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Abstract

A molecular target associated with the progression of gastric
cancer has not yet been uncovered. FBXW7 is a tumor
suppressor gene transcriptionally controlled by p53 that plays
a role in the regulation of cell cycle exit and reentry via c-Myc
degradation. Few studies have addressed the clinical signifi-
cance of FBXW?7 expression in gastric cancer. Therefore, we
examined FBXW7 mRNA expression to determine its clinico-
pathologic significance in 100 cases of gastric cancer. Low
expression levels of FBXW? in primary gastric cancer
contributed to malignant potential, such as lymph node
metastasis (P = 0.0012), tumor size (P = 0.0003), and poor
prognosis (P = 0.018). In comparison with 52 cases of gastric
cancer without the p53 mutation, 29 cases with the mutation
exhibited lower expression levels of FBXW7 (P = 0.0034),
revealing a significant relationship between p53 mutation and
FBXW? expression. Furthermore, we found that gastric cancer
patients who had low FBXW7 expression levels and p53
mutation had a distinctively poor prognosis in comparison
with other subgroups (P = 0.0033). In conclusion, we showed a
role for p53 in the transcriptional regulation of FBXW7
expression in clinical gastric cancer cases and showed that
disruption of both p53 and FBXW7 contributes to poor
prognosis. [Cancer Res 2009;69(9):3788~94]

Introduction

FBXW? is a F-box protein subunit of a SCF-type ubiquitin ligase
complex that induces the degradation of positive cell cycle
regulators (oncoproteins) such as c¢-Myec, cyclin E, cJun, and
Notch. Therefore, FBXW?7 and the associated molecules have been
focused on as one of the new carcinoma control structures (1, 2). In
particular, FBXW7 induces cell cycle exit (G, phase) via c-Myc
degradation, so the altered expression of FBXW? is considered one
of the major causes of carcinogenesis or carcinoma development
(2~4). Because FBXW?7 also participates in cell cycle exit to, and the
reentry from, Gy (5~7), it is a candidate molecular therapeutic
target in intractable carcinoma cases that are firmly resistant to
combined modality therapies (5, 8).

Mao and colleagues reported that epithelial tumors are not
established in p53~/~ mice, whereas 53"~ mice form epithelial
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tumors with altered FBXW? expression. FBXW7 works downstream
of p53, both of these cell cycle regulator genes, are critical for
carcinogenesis of epithelial tissues (3).

Recently, Onoyama and colleagues reported that mice carrying a
FBXW7 T-cell conditional knockout eventually developed thymic
lymphomas following thymomas. FBXW7 and p53 double-knockout
mice developed thymic lymphomas more frequently than other
subgroups of knockout mice, such as wild-type, p537/~, and
FBXW? conditional knockout mice. Therefore, their study clearly
showed the consecutive roles of p53 and FBXW?7 in the
carcinogenesis of solid tumors in vivo. Moreover, a comparison of
four groups classified according to FBXW7 and p53 status revealed
a worse prognosis for double inactivation mice than in the other
subgroups (6). It is unknown if identical findings were observed
during previous ir vivo studies of human cancer cases.

The clinical significance of FBXW?7 in human solid cancers has
been diversely reported. FBXW7 mutation rates in cholangiocarci-
nomas, T-cell acute lymphocytic leukemia, endometrial carcinoma,
and colorectal cancer were reported as 35%, 31%, 9%, and 9%,
respectively (2, 4, 9, 10). Also, FBXW7 low expression in glioma
tissues reportedly produces a poor prognosis (11, 12). Lee and
colleagues reported that the FBXW7 mutation rate in clinical
gastric cancer tissues of 3.7% to 6% did not differ in early or
progressive gastric cancer (4, 13). However, few studies are
available on the connection between FBXW? expression level and
poor prognoses in gastric cancer. ‘

This study details () the magnitude of the effect of altered
FBXW? expression on prognosis determination in gastric cancer
cases; (b) the significance of both FBXW? expression and p53
mutation status on clinical gastric cancer cases, which was
compared with previous in vivo reports; and (c) how the
coexistence of the p53 mutation and low expression of FBXW? in
clinical samples determines malignant potential and a poorer
prognosis for gastric cancer patients.

Materials and Methods

Clinical samples and cell lines. One hundred gastric cancer samples
and paired noncancerous samples were obtained during surgery and
used after obtaining informed consent. All patients underwent resection
of the primary tumor at Kyushu University Hospital at Beppu and
affiliated hospitals between 1992 and 2000. Resected cancer tissues and
paired noncancerous tissues were immediately cut and embedded in
Tissue-Tek OCT medium (Sakura), frozen in liguid nitrogen, and kept at
—80°C until RNA and DNA extraction. Following isolation of RNA and
DNA, c¢DNA was synthesized from 8.0 pg total RNA as described
previously (14).

The human gastric cancer cell line AZ521 was provided by the Cell
Resource Center of Biomedical Research, Institute of Development, Aging
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and Cancer, Tohoku University. This cell line was maintained in RPMI 1640
containing 10% fetal bovine serum with 100 units/mL penicillin and
100 units/mL streptomycin sulfates and cultured in a humidified 5% CO,
incubator at 37°C. :

Real-time quantitative reverse transcription-PCR. FBXW7-specific
oligomucleotide primers were designed to amplify a 249-bp PCR pro-
duct encoding the common region among three FBXW?7 isoforms. The
following primers were used: FBXW7 sense primer 5-AAAGAGTTGT-
TAGCGGTTCTCG-3" and antisense primer 5-CCACATGGATACCAT-
CAAACTG-3" and glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
270 bp) sense primer 5-GTCAACGGATTTGGTCTGTATT-3 and antisense
primer 5-AGTCTTCTGGGTGGCAGTGAT-3". These primers spanned more
than two exons to avoid amplification of contaminating genomic DNA. PCR
amplification for quantification of FBXW7 and GAPDH mRNA in clinical
samples was done in the LightCycler system (Roche Applied Science) using
the LightCycler-FastStart DNA Master SYBR Green I Kit (Roche Applied
Science) as described previously (15). The amplification conditions of cycles
consisted of initial denaturation at 95°C for 10 min followed by 40 cycles of
denaturation at 95°C for 10 s, annealing at 62°C (60°C for GAPDH) for 10 s,
and elongation at 67°C (65°C for GAPDH) for 10 s. Melting curve analysis
was done to distinguish specific products from nonspecific products and
primer dimmers. The relative expression levels of FBXW?7 were obtained by
normalizing the amount of FBXW7 mRNA divided by that of GAPDH mRNA
as an endogenous control in each sample.

FBXW?7 RNA interference. FBXW7-specific siRNA (Silencer Predesigned
siRNA1: sense GCACAGAAUUGAUACUAACTT and antisense GUUAGUAU-
CAAUUCUGUGCTG and Silencer Predesigned siRNA2: sense
CCUUAUAUGGGCAUACUUCTT and antisense GAAGUAUGCC-
CAUAUAAGGTG) and negative control siRNA (Silencer Negative Control
1 siRNA) were purchased from Ambion. Lipofectamine RNA interference
MAX (Invitrogen) and FBXW7-specific siRNA were then added in 6-well flat-
bottomed microtiter plates. After incubation, the AZ521 cell line was seeded
at 1.5 % 10° per well in a volume of 2 mL in 6-well flat-bottomed microtiter
plates and incubated in a humidified atmosphere (37°C and 5% CO,). The
RNA interference assay was done after a 24 h incubation. )

Immunoblot analysis. Total protein was extracted from AZ521 after
FBXW7 BNA interference. Aliquots of total protein (35 pg) were electro-
phoresed in 7.5% concentrated READY GELS ] (Bio-Rad Laboratories).
c-Myc, cyclin E, and p53 proteins were detected using anti-c-Myc (N-262),
anti-cyclin E (M-20), and anti-p53 (Pab240; all obtained from Santa Cruz
Biotechnology) diluted 1:500, 1:100, and 1:100, respectively. These proteins
were normalized to the level of B-actin protein (Cytoskeleton) diluted
1:1,000. Western blot analysis was done as described previously (16).

Enhanced chemiluminescence detection reagents (Amersham Biosciences)
were used to detect antigen-antibody reactions.

In vitro proliferation assay. Proliferation was determined using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (Roche
Diagnostics). After a 24 h incubation following siRNA addition, cells were
cultured further for 0 to 72 h and the absorbance of the samples was
measured as described previously (17).

P53 and FBXW7 sequence. Among 100 gastric cancer samples in which
FBXW7 mRNA levels were measured, p53 was sequenced in 81 genomic
DNA samples. Similarly, 80 paired cDNA samples were subjected to FBXW7
mutational analysis.

The 81 genomic DNA samples were used as templates to PCR amplify
exons 4 to 9 of the p53 gene with primers derived from intronic sequences
(Supplementary Table S1). The PCR was done with AmpliTag Gold DNA
Polymerase (Applied Biosystems). Likewise, the FBXW7 (a, B, and <)
sequence was amplified using cDNA from 80 gastric cancer samples with
KOD-FX DNA polymerase (TOYOBO) and sequencing primers (Supplemen-
tary Table S1). These PCR products were electrophoresed on 1% agarose
gels containing ethidium bromide and purified with ethanol precipitation.
Purified PCR products were sequenced using a Big-Dye Terminator version
1.1 Cycle Sequencing Kit (Applied Biosystems) and an ABI3100 sequencer
(Applied Biosystems).

Statistical analysis. Differences between two groups were estimated
with Student’s ¢ test, x> analysis, and ANOVA. Overall survival curves were
plotted according to the Kaplan-Meier method, with the log-rank test
applied for comparison. Survival was measured from the day of the surgery.
Data for FBXW7 mRNA expression levels in three groups were analyzed with
ANOVA. When the results of the ANOVA were significant, Tukey's multiple
comparison tests were used to assess differences in FBXW7 mRNA
expression levels among each group. All differences were statistically
significant at the level of P < 0.05 and a tendency was indicated at the level
of P < 0.1. Statistical analyses were done using the JMP 5 for Windows
software package (SAS Institute).

Results

Clinical significance of FBXWW7 mRNA expression in gastric
cancer cases. The expression levels of FBXW7 mRNA in
cancerous tissues (n = 100) and paired noncancerous tissues
(n = 100) of the gastric cancer patients were examined by real-
time reverse transcription-PCR. These data were corrected for
GAPDH mRNA levels. FBXW7 mRNA expression levels in cancer
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tissues (mean + SD, 141 + 1.51) were lower than those in
noncancerous tissues (237 + 23). A significant difference in
mRNA mean expression level was found between cancerous and
noncancerous tissues (P = 0.0007; Fig. 14). Immunostaining of
FBXW7 was done to confirm the correlation between FBXW7
mRNA and FBXW7 protein. Fifteen gastric cancer samples were
divided into two groups according to FBXW?7 protein level (high
or low). The expression of FBXW7 mRNA in each group was
examined and compared with protein expression levels. The high
FBXW7 protein group (n = 7) showed high FBXW7 mRNA
expression levels in comparison with the low FBXW?7 protein
group (n = 8; P = 0.0013; Supplementary Fig. S1).

In the overall survival curve (Fig. 1B), patients in the low
FBXW?7 expression group (n = 69; cancer/noncancerous tissues

bie 1. FBX| ssion ‘and clinicopatholo
factors for 100 ga cer patients
FBXW7/GAPDH P
High expression Low expression
(n=31) (n =69)
Age (y)
=65 15 30 0.69
<65 16 38
Gender
Male 17 49 0.12
Female 14 20
Histology
Well, moderate 16 34 0.88
Poor, signet 15 34
Size {cm)
<5 22 22 0.0003%
=5 9 47
Depth
T, (m, sm) 10 T 0.06"
Ty-T4 (mp, ss, se, si) 21 58
Lymph node metastasis
Absent 18 17 0.0012%
Present 13 52
Lymphatic invasion
Absent 12 17 0.15
Present 19 52
Venous invasion
Absent 27 45 0.024*
Present 4 24
Liver metastasis
Absent 31 65 0.17
Present 0 4
Peritoneal dissemination
Absent 30 53 0.014*
Present 1 16
Stage
Lo 23 28 0.0019*
1, v 8 41
NOTE: High FBXW?7 expression group (» = 31), FBXW7 (T)/FBXW?7 (N)
< 1.0; low FBXW?7 expression group (n = 69), FBXW7 (T)/FBXW7 (N)
< 1.0. Well, well differentiated; poor, poorly differentiated; moderate,
. moderately differentiated; signet, signet ring cell.
*P < 0.05.
1P < 0.1

< 1.0) had a significantly poorer prognosis than those in the
high FBXW7 expression group (n = 31; cancer/noncancerous
tissues = 1.0; P = 0.018). However, there was no relationship
between FBXW7 expression and clinical stage progression
(Supplementary Fig. S2). Multivariate analysis revealed that the
FBXW7 mRNA expression level in cancer is an independent
predictor of lymph node metastasis (Supplementary Table S24
and B).

Clinicopathologic factors were significantly different in the
low FBXW?7 expression group (n = 69). There was more
progressive tumor size, lymph node metastasis, venous
invasion, peritoneal dissemination, and clinical staging com-
pared with the high FBXW7 expression group (n = 31; P <
0.05). However, no significant differences were observed
regarding age, gender, histology, lymphatic invasion, and liver
metastasis (Table 1).

Expression of the FBXW7 isoform and prognosis in gastric
cancer cases. In several in vivo studies, mouse Fbxw7 has three
isoforms (o, B, and v). The o isoform is expressed in most
tissues, the B isoform is found in the brain and testis, and the -y
isoform is in the heart and muscle (5). We confirmed the
distribution of FBXW7 expression in a human panel before
searching for FBXW7 mutations in gastric cancer cases. We
found a similar distribution of FBXW7.- mRNA expression
between the human panel and laboratory mice (Supplementary
Fig. S3). Fbxw?7 vy controls the nucleolar level of ¢-Myc and cell
size and is restricted to muscle cells, which is larger than other
cells (5, 18). It has been suggested that Fbxw?7 vy contributes to
muscle differentiation through regulation of c-Myc. Therefore,
the expression level of FBXW7 « in the heart might be very high
to regulate heart muscle differentiation (Supplementary Fig. S3).

In addition, the association between overall FBXW7 expres-
sion and poor prognosis was more significant than between the
expression of any individual isoform (Supplementary Fig. S4).

FBXW7 and p53 mutation analysis. We examined p53
mutations in 81 genomic DNA samples and FBXW7 mutations in
80 cDNA samples, the same paired samples that were used for the
FBXW7 mRNA expression assay. Mutation analysis done with
sequencing found p53 and FBXW7 mutation rates of 35.8% (29 of
81) and 8.8% (7 of 80), respectively (Fig. 24 and B; Supplementary
Table S3; Supplementary Fig. S5).

Examination of the relationship between p53 mutation status
and FBXW7 mRNA expression levels revealed that FBXIW7 mRNA
mean expression levels in the p53 mutation (+) group (n = 29;
1.07 £ 1.03) were lower than those in the p53 mutation (—; n = 52;
1.56 + 1.79) and noncancerous tissues (n = 100; 2.36 + 2.3). A
significant difference was found between the p53 mutation (+)
group and the other groups (Fig. 3). In addition, no difference was
observed between the p53 mutation (—) gastric cancer tissues and
noncancerous tissues.

Mean expression levels of FBXW?7 in the FBXW7 mutation (+)
group (n = 7) were not significantly different from those of
the FBXW?7 mutation (—) group (n = 73) and noncancerous tissues
(n = 100). The presence of the FBXW7 mutation was not associated
with poor prognosis or clinical stage in gastric cancer patients
(Supplementary Fig. S5).

FBXW7 RNA interference promotes proliferation in vitro.
Because FBXW7 mRNA suppression in cancer tissues is
associated with poor prognosis, the protein levels of c-Myc
and cyclin E, degradation targets of FBXW?7, were examined to
evaluate FBXW?7 function in gastric cancer cells. FBXW7
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suppression analysis was done with two different FBXW7 siRNA
(siRNA1 or siRNA2) using gastric cancer cell line AZ521. FBXW7
suppression by siRNA was confirmed with quantitative reverse
transcription-PCR in the control siRNA and FBXW7 siRNA
groups. The level of FBXW7 mRNA was substantially reduced by
70% in FBXW7 siRNA1 (Fig. 44).

Western blot analysis confirmed expression of c-Myc and
cyclin E proteins degradation targets of FBXW?7 in control siRNA
and FBXW?7 siRNA groups. The expression levels of c-Myc and
cyclin E protein were enhanced in the FBXW7 siRNA group
compared with the control siRNA group. Likewise, p53
expression was enhanced (Fig. 4B). Evaluation of proliferation
potency in the FBXW?7 siRNA groups using the 3-(4,5-dimethylth-
iazol-2-y1)-2,5-diphenyltetrazolium bromide assay showed that
proliferation rates were significantly enhanced in both FBXW7
groups in comparison with the control siRNA group and parent
cell line AZ521 (Fig. 4C).

p53 mutation and FBXW?7 expression are associated with
poor prognosis in clinical gastric cancer patients. FBXW7
mRNA expression was inhibited in p53 mutation (+) gastric
cancer tissues, and the low FBXW?7 expression patients had a
significantly poorer prognosis than the high FBXW?7 expression
patients (Figs. 1B and 3).

Therefore, we divided 81 gastric cancer patients into four groups
according to FBXW? expression level and the state of the p53
mutation and examined the overall survival curve in these groups.
The p53 mutation (+), FBXW7 low expression group (n = 24)
had a significantly poorer prognosis than the other three groups
(P = 0.0033; Fig. 5).

Discussion

In this study, we showed that FBXW7 mRNA expression in
gastric cancer samples is markedly decreased in comparison
with the corresponding noncancerous samples and that FBXW7
is a poor prognostic factor. There are three possible
explanations. First, it is worth noting that FBXW7 expression

is regulated by p53 in in vitro and in vivo experimental data
(3, 5, 6, 19). For instance, Mao and colleagues reported that
Fbxw7 mRNA expression was activated when p53 expression
was induced by radiation, and baseline expression of Fbxw?7
mRNA is suppressed in p53~/~ mice. Moreover, they reported
that a p53-binding site is present in a promoter region of the
mouse Fbxw7 (3). In addition, Kimura and colleagues reported
that FBXW7 B expression is enhanced when wild-type p53 is
produced in a p53-mutated glioblastoma cell line (8). These
reports strongly suggest that transcription of FBXW7 is
regulated by p53 activity. Therefore, we focused on the regu-
lation of FBXW? expression by p53 in gastric cancer cases. In
the current study, FBXW7 expression levels were decreased in
most p53 mutation (+) gastric cancer samples (Fig. 3); only 6%
(5 of 81) cases were FBXW7 high expression in p53 mutation
(+ Fig. 5). Most of the p53 mutation (+) gastric cancer patients
belonged to the FBXW7 low expression group. Therefore, we
propose that FBXW7 mRNA expression is primarily regulated by
the presence of the p53 mutation in clinical gastric cancer
cases. It is worth noting that the reproducibility of this finding
in vivo was clearly confirmed in human clinical cases. To
determine which isoform of FBXW?7 is regulated by p53 in vitro,
we used p53 siRNA to suppress p53 expression in gastric
cancer cell line AZ521. The expression levels of the three
FBXW7 isoforms (o, B, and ) were suppressed by p53 siRNA
(Supplementary Fig. S6).

Second, we determined that FBXW?7 is inactivated by a
mutation in the coding region. The average of FBXW7 mutation
rate in several malignancies was ~ 6% (4). As for gastric cancer
cases, Lee and colleagues reported the possibility of the presence
of mutation, but the relationship of the FBXW7 mutation and
prognosis was not elucidated (13). Therefore, we examined the
sequence of the FBXW7 isoforms. The FBXW7 mutation rate, 8.8%
(7 of 80), was similar to the 3.7% to 6% previously reported for
gastric cancer (4, 13). Mutation hotspots are located in T-cell
acute lymphocytic leukemia; however, they were not detected in
the current study (13, 20, 21).

www.aacrjournals.org

3791

Cancer Res 2009; 69: (9). May 1, 2009



Cancer Research

* P =0.0034

K%

**P<0.05

kK skk

#%% no significant

11l

{normalized to GAPDH)

difference

Figure 3. Relationship between FBXW7
mRNA expression and p53 mutation.
Gastric cancer patients were divided into
two groups based on the presence or
absence of the p53 mutation. The two
groups were the p53 mutation (+) gastric
cancer group (n = 29) and the p53
mutation (—) gastric cancer group (n = 52).
FBXW?7 expression levels in p53 mutation
(+) patients were lower than in the other
groups. Horizontal lines, mean expression
value of each group. The statistical
analysis for comparisons was done in the
order of ANOVA and Tukey's test.

l='.

FBXWT7 common mRNA expression

U Y-

p53 mutation (+) |
gastric cancer (T)
n=29

p53 mutation (-)
gastric cancer (T)
n=252

'noncancerous tissue (N)

n=

100 .

Third, chromosome 4q contains the FBXW7 gene. Approximately
30% of the gene is deleted in certain carcinomas, such as
esophageal and gastric cancers. In particular, inactivation of tumor
suppressor genes by the chromosome 4q deletion may be an
important factor in colon carcinogenesis (22-24).

The reduction of FBXW?7 expression is associated with the
dysregulation of cyclin E and c-Myc, positive regulators of the
cell cycle (2, 18, 25, 26). c-Myc is associated with cell growth and
is recognized as an important factor in control of the G, (G) to

S-phase transition (1, 6, 27, 28). Cyclin E expression is enhanced in
various types of cancer, where it regulates cell cycle progression via
Rb phosphorylation and contributes to genome instability (19, 29).
Consistent with previously published reports, we showed that
protein expression of c-Myc and cyclin E is enhanced when FBXW7
is suppressed in a gastric cancer cell line (Fig. 4). Immunohisto-
chemical analysis of FBXW7 in clinical gastric cancer tissues
revealed enhanced expression of Myc and cyclin E in FBXW7 low
expression tissues (Supplementary Fig. S74). Conversely, Myc and
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cyclin E expression levels were suppressed in tissues in which
FBXW7 was overexpressed (Supplementary Fig. S7B), confirming
the relationship between FBXW7 and target proteins in clinical
gastric cancer tissues.

In addition, c-Myc accumulation induces p53-dependent apo-
ptosis via MDM2 degradation (6, 30, 31). The inactivation of
both FBXW?7 and p53 promotes c-Myc accumulation and inhibits
p53-dependent apoptosis by MDM2 activation. It probably means
that the proliferation rate was increased in these cells.

The low FBXW7 expression group of gastric cancer patients
showed progression of clinicopathologic factors and poor progno-
sis. All 4 cases of liver metastasis (100%, 4 of 4), 16 cases of
‘peritoneal dissemination (94%, 16 of 17), and 24 cases of venous
invasion (86%, 24 of 28) were classified as members of the FBXW?7
low expression group (Table 1). Unfortunately, a significant
correlation was not observed between the incidence of liver
metastasis and FBXW?7 expression because of an insufficient
number of cases. However, other clinicopathologic findings
indicated that FBXW?7 contributes to hematogenous metastasis
besides lymph node metastasis and peritoneal dissemination.

FBXW7 is a tumor suppressor. Considering tumor dormancy as
one way to conquer malignancies, the introduction of FBXW7
may facilitate “tumnor dormancy therapy.” Moreover, it was found
that Myc inhibition triggers rapid regression of incipient and
established lung tumors ir vivo (32). Therefore, Myc degradation by
FBXW?7 may not only induce a state of tumor dormancy but also
could have an antitumor effect.

As in a previous in vivo study, the simultaneous disruption of
two cell cycle checkpoint genes, p53 and FBXW?7, shortened the
survival of mice with thymic lymphomas (6). It is notable that,
even in the FBXW7 low expression group, the 5-year survival rate
of p53 mutation (—) cases is 53%, but we found that it was 14%
in the FBXW7 low expression/p53 mutation (+) group of clinical
gastric cancer patients (Fig. 5). Both p53 and FBXW7 act to
brake the cell cycle. Therefore, simultaneous disruption of these
genes led to poor prognosis in clinical gastric cancer in
comparison with inactivation of p53 or FBXW7 alone. Although
p53 reportedly regulates FBXW7 expression, other mechanisms
may be present. In the current study, most cases of p53
mutation (+) gastric cancer were in the low FBXW7 group and had

poor prognosis (83%, 24 of 29). However, a few cases of p53
mutation (+) gastric cancer were in the high FBXW?7 expression
group (17%, 5 of 29) and had good prognosis in comparison with the
53 mutation (+)/low FBXW?7 group. There were a few cancer cases
with higher FBXW7 expression that was not regulated by p53.
Therefore, the prognosis of p53 mutation (+) cases is not identical
to that of p53 mutation (+)/FBXW7 low cases.

These results show that the status of FBXW?7 and p53 is critical
for prognosis determination in gastric cancer patients. This report
is the first confirmation of the experimental mice data using
clinical gastric cancer samples.

In conclusion, FBXW7 has recently attracted attention as a
tumor suppressor gene that reduces important oncoproteins and
related carcinogenesis and cell cycle progression. There are
previous reports of in vitro and in vivo studies showing that
p53 controls FBXW7 expression and that FBXW?7 inactivation
contributes to poor prognosis via genome instability and cell cycle
progression. However, these findings had not been shown in
clinical cancer samples. We have clarified that gastric cancer
patients with inactivation of FBXW7 and p53 have a poorer

prognosis.
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Although cancer is a disease with genetic and epigenetic origins, the
possible effects of reprogramming by defined factors remain to be fully
understood. We studied the effects of the induction or inhibition of
cancer-related genes and immature status-related genes whose alter-
ations have been reported in gastrointestinal cancer cells. Retroviral-
mediated introduction of induced pluripotent stem (iPS) cell genes was
necessary for inducing the expression of immature status-related
proteins, including Nanog, Ssea4, Tra-1-60, and Tra-1-80 in esophageal,
stomach, colorectal, liver, pancreatic, and cholangiocellular cancer cells.
Induced cells, but not parental cells, possessed the potential to express
morphological patterns of ectoderm, mesoderm, and endoderm, which
was supported by epigenetic studies, indicating methylation of DNA
strands and the histone H3 protein at lysine 4 in promoter regions of
pluripotency-associated genes such as NANOG. In in vitro analysis in-
duced cells showed slow proliferation and were sensitized to differ-
entiation-inducing treatment, and in vivo tumorigenesis was reduced
in NOD/SCID mice. This study demonstrated that pluripotency was
manifested in induced cells, and that the induced pluripotent cancer
(iPC) cells were distinct from natural cancer cells with regard to their
sensitivity to differentiation-inducing treatment. Retroviral-mediated
introduction of iPC cells confers higher sensitivity to chemotherapeutic
agents and differentiation-inducing treatment.

cancer stem cells | epigenetics | pluripotent stem cells | embryonic stem
cells | differentiation

Cancer is thought to be a genetic and epigenetic disease with
uncontrolled proliferative potential. Although the idea was
proposed decades ago, the concept that some cancer cells arise from
small populations, termed cancer stem cells (CSCs), with both self-
renewal potential and multipotential properties sufficient to form
tumors, has emerged recently (1, 2). This small population of CSCs
possesses persistent self-renewal potential that can be detected by
various in vitro assessments and in vivo animal experiments (2).
Therefore, it has been proposed that malignant tumors are derived
from CSCs with uncontrolled proliferative potential and dysregu-
lation of their mechanisms of differentiation (2).

The origins of CSCs remain incompletely understood (1-3).
One view is that CSCs are formed as a result of alterations
arising in cells that have already differentiated (1); alternatively,
another notion holds that their generation is a result of tu-
morigenesis that has occurred in immature tissue stem cells or
progenitor cells (2); however, in both theories, epigenetic or-
ganization participates in tumorigenic regulation (1, 2).

With the investigation and development of ES cells from
zygote to blastodermic vesicle stages, the elucidation of the
molecular mechanisms that specify pluripotent differentiation
has made remarkable progress (4, 5). Regarding the regulation
of molecular mechanisms managing this pluripotency, it is ob-
vious that several types of transcription factors specifically dis-
covered in multipotential stem cells display mutual cooperation
as a result of epigenetic controls (6-9).

In this study, we analyzed the effects -of transcription factor
genes that were previously reported in induced pluripotent stem
(iPS) cells (6, 7), as well as cancer-related oncogenes and tumor

40-45 | PNAS | January5,2010 | vol. 107 | no.1

suppressor genes. The repression of tumor-suppressor genes ex-
tends the lifespan of embryonic stem (ES) cells or increases the
induction efficiency of iPS cells and maintains their immortalized
state (10-12). The results indicated that introduction of tran-
scription factor genes into gastrointestinal cancer cells resulted in
reprogramming of cells to a pluripotent state and sensitized them
to differentiation induction. Such reprogrammed cells were dis-
tinct from parental cells. It is hoped that the generation of induced
pluripotent cancer (iPC) cells will eventually accomplish some
goals in this field. One such goal is the inspection of previously
uncharacterized cancer treatments using differentiation therapy
via the induction of drug susceptibility in cancer cells. Re-
programming of cancer cells supports the notion that transduction
might cause differentiation of cells to unique cell lineages. An-
other goal is the exploitation of drug discoveries with the aim of
producing therapeutic and diagnostic reagents and using them in
their clinical applications.

Results

Expression of Genes Inducing Immature Status in Gastrointestinal
Cancer Cell Lines. We performed quantitative real-time reverse
transcription PCR (RT-PCR) analysis on 20 gastrointestinal
cancer cell lines by using immature status-related gene primers for
NANOG, OCT3/4, SOX2, KLF4, and LIN28 (Fig. S14). From the
results of RT-PCR analysis, we selected cancer cell lines such as
DLD-1, HCT116, M1APaCa-2, and PLC, which exhibited rela-
tively low NANOG mRNA expression. In these cells, immature
status seems to be effectively exhibited and represented as high
NANOG expression (6-9). Especially in the colorectal cancer cell
line DLD-1, all five selected genes showed relatively low ex-
pression compared to the other gastrointestinal cancer cell lines.
We then studied the induction of simultaneous combinations of
several factors, which include OCT3/4, SOX2, KLF4, and ¢-MYC,
as well'as oncogenes (BCL2 and KRAS) and tumor suppressor
genes shRNA (TP53, P16(INK4A), PTEN, FHIT, RBI) (Fig. S1 B
and C). These factors were transfected into four cancer cell lines
with ecotropic retrovirus produced in PLAT-E packaging cells.
Four transcription factors OCT3/4, SOX2, KLF4, and ¢-MYC sig-
nificantly induced up-regulation of NANOG mRNA.

Induction of ES-Like State Cancer Cells with Lentiviral and Retroviral
Transduction. Induction of human cancer cell lines using lentivi-
ruses and retroviruses requires high transduction efficiencies. We
optimized the transduction methods for cancer cell lines (Fig. 14).
The four transcription factors, OCT3/4, SOX2, KLF4, and c-MYC,
were transfected into cancer cell lines with ecotropic retrovirus
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Fig. 1. Induction of human cancer cells with retroviral transduction. (4) We
optimized the time course of the induction from human cancer cells; the
schedule is summarized. (B-E) DLD-1 morphology was exhibited. Twenty
days later, we observed distinct types of colonies with round shapes (C and
D) that were different from the wild type (B). (E) Mock was transfected with
pMXs Retroviral Vector as a negative controi . (F-K) Parental and iPC cells of
gastrointestinal cancer cell lines from HCT116 (F and G), MIAPaCa-2 (H and /),
and PLC (J and K). (L and M) The referential morphologies are exhibited by
HDF. Scale bar: 200 pm. (Original magnification, x200)

produced in PLAT-E packaging cells. Eight days after trans-
duction, the cells were harvested by trypsinization and plated onto
Matrigel-coated plates. The next day, the Dulbecco’s modified
Eagle medium (DMEM) containing 10% FBS was replaced with
the medium suitable for the culture of ES cells. Twenty-one days
later, some colonies appeared that were morphologically different
from the parental cancer cells (Fig. 1 B and C). Four weeks after
transduction, we observed distinct types of colonies that were
different from mock cells, transfected with pMXs retroviral vector
as negative control (Fig. 1 D and E).

We examined the transfection and induction efficiencies by using
combinations of OCT3/4, SOX2, KL.F4, and c-MYC, and compared
the results, with four cancer cell lines and human dermal fibroblasts
(HDF) serving as controls (Fig. 1 F-M). In isolated colonies, we
assessed NANOG promoter activity, which has been reported to be
important in the acquisition of immature status (6-9), by co-

transfection of NANOG promoter-GFP clone. GFP expression of
transfectants was visualized by fluorescence microscopy (Fig. S2).
From 1 x 10 cancer cells, we observed ~10 GFP-expressing sphere
formations. These cells in the present study were similar to iPS cells
both in morphology, ES-like gene expression and epigenetic mod-
ifications as described in refs. 6-9, 13, and 14. Thus, we referred to
these cells formed after transduction as iPC cells.

iPC Cells Express ES Cell Markers. Real-time RT-PCR using primers
specific for retroviral transcripts confirmed efficient silencing of four
retroviruses expressing OCT3/4, SOX2, KLF4, and c-MYC in iPC
cells (Fig. 24). RT-PCR showed that human iPC cells expressed
undifferentiated ES cell-marker genes, including NANOG, OCT3/4,
SOX2, KLF4, and c-MYC, although NANOG was not introduced
exogenously (Fig. 2B). iPC cells expressed ES cell-specific surface
antigens (15) including Ssea-4, tumor-related antigen (Tra)-1-60,
Tra-1-81, and Tra-2-49 (Fig. 2 C-G) compared to the negative
control (Fig. 2H).

In Vitro Differentiation of iPC Cells. To determine the differentiation
ability of iPC cells, we used floating cultivation as embryoid
bodies (EBs). Because iPC cells formed ball-shaped structures in
suspension culture, we transferred these EB-like structures to
EB culture conditions (EBC). These conditions were gelatin-
coated plates maintained in DMEM/F12 containing 20% knock-
out-certified serum replacement. Culture was continued for an-
other 7 days (Fig. 34). Attached cells, named PostiPC cells, began
to proliferate after 48 h. PostiPC cells were analyzed by the ex-
periments described below and were compared to parental and
iPC cells.

To determine the differentiation ability of iPC cells in vitro, we
introduced iPC cells according to the methods of iPS (7). PostiPC
cells showed various types of morphology, resembling those of epi-
thelial cells, mesenchymal cells, and neuronal cells (Fig. 3 B-E).
Immunocytochemistry detected cells that were positive for keratin
19 (Krt19) representing endoderm, vimentin (Vim) representing
mesoderm and parietal endoderm, bIII-tubulin (Tubb3) represent-
ing ectoderm, and glial fibrillary acidic protein (Gfap) representing
ectoderm (Fig. 3 F-I). RT-PCR confirmed, in addition to VIM,
the expression of FABP4 representing mesoderm, microtubule-
associated protein 2 (MAP2) representing ectoderm, and paired box
6 (PAX06) representing ectoderm in PostiPC cells (Fig. 37). The ex-
pression of CDHI representing endoderm and KRT19 decreased in
PostiPC cells. In particular, the gene expression of mesoderm and
endoderm was increased in PostiPC cells, which was low or difficult
to detect in the parental cells.

We then examined whether lineage-directed differentiation of
iPC cells could be induced by methods reported for mesen-
chymal stem cells. We seeded iPC cells with supplements

q20CT3/4
= SOX2

2 KLF4
oMY

14 i & NANOG
; & OCT3/4
B $0X2
B KLFS
#® o-MYC
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Fig. 2. iPC cells induced from DLD-1 expressing ES cell markers.
(A) Real-time RT-PCR using primers specific for retroviral tran-
scripts confirmed efficient silencing of four retroviruses express-
ing OCT3/4, SOX2, KLF4, and ¢-MYC. The mean value of d5 was set
to 1in each transcript. (B) iPC cells expressed undifferentiated ES
cell-marker genes, including NANOG, OCT3/4, SOX2, KLF4, and c-
MYC. The mean value of d30 was set 1o 1 in each transcript. (C-G)
iPC cells were analyzed for several surface antigens, phase con-
trast (C), Ssea-4 (D), Tra-1-60 (£), Tra-1-81 (F), Tra-2-49 (G) and
negative control (H). P, parental cells; NC, negative control. Scale
bar: 200 pm. {Original magnification, x200)
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Fig. 3. Embryoid body (EB)-like formation mediated
differentiation of iPC cells induced from DLD-1. (4)
Schedule of induction from iPC cells to PostiPC cells.
(B-E) After forming EB-like structures, iPC cells were
transferred to primary culture conditions. Seven days
later, attached (PostiPC) cells showed various morphol-
ogies, resembling those of epithelial cells {B), mesen-
chymal cells (C), neuronal cells (D), and mixed (E). (F~)
Immunocytochemistry confirmed the expression of
Krt19 (F), Vim (G), Gfap (H), and Tubb3 () in these cells.
() Real-time RT-PCR analysis verified the expression of
differentiation markers, such as KR779, CDH1, VIM,
FABP4, MAP2, and PAX6. The expression of mRNA
copies was normalized against GAPDH mRNA ex-
pression. (K and L) Directed differentiation of iPC cells
into adipocytes showed differentiated iPC cells (K)
that were positive for Fabp4 (L). P, parental cells; P-iC,
PostiPC cells.

BEBL ooy

inducing adipocytes and maintained them under differentiation
conditions for 2 weeks. The cells proliferated and immunocy-
tochemistry detected cells positive for Fabp4 (Fig. 3 Kand L). In
contrast, immunocytochemistry on parental cells in the corre-
sponding culture detected cells that were negative for Fabp4.
These data demonstrated the possibility that iPC cells, compared
to parental cells, could differentiate into three germ layers in
vitro and indicated that cells acquired different properties.

Epigenetic Modification of Immature Status-Related Genes. Bisulfite
genomic sequencing analyses were used to evaluate the methylation
statuses of cytosine guanine dinucleotides (CpG) in the promoter
regions of pluripotent-associated genes such as NANOG. The re-
sults revealed that the CpG dinucleotides of NANOG promoter
were less methylated in transfected HDF (T-HDF) cells and two
iPC clones, whereas the nucleotides were methylated in HDF, pa-
rental cancer cells, and PostiPC cells (Fig. 44). Chromatin im-
munoprecipitation with trimethyl-histone H3 protein at lysine 4
(H3K4) antibody was used to analyze histone modification (Fig.
4B). The histone modification analyses for NANOG gene promoter
showed that H3K4 was trimethylated in iPC, PostiPC, and T-HDF
(14), whereas that of parental cancer cells and HDF was not de-
tected. Similarly, the H3K4 trimethylation of OCT3/4 gene pro-
moter increased iniPC, PostiPC, and T-HDF, compared to parental
cancer cells and HDF, respectively. The trimethylation of SOX2
gene promoter was detected before and after the reprogramming of
cancer cells, whereas the trimethylation of T-HDF, but not HDF,
was detected. The trimethylation of PAX6 and MSX2 gene pro-
moter was not detected. These findings demonstrated activation of
the promoter regions of immature status-related genes in iPC cells.

Gene Expression and iPC and PostiPC Surface Markers. PostiPC cells,
but not iPC cells, showed increased expression of several dif-
ferentiation markers such as FABP4, MAP2, and PAX6 (Fig. 3)),
and markedly decreased expression of NANOG, REX1, OCT3/4,
SOX2, KLF4, and ¢-MYC, which corresponded to those of pa-

42 | www.pnas.org/cgi/doi/10.1073/pnas.0912407107

rental cells (Fig. 54). The expression of P16(INK4A4) in PostiPC
cells increased more than that in parental cells.

In colorectal cancer, the surface markers for CD24 and CD44
have been reported as CSC markers (16, 17). Flow cytometry
showed that CD44 expression was markedly reduced in iPC cells
and was increased in PostiPC cells. The CD44 expression level
was relatively low in PostiPC cells compared with that of parental
cells (Fig. SB). CD 24 expression level was not changed appa-
rently. The results showed the transition of the population from
parental cells to PostiPC, suggesting an alteration of biological
characteristics, such as sensitivity to chemicals.

Sensitivity of Anticancer Drug and Differentiation-Inducing Chemicals.
The methyl thiazolyl tetrazolium (MTT) assay showed that Pos-
tiPC cells acquired sensitivity to 5-fluorodeoxyuridine (5-FU) to a
greater degree than parental cells (z = 11, P = 0.003, Wilcoxon
rank test; Fig. 64). These data suggest the possibility that PostiPC
cells, via iPC cells, could be more sensitive to therapeutic agents.
Proliferation assays for 48 h in Matrigel and the mTeSR1
medium, an ES-culture condition, showed that iPC cell growth
significantly decreased compared with parental cells based on
mean cell counts in four independent wells (n = 4, P = 0.046,
Wilcoxon rank test; Fig. 6B). There was, however, no significant
difference in 48-h proliferation of parental and PostiPC cells in
primary culture conditions (Fig. 6C). An invasion assay showed
no significant differences between parental and PostiPC cells
(Fig. 6D). In a sharp contrast, the 48-h proliferation assays with
the presence of retinoic acid (RA) and 1,25-dihydroxy vitamin
D3 (VD3), which are known as inducers of differentiation (18,
19), resulted in a reduction in PostiPC cells compared with
mock-treated parental cells (n = 8, P = 0.512 and 0.049, re-
spectively, Wilcoxon rank test; Fig. 6 £ and F). Invasion assays
were performed after the 48-h treatment; the data indicated that,
in the presence of RA and VD3, the invasion activity of PostiPC
cells was reduced compared with parental cells (z = 6, P = 0.013
and 0.003, respectively, Wilcoxon rank test; Fig. 6 G and H).

Miyoshi et al.
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Fig. 4. Epigenetic modification of immature status-
related genes evaluated with bisulfite sequencing analysis
and chromatin immunoprecipitation in DLD-1. (4) From
the analysis of epigenetic status, bisulfite genomic se-
quencing analyses in the promoter regions of genes in-
ducing immature status, NANOG, revealed that they were
not methylated appreciably in iPC cells (clones 9431 and
9433), whereas the CpG dinucleotides of the regions were
methylated in parental cancer cells and PostiPC cells (open
and closed circles indicate unmethylated and methylated,
respectively). (B) Chromatin immunoprecipitation with
trimethyl-K4 H3 antibody was used to analyze the histone
modification status in parental, iPC, and PostiPC cells. H3
lysine 4 was methylated in these regions for NANOG in iPC
cells compared to that in parental and PostiPC cells. H3 ly-
sine 4 was methylated in these regions for OCT3/4 in iPC
and PostiPC cells compared tothose in parental cells (results
were assessed in contrast to each input DNA). HDF and
transfected HDF (T-HDF) were analyzed for comparison. As
a control, respective sheared chromatin sample was used

Assessment of Tumorigenic Properties. To determine tumorigenic
properties in vivo, PostiPC cells were transplanted s.c. at several
densities into dorsal flanks of NOD/SCID mice. Four weeks after
injection, we observed tumor formation (Fig. S34). There were
significant differences between PostiPC cells and parental cells
(P < 0.01, Wilcoxon rank test; Fig. S3B). These data demon-
strated the reduction of tumorigenesis via reprogramming proc-
ess; this finding may be applied to anticancer therapy.

Discussion

The role of CSCs was noted in acute myeloid leukemia (3). The
possible involvement of CSCs has since been shown in several
solid tumors (20-22). In solid tumors, these results suggest that
the CSC population, although it is likely a minority, is related to
treatment resistance and problems of relapse or metastasis (1, 2).
CSCs, through their self-renewal and drug-resistant capacities,
may share properties that are conducive to persistence and
proliferation, even after anticancer therapy. It is important to

for quantitative PCR. *, clones of iPC cells.

understand their biological characteristics, as specific markers of
all CSCs have not yet been identified.

Recently, several reports have shown that tumor development
is associated with genetic and epigenetic changes of the genome,
and that epigenetic modifications play an important role in tumor
heterogeneity (23). Several experiments, such as nuclear trans-
plantation, ES cell fusion, and transfection with several tran-

scription factors, have demonstrated reprogramming of terminally

differentiated cells into pluripotent embryonic cells, which is
linked to the development of an organism by resetting the epi-
genetic modifications (4-9). In previous reports, the transcription
factor NANOG was required to maintain the pluripotency and
self-renewal of ES cells (13, 14).

According to genetic and epigenetic analyses in previous
reports, immature status related to promoter activation in defined
genes, such as NANOG, plays a very important role in the estab-
lishment of a pluripotent state (6-9, 13, 14). To prepare iPC cells,
we manufactured a specific tool that could detect the pluripotent
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Fig. 6. In vitro methy! thiazolyl tetrazolium (MTT) analyses, proliferation and invasion assay. (A) The 5-FU MTT assay revealed significant differences in PostiPC
and DLD-1 parental cells (n= 11, P=0.003, Wilcoxon rank test). (B) Proliferation assays for ES-culture conditions showed differences in growth of iPCcells and DLD-1
parental cells (n =4, P=0.046, Wilcoxon rank test). (C) Proliferation assays in primary culture conditions showed no significant differences between DLD-1 parental
and PostiPC cells. (D) Invasion assay showed no significant differences between DLD-1 parental and PostiPC cells (relative ratio and parental cell average). (F and F)
Proliferation assays showed differences in ratic with control (with no treatment) under the differentiation-inducing treatment with vitamins A and D supple-
mentation (n =8, P= 0.512 and 0.049, respectively, Wilcoxon rank test). (G and H) Invasion assays showed significant differences in the ratio with control (with no
treatment) cells under the differentiation-inducing treatment with vitamin A and D supplementation (n =6, P=0.013 and 0.003, respectively, Wilcoxon rank test).

P, parental cells; P-iC, PostiPC cells. *, P < 0.05.

state in living cells based on the results of previous studies. We
investigated NANOG expression in gastrointestinal cancer cell
lines, corresponding to human iPS cells and teratocarcinoma
NTERA-2, which had higher NANOG expression. The expression
could not be detected in PostiPC cells with this system. A low ef-
ficiency, as shown in iPS (6-9, 13, 14), suggests a possibility that
only a minority of tumor cell lines possesses specific potential to
obtain the property of iPC, or more likely that multiple mecha-
nisms are involved in full execution of reprogramming. We have to
consider a possibility that sphere-forming cells might be rare
among the original cancer cell populations.

In this study, the tumor-suppressor gene PI6(INK4A4), which
acts against the self-renewal of ES cells (10, 12), was repressed in
iPC cells. Our analysis indicated that PI6(INK4A) expression
increased in PostiPC cells, which may relate to the notion that
PI6(INK4A4) up-regulation is involved in the suppression. of
transformed phenotypes and their sensitization to therapeutic
agents (24). The sequence study of PI6(INK4A4) promoter in-
dicated the demethylation in PostiPC cells from DLD-1 cells,
whereas the sequence of parental cells was methylated. This
study suggests that the reactivation of tumor suppressor genes by
reprogramming may play a role in increased chemosensitivity to
5-FU and the regression of cell proliferation and invasiveness
under differentiation-inducing conditions. The Rb/P16(INK4A4)
tumor-suppressive pathway has been reported to be abrogated in
several tumors (24). It is necessary to investigate the specific
analysis in the pathways to assess the contribution of TSG.

Presumably, the suppression of tumors and their sensitization to
induced differentiation are the result of genetic and epigenetic
modifications. This result supports the possibility of new cancer
therapies via reprogramming approaches even in cancer cells that
should have corrupted genetic codes. In the present study, iPC cells

44 | www.pnas.org/cgi/doi/10.1073/pnas.0912407107

were induced from eight cancer cells, including cancers of color-
ectum, esophagus, stomach, pancreas, liver and bile ducts (Fig. S4).
Here, iPC was established from cancer cell lines. It is necessary to
demonstrate universality in primary tumors and to more efficiently
investigate the factors and population in relation to the induction of
iPC cells: points to be elucidated and developed include differences
of normal and tumor cells, individual responses, efficiency, and re-
agent delivery system. As novel therapeutic approaches, the heter-
ogeneity of reprogrammed cancer cells remains to be investigated.

Materials and Methods

Cell Lines and Culture. Twenty cell lines derived from human gastrointestinal
cancers included colorectal cancer (Caco2, DLD-1, HCT116, HT-29, KM125M,
LoVo, and SW480), esophageal cancer (TE-10), gastric cancer (MKN45),
pancreatic cancer (BXPC-3, MIAPaCa-2, PANC-1, and PSN-1), hepatocellular
carcinoma (Hep3B, HepG2, HLE, HLF, HuH-7, and PLC), cholangiocellular
carcinoma (HuCCT-1), and teratocarcinoma (NTERA-2 clone D1). NTERA-2 was
provided by DS Pharma Biomedical (Osaka). These cell lines were maintained
in DMEM (Nakalai Tesque, Kyoto) containing 10% FBS at 37 °C under a 5%
humidified CO, atmosphere. HDF was purchased from Toyobo (CA106K05a;
Osaka) as a norma) cell contro} and maintained with the Fibroblast Growth
Medium kit (CA116500; Toyobo). Plasmids were purchased from Addgene
(Cambridge, MA), Clontech (Palo Alto, CA), Cell Biolabs (San Diego), and
Open Biosystems (Huntsville, AL). The plasmids used in this study are sum-
marized in Table S1. These transfectants were grown in DMEM supple-
mented with 10% FBS and puromycin (2 pg/mL), and transferred to specific
culture conditions as described in the supporting information. All trans-
fectants with retrovirus were made with the ViraDuctin retrovirus trans-
duction kit (Cell Biolabs). Those with lentivirus were made with the Virapower
packaging mix (Invitrogen, Carlsbad, CA) or Arrest-in (Open Biosystems). In
brief, cancer cell lines were transfected with adequate plasmid at a concen-
tration of 4 pg/pl by using lipofectamine (Lipofectamine 2000; Invitrogen),
and incubated in glucose-free Opti-MEM (Invitrogen). All experiments were
performed at 50-70% cell confluence and results were confirmed in at least
three independent experiments. All-in-one-type fluorescence microscopy

Miyoshi et al.
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(BZ-8000; Keyence, Osaka) with digital photographic capability was used to
visualize cells at several magnifications. The growth rates of the cultured
gastrointestinal cancer cell lines were measured by counting cells using Cell-
Tac {Nihon Koden, Tokyo). The optimization of retroviral transduction of
human cancer cell lines was performed as shown in supporting information.
Vectors used are shown in Table S1.

RNA Preparation and RT-PCR. Total RNA was prepared by using TRIzol reagent
(Invitrogen). Reverse transcription was performed with SuperScriptili (invi-
trogen). To confirm PCR amplification, 25-35 cycles of the PCR were performed
by using a PCR kit (Takara, Kyoto) on a Geneamp PCR system 9600 (PE Applied
Biosystems, Foster City, CA) with the following condition: 95 °Cfor 105, 60 °C
for 10's, and 72 °Cfor 60 s. An 8-yl aliquot of each reaction mixture was size-
fractionated in a 1.5% agarose gel and visualized with ethidium bromide
staining. To confirm RNA quality, PCR amplification was performed for the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene using the specific
primers (Tables S2 and S3). For quantitative assessment, we evaluated the
gene expression by RT-PCR analysis. Quantitative real-time RT-PCR was per-
formed by using a LightCycler TagMan Master kit (Roche Diagnostics, Tokyo)
for cDNA amplification of target specific genes. The expression of mRNA
copies was normalized against GAPDH mRNA expression. The detailed con-
dition for Quantitative real-time RT-PCR assessment is shown in supporting
information. Primers used are shown in Tables S2 and S3.

Drugs and Antibodies. Antibodies used for immunocytology were against
Nanog, Ssea-3, Ssea-4, Tra-1-60, Tra-1-81, Tra-2-49, Tubb3, Gfap, Vim
(Chemicon International, Temecula, CA), and Krt19 (OriGene Technologies,
Rockville, MD). Differentiation to adipocytes was induced by specific sup-
plements (Adipogenic Supplement 390416; Invitrogen).

Bisulfite Sequencing. Genomic DNA was treated with Applied Biosystems
methySEQr Bisulfite Conversion kit (Applied Biosystems) according to the
manufacturer's recommendations. Treated DNA was purified with QlAquick
column (Qiagen, Valencia, CA). The human NANOG gene promoter regions
were amplified by PCR. The PCR products were subcloned with pCR2.1-TOPO.
Every clone of each sample was verified by sequencing with the T3 and T7 pri-
mers. The analysis used Sequencing Analysis Software v5.2 (Applied Biosystems).
Primer sequences used for PCR amplification are provided in Table $3.

Chromatin Immunoprecipitation Assay. Approximately 1 x 107 cells were cross-
linked with 1% formaldehyde for 10 min at rcom temperature and quenched by
adding glycine. The cell lysate was treated to share a chromatin-DNA complex
with an enzymatic shearing kit (Active Motif, Carlsbad, CA). Immunoprecipitation
used Protein G magnetic beads (Active Motif)-linked anti-trimethyl lysine 4 his-
tone H3 antibody (Nippongene, Toyama, Japan), or a negative control IgG kit
(Active Motif). Eluates were used as templates for quantitative PCR. Each sheared
chromatin sample was used for quantitative PCR as a control. Primer sequences
used for PCR amplification are provided in Table 53. )
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Flow Cytometry. Flow cytometry was performed on trypsin-dissociated
parental cells, iPC, and PostiPC cells by using antibodies for CD24 (BD Bio-
sciences, Sparks, MD) and CD44 (BD Biosciences). 7-AAD (eBioscience, San
Diego, CA) preincubation was used to exclude dead cells. To assess the ex-
pression of the reprogrammed cells, iPC cells were assessed in the isolated
colonies after the transfection of NANOG promoter-GFP clone. Cells were
analyzed by using a FACScan flow cytometer equipped with CellQuest
software (FACS caliber; BD Biosciences).

RA and VD3 Treatment. RA and VD3 were purchased from Sigma-Aldrich (St.
Louis). RA was dissolved in 99% ethanol as a 100 uM stock solution. The cells were
allowed to settle for 48 h in DMEM supplemented with 100 nM RA. VD3 was
dissolved in 99% ethanol as a 10 M stock solution. The cells were allowed to settle
for 48 h in DMEM supplemented with 10 nM VD3. To assess the proliferation in
the presence of RA and VD3, the cells were grown in these media for another
48 h. Cell viability was determined with the Cell Counting kit incorporating
WST-8 (Dojindo Lab., Tokyo). WST-8 (10 uL) was added to 100 pL of the medium
containing each supplement above, and the absorbance was read at 450 nm by
using a microplate reader (Model 680XR; Bio-Rad Laboratories, Hercules). All
experiments were performed at 30-80% cell confluence, and the results were
confirmed in at least three independent experiments.

Ch itivity A t. To assess the sensitivity to 5-FU in vitro, cells at
different concentrations were evaluated with an MTT assay. 5-FU was pur-
chased from Kyowa Hakkou (Tokyo). The cells were allowed to settle for 96 h
in DMEM supplemented with several concentrations of 5-FU, and viability
was assessed.

Invasion Assays. Cell invasion was assessed with a CytoSelect Cell Invasion
Assay according to the manufacturer's protocol (Cell Biolabs). Cells (1.0 x10%)
in DMEM were placed on 8.0-m-pore size membrane inserts in 96-well
plates, and DMEM with 10% FBS was placed in the bottom of the wells,
After 24 h, cells that did not invade were removed from the top side of the
membrane chamber, and the cells from the underside of the membrane
were completely dislodged by tilting the membrane chamber in Cell De-
tachment Solution (Cell Biolabs). Lysis Buffer/CyQuannt GR dye solution (Cell
Biolabs) was added to each well, and the fluorescence of the mixture was
read with a fluorescence plate reader at 480 nm/520 nm.

In Vivo Analysis. The tumorigenic properties were evaluated on trypsin-
dissociated cells with parental and PostiPC cells. We transplanted them
suspended in DMEM/Matrigel (BD Biosciences) s.c. into the dorsal flanks of
NOD/SCID mice (CREA, Tokyo) in several concentrations. Tumors were dis-
sected and measured 4 weeks after injection.

Statistical Analysis. For continuousvariables, theresults are expressed as means
+ SEs of the mean. The relationships among gene expressions or cell counts
were analyzed with y? and Wilcoxon rank tests. All tests were analyzed with
JMP software (SAS Institute, Cary, NC). Differences with P values <0.05 were
considered statistically significant.
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EpCAM-positive hepatocellular carcinoma cells are tumor
initiating cells with stem/progenitor cell features
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Abstract

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) may be, in part, due to the presence of hepatic cancer cells with stem/progenitor features.

Methods—Gene expression profiling and immunohistochemistry analyses were used to analyze
235 tumor specimens derived from two recently identified HCC subtypes (EpCAM* AFP* HCC and
EpCAM™ AFP™ HCC). These subtypes differed in their expression of alpha-fetoprotein (AFP), a
molecule produced in the developing embryo, and EpCAM, a cell surface hepatic stem cell marker.
Fluorescence-activated cell sorting (FACS) was used to isolate EpCAM™* HCC cells, which were
tested for hepatic stem/progenitor cell properties.

Results—Gene expression and pathway analyses revealed that the EpCAM* AFP* HCC subtype
had features of hepatic stem/progenitor cells. Indeed, the FACS-isolated EpCAM™ HCC cells
displayed hepatic cancer stem cell-like traits including the abilities to self-renew and differentiate.
Moreover, these cells were capable of initiating highly invasive HCC in NOD/SCID mice. Activation
of Wnt/B-catenin signaling enriched the EpCAM™ cell population, while RNA interference-based
blockage of EpCAM, a Wnt/B-catenin signaling target, attenuated the activities 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 targeting
Wnt/B-catenin signaling components such as EpCAM.

aCorrespondence: Liver Carcinogenesis Section, LHC, CCR, NCI, 37 Convent Drive, Building 37, Room 3044A, MSC 4258, Bethesda,
MD 20892-4258, USA; Phone: 301-496-2099; Fax: 301-496-0497; xw3u@nih.gov..

Disclosures: No conflicts of interest exist.
Microarray data: Publicly available at http://www.ncbi.nlm.nih.gov/geo/ (Accession number: GSE5975).
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INTRODUCTION

Tumors originate from normal cells as a result of accumulated genetic/epigenetic changes.
Although considered monoclonal in origin, tumor cells are heterogeneous in their morphology,
clinical behavior, and molecular profiles 1> 2. Tumor cell heterogeneity has previously been
explained by the clonal evolution model 3, however, recent evidence has suggested that
heterogeneity may be due to derivation from endogenous stem/progenitor cells 4 or de-
differentiation of a transformed cell 5. This hypothesis supports an early proposal that cancers
represent “blocked ontogeny” 6 and a derivative that cancers are transformed stem cells 7. 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 8. The cancer stem cell (CSC) (or
Tumor Initiating Cell) concept is that a subset of cancer cells bears stem cell features that are
indispensable for a tumor. Accumulating evidence suggests the involvement of CSCs in the
perpetuation of various cancers including leukemia, breast cancer, brain cancer, prostate cancer
and colon cancer 913, 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 NOD/SCID mice are CD347*CD38~ 11, Breast cancer CSCs are
CD44+CD24719% ¢ells while tumor initiating cells of the brain, colon and prostate are
CD133+19, 12,13 CSCs are considered more metastatic and drug/radiation resistant than non-
CSCs in the tumor, and are responsible for cancer relapse. These findings warrant the
development of treatment strategies that can specifically eradicate CSCs 14> 15,

Hepatocellular carcinoma (HCC) is the third leading cause of cancer death worldwide 6.
Although the cellular origin of HCC is unclear 17> 18, HCC has heterogeneous pathologies
and genetic/genomic profiles 19, suggesting that HCC can initiate in different cell lineages
20. The liver is considered as a maturational lineage system similar to that in the bone marrow
21, Experimental evidence indicates that certain forms of hepatic stem cells (HpSC), present
in human livers of all donor ages, are multipotent and can give rise to hepatoblasts (HB) 22-
23, which are, in turn, bipotent progenitor cells that can progress either into the hepatocytic or
biliary lineages 22> 24. Alpha-fetoprotein (AFP) is one of the earliest markers detected in the
liver bud specified from the ventral foregut 25 26, but its expression has only been found in
HB and to a lesser extent in committed hepatocytic progenitors, not in later lineages nor in
normal human HpSC 22. Recent studies also indicate that EpCAM is a biomarker for HpSC
as it is expressed in HpSCs and HBs 22724,

We recently identified a novel HCC classification system based on EpCAM and AFP status
27 Gene expression profiles revealed that EpCAM™ AFPT HCC (referred to as Hepatic Stem
Cell-like HCC; HpSC-HCC) has progenitor features with poor prognosis, whereas EpCAM™
AFP™ HCC (referred to as Mature Hepatocyte-like HCC; MH-HCC) have adult hepatocyte
features with good prognosis. Wnt/p-catenin signaling, a critical player for maintaining
embryonic stem cells 28, is activated in EpCAM* AFP* HCC, and EpCAM is a direct
transcriptional target of Wnt/p-catenin signaling 2°. Moreover, EpCAM* AFP™ HCC cells are
more sensitive to B-catenin inhibitors than EpCAM™ HCC cells in vitro?®. 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/p-catenin
signaling. We also demonstrate 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 targeting hepatic CSCs.

Gastroenterology. Author manuscript; available in PMC 2010 March 1.
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‘Materials and Methods

Clinical Specimens

HCC samples were obtained with informed consent 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 Board of the respective Institutes. The microarray data
from clinical specimens are publicly available (GEO accession number, GSE5975) 27, Array
data from a total of 156 HCC cases (155 hepatitis B virus-positive) corresponding to two
subtypes of HCC, i.e., HpSC-HCC and MH-HCC, were used to search for HpSC-HCC-
associated genes (Suppl Table 3). A total of 79 formalin fixed and paraffin-embedded HCC
samples were used for IHC analyses (Suppl Table 4), 56 of which were also used in a recent
study 30?: The classification of HpSC-HCC and MH-HCC were based on previously described
criteria 27,

Cell Cultures and Sorting

Human liver cancer cell lines (HuH1 and HuH7) were derived from Health Science Research
Resources Bank (JCRB0199 and JCRB0403, respectively) and routinely cultured as previously
described 31. Normal human MHs, provided by the University of Pittsburgh through LTPADS,
were cultured as previously described 32. Human HpSCs were isolated from fetal livers and
cultured in Kubota’s Medium as previously described 33. Wnt10B conditioned medium was
prepared as described 34. Embryonic stem cell culture medium was prepared using Knockout™
DMEM supplemented with 18% of Serum Replacement (Invitrogen). The pTOP-FLASH and
pFOP-FLASH luciferase constructs were previously described 2°. 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 resuspended and plated as a single cell per well
in 96-well plates. A total of 192 single cells were successfully plated. The clones which grew
well were selected two weeks after seeding and used for IF analysis. The SFU stock (2 mg/ml;
Sigma, St. Louis, MO), was prepared in distilled water. Fluorescence Activated Cell Sorting

. (FACS) and Magnetic Activated Cell Sorting (MACS) analyses were used to isolate
EpCAM™ HCC cells (supplemental materials).

Clonogenicity, spheroid formation, invasion, quantitative RT-PCR and
immunohistochemistry (IHC) assays

For colony formation assays, 2,000 EpCAM™ or EpCAM™ cells were seeded in 6-well plates
after FACS. After 10 days of culture, cells were fixed by 100% methanol and stained with
methylene blue. For spheroid assays, single cell suspensions of 1,000 EpCAM* or EpCAM™
cells were seeded in 6-well Ultra-Low Attachment Microplates (Corning, Coming, NY) after
FACS. The number of spheroids was measured 14 days after seeding. Invasion assays were
performed using BD BioCoat™ Matrigel Matrix Cell Culture Inserts and Control Inserts (BD
Biosciences) essentially as previously described 3!, RT-PCR and IHC assays are described in
details in the supplemental materials.

Tumorigenicity in NOD/SCID Mice

Six-week-old NOD/SCID mice (NOD/NCrCRI-Prkdcs¢d) were purchased from Charles River
(Charles River Laboratories, Inc., Wilmington, MA). The protocol was approved by the NCI-
Bethesda Animal Care and Use Committee. Cells were suspended in 200 ul of DMEM and
Matrigel (1:1), and subcutaneous injection was performed. The size and incidence of
subcutaneous tumors were recorded. For histological evaluation, tumors were formalin-fixed

Gastroenterology. Author manuscript; available in PMC 2010 March 1.
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paraffin-embedded or directly embedded in O.C.T. compound (Sakura Finetek, Torrance, CA)
and stored in —80°C.

RNA interference

A siRNA specific to TACSTDI (S103019667) and a control siRNA (1022076) were designed
and synthesized by Qiagen (Qiagen, Valencia, CA). Transfection was performed using
Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instructions. A total of 200
nM of siRNA duplex was used for each transfection.

Statistical Analyses

The class comparison and gene clustering analyses were performed as previously described
30, The canonical pathway analysis was performed using Ingenuity Pathways Analysis (v5.5,
Ingenuity® Systems). The association of HCC subtypes and clinicopathological characteristics .
was examined using either Mann-Whitney U-tests or 2 tests. Student t-tests were used to
compare various test groups assayed by colony formation, spheroid formation or invasion
assays. The Kaplan-Meier survival analysis was performed to compare patient survival or
tumorigenecity.

RESULTS
A poor prognostic HCC subtype with molecular features of HpSC -

We re-evaluated the gene expression profiles that were uniquely associated with two recently
identified prognostic subtypes of HCC, i.e., HpSC-HCC and MH-HCC, using a publicly
available microarray dataset of 156 HCC cases (GEO accession number: GSE5975). Sixty
cases were defined as HpSC-HCC with a poor prognosis while 96 cases were defined as MH-
HCC with 2 good prognosis, based on EpCAM and AFP status 27, A class comparison analysis
with univariate t-tests and a global permutation test (x1000) yielded 793 genes that were
differentially expressed between HpSC-HCC and MH-HCC (P < 0.001). Hierarchical cluster
analyses revealed two main gene clusters that were upregulated (cluster-A; 455 genes) or
downregulated (cluster-B; 338 genes) in HpSC-HCC (Fig 1A). Pathway analysis indicated that
the enriched genes in cluster-A were significantly associated with known stem cell signaling
pathways such as TGF-B, Wnt/B-catenin, PI3K/Akt and integrin (P < 0.01) (Fig 1B). In
contrast, genes in cluster-B were significantly associated with mature hepatocyte functions
such as xenobiotic metabolism, complement system, and coagulation system (P < 0.01).
Noticeably, known HpSC markers such as KRT19 (CK19), TACSTDI (EpCAM), AFP, DKK I,
DLK]I and PROM]I (CD133) were significantly upregulated in HpSC-HCC while known liver
maturation markers such as UGT2B7 and CYP344 were more abundantly expressed in MH-
HCC (Fig 1C) (Suppl Tables 1-2). Kaplan-Meier survival analysis revealed that HpSC-HCC
patients had a significantly shorter survival than MH-HCC patients (P = 0.036) (Fig 1D).
Consistently, HpSC-HCC patients had a high frequency of macroscopic and microscopic portal
vein invasion (Fig 1E).

However, IHC analyses of an additional 79 HCC cases revealed that among 24 HpSC-HCC
cases, EpCAM staining was very heterogeneous with a mixture of EpCAM™ and EpCAM™
tumor cells in each tumor (Fig 1F, left panel). Noticeably, many of the EpCAM™ tumor cells
were located at the invasion border zones and were often disseminated at the invasive front
(black arrows). Immunofluorescence (IF) analysis revealed that HCC cells located at the
invasive front co-expressed EpCAM, CK19, and AFP (Fig 1F, right panels). Noticeably,
HpSC-HCC patients were significantly younger than MH-HCC patients (Suppl Tables 3-4).
Enrichment of EpCAM* AFP* tumor cells at the tumor invasive front suggested their
involvement in HCC invasion and metastasis.
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Isolation and characterization of EpCAM™* cells in HCC

The results above 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 seven hepatic stem/
maturation markers (EpCAM, CD133, CD90, CK19, Vimentin, Hep-Parl, and B-catenin) in
six HCC cell lines (Fig 2A). All three AFP* cell lines (HuH1, HuH7, and Hep3B) expressed
EpCAM, CD133, and cytoplasmic/nuclear B-catenin, whereas the other three 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 was recently identified as hepatic CSCs
35 whereas AFP~ cell lines had such a population. Consistently with the IF data, FACS analysis
showed that AFP"* cell lines had a subpopulation of EpCAM™ and CD133™ but no CD90™ cells,
whereas AFP~ cell lines had a subpopulation of CD90* cells but no EpCAM™ nor CD133*
cells (Fig 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 two human HCC cell lines (HuH1 and HuH7) to isolate EpCAM+ cells since both
lines were heterogeneous in EpCAM, AFP, CK19 and B-catenin expression (Fig 2A-B and
Suppl Fig 1A) 2°. We successfully enriched EpCAM* and EpCAM™ populations from HuH?7
cells by fluorescence activated cell sorting (FACS), with >80% purity in EpCAM™ cells and
>90% in EpCAM™ cells one day after sorting (Fig 3A). Similar results were obtained when the
purity check was done immediately post-sorting (data not shown). EpCAM™ cells were also
positive for CK19 and B-catenin (Fig 3B and Suppl Fig 1B) 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 (Fig 3B). Consistent with the microarray data
described above, the levels of TACSTDI, MYC and hTERT (known HpSC markers) were
significantly increased in EpCAM* HuH7 cells, while the levels of UGT2B7 and CYP3A44
(known mature hepatocyte markers) were significantly higher in EpCAM™ HuH7 cells (Fig
3C, left upper panel). This expression pattern was reminiscent of human HpSC cells (Fig 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 containing 96 selected human stem cell-
related genes. Although a differential expression pattern of stem cell related genes was evident
among HpSC, EpCAM* HuH1 and EpCAM™ HuH?7 cells, EpCAM™* HCC cells were more
closely related to HpSC cells while EpCAM™ HCC cells were more closely related to diploid
adult mature hepatocytes (Fig 3C right panel, Suppl Fig 1C). Thus, it appeared that
EpCAM? HCC cells had a gene expression pattern that is more closely related to HpSC than
EpCAM™ HCC cells.

The isolated EpCAM* HuH7 cells formed colonies efficiently while EpCAM™ cells failed to
do so (Fig 3D upper and middle panel, and Suppl Fig 2A for HuH1 cells). In addition,
EpCAM*' HuH7 cells were much more invasive than EpCAM™ cells (P < 0.03) (Fig 3D lower
panel and Suppl Fig 2B for HuH1 cells). The EpCAM?* fraction decreased with time in sorted
EpCAM™ HuH7 cells from >80% to 50% (Fig 3E). However, a small percent of EpCAM™ cells
remained constant in sorted EpCAM™ HuH?7 cells. FACS analysis confirmed the results of IF
analysis (Fig 3F and Suppl Fig 2C for HuH7 and HuH]1 cells, respectively), 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™ status. In addition, we successfully isolated 12 HuH1
and 2 HuH7 colonies from 192 single cell-plated culture wells. 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
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