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Histological and Culture Studies with Respect to
ABCG2 Expression Support the Existence of a
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In this study, we examined the possible involvement
of progenitor cells in the carcinogenesis of human
hepatocellular carcinoma (HCC) using tissue speci-
mens and cell lines. We used ATP-binding cassette
transporter ABCG2 as a progenitor cell marker. Im-
munohistochemically, ABCG2™* hepatocytes were ob-
served in the periportal areas of the dysplastic nod-
ule, and ABCG2* cancer cells were also scattered or
focally clustered in HCC. We sorted the cultured HCC
cells (HuH?7 and PLC5) into ABCG2" and ABCG2~ sub-
populations and then subcultured them for 4 weeks.
ABCG2" cells could generate ABCG2* and ABCG2~
progenies during subculture, whereas ABCG2~ cells
bore only ABCG2™ cells, suggesting that a cancer cell
hierarchy with reference to ABCG2 exists in HCC cells
and that ABCG2" cells reside at the higher rank in
that hierarchy. Interestingly, other progenitor cell
markers including cytokeratin 19 and a-fetoprotein
were mainly expressed in ABCG2* subpopulations.
Conversely, albumin expression was more intense in
ABCG2™ cells. In addition, the expression patterns of
transcription factors (GATA6, CCAAT/enhancer-bind-
ing protein «, and CCAAT/enhancer-binding protein
B) in ABCG2™ and ABCG2~ cells resembled those dur-
ing normal liver development. In conclusion, this
study suggests that cancer cells with ABCG2 expres-
sion might play a central role in hepatocarcinogen-
esis and the maintenance of the cancer cell hierarchy
of human HCC. (4m J Patbol 2007, 170:1750—1762; DOI:
10.2353/ajpath.2007.060798)
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Cancers arise from a series of mutations that occur in a
few or even single founder cells. There are two theories
with regard to tumor-founding cells: the mature cell origin
theory and the progenitor cell origin theory.™? It has been
widely recognized that most human tumors derive from
differentiated cells with the accumulation of genetic mu-
tations (the mature cell origin theory). Conversely, the
progenitor cell origin theory has been applied to only a
few tumors, such as teratoma and leukemia, until recent-
ly.® From the viewpoint of tumor cell proliferation, there
are two other hypothetical models: the stochastic model
and the hierarchical model."? The stochastic model pro-
poses that all of the cells in a tumor have a similar
tumorigenic potential and can function as a new tumor-
founding cell. In contrast, the hierarchical model implies
that only a small subpopulation of cells within the tumor
have significant proliferation capacity and the ability to
generate new tumors, with the remainder of the tumor
cells representing differentiating or terminally differenti-
ated cells. The latter hypothesis fits with the cancer-stem
cell theory.*® That is, cancer stem cells behave as tumor-
forming cells and are located at a higher rank in the tumor
cell hierarchy.*®

Previously, the progenitor cell origin theory and hierar-
chical model were suggested for solid tumors by some
investigators, although many investigations as to the car-
cinogenesis of hepatocellular carcinoma (HCC) have
been performed to date based on the mature cell origin
theory. Most HCCs develop via multistep carcinogenesis
in cirrhotic or precirrhotic livers with chronic viral hepatitis
or other liver diseases. The accumulation of genetic ab-
normalities in mature hepatocytes has been estimated to
be a key event in the multistep carcinogenesis of HCC via
dysplastic nodules in cirrhotic or precirrhotic livers.®”
However, recent great advances in stem cell biology are
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Table 1. Ages, Genders, Nodular Sizes, Etiologies of Liver Diseases, and Histological Stages of Background Liver in the Cases
Used in This Study

Liver specimen N Age* M/F Size (cm)* Etiologies Background liver

Normal liver 5 62.2 (56t072) 3/2

Low-grade dysplastic nodule 10 61.0
High-grade dysplastic nodule 10 63.2
Hepatocellular carcinoma 15 59.8
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431072) 7/3 1.
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*Data are shown in average (range).
N, number of cases; M, male; F, female; CH, chronic hepatitis.

providing several lies of evidence suggesting that the
progenitor cell origin theory and the hierarchical model
could be applied to solid tumors.2® The possible exis-
tence of cancer stem cells has been shown not only in
leukemia but also in solid tumors such as brain tumors
and breast cancer.2 '3

In 1997, Goodell and colleagues'* pioneered a new
way to identify putative adult stem cells. When bone
marrow-derived cells are incubated with Hoechst dye
33342 and then analyzed by dual-wavelength flow cy-
tometry, a small population of cells does not accumulate
an appreciable amount of dye and is identified as a
Hoechst'" side population (SP). SP cells are highly en-
riched in hematopoietic stem cells.'* Since its initial ap-
plication in hematopoietic stem cells, the SP technique
has been adapted to identify putative stem cells in mul-
tiple normal tissues and also cancer stem cells in some
neoplastic tissues.’®2° It is now believed that the ATP-
binding cassette transporter G2 (ABCG2) is essential to
pump out Hoechst dye and maintain an SP phenotype of
stem cells and cancer stem cells.?"2?

Recently, Haraguchi and colleagues® and Chiba and
colleagues®* reported that SP cells could be purified from
human HCC cell lines. SP cells from HCC showed a higher
proliferative activity and anti-apoptotic properties com-
pared with non-SP cells.?* SP cells could generate both SP
and non-SP progenies during subculture, whereas non-SP
cells bore only non-SP cells. In addition, xenograft trans-
plant experiments revealed that SP cells had a higher tu-
morigenic potential compared with non-SP cells, which
could not develop any new tumors. Based on those culture
studies, those authors suggested that cancer stem cells
might also exist in human HCC and that they play a central
role in hepatocarcinogenesis.?>2* However, most investi-
gations of cancer stem cells or an SP phenotype so far are
performed using culture cell lines. Therefore, it has been
ill-defined how cancer cells with an SP phenotype or ex-
pressing ABCG2 behave in tumorigenesis in situ.

In this study, we conducted histological and culture
studies of HCC to evaluate the applicability of the
progenitor cell origin theory and the hierarchical model
in the carcinogenesis of human HCC. We used ABCG2
as a progenitor cell marker instead of an SP pheno-
type, because an SP phenotype, a functional marker,
could not be directly evaluated in the histological
specimens.

Materials and Methods
Histological Studies

Case Selection

A total of 40 cases of normal liver, dysplastic nodules,
and HCC were obtained from the hepatobiliary disease
files of the Division of Pathology, Kanazawa University
Hospital in Japan between 2002 and 2005. This study
consisted of five cases of normal liver, 10 cases of low-
grade dysplastic nodule, 10 cases of high-grade dys-
plastic nodule, and 15 cases of HCC. All cases used in
this study were surgically resected cases. Normal liver
tissues used in this study were background liver tissues
of metastatic colon cancers. Ages, genders, nodule
sizes, and background liver diseases in each group are
shown in Table 1. Dysplastic nodules were defined as
nodular lesions showing a high cellular density, contain-
ing portal tracts within them, and not surrounded by
fibrous capsules.?*?° Low-grade or high-grade was clas-
sified histologically. A low-grade dysplastic nodule was
defined as showing a high cellular density (less than 1.5
times) compared with the background liver, a slightly
increased nuclear/cytoplasmic ratio and minimal nuclear
atypia.?>?® High-grade dysplastic nodules showed high
cellular density (usually more than 1.5 times), a high
nuclear/cytoplasmic ratio, and mild to moderate nuclear
atypia (hyperchromasia, nuclear irregularities, or coarse
chromatin).?®2¢ Invasion into intranodular portal tracts,
which is an early feature of HCC, was not observed in any
dysplastic nodules.?® All cases of HCC used in this study
were well to moderately differentiated conventional HCC
showing trabecular (10 cases), pseudo-glandular (two
cases), solid (two cases), or scirrhous growth (one case).
All HCCs, except one case of the scirrhous type, were
surrounded by fibrous capsules.

Expression of Hepatic Progenitor Cell Markers in
HCC Specimens

Total RNA was extracted from the frozen section of 7 of
15 cases of HCC and two of five cases of normal liver
using the RNeasy mini kit (Qiagen, Valencia, CA). Total
RNA was dissolved in 50 ul of distilled water containing
0.1% diethylpyrocarbonate and quantitated using a
spectrophotometer at OD,q,. Isolated RNA was used for
the following reverse transcription-polymerase chain re-
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Table 2. Sequences, Annealing Temperatures, Cycle Times, and Product Sizes of PCR Primers

Molecule F/R Sequence Temperature (°C) Cycle Product size (bp)

ABCG2 F 5'-CACCTTATTGGCCTCAGGAA-3’ 52 35 209
R 5'-CCTGCTTGGAAGGCTCTATG-3’

M3R F 5'-CCTTCAAGGAAGCCACTCTG-3' 52 35 219
R 5'-AGCCCAGATTCCAAAAGGTT-3’

CK19 F 5'-TCCCGCGACTACAGCCACTACTACACGACC-3’ 52 35 396
R 5'-TTGGCTTCGCATGTCACTCAGGAT-3'

c-kit F 5'-AAAGTATAGGTTTAGCCTCCTTCGCA-3’ 54 35 608
R 5'-CAAATGGTTACTTCCAGATAACGGC-3’

CD34 F 5'-CACCCTGTGTCTCAACATGG-3’ 51 33 190
R 5'-GGCTTCAAGGTTGTCTCTGG-3'

CD56 F 5'-TCCATCACCTGGAGGACTTC-3’ 52 37 210
R 5'-CTTTGGGGCATATTGCACTT-3’

CK14 F 5'-TTCTGAACGAGATGCGTGAC-3’ 53 35 224
R 5'-GTTCTCCAGGGATGCTTTCA-3’

AFP F 5'-GGGAGCGGCTGACATTATTA-3' 52 37 231
R 5'-TCTTGCTTCATCGTTTGCAG-3'

Albumin F 5'-TGCTTGAATGTGCTGATGACAGGG-3' 52 37 161
R 5'-AAGGCAAGTCAGCAGGCATCTCATC-3’

GATAB F 5'-GCCAACTGTCACACCACAAC-3’ 53 35 216
R 5'-TGGAGTCATGGGAATGGAAT-3'

C/EBP« F 5'-TCACCGCTCCAATGCCTAC-3' 53 35 210
R 5'-CCCTATGTTTCCACCCCTTTC-3’

C/EBPB F 5'-CTTCAGCCCGTACCTGGAG-3’ 53 35 136
R 5'-GGAGAGGAAGTCGTGGTGC-3'

B-Actin F 5'-CAAGAGATGGCCACGGCTGCT-3’ 55 25 334
R 5'-TCCTTCTGCATCCTGTCGGCA-3'

F, forward; R, reverse.

action (RT-PCR). We performed RT-PCR for ABCG2,
muscarinic cholinergic receptor type 3 (M3R), cytokeratin
19 (CK19), c-kit, CD34, CD56, and cytokeratin 14 (CK14),
all of which were previously reported as hepatic progen-
itor cell markers,?”~32 and -actin. The oligonucleotide
sequences, numbers of cycles, and annealing tempera-
tures of these primers are shown in Table 2. After PCR,
5-ul aliquots of the products were subjected to 1.5% or
2.0% agarose gel electrophoresis and stained with
ethidium bromide.

Single Immunostaining of ABCG2, M3R, and CK19

All 40 cases of normal liver, dysplastic nodule, and
HCC were used for single immunostaining. Immunostain-
ings of ABCG2, M3R, and CK19 on formalin-fixed, paraf-
fin-embedded specimens were performed using a
mouse monoclonal antibody against human ABCG2
(clone BXP-21; Chemicon International, Temecula, CA), a
rabbit polyclonal antibody against human M3R (clone
H-210; Santa Cruz Biotechnology, Santa Cruz, CA), and a
rabbit polyclonal antibody against human CK19 (clone
ab15463; Abcam, Cambridge, UK), respectively. Depar-
affinized sections were microwaved in citrate buffer (pH
6.0) for 20 minutes. After blocking the endogenous per-
oxidase, the sections were incubated in protein block
solution (Dako Cytomation, Glostrup, Denmark) for 20
minutes and then incubated overnight at 4°C with each
primary antibody. These sections were incubated for 1
hour at room temperature with goat anti-mouse immuno-
globulins, which were conjugated to peroxidase-labeled
polymer (Envision™; Dako Cytomation). 3,3'-Diaminoben-
zidine tetrahydrochloride was used as the chromogen,

followed by light counterstaining with hematoxylin. We
counted 1000 cells to quantify the mitotic cell ratios of
ABCG2™", ABCG2~, M3R*, or M3R™ cells in each HCC
specimen with the expression of these molecules. Neg-
ative controls were evaluated by substituting the primary
antibody with similarly diluted nonimmunized mouse
serum.

Dual-Fluorescent Immunostaining of ABCG2/M3R
and ABCG2/CK19

Two cases of normal liver, two cases of low-grade dys-
plastic nodules, three cases of high-grade dysplastic nod-
ules, and four cases of HCCs, all of which expressed both
ABCG2 and M3R or both ABCG2 and CK19 on single
immunostaining, were used for dual-fluorescent immuno-
staining. Dual-fluorescent stainings of ABCG2/M3R and
ABCG2/CK19 were performed to assess the location of
cancer cells expressing ABCG2, M3R, and CK19 in each
dysplastic or neoplastic nodule. The deparaffinized sec-
tions were microwaved in citrate buffer (pH 6.0) for 20
minutes and were incubated in protein block solution (Dako
Cytomation) for 20 minutes. Specimens were incubated
with antibodies to ABCG2 and M3R or antibodies to ABCG2
and CK19 (same antibodies used in single immunostaining)
overnight at 4°C. The reaction product was visualized with
fluorescent goat anti-mouse and anti-rabbit IgG antibodies
(1:500; Molecular Probes Inc., Eugene, OR). Specimens
were counterstained with 4,6-diamidino-2-phenylindole
(Molecular Probes) and observed under a confocal laser
microscope (LSM5 PASCAL; Carl Zeiss, Oberkochen, Ger-
many). No positive staining was obtained when the primary



antibodies were omitted or replaced with normal mouse
serum in the negative controls of the staining procedures.

Culture Studies
Cell Culture

We used three human HCC cell lines in this study:
PLC5, HuH7, and HepG2. These cell lines were obtained
from the Health Science Research Resources Bank (Osaka,
Japan). PLC5 and HuH7 were cultured in Dulbecco’s mod-
ified Eagle’s medium (Invitrogen Corp., Carlsbad, CA),
whereas HepG2 was maintained in minimum essential me-
dium (Invitrogen Corp.) with 1% nonessential amino acids
(Specialty Media, Phillipsburg, NJ). Each medium was sup-
plemented with 10% fetal bovine serum (Invitrogen Corp.)
and 1% antibiotics-anti-mycotic (Invitrogen Corp.).

Dual-Fluorescent Immunostaining of ABCG2/M3R
and ABCG2/CK19

We cultured three cell lines on Lab-Tek Il chamber
slides (Nalge Nunc Int., Naperville, IL) for fluorescent
immunostaining. After culturing for 2 days, the specimens
were fixed in 4% paraformaldehyde for 10 minutes at 4°C.
After incubation in protein block solution (Dako Cytoma-
tion) for 10 minutes, the specimens were incubated with
antibodies to ABCG2 and M3R or antibodies to ABCG2
and CK19 (same antibodies used in single immunostain-
ing) for 1 hour at room temperature. The reaction product
was visualized with fluorescent goat anti-mouse and anti-
rabbit IgG antibodies (1:500; Molecular Probes). Speci-
mens were counterstained with 4,6-diamidino-2-phe-
nylindole (Molecular Probes), and fluorescent signals
were observed under a confocal laser microscope (LSM5
PASCAL; Carl Zeiss). We counted 1200 to 1500 cells to
quantify the percentages of ABCG2*, M3R™, or CK19*
cells in each cell line. In addition, the mitotic cell ratios were
compared between ABCG2" and ABCG2™~ cells, between
M3R* and M3R™ cells, or between CK19" and CK19~
cells. No positive staining was obtained when the primary
antibodies were omitted or replaced with normal mouse
serum in the negative controls of the staining procedures.

Fluorescence-Activated Cell Sorting with Reference to
ABCG2 Expression

Culture cells were harvested after the treatment of 0.25%
of trypsin-ethylenediaminetetraacetic acid solution (Sigma
Chemical Co., St. Louis, MO) for 20 minutes and washed
three times in Hanks’ balanced salt solution (Invitrogen
Corp.). Culture cells were stained live in the staining solution
containing bovine serum albumin and insulin and phyco-
erythrin-conjugated monoclonal antibody to ABCG2 (clone
5D83; R&D Systems, Minneapolis, MN) for 30 minutes at 4°C.
As negative controls, culture cells were similarly incubated
with nonimmunized mouse immunoglobulin. Samples were
analyzed and sorted by JSAN (Bay Bioscience, Kobe, Ja-
pan). We electronically gated out cell debris and cell ag-
gregates. For the positive population, only the top 5 to 10%
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Figure 1. Expressions of hepatic progenitor cell markers in three HCC cell
lines, seven cases of human HCC, and two cases of normal liver (RT-PCR).
ABCG2 and M3R are expressed in all cell lines, HCC specimens, and normal
livers, although their expressions were weak in normal livers. CK19 is
expressed in all cell lines and two HCC specimens. CD34 expression is

observed in HCC specimens but not in any culture cells. Only a few cell lines
and HCC specimens show CD56 and CK14 expressions.

most brightly stained cells were selected. For the negative
population, only the bottom 5 to 10% most dimly stained
cells were selected. We sorted 1.0 X 10° cells from the
positive or negative population at the most specific mode.
Sorted cells were plated on culture dishes for subculture.
We separately cultured ABCG2* and ABCG2™~ cells. After
2 or 4 weeks of culture, we sorted them again into ABCG2™
and ABCG2™ cells using flow cytometry to evaluate how the
ABCG2™ cell ratios alter in each subpopulation. We calcu-
lated the percentages of ABCG2" cells in a total of 1000
cells of each cell group.

Cell Proliferation Assay of ABCG2* and ABCG2~ Cells

We plated 5.0 X 10° cells of ABCG2" and ABCG2~
cells in a 96-well plate, and cultured them for 2, 5, or 8
days before the cell proliferation assay. Cell proliferation
was assayed using a method for determining the number
of viable cells with a solution reagent containing a tetra-
zolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethodxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt] and an electron-coupling reagent (phenazine
ethosulfate) (CellTiter 96 Aqueous One solution cell pro-
liferation; Promega, Madison, WI). Twenty ul of the solu-
tion reagent was added to each well. After incubation for
3 hours, the absorbance at 490 nm was measured. Four
samples for each group were used for analysis.

RNA Expression Profile in ABCG2" and ABCG2~ Cells

After postsorting subculture for 2, 14, and 28 days,
total RNA was extracted from ABCG2* and ABCG2~
cells using the RNeasy mini kit (Qiagen). We performed
RT-PCR for hepatic progenitor cell markers (ABCG2,
M3R, CK19, c-kit, and CK14), hepatocyte makers (a-
fetoprotein and albumin), transcription factors [GATAB,
CCAAT/enhancer-binding protein  (C/EBP) «, and
C/EBPB], and B-actin. The oligonucleotide sequences,
numbers of cycles, and annealing temperatures of these
primers are shown in Table 2. After PCR, 5-ul aliquots of
the products were subjected to 1.5% or 2.0% agarose gel
electrophoresis and stained with ethidium bromide.
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Figure 2. Single immunostaining of ABCG2, M3R, or CK19 in normal liver, liver cirrhosis, dysplastic nodules, and HCCs. In normal liver, ABCG2, M3R, and CK19
are expressed in bile ducts (arrowhead in ABCG2) and periportal hepatocytes (arrows in ABCG2 and CK19). In liver cirrhosis, ABCG2, M3R, and CK19
expressions are observed in the bile ductules (arrows) and the canals of Hering (arrowheads). Structures indicated by arrowheads have small and
inconspicuous lumen, and are not embedded in connective tissue of portal tracts, but surrounded by mature hepatocytes. These histological features suggest that
these structures are canals of Hering. In dysplastic nodules, these three molecules are expressed in dysplastic hepatocytes around the portal tracts (P) (arrows
in CK19). ABCG2 are mainly expressed on the canalicular membrane of hepatocytes (inset). M3R is also expressed in the small ductular structures resembling
the canals of Hering within the dysplastic nodule (inset). CK19 expression is also expressed in bile ductule-like structure in intranodular portal tracts. In HCC,
these three molecules are expressed in the cytoplasm or cell membranes of some cancer cells. Original magnifications: X400 (normal liver, liver cirrhosis, HCC,

and insets); X200 (dysplastic nodule).

Results

Expression of Hepatic Progenitor Cell Markers in
Human HCC

As a preliminary study, we examined the expressions
of ABCG2, M3R, CK19, c-kit, CD34, CD56, and CK14,
all of which had been reported to be expressed in hepatic
progenitor cells,?’ 22 in two cases of normal liver, seven
cases of human HCC, and three HCC cell lines, using

RT-PCR. ABCG2 and M3R were expressed in all cell lines,
normal liver, and HCC specimens (Figure 1). CK19 was
expressed in all cell lines and two cases of HCC, although
its expression was weak in a cell line (PLC5). c-kit, CD56,
and CK14 expressions were only rarely observed in human
HCC specimens. CD34 expression was observed in all
HCC specimens, but not in any culture cells, suggesting
that CD34 might be expressed in nonneoplastic cells, such
as endothelial cells in human HCC specimens. Therefore,
we selected M3R in addition to ABCG2 as progenitor cell
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Figure 3. Dual-fluorescent immunostaining of ABCG2 and M3R in normal liver, dysplastic nodule, and HCC. In normal liver, bile ducts coexpressed ABCG2
(green) and M3R (red). Coexpression of ABCG2 and M3R is commonly observed in periportal hepatocytes in dysplastic nodule and scattered cancer cells in HCC
(arrows). Original magnifications: X400 (normal liver and HCC); X200 (dysplastic nodule).

markers in following histological and culture studies. We
also selected CK19 because this molecule has been most
commonly used as a hepatic progenitor cell marker until
now.

ABCG2, M3R, and CK19 Expressions in Human
HCC Specimens

ABCG2, M3R, and CK19 expressions in nonneoplastic
livers (normal liver, chronic hepatitis, or liver cirrhosis),
dysplastic nodules, and HCCs were shown in Figure 2. In
normal liver, ABCG2 was expressed in bile ducts, the
canals of Hering, and some periportal hepatocytes. In
chronic hepatitis or liver cirrhosis, ABCG2 was also ex-
pressed in bile ductules in addition to bile ducts, the
canals of Hering, and some periportal hepatocytes.
ABCG2 expression was observed on the cell membranes
of the canals of Hering and bile ductules, on the luminal
side of bile ducts, and on the membrane, especially on
the canalicular membrane, of periportal hepatocytes.
Some hepatocytes not in periportal areas also expressed
ABCG2 in their membranes. ABCG2 expression was ob-
served in all cases of dysplastic nodules and HCC. In
dysplastic nodules, irrespective of whether they were
low-grade or high-grade, ABCG2 was commonly ex-

pressed on the canalicular membrane of dysplastic
hepatocytes around the portal tracts entrapped in nod-
ules. In HCCs, ABCG2™" cells were scattered or focally
clustered in 12 cases (80%), whereas they were diffusely
expressed (more than 60% of tumor cells) in three cases
(20%). ABCG2 expression was mainly on the cell mem-
brane of cancer cells as well as in the cytoplasm of
cancer cells in two cases. ABCG2 was more commonly
expressed in small hepatocytes around the portal tracts
in dysplastic nodules, although ABCG2" and ABCG2
cells in HCCs were not different in their locations and
morphologies. Mitotic cell ratios were not significantly
different between ABCG2* (3 to 21 mitoses in 1000 cells)
and ABCG2™ cells (4 to 15 mitoses) in HCC specimens.
ABCG2 expression was also observed in endothelial
cells of the intratumoral sinus in all HCCs.

M3R was expressed on the luminal side of the bile duct
and the canals of Hering in normal livers. M3R was also
expressed on the luminal membrane of the canals of
Hering, bile ductules, and bile ducts in chronic hepatitis
and liver cirrhosis, whereas its expression was mainly
observed in the cytoplasm of dysplastic or neoplastic
hepatocytes (Figure 2). M3R expression was observed in
13 of 20 cases of dysplastic nodules (seven low-grade
cases and six high-grade cases) (65%) and 8 of 15 cases
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Figure 4. Dual-fluorescent immunostaining of ABCG2 and CK19 in normal liver, dysplastic nodule, and HCC. In normal liver, bile ducts coexpressed ABCG2
(green) and CK19 (red). Coexpression of ABCG2 and CK19 is commonly observed in periportal hepatocytes in dysplastic nodule (center of the field is an
intranodular portal tract) and scattered cancer cells in HCC (arrows). Original magnifications: X400 (normal liver, HCC); X200 (dysplastic nodule).

of HCC (563%). M3R was expressed in periportal dysplas-
tic hepatocytes in low-grade and high-grade dysplastic
nodules. Small ductular structures resembling the canals
of Hering within dysplastic nodules were also positive for
M3R (Figure 2, inset). In HCC, M3R™ cells were scattered
in seven cases (47% of HCC cases); whereas, they were
diffuse (more than 60% of tumor cells) in one case (6%).
One case of HCC showed membranous expression of
M3R in addition to cytoplasmic expression (Figure 2).
Similar to ABCG2, M3R were more commonly expressed
in small hepatocytes around portal tracts in dysplastic
nodules, and M3R™ and M3R™ cells in HCCs were not
different in their locations and morphologies. Mitotic cell
ratios were not significantly different between M3R™ (4 to
18 mitoses in 1000 cells) and M3R™ cells (5 to 20 mito-
ses) in HCC specimens.

CK19 was expressed in the cytoplasm of the canals of
Hering, bile ductules, bile ducts, and some periportal
hepatocytes in nonneoplastic livers (normal liver, chronic
hepatitis, and liver cirrhosis). CK19 expression was ob-
served in 11 of 20 cases of dysplastic nodules (six low-
grade cases and five high-grade cases) (55%) and 4 of
15 cases of HCC (27%). In dysplastic nodules, CK19 was
expressed in bile ducts and bile ductules within nodules,
as well as in periportal small dysplastic cells. Of the four

cases of HCC with CK19 expression, it was only focally
expressed in three cases, whereas the remaining case
(scirrhous HCC) showed CK19 expression in ~30% of
tumor cells.

We performed the dual-fluorescent immunostaining of
ABCG2/M3R and ABCG2/CK19 to examine the localiza-
tion of nonneoplastic or neoplastic cells expressing these
molecules (Figures 3 and 4). In normal livers, bile ducts
commonly coexpressed ABCG2, M3R, and CK19. In both
low-grade and high-grade dysplastic nodules, several
dysplastic hepatocytes coexpressed ABCG2/M3R or
ABCG2/CK19, and many dysplastic cells coexpressing
these molecules were especially observed in periportal
areas (Figures 3 and 4). Likewise, ABCG2/M3R and
ABCG2/CK19 were also frequently coexpressed in some
cancer cells in HCC (Figures 3 and 4).

ABCG2, M3R, and CK19 Expressions in HCC
Cell Lines

Immunostaining of ABCG2, M3R, and CK19 on HCC
culture cells revealed ABCG2, M3R, and CK19 expres-
sions in some cancer cells in every HCC cell line. The
ratios of ABCG2™" cells were 25.7% in PLC5, 22.3% in



HuH7, and 19.8% in HepG2 on immunostaining. Like-
wise, the ratios of M3R™ cells were 20.1% in PLC5, 20.5%
in HuH7, and 14.7% in HepG2, and the ratios of CK19*
cells were 2.3% in PLC5, 35.5% in HuH7, and 18.7% in
HepG2. The cytological features, such as cell sizes and
shapes, were not different between cancer cells with and
without expressions of these molecules in any of the cell
lines. Dual-fluorescent immunostaining of ABCG2/M3R
and ABCG2/CK19 revealed that these molecules were
commonly coexpressed in some cancer cells (Figure 5).
The ratios of ABCG2*/M3R* cells were 16.8% in PLC5,
10.7% in HuH7, and 9.8% in HepG2. Likewise, the ratios
of ABCG2*/CK19™ cells were 0.5% in PLC5, 4.5% in
HuH7, and 7.8% in HepG2. Interestingly, many of the
cancer cells expressing ABCG2 and M3R showed mitotic
features (Figure 5). The mitotic cell ratios were higher in
ABCG2™ cells (16.3 to 30.4%) than ABCG2~ cells (1.5 to
3.1%) in all cell lines. Likewise, M3R™ cells were mitoti-
cally more active (16.8 to 28.5%) compared with M3R™
cells (0.9 to 2.3%) in every cell line. In contrast, mitotic
figures were not significantly different between CK19™"
cells (4.5 10 8.8%) and CK19™ cells (5.4 to 7.5%).

Cell Sorting of HCC Culture Cells with Regard to
ABCG2 Expression

The flow cytometry analysis with regard to ABCG2 ex-
pression in HCC culture cells is shown in Figure 6. The
percentages of ABCG2™" cells in flow cytometry were
17.0% in PLC5 and 14.8% in HuH7. In contrast, ABCG2™"
cells could not be detected in HepG2. After cell sorting,
we separately cultured ABCG2" and AGCG2~ cells de-
rived from PLC5 or HuH7 for 2 or 4 weeks. In ABCG2*
subpopulations, the ratios of ABCG2* cells time-depen-
dently declined, and they returned to almost presorting
levels (19.2% in PLC5 and 17.6% in HuH7) after 4 weeks
of subculture. In ABCG2~ subpopulations, the ABCG2*
population could not be detected during the 4 weeks,
both in PLC5 and HuH7. These results suggested that
ABCG2™ cells could bear ABCG2™ and ABCG2~ prog-
enies, whereas ABCG2~ cells could not generate
ABCG2" cells and remain in an ABCG2~ subpopulation.
We performed our analyses in triplicate, generating sim-
ilar results each time.

Intracellular Localization of ABCG2 in HCC
Culture Cells

ABCG2 was expressed in HepG2 at the mRNA (RT-PCR)
and protein levels (immunostaining) as shown in Figures
1 and 3; however, ABCG2™ cells could not be detected
with flow cytometry before cell sorting. Then, we exam-
ined the intracellular localization of ABCG2 using three
HCC culture cells. ABCG2 was localized on the cell mem-
brane in addition to the cytoplasm in PLC5 and HuH7,
whereas it was observed only in the cytoplasm in HepG2
(Figure 7). These results suggested that the negativity of
ABCG2* cells in HepG2 on flow cytometry could be
caused by the intracellular dislocation of ABCG2, which
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is usually expressed on the cell membrane in nonneo-
plastic cells or other HCC culture cells (PLC and HuH7).

Proliferation Assay of ABCG2" and ABCG2~
Cells

The growth curves of ABCG2* and ABCG2~ cells are
shown in Figure 8. During the 8 days after cell sorting, the
proliferation activities were higher, especially at the ear-
lier time, in ABCG2™ cells compared with ABCG2~ cells
in both PLC5 and HuH7 (P < 0.05 at each time).

Expression Patterns of mRNA in ABCG2™" and
ABCG2™ Cells

We examined the expressions of hepatic progenitor cell
markers, hepatocyte markers, and transcription factors
involved in hepatic embryogenesis in ABCG2" and
ABCG2~ cells by RT-PCR (Figure 9). In addition to
ABCGZ2, other progenitor cell markers (M3R, CK19, c-kit,
and CK14) were more intensely expressed in ABCG2*
cells compared with ABCG2™ cells, although c-kit and
CK14 were not expressed in PLC5 and HuH7, respec-
tively (Figures 1 and 8). AFP and albumin were differently
expressed in ABCG2* and ABCG2~ cells. More intense
expressions of AFP and albumin were observed in
ABCG2* and ABCG2~ cells, respectively. Among tran-
scription factors, GATAG, which is essential for the earli-
est stage of the hepatic development,®® was expressed
only in ABCG2* cells of HuH7. C/EBP« is continuously
expressed in hepatoblasts and hepatocytes during nor-
mal hepatic development,® and it was similarly ex-
pressed in ABCG2* and ABCG2~ subpopulations of
both PLC5 and HuH7. C/EBPB, which is implicated in the
late phase of hepatic development,®* was expressed in
ABCG2™ cells of PLC5. The expression patterns of these
molecules in ABCG2™ cells gradually altered during 4
weeks of subculture, whereas ABCG2~ cells did not
show significant changes in mMRNA expression in this
period.

Discussion

In this study, we conducted histological and culture stud-
ies to examine the possible participation of hepatic pro-
genitor cells in the carcinogenesis of human HCC. In
histological studies, hepatocytes expressing ABCG2
were observed in all cases of dysplastic nodules and of
HCC. In addition, it is interesting that ABCG2* hepato-
cytes were located in the periportal areas of the dysplas-
tic nodule, similarly to those in background and normal
livers. The interface between the portal tracts and hepatic
parenchyma in the dysplastic nodule is not completely
equivalent to the location of nonneoplastic livers, al-
though hepatic progenitor cells are estimated to exist
around this location in normal livers.35-37 ABCG2 is well
known as one of the drug transporters and is involved in
the acquisition of resistance to anti-cancer drugs in ma-
lignant tumors.38~4° Some dysplastic or neoplastic hepa-
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Figure 6. Results of flow cytometry analysis with regard to ABCG2 in three HCC cell
lines. ABCG2™ cells make up 17.0% in PLCS and 14.8% in HuH7. In ABCG2™
subpopulations of PLC5 and HuH7, the ratios of ABCG2* cells decline time-depen-
dently after 2 and 4 weeks of subculture after cell sorting. ABCG2* cells cannot be
generated from an ABCG2™ subpopulation with 2 and 4 weeks of subculture. The
ABCG2" subpopulation is not detected in HepG2 by flow cytometry.

Figure 5. Dual-fluorescent immunostaining of ABCG2/M3R and ABCG2/CK19 in three HCC cell lines. Some cancer cells are double-positive for ABCG2 (green)
and M3R (red) in every cell line. Some cancer cells are also double-positive for ABCG2 (green) and CK19 (red) in every cell line (arrowheads). Many mitotic
figures are observed in cancer cells expressing ABCG2 and M3R. In contrast, mitotic figures are not common in cancer cells expressing CK19. Arrows in HuH7
indicate mitotic cells expressing ABCG2 but not CK19. Original magnifications, X400.
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PLC5

HuH7

HepG2

Figure 7. Intracellular localization of ABCG2 in three HCC cell lines. ABCG2 expression is observed on the cell membrane in addition to the cytoplasm in PLC5
and HuH7 (arrows). ABCG2 expression in HepGz2 is only observed in the cytoplasm. Original magnifications, X650.

tocytes expressing ABCG2 also had M3R or CK19 ex-
pression; in addition, ABCG2™ subpopulations of culture
cells showed a more intense expression of other progen-
itor cell markers compared with ABCG2~ subpopula-
tions. These results suggest that ABCG2 expressed in
dysplastic nodules and HCCs does not completely reflect
the drug-resistant phenotype obtained during carcino-
genesis but corresponds to a progenitor cell phenotype
maintained during tumor development. That is, ABCG2"
cells continuously exist during hepatocarcinogenesis
from liver cirrhosis to HCC, and their locations in dysplas-
tic nodules are characteristically similar to those in liver
cirrhosis (periportal hepatocytes).

Then, we performed culture studies to elucidate the
biological characteristics of ABCG2* cells in HCC cell
lines. Cell sorting analyses revealed that ABCG2" sub-
populations could generate both ABCG2* and ABCG2~
progenies; whereas, ABCG2~ subpopulations could not
bear ABCG2™ cells, suggesting that a cancer cell hier-
archy with regard to ABCG2 expression might exist in
HCC cell lines. ABCG2™ cells would exist at a higher rank
in this hierarchy and have the ability to replicate them-
selves (self-renewal) and also generate ABCG2™ proge-
nies. In addition, ABCG2™" cells showed higher prolifera-
tive activity. Taken together, ABCG2™ cells had several of
the biological properties of stem cells or progenitor cells:
self-renewal, high proliferative activity, the preferential
expression of other progenitor cell markers, and the abil-
ity to give rise to nonstem progenies (ABCG2™~ popula-
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1 _— Asce2() ¥ /k/" ABCG2 (-)
0
day 2 day5s day8 day 2 day 5 day 8

Figure 8. The growth curves of ABCG2" and ABCG2~ subpopulations in
PLC5 and HuH7 during 8 days after sorting. Proliferation activities of
ABCG2™" cells are significantly higher than those of ABCG2~ cells in both
PLC5 and HuH7. *P < 0.05.

tions). ABCG2™ cells existing in dysplastic nodules and
HCCs would be at a higher rank of cancer cell hierarchy
and might play a central role in hepatocarcinogenesis
and tumor proliferation as tumor-founding cells. This
study, with regard to ABCG2 expression, supports the
hypothesis that the progenitor cell origin theory and the
hierarchical model could be applied to human HCC.
Recently, Haraguchi and colleagues®® identified SP
cells from several cell lines of digestive system cancers,
including three HCC cell lines (HuH7, HepG2, and
HepG3). SP cells were successfully identified in HuH7
and HepG3, but not in HepG2. More recently, Chiba and
colleagues®* also purified SP cells from two of four HCC
cell lines: PLC5 and HuH7. SP cells could generate both
SP and non-SP progenies, whereas non-SP cells bore
only non-SP cells. The ratios of SP cells in subpopulations
sorted as SP declined time-dependently and finally
reached the presorting level. Those results based on an
SP phenotype closely resemble the results of our study
with regard to ABCG2 expression. This resemblance
seems reasonable because the SP phenotype is mainly
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Figure 9. Expression patterns of hepatic progenitor cell markers (ABCG2,
M3R, CK19, c-kit, and CK14), hepatocyte markers (AFP and albumin), and
transcription factors involved in hepatic embryogenesis (GATA6, C/EBPa,
and C/EBPB) (RT-PCR). Hepatic progenitor cell markers and AFP are more
intensely expressed in ABCG2* cells compared with ABCG2~ cells. Con-
versely, albumin expression is more intense in ABCG2™ cells. Expression
patterns of transcriptional factors are different between ABCG2" and
ABCG2™ cells. Expression patterns of these molecules in ABCG2™" cells
gradually altered during 4 weeks of subculture, whereas ABCG2™ cells did
not show significant changes in mRNA expression in this period.



maintained by ABCG2.2"22 Zhou and colleagues®'??
performed research with regard to the SP phenotype in
hematopoietic stem cells using Berp? ™~ or Mdr1~/~
knockout mice (Bcrpl is a murine transporter corre-
sponding to human ABCG2). Loss of Berp1 gene expres-
sion, but not Mdr7, led to a significant reduction in the
number of SP cells. They concluded that expression of
Berp1 is related to the efflux of Hoechst dye and main-
tenance of the SP phenotype.?’#? In contrast, the per-
centages of SP cells are quite different from the ratios of
ABCG2* cells in HCC cell lines. SP cells were less than
1.0% of the total culture cells in PLC and HuH7,2%24
whereas ABCG2* cells made up 17.0% in PLC5 and
14.8% in HuH7 on flow cytometry in this study, suggest-
ing that ABCG2* cells might contain a larger range of
cells compared with SP cells. SP cells might be included
in ABCG2™ subpopulations; however, it seems difficult at
this time to determine to what degree ABCG2™" subpopu-
lations and SP cells are equivalent. Further analyses are
mandatory to conclude which factors, such as the degree
of ABCG2 expression or coexpression of other transport-
ers, are implicated in the acquisition and maintenance of
an SP phenotype. Indeed, SP cells are known to express
other ATP-binding cassette transporters, such as MDR-1
(ABCB1), MRP-1 (ABCC1), and ABCA2 84142

In this study, HepG2 were different from PLC5 and
HuH7 according to flow cytometry analyses. HepG2
showed ABCG2 expression at the mRNA and protein
levels, although we could not detect ABCG2™ cells in
HepG2 using flow cytometry. Based on the analysis with
a confocal laser microscope, this difference might be
caused by the dislocation of ABCG2 from the cell mem-
brane to the cytoplasm in HepG2 cells. Intracellular dis-
location of ABCG2 has not been reported in any cell lines
until now to the best of our knowledge. This is an inter-
esting finding, although it is still unknown whether it has
any functions other than a transporter in the cytoplasm.
Further analyses are mandatory to address the signifi-
cance of ABCG2 expression and its intracytoplasmic
location in HepG2. In the previous study by Haraguchi
and colleagues,?® SP cells could be identified in 17 of 18
cell lines of digestive tract cancer (esophageal, gastric,
colorectal, hepatic, and pancreatic cancers). Interest-
ingly, the only cell line in which SP cells could not be
identified was HepG2. In addition, Chiba and col-
leagues® also failed to isolate SP cells from HepG2.
Intracellular dislocation of ABCG2 might have influenced
the lack of SP cells in HepG2.

In 2005, Patrawala and colleagues®® studied ABCG2*
and ABCG2™ cells with respect to their tumorigenicity in
vivo. In their report, ABCG2" and ABCG2~ cells were
similarly tumorigenic in the xenograft transplant experi-
ments. In our study, ABCG2™ cells could not be gener-
ated from ABCG2~ cells in vitro, although ABCG2* and
ABCG2~ cells were similarly generated in both ABCG2™"
and ABCG2~ xenografts.*® This discrepancy might be
caused by the difference of the cell lines used (prostate,
breast, and colon cancer cell lines versus HCC cell lines)
or experimental models (xenograft transplantation versus
in vitro culture). Further analysis using large numbers of
cell lines will be mandatory to elucidate this difference.
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It is also interesting that transcription factors were dif-
ferently expressed in ABCG2* and ABCG2~ cells.
GATAG is one of the essential factors in the earliest phase
of hepatic development.®® C/EBPa is constantly ex-
pressed during hepatic embryogenesis, whereas
C/EBPB is more important in the late phase of liver de-
velopment.®* GATA6 and C/EBPB are intensely ex-
pressed in ABCG2" and ABCG2~ cells, respectively.
C/EBPa is similarly expressed in both subpopulations.
Those expression patterns of transcription factors in
ABCG2™* and ABCG2~ cells resemble those of embryo-
nal hepatic development.®33* A cancer cell hierarchy in
HCC might be regulated by transcription factors similar to
those in normal hepatic development. Expression pat-
terns of AFP and albumin in ABCG2" and ABCG2~ cells
also supported this similarity between hepatocyte prolif-
eration during normal hepatic development and prolifer-
ation or differentiation of HCC cells along a cancer cell
hierarchy.

We examined M3R expression, in addition to ABCG2
and CK19, as a progenitor cell marker in this study. In
2002, Cassiman and colleagues®® reported that M3R was
expressed in hepatic progenitor cells, atypical reactive
ductules, or intermediate hepatocyte-like cells in nonneo-
plastic livers. They suggested that the hepatic vagus
branch stimulates the activation of hepatic progenitor
cells via the M3R expressed on those cells.®® In our
studies, M3R was expressed on the cell membrane of the
canals of Hering, bile ductules, and bile ducts in nonneo-
plastic livers, whereas its expression was mostly in the
cytoplasm of dysplastic or neoplastic hepatocytes in
HCCs and their precursors. This is the first report with
regard to M3R expression in the cytoplasm of dysplastic
or neoplastic hepatocytes. It seems interesting to deter-
mine the nervous involvement in the proliferation or dif-
ferentiation of cancer cells with a progenitor phenotype,
because the nervous influence on progenitor cells has
not been well documented so far, to the best of our
knowledge.

In conclusion, this study revealed that cancer cells
expressing progenitor cell markers exist in HCC and their
precursors (dysplastic nodules) and they might be lo-
cated at a higher rank in a cancer cell hierarchy, like
cancer stem cells. These results suggested that the pro-
genitor cell origin theory and the hierarchical model might
be applicable to human HCC.
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