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Figure 2. HPLC traces at 1 h for %4Cu labelling of 1 (left chromatogram) and 2 (right chromatogram).

12

Figure 3. PET and optical image at 5 h of athymic nude mouse bearing subcutaneous ayfi; (+) HEK(f;) tumour. Mouse received tail vein injection (iv} of 3.7 MBq of 8¢y
radiotracer 1 (left) and 3 days later, iv injection of 10 nM of 12 (right). K = kidney, B = bladder, T = tumour.

expected, significant retention of radioactivity was found in kidneys

analyzed and no free copper or Cu-cyclam complex was detected
and bladder. This result corroborates previous findings on Cy5-con- but a major campound that we assume to be a partially degraded
taining fluorescent probes 12 rapidly evacuated with urine.'*'>  peptide and a small amount of radiotracer 1. Detailed in vivo meta-
Urine samples collected from mice at 4h post-injection were bolic stability studies will be evaluated in further study.
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After 3 days, the same mouse was injected with RGD-containing
fluorescent probe 12 (Fig. 3). The latter was extensively used for
the in vivo optical imaging of tumour in mice® and successfully
exploited for the intraoperative near-infrared image-guided sur-
gery.'® Optical imaging at 5 h post-injection of 12 shows the accu-
mulation of clustered RGD compound within subcutaneous
HEK(B3) tumour and confirms that the selective targeting of tu-
mour arises from RGD moieties. Further biodistribution studies
in mice bearing HEK(B3) or HEK(f,) tumours demonstrate that
54Cu radiotracer 1 had much lower radioactivity accumulation in
otyPs-negative HEK(pB,) tumours (see Supplementary data). This re-
sult reinforces the selectivity of the targeting domain of *Cu radi-
otracer 1 for oy B; integrin.

In conclusion, we used a flexible and modular chemical strategy
that gives access to the synthesis of radiotracers in good yields.
From basic in vivo studies, ®*Cu radiotracer 1 allowed the non-
invasive nuclear imaging of oty integrin-expressing tumours. This
study emphasizes the use of Copper-64-based radiopharmaceuti-
cals as potential oncological PET imaging agent, and further studies
are currently carried out to determine the potential of /Cu radio-
tracer 1 for clinical imaging.
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Human hepatocellular carcinoma is recognized as a good model! for multistage carcinogen-
esis, as the malignant steps from chronic liver disease through to advanced human hepato-
cellular carcinoma are relatively clear. We address the activation of different molecular
pathways during hepatocarcinogenesis that is especially useful in the diagnosis of pathologi-
cal multistage human hepatocellular carcinoma. In chronic liver disease, the gene-expression
signature as well as the degree of liver fibrosis could help us to predict the development of
human hepatocellular carcinoma or survival outcome after treatment for human hepatocellular
carcinoma. Several genes, such as HSP70, CAPZ and GPC3, have been identified as poten-
tial biomarkers for early human hepatocellular carcinoma. Classical oncogenes or tumor sup-
pressor genes, such as beta-catenin and p53, are mutated during the progression from early
to advanced human hepatocellular carcinoma. Also, the presence of hepatoblastic feature like
CK19 in advanced human hepatocellular carcinoma can be used as a predictor of aggressive
human hepatoceliular carcinoma. Although many advances have been made in the diagnosis
of multistage hepatocarcinogenesis, we still need further useful markers to more precisely
evaluate each step of hepatocarcinogenesis for better treatment choices, and that will

promote future molecular-targeted therapy.

Key words: chronic hepatitis — early HCC — advanced HCC — hepatocarcinogenesis — molecular

markers

INTRODUCTION

Cancer is currently a major public health issue due to its high
incidence and life-threatening nature. With careful and
detailed follow-up of high-risk cases, we are now able to
characterize and clarify the developmental process of human
carcinogenesis, particularly in the early stages. In the case of
human hepatocellular carcinoma (HCC), which still ranks as
the third highest cause of cancer-related death globally (1),
the malignant transformation step is well characterized.
Through clinicopathological and molecular pathological
observations, hepatocellular changes in HCC have been classi-
fied from chronic viral infection and liver cirrhosis, dysplastic
nodules (DN) and early through to advanced HCC (Fig. 1).
DN are usually found in chronic liver diseases and are classi-
fied as low grade or high grade (HGDN), depending on the
degree of atypia. HGDN most often show increased cellular-
ity, usually together with some cellular or structural atypia.
However, these cellular or structural atypia are still indefinite
for a diagnosis of HCC. In early HCC, the cell density
increases compared with the surrounding non-cancerous

background liver tissue, and there is an increased nuclear/
cytoplasmic ratio. Although cytological atypia are still mild,
abnormal trabecular or pseudoglandular patterns as well as
various degrees of diffuse fatty changes are frequently
observed. Tumor cells appear as small hepatocyte-like cells
that merge imperceptibly with the surrounding hepatic par-
enchyma, and this is sometimes difficult to recognize, both
grossly and microscopically. Recently, an international con~
sensus was achieved, indicating that the presence of stromal
invasion is an important feature of early HCC and differen-
tiates early HCC from HGDN (2). The transitional progress
from an early to more advanced stage is histologically
described as a nodule-in-nodule lesion, where moderately or
poorly differentiated cancerous tissue grows within a well-
differentiated cancer nodule. Advanced HCC often shows
intrahepatic metastasis spread through portal vein invasion.
Until now, many molecular mechanisms involved in mul-
tistep hepatocarcinogenesis have been reported. One of the
prominent features of hepatocarcinogenesis is the increase in
hypervascularity during the process of dedifferentiation and

« The Author (2010). Published by Oxford University Press. All rights reserved.
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Figure 1. Evolution stage of human hepatocellular carcinoma (HCC) with its related molecular diagnosis. Some variable patterns may be observed in addition
to the typical multistage developmental process of hepatocarcinogenesis. Some cases may show a direct development to the advanced stage of HCC, known as
de novo hepatocarcinogenesis. CLD, chronic liver disease; RN, regenerative nodule; DN, dysplastic nodule; N/N, nodule-in-nodule.

progression, indicating the importance of angiogenic
switches for the progression from early to progressed HCC
(3). Understanding the molecular mechanisms involved in
the malignant transformation of HCC is an important step to
help us identify molecular markers or signatures in HCC
development. However, the usefulness of these molecular
markers in clinical practice needs careful evaluation. In this
review, we will focus on the progress of some of the molecu-
lar pathology that has been, or could be, used in the diagno-
sis of multistage hepatocarcinogenesis.

RISK ASSESSMENT OF HCC DEVELOPMENT
IN CHRONIC LIVER DISEASE

Hepatitis viral infection (hepatitis B virus (HBV), hepatitis C
virus (HCV) or co-infection) is the most common cause for
developing HCC worldwide. Almost all cases of HCC
develop with the presence of chronic liver disease and if cir-
rhosis develops, the probability of HCC is increased. In
HBV-infected individuals, the incidence of HCC is approxi-
mately 100 times higher compared with the uninfected popu-
lation. HCV is still a major cause of HCC in Japan.
HCV-associated HCC typically develops after 20—30 years
after infection and is generally preceded by liver cirrhosis (4).
Scoring the staging of chronic hepatitis obtained from liver
biopsy specimens could be determined according to the inter-
nationally recognized degree of fibrosis scale (5). The risk of
liver cancer development among individuals with HCV infec-
tion ranges between 1% and 7% per year. Another cytological
change predictive for HCC development is steatosis, marked
by clear vacuoles, due to fat accumulation within the hepato-
cytes. The presence of hepatic steatosis is associated with

increased frequency of HCC in patients with HCV-related cir-
rhosis (6,7). In addition to these histological findings, identify-
ing molecular changes in liver cirrhosis associated with HCC
will be necessary for the proper management of chronic liver
diseases and prevention of HCC. The genome-wide
expression-profiling method has been widely applied as a new
approach, not only to discover molecules involved in a variety
of tumor carcinogenesis (8—10), but also to identify molecules
associated with precancerous conditions (Fig. 2). Around 186
signature genes were reported to be associated with the risk
for HCC recurrence and could predict the survival prognosis
after resection of HCC, as well as identify compensated cir-
rhotic patients at a high risk for HCC development (11).

MOLECULAR DIAGNOSIS OF EARLY HCC

Early HCC is characterized as pre-invasive or early invasive
cancer with a mild deviation of the clinicopathological fea-
tures from chronic liver disease. Thus, early HCC lacks the
typical findings of advanced HCC, such as increased arterial
supply, elevated common tumor markers (a-fetoprotein
(AFP), protein-induced by vitamin K absence or antagonist
I1 (PIVKA II)) and obvious histological atypia. There have
been several efforts to identify molecular signatures involved
in early HCC, and some of them have been used as diagnos-
tic markers. Heat shock protein 70 (HSP70), found by
gene-expression profiling from approximately 12 600 ana-
lyzed genes, is abundantly upregulated in early HCC.
Expression of HSP70 increases under conditions of environ-
mental cellular stress, thus the tumorigenesis process in early
HCC may act as a stressful condition to stimulate HSP70
expression (10). HSP70 expression is not observed in
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Figure 2. Two-way hierarchical clustering algorithm in multistep hepatocarcinogenesis. Comparison of expression profile between early HCC (E) components
and their non-cancerous surrounding tissue (N), and between advanced HCC (A) and early HCC components. Using this method, we can identify upregulated

and downregulated genes involved in multistep hepatocarcinogenesis.

non-malignant nodules or other benign nodular lesions,
hepatocellular adenoma and focal nodular hyperplasia. This
makes HSP70 a useful histological marker to distinguish
early HCC from precancerous lesions and to differentiate
benign and malignant liver nodules (12). Using the same
profiling method, the cyclase-associated protein2 (CAP2)
gene was also found to be upregulated in early HCC. C4P
was originally identified in the budding yeast Saccharomyces
cerevisae, and at least two isoforms of CAP, CAP1 and
CAP2 have been found in mammals (13—15). Using our
originally raised polyclonal antibody against human CAP2,
we found that CAP2 was upregulated in a stepwise manner
through the progression of HCC. Interestingly, stromal inva-
sion, a characteristic feature of early HCC, was frequently
found to be positive and clearly highlighted with CAP2 (16).
Our unpublished observation also supports the evidence of
CAP2 involvement in cancer cell invasion.

Other immunohistological markers commonly cited in
early HCC are glypican-3 (GPC3) and glutamine synthetase
(GS). GPC3 is a heparan sulfate proteoglycan anchored to
the plasma membrane and normally expressed in the fetal
liver and placenta, but not in normal adult liver tissue. GPC3
is widely recognized as an efficient serological and histo-
chemical marker for early HCC (17-19). It is also report-
edly helpful in distinguishing small focal lesions arising in
liver cirrhosis and identifying some cirrhotic macronodules
with malignant potential (20,21). However, GPC3 has also
found to be expressed in benign liver tissue with active
inflammation, which urges caution when interpreting GPC3
staining (22). Additional markers may thus be needed to
boost the diagnosis. GS is an enzyme that catalyzes gluta-
mate and ammonia to form glutamine in the mammalian
liver (23). The final product from GS synthetase, glutamine,
is reported to provide an energy source for tumor cells (24).
GS is a target of the Wnt/beta-catenin pathway and is a good
immunohistochemical marker of beta-catenin activation in
HCC (25,26). Overexpression of GS increases with the

stepwise progress of hepatocarcinogenesis, indicating an
important role of GS in promoting the metastatic potential of
HCC (27.28). A combination of the three-marker panel of
HSP70, GPC3 and GS can raise the accuracy of detecting
early HCC. A 72% sensitivity and 100% specificity, where
the most sensitive combination was HSP70 and GPC3, have
been shown (29).

Recently, we identified the overexpression of Bmi-I, a
member of the Polycomb gene group, in early HCC. Bmi-1
is indicated as one of the signaling pathways that results in
the ‘stemness feature” in cancer through its ability to immor-
talize cells by inducing telomerase activity. Bmi-1 also pro-
motes tumorigenesis by acting as a negative regulator for the
well-known tumor suppressors genes, p/6 and p19 (30,31).
In our study, Bmi-1 expression appeared as small dots inside
the nuclear area that may reflect concentrated sites of Bmi-1
activity. Elevated Bmi-1 expression was particularly evident
in early and well-differentiated HCC, compared with the sur-
rounding, non-cancerous liver tissue (32). Investigations to
explore the applicability of Bmi-1 as a new diagnostic
marker for early HCC are currently on going.

MOLECULAR SUBCLASSIFICATION
OF ADVANCED HCC

Advanced HCC shows a solid growth pattern with a decrease
in the distinct trabecular pattern, and pleomorphisms are fre-
quently observed. It commonly displays a variety of histo-
logical grading within its nodule; poorly differentiated tissue
is located inside, surrounded by well-differentiated tissue.
A transitional progress from early to advanced HCC is
observed histologically as a nodule-in-nodule lesion. The
presence of the p53 mutation has been detected in the inner,
advanced nodule, but not in the outer well surrounding
nodule, suggesting an association between the p53 gene
mutation and the late events of HCC progression (33—35).
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Nuclear accumulation of p53, detected by immunohisto-
chemistry, is useful for the recognition of advanced HCC.
Another mutation associated with the malignant progression
of HCC is the beta-catenin mutation. Disruption of the
Wat/beta-catenin pathway causes accumulation of beta-
catenin in the nucleus (36). However, the correlation of
beta-catenin expression and HCC progression is not yet
clear. Some studies report its association with a poor prog-
nosis, whereas other studies associate it with a more favor-
able outcome (36-—38). Additional signaling pathways
associated with the aggressiveness of HCC include the
TGF-B and Akt pathways. The potential of TGF-$ gene
expression to refine the diagnosis and prognostic predictions
in HCC patients has also been reported. The outcome of
TGF-B signaling is highly contextual in different tissues
and depends on the cellular microenvironment. TGF-8 sig-
naling in carcinogenesis is intriguing due to its ability to act
both as a tumor suppressor in the early stage, and a tumor
promoter in the later stage. In HCC, changes in TGF-B sig-
naling are still controversial and unclear. Coulouarn et al.
showed that patients with a late TGF-B signature showed a
“significant decrease in mean survival time compared with
patients with an early TGF-B signature. A late TGF-B sig-
nature predicted liver metastases and identified HCC cell
lines according to their degree of invasiveness (39). We also
found that poorly differentiated HCC showed a reduced
expression of TGFBR2, and this correlated with intrahepatic
metastasis and early recurrence (40). It will be interesting to
further explore the implications of TGF-B signaling in

Bmi-1

HE HSP70

Advanced HCC

Early HCC

CLD

Jpn J Clin Oncol 2010;40(9) 894

HCC. Akt phosphorylation (p-Akt) has been identified as a
significant risk factor for early disease recurrence and poor
prognosis in HCC through its correlation with
anchorage-independent growth malignant behavior (41).

In addition, some biliary or hepatic progenitor markers,
such as CK7 or CK19, are frequently found in poorly differ-
entiated cells (42). The prevalence of intrahepatic metastases
was found to be significantly higher in patients with
CK7-positive HCC, than in those with CK7-negative HCC.
Patients with CK19 positivity had a significantly higher inci-
dence of early recurrence suggesting a worse prognosis than
CK19-negative HCC patients (42—45). HCC is postulated to
be generated through carcinogenesis from hepatic progenitor
cells (HPC) that are capable of differentiating into both hep-
atocytes and biliary epithelial cells (43,46). However, whether
the hepatoblastic feature origin occurs via a de-differentiation
progress, or originates from HPC, is still a matter of debate.
Another hepatic progenitor cell marker, identified as epithelial
cell adhesion molecule (EpCAM), when combined together
with the embryonic liver marker, AFP, could help to define
the clinicopathological characteristics of HCC subtypes. These
HCC subtypes may resemble certain stages of hepatic lineages
and enable prognostic assessment of HCC patients (47).

CONCLUSION

We have briefly reviewed the development and application
of the molecular diagnosis of multistage hepatocarcinogen-
esis (Fig. 3). We need to standardize the histological

CAP-2 P53 CK19

Figure 3. Pancl of histological markers in HCC clinical specimens. The use of HSP70, Bmi-1 and CAP2 was helpful to recognize carly stage of HCC. HSP70
and CAP2 expressions were getting increased following the progression of HCC, whereas Bmi-1 was particularly highly expressed in early- or well-
differentiated HCC. In advanced stage of HCC, positive p33 and CK19 specimens were frequently observed. Their expressions were also related to a worse

prognosis of HCC.
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molecular markers used in the diagnosis of HCC, as the
developmental process of hepatocarcinogenesis itself may
not be simple and differs from patient to patient. We also
need to detail the molecular characteristics and histological
patterns that reflect the malignant potency in each step of
hepatocarcinogenesis to determine the accurate staging of
HCC. A combination diagnostic approach using biomarkers
besides histological markers, such as serum markers, genetic
markers or imaging contrast, will also greatly enhance our
ability to overcome the highly malignant HCC. This will
further establish prevention, as well as promote better treat-
ment choice in the new era of molecular-targeted therapy
and individualized cancer treatment.
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Reduced transforming growth factor-f receptor Il
expression in hepatocellular carcinoma correlates
with intrahepatic metastasis

Takao Mamiya'?*, Ken Yamazaki'*, Yohei Masugi', Taisuke Mori', Kathryn Effendi’, Wenlin Du’, Taizo Hibi®,
Minoru Tanabe®, Masakazu Ueda®, Tadatoshi Takayama? and Michiie Sakamoto'

Hepatocellular carcinoma (HCC) occurs mainly in the liver associated with chronic hepatitis and hepatic cirrhosis as a
result of prolonged viral infection. Transforming growth factor-f (TGF-f3) induces the fibrosis in hepatic cirrhosis, although
it is also an inhibitor of hepatocyte proliferation. To understand the role of TGF-£ signaling in HCC progression, we
analyzed gene expression in HCC cells in relation to TGF-f signaling using a two-way clustering algorithm. By the analysis,
five HCC cell lines were classified into two groups according to their metastatic capacity. TGF-8 receptor Il (TGFBR2)
was downregulated in metastatic cells, which did not show a response to TGF-f. Immunohistochemistry demonstrated
clear membrane distribution of TGFBR2 in noncancerous hepatocytes, whereas reduced TGFBR2 expression was observed

in 34 of 136 HCCs. In clinical cases, reduced TGFBR2 expression correlated with larger tumor size (P<0.001), poor
differentiation (P<0.001), portal vein invasion (P=0.002), intrahepatic metastasis (IM) (P<0.001), and shorter
recurrence-free survival (P=0.022). In conclusion, reduced TGFBR2 expression was associated with aggressive features
of HCC such as IM, and may represent an immunohistochemical biomarker to detect aggressive HCC.

Laboratory Investigation (2010) 90, 1339-1345; doi:10.1038/labinvest.2010.105; published online 7 June 2010

KEYWORDS: biomarker; HCC; immunchistochemistry; IM; TGF-f§ receptor |l

Hepatocellular carcinoma (HCC) is a common cause of
death from cancer worldwide.! Prolonged infection with
hepatitis virus often causes chronic hepatitis, followed by
liver cirrhosis.”> During the development of these liver
diseases, transforming growth factor-f (TGF-f) has an
important role in fibrosis of the lesions.” HCCs mainly occur
in those injured livers with activated TGF-f signaling,
although TGF-f inhibits hepatocyte cell growth in the nor-
mal liver.?

TGF-f signaling is activated when a TGF-$ ligand binds to
its receptor on the cell membrane. The downstream effectors,
SMAD2 and SMAD3, together with SMAD4, translocate to
the nucleus and regulate the expression of various genes,
including cyclin-dependent kinase inhibitor 1A (CDKNIA),
which is involved in cell growth arrest.” TGE-f signaling is
also suggested to be involved in the malignant progression of
tumors. TGF-f can induce epithelial-mesenchymal transi-

tion and promote tumor cell invasion, and may also have
angiogenic and immunosuppressive effects on the tumor
microenvironment, all of which promote metastasis.?

Mutations in the TGF-f superfamily genes have been
found in various cancers. The TGF-f receptor Il (TGFBR2)
gene is frequently mutated in colon cancers,”? gastric
cancers,'™" and in gliomas'? with microsatellite instability.
SMAD4 mutations occur mainly in pancreatic cancers, in
which the SMAD4 gene was first identified as a tumor-
suppressor gene."” In HCCs, however, mutations in TGF-f
superfamily genes are rare,'*'® and alteration of TGF-f
signaling is still unclear and controversial. To investigate
alterations of TGF-f signaling in HCC progression,
we compared the expression profiles of TGF-§ signaling-
related genes in HCC cells exhibiting different metastatic
potential. We also investigated TGFBR2 expression in
HCC cells.
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MATERIALS AND METHODS

Clinical Specimens of HCC

HCCs and corresponding, noncancerous liver tissue were
obtained from patients who underwent surgical resection at
the Keio University Hospital, Japan. We analyzed 136 nodules
resected from 92 patients, including 12 patients with multi-
centric HCC. A histological diagnosis of HCC was made
according to the WHO criteria.'® The diagnosis of tumor
recurrence was based on radiological findings and tumor
markers in the serum. Time to recurrence was calculated as
the period from the date of surgery until recurrence. This
study was approved by the Ethics Committee of Keio
University.

Cell Culture and TGF-§ Treatment

The human HCC cell lines, PLC/PRF/5 and Hep G2, were
obtained from the American Type Culture Collection
(Manassas, VA, USA). KIM-1, KYN-2, and Li7 were estab-
lished as previously reported.'”~'® All the cells were grown in
RPMI 1640 (Sigma-Aldrich, St Louis, MO, USA) medium
supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin, and 100 ug/ml streptomycin. For treatment of
PLC/PRF/5 and Li7 cells with TGF-$, the cells were cultured
in RPMI 1640 medium supplemented with 5ng/ml TGF-f1
(PeproTech EC, London, UK) and 0.5% FBS.

Hierarchical Clustering

Gene-expression profiles of TGF-f-related genes in PLC/
PRF/5, Hep G2, KIM-1, KYN-2, and Li7 cells were clustered
using established algorithms implemented in the software
program, Cluster.”® Centroid linkage clustering with
uncentered correlation was used. TreeView software (http://
rana.lbl.gov/EisenSoftware.htm) generated a visual repre-
sentation of clusters. Microarray data are available at Genome
Medicine Database of Japan (https://gemdbj.nibio.go.jp/
dgdb/).

Western Blot

PLC/PRF/5, Hep G2, KIM-1, KYN-2, and Li7 cells were lysed
in lysis buffer (0.1% SDS, 1% Nonidet P-40, 150 mM Na(l,
50 mM Tris-HCI (pH 7.5), 5mM EDTA) supplemented with
Complete Protease Inhibitor Cocktail (Roche Molecular
Biochemicals, Mannheim, Germany). The lysates were sepa-
rated by electrophoresis on NuPAGE 4-12% Bis-Tris gels
(Invitrogen, Carlsbad, CA, USA), and transferred to PVDF
membrane according to the manufacturer’s instructions. The
blotted membrane was probed with a rabbit TGFBR2 anti-
body (Upstate, Lake Placid, NY, USA) and bound antibody
was detected with ECL Western blotting detection reagents
(GE Healthcare, Uppsala, Sweden).

Semiquantitative RT-PCR

Total RNA was purified using the RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). Single-stranded ¢cDNA was synthesized
from 1 pg of total RNA using the oligo (dT) primer and
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M-MLV reverse transcriptase (Promega, Madison, WI, USA)
at 42°C for 1h. Primers and PCR cycles were as follows:
SERPINE!I (sense, 5'-TCCTGGTTCTGCCCAAGTTCTC-3';
antisense, 5'-CACAAAGAGGAAGGGTCTGTCCA-3, 30
cycles), and GAPDH (sense, 5-AAGGTCATCCCTGAGCT
GAACG-3'; antisense, 5'-CAAAGGTGGAGGAGTGGGTGTC-
3', 23 cycles). PCR products were separated by agarose gel
electrophoresis and detected by staining with ethidium
bromide.

Cell Proliferation Assay

In 24-well plates, three wells each of PLC/PRF/S and Li7 cells
were treated with, or without, TGF-8 for 3 days. After 0, 1, 2,
and 3 days of treatment, the culture medium was replaced
with 10% WST-1 reagent (Roche Molecular Biochemicals) in
10% FBS/RPMI 1640, and incubated for 30 min at 37°C. The
absorbance of the converted dye was measured at a wave-
length of 450 nm, with background subtraction at 630 nm,
using a Bio-Rad Model 550 microplate reader (Bio-Rad
Laboratories, Hercules, CA, USA). Results were expressed as
the ratio of viable cells relative to those on day 0.

IHC

Formalin-fixed, paraffin-embedded tissue sections were
boiled for 30 min in 10 mmol/l Tris=HC! (pH 9.0), 150 mM
NaCl for antigen retrieval, and labeled with rabbit polyclonal
antibody against TGFBR2 (1:200) (Upstate) overnight at
4°C. Bound antibody was visualized using a peroxidase-
conjugated secondary antibody (ImmPRESS, Vector Labora-
tories, Burlingame, CA, USA), and color developed with
diaminobenzidine. After counterstaining with hematoxylin,
sections were mounted on coverslips.

Statistical Analysis

The y*-test was used when appropriate to determine the
correlations between clinicopathological ~variables and
TGFBR2 expression. Cumulative recurrence rate was calcu-
lated with the Kaplan—Meier method, and the log-rank test
was applied to compare survival between different groups.
In 92 consecutive patients who underwent surgery for HCC
from 2003 through 2006, 12 patients of the liver transplan-
tation were excluded from the analysis of recurrence-free
analysis. All statistical analyses were carried out using SPSS
statistical software (SPSS, Chicago, IL, USA).

RESULTS

TGF-p Superfamily Genes in HCC Cells

To understand the expression levels of TGF-§ signaling-re-
lated genes, expression profiles of HCC cells were examined
by two-way clustering analysis. In 12625 probes on a Gene
Chip HG-U95A array, 93 probes targeting 56 genes were
selected based on Gene Ontology annotation terms, includ-
ing ‘transforming growth factor beta’ Five HCC cell lines
were roughly classified into two clusters, one of which
involved PLC/PRF/5, Hep G2, and KIM-1 cells, and another,
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KYN-2 and Li7 cells (Figure 1). These cells have been pre-
viously classified into two groups on the basis of metastatic
potential in a mouse intrahepatic metastasis (IM) model, in
which orthotopically implanted KYN-2 and Li7 cells formed
secondary foci in the mouse liver, whereas others did not.”!
Thus, the classification by the clustering analysis in this study
reflected the classification based on metastatic potential
in the mouse model. In the central transducers of TGF-f
signaling pathway (ligands—receptors-SMADs), TGFBR2
showed markedly different expression between the two
groups. Mutations of the TGFBR2 gene frequently found in
some cancers have not been identified in HCC; therefore, we
speculated whether the reduced expression level of TGFBR2
causes suppression of TGF-f signaling without mutations,
and sclected it for further analyses. Although TGFBR2
expression was downregulated in metastatic (KYN-2 and Li7)
cells, not all the TGF-f-responsive gene expression correlated
with TGFBR2 expression levels. This suggests that hetero-
geneous TGF-f responses may be reflected in the expression
signature.

The differential expression of TGFBR2 in the HCC cell
lines was confirmed by RT-PCR (Supplementary Figure 1a)
and Western blot analyses (Figure 2a). Compared with the
nonmetastatic cells, TGFBR2 expression was reduced in the
metastatic cells. Thus, TGFBR2 was downregulated at both
the mRNA and protein level. Expression levels of TGF-
receptor I (TGFBR1), a binding partner of TGFBR2, were
almost same in these cell lines (Supplementary Figure la).

Response to TGF-$ in HCC Cells

To examine the functional role of the differential expression
of TGFBR2, the response to TGF-f in HCC cells was assayed
by semiquantitative RT-PCR (Figure 2b). After 3h of treat-
ment with 5 ng/ml TGF- 1, there was elevated expression of a
TGF-f-inducible gene, SERPINEI (plasminogen activator
inhibitor type 1), in the nonmetastatic cells. In contrast,
SERPINEI expression was not detected in either the KYN-2
or the Li7 cells, before and after treatment. Similarly, another
TGF-f-responsive gene, SMAD7, was upregulated in PLC/
PRF/5 cells by TGF-f stimulation, but not in the Li7 cells
(Supplementary Figure 1b).

We also evaluated the proliferative response of PLC/PRF/5
and Li7 cells to TGF-f. As shown in Figure 2¢, proliferation
of PLC/PRF/5 cells was reduced by treatment with TGF-f,
whereas Li7 cells showed no significant difference. Upregu-
lated expression of CDKNIA was observed in PLC/PRF/5
cells after TGF-fi addition, but not in the Li7 cells (Supple-
mentary Figure 1b). These results suggest that the growth
arrest mediated by CDKNIA through TGF-f signaling is
dependent on the expression level of TGFBR2.

TGFBR2 Expression in HCCs

Expression levels of TGFBR2 in clinical cases of HCC were
examined by immunohistochemistry (IHC). To optimize
the conditions for IHC, sections of tumors formed in
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Figure 1 Two-way clustering of TGF-f} signaling-related genes in five HCC cell
lines. The vertical axis corresponds to cells, and the horizontal axis to genes.
Gene expression levels are presented by log(2) ratio to mean intensity, and
depicted as color variation from red (high expression) to green {low expression).
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Figure 2 TGFBR2 expression and response of hepatocellular carcinoma
cells to TGF-f. (a) Western blot analysis shows a reduction of TGFBR2
expression in the KYN-2 and Li7 cells, compared with the others. Equal
protein loading was confirmed by staining the blot with amido black
(data not shown). (b) RT-PCR shows no response of KYN-2 and Li7 cells
to TGF-f. Following treatment with (+ ), or without (—), TGF-fi, expression
of SERPINET was upregulated in PLC/PRF/S, Hep G2, and KIM-1 cells.

(c) Cell proliferation assays in PLC/PRF/5 and Li7 cells treated with, or
without, TGF-f, for 3 days. The growth ratio indicates the relative cell
number compared with that of day 0 in each series.

immunodeficient mice by subcutaneous inoculation of
PLC/PRF/S or Li7 cells were prepared. By boiling the sections
for 30 min in 10 mmol/l Tris-HCl buffer (pH 9.0), TGFBR2
could be successfully detected in the cell membrane of PLC/
PREF/5 cells, but not in the Li7 cells (Supplementary Figure 2).
We performed THC on 136 nodules of human HCC speci-
mens using these optimal conditions. TGFBR2 was detected
in noncancerous hepatocytes, especially on the cell mem-
brane and corresponding to the expected localization for a
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membrane receptor (Figure 3). Bile duct cells and vascular
endothelial cells also expressed TGFBR2 (Figure 3a; an as-
terisk and arrowheads, respectively). Staining levels in each
cell type were basically homogenous. On the other hand, the
expression level of TGFBR2 in cancer cells varied among
nodules. Compared with noncancerous hepatocytes, un-
changed expression of TGFBR2 was found in some nodules
(Figure 3b), whereas reduced expression was seen in others
(Figure 3c). From the total of 136 nodules examined, reduced
expression (> 10% of tumor cells showing no membranous
staining of TGFBR2) was observed in 34 nodules, and ex-
pression levels similar to that observed in the noncancerous
hepatocytes was observed in 102 nodules (Table 1). Poorly
differentiated cells frequently showed reduced expression of
TGFBR2. In the cells that formed a tumor embolus (Figure
3d), TGFBR2 expression was significantly reduced compared
with adjacent hepatocytes, and there was no membrane
localization of TGFBR2. The results of IHC analyses from
clinical patient samples demonstrate that reduced expression
of TGFBR2 correlated with poor differentiation, portal vein
invasion, and IM.

During a median follow-up of 26 months (range, 0-67
months), the time-to-recurrence was analyzed in 80 cases
with HCC. Log-rank analysis showed that patients with
reduced TGFBR2 expression had a significantly shorter
time-to-recurrence (P =0.022), compared with patients with
TGFBR2 expression level similar to the adjacent hepatocyte
(Figure 4). Expression levels of TGFBR2 were different
among foci of multicentric HCCs. Therefore, patients with at
least one focus showing reduced TGFBR2 expression were
classified into the reduced TGFBR2 group.

DISCUSSION
TGFBR2 is a major TGF-# signaling molecule often found to
be one of the genes altered in cancer. Its expression levels in
HCC have been controversial and its biological role in HCC
remains unclarified. Some reports show unchanged TGFBR2
expression in HCC compared with adjacent liver tissue,”
whereas others show downregulation in 50% and 60%%
of HCCs. We found differential expression of TGFBR2 be-
tween metastatic and nonmetastatic HCC cells, and, with
[HC, demonstrated reduced expression of TGFBR2 in 25% of
HCC cases. TGFBR2 shows a clear membrane distribution in
noncancerous hepatocytes and this can be useful when using
IHC to assess specific downregulation in HCC. Although the
mechanism of TGFBR2 downregulation in HCC remains
unknown, microarray and RT-PCR analyses show that
TGFBR2 gene expression is reduced at the mRNA level.
Epigenetic silencing of TGFBR2 by promoter methylation
occurs in stomach, lung, and prostate cancers.”>*’ Con-
sidering that mutations or loss of the TGFBR2 gene are rare
in HCCs, epigenetic silencing may be involved in reduced
TGFBR2 expression in HCC.

Progression of HCC often leads to vascular invasion and
IM, which correlate with recurrence after treatment, and

Laboratory Investigation | Volume 90 September 2010 | www.laboratoryinvestigation.org

—386—



Figure 3 Immunolabeling of TGFBR2 in clinical specimens of HCC. (a) Nonneoplastic hepatocytes (N), bile duct epithelial cells (asterisk), and vascular
endothelial cells (arrowheads) showed TGFBR2 immunoreactivity on the cell membrane. Unchanged (b), or reduced (c) expression of TGFBR2 was shown in
tumor cells (7), compared with hepatocytes (N). (d) Tumor cells forming an embolus showed reduced TGFBR2 expression (arrow) compared with adjacent

hepatocytes (N).

poor prognosis.”*?* IM is thought to develop through tumor
cell dissemination through the portal vein.® Previous studies
using the mouse IM model indicate activation of RhoA?
and AKT,”' and overexpression of cortactin® in metastatic
HCC cells. We showed that the expression signature of
TGF-f signaling-related genes classified the HCC cells into
two groups according to their metastatic potential. Reduced
TGFBR2 expression significantly correlated with the
aggressive features of HCC. The results suggest that TGF-§

www.lab yi igation.org | Laboratory Investigation | Volume 90 September 2010

signaling has a suppressive role in HCC progression, as
downregulated TGFBR2 appears to result in impaired TGF-f§
signaling. However, TGF-f signaling in HCC is complicated.
Giannelli and coworkers®>* demonstrated the involvement
of TGF-f signaling in promoting HCC growth, progression,
and metastasis, and Coulouarn et al’® showed that the
expression signature of the late TGF-f response predicts
liver metastasis and poor outcome in HCC patients.
Considering these findings, TGF-f signaling may not be
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Table 1 Correlations between clinicopathological character-
istics and TGFBR2 expression in patients with HCC

TGFBR2 expression

Unchanged Reduced 1 test
Characteristics (n=102) (n=34) P value
Mean age (£sd) 622+94 602+128 04217
Gender 0475
Male 89 28
Female 13 6
Etiology 0.023
HBV 17 13
HQV 68 15
NBNC 16 6
AFP serum level (ng/mi) 0.202
<20 34 13
=20 25 17
Tumor size (cm) <0001
<2 54 6
>2 48 28
Differentiation <0001
Well 34 2
Moderately 62 18
Poorly 6 14
Portal involvement 0.002
- 62 10
+ 40 24
Intrahepatic metastasis <0.001
- 90 17
+ 12 17

HBV, hepatitis B virus; HCV, hepatitis C virus; NBNC, non-A, non-B fulminant
hepatic failure.

?t-test.

completely abolished in the cell with reduced TGFBR2
expression.

Reduced TGFBR2 expression correlated with portal vain
invasion in HCC cases, and poorly differentiated HCC
cells showed lower TGFBR2 expression compared with
well-differentiated cells. This suggests that HCC cells, with
reduced TGFBR2 expression, seem to be more invasive
and may promote IM. Recently, Matsuzaki et al*® showed the
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Figure 4 Kaplan-Meier curves for time to recurrence. Cumulative
recurrence rates (%) of patients with unchanged and reduced TGFBR2
expression are indicated by solid and dotted lines, respectively.

involvement of the TGF-f receptor-independent, JNK-
SMAD3 pathway in HCC progression.”® The receptor
activates SMAD3 by phosphorylation at the C-terminal re-
gion, whereas JNK phosphorylates the linker region of
SMAD?3, which is involved in tumor progression. In HCC
cells with reduced TGFBR2 expression, it seems likely that the
JNK-SMAD3 pathway may have a dominant role in cancer
progression. Further studies are needed to elucidate the
function of TGF-f signaling in HCCs with reduced TGFBR2
expression.

Although the role of TGF-f signaling in HCC progression
remains controversial, we have shown that the reduced
expression of TGFBR2 in HCC correlates significantly with
aggressive features, such as IM and short time-to-recurrence.
We suggest that reduced TGFBR2 expression may not only be
a biomarker for IM, but also a predictive factor for recur-
rence of HCC.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (httpz//www laboratoryinvestigation.org)
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Overexpression of “stemness gene” Bmi-1 has been identified in
some solid tumors. We investigated Bmi-1 expression in hepatocel-
lular carcinoma (HCC) and ATP-binding cassette transporter B1
(ABCBT) as a new potential target for Bmi-1. Bmi-1 was highly
expressed in HCC cell lines and the most well differentiated cell
line, KIM-1, showed the highest expression. Immunochistochemical,
immunocytochemical, and immunoelectron microscopic analysis
showed the Bmi-1 protein as having a high intensity of small dots
within the nucleus which reflected concentrated sites of Bmi-1
repressive activity. Clear “dot-pattern’ staining was observed in
24 of 37 (65%) well differentiated HCC (including 13 of 21 early
nodules [62%]), in 32 of 71 (45%) moderately differentiated HCC,
and 7 of 14 (50%) poorly differentiated HCC. A similar expression
was not observed in non-cancerous background regions. High
Bmi-1 expression was observed in the early and well differentiated
HCC. Furthermore, overexpression and suppression of Bmi-7 was
followed by a respective increase and decrease in ABCBT expres-
sion. As with Bmi-1, high ABCB7 expression was also observed
in the early and well differentiated HCC. A strong correlation
between ABCBT and Bmi-7 mRNA expression was seen in HCC cell
lines and clinical samples (Pearson’s correlation coefficient 0.95
and 0.90, respectively). The Bmi-1 gene is upregulated in HCC, and
in particular is highly expressed in early and well differentiated
HCC. The fact that this expression correlated with that of ABCB7
suggests a new regulation target for 8mi-1, and gives new insight
into early hepatocarcinogenesis mechanisms and potential targets

for future HCC treatment. (Cancer Sci 2010; 101: 666-672)
H epatocellular carcinoma (HCC) is the sixth most common
malignancy in the world and still ranks as the third high-
est cause of cancer-related death globally.!”’ Although individ-
ual risks for hepatocarcinogenesis, such as hepatitis viral
infection, excessive alcohol intake, and non-alcoholic steatohep-
atitis are well established, a poor prognosis of HCC is still
unavoidable due to the unclear mechanism of hepatocarcinogen-
esis. HCC is characterized by a multistage process of tumor pro-
gression.” and molecular changes. particularly in the early
stage of HCC, have rarely been shown. The idea of using stem
cell principles to understand tumor development and progression
has emerged because they share similar characteristics. Recent
reports on cancer stem cells or acquirement of stem cell-like
properties in various tumors have greatly increased the possible
connection of these cells in tumorigenesis. ™" Bmi-1 was first
identified as a proto-oncogene that co()gerates with ¢-mye to
generate mouse pre-B cell lymphomas.” Some reports show
that Bmi-1 might induce immortalization by regulating human
telomerase reverse transcriptase (WTERT) expression.™™ and
might play a role in tumorigenesis by acting as a negative regu-
lator of the INK4a/ARF locus that encodes two important tumor
suppressors in human cancer. p/6 and p/9.'™'" The overex-
pression of Bmi-1 has been identified in lymphoma”z“") and in
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a few solid tumors such as lung, colorectal, nasopharyngeal,
bladder, and HCC. "' Many reports mainly focus on Bmi-/
expression in the advanced stages of cancer and its role in a poor
prognosis. However, the exact mechanistic role of Bmi-/ in
tumorigenesis is not clear. In HCC, inactivation of pl6 expres-
sion, a well-known target of Bmi-/, is already observed in the
early stages of hepatocarcinogenesis, due to methylation or an
epigenetic mechanism.!"**® This suggests that another target in
the Bmi-1 signaling pathway should exist. Therefore, we exam-
ined the involvement of the ‘‘stemness gene™” Bmi-1 and its new
potential downstream target in hepatocarcinogenesis.

To our knowledge, there are no studies clearly showing a sub-
cellular expression pattern of Bmi-/ as a high intensity of small
dots within the nucleus in cancer cells. Herein, we examined the
expression patterns of Bmi-1 in HCC cell lines and clinical spec-
imens by immunohistochemistry, and these were confirmed with
immunocytochemistry and immunoelectron microscopy. We
also examined the expression levels of the ATP-binding cassette
transporter B1 (ABCBI), listed as one of the genes upregulated
after Bmi-1 induction in bone marrow stromal cells.® We
hypothesize the potential for ABCBI to be a new target for Bmi-
1. Immunohistochemical staining and mRNA expression level
of ABCBI were analyzed to investigate the correlation between
Bni-1 and ABCBI.

Materials and Methods

Cell culture. The human HCC cell lines, PLC/PRF/5 and
Hep(G2, were obtained from the American Type Culture Collec-
tion (Manassas, VA, USA). KIM-1, KYN-2. and Li7 were estab-
lished as reported previously. " All the cells were grown in
RPMI-1640 medium supplemented with 10% FBS. 100 U/mL
penicillin, and 100 pg/mL streptomycin.

Tissue specimens of HCC. HCCs and corresponding non-can-
cerous liver tissue were obtained from 100 patients with 122
nodules (37 well differentiated [including 21 early], 71 moder-
ately differentiated. and 14 poorly differentiated HCCs) who
underwent surgical resection at Keio University Hospital
(Tokyo, Japan) between 2003 and 2006. The specimens were
fixed in 10% formalin and embedded in paraffin. Three patholo-
gists evaluated the histological diagnosis according to the crite-
ria set by the World Health Organization.®” The histological
grade for HCC where different types were found within the
same nodule was determined by the predominant histological
grade. Primary hepatocytes were harvested from the autopsy of
a human fetal liver donor with signed, informed consent. The
cells were resuspended in growth medium (10% FBS in DMEM,
containing 0.1 mM non-essential amino acid and 0.1 mM
sodium pyruvate solution: Gibco BRL, Grand Island, NY.
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USA), and were maintained at 37°C in a humidified atmosphere
containing 95% air and 5% CO,. This study was carried out with
the approval of the Ethics Committee of Keio University School
of Medicine.

Real-time quantitative RT-PCR. Real-time quantitative RT-
PCR (gRT-PCR) analysis was carried out as previously
reported,'® at least three times, including a no-template negative
control. A total of 15 (five well differentiated, seven moderately
differentiated, and three poorly differentiated) HCC clinical
samples were used. The primer sets were: Bmi-/ forward,
5-GAGGGTACTTCATTGATGCCACAAC-3" and reverse,
5"-GCTGGTCTCCAGGTAACGAACAATA-3"; ABCBI forward,
5-GAGGCCAACATACATGCCTTCA-3 and reverse, 5'-GGC
TGTCTAACAAGGGCACGA-3".

Immunohistochemical and immunocytochemical analysis. Immu-
nohistochemical staining was done on formalin-fixed, paraffin-
embedded tissue sections. These were heated at 120°C in
0.01 mol/L sodium citrate buffer, pH 7.0, for 10 min before
incubation with a mouse Bmi-1 antibody (1/200; Upstate
Biotechnology, Lake Placid, NY, USA) and a multidrug resis-
tance protein 1 (MDR1) antibody (1/200; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA). Sections were then incubated
with ImmPRESS antimouse Ig kit secondary antibody (Vector
Laboratories, Burlingame, CA, USA), and stained with diam-
inobenzidine. For immunocytochemical analysis, KIM-1 cells
were grown to confluence on glass slides, fixed, and washed.
The slides were incubated with the Bmi-1 antibody (1/200) in
PBS containing 1% BSA, followed by FITC-conjugated,
antimouse Ig (1/400; Dako, Glostrup, Denmark). Staining was
evaluated using the LSM 510 Meta confocal microscope (Carl
Zeiss, Oberkochen, Germany). All staining analysis was done at
least twice. We defined Bmi-1 staining criteria as follows:
distributed diffusely with clear staining of the *‘dot-pattern’”
was scored 2+; distributed focally with weak staining of the dot-
pattern was scored [+; and an absence of the dot-pattern was
considered negative. Evaluation criteria for ABCB1 were
defined as follows: clear staining of irregular canalicular with
cytoplasmic staining scored 2+; an irregular canalicular staining
pattern scored 1+; and no staining was considered negative.

immunoelectron microscopy. KIM-1 cells grown to conflu-
ence on glass slides were fixed in 4% formaldehyde and incu-
bated overnight at 4°C with the Bmi-1 antibody (1/200). After
rinsing they were treated with a mouse secondary antibody
(1/100; Dako) for 3 h at room temperature, then re-fixed in 1%
glutaraldehyde for 10 min. After further rinsing, the sections
were stained with diaminobenzidine and post-fixed in 2%
osmium tetroxide. The slides were dehydrated in graded alcohol,
embedded in epoxy resin, and hardened at 60°C for 72 h. Ultra-
thin sections were cut with an ultramicrotome. stained with ura-
nyl acetate and viewed under a JEOL 1200 EXII transmission
electron microscope (Nihon Denshi, Tokyo, Japan).

Immunoblotting. PLC/PRF/S, HepG2, KIM-1, KYN-2, and
Li7 cells were lysed in lysis buffer (50 mM Tris-HCL [pH 7.5],
150 mM NaCl, S mM EDTA, 1% NP-40, and complete protease
inhibitors). Supernatants of the homogenates were subjected to
NuPAGE (4-12% Bis-Tris gel; Invitrogen, Carlsbad, CA, USA)
by electrophoresis, and transferred to PYDF membranes. Anti-
Bmi-1 (1/500), anti-MDR! (1/200), and anti-actin (1/1000;
Sigma, St Louis, MO, USA) were hybridized to the membranes
and detected with ECL Western blotting detection reagents (GE
Healthecare, Amersham, UK).

Transfection-induced  overexpression and RNA  inter-
ference. Human Bmi-1 full coding ¢cDNA was cloned from the
KIM-1 cell line with RT-PCR and inserted into pcDNAS3
(Invitrogen). This vector was transfected into the primary fetal
hepatocytes using Lipofectamine LTX and positive expression
vector-transfected cells were selected with G418 (Invitrogen).
according to the manufacturer’s instructions. For RNA interfer-
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ence, all purified and pre-annealed siRNA molecules were
obtained from Takara Bio (Shiga, Japan). Two siRNA molecules
were used, siBmi-1#1 and siBmi-1#2, with the targeted
sequences 5'-AACAAUAACGAAUAGAAUUGA-3 and 5-AA
GAAUUAUAACUGAUGAUGA-3’, respectively. Control (non-
targeting sequence), unmodified siRNA duplex was also
purchased from Takara Bio.

Statistical analysis. Data are expressed as mean = SEM. The
Zz-test was used when appropriate to determine the correlations
between clinicopathological variables and Bmi-1 expression.
The relative mRNA expression levels were compared using the
unpaired f-test, and the Pearson’s correlation coefficient test
was also used. Statistical significance was defined as P < 0.05.
All statistical analyses were carried out using Statcel software
version 2.0 (OSM, Tokyo, Japan).

Results

Bmi-1 expressed in HCC cell lines and distributed in high
intensity, dot-pattern expression in nucleus. To assess the
potential role of Bmi-/ in hepatocarcinogenesis, we examined
Bmi-1 expression in five human HCC cell lines using gRT-PCR
and Western blot analysis. Bmi-/ was highly expressed at both
the mRNA and protein level. The most well differentiated HCC
cell line, KIM-1, showed at least a three-fold higher level of
expression of Bmi-I, compared with the other cell lines

(A)

Bmi-1/GAPDH

Fig. 1. Bmi-1 expression in hepatocellular carcinoma (HCC) cell lines.
(A} Quantitative real-time- PCR and Western blot of Bmi-1 in HCC cell
lines. Bmi-1 is significantly expressed in the KiM-1 cell line compared
with other cell lines. Nuclear fraction proteins were used in the

Western blot analysis. Immunohistochemistry {B) and immuno
cytochemistry (C) of KIM-1 cells. Bmi-1 was diffusely distributed intra-
nuclearly (a, DAPL blue; b, anti-Bmi-1: red; ¢, merged). (D)
Immunoelectron micrograph of KIM-1. Bmi-1 particles are shown as
small black dots inside the nucleus.
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(Fig. 1A). As a wanscriptional repressor, Bmi-1 activity is
expected in the nucleus, and we found Bmi-1 protein enrichment
in the nuclear fraction compared with the whole lysates (data
not shown). Immunohistochemistry, immunocytochemistry, and
immunoelectron microscopic of the KIM-1 cells showed that the
Bmi-1 protein was distributed in high-intensity aggregates
within the nucleus (Fig. 1B-D). These results confirmed locali-
zation of the Bmi-1 protein in the nucleus, with a dot-pattern
appearance.

Bmi-1 expressed in HCC clinical samples, particularly in early
stage hepatocarcinogenesis. We evaluated Bmi-1 protein
expression in 122 HCC nodules (37 well differentiated [includ-
ing 21 early nodules], 71 moderately, and 14 poorly differenti-
ated HCCs). As with Bmi-1 expression in the HCC cell lines,
Bmi-1 expression in clinical samples was observed as small dots
distributed inside the nucleus (Fig. 2A), but the Bmi-1 dot-pat-
tern expression was not observed in the surrounding liver tissue
(Fig. 2B). There was no correlation between expression of Bmi-
1 and clinicopathological parameters, such as age. gender, portal
involvement, intrahepatic metastasis, etiology, or non-cancerous
background liver tissue. However, Bmi-1 positive expression
was significantly associated with well (including early) differen-
tiated HCC (P = 0.023) (Table 1). A 2+ score was observed in
24 of the 37 (65%) well differentiated HCCs (including 13 of
the 21 early nodules [62%]), 32 of the 71 (45%) moderately dif-
ferentiated HCCs, and 7 of the 14 (50%) poorly differentiated
HCCs. In contrast, negative expression was observed in only 2
of the 37 (5%) well differentiated HCCs (including 2 of the 21
early nodules {10%]), 15 of the 71 (21%) moderately differenti-
ated HCCs, and 4 of the 14 (29%) poorly differentiated HCCs
(Table 2). Interestingly, a higher level of Bmi-1 expression was
observed in the early and well differentiated HCCs, and this
declined with the progression of HCC. Similar findings were
found using qRT-PCR from clinical tissue samples. Strongly
positive Bmi-] expression was observed in the five well
differentiated HCC cases, compared with the seven moder-
ately differentiated cases and the three poorly differentiated
HCC cases (Fig. 2C). The average level of Bmi-1 expression
was significantly higher in tumor tissue compared with
the non-cancerous background liver tissue (2.23 vs 0.86; P =
0.002).

Bmi-1/GAPDH

668

Bmi-7 expression linked to ABCBT expression. We have previ-
ously analyzed gene expression profiles after Bmi-/ induction in
bone marrow stromal cells.® Among the genes upregulated we
found that the ABCB/ gene was upregulated together with the
overexpression of Bmi-1. compared with the control parental
cells (T. Mori et al., unpublished observation, 2004). To further
verify the regulation of ABCB/ we looked at changes in ABCB/
expression during transient overexpression of Bmi-I using
primary fetal hepatocytes. Following Bmi-1 overexpression,
relative mRNA levels of ABCB/ in primary fetal hepatocytes
were increased threefold (Fig. 3A). Bmi-/ knockdown also led
to a downregulation of ABCB] expression in the KIM-1 HCC
cell line (Fig. 3B), however, decreased ABCB! expression was
not very significant, which might be due to the presence of Bmi-
I-independent ABCB/ expression. These results suggest a paral-
lel association between Bmi-/ and ABCBI expression in HCC
cell lines and hepatocytes.

ABCBT expression in HCC cell lines and HCC clinical samples
correlated with Bmi-7 expression. We further evalvated ABCB/
expression in HCC cell lines and clinical samples. As with Bmi-
1, the highest levels of ABCB] mRNA and protein expression
were observed in KIM-1 cells, relative to the other cell lines.
ABCBI mRNA expression level in tumor tissue is not signifi-
cantly higher compared with non-cancerous background liver
tissue due to its normal expression in non-cancerous background
liver tissue, however, there is a tendency for higher expression
level of ABCBI in well differentiated cases (2.30 vs 1.33;
P =0.21) (Fig. Slab). We found a strong statistical correlation
between ABCB/ and Bmi-1 mRNA expression with the Pear-
son’s correlation coefficient being 0.95 and 0.90 for HCC cell
lines and HCC clinical samples, respectively (Fig. 4A,B).
Immunohistochemical staining of ABCB! showed both cyto-
plasmic and a canalicular staining pattern in the tumor region.
Although the canalicular staining pattern was also seen in the
surrounding non-cancerous region, the pattern was more irregu-
lar and thicker (Fig. Sic.d). A 2+ score was observed in 29 of
37 (78%) well differentiated HCCs (including 18 of 21 early dif-
ferentiated nodules [86%]), in 50 of 71 (70%) moderately differ-
entiated HCCs, and in 10 of 14 (71%) poorly differentiated
HCCs. Negative expression was observed in 1 of 37 (3%) well
differentiated HCCs (no early nodules had negative expression),

Fig. 2. Bmi-7 expression in hepatocellular carcinoma
(HCQ) clinical samples. (A) Immunostaining of Bmi-1
in moderately differentiated HCC. Magnification,
%200. A clear dot-pattern of Bmi-1 was distributed
diffusely in the tumor region. (B) Boundary region
of well differentiated HCC (a, H&E stain; b,
corresponding Bmi-1 staining, magnification x100; ¢,
magnification x200). Bmi-1 expression was observed
in the tumor region but not in surrounding liver
tissue. Black arrows outline the border between the
non-cancerous background region {N) and the tumor
region (T). (C) Bmi-1 mRNA expression levels in HCC
clinical cases. The relative mRNA expression levels in
tumor tissues (black bar, T) and corresponding
non-cancerous, background liver tissues (gray bar, N}
(left panel). High Bmi-1 expression was observed in
well differentiated HCC. The average expression level
of B8mi-1 was significantly higher in tumor tissues
than in non-cancerous, background liver tissues (2.23
vs0.86; *P = 0.002) (right panel).
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Table 1. Characteristics of 122 hepatocellular carcinoma nodules on
the basis of Bmi-1 immunostaining

Bmi-1 expression

Characteristics P value
2+/1+ -
No. of nodules 101 21 0.339
Mean age (years) 62.7 60.2 NA
Gender
Male 88 15 NA
Female 13 6
Tumor size (cm)
<2 37 6 0.482
22 64 15
Differentiation
Well {early) 35 (19) 2(2) 0.023*
Moderately/poorly 66 19
Portal involvement
- 54 9 0.376
+ a7 12
Intrahepatic metastasis
- 80 14 0.214
- 21 7
Etiology
Hepatitis B virus 21 7 NA
Hepatitis C virus 61 12
Non-B / Non-C 19 2
Non-cancerous liver
Liver cirrhosis 51 10 0.810
Others 50 11

*P < 0.05. -, absence of dot-pattern staining; 1+, distributed focally
with weak dot-pattern staining; 2+, distributed diffusely with clear
dot-pattern staining; NA, not available.

Table 2. Immunohistochemical analysis of Bmi-1 expression in
hepatocellular carcinoma (HCC) (n = 122)

Bmi-1 staining score

Histology
2+ 1+ -
Well differentiated HCC (n = 37) 24 (65%) 11 (30%) 2 (5%)
Early HCC (n = 21) 13 (62%) 6 (29%) 2 {10%)
Moderately differentiated 32 (45%) 24 {(34%) 15{21%)
HCC(n=71)
Poorly differentiated HCC (n = 14) 7 (50%) 3{21%) 4 {29%)

-, absence of dot-pattern staining; 1+, distributed focally with weak
dot-pattern staining; 2+, distributed diffusely with clear dot-pattern
staining.

=

Fig. 3. Overexpression and silencing of Bmi-1
expression affected ATP-binding cassette transporter
B1 (ABCB1) expression in primary fetal hepatocytes
and a hepatocellular carcinoma (HCC) cell line. (A)
Bmi-1 overexpression in primary fetal hepatocytes
resulted in increased ABCBT expression, compared
with the mocdk-transduced control (*P < 0.01;
**xp = 0.038). (B) Silencing of Bmi-1 expression by 0
two different siRNAs (#1 and #2) in KIM-1 cells was
followed by a decrease in ABCBT expression

(*P < 0.01; **P = 0.08). Error bars were derived from

three independent experiments.

Bmi-1/GAPDH
N
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in 5 of 71 (7%) moderately differentiated HCCs, and in 3 of 14
(21%) poorly differentiated HCCs (Table 3). As expected,
ABCBI1 expression was also higher in the well differentiated
HCCs. There was a correlation in ABCB1 and Bmi-1 staining
(Fig. 4C), and 50 of 122 (41%) cases showed strong expression
of both Bmi-1 and ABCBI1 (Table 4).

Discussion

Folk)win% the identification of Bmi-I overexpression in solid
tumors, 1 some studies have also reported the overexpres-
sion of Bmi-1 in HCC.'7"%* However, the Bmi-I localization
area and whether Bmi-/ is highly expressed in the early or late
progression of HCC is still controversial. In this study, high lev-
els of Bmi-1 expression were observed in early HCC, and we
carefully describe the specific subcellular expression of Bmi-/
within the nucleus. We believe that as a transcriptional repres-
sor, Bmi-I _activity is expected to occur inside the
nucleus."**** Moreover, we found a correlation in the expres-
sion of Bmi-1 and ABCB/ suggesting that ABCB/I might present
a novel downstream target for Bnii-1.

Bmi-1 belongs to the Polycomb gene group (PeG) involved in
maintaining target genes in their transcriptional state. A possible
mechanism of PcG-mediated repression is the recruitment of
certain regulatory factors. or chromatin-modifying activities,
into a unique nuclear domain which results in inhibiting chroma-
tin remodeling required for the transcriptional process.?*
Indeed, there is evidence showing that 3D imaging of PcG pro-
teins in Drosophila embryos shows distribution of PcG com-
plexes throughout the nuclear volume as discrete loci, which
might reflect sites of repressive complexes.® In accordance
with previous reports. we observed that Bmi-/ was expressed as
high-intensity, small aggregates distributed inside the nucleus in
the HCC region. The Bmi-1 dots appeared in different parts of
the nucleus, often very near to or partially coincident with het-
erochromatin. These findings support the indication of Bmi-/
function as a gene transcriptional repressor by regulating chro-
matin silencing. Regarding this immunohistochemical staining
dot-pattern as a positive expression of Bmi-1, we found high lev-
els of Bmi-1 expression in well (included early) differentiated
HCCs. whereas similar expression was not observed in the cor-
responding non-cancerous background hepatocytes.

The Bmi-1 signaling pathway is one of the candidates that
might, in part, govern stem cell fate, and acquirement of its
“stemness’’ function has been linked to neoplastic prolifera-
tion.“?® The ability of Bmi-/ to promote tumorigenesis and
bypass senescence through regulation of p/6 and hTERT
expression®” suggests a potential role of Bmi-J in initiating
hepatocarcinogenesis and immortalization of the hepatocyte.
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Table 3. Immunohistochemical analysis of ATP-binding cassette

transporter B1 (ABCB1) expression in hepatocellular carcinoma (HCC)
{n=122)

ABCB1 staining score

Histology
2+ 1+ -
Well differentiated HCC {(n = 37) 29 (78%) 7 {19%) 1(3%)
Early HCC (n = 21) 18 (86%) 3(18%) 0(0%)
Moderately differentiated 50 (70%) 16 (23%) 5(7%)
HCC (n = 71)
Poorly differentiated HCC (n = 14) 10 (71%) 1 (7%) 3 (21%)

-, no staining; 1+, irregular canalicular staining pattern; 2+, clear
staining of irregular canalicular with cytoplasmic staining.

Low levels of pi6 expression and increased activation of
hTERT have also been reported in HCC, including in early
HCC."9%"?® We observed high levels of Bmi-I expression
in early HCC, which might indicate an indispensable fuaction
for Bmi-1 in the early development of cancer. Bmi-1 expres-
sion was also observed in progressed HCC, however, the
expression level was not as high as in early HCC. This find-
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Fig. 4. Correlation and immunostaining of Bmi-1
and ATP-binding cassette transporter B1 (ABCBT)
expression in hepatocellular carcinoma (HCC). (A
and B) Evaluation of Bmi-7 and ABCB7 mRNA
expression in HCC cell lines and HCC cdinical
samples. A strong correlation between Bmi-7 and
ABCB! expression was observed in HCC cell lines
and clinical samples by the Pearson’s correlation
coefficient test (0.95, P =0.01; and 0.90, P < 0.01,
respectively) (black column, Bmi-1; gray column,
ABCBT). (¢) Bmi-1 and ABCB1 expression in early,
moderately, and poorly differentiated HCC
{magnification, x200). Clear staining of Bmi-1 "dot-
pattern” (scored as 2+), and a canalicular and
cytoplasmic ABCB1 staining pattern (scored as 2+),
was observed in well differentiated HCC. Bmi-1
expression appeared weaker (scored as 1+), and
only a canalicular staining pattern of ABCB1 {scored
as 1+4), was seen in moderately differentiated HCC.
No dot-pattern of Bmi-1 and an absence of ABCB1
staining were observed in poorly differentiated
HCC (scored as negative). Both Bmi-1 and ABCB1
expression decreased with the progression of HCC,
suggesting their correlated expression.

Table 4. Combined immunohistochemical analysis of Bmi-1 and ATP-
binding cassette transporter B1 (ABCB1) expression in hepatocellular
carcinoma

ABCB1 staining score

Bmi-1 staining score 4 L -

2+ 50 (41%) 12 (10%) 1(1%)
1+ 28 (23%) 7 {6%) 3 (2%)
- 11 (9%) 5 (4%) 5 (4%)

ABCB1 staining scores: —, no staining; 1+, irregular canalicular staining
pattern; 2+, clear staining of irregular canalicular with cytoplasmic
staining. Bmi-1 staining scores: -, absence of dot-pattern staining;

1+, distributed focally with weak dot-pattern staining; 2+, distributed
diffusely with clear dot-pattern staining.

ings suggested de novo tumor development pathways as well
as indicated another functional role of Bmi-/ in progressed
HCC. Although it is clear that Bmi-1 plays a role in keeping
self-renewal ability and proliferation, the exact molecular
mechanism of Bmi-/ in early hepatocarcinogenesis remains
unclear. Inactivation of pl6 expression by methylation or epi-
genetic mechanisms has already been observed as an early
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