including
the abilities to self-renew and differentiate. More-
over, these cells were capable of initiating highly in-
vasive HCC in nonobese diabetic, severe combined
immunodeficient mice. Activation of Wnt/B-catenin
signaling enriched the EpCAM®* cell population,
whereas RNA interference-based blockage of EpCAM,
a Wnt/B-catenin signaling target, attenuated the ac-
tivities of these cells. Conclusions: Taken together,
our results suggest that HCC growth and invasiveness
is dictated by a subset of EpCAM™* cells, opening a
new avenue for HCC cancer cell eradication by tar-
geting Wnt/B-catenin signaling components such as
EpCAM.

Tumors originate from normal cells as a result of
accumulated genetic/epigenetic changes. Although
considered monoclonal in origin, tumor cells are hetero-
geneous in their morphology, clinical behavior, and mo-

lecular profiles.2 Tumor cell heterogeneity has been ex-
plained previously by the clonal evolution model3;
however, recent evidence has suggested that heterogene-
ity may be owing to derivation from endogenous stem/
progenitor cells* or de-differentiation of a transformed
cell5 This hypothesis supports an early proposal that
cancers represent “blocked ontogeny”® and a derivative
that cancers are transformed stem cells.” This renaissance
of stem cells as targets of malignant transformation has
led to realizations about the similarities between cancer
cells and normal stem cells in their capacity to self-renew,
produce heterogeneous progenies, and limitlessly divide.®
The cancer stem cell (CSC) (or tumor-initiating cell)
concept is that a subset of cancer cells bear stem cell
features that are indispensable for a tumor. Accumulat-
ing evidence suggests the involvement of CSCs in the
perpetuation of various cancers including leukemia,
breast cancer, brain cancer, prostate cancer, and colon
cancer.?-12 Experimentally, putative CSCs have been
isolated using cell surface markers specific for normal
stem cells. Stem cell-like features of CSC have been
confirmed by functional in vitro clonogenicity and in vivo
tumorigenicity assays. For example, leukemia-initiating cells
in nonobese diabetic, severe combined immunodeficient
(NOD/SCID) mice are CD34+t*CD38".1! Breast cancer
CSCs are CD44+CD24/1ov cells, whereas tumot-initiating
cells of the brain, colon, and prostate are CD133+,10,12.13
CSCs are considered more metastatic and drug-/radiation-
resistant than non-CSCs in the tumor, and are responsi-
ble for cancer relapse. These findings warrant the devel-
opment of treatment strategies that can specifically
eradicate CSCs. 1415

Abbreviations used in this paper: AFP, a-fetoprotein; BiO, 6-bromo-
indirubin-3'-oxime; CSC, cancer stem ceil; FACS, fiuorescence-acti-
vated cell sorting; 5-FU, 5-fluorouracil; HpSC, hepatic stem cell; IF,
immunofluorescence; IHC, immunohistochemistry; MACS, magnetic-
activated cell sorting; MeB10, 1-methyl-BlO; MH, mature hepatocyte;
PCNA, proliferating cell nuclear antigen; siIRNA, small interfering RNA.
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Hepatocellular carcinoma (HCC) is the third leading
cause of cancer death worldwide.'® Although the cellular
origin of HCC is unclear,'”!® HCC has heterogeneous
pathologies and genetic/genomic profiles,’® suggesting
that HCC can initiate in different cell lineages.? The liver
is considered as a maturational lineage system similar to
that in the bone marrow.2! Experimental evidence indi-
cates that certain forms of hepatic stem cells (HpSCs),
present in human livers of all donor ages, are multipotent
and can give rise to hepatoblasts,?223 which are, in turn,
bipotent progenitor cells that can progress either into
hepatocytic or biliary lineages.2224 a-fetoprotein (AFP) is
one of the earliest markers detected in the liver bud
specified from the ventral foregut,2526 but its expression
has been found only in hepatoblasts and to a lesser extent
in committed hepatocytic progenitors, not in later lin-
eages or in normal human HpSC.22 Recent studies also
have indicated that EpCAM is a biomarker for HpSC
because it is expressed in HpSCs and hepatoblasts.22-24

We recently identified a novel HCC classification sys-
tem based on EpCAM and AFP status.?” Gene expression
profiles revealed that EpCAM* AFP* HCC (referred to as
HpSC-HCC) has progenitor features with poor prognosis,
whereas EpCAM~ AFP~ HCC (referred to as mature hep-
atocyte-like HCC; MH-HCC) have adult hepatocyte fea-
tures with good prognosis. Wnt/B-catenin signaling, a
critical player for maintaining embryonic stem cells,?8 is
activated in EpCAM* AFP* HCC, and EpCAM is a direct
transcriptional target of Wnt/B-catenin signaling.??
Moreover, EpCAM* AFP* HCC cells are more sensitive to
B-catenin inhibitors than EpCAM™ HCC cells in vitro.2?
Interestingly, a heterogeneous expression of EpCAM and
AFP was observed in clinical tissues, a feature that may be
attributed to the presence of a subset of CSCs. In this
study, we have confirmed that EpCAM™* HCC cells are
highly invasive and tumorigenic, and have activated Wnt/
B-catenin signaling. We also show a crucial role of
EpCAM in the maintenance of hepatic CSCs. Our data
shed new light on the pathogenesis of HCC and may
open new avenues for therapeutic interventions for tar-
geting hepatic CSCs.

Materials and Methods
Clinical Specimens

HCC samples were obtained with informed con-
sent from patients who underwent radical resection at
the Liver Cancer Institute of Fudan University, Eastern
Hepatobiliary Surgery Institute, and the Liver Disease
Center of Kanazawa University Hospital, and the study
was approved by the institutional review boards of the
respective institutes. The microarray data from clinical
specimens are available publicly (GEO accession number,
GSES97S5).27 Array data from a total of 156 HCC cases
(155 hepatitis B virus [HBV]-positive) corresponding to 2
subtypes of HCC (ie, HpSC-HCC and MH-HCC), wete

WNT SIGNALING AND HEPATIC CANCER STEM CELLS 1013

used to search for HpSC-HCC-associated genes (Supple-
mentary Table 1; see supplementary material online at
www.gastrojournal.org). A total of 79 formalin-fixed and
paraffin-embedded HCC samples were used for immuno-
histochemistry (IHC) analyses (Supplementary Table 2; see
supplementary material online at www.gastrojournal.
org), 56 of which also were used in a recent study.3® The
classification of HpSC-HCC and MH-HCC was based on
previously described criteria.?”

Cell Cultures and Sorting

Human liver cancer cell lines (HuH1 and HuH?7)
were derived from Health Science Research Resources
Bank (JCRB0199 and JCRB0403, respectively) and rou-
tinely cultured as previously described.3! Normal human
MHs, provided by the University of Pittsburgh through
Liver Tissue Cell Distribution System, were cultured as
previously described.3? Human HpSCs were isolated from
fetal livers and cultured in Kubota and Reid’s3® medium
as previously described. Wnt10B conditioned medium
was prepared as described.?* Embryonic stem cell culture
medium was prepared using Knockout Dulbecco’s mod-
ified Eagle medium supplemented with 18% of Serum
Replacement (Invitrogen, Carlsbad, CA). The pTOP-
FLASH and pFOP-FLASH luciferase constructs were de-
scribed previously.?® BIO and MeBIO were generous gifts
from Ali Brivanlou (The Rockefeller University, New
York, NY). For isolating single cell-derived colonies to
determine whether heterogeneity is an intrinsic property
of EpCAM™* cells, HuH1 and HuH?7 cells were resus-
pended and plated as a single cell per well in 96-well
plates. A total of 192 single cells were plated successfully.
The clones that grew well were selected 2 weeks after
seeding and used for immunofluorescence (IF) analysis.
The S-fluorouracil (5-FU) stock (2 mg/mL; Sigma, St
Louis, MO), was prepared in distilled water. Fluores-
cence-activated cell sorting (FACS) and magnetic-acti-
vated cell sorting (MACS) analyses were used to isolate
EpCAM™ HCC cells (Supplementary materials; see sup-
plementary Materials and Methods online at www.
gastrojournal.org).

Clonogenicity, Spheroid Formation,
Invasion, Quantitative Reverse
Transcription—Polymerase Chain Reaction,
and THC Assays

For colony formation assays, 2000 EpCAM™* or
EpCAM™ cells were seeded in 6-well plates after FACS.
After 10 days of culture, cells were fixed by 100% meth-
anol and stained with methylene blue. For spheroid
assays, single-cell suspensions of 1000 EpCAM™* or
EpCAM™ cells were seeded in 6-well Ultra-Low Attach-
ment Microplates (Corning, Corning, NY) after FACS.
The number of spheroids was measured 14 days after
seeding. Invasion assays were performed using BD Bio-
Coat Matrigel Matrix Cell Culture Inserts and Control
Inserts (BD Biosciences, San Jose, CA) essentially as pre-
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viously described.3! Reverse transcription-polymerase
chain reaction and IHC assays are described in detail in
the supplementary materials (see supplementary material
online at www.gastrojournal.org).

Tumorigenicity in NOD/SCID Mice

Six-week-old NOD/SCID mice (NOD/NCrCRI-
Prkdc<i) were purchased from Charles River (Charles
River Laboratories, Inc, Wilmington, MA). The protocol
was approved by the National Cancer Institute-Bethesda
Animal Care and Use Committee. Cells were suspended
in 200 pL of Dulbecco’s modified Eagle medium and
Matrigel (1:1), and a subcutaneous injection was per-
formed. The size and incidence of subcutaneous tumors
were recorded. For histologic evaluation, tumors were
formalin-fixed, paraffin-embedded or embedded directly
in OCT compound (Sakura Finetek, Torrance, CA) and
stored at —80°C.

RNA Interference

A small interfering RNA (siRNA) specific to
TACSTD1 (SI03019667) and a control siRNA (1022076)
were designed and synthesized by Qiagen (Qiagen, Va-
lencia, CA). Transfection was performed using Lipo-
fectamine 2000 (Invitrogen), according to the manufac-
turer’s instructions. A total of 200 nmol/L of siRNA
duplex was used for each transfection.

Statistical Analyses

The class comparison and gene clustering analyses
were performed as previously described.3® The canonic
pathway analysis was performed using Ingenuity Path-
ways Analysis (v5.5; Ingenuity Systems, Redwood City,
CA). The association of HCC subtypes and clinico-
pathologic characteristics was examined using either the
Mann-Whitney U test or the chi-square test. Student ¢
tests were used to compare various test groups assayed by
colony formation, spheroid formation, or invasion as-
says. The Kaplan-Meier survival analysis was performed
to compare patient survival or tumorigenicity.

Results

A Poor Prognostic HCC Subtype With
Molecular Features of HpSC

We re-evaluated the gene expression profiles that
were uniquely associated with 2 recently identified prog-
nostic subtypes of HCC (ie, HpSC-HCC and MH-HCC),
using a publicly available microarray dataset of 156 HCC
cases (GEO accession number: GSES975). Sixty cases
were defined as HpSC-HCC with a poor prognosis and 96
cases were defined as MH-HCC with a good prognosis,
based on EpCAM and AFP status.?” A class-comparison
analysis with univariate ¢ tests and a global permutation
test (1000X) yielded 793 genes that were expressed dif-
ferentially between HpSC-HCC and MH-HCC (P < .001).
Hierarchical cluster analyses revealed 2 main gene clus-
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ters that were up-regulated (cluster A; 455 genes) or
down-regulated (cluster B; 338 genes) in HpSC-HCC
(Figure 1A). Pathway analysis indicated that the enriched
genes in cluster A were associated significantly with
known stem cell signaling pathways such as transform-
ing growth factor-B, Wnt/B-catenin, PI3K/Akt, and inte-
grin (P < .01) (Figure 1B). In contrast, genes in cluster B
were associated significantly with mature hepatocyte
functions such as xenobiotic metabolism, complement
system, and coagulation system (P < .01). Noticeably,
known HpSC markers such as KRT19 (CK19), TACSTDI
(EpCAM), AFP, DKK1, DLKI1, and PROM1 (CD133) were
up-regulated significantly in HpSC-HCC, whereas known
liver maturation markers such as UGT2B7 and CYP3A4
were expressed more abundantly in MH-HCC (Figure 1C
and Supplementary Tables 3 and 4; see supplementary
material online at www.gastrojournal.org). Kaplan-Meier
survival analysis revealed that HpSC-HCC patients had a
significantly shorter survival than MH-HCC patients
(P = .036) (Figure 1D). Consistently, HpSC-HCC patients
had a high frequency of macroscopic and microscopic
portal vein invasion (Figure 1E).

However, IHC analyses of an additional 79 HCC cases
revealed that among 24 HpSC-HCC cases, EpCAM stain-
ing was very heterogeneous with a mixcure of EpCAM*
and EpCAM™ tumor cells in each tumor (Figure 1F, left
panel). Noticeably, many of the EpCAM™* tumor cells were
located at the invasion border zones and often were
disseminated at the invasive front (black arrows). IF anal-
ysis revealed that HCC cells located at the invasive front
co-expressed EpCAM, CK19, and AFP (Figure 1F, right
panels). Noticeably, HpSC-HCC patients were signifi-
cantly younger than MH-HCC patients (Supplementary
Tables 1 and 2; see supplementary material online at
www.gastrojournal.org). Enrichment of EpCAM™ AFP*
tumor cells at the tumor-invasive front suggested their
involvement in HCC invasion and metastasis.

Isolation and Characterization of EpCAM™*
Cells in HCC

The results described earlier suggest that HpSC-
HCC may be organized in a hierarchical fashion in which
EpCAM™ tumor cells act as stem-like cells with an ability
to differentiate into EpCAM™ tumor cells. To test this
hypothesis, we first evaluated the expression pattern of 7
hepatic stem/maturation markers (EpCAM, CD133,
CD90, CK19, Vimentin, Hep-Parl, and B-catenin) in 6
HCC cell lines (Figure 2A). All 3 AFP* cell lines (HuH1,
HuH7, and Hep3B) expressed EpCAM, CD133, and
cytoplasmic/nuclear B-catenin, whereas the other 3 AFP~
cell lines (SK-Hep-1, HLE, and HLF) did not, consistent
with the microarray data. Interestingly, AFP* cell lines
had no CD90* cell population, which recently was iden-
tified as hepatic CSCs,35 whereas AFP™ cell lines had such
a population. Consistent with the IF dara, FACS analysis
showed that AFP* cell lines had a subpopulation of
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sents a subset of invasive HCCs
with CSC features. (A} Hierarchical
cluster analysis based on 793
HpSC—-HCC-coregulated genes
in 156 HCC cases. Each cell in the -
matrix represents the expression
level of a gene in an individual
sample. Red and green cells de-
pict high and low expression lev-
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the scale bar. (B) Pathway analy-
sis of HpSC—HCC-coregulated
genes. The top 10 canonical sig-
naling pathways activated in clus-
ter A (upper panel) or cluster B
(lower panel) with statistical signif-
icance (P < .01) are shown. (C)
Expression patterns of well-known
HpSC and MH markers in each
HCC subtype as analyzed by mi-
croarray. (D) Kaplan-Meier survival
analysis of the cases used for ar-
ray analysis. (E) Frequency of mac-
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EpCAM™* and CD133%, but no CD90* cells, whereas
AFP~ cell lines had a subpopulation of CD90* cells but
no EpCAM* or CD133* cells (Figure 2B). These data
indicate that HpSC-HCC and MH-HCC cell lines have
distinct stem cell marker expression patterns, and
EpCAM as well as CD133 may be hepatic CSC markers
specifically in HpSC-HCC.

We selected 2 human HCC cell lines (HuH1 and HuH?7)
to isolate EpCAM™ cells because both lines were heteroge-
neous in EpCAM, AFP, CK19, and B-catenin expression
(Figure 24 and B and Supplementary Figure 14; see sup-
plementary material online at www.gastrojournal.org).?° We
successfully enriched EpCAM* and EpCAM™ popula-
tions from HuHY7 cells by FACS, with more than 80%

P =.0005

purity in EpCAM™ cells and more than 90% purity in
EpCAM™ cells 1 day after sorting (Figure 3A4). Similar
results were obtained when the purity check was per-
formed immediately after sorting (data not shown).
EpCAM™ cells also were positive for CK19 and B-catenin
(Figure 3B and Supplementary Figure 1B; see supplemen-
tary material online at www.gastrojournal.org) and most
were AFP* (data not shown). In contrast, EpCAM ™ cells
were negative for these markers but positive for HepParl,
a monoclonal antibody specific to hepatocytes (Figure
3B). Consistent with the microarray data described ear-
lier, the levels of TACSTD1, MYC, and hTERT (known
HpSC markers) were increased significantly in EpCAM™
HuH7 cells, whereas the levels of UGT2B7 and CYP3A4
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(known mature hepatocyte markers) were significantly
higher in EpCAM~ HuH7 cells (Figure 3C, left upper
panel). This expression pattern was reminiscent of human
HpSC cells (Figure 3C, left lower panel). Similar results
were obtained from HuH1 cells (data not shown). We
also compared gene expression patterns of isolated
HuH1, HuH7, MH, and HpSC cells using the TagMan
Human Stem Cell Pluripotency Array (Applied Biosys-
tems, Foster City, CA) containing 96 selected human
stem cell-related genes. Although a differential expres-

sion pattern of stem cell-related genes was evident
among HpSC, EpCAM™ HuH1, and EpCAM* HuH7
cells, the EpCAM™ HCC cells were related more closely to
HpSC cells whereas EpCAM™ HCC cells were related
morte closely to diploid adult mature hepatocytes (Figure
3C, right panel; and Supplementary Figure 1C; see supple-
mentary material online at www.gastrojournal.org).
Thus, it appeared that EpCAM™ HCC cells had a gene
expression pattern that is related more closely to HpSC
than EpCAM™ HCC cells.
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The isolated EpCAM* HuH7 cells formed colonies
efficiently whereas EpCAM ™ cells failed to do so (Figure
3D, upper and middle panels; and Supplementary Figure 24
for HuH1 cells; see supplementary material online at
www.gastrojournal.org). In addition, EpCAM* HuH7
cells were much more invasive than EpCAM~ cells (P <
.03) (Figure 3D, lower panel, and Supplementary Figure 2B
for HuH1 cells; see supplementary material online at
www.gastrojournal.org). The EpCAM™ fraction decreased
with time in sorted EpCAM* HuH7 cells from greater
than 80% to 50% (Figure 3E). However, a small percentage

EpCAM-FITC

EpCAM-negative

(day}

of EpCAM* cells remained constant in sorted EpCAM™
HuH7 cells. FACS analysis confirmed the results of IF
analysis (Figure 3F and Supplementary Figure 2C for
HuH7 and HuH1 cells, respectively; see supplementary
material online at www.gastrojournal.org), suggesting
that EpCAM* cells could differentiate into EpCAM™
cells, eventually allowing an enriched EpCAM™* fraction
to revert back to parental cells after 14 days of culture. In
contrast, EpCAM™ cells maintained their EpCAM™ sta-
tus. In addition, we successfully isolated 12 HuH1 and 2
HuH?7 colonies from 192 single-cell-plated culture wells.

— 249 —




1018 YAMASHITA ET AL

A B

-

GASTROENTEROLOGY Vol. 136, No. 3

Number of spheres per 1000 cells

o . m— Spheroid cells
oo
@ —— Attached cells
@ o .
Q O
5 i
1]
e
£
2
z =)
™~
o T - Y -y

1,000

PE-EpCAM

However, all colonies were heterogeneous in EpCAM and
AFP expression and no colony was completely EpCAM™
(data not shown). Taken together, these results indicate
that EpCAM* HCC cells resemble HpSC features. It ap-
pears that EpCAM™* cells, but not EpCAM™ cells, have
self-renewal and differentiation capabilities with the abil-
ity to form colonies from a single cell, and produce both
EpCAM™ and EpCAM™ cells.

It has been shown previously that stem/progenitor
cells and cancer stem/progenitor cells can form spheroids
in vitro in a nonattached condition.?637 Consistently,
EpCAM™ cells could form spheroids efficiently, reaching
to about 150 to approximately 200 pum in diameter after
14 days of culture (Figure 4A and B). Interestingly, all
cells in a spheroid were EpCAM?*, whereas AFP expres-

EpCAM-negative

EpCAM-positive

Figure 4. Spheroid formation of
EpCAM* HuH1 HCC cells. (A) A
representative phase-contrast im-
age of an HCC spheroid derived
from an EpCAM* cell (scale bar,
100 wm) and (B) total numbers of
spheroids from 1000 sorted cells
are shown. Experiments were per-
formed in triplicate and data are
shown as mean * SD. (C) Repre-
sentative confocal images of an
HCC spheroid co-stained with anti-
EpCAM, anti-AFP, and 4',6-dia-
midino-2-phenylindole (pAP)) {scale
bar, 50 um). (D) A 3-dimensional
image of an HCC spheroid co-
stained with anti-EpCAM, anti-
AFP, and DAPI (scale bar, 50 pm)
reconstructed from confocal im-
ages using surface rendering. (E)
FACS analysis of EpCAM* celis
cultured as spheroid cells {red) or
attached cells (blue) for 14 days
after cell sorting. (F) Confocal im-
ages of an HCC spheroid co-
stained with anti-PCNA, anti-AFP,
and DAPI (scale bar, 50 um).

sion was relatively heterogeneous (Figure 4C and D, and
Supplementary movie 1; see supplementary material on-
line at www.gastrojournal.org). Rarely, a few spheroids
derived from an EpCAM™ cell fraction were positive for
EpCAM (data not shown), suggesting that these sphe-
roids were derived from contaminated residual EpCAM*
cells by FACS sorting. All spheroid cells maintained
EpCAM expression while half of the attached cells lost
EpCAM expression when the EpCAM™ fraction was cul-
tured for 14 days (Figure 4E). Most spheroid cells also
abundantly expressed proliferating cell nuclear antigen
(PCNA), implying active cell proliferation (Figure 4F and
Supplementary movie 2; see supplementary material
online at www.gastrojournal.org). Thus, a subset of
EpCAM™ cells, but not EpCAM™ cells, can form spheroids.
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EpCAM™* HCC Cells as Tumor-Initiating Cells

EpCAM™* HCC cells, but not EpCAM™ HCC cells,
could efficiently initiate invasive tumors in NOD/SCID
mice (Figure 5). For example, 10,000 EpCAM* HuH1 cells
produced large hypervascular tumors in 100% of mice
whereas EpCAM ™ cell fractions produced only small and
pale-looking tumors in 30% of mice 4 weeks after injection
(Figure S5A and Supplementary Figure 34; see supplemen-
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tary material online at www.gastrojournal.org). Similar re-
sults were obtained with HuH?7 cells (Supplementary Fig-
ure 3B-D; see supplementary material online at www.
gastrojournal.org). As little as 200 EpCAM™ cells could
initiate tumors in 8 of 10 injected mice, whereas 200
EpCAM™ cells produced only 1 tumor among 10 injected
mice at 6 weeks after transplantation, and the tumor sizes
were much larger in the EpCAM™ cells than in the EpCAM™~
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cells (Figure 5B and Supplementary Figure 3E; see sup-
plementary material online at www.gastrojournal.org).
EpCAM™ cells produced tumors with a mixture of both
EpCAM* and EpCAM™ cells in xenografts, and these cells
invaded in the capsule and muscles of the leg adjacent to
the tumor (Figure SC). EpCAM™ cells derived from tumors
again maintained their tumor-initiating capacity, tumor
morphology, and invasive ability in an in vivo serial trans-
plantation experiment (Figure 5D). Occasionally, EpCAM™
cell fractions produced a few small tumors that always
contained a mixture of EpCAM* and EpCAM™ cells
(data not shown), indicating that the contaminated
EpCAM™ cells from FACS sorting contribute to the
tumor-initiating ability.

To further validate whether EpCAM™ HCC cells were
tumor-initiating cells, we isolated EpCAM* HCC cells
from 2 cases of AFP* (>600 ng/mL serum AFP) HCC
clinical specimens using MACS. Consistently, 1 X 10*
EpCAM™* cells could induce tumors in NOD/SCID mice,
but up to 1 X 105 EpCAM™ cells failed to do so (Table 1).
In addition, similar to HCC cell lines, fresh EpCAM™*
tumor cells from 2 clinical HCC specimens were more
efficient in forming spheroids in vitro than EpCAM™ cells
(Supplementary Figure 4; see supplementary material on-
line at www.gastrojournal.org).

FACS analysis results indicate that a majority of
EpCAM™ cells express CD133 in HuH7 cells but not in
HuH1 cells (Figure 2B), which prompted us to compare
the tumorigenic capacity of EpCAM* and CD133" cells
in these cell lines. Noticeably, EpCAM* HuH1 cells
showed marked tumor-initiating capacity compared with
CD133" HuH1 cells (Figure SE and F), whereas EpCAM*
and CD133* cells had similar tumorigenic ability in
HuH7 cells (data not shown).

GSK-33 Inhibition Augments EpCAM* HCC
Cells

To determine the role of Wnt/B-catenin signal-
ing?® in EpCAM* HCC cells (Figure 1B), we first treated

Table 1. The Tumor-Initiating Capacity of EpCAM* Cells
From Clinical HCC Specimens

Tumor incidence
(mice with tumors/

HCC patients total no. of mice

injected)
% of EpCAM* No. of cells
No. HCC cells Groups injected 2 months 3 months

1 5.2 EpCAM* 1 X103 0/3 0/3
1 %104 2/3 2/3

1% 10°% 2/2 2/2

EpCAM~™ 1 % 10% 0/3 0/3

1 % 108 0/2 0/2

2 1.4 EpCAM* 1x103 0/2 0/2
1x 104 0/1 1/1

EpCAM~ 1 x 104 0/3 0/3

1 %X 10° 0/2 0/2
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HuH1, HuH7, and HLF cells with a GSK-38 inhibitor
BIO (Figure 6A), which activates Wnt/B-catenin signaling
(Figure 6B) and maintains undifferentiation of embry-
onic stem cells.3® 6-bromoindirubin-3'-oxime (BIO) in-
creased the EpCAM™ cell population in HuH1 and HuH?7
cells when compared with the control methylated BIO
(MeBIO) (Figure 64). In contrast, BIO had no effect on
the CD90* cell population, which is more tumorigenic
than the CD90~ cell population in HLF (Figure 64 and
data not shown). Enrichment of EpCAM™ cells was pro-
voked further by the treatment of Wnt10B-conditioned
media in HuH?7 cells (Figure 6C).3 BIO induced morpho-
logic alteration of HuH7 cells because most cells became
small and round when compared with MeBIO and sup-
pressed EpCAM™ AFP~ cell populations (Figure 6D).
Moreover, BIO induced TACSTDI1, MYC, and hTERT
expression and spheroid formation (Figure 6E and F).

EpCAM Blockage by RNA Interference

One of the hallmarks of CSCs is its resistance to
conventional chemotherapeutic agents resulting in tu-
mor relapse and thus targeting CSCs is critical to achieve
successful tumor remission. Consistently, 5-FU could in-
crease the EpCAM™ population and spheroid formation
of HuH1 and HuH7 cells (Figure 7A and B) (data not
shown), suggesting a differential sensitivity of EpCAM™*
and EpCAM™ HCC cells to 5-FU. In contrast, EpCAM
blockage via RNA interference dramatically decreased the
population of EpCAM™ cells (Figure 7C), and signifi-
cantly inhibited cellular invasion, spheroid formation,
and tumorigenicity of HuH1 cells (Figure 7D-F). Thus,
EpCAM may serve as a molecular target to eliminate
HCC cells with stem/progenitor cell features.

Discussion

The cellular origin of HCC is currently in debate.
In this study, we found that EpCAM can serve as a
marker to enrich HCC cells with tumor-initiating ability
and with some stem/progenitor cell traits. EpCAM is
expressed in many human cancers with an epithelial
origin.?® During embryogenesis, EpCAM is expressed in
fertilized oocytes, embryonic stem cells, and embryoid
bodies, suggesting its role in early stage embryogenesis.*0
Furthermore, a recent article indicated that EpCAM is
expressed in colonic and breast CSCs.*! Taken together,
these data suggest a critical role of EpCAM in CSCs as
well as embryonic and somatic stem cells. Consistently,
we found that EpCAM expression is regulated by Wnt/
B-catenin signaling?® and tumorigenic and highly inva-
sive HpSC-HCC is orchestrated by a subset of cells ex-
pressing EpCAM and AFP with stem cell-like features
and self-renewal and differentiation capabilities regu-
lated by Wnt/B-catenin signaling (this study). Thus,
EpCAM may be a common gene expressed in undiffer-
entiated normal cells and HCCs with activated Wnt/8-
catenin signaling. It may act as a downstream molecule
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