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Table 3. Protein Expression in HCC and Adjacent Nontumorous Tissue

Database Average  Homogenelty Coverage Fold
No  Accession No. Protein Name Mass Rate (%) T-test Score {%) Decrease  References®
N1 g-24657579 VCL protein (VINCULIN) 116,718 100 0.015 583 6.0 1.81
N2  gi-1709947  Pyruvate carboxylase, mitochondrial precursor 128,533 70 0.007 137.3 108 1.70 (14)t
N3  g-4938304  Lysine-ketogiutarate reductase 102,064 90 <0.001 6238 6.9 1.55
N4 gi-19353009 Similar to elongation factor 2b 57,455 100 0.008 30.8 6.2 1.39
N5  gi-8659555  Aconitase 1 98,318 100 0.008 1515 188 1.39
N6  g-31415705 Transfermn 76,981 75 0.006 1280 174 1.60
N7  g-40789249 Asparty-tRNA synthetase 2 {mitochondrial) 73,498 100 0.011 36.0 9.0 213
N8 g-12655193 Phosphoenoipyruvate carboxykinase 2 (mitochondrial) 70,635 75 0.025 1894 201 1.86
N9 g-11761629 Fibrinogen, alpha chain isoform alpha preproprotein 69,695 80 0.003 869 17.9 207
N10 gi-284351 Phosphoglucomutase 61,352 89 0.004 38.38 6.0 1.48
N11 g-4758312  Electron-transfeming-flavoprotein dehydrogenase 68,489 89 0.004 826 123 1.48
N12 gi-4557645  Heterogeneous nuclear ribonucieoprotein L isoform a 60,169 100 0.007 417 10.4 1.74
N13 g-20149621 Hypothetical protein LOC26007 58,892 100 0.001 1686 351 2.29
N14 gi-4557014  Catalase 59,700 89 0.010 1616 154 1.62 {15t
Ni5 g-11140815 Formiminotransferase cyclodeaminase 58,871 100 0.004 1586 203 2,26
N16 g-7431380  Urdine diphosphogiucose dehydrogenase 55,040 100 0.032 310 1.7 1.31
N17 gi-4507813  UDP-glucose dehydrogenase 54,971 100 0.032 500 124 1.31
Ni8 g-4503375  Dihydropyrimidinase 56,575 100 0032 60.7 8.7 1.31
N19 g-25108887 Aldehyde dehydrogenase family 7 member A1 55,348 78 0.003 252 6.0 1.71
N20 g-4885281  Giutamate dehydrogenase 1 61,379 100 <0.001 1810 268 1.42
N21 g-13027638 UDP-glucose pyrophosphorylase 2 isoform a 56,947 100 <0.001 1196 234 237
N22 g-7705688 Leucine aminopeptidase 56,031 100 <0.001 940 174 244
N23 g-28949044 Human mitochondrial aldehyde dehydrogenase 54,426 100 0023 1013 152 1.49 (16)
N24 g-20151189 Human glutamate dehydrogenase-apo form 55,990 100 <0.001 181.0 268 1.74
N25 g-16306550 Selenium binding protein 1 52,339 100 0.010 900 188 1.42
N26 g-22547189 Serine hydroxymethyl transferase 1 (soluble) isoform 2 48,978 89 0.010 89.7 221 230
N27 g-4503481  Eukaryotic translation efongation factor 1 gamma 50,100 100 0.001 309 58 223
N28 g-6730018 Human L-arginine:glycine amidinotransferase 44,625 100 0.001 163.7 265 223
N29 g-5031751  3-Hydroxy-3-methylglutaryl-coenzyme A synthase 2 56,581 80 0.007 1701 221 1.66
N30 g-19743875 Fumarate hydratase precursor 54,619 89 <0.001 1210 272 231
N31 g-16878083 Enolase 3 46,884 89 <0.001 493 124 231
N32 g-4557888  Keratin 18 48,010 86 0.037 1349 182 141 (17
N33 g-16950633 Amgininosuccinate synthetase 46,482 100 <0.001 844 169 3.58 (18)t
N34 gi-4530461  Betaine-homocysteine methyltransferase 44,980 100 <0.001 1330 334 5.19
N35 g-28178832 Isocitrate dehydrogenase 2 (NADP+), mitochondrial 50,891 90 0001 1100 270 2.09
N36 g-4557587  Fumaryl acetoacetate hydrolase (fumary 46,326 100 0.001 1065 241 217 (19)
lacetoacetase)
N37 g-7110715  SEC14-like 2 46,127 89 0.038 833 17.6 1.69
N38 g-12804931 Acetyl-coenzyme A acyltransferase 2 41,906 100 0.001 1194 294 227
N39 g-7542837  Medium-chain acyl-CoA dehydrogenase 46,570 88 <0001 886 18.4 171
NAQ g-4557237  Acetyl-coenzyme A acetyltransferase 1 precursor 45,181 78 <0.001 1384 353 1.80
N41 gi-4501853  Acetyl-coenzyme A acyltransferase 1 44,273 71 0.046 56.7 9.3 1.68
N42 g-4504067  Aspartate aminotransferase 1 46,229 100 0.018 957 217 2.00
N43 g-3337390  Haptoglobin 38,215 100 0.001 345 80 1.74 (20)
N44 ¢i-4501929  Class | alcohol dehydrogenase, alpha subunit 39,840 88 <0.001 1212 230 4.12
N45  gi-494091 Chain A, alcohol dehydrogenase (beta-1 isoenzyme) 39,606 100 0.019 848 204 387
N46 g-20530221 BLOCK 25 37,747 80 0.029 300 188 234
N47 g-13096743 Chain A, human gamma-2 alcohol dehydrogenase 39,676 100 <0001 1066 209 421
N48 g-25777615 Proteasome 26S non-ATPase subunit 7 37,007 80 0.006 214 7.3 1.86 (21)
N49 g-1352403  Fructose-1,6-bisphosphatase 1 36,810 100 <0.001 1504 439 2.28
N50 g-4507155  Sorbitol dehydrogenase 38,293 80 0.005 692 219 2.06
N51  g-113611 Fructose-bisphosphate aldolase B (liver-type aldolase) 39,455 100 0.003 1379 282 2.59
N562 g-1705823  Aldo-ketoreductase family 1 member C4 37,097 100 0.045 1100 266 138 (21)
N53 g-688031 Aryl suffotransferase ST1A3 34,191 89 0.003 304 118 2.63
N54 ¢i-8815565  Alcohol/hydroxysteroid sulfotransferase 33,747 89 0.003 293 86 2.63
N55 g-9506741  Glycine N-methyitransferase 32,724 75 0004 424 1386 228
N56 gi-12654663 Esterase D/formylgiutathione hydrolase 31,502 75 0.004 565 221 228
N57 g-9087220 Sulfotransferase 1A1 (arylsulfotransferase 1) 34,178 100 0.009 840 2886 2.01
N58 g-17402865 Thiosulfate sulfurtransferase (thodanese) 33,410 100 <0001 935 282 1.58
N59 g-4503607  Electron transfer flavoprotein, alpha polypeptide 35,061 90 <0.001 1208 439 1.72
N60 g-4503301  24-Dienoyl CoA reductase 1 precursor 36,049 89 0.004 915 242 1.76

*The references can be found in Supplementary Information 2.
$Previously reported to be down-regulated in HCC.
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86.7% and 95.6% when glypican-3 was used with
FTCD. These results indicate that combination of the
three markers greatly improves the diagnostic accuracy of
HCC.

It has recently been recommended to perform a biopsy
to identify the features of malignancy when small hepatic
masses are detected. As a result, a distinction among re-
generative, dysplastic, and malignant hepatocellular nod-
ules is needed on liver biopsy specimens. Therefore, we
tested whether we can distinguish eHCC from benign
tumors such as dysplastic and regenerative nodules. A
total of 18 eHCC tissues and 10 benign tumor tissues
(five FNH, three LRN, and two adenomas) were immu-
nostained with CHC, FTCD, and glypican-3 antibodies
(Table 6). Note that high-grade dysplastic nodules

were included in eHCC because they have been con-
sidered as premalignant or malignant lesions by abnor-
mally increased arteriolar and capillary supply.’® In
contrast, low-grade dysplastic nodules were included in
benign tumor. Seven eHCCs were distinguished from
adjacent nontumor tissues by stronger staining of
CHC, whereas one of FNH and LRN was weakly
stained with CHC antibody (Fig. 5A, Table 6). Eight
eHCCs showed weaker staining of FTCD than adja-
cent nontumor tissues (Fig. 5B, Table 6). In contrast,
all of the FNH and LRN tissues were moderately
stained, which is indistinguishable from their adjacent
nontumor tissues. Two adenoma tissues showed
weaker staining of FTCD than nontumor tissues. Six
eHCCs and none of the benign tumors showed stron-
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Fig. 4. Immunohistochemical analyses of differential protein expression in tumor tissues. From HCC specimens, paraffin-embedded blocks of tumor
and adjacent nontumor tissue were collected. Four-micron sections from paraffin tissue were fixed on slide glasses. The primary antibody is equal
to immunaoblot analysis. EnVision + system was used fo visualize tissue antigens, and tissue sections were counterstained with hematoxylin. (A)
Aithough no staining of CHC (clathrin heavy chain) was observed in nontumor tissues, tumor cells showed scattered staining in the cytoplasm and
plasma membrane. (B) FTCD (formiminotransferase cyclodeaminase) showed strong and uniform staining in the cytoplasm of nontumor tissue
compared with faint staining in the cytoplasm of tumor cells. (C) Rhodanese showed a mixture of scattered and strong staining in the cytoplasm of

nontumor tissue, whereas tumor tissue was scarcely stained.

ger staining of glypican-3 than adjacent nontumor tis-
sues. The sensitivity and specificity of CHC, FTCD,
and glypican-3 individually for detection of early HCC
was 41.2% and 77.8% for CHC, 44.4% and 80.0% for
FTCD, and 33.3% and 100% for glypican-3 (Table 6).
The sensitivity of CHC or FTCD was better than that
of glypican-3. Moreover, the sensitivity significantly
increased by combination of these markers, 72.2% for
CHC + FTCD, 61.1% for CHC + glypican-3 and
FTCD + glypican-3. This is because 44% of glypican-
3-negative eHCCs were able to be detected by either
CHC or FTCD staining. These results support that
CHC and FTCD are potential biomarkers for early
detection of HCC.

Table 4. Histology of HCC and Non-HCC Tissues on Tissue

Array
Histology Case
HCC tissue Well-differentiated HCC 14
Maoderately differentiated HCC 40
Poorly differentiated HCC 11
Unclassified 18
Non-HCC tissue Chronic hepatitis 8
Cirhosis 19
Dysplastic nodule 1
Nonspecific reactive change 11
Reactive hepatitis 20
Unknown 9

Discussion

In this study, we compared protein expressions be-
tween HCC and adjacent nontumor tissues using a pro-
teome method. A total of 83 proteins with altered
expression were identified. Validation of the differentially
expressed protein by immunoblot or immunostaining
demonstrates that CHC, Ku86, FTCD, rhodanese, and
vinculin showed striking differences between tumor and
nontumor tissues. Evaluation of the staining intensity of
CHC and FTCD enabled us not only to distinguish non-
tumor and tumor tissues with high accuracy but to dis-
criminate eHCC and benign tumors such as dysplastic
and regenerative nodules, which is challenging for expert
pathologists. Moreover, CHC and FTCD were able to
detect several glypican-3-negative eHCCs, which consid-
erably improved the diagnostic accuracy of eHCC by
combination of these markers.

In recent years, the incidence of HCC has been increas-
ing in a number of countries, including Europe and the
United States.!? As a result, considerable emphasis is now
placed on the surveillance of HCC. Recent guidelines for
HCC management recommend the combined use of al-
pha-fetoprotein and ultrasonography for HCC surveil-
lance.” When small hepatic masses of 1 to 2 cm within a
cirrhotic liver are detected, these lesions should undergo
biopsy if they do not exhibit typical radiological features
of HCC. Accordingly, a distinction between benign and
malignant tumor is demanded for pathologists in small
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Table 5. Immunohistochemical Analysis From Tissue Array of HCC
A
CHC FTCD Giypican-3

Expression Non-HCC HCC Non-HCC HCC Non-HCC HCe
3 3 43 45 12 0 38
2 27 33 22 20 2 14
1 31 6 1 32 49 13
0 7 1 0 19 17 18

B

HCC (n = 83) Non-HCC (n == 68)
Sensitivity Specificity
o+ - + - (%) (%)

CHC = 3 43 40 3 65 51.8 95.6
FICD =1 51 32 1 67 614 98.5
Glypican-3 = 2 52 31 2 66 62.7 971
CHC =3 orFICD = 1 67 16 4 64 80.7 94.1
CHC = 3 or Glypican-3 = 2 59 24 [ 62 711 91.2
FTCD = 1 or Glypican-3 = 2 72 11 3 65 86.7 95.6

[+

CHC FTCD

Expression Non-HCC Well Moderate Poor Non-HCC Well Moderate Poor
3 3 (4.4%) 3(21.4%) 21 (52.5%) 8(72.7%) 45 (66.2%) 4 (28.6%) 6 (15.0%) 1(9.1%)
2 27 (39.7%) 6 (42.9%) 18 (45.0%) 3(27.3%) 22 (32.4%) 4 (28.6%) 9 (22.5%) 4(36.4%)
1 31 (45.6%) 4 (28.6%) 1(2.5%) 0 (0%) 1{1.5%) 4 (28.6%) 16 (40.0%) 4(36.4%)
0 7(10.3%) 1(7.1%) 0 (0%) 0 (0%) 0 (0%) 2(14.3%) 9 (22.5%) 2(18.2%)

biopsies, and further immunohistochemical markers with
sufficient sensitivity and specificity are desired. Some
markers that can distinguish HCC from dysplastic nod-
ules in cirrhosis have recently been reported.’” The diag-
nostic yield of three putative HCC markers, HSP70,
glypican 3, glutamine synthetase, was investigated; these
were previously proposed by other researchers as prom-
ising markers for HCC. However, we identified two
novel proteins, CHC and FTCD, by comprehensive
proteome analysis, and they were found to be useful for
the pathological diagnosis of HCC. Diagnostic values,
such as the sensitivity and specificity of proteins for
HCC, are comparable to glypican-3 in our analyses.
More importantly, the sensitivity and specificity signif-

icantly increased when immunostaining of glypican-3
was used with that of CHC and FTCD. Thus, a com-

Table 6. Immunohistochemical Analysis of CHC, FICD, and

Glypican 3 in Early HCC Tissues
Early HCC Benign Tumor
T>Nor T>Nor Sensitivity Specificity
T<N T=N T<N T=N %) (%)
CHC 7 10 2 7 412 77.8
FICD 8 10 2 8 444 80.0
Glypican-3 6 12 0 10 333 100

T, tumor tissues; N, nontumor tissues.

bination of these markers is useful for screening of
HCC.

Overexpression of CHC in HCC was confirmed by
immunoblotting, and most HCC showed strong and
scattered staining in the cytoplasm and plasma mem-
branes. Although CHC overexpression has not been re-
ported in any other primary human cancers, fusion of the
CHC gene to other genes, such as ALK and TFE3, has
been documented in large B-cell lymphoma, pediatric re-
nal adenocarcinoma, and inflammatory myofibroblastic
tumor.?%-24 These results indicate that deregulated expres-
sion of CHC might play important roles for tumorigen-
esis. CHC is known to be localized in the plasma
membrane and the cytoplasmic face of intracellular or-
ganelles in the plasma membrane, called coated vesicles
and coated pits. These specialized organelles are involved
in the intracellular trafficking of receptors and endocyto-
sis of a variety of macromolecules.?’ Recently, Royle et
al.2¢ showed that clathrin stabilizes fibers of the mitotic
spindle to aid the congression of chromosomes. Because
deregulation of mitotic processes leads to chromosomal
instability, known as marker of cancer, the importance of
clathrin in normal mitosis may be relevant to understand-
ing human cancers. We have previously shown that kinet-
ochore proteins, CENP-A and CENP-H, are up-
regulated in human primary colon cancer, and their
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A CHC

Non—HC

overexpression induces aneuploidy.'#2” Similarly, the up-
regulation of CHC observed in this study might cause
chromosome missegregation and lead to HCC develop-
ment.

FTCD showed strong uniform staining in most non-
tumor tissue, whereas weak staining was observed in
HCC. Interestingly, the intensity of FTCD staining in
well-differentiated HCC tissues was more likely to be
stronger than that in poorly differentiated HCC tissues,
suggesting that the expression of FTCD might be in-
volved in the dedifferentiation of tumor cells. FTCD was
previously identified as a 58-kDa rat liver protein with the
cytoplasmic surface of the Golgi apparatus in vivo.?® It is
considered that FTCD is a liver-specific enzyme that con-
trols folic acid metabolism.? Although FTCD has also
been recognized as a liver-specific antigen recognized by
the sera of patients with autoimmune hepatitis,*® its in-
volvement in carcinogenesis has not been reported. Thus,
our observation is the first report that suggests that down-
regulation of FTCD participates in liver carcinogenesis.
Further studies are needed to elucidate the precise mech-
anism of FTCD down-regulation in HCC.

Ku86 is a DNA end-binding molecule that plays an
important role in the process of DNA damage signaling
and repair, which is thought to maintain genomic stabil-
ity. Mice deficient in Ku86 showed a marked increase in
chromosomal aberrations, and the loss of p53 and Ku86
promotes tumorigenesis, which suggests that Ku86 sup-

on-HC
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Fig. 5. immunohistochemical anal-
yses of differential protein expression
in early HCC tissues. Early HCC tissues
were stained with hematoxylin-eosin
(upper panel) or with anti-CHC (clath-
rin heavy chain)/FICD (formimino-
transferase cyclodeaminase) antibody
{lower panel). Arrows indicate borders
between early HCC and nontumor tis-
sue. (A) Eary HCCs were distinguished
from adjacent nontumor tissues by
stronger staining of CHC. (B) Eady
HCCs showed weaker staining of FICD
than adjacent nontumor tissues.

presses tumor development by maintaining the integrity
of the genome.?' Furthermore, recent observation
showed that haplo-insufficiency of Ku80 (=Ku86) in
poly(ADP-ribose) polymerase-1 (PARP-1)~/~ mice pro-
motes the development of hepatocellular adenoma and
hepatocellular carcinoma,?? suggesting that down-regula-
tion of Ku80 is also important for liver carcinogenesis. In
contrast, there are some examples in which the up-regu-
lation of Ku86 is associated with tumor progression. In-
creased expression of Ku70 and Ku86 in a COX-2-
dependent mechanism might be associated with
hyperproliferation of gastric cancer cells.?? In addition,
increased expression of Ku86 has been reported in B-cell
chronic lymphocytic leukemia and in aggressive breast
tumors.3435 More precise work is needed to examine the
expression level of Ku86 in various tumors and to test
whether overexpression of Ku86 is a cause or consequence
of tumorigenesis.

Rhodanese (EC 2.8.1.1) was originally identified as a
mitochondrial matrix enzyme and was proposed to play a
role in cyanide detoxification.? Recently, it was demon-
strated that H,S is a potent toxin normally present in the
colonic lumen, which may play a role in ulcerative colitis,
and rhodanese is the principal enzyme involved in H,S
detoxification.?” In fact, the expression of rhodanese was
focally lost in ulcerative colitis.?® Moreover, rhodanese
was markedly reduced in advanced colon cancer.?® Given
that chronic inflammation is an important underlying
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condition for tumor development,® anti-inflammatory
protein such as rhodanese might prevent tumor progres-
sion. Recent data have also expanded the concept that
inflammation is a critical component of carcinogenesis. In
this regard, down-regulation of rhodanese might be a
cause of HCC development and could be a potential tar-
get for cancer therapy.

Vinculin has a crucial role in the maintenance and
regulation of cell adhesion and migration. On recruit-
ment to cell-cell and cell-matrix adherens-type junc-
tions, vinculin becomes activated and mediates various
protein—protein interactions that regulate the links be-
tween F-actin and the cadherin and integrin families of
cell adhesion molecules.*® Because the loss of cell-cell and
cell-matrix interaction is crucial for the development of
tumors, down-regulation of vinculin might contribute to
carcinogenesis. In fact, the expression of vinculin was re-
pressed in lung carcinoma in surfactant protein C (SP-C)/
c-raf transgenic mice! Overexpression of vinculin
suppresses tumerigenicity in transformed cells,#2 whereas
cancer cells lacking vinculin enhance cell motility and are
highly metastatic.#>4¢ Qur finding that vinculin was re-
pressed in HCC further supports its tumor suppressor
function. Interestingly, although full-length vinculin is
117 kDa, smaller molecular weight protein (the major
one being 60 kDa) was observed and down-regulated in
nontumor tissues. Several reports have shown proteolytic
cleavage of vinculin. For example, vinculin is proteolyzed
by calpain into at least three fragments (105, 95, 85
kDa*%) during platelet aggregation. Conversely, alpha-ac-
tinin—vinculin interactions causes the conformational
change of vinculin and generate an approximately 60-
kDa fragment of vinculin by papain treatment?s; there-
fore, it is necessary to confirm whether these low
molecular proteins are degradation products of vinculin.

In summary, we identified several proteins that are use-
ful to confirm the diagnosis of HCC. They could make
significant contributions to the diagnosis of HCC and
might also be potential therapeutic targets for cancer con-
trol and prevention. Further investigation is needed to
uncover the mechanisms responsible for altered protein
expressions in HCC.
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Background. Vitamin K, has been reported to suppress
the growth of human hepatocellular carcinoma (HCC)
in vitro and hepatocarcinogenesis in hepatitis C virus
(HCV)-related cirrhosis in vivo. Hepatoma-derived
growth factor (HDGF) is a unique nuclear targeting
growth factor that is highly expressed in HCC cells and
is a possible prognostic factor for patients with HCC.
We investigated the regulation of HDGF expression by
vitamin K,. Methods. Three HCC-derived cell lines,
HepG2, HuH-7, and SK-Hep-1, were used. Cell number
was determined with the MTT assay. The expression
levels of HDGF mRNA and protein were measured by
the real-time reverse transcriptase-polymerase chain
reaction (PCR) method and ELISA and Western blot
analysis, respectively. The HDGF promoter activity was
measured by a dual luciferase-reporter assay. Results.
Vitamin K, suppressed the growth of the three HCC cell
lines in a dose-dependent manner. Vitamin K, signifi-
cantly suppressed the expression of the HDGF protein
and mRNA in three cell lines. By a luciferase assay,
vitamin K, significantly suppressed the promoter activ-
ity of the HDGF protein. Based on some luciferase-
reporter plasmids containing truncated promoter
regions, the possible responsive site of vitamin K, scems
to reside in the region —1 to ~150 bp of the HDGF gene.
Conclusions. These findings suggested that regulation
of the HDGF gene expression is one of the crucial
mechanisms of vitamin K,-induced cell growth suppres-
sion for HCC.
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Introduction

Hepatoma-derived growth factor (HDGF) is a unique
nuclear targeting growth factor with heparin affinity
that was purified and cloned from a human hepatocel-
lular carcinoma (HCC) cell line HDGF has both
oncogenic and angiogenic activity.”® HDGF stimulates
the proliferation of HCC cells, in addition to fibroblasts,
endothelial cells, vascular smooth muscle cells, and fetal
hepatocytes, after translocation to the nucleus by use of
the bipartite nuclear localization signals."” HDGF is
highly expressed in several cancers including HCC and
is closely related to the aggressive biological potential
of cancer cells.'”™"® A downregulation of HDGF by anti-
sense oligonucleotides or siRNA treatment suppresses
the profiferation of cancer cells that express HDGF
endogenously."” Recently, a significant correlation
has been shown between HDGF expression and the
prognosis for the recurrence-free and overall survival
in patients with HCC."” HDGF is considered to play
an important role in both hepatocarcinogenesis and
cancer progression. If HDGF expression is suppressed
by drugs or chemical agents, then the growth of HCC
cells should be regulated efficiently. However, the regu-
lation mechanism of HDGF expression has not yet been
clarified.

Vitamin K, an essential hydrophobic vitamin, and its
derivatives have been shown to inhibit the proliferation
of cancer cells including HCC.”>® However, the precise
mechanism of their growth inhibitory action has not yet
been clarified. Vitamin K consists of different forms,
vitamin K;~K;. Vitamin K, (menaquinone) is produced
by the intestinal fiora and is used as an oral medication
for patients with osteoporosis. The in vivo preventive
effect of vitamin K, on the development of HCC, or the
recurrence after treatment of HCC, in patients with
HCV-related cirrhosis has been reported.”** Recent in
vitro studies have advocated some molecular mecha-
nisms for the growth inhibition by vitamin K,: a pathway
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via protein kinase A activation, induction of the cell
cycle-regulating proteins including p21, and reduced
expression of the cyclin-dependent kinases.”* However,
these mechanisms cannot explain the entire suppressive
effects of vitamin K, on the proliferation of HCC cells,
Other unknown mechanisms have been suggested for
the cell proliferation inhibitory effects of vitamin K.
The transcriptional regulation of the growth factor
genes or growth factor receptor genes by vitamin K, has
not yet been reported.

In the present study, we investigated the regulation
of HDGF expression by vitamin K, in HCC cells.

Materials and methods

Materials

Vitamin K, (menatetrenone, MK-4) was supplied from
Eisai Co. (Tokyo, Japan). The human HCC cell lines
HepG2, HuH-7, and SK-Hep-1 were purchased from
American Type Culture Collection (ATCC). These cell
lines were cultured in Dulbecco’s modified Eagle's
essential medium (DMEM; Gibco BRL, Grand Island,
NY, USA) with 10% fetal bovine serum (FBS), penicil-
lin (100 units/ml), and streptomycin (100 pg/ml) at 37°C
in a humidified incubator with 5% CO,.

Cell proliferation assays

The cells were seeded onto 96-well plates at a density
of 2.5 x 10° cells. After a 24-h culture, 100 ul fresh
medium containing different concentrations of vitamin
K, (10,30, and 100 uM) was added in each well. Vitamin
K, was dissolved in 99% ethanol at the concentration
of 10 mM and then diluted with DMEM to the appro-
priate concentrations for the experiments. Forty-eight
hours later, the culture medium was replaced with fresh
medium containing different concentrations of vitamin
K,. The control cells were cultured in DMEM contain-
ing the corresponding concentration of ethanol to each
dose of the vitamin K,. After a 4-day culture with
vitamin K, treatment, the number of viable cells in
each well was determined with the 3-(4,5-dimethyl-
2-thiazolyl-2,5-diophenyl-2H-tetrazolium bromide)
(MTT) assay (Roche, Nutley, NJ, USA) according to
the manufacturer’s instructions.

All experiments were carried out in four wells con-
currently, and then were repeated three times.

Western blotting

After a 96-h culture with vitamin K,, the cells were
washed twice with ice-cold phosphate-buffered saline
(PBS), lysed, and sonicated in RIPA buffer [Ix PBS,

1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate (SDS), 100 pg/ml phenylmeth-
ylsulfonyl fluoride, 45 g/ml aprotinin, 100 mM sodium
orthovanadate]. The supernatant of the homogenate
was used for protein determination with a BCA Protein
Assay Kit (Pierce, Rockford, IL, USA) and electropho-
resis. The samples with 5 ug total protein were electro-
phoresed on a 12.5% SDS-polyacrylamide gel under
reducing conditions and blotted to a polyvinylidene
difluoride (PVDF) membrane by electroblotting. The
membranes were blotted with the anti-C terminus of the
HDGF polyclonal antibody at a dilution of 1:10000,
which was generated by the New Zealand White rabbit.
The signals were developed with an ABC kit (Vector,
Burlingame, CA, USA) and diaminobenzidine.

HDGF-overexpressing HepG2 cells

We constructed myc-tagged human HDGF in pEF-BOS
plasmids and selected and cloned stable transfectants
after transfection to HepG2 as described previously.?

HDGF-knock-down SK-Hep-I cells by shRNA

SuperSilencing shRNA plasmid for human HDGF was
purchased from SuperArray Bioscience Corporation
(catalog number: KH10419N). SK-Hep-1 was seeded at
1% 10° cells in 6-well plates with 2 ml 10% FBS-DMEM
medium. Next day, 2 ug HDGF-shRNA and the nega-
tive control shRNA plasmids were transfected into the
cells by 5.0 ui Lipofectamine 2000, according to the pro-
tocol from SuperArray. The transfected medium was
changed by 10% FBS-DMEM with Geneticin (G418),
1200 mg/l, after 24 h. The G418 media were changed
every 3 days. The knock-down expression of HDGF
protein was confirmed by Western blot in SK-Hep-1
cells selected by G418 media.

A quantitative reverse transcription-polymerase chain
reaction (RT-PCR) analysis of HDGF mRNA levels

HDGF mRNA expression was measured by a quantita-
tive real-time PCR according to the method previously
reported.iB In brief, the total RNA was extracted with
the AGPC method using Isogen (Nippongene, Tokyo,
Japan); 5 pg deoxyribonuclease I-treated total RNA
was used for the reverse transcriptase reaction. An
aliquot representing 100 ng input RNA was amplified
by using a TagMan PCR Reagent Kit {(Applied Biosys-
tems, Foster City, CA, USA) with the ABI PRISM 7700
sequence Detection System (Applied Biosystems) as
follows: 50°C for 2 min, 95°C for 10 min, and 40 cycles
at 95°C for 15 s,and 60°C for 1 min. The forward primer
5-AAGTTTGGCAAGCCCAACA-3, reverse primer
5-GGCTCTTCCACACAGCTCTTT-¥, and probe
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5-FAM-AACCCTACTGTCAAGGCTTCCGGCT-
TAMRA-3" were used for HDGFE As an internal
control, beta-actin mRNA was used. The RNA extracted
from HuH-7 cells was used as a standard. After reverse
transcription (RT), standard complementary DNA
(cDNA) was serially diluted to obtain five standard
solutions for use in the PCR reaction to generate the
reference curve. The relative amount of cDNA in each
sample was measured by the interpolation of the stan-
dard curve, and then the relative ratio of the HDGF/
beta-actin expression was calculated for each sample.

Luciferase assay of HDGF promoter activity

Constructs of luciferase-reporter plasmids of the HDGF
promoter region. The DNA from the HuH-7 cells was
extracted by the Isogen method. Thereafter, the DNA
was digested by Tth111 I, purified by phenol/chloro-
form, and precipitated by ethanol. The HDGF promoter
DNA was acquired by a nested PCR. First, 0.5 pug
digested and purified DNA was amplified by the forward
primer HDGF P5FS (5-TACGACATCAGGAGTTCG
AAACCA-3') and the reverse primer HDGF P3R (5'-
TGCGCGCTCGTCGAGTTGTTTGT-3') using a LA
TAKARA Taq Kit (RR002A) (Takara, Kyoto, Japan).
This PCR product was used as the template of the
second amplification. The second PCR was done by
series primer pairs designed by DNASIS software using
a TAKARA Taq Kit. The DNA amplification was per-
formed in the condition of 94°C for 1 min, 55°C for
1 min, and 72°C for 1 min, for 35 cycles.

Plasmid constructs

The PCR products were purified, polished, and inserted
into the pGL3 Basic luciferase-reporter vector predi-
gested by Smal, and transfected into Escherichia coli by
a PCR Cloning Kit (Stratagene, La Jolla, CA, USA),
according to the manufacturer’s instructions. The iso-
lated plasmids containing the desired HDGF promoters
were verified by Kpnl plus Xhol digestions and
sequenced using the RV Primer 3 from the 5-end and
the GL Primer 2 from the 3’-end.

Luciferase assay of luciferase-reporter plasmids

The HepG2 cells (2 x 10° cells/well) were seeded in a
6-well culture dish (Iwaki, Funabashi, Chiba, Japan)
in phenol red-free DMEM containing 5% charcoal-
dextran-stripped fetal bovine serum (FBS-CCS). The
cells were transfected with 2 ug luciferase-reporter
vectors by using a Fugene 6 transfection reagent Kit
(Roche), according to the manufacturer’s recommenda-
tions. Twenty-four hours later, the culture media were
changed to the fresh media with several concentrations

(0, 10, 30, and 100 pM) of vitamin K,. After incubation
for 24 h, the cells were harvested and lysed with lucif-
erase lysis buffer (Promega, Madison, WI, USA). The
proteins were measured by a BCA protein assay Kkit.
The luciferase activity of each sample was measured by
a luciferase assay kit (Promega). The level of induction
was calculated by dividing the mean luciferase activity
of the samples treated with vitamin K, by the mean
activity of the untreated control samples. All experi-
ments were carried out in triplicate and repeated at
least three times.

Enzyme-linked immunosorbent assay (ELISA) of
HDGEF protein

The cells were lysed with the RIPA buffer, as described
above. After centrifugation at 10000 rpm for 30 min,
the supernatants of the cell lysate were used for the
measurement of the HDGF protein by an ELISA. An
ELISA for the HDGF was developed by the sandwich
method using a monoclonal antibody and a polyclonal
antibody against HDGF.

Statistical analysis

The results are expressed as the means *+ SE. At least
three separate experiments were performed for each
data point. The statistical analyses were done using
Student’s unpaired ¢ test (two tailed).

Results

Effect of vitamin K, on HCC cells

In patients whom vitamin K, are administered at clini-
cally used doses, the serum concentration is calculated
to reach to about 30 uM. Thus, we used three doses——
10, 30, and 100 pM—of vitamin K, in the subsequent
experiments, Vitamin K, suppressed the proliferation of
three HCC cell lines in a dose-dependent manner. The
inhibitory effects by vitamin K, after 96 h treatment at
30 uM and 100 pM are shown for the three HCC cell
lines in Fig. 1.

HDGEF was expressed in three cell lines (Fig. 2a). The
intracellular HDGF amounts in these cell lines were
measured by an ELISA (Fig. 2b). HCC cells with higher
production of the HDGF protein seem to show higher
inhibition of HCC cell proliferation by vitamin K,,
although not significantly. Some growth factors are
involved in the proliferation of HCC cells. Next, we
knocked down the HDGF expression and assessed its
participating level on the proliferation of HCC cells. We
obtained two stable HDGF-knock-down clones after
transfection of HDGF-shRNA into SK-Hep-1 cells. In
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two SK-Hep-1 clones, of which HDGF expressions
were stably knock-downed 64% and 40%, their pro-
liferation was significantly suppressed, but partially at
about 35% and 11%, in clone 1 (HDGF-shRNA1) and
clone 3 (HDGF-shRNA3), respectively (Fig. 2¢). Thus,
HDGEF is partly involved in the proliferation of HCC
cells.

Effect of vitamin K, on HDGF protein expression in
HCC cells

HDGF protein in the HuH-7 cells decreased after
vitamin K, treatment by a Western blot analysis (data
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Fig. 1. Vitamin K, suppressed the proliferation of human
hepatocellular cells dose-dependently. HepG2 (@), HuH-7
(A), and SK-Hep-1 (M) were treated with various concentra-
tions of vitamin K,. After vitamin K, treatment for 96 h, the
cell numbers were determined by the MTT method. Data are
mean * SE of three independent experiments

not shown). By the use of an ELISA for HDGF, we
measured intracellular levels of HDGF protein in three
HCC cell lines after vitamin K, treatment for 96 h. The
vitamin K, treatment significantly suppressed the HDGF
protein expression on three HCC cell lines (Fig, 3).

Recovery of vitamin K,-induced suppression of HCC
proliferation by overexpression of HDGF

Next, we investigated the restorative effect of HDGF
on the suppression of HCC cell proliferation by vitamin
K, by use of HDGF-overexpressing HepG2 cells. The
overexpression of HDGF significantly recovered the
vitamin K,-induced suppression of HepG2 cell prolif-
eration, but partially, about 50% (Fig. 4). Thus, these
findings suggest that the suppression of HDGF expres-
sion is one pathway of vitamin K,-mediated growth
inhibitory mechanisms in HCC cells.

Effect of vitamin K, on HDGF mRNA expression

HDGF mRNA expression was measured by a quantita-
tive real-time PCR method. In the HepG2, HuH-7, and
SK-Hep-1 cells, HDGF mRNA expression was sup-
pressed 36.5%, 39.5%, and 22.5%, respectively, after
vitamin K, treatment for 96 h at the dose of 30 pM. The
HDGF mRNA expression was suppressed by vitamin
K, at 51.1%, 63.3%, and 66.2% in the HepG2, HuH-7,
and SK-Hep-1 cells, respectively, at the dose of 100 uM
(Fig. 5). Next, we investigated whether vitamin K,
suppressed the promoter activity of HDGF by a dual
luciferase assay. It is difficult to transfect plasmids to
HuH-7 cells, and we examined this reporter assay in the
other two HCC cell lines. In the HepG2 and SK-Hep-1
cells, vitamin K, significantly suppressed the luciferase
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SK-Hep-1 = HuH-7 HepG2 8.0
HOGF R s
4 4 ~8KDG
A
v . . sl - 44KDa ,.,wo
. : S «60KDa PE‘. 80
G 3 A 8 40
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U 2
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Mock HBDGF-shRNA | HDGF-shRNA 8
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Fig. 2. Expression of hepatoma-derived growth factor (HDGF) protein in human HCC cell lines. Three HCC cell lines were
lysed and vortexed with lysis buffer after 48 h culture. After centrifugation, the supernatants of each cell line were used for
analysis. a Western blot analysis. The cell lysate with 5 g protein from each cell line was loaded and electrophoresed. After
electroblotting, the membrane was blotted with anti-HDGF antibody (C-terminus) at a dilution of 1:10000. b Intracellular
HDGEF protein by an enzyme-linked immunosorbent assay (ELISA). The cell Iysates after centrifugation were analyzed in an
ELISA kit for HDGF. Data are mean + SE of three independent experiments. ¢ Knock-down of HDGF expression suppressed
the proliferation of SK-Hep-1 cells. The stably HDGF-knock-down SK-Hep-1 clones (HDGF-shRNA1 and -3) and mock cells
were cultured for 96 h, and then cell numbers were measured by MTT assay. HDGF protein expression in each clone was shown

by Western blot
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Fig.3. HDGF protein expression in HCC cells was suppressed
by vitamin K. Inhibitory rate of HDGF protein expression by
vitamin K, is shown. Three HCC cell lines were treated with
vitamin K, at the dose of 30 uM or 100 uM for 96 h. The HCC
cells were lysed and vortexed with lysis buffer, and the cell
lysates after centrifugation were analyzed by an ELISA kit for
HDGF. The data are shown as the mean * SE of three inde-
pendent experiments
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Fig. 4. HDGF overexpression recovered the vitamin K,-
induced suppression of cell proliferation. HDGF-overexpress-
ing HepG2 (HepG2-HDGF), mock (HepG2-neo), and parent
HepG2 (HepG2-wild) cells were treated with 30 or 100 pM
vitamin K,. Ninety-six hours later, cell numbers of each well
were measured by MTT assay. *P < 0.05

activity by 47.7% and 86.9%, respectively, at 30 uM
vitamin K, after transfection of the H2 promoter
(Fig. 6). The luciferase activity was suppressed 78.2%
and 97.0% in the HepG2 and SK-Hep-1 cells at the dose
of 100 uM, respectively. Therefore, vitamin K, signifi-
cantly suppressed the gene expression of HDGF in the
HCC cells.
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Fig. 5. HDGF mRNA expression was suppressed by vitamin
K,. Three HCC cell lines were treated with vitamin K, at
30 pM or 100 uM for 96 h. After RNA extraction, HDGF
mRNA expression was measured by the quantitative real-
time PCR method. The data are shown as the mean + SE of
three independent experiments
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Fig. 6. Vitamin K, suppressed the transcription of HDGE
HepG2 and SK-Hep-1 were transfected with 1 ug promoter
vector (pLuc-H2). After incubation with the indicated con-
centrations (uM) of vitamin K, for 24 h, the cells were har-
vested and the relative luciferase activities were measured.
The data are shown as the mean + SE of three independent
experiments. *P < 0.05; **P <0.01 vs. control

Possible interaction site of vitamin K, in the promoter of
the HDGF gene

Next, we constructed the luciferase-reporter plasmids
including a truncated promoter region (Fig. 7a). The
luciferase activity of the H2 promoter was significantly
suppressed in the SK-Hep-1 cells, but that of H12 or -13
was not (Fig. 7b). Therefore, the interaction site of
vitamin K, seems to reside in the region ~1 to =150 bp
of the HDGF gene. These findings suggest that the sup-
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Fig. 7. Possible action site of vitamin K, in the promoter of the HDGF gene. a The construct of the luciferase-reporter assay
plasmids for the HDGF promoter region. b SK-Hep-1 cell was transfected with 1 pg each promoter vector (pLuc-H2,-HS, -H12,
-H13). After incubation with the indicated concentrations (uM) of vitamin K, for 24 h, the cells were harvested, and the relative
luciferase activities were measured. Data are shown as mean + SE of three independent experiments. *P < 0.05; **P <0.01 vs.

control

pression of HDGF is one of the pathways to inhibit cell
growth by vitamin K, treatment, through its interaction
with the promoter region of the HDGF gene.

Discussion

The inhibitory mechanisms of vitamin K, in cancer cell
proliferation have not yet been clarified. Some possible
pathways of vitamin K, action have been reported,
specifically protein kinase A activation, the induction
of cell-cycle regulatory proteins, and the suppression
of the cyclin-dependent kinases.”*™ Another pathway
has been reported to suppress the cyclin D1 expression
through the inhibition of nuclear factor (NF) kappa B
activation.” Recently, vitamin K, is reported to inhibit
the phosphorylation of the retinoid X receptor (RXR)
alpha protein, which is a critical factor for hepato-
carcinogenesis.” We previously reported that p2l
induction is a significantly important pathway for the
growth inhibitory action of vitamin K, by the use of
HepG2 cells.® However, vitamin K, suppressed the
growth of the HuH-7 cells more strongly than the
HepG?2 cells, although the HuH-7 cells are deficient in
the p2IWAF1/CIP1 protein. Therefore, other mecha-
nisms for the vitamin K, growth inhibition remained to
be clarified.

In the present study, vitamin K, significantly sup-
pressed HDGF mRNA and protein expression in HCC
cells. Few data have been reported about the inhibition
of the expression of growth factor and/or growth factor
receptor genes in HCC cells. Acyclic retinoid suppressed
fibroblast growth factor (FGF) receptor 3 gene expres-
sion in an HCC cell line.” Therefore the downregula-

tion of HDGF by vitamin K, should play an important
role in the suppression of HCC cell growth by vitamin
K,
HDGF 1is one of the critical growth factors that
play important roles in the proliferation of HCC cells.
Enhanced expression of HDGF showed malignant
potential of tumor cells and a poorer prognosis in
patients with HCC as well as gastric cancer, lung cancer,
and pancreatic cancer.??E32 Downregulation
of HDGF may induce cancer growth inhibition and
improve the prognosis for cancer patients. Indeed, the
downregulation of HDGF by either antisense oligonu-
cleotides or antisense viral treatment and gene silencing
by siRNA inhibit the cell growth both in vitro and in
vivo.**" In the present study, the knock-down expres-
sion of HDGF by shRNA partially suppressed the pro-
liferation of SK-Hep-1 cells. Thus, HDGF is apparently
one of the growth factors involved in the proliferation
of HCC cells. On the other hand, other growth factors,
including hepatocyte growth factor (HGF), FGF, epi-
dermal growth factor (EGF), HB-EGF, and transform-
ing growth factor-alpha (TGF-o), should be related to
the proliferation of HCC; however, until now, no evi-
dence has been reported that vitamin K, suppressed
these growth factors and their receptors. In the present
study, we showed a significant suppression of the HDGF
gene expression by vitamin K,. This is the first report
that vitamin K, regulates the expression of growth factor
genes. The regulation of the gene expression of one
growth factor, HDGF, by vitamin K, suggests to us an
important approach to investigate the mechanisms of
vitamin K action.

By a luciferase assay using the promoter region of
HDGF, vitamin K, significantly downregulated the
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HDGF expression. Vitamin K, must act directly or indi-
rectly on the promoter region of HDGF and regulate
the expression of HDGF. Recently, vitamin K, sup-
pressed cyclin D1 expression through inhibition of
nuclear factor (NF)-kappaB activation with inhibition
of phosphorylation and degradation of I-kappaB alpha
and I-kappaB kinase activity.” In the promoter region
of 150 to 0 in the HDGF gene, no NF-kappaB binding
site could be detected. Other transcriptional factors,
including cAMP response element-binding protein
(CREB), upstream transcription factor (USF), and acti-
vating enhancer-binding protein (AP)-2, are reported
to mediate the vitamin K, effects; however, their binding
motifs are absent in this promoter region of HDGF (-1
to ~150). Therefore, another pathway should be critical
for the suppression of the HDGF gene expression by
vitamin K,. It remains to be clarified whether vitamin
K, directly reacts to the DNA sequence or indirectly
via other factors, including transcriptional regulatory
factors or binding cofactors. Vitamin K, may possibly
downregulate some of other growth factor genes, too.
It is very important to clarify the mechanism whereby
vitamin K, reacts on and suppresses the promoter activ-
ity of the HDGF gene. These findings suggested that the
regulation of growth factor gene expression is one of
the crucial mechanisms of the vitamin K,-induced cell
growth inhibition.

In conclusion, the downregulation of the HDGF
expression in the promoter region is one of the growth
inhibitory mechanisms of vitamin K,. To elucidate the
suppressive mechanism of the HDGF promoter region
by vitamin K, will possibly lead to the development of
a novel growth inhibitory mechanism, thus resulting in
a new drug design.
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Bmi-1 gene is upregulated in early-stage
hepatocellular carcinoma and correlates with
ATP-binding cassette transporter B1 expression
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Overexpression of “stemness gene” Bmi-1 has been identified in
some solid tumors. We investigated 8mi-7 expression in hepatocel-
lular carcinoma (HCC) and ATP-binding cassette transporter B1
(ABCBT) as a new potential target for 8mi-1. Bmi-1 was highly
expressed in HCC cell lines and the most well differentiated cell
line, KIM-1, showed the highest expression. immunohistochemical,
immunocytochemical, and immunocelectron 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 (inctuding 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-1 was
followed by a respective increase and decrease in ABCB? expres-
sion. As with Bmi-1, high ABCBT expression was also observed
in the early and well differentiated HCC. A strong correlation
between ABCB? and Bmi-1 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 ABCB?
suggests a new regulation target for Bmi-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 worid 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-alceholic 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 cooperates with c-myc (0
generate mouse pre-B cell lymphomas.”’ Some reports show
that Bmi-I might induce immortalization by regulatir;%’ 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
- e i . (10,11}
sappressors in human cancer, p/6 and pl9. The overex-
pression of Bmi-1 has been identified in lymphoma” ™' and in
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a few solid tamors such as lung, colorectal, nasopharyngeal,
bladder, and HCC. ***"'® Many reports mainly focus on Bmi-1
expression in the advanced stages of cancer and its role in a poor
prognosis. However, the exact mechanistic role of Bmi-I 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 pattermn 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 immunoeiectron microscopy. We
also examined the expression levels of the ATP-binding cassette
transporter Bl (ABCBI), listed as one of the genes upregulated
after Bmi-1 induction in bone mamow stromal cells.”” We
hypothesize the potential for ABCBI to be a new target for Bmi-
1. Immunohistochemical staining and mRNA expression level
of ABCB! were analyzed to investigate the correlation between
Bmi-1 and ABCBI.

Materials and Methods

Cell culture. The human HCC cell lines, PLC/PRF/5 and
HepG2, 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
peniciliin, and 100 pg/mL streptomyein.

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 few) 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 BRI, Grand Island, NY,
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E-mail: msakamot@sc.itckeio.acjp
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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-I forward,
5-GAGGGTACTTCATTGATGCCACAAC-3" and reverse,
5-GCTGGTCTCCAGGTAACGAACAATA-3"; ABCBI forward,
5-GAGGCCAACATACATGCCTTCA-3 and reverse, 5-GGC
TGTCTAACAAGGGCACGA-3".

Immunohistochemical and immunocytochemical analysis. ITmmu-
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 I (MDRI1) 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 I+; and an absence of the dot-pattern was
considered negative. Evaluation criteria for ABCBI 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/5, HepG2, KIM-1, KYN-2, and
Li7 cells were lysed in lysis buffer (50 mM Tris-HCL [pH 7.5],
150 mM NaCl, 5 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 PVDF membranes. Anti-
Bmi-1 (1/500), anti-MDR1 (1/200), and anti-actin (1/1000;
Sigma, St Louis, MO, USA) were hybridized to the membranes
and detected with ECL Westem blotting detection reagents (GE
Healthcare, 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
x~test was used when appropriate to determine the correlations
between clinicopathological variables and Bmi-/ expression.
The relative mRNA expression levels were compared using the
unpaired r-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)

[

N

Bmi-1/GAPDH

(D)

Fig. 1. Bmi-1 expression in hepatocellular carcinoma (HCC) cell lines.
(A) Quantitative real-time- PCR and Western blot of Bmi-7 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, DAPI 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 transcriptional 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-! 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%]1), 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 gRT-PCR from clinical tissue samples. Strongly
positive Bmi-]1 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-I expression
was significantly higher in tumor tissue compared with
the non-cancerous background liver tissue (2.23 vs 0.86; P =
0.002).

(8)

©)

Bmi-1/GAPDH
© N s o @

Well Moderately  Poorly

Bmi-1 expression linked to ABCB? 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 ABCBI 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 ABCBI we looked at changes in ABCBI
expression during transient overexpression of Bmi-1 using
primary fetal hepatocytes. Following Bmi-I overexpression,
relative mRNA levels of ABCB/ in primary fetal hepatocytes
were increased threefold (Fig. 3A). Bmi-1 knockdown also led
to a downregulation of ABCBI expression in the KIM-1 HCC
cell line (Fig. 3B), however, decreased ABCBI 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-I and ABCBI expression in HCC
cell lines and hepatocytes.

ABCB1 expression in HCC cell lines and HCC clinical samples
correlated with Bmi-1 expression. - We further evaluated ABCBI
expression in HCC cell lines and clinical samples. As with Bmi-
1, the highest levels of ABCBI 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 1.53:
P =0.21) (Fig. Sla,b). 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. Slc,d). A 2+ score was observed in 29 of
37 (78%) well differentiated HCCs (including 18 of 21 early dif-
ferentiated nodules [86%1), 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-1 expression in hepatocellular carcinoma
(HCC) clinical samples. (A) immunostaining of Bmi-1
in moderately differentiated HCC. Magnification,
x200. 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). (Q) Bmi-1 mRNA expression levels in HCC
dlinical 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 Bmi-1 was significantly higher in tumor tissues
than in non-cancerous, background liver tissues (2.23
vs 0.86; *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
>2 64 15
Differentiation
Well (early) 35 (19) 2(2) 0.023*
Moderately/poorly 66 19
Portal involvement
- 54 ] 0.376
+ 47 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 1

*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 (ABCBT1) 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 mock-transduced control (*P < 0.01;
***p = 0.038). (B) Silencing of 8mi-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
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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

Followin% the identification of Bmi-/ overexpression in solid
tumors,**1® some studies have also reported the overexpres-
sion of Bmi-1 in HCC.""1%2> However, the Bmi-1 localization
area and whether Bmi-1 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-l activity is expected to occur inside the
nucleus.'*?**% Moreover, we found a correlation in the expres-
sion of Bmi-1 and ABCBI suggesting that ABCBI might present
a novel downstream target for Bmi-1.

Bmi-1 belongs to the Polycomb gene group (PcG) 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-1 was expressed as
high-intensity, small aggregates distributed inside the nucleus in
the HCC region. The Bmi-] 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 pl/6 and hTERT
expression®® suggests a potential role of Bmi-1 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 (HCQ)
(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(14%) 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 pl6 expression and increased activation of
hTERT have also been reported in HCC, including in early
HCC."%72® We observed high levels of Bmi-1 expression
in early HCC, which might indicate an indispensable function
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-1 and ABCB7 mRNA
expression in HCC cell lines and HCC cdlinical
samples. A strong correlation between Bmi-1 and
ABCB1 expression was observed in HCC cell lines
and dinical 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, %200). 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+), 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 b bt N

2+ 50 {41%) 12 (10%) 1 (1%)
14 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-] plays a role in keeping
self-renewal ability and proliferation, the exact molecular
mechanism of Bmi-I in early hepatocarcinogenesis remains
unclear. Inactivation of pJ6 expression by methylation or epi-
genetic mechanisms has already been observed as an early
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