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Figure 8 | AFP expression and HCC grade are inversely correlated with
miR122 expression in human HCC samples. (a) Expression of miR122 in
human clinical samples was assessed by in situ hybridization. Expression of
miR122 (blue/purple staining) in grade 2 (more malignant) HCC samples
was |less than that of normal human liver tissues or grade 1 (less malignant)
HCC samples. Representative images are shown. Nuclei were stained with
FastRed. Scale bar, 500 um. (b) AFP expression, shown in brown, was
analysed by immunohistochemistry. AFP expression was higher in grade

2 HCC samples than in normal human liver tissue or grade 1 HCC samples
in most cases. Representative images are shown. Scale bar, 500 um.

(¢) Graph shows the correlation between miR122 and AFP expression.
Increased AFP expression was correlated with decreased miR122
expression. (d) Graph shows the correlation between miR122 expression
and malignancy grading of HCC. Increases in malignancy grading were
correlated with decreases in miR122 expression.

are frequently observed simultaneously in the clinic: elevated
expression of AFP and a more malignant biological phenotype.
First, elevated AFP expression and greater cellular invasiveness were
observed in miR122-knockdown cells in vitro and in vivo. Second,
CUX1, which is linked with invasive characteristics in carcinoma
cells®**%, was shown to be involved in regulation of AFP expression
and was identified as a direct target of miR122. Third, in human tis-
sue samples from HCC patients, inverse correlations were observed
between miR122 expression and AFP expression, and between
miR122 expression and tumour grade. These data suggest that it is
unlikely that the clinical correlation between elevated AFP levels
and a more biologically aggressive phenotype in HCC is a coinci-
dental epiphenomenon, but, instead provide a possible molecular
explanation for the decrease in miR122 expression in HCC cells.

A recent study on liver development reported that liver-enriched
transcription factors activate the expression of miR122, which in
turn was found to promote terminal differentiation of hepatocytes
through the silencing of CUX1 (ref. 42). In the present study, we con-
firmed that CUX1 is a direct target of miR122 and, in contrast to the
situation in normal development, we showed that in grade 2 HCCs

the decrease in miR122 is associated with higher CUX1 expression.
High CUX1 expression was previously shown to inversely correlate
with relapse-free and overall survival in high-grade breast cancers®.
In transgenic mice, CUX1 was reported to cause various cancer-
associated disorders depending on the specific isoform and tissue
type expression®#-%. In particular, expression of CUX1 caused
organomegaly in several organs including the liver®. Hepatomegaly
was associated with progression of lesions beginning with inflamma-
tion and leading to the development of mixed cell foci, hyperplasia
and even HCCs, although in this last case statistical significance was
not achieved because of the small size of the transgenic cohort. The
underlying mechanisms for the role of CUX1 in cancer is complex
and is likely to involve both cell-autonomous and non-cell autono-
mous effects. However, from cell-based assays it is clear that CUX1
has a role in at least three distinct processes: cell motility, cell cycle
progression and chromosome segregation®*>**%, The knockdown of
CUX1 using siRNA was shown to delay entry into S phase and to
hinder cell motility and invasion®*4, In contrast, overexpression of
p110 CUX1 was able to accelerate S phase entry and to stimulate pro-
liferation, migration and invasion®*. Moreover, CUX1 was shown
to promote genomic instability following cytokinesis failure®

Regulation of AFP gene expression is a complex process mediated
by a number of transcriptional activators and repressors that bind
the AFP gene’®. ZBTB20 was recently identified as a potent repres-
sor of AFP transcription in knockout mouse studies’. Our results
demonstrate that decreased miR122 expression leads to concomi-
tant decreases in ZBTB20 protein expression. This effect is medi-
ated through upregulation of CUX1, as CUX1 silencing in miR122-
silenced cells was shown to lead to both recovery of ZBTB20 levels and
reduced AFP expression. Furthermore, the increased expression level
of ZBTB20 in CUX1 knockdown cells suggests that ZBTB20 expres-
sion is regulated by CUX1. This miR122/CUX1/miR214/ZBTR20/
AFP pathway may explain the deregulated AFP expression observed
in HCC cells. Additionally, the ability of CUXI to activate RhoA and
to regulate the expression of many proteins involved in cell motility
may explain the increased migration and invasiveness associated with
malignancy of HCC*-%, It should be noted that, although this analy-
sis revealed a trend toward inverse correlation between expression of
miR122 and expression of AFP, this correlation could not be applied
to all cases examined. Therefore, the possibility of additional pathways
that regulate AFP expression cannot be discounted. Nonetheless, our
results demonstrate that a decrease in miR122 function is a key factor
that contributes to the regulation of AFP expression in HCC.

MiR122 is the most abundant miRNA in the normal adult
liver, comprising approximately 80% of all miRNAs', The numer-
ous reported roles of miR122 include regulation of cholesterol bio-
synthesis'®?, hepatitis C virus replication® and maintenance of
the adult liver phenotype?. Specific miRNAs are often involved in
the differentiation of specific cells and tissues®. As miR122 is
liver-specific, we reasoned that this miRNA may have a role in the
differentiation of normal hepatocytes. In our study, transgenic mice
in which miR122 was functionally silenced were found to exhibit
elevated AFP levels, but did not display abnormal morphological
development in the liver (at least, not up to the age of 12 weeks),
suggesting that decreased miR122 expression itself does not cause
cells to become transformed. Ongoing characterization of these
mice will be required to fully determine the physiological roles of
miR122 in the noncancerous liver in vivo.

In summary, we have shown that decreased miR122 expres-
sion in HCC is linked both to more biologically aggressive tumour
behaviour and elevated AFP expression. Furthermore, both of
these effects were shown to be mediated by increased expression
of CUXI, a direct target of miR122. Similar strategies could also be
used to develop new therapeutics and diagnostics for other cancers
in which miRNAs that regulate both tumour characteristics and
serum markers have been identified.
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Methods

Cell culture. The human HCC cell lines, Huh7, PLC/PRF/5, HepG2, Hep3B and
Huhl were obtained from the Japanese Collection of Research Bioresources. The
human embryonic kidney cell line, 293T and the human breast cancer cell line
HS578T were obtained from the American Type Culture Collection . All cells were
maintained in Dulbecco’s modified Eagle medium, supplemented with 10% fetal
bovine serum.

Mouse experiments. All experiments were carried out in compliance with the
regulations of the Animal Use Committee of The University of Tokyo and The
Institute for Adult Disease, Asahi Life Foundation.

Generation of transgenic mice in which miR122 was functionally silenced.
Mice in which miR122 function was knocked down were generated using previ-
ously described protocols®*!, Briefly, a DNA fragment of 1,085bp, containing the
H1 promoter region, the coding region for the antisense miR122 stem-loop-stem
RNA precursor, and a transcriptional terminator of five thymidines, was resected
from the miRZip-122 construct described above by digestion with Pvull. Proper
silencing function of the resulting DNA was confirmed via transient transfec-
tion-based reporter assays that showed efficient knockdown of miR122 function.
Stable C57BL/6 embryonic stem cell lines were generated by electroporation of
the linearized transgene, and the resulting cells were injected into blastocysts by
the UNITECH Company. Genotyping was performed by PCR using DNA isolated
from tail snips. Four different mouse lines were maintained and the male litterma-
tes were used in experiments.

Chromatin immunoprecipitation assay. ChIP for CUX1 was performed as
previously described™. For the scanning ChIP of the miR214 locus, realtime

PCR analysis was performed using primer pairs specific for different regions of

the promoters. Templates for the PCR reactions were 0.1% total input DNA (I),
nonspecific DNA from sepharose beads alone (S), or chipped chromatin. The
respective fold enrichment of the different DNA fragments are indicated relative to
the DNA obtained by purification on sepharose beads without IgG (S). Enrichment
was calculated using the HPRT locus as a reference.

Doxycyclin-induced shRNA against CUX1 system. For conditional knockdown
of CUX1 in Hs578t cells, we took advantage of the Addgene plasmid 11643.
HS578T cells were infected with pLVCT shCUX1(5,326-5,348)-tTRKRAB lenti-
virus as described™, At 48h after infection, cells were split and cultured with or
without doxycyclin at a final concentration of 2.5 igml~", Cells were used for
experiments after 5 days of treatment. Doxycyclin was then removed from the
culture media and cells were maintained for 4 days following release.

Cell proliferation assay. Relative cell proliferation was assessed using a Cell
Counting Kit-8 (Dojindo Laboratories), as described previously™.

Enzyme-linked immunosorbent assay. AFP levels in the cell-culture superna-
tant were examined using an AFP-specific ELISA kit supplied by an outsourcing
company, SRL.

Western blot analysis. Protein lysates were prepared from cells or mouse liver for
immunoblot analysis. Proteins were separated by SDS—polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride membranes. After blocking
with 5% dry milk to decrease nonspecific binding, membranes were probed with
the appropriate primary antibodies. Primary antibodies were obtained from Abcam
(ZBTB20, #ab48889, 1:500) and Santa Cruz Biotechnology (CDP, #sc-13024,
1:1,000). CUX1 antibodies (#861, 1:1,000) were generated as described previously®.
Horseradish peroxidase-conjugated secondary antibodies were used to detect
primary antibodies. Bound antibodies were detected using ECL Plus Western
blotting detection reagents (GE Healthcare Life Sciences).

Scratch assay. The effects of miR122 knockdown on cellular migratory function
were determined by evaluating cellular migration after scratching of a confluent
monolayer of cells. Monolayers were cultured on 10 pgml-! fibronectin-coated
dishes and were scratched using a 200-ul pipette. Migration was analysed at the
indicated time points after scratching.

In vitro invasion assay. The effect of miR122 knockdown on invasive function was
determined using BD BioCoat Matrigel Invasion Chambers (Becton Dickinson)
according to the manufacturer’s recommended protocol. Cell invasion was induced
by removing the serum in the upper chamber. The number of invading cells was
analysed after 22-h incubation. Cell numbers were counted in four randomly
chosen fields at each time point.

Quantitative pseudopodia assay. Pseudopodium quantitation was performed
using a Quantitative Pseudopodia Assay Kit (Chemicon) according to the manu-
facturer’s instructions. Briefly, the upper chamber was coated with fibronectin and
seeded with cells in serum-free medium. Serum was added to the lower chambers.
8h later, pseudopodia on the lower surface were stained and eluted, and the absorb-
ances of solubilized samples at 600 nm was measured using a microplate reader.
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CUX1-knockdown lentiviral construct. Lentiviral particles expressing CUX1
shRNA were purchased from Santa Cruz Biotechnology (#sc-35051-V).

In situ hybridization to assess miR122 and miR214. The expression of miR122
and miR214 in mouse liver and human HCC tissues was examined by in situ
hybridization®*. Locked nucleic acid (LNA)-scramble (negative control) and
LNA-anti-miR122 and LNA-anti-miR214 probes were obtained from EXIQON.
After deparaffinization, tissue sections were treated with 10 igml~! proteinase K
for 5min at 37 °C and refixed with 4% paraformaldehyde, followed by acetylation
with 0.25% anhydrous acetic acid in 0.1 M Tris-HCl buffer (pH 8.0). Following
pre-hybridization for 30 min at 48 °C, hybridization was performed overnight with
each 20nM LNA probe in hybridization buffer (5xSSC buffer, 50% formamide,

500 ugml~' tRNA, 50 ugml~' Cot-1 DNA). After completion of hybridization,

the sections were washed with 0.1xSSC buffer for 10 min at 52°C three times and
blocked with DIG blocking buffer (Roche Diagnostics) for 30 min. Sections were
then probed with anti-DIG (1:500; Roche Diagnostics) for 1h at room temperature.
Detection was performed by incubation in NBT/BCIP buffer (Promega) overnight.
Nuclei were stained with Nuclear FastRed (Sigma-Aldrich).

Immunohistochemistry. Tissue arrays containing HCC tissues were purchased
from US Biomax. To determine the correlations between AFP, ZBTB20, CUX1,
miR122 and miR214 expression and HCC differentiation grade, slides carry-

ing consecutive sections were obtained. Slides were baked at 65°C for 1h and
deparaffinized. Endogenous peroxidase activity was blocked by incubation in 3%
hydrogen peroxide buffer for 30 min. Antigen retrieval was performed by
incubating the slides at 89°C in 10 mM sodium citrate buffer (pH 6.0) for 30 min.
To minimize nonspecific background staining, slides were blocked in 5% normal
goat serum (Dako) for 10 min at room temperature, Tissues were labelled over-
night at 4°C with primary antibodies raised against AFP (Dako, #N1501, 1:100),
CUX1 (#sc-13024, 1:100) and ZBTB20 (HPA016815, Sigma-Aldrich, 1:100). Slides
were then incubated with anti-rabbit horseradish peroxidase-conjugated secondary
antibodies (Nichirei Bioscience) for 1 h. Primary antibody binding was visualized
by incubation in 3,3’-diaminobenzidine in buffered substrate (Nichirei Bioscience)
for 5min. The slides were counterstained with haematoxylin, dehydrated with
ethanol, and mounted with Clarion mounting medium (Biomeda).

GTP-binding RhoA and Rac1immunoprecipitation assay. The amount of RhoA
activity was examined using an Active Rho Pull-down and Detection Kit (Thermo
Fisher Scientific) according to the manufacturer’s recommended protocol. The
amount of GTP-bound RhoA protein (the active form of RhoA) was detected by
Western blotting with the provided anti-RhoA antibody (1:100). Racl activity was
similarly determined by using PAK-GST Protein Beads (#PAK02, Cytoskeleton)
for pulldowns and anti-Rac1 antibodies (1:100) for subsequent Western blotting
(#89856D, Thermo Fisher Scientific).

Orthotopic xenograft tumour model of HCC. Male BALB/c (nu/nu) nude mice
were purchased from CREA Japan (Tokyo, Japan). The transplantation of tumour
cells into mouse livers was performed using previously reported methods™*.
Briefly, 2x10° control or miR122-silenced PLC/PRFS5 cells were suspended in 301
of PBS containing 1% Matrigel (Becton Dickinson). After anaesthesia, the liver was
exposed through a surgical incision. Cells were slowly injected under the capsule of
left lobe of the liver using a 28-gauge needle. When successful, a transparent bleb
of cells could be seen through the liver capsule. After injection, light pressure was
applied to the injection site with sterile gauze for 2 min to prevent bleeding and
tumour cell leakage. The abdomen was then closed with sutures. Transplantation
was successful in a total of 12 mice (6/group). At 4 weeks post-transplantation, liver
tissues were collected, serially sectioned, and stained with haematoxylin and eosin.

Statistical analysis. Statistically significant differences between groups were
determined using Student’s #-test when variances were equal. When variances were
unequal, Welch's t-test was used instead. P-values less than 0.05 were considered
statistically significant.

Plasmid and stable cell line construction, reporter assays, RT-PCR, northern
blotting and immunocytochemistry are described in the Supplementary Methods.
All primer information is provided in Supplementary Table S1.
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Abstract

Objective: Hepatocellular carcinoma (HCC) is characterized
by a multistage process of tumor progression. This study ad-
dressed its molecular features to identify novel protein can-
didates involved in HCC progression. Methods: Using liquid
chromatography-tandem mass spectrometry, proteomes of
4 early HCCs and 4 non-HCC tissues derived from 2 cases of
liver transplant surgery were compared with respect to the
separation profiles of their tryptic peptides. Immunohisto-
chemistry was performed on 106 HCC nodules to confirm
the results of the proteomic analysis. Results: Statistical anal-
ysis of the profiles selected the peptide peaks differentiating
HCC from non-HCC. A database search of the tandem mass
spectrometry data from those peptide peaks identified 61
proteins, including a cytoskeletal protein, talin-1, as upregu-
lated in HCC. Talin-1 expression levels in HCC nodules were
significantly associated with the dedifferentiation of HCC
(p = 0.001). A follow-up survey of the examined clinical

cases revealed a correlation between talin-1 upregulation
and a shorter time to recurrence after resection (p = 0.039),
which may be related to the higher rate of portal vein inva-
sion in HCCs with talin-1 up-regulation (p = 0.029). Conclu-
sions: Proteomic analysis led to identification of talin-1 as
a promising HCC marker. Talin-1 upregulation is associated
with HCC progression and may serve as a prognostic marker.

Copyright © 2011 S. Karger AG, Basel

Introduction

Hepatocellular carcinoma (HCC), like other cancers, is
characterized by a multistage process of tumor progres-
sion [1]. In the initial stage, the damaged liver tissues
evolve into small nodular hypercellular lesions called dys-
plastic nodules (DNs). These precancerous lesions develop
into early HCC, defined as small, well-differentiated HCC
of vaguely nodular type, and then into progressed HCC,
characterized by a distinctly nodular appearance and
frequent microvascular invasion. After treatment, early
HCC has a longer time to recurrence and a higher 5-year
survival rate than progressed HCC [2]. The long-stand-
ing confusion in differentiating early HCC from high-
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grade DN has been minimized since stromal invasion was
recognized as a diagnostic indicator for early HCC [3],
but hepatocellular changes occurring during malignant
transformation are still not well characterized.

Transcriptomic and proteomic analyses are useful
techniques for investigating the carcinogenesis of several
malignant diseases. Comparison of the gene expression
profiles among early and progressed components of nod-
ule-in-nodule type HCCs and corresponding noncancer-
ous liver tissues resulted in identification of heat-shock
protein 70 (HSP70) [4] and cyclase-associated protein 2
[5] as molecular markers of HCC. In this study, we per-
formed proteome analysis for direct comparison of the
protein composition of early HCC and non-HCC tissues
obtained from whole native livers of patients who under-
went living donor liver transplantation (LDLT). During
the last decade, liquid chromatography (LC) directly cou-
pled with tandem mass spectrometry (MS/MS) has been
widely used for high-resolution proteome-wide analysis
from a complex protein mixture [6]. The use of an im-
proved LC-MS/MS technology with optimal tissue sam-
pling led us to the identification of a variety of proteins
up-regulated in HCC, including talin-1.

Talin-1 is a cytoskeletal protein with a molecular mass
of 270 kDa, and has been shown to play a key role in a
wide variety of integrin-mediated cellular events [7]. To
our knowledge, there has been no report published on the
relationship between talin-1 and HCC. We have success-
fully applied a proteomic approach to native livers of
LDLT cases and showed up-regulation of talin-1 during
HCC progression.

Materials and Methods

Liver Samples

HCC and noncancerous liver tissues were obtained from HCC
patients at Keio University Hospital between 2003 and 2006. This
study was conducted with the approval of the Ethics Committee
of Keio University School of Medicine. For proteomic analysis, we
used fresh whole livers from 2 HCC patients who received LDLT.
Both patients had similar clinical backgrounds (males, 49 and 54
years old at the time of surgery, infected with hepatitis C virus)
and were referred to Keio University Hospital after transarterial
chemoembolization for multiple HCCs and hepatic deterioration
into Child-Pugh score C. Immediately after resection of the whole
liver, physiological saline including 2,000 units of heparin sodi-
um was infused into the catheterized portal trunk. After con-
firming visually that the fluid flowing out of the common hepat-
ic artery and the hepatic veins did not contain residual blood, the
liver was sliced into 1.5-cm-thick sections with reference to the
magnetic resonance imaging. Two samples of early HCC and 2
samples of noncancerous liver tissue were macroscopically sepa-

Upregulation of Talin-1 in Hepatocellular
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rated in 0.5-1.0-cm?® portions from each of the livers by two expe-
rienced pathologists. The noncancerous samples were derived
from the areas which were not adjacent to cancerous lesions and
did not contain many fibrotic components. A total of 8 liver sam-
ples (4 HCCs and 4 noncancerous tissues) were obtained from the
2 cases and kept frozen at -80°C until use. For immunohisto-
chemical analysis, liver samples were obtained by partial hepatec-
tomy or liver transplant surgery, consisting of 106 HCC nodules
(13 well-differentiated HCCs including 7 early, 73 moderately dif-
ferentiated, and 20 poorly differentiated HCCs) and 8 DNs from
the total of 91 HCC patients.

Two-Dimensional Liquid Chromatography (2DLC)-MS/MS

The resected tissues were homogenized, and the homogenates
were fractionated into phosphate-buffered saline (PBS) soluble
and insoluble fractions [8]. An aliquot (50 ug protein) of the sol-
uble fraction was subjected to tryptic hydrolysis in a polyacryl-
amide gel matrix (8, 9]. The resulting peptide mixture was ex-
tracted from the gel matrix and dried under vacuum. Peptide sep-
aration and mass measurement were carried out using 2DLC-MS/
MS [10]. Briefly, in the first-dimensional strong cation exchange
(SCX) LG, the peptides retained in the SCX LC column were elut-
ed by successive injection of ammonium formate solutions (25, 50,
100, 150, 200 and 500 mM). These effluents were mixed serially
with an internal standard peptide mixture consisting of 3 syn-
thetic peptides. The second-dimensional reverse-phase (RP) LC
was performed in a total 60-min acetonitrile gradient for each of
the SCX LC peptide effluents. The RP LC effluent was interfaced
with an electrospray ionization source in positive ion mode on an
LTQ linear jon trap mass spectrometer (Thermo Fisher Scientific
Inc., Waltham, Mass., USA). Protonated peptides were analyzed
sequentially for MS/MS in Data-Dependent Scanning mode, con-
sisting of a full-range scan at an m/z range of 450-2,000 and sub-
sequent product ion scans for each of the three most intense ions
in the full scan mass spectrum.

Differential Analysis of Peptide Profiles

A peptide separation profile, consisting of the ion signals char-
acterized by RP LC elution time, full scan m/z value and full scan
signal intensity was extracted from each of the RP LC-MS/MS
data files. Profile compilation was carried out using an in-house
program as reported [11]. Here, the signal alignment process was
aided by three common signal sets derived from the three pep-
tides spiked into each SCX LC effluent. Following signal align-
ment, peak detection was performed by searching the compiled
signal profile. The intensity of each detected peak is the total of
the signal intensities provided from the respective peptide pro-
files. Student’s t test and heat map representation were performed
for the jon signals contained in the detected peaks using Spotfire®
software (TIBCO Software Inc., Palo Alto, Calif., USA).

For peptide identification, a database search was performed
using Mascot® software (Matrix Science Ltd., London, UK) [12].
MS/MS data were searched for corresponding amino acid se-
quences in a Swiss-Prot database (http://expasy.org/sprot). Each
peptide identification item was computationally associated with
a profile peak containing the original precursor ion signals. Pep-
tide identifications were considered significant for a Mascot
matching score greater than 30. Identified amino acid sequences
of peptides were searched for in the Swiss-Prot database to count
the identical sequences in the database.
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After selection of the peptide identifications under given con-
ditions, these were grouped into each Swiss-Prot protein sequence
entry. According to the fold value of signal intensity, these peptide
groups were evaluated for quantitative regulation of the corre-
sponding protein molecules. Functional classification of these
proteins was based on information described in the Gene Ontol-
ogy database (http://www.geneontology.org/).

Immunohistochemistry

Immunohistochemical staining was performed on formalin-
fixed, paraffin-embedded tissue sections as described previously
[13]. Each section was deparaffinized, rehydrated, incubated with
fresh 0.3% hydrogen peroxide in methanol for 30 min at room
temperature, and then washed in PBS. The sections were auto-
claved at 120°Cin 10 mM sodium citrate, pH 6.0, for 10 min before
incubation with normal horse serum (Vector Laboratories Inc.,
Burlingame, Calif., USA) for 30 min. The sections were then in-
cubated with a mouse monoclonal antibody against talin-1 (clone
TA205; Millipore Co., Billerica, Mass., USA) at a dilution of 1:200
overnight at 4°C, washed with PBS, and incubated with a second-
ary antibody for 60 min at room temperature. Staining was evalu-
ated by 3 pathologists. Statistical analyses were performed using
SAS® software (SAS Institute Inc., Cary, N.C., USA). Disease-free
survival curves were calculated from the day of resection using
the Kaplan-Meier method (JMP® software, SAS Institute), and
the significance of differences in survival rates between the pa-
tient groups was calculated by the log-rank test. The results of the
immunohistochemical examination were compared with the mi-
croarray data of our past study [14] which are accessible from the
Genome Medicine Database of Japan (GeMDBJ; https://gemdbj.
nibio.go.jp/dgdb/index.do).

Results

Differential Proteome Analysis of the Compiled

Peptide Profiles

From each of the 8 liver samples, 2DLC-MS/MS gener-
ated 6 peptide profiles for each of 6 salt concentrations of
SCX LC (fig. 1a). The profile compilation was performed
separately for each set of 6 SCX LC fractions across the 8
tissue samples, followed by peak detection of the com-
piled signals. From the 6 SCX LC fractions above, we ob-
tained 2,434, 1,912, 1,819, 1,894, 1,725, and 1,533 peaks,
respectively, associated with any peptide identifications.
All 11,317 peaks were subjected to selection on the basis
of the following conditions: (1) A Student’s t test p value
less than 0.1 for difference of the signal intensities be-
tween HCC and non-HCC. (2) At least 1 peptide identi-
fication, with a Mascot matching score more than 30, as-
sociated with the relevant peak. (3) Peak intensity more
than 1% of the maximum peak in a compilation. After
selection, the number of candidate peaks was reduced to
283, comprising 390 peptide identifications, allowing
more than two significant peptide identifications in each
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of the selected peaks. The heat map of the 283 peaks
shows successful differentiation between HCC and non-
HCC (fig. 1b).

Evaluation and Classification of Tumor Marker

Candidates for HCC

Following peak selection, 390 peptide identifications
associated with the selected peaks were grouped accord-
ing to the protein names. Of these, 288 peptide identifi-
cations were assigned to 111 groups (proteins), whereas
the remaining 102 were individual peptides supported
by only single peptide identification from one sample.
The latter were excluded from the following analysis
because of their ambiguity both for identification and
quantitation of protein. According to the fold value, i.e.
the ratio of HCC to non-HCC on the average signal in-
tensities involved in a peak, these 111 peptide groups
were evaluated for the quantitative regulation status of
the corresponding protein molecules. When peptides
with a greater than 1-fold value accounted for more than
80% in a peptide group, the corresponding protein was
considered to be upregulated in HCC. A total of 61 pro-
teins fell into this category. Accounting for less than
20% of the total, 22 proteins were categorized as down-
regulated. The other 28 groups were not categorized
into either set. The 61 upregulated and 22 downregu-
lated proteins were classified further by their functional
and topological aspects, based on the Gene Ontology
annotations as follows (table 1): 8 cytoskeletal proteins,
7 heat shock proteins (including HSP70 as upregulated
in HCC), 5 major blood proteins, 53 enzymes, and 10
other proteins.

Among several categories of proteins, we primarily
chose the cytoskeletal proteins for further validation,
since it is generally accepted that disorders in cellular
morphogenesis underpinned by the cytoskeleton are as-
sociated with tumor progression [15], and many papers
addressing cytoskeletal proteins as tumor markers have
been published recently [5, 16, 17]. Table 2 focuses on the
six cytoskeletal proteins which we identified as upregu-
lated in HCC: actin «/B, filamin-A, talin-1, tubulin
a chain, tubulin B chain, and WD repeat-containing
protein 1. Actin was identified from 3 peptides signif-
icantly upregulated in HCC, and these peptides,
SYELPDGQ-VITIGNER, QEYDESGPSIVHR and IW-
HHTFYNELR, are affiliated with 10, 5 and 7 genes,
respectively, of the actin isoforms according to the
Swiss-Prot database. Accordingly, the peptide identifi-
cations were unable to distinguish among these iso-
forms. This also is the case for identification of the tu-
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Fig. 1. Proteomic differential analysis using 2DLC-MS/MS.
a 2DLC-MS/MS of an individual sample generated 6 peptide pro-
files from SCX LC peptide fractions. The profile data were com-
piled separately for each SCX LC fraction. This illustration shows
the numbers of peaks and peptide identifications in each step.
b Heat map representation of the 283 peptide peaks. Each color
patch represents the ion signal intensity scaled to the mean of sig-

nal intensities in the corresponding peptide peak, as a continuum
of relative intensity levels from green (less than 0.25-fold of the
mean) to bright red (more than 2.5-fold of the mean). These peak
data are shown in descending order of the fold value of early HCC
to non-HCC. Arrowheads indicate the peak containing a talin-1-
derived peptide.

Table 1. Classification of the candidate
proteins for HCC tumor marker

Cytoskeletal protein
Heat shock protein
Major blood protein
Enzyme

Others

Total

6 2 8
6 1 7
3 2 5
39 14 53
7 3 10
61 22 83

Proteins were identified from the peptides whose ion intensities varied significantly

between early HCCs

and non-HCC tissues (p < 0.1). The fold values of early HCC to non-

HCC for the peptide ion intensities were used to evaluate the quantitative regulation
status of the individual proteins in early HCC.

Upregulation of Talin-1 in Hepatocellular
Carcinoma
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Table 2. Cytoskeletal proteins upregulated in early HCC

Actin (42)

 Numberof
S -Prot

SYELPDGQVITIGNER 25 46 1.4 8.95 AS5A3E0 (A26C1B), P60709 (ACTB), 10
P62736 (ACTA2), P63261 (ACTG1),
P63267 (ACTG2), P68032 (ACTCI),
P68133 (ACTAL), Q562R1 (ACTBL2),
Q6S8J3 (A26C1A), Q9BYX7 (FKSG30)
QEYDESGPSIVHR 100 35 1.6 2.16 A5A3E0 (A26C1B), P60709 (ACTB), 5
P63261 (ACTG1), Q6S8J3 (A26C1A),
QIBYX7 (FKSG30)
IWHHTFYNELR 200 38 14 9.56 A5A3EO0 (A26C1B), P60709 (ACTB), 7
P63261 (ACTG1), P68032 (ACTC1),
P68133 (ACTAL), Q6S8J3 (A26C1A),
QIBYX7 (FKSG30)
Filamin-A (280) IVGPSGAAVPCK 25 61 1.2 7.10 P21333 (FLNA) 1
Talin-1 (270) LNEAAAGLNQAATELVQASR 25 35 24 371 Q9Y490 (TLN1) 1
VQELGHGCAALVTK 50 35 1.2 4.34 Q9Y490 (TLN1) 1
LASEAKPAAVAAENEEIGSHIK 100 54 1.7 8.37 Q9Y490 (TLN1) 1
Tubulin a AVFVDLEPTVIDEVR 25 81 1.9 8.43 P68363 (TUBAILB), Q71U36 (TUBA1A), 3
chain (50) Q9BQE3 (TUBA1C)
AVFVDLEPTVIDEIR 100 70 2.0 2.64 P68366 (TUBA4A) 1
LISQIVSSITASLR 100 64 13 6.70 P68363 (TUBA1B), P68366 (TUBA4A), 5
Q9BQE3 (TUBA1C), Q91853 (TUBA4B),
Q9NY65 (TUBAS)
IHFPLATYAPVISAEK 150 42 1.2 9.75 P68363 (TUBALB), P68366 (TUBA4A), 6
Q13748 (TUBA3C), Q6PEY2 (TUBA3E),
Q71U36 (TUBA1A), Q9BQE3 (TUBAIC)
Tubulin 8 YLTVAAVFR 25 72 1.5 9.68 P04350 (TUBB4), P07437 (TUBB), P68371 3
chain (50) (TUBB2C)
SGPFGQIFRPDNFVFGQS 200 83 2.3 2.30 P04350 (TUBB4), P07437 (TUBB), P68371 5
GAGNNWAK (TUBB2C), Q13885 (TUBB2A), Q9BVAL
(TUBB2B)
WD repeat- IKDIAWTEDSKR 150 45 1.3 6.76 075083 (WDR1) 1
containing

protein 1 (66)

2 The score (S) given as S = -10 X logyo(P), where P is the absolute probability that the observed match between the MS/MS data and the amino acid
sequence is a random event (http://www.matrixscience.com). ® Signal intensity ratio of early HCC to non-HCC. © Significance of the difference between
the ion signal intensities of early HCC and non-HCC. ¢ The extract from each of the protein entries in Swiss-Prot database of Release 56.1 of September
2,2008. © Protein entries containing the corresponding amino acid sequence.

bulin @ and B chains, where the identified peptide
sequences belong to 1 or more tubulin isoforms.
Identifications of filamin-A and WD repeat-containing
protein 1 were supported only by single amino acid se-
quences. Talin-1 was identified from 3 amino acid se-
quences, LNEAAAGLNQAATELVQASR, VQELGHG-
CAALVTK and LASEAKPAAVAAENEEIGSHIK, each
being unique in the database. The relevant fold values
were 2.4, 1.2 and 1.7, respectively. We focused on talin-1
because of the low ambiguity in both the identification
and up-regulation. The real-time quantitative reverse

410 Oncology 2011;80:406-415

transcription-polymerase chain reaction (RT-PCR)
analysis of 3 LDLT cases, including the 2 cases used for
the proteomic analysis, also revealed upregulation of
talin-1 mRNA in HCC compared to noncancerous liv-
er (data not shown).

Talin-1 Expression in HCC Tissue Samples

The early HCC nodules used for proteomic analyses
were stained by the anti-talin-1 antibody with obvious
intensity (fig. 2a). Compared with Kupffer cells, vascular
smooth muscle cells, bile duct and sinusoidal endothelial
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Fig. 2. Immunohistochemical analysis of talin-1. a Talin-1 immu-
nostaining of tissue samples used for the proteomic analysis. Left:
noncancerous liver tissue. Right: early HCC. Arrowhead 1 indi-
cates a sinusoidal endothelial cell and arrowhead 2 a Kupffer cell.
b-d Various histological sections were stained with hematoxylin
and eosin (left plates) and anti-talin-1 antibody (right plates).

Upregulation of Talin-1 in Hepatocellular
Carcinoma

b An early HCC with slightly stronger staining of talin-1 than the
adjacent noncancerous hepatocytes. Arrowheads indicate the
borders between early HCC and noncancerous liver (N). ¢ A mod-
erately differentiated HCC. d A poorly differentiated HCC with
very strong staining of talin-1.
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p=0.034 p =0.040

Fig.3. Microarray analysis. a The means of
talin-1 mRNA expression in well (W, n =
4), moderately (M, n = 23), and poorly dif-
ferentiated HCCs (P, n = 13) increased ina
stepwise fashion, with a significant differ-
ence between well- and poorly differenti-
ated HCCs. b The average talin-1 mRNA
expression was significantly up-regulated
in 28 HCCs with portal vein invasion
(Vp+) as compared to 12 HCCs without
portal vein invasion (‘Vp-’). Error bars in-
dicate standard deviations.

Mean signal

Mean signal

Table 3. Immunohistochemical reactivity of talin-1 with various histological patterns

Dysplastic nodules 4 3

0 1 0 8
Well-differentiated HCCs (early HCCs) 3(1) 3(1) 2(2) 2(1) 3(2) 13 (7) 0.001%
Moderately differentiated HCCs 12 12 11 14 24 73 } ’
Poorly differentiated HCCs : 2 0 1 2 15 20

* Jonckheere-Terpstra test.

cells, which were stained by the anti-talin-1 antibody
with remarkable intensity, the immunoreactivity of non-
cancerous hepatocytes for talin-1 was clearly weak. More
intense cytoplasmic staining of the tumor cells by the an-
ti-talin-1 antibody, compared with the adjacent hepato-
cytes of noncancerous liver, was considered as up-regula-
tion of talin-1 in the tumor cells. The talin-1 immunore-
activities of 8 DNsand 106 HCC nodules are summarized
in table 3. Talin-1 was significantly upregulated in early
HCC cells compared with adjacent hepatocytes in non-
cancerous liver (Cochran-Mantel-Haenszel test, p =
0.003). The immunoreactivity of HCCs for talin-1 in-
creased gradually according to the degree of dedifferen-
tiation (fig. 2b-d), with statistical significance (Jonck-
heere-Terpstra test, p = 0.001). Poorly differentiated
HCCs were characterized not only by a high percentage
of cancer cells with talin-1 upregulation but also usually
by a high intensity of talin-1 staining. DNs were charac-
terized by a significantly lower percentage of talin-1 up-
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regulation compared with all HCCs together (Cochran-
Mantel-Haenszel test, p = 0.003).

We investigated the relationship between clinicopath-
ological factors and the expression of talin-1 (table 4). The
mean percentage of HCC cells with talin-1 upregulation
in the examined 106 HCC nodules was 53%. We divided
HCC samples into 2 groups with either more or less than
50% cancer cells showing talin-1 upregulation. As ex-
pected, the degree of cell dedifferentiation differed sig-
nificantly between the 2 groups (Cochran-Mantel-
Haenszel test, p = 0.004). Of great interest was the finding
that HCCs containing more than 50% cancer cells with
talin-1 upregulation had a significantly higher rate of
portal vein invasion (Vp) than those with fewer than 50%
cancer cells (Fisher’s exact test, p = 0.029). In agreement
with these results, the review of our past microarray data
[14] showed significant upregulation of talin-1 mRNA in
poorly differentiated HCCs compared with well-differ-
entiated HCCs (Student’s t test, p = 0.034), as well as in
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Fig. 4. Kaplan-Meier curves for disease-free survival after sur-
gery. 47 HCC patients with greater talin-1 upregulation (solid
line) had a significantly shorter disease-free survival than 25 of
those with less talin-1 upregulation (dashed line).

Vp-positive HCCs compared with Vp-negative HCCs
(p = 0.040) (fig. 3).

During a median follow-up of 25 months (range 0-67),
the disease-free survival was analyzed in 72 HCC patients
who underwent partial hepatectomy (fig. 4). Setting 50%
cancer cells with intense immuno-staining for talin-1 as
the threshold, log-rank analysis showed that 47 HCCs
with greater talin-1 upregulation had a significantly
shorter disease-free survival than 25 of those with less
talin-1 upregulation (p = 0.039).

Discussion

We applied the latest proteomic technologies to early
HCCs and noncancerous tissues derived from native liv-
ers of LDLT cases, resulting in identification of talin-1 as
a promising candidate marker for HCC progression. In
accordance with the proteomic analyses, immunohisto-
chemical examination confirmed talin-1 upregulation in
the majority of HCC cells compared with noncancerous
hepatocytes. The stepwise increase of immunoreactivity
for talin-1 according to the degree of dedifferentiation of
HCC suggests the involvement of talin-1 in HCC progres-
sion. In general, poor prognosis of progressed HCC is as-
sociated with both high rates of intrahepatic metastasis
and vascular invasion. The finding that HCCs with up-
regulation of talin-1 had a significantly higher rate of
portal vein invasion might be associated with the shorter
time to recurrence after partial hepatectomies for HCCs

Upregulation of Talin-1 in Hepatocellular
Carcinoma

Table 4. Correlations between talin-1 expression and clinical fac-
tors

Sex 0.599
Male 30 42 72
Female 6 13 19

Age 0.510
<60 years 12 23 35
260 years 24 32 56

Nonviral or viral (HCV + HBV) 0.083
Nonviral 13 10 23
Viral (HCV + HBV) 23 45 68

HCV or HBV? 0.422
HCV 12 30 42
HBV 10 15 25

Background tissue® 1.000
Not liver cirrhosis 20 31 51
Liver cirrhosis 14 22 36

Histology 0.004
Early/well-differentiated

HCC 8 5 13
Moderately differentiated
HCC 35 38 73

Poorly differentiated HCC 3 17 20

Portal vein invasion (Vp)¢ 0.029
Vp- 26 21 47
Vp+ 19 39 58

Intrahepatic metastasis (im)° 0.070
im- 38 41 79
im+ 7 19 26

2 One case was not counted because of infection with both

HCV and HBV. ® Four cases were not counted because of diffi-
culty in evaluating the histology of the background tissues. ¢ One
sample was not counted because of difficulty in judging the pres-
ence of portal vein invasion and/or intrahepatic metastasis. ¢ In
the categories ‘Sex’, ‘Age’, ‘Nonviral or viral’, HCV or HBV’, and
‘Background tissue’, n indicates the number of cases. When a case
had multiple nodules, the highest percentage among the most de-
differentiated nodules was counted. In the categories ‘Histology’,
‘Portal vein invasion’, and ‘Intrahepatic metastasis’, n indicates
the number of HCC nodules. ¢ All categories were analyzed sta-
tistically with Fisher’s exact test, except ‘Histology’ with Cochran-
Mantel-Haenszel test.

with talin-1 upregulation, so that the value of talin-1 as a
tumor marker may be seen in prediction of clinical out-
comes.

Talin-1 is one of several proteins thatlink the cytoplas-
mic domains of integrin f subunits to actin filaments [7].
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Binding of talin-1 to B-integrin cytoplasmic domains is
thought to trigger a conformational change in the af-
integrin extracellular domains that increases their affin-
ity for extracellular matrix proteins [18] and promotes
assembly of focal adhesions. Talin-1 plays a pivotal role in
focal adhesion dynamics, as calpain-2-mediated proteo-
lytic cleavage of talin-1 is a rate-limiting step in focal ad-
hesion disassembly [19]. Interactions between vinculin,
talin, and actin filaments appear to constitute a slippage
interface between the cytoskeleton and integrins, gener-
ating a molecular clutch that is regulated during the mor-
phodynamic transitions of cell migration [20]. Recently,
overexpression of talin-1 was reported to promote pros-
tate cancer cell adhesion, migration and invasion [21].
Such knowledge about the cytomorphodynamic roles of
talin-1 may be brought in connection with the higher in-
cidence of portal vein invasion in HCCs with talin-1 up-
regulation. In addition, talin-1 also functions in signal
transduction in focal adhesions, as it recruits focal adhe-
sion kinase (FAK), which in turn recruits Src and Ras to
activate downstream signaling pathways [22]. It is note-
worthy that FAK itself is involved in the metastasis and
invasion of HCC [23]. Recently, several molecular-target-
ed therapies have been developed for the treatment of var-
ious malignant diseases, and the multikinase inhibitor
sorafenib has shown survival benefits in patients with ad-
vanced HCC [24]. Accumulation of knowledge about
molecules such as talin-1, which may be involved in car-
cinogenic signaling pathways, may make available new
possibilities for molecular-targeted therapy.

Besides talin-1, the 61 proteins which our proteomic
analyses identified as up-regulated in HCC included
HSP70, which is known as a molecular marker of HCC
[4]. Filamin-A, a cytoskeletal protein listed in table 2, was
recently reported to be involved in the metastasis of HCC
cells [17]. Our immunohistochemical study, however, did
not reveal a significant difference in filamin-A expres-
sion between HCC and noncancerous liver (data not
shown). The majority of the proteins identified as up-reg-
ulated in HCC by our proteomic study still await further
validation.

Proteomics has greatly contributed to the identifica-
tion of specific markers for several human cancers [25].
In this work, we used a high-resolution 2DLC-MS/MS
methodology for differential tissue proteome analysis. A
characteristic of this strategy lies in the automated align-
ment of peptide signal data obtained from individual
samples, which enables direct comparison of peptide sig-
nal intensities among multiple LC-MS/MS runs without
any need for isotope labeling [26] and contributes to the
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increased reliability of analytic results. In addition, pro-
teolytic hydrolysis of the target proteome increases the
range of separable protein molecular mass, when com-
pared to the conventional two-dimensional electropho-
resis system that is based on the separation of intact pro-
teins by their size/charge and is incapable of detecting
high-molecular-mass proteins such as talin-1. It should
be noted that perfusion of freshly obtained whole livers
with heparinized saline resulted in depletion of body-flu-
id-derived, high-abundance proteins from the starting
materials and, thus, enrichment of tissue proteins in the
analyte. With the use of appropriately prepared materi-
als, advanced differential tissue proteomics has the po-
tential to detect quantitative changes of low-abundance
tissue proteins which may be the key to carcinogenesis.

In conclusion, talin-1 is significantly upregulated in
HCC according to tumor progression and may serve as a
prognostic marker. Advanced proteomic techniques ap-
plied to freshly obtained whole native livers including
early HCC portions may be a powerful method to iden-
tify unknown molecules involved in hepatocarcinogen-
esis.
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Abstract

Objective: To clarify the role of DNA polymerase delta in tu-
mor progression, we examined the expression of its main
catalytic subunit p125 encoded by POLDT in hepatocellular
carcinoma (HCC) and human HCC cell lines. Methods: We
examined the expression of p53 and p125 in HCC by using
immunohistochemistry and Western blotting. Characteristic
changes observed in human HCC cell lines after transfection
were examined. Results: Immunohistochemical examina-
tion revealed positive staining of p125 in HCC cell nuclei, but
few positively stained cells were observed in noncancerous
tissues (p < 0.0001). p125 expression in specimens signifi-
cantly correlated with cellular differentiation (p = 0.0048)
and the degree of vascular invasion (p = 0.0401). It also sig-
nificantly correlated with abnormal p53 expression. In vivo
studies showed that p125 was upregulated in mutant p53-
transfected HepG2 cells, which had more invasive potential
than did control cells. Furthermore, the expression and inva-
sive potential were reduced by the silencer sequence for

POLD1. Conclusions: These findings suggest that the DNA
polymerase delta catalytic subunit p125 induced by mutant
type p53 plays an important role in tumor invasion, which
leads to a poorer prognosis in HCC.

Copyright © 2011 S. Karger AG, Basel

Introduction

The alpha, delta, and epsilon types of mammalian
DNA polymerase are essential for DNA replication [1].
DNA polymerase delta and epsilon regulate the synthesis
of the leading and lagging strands, while DNA poly-
merase alpha is involved in primer synthesis 2} and pro-
cesses of eukaryotic DNA repair [3, 4]. DNA polymerase
delta and epsilon are distinguished from other mamma-
lian DNA polymerases by their intrinsic 3’ to 5’ exonucle-
ase activity which allows them to replicate DNA with
high fidelity [5]. DNA polymerase delta replicates a large
portion of the genome, synthesizing most of the lagging
strand and perhaps contributing to leading-strand syn-
thesis [6, 7].
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The DNA polymerase delta complex consists of 4 sub-
units: p125, p68, p50, and p12 [8]. The polymerase and the
3’ to 5’ exonuclease active sites of polymerase delta reside
in the p125 subunit, which is a 125-kDa protein encoded
by POLDI in human cells [9]. The POLDI promoter is
activated by the transcriptional factors Spl and Sp2 [9].
Its promoter is also suppressed by wild-type p53 which
binds to p53 and recognizes a specific consensus DNA
sequence [10]. Spl and p53 binding sites overlap each oth-
er, and POLDI promoter activity therefore appears to be
regulated by competition between Spl and p53 binding
to the site.

The p53 tumor suppressor gene is the most common-
ly altered protein discovered to date and its product func-
tions as a checkpoint in maintaining genome stability
[11]. Inactivation of the p53 gene is essentially due to
small mutations that lead to the expression of a mutant
protein. The p53 protein is induced and activated in re-
sponse to various stimuli such as DNA damage or the
expression of several oncogenes. p53 activation leads to
1 of 2 major cellular pathways, either apoptosis or cell
cycle arrest, which prevents cells from progressing to
the S phase until the damaged DNA is fully repaired.
p53 recognizes a specific consensus DNA sequence,
5’-PuPuPuC(A/T)(T/A)GPyPyPy-3', as a transcriptional
factor [12].

Hepatocellular carcinoma (HCC) is the fifth most
common cancer worldwide and the third most common
cause of cancer mortality [13]. Despite recent progress in
surgical techniques and postoperative management, the
recurrence rates after the surgical resection of HCC re-
main high [14-17]. p53 overexpression was associated
with the histological characteristics of HCC, such as poor
cellular differentiation, tumor size, vascular invasion,
and poor prognosis [18-21]. It is induced by mutations of
the p53 gene, which induce conformational changes to
stabilize the protein [22, 23]. These mutations were de-
tected in 27% of HCCs and correlated with cellular dif-
ferentiation and progression [24].

The following findings were recently reported: (1) de-
fective proofreading of DNA polymerase delta induced a
high incidence of epithelial cancers in mice [25]; (2) a
POLDI variant was associated with an approximately
2-fold increase in the relative risk of breast cancer [26];
(3) the hot spots for the loss of a heterozygosity or allelic
imbalance of BRCAI/2-related breast cancers harbor
POLDI [27], and (4) intentional mutation at the poly-
merase active site of DNA polymerase delta increases ge-
nomic instability and accelerates tumorigenesis [28].
DNA polymerase delta is therefore thought to play a cru-
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cial role in tumor progression. To clarify the role of DNA
polymerase delta in liver cancer, we examined pl25 ex-
pression in HCC and human HCC cell lines and assessed
the characteristic changes in human HCC cell lines ob-
served after transfection and the RNA interference-me-
diated silencing of p125.

Materials and Methods

Cell Cultures

Three established human lines of HCC and HelLa cells (Riken
Cell Bank, Tsukuba, Japan) differing in p53 status were used in
this study. Huh7 cells have p53 mutations at codon 220 [29], p53
is deleted in Hep3B cells [30], and HepG2 cells contain wild-type
P53 [30]. HeLa cells contain human papilloma virus and wild-
type p53. In HeLa cells, any p53 that is synthesized is rapidly de-
graded by E6 protein, which reduces the level of that protein to 0
[31]. All cells were cultured in DMEM (Life Technologies, Inc.)
supplemented with 10% fetal bovine serum, 500 U/ml penicillin,
and 500g pg/ml streptomycin (Life Technologies, Inc.), and
maintained at 37°C in 5% CO,.

Patients and Specimens

Tissue samples were obtained from 82 Japanese patients who
underwent curative hepatectomy for primary HCC without pre-
operative treatment at Kyushu University Hospital between 1995
and 2001 and provided preoperative written informed consent.
This study conformed to the ethical guidelines of the 1975 Decla-
ration of Helsinki as reflected in a priori approval by the appropri-
ate institutional review committee. All tumors were defined as
HCC, and pathological features of the tumors were determined
histologically according to the General Rules for the Clinical and
Pathological Study of Primary Liver Cancer of the Liver Cancer
Study Group of Japan [32].

Quantitative Real-Time Polymerase Chain Reaction

To analyze the mRNA expression, quantitative real-time poly-
merase chain reactions (QRT-PCR) were performed with a Light-
Cycler®2.0 system using a Universal Probe Library approach with
LightCycler TagMan Master (Roche, Tokyo, Japan) and appropri-
ate Universal Probes [UPL Probe No. 67 for POLDI and No. 60 for
glyceraldehyde 3-phosphate dehydrogenase (GAPDH); Rochel,
according to the manufacturer’s instructions. GAPDH was used
as the internal control. Specific amplification of the target se-
quence was obtained using primers designed by Probe Finder
software (Roche) to amplify POLDI (NM_002691.1) or GAPDH
(NM_002046.3). To verify that the correct targets were amplified,
PCR products were run on an agarose gel and visualized with
ethidium bromide staining on an ultraviolet transilluminator.
The primer sequences for POLDI and GAPDH were 5'-
CCCTACGTGATCATCAGTGC-3' (forward primer for POLDI),
5-AGGTAGTACTGCGTGTCAATGG-3" (reverse primer for
POLD1I), 5'-AGCCACATCGCTCAGACA-3’ (forward primer for
GAPDH),and 5'-GCCCAATACGACCAAATCC-3' (reverse prim-
er for GAPDH).
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Western Blot

To analyze protein expression, SDS-PAGE and Western blot
were performed using an Invitrogen™ NuPAGE® Novex® Bis-
Tris MiniGel system (Invitrogen, Tokyo, Japan) according to the
manufacturer’s instructions. Normalized protein lysates were
boiled in electrophoresis SDS sample buffer, run on a 10% SDS-
PAGE gel, and transferred onto a polyvinylidine difluoride mem-
brane (Invitrogen). The primary antibodies used in this study
were against p125 (1:200 dilution, mouse monoclonal antibody,
clone A-9; Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.,
USA), p53 (1:1,000 dilution, mouse monoclonal antibody, clone
DO-7; Dako, Tokyo, Japan), and B-actin (1:1,000 dilution, mouse
monoclonal antibody, clone AC-15; Sigma Aldrich, Tokyo, Japan).
Cases in which the relative p125 expression level in the tumor le-
sion was more than 0.5 [the upper 95% confidence interval (CI)
limit of the relative p125 expression level in noncancerous tissues]
were considered high-expression cases and the others were con-
sidered low-expression cases.

Immunohistochemical Staining

Immunohistochemical observations were performed on adja-
cent deparaffinized sections using the EnVision™+ System-
horseradish peroxidase method (Dako). The primary antibodies
used in this study were against p125 (1:300 dilution, rabbit poly-
clonal antibody, clone H-300; Santa Cruz Biotechnology) and p53
(1:100 dilution, mouse monoclonal antibody, clone DO-7; Dako).
Immunohistochemical staining was examined under a light mi-
croscope by 2 pathologists. Sections with nuclear staining for p53
in >10% cells were considered positive [20]. Cases in which nucle-
ar staining for p125 was greater in the tumor lesion than in non-
cancerous tissues were considered high-expression cases and the
others were considered low-expression cases.

Invasion Assay

The invasive potential was determined in a Matrigel invasion
assay using polycarbonate membranes (pore size 8.0 wm) in the
upper chamber of 24-well Transwell culture chambers coated
with Matrigel (Becton Dickinson Co., Tokyo, Japan) according to
the manufacturer’s instructions and as previously described [33].
Celllines (2.0 X 10*cells/well) suspended in 500 pl DMEM with-
out fetal bovine serum were placed in the upper chamber, and the
lower chamber was filled with 750 ul DMEM along with 20% fe-
tal bovine serum as a chemoattractant. Inserts without Matrigel
were used as the control. The cells were allowed to migrate
through Matrigel for 36 or 72 h. The membranes were stained us-
ing a Diff-Quik staining kit (Siemens Healthcare Diagnostics,
Inc., Deerfield, 111, USA). The number of invading cells was ex-
pressed as an invasion percentage, i.e. the mean number of cells
invading through the Matrigel insert membrane divided by the
mean number of cells migrating under the control insert mem-
brane. Each experiment was performed in triplicate.

Plasmid Construction

A p53 Dominant-Negative Vector Set and a pIRES2-AcGFP1
Vector were purchased from Clontech Laboratories, Inc. (Ta-
kara Bio). The coding sequence for p53mt135 was ligated into the
Sacl and EcoRI sites of the pIRES2-AcGFP1 vector to generate
pIRES2-AcGFP1-p53mt135. The plasmid constructs was con-
firmed by direct sequence analysis. The pIRES2-AcGFP1-null
vector was used as the control. When p53mt135 and p53 are co-

Role of p125 in HCC

expressed, they form a mixed tetramer that is unable to interact
with p53-binding sites, thereby blocking the downstream effects
of p53 [34, 35].

Stable Transfection

One microgram of plasmid construct was transfected into
HepG?2 cells using FuGENE® 6 Transfection Reagent (Roche) ac-
cording to the manufacturer’s instructions and as previously de-
scribed [36]. The transfected cells were selected for resistance to
1,000 pg/ml of G418 (Roche) for 6 weeks. Stably transfected
pIRES2-AcGFP1-p53mtl135 was confirmed to strongly express
p53 by Western blot and by the detection of green fluorescent
cells.

RNA Interference

For silencing experiments, cells were transfected with small
interfering RNA (siRNA) duplexes using an X-tremeGENE
siRNA transfection reagent (Roche), according to the manufac-
turer’s instructions, and harvested 72 h after transfection to ob-
tain the protein. Two siRNAs were purchased from Ambion, Inc.
(Applied Biosystems, Tokyo, Japan). Silencer® Negative Control
#1 siRNA was used as the negative control. The silencer sequence
for POLDI was 5'-CCUUCAUCCGUAUCAUGGALt-3" (Silencer
Select pre-designed siRNA, siRNA ID s614).

Statistical Analysis

Univariate survival analysis was performed using the Kaplan-
Meier method and results were compared by univariate logrank
and Wilcoxon tests. Metric variables were compared with inde-
pendent samples by a nonparametric Wilcoxon test. Nominal
variables were compared using Fisher and ¥ tests, and they were
compared with multivariate data using multivariate logistic re-
gression analysis. p < 0.05 was considered statistically significant.
All statistical analyses were performed using JMP 6.0 software for
Macintosh (SAS Institute, Inc., Cary, N.C., USA).

Results

pl125 Expression in Human HCC

Since p125 expression in clinical samples has not been
analyzed before, preliminary analyses of p125 expression
levels in human HCC were conducted. Sixty-seven clini-
cal samples (28 noncancerous and 39 cancerous) were ex-
amined by Western blot (fig. 1a). p125 expression was sig-
nificantly higher in human HCC than in noncancerous
tissues (fig. 1b; p < 0.0001). Immunohistochemistry was
performed to identify the cellular localization of p125 in
hepatocytesand to determineits expression levels (fig. 1c).
There was immunochemical p125 staining in cancer cell
nuclei. Few positively stained cells (<1%) were observed
in noncancerous tissues. These results show that p125 ex-
pression was higher in cancerous tissues than in noncan-
cerous tissues.
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Fig. 1. Immunological expression of p125 and p53 in human HCC.
a Western blot analysis of p125 in human HCC. Each lane was
loaded with 20 pg total protein. b Scatter diagram showing the
pl25 distribution determined by quantitative Western blot in
paired normal and tumor liver tissue samples. The relative mean
expression level of p125 was 0.38 (95% CI 0.22-0.54) in noncan-
cerous tissues and 1.59 (95% CI 1.19-1.99) in cancerous tissues.

Relationship between the Expression of p125 and

POLDI mRNA

To examine the correlation between the expression of
pl25and POLDI mRNA, 64 cases were divided into high-
expression (n = 46) and low-expression (n = 18) groups
based on immunohistochemical findings. mRNA ex-
pression was significantly higher in the high-expression
group than in the low-expression group (p = 0.0126;
fig. 2a). Forty-three cases were divided into 25 high-ex-
pression and 18 low-expression cases by Western blot.
mRNA expression was significantly higher in high-ex-
pression cases than in low-expression cases (p = 0.0164;
fig. 2b). These results indicate that p125 expression cor-
related with POLDI mRNA expression.

232 Oncology 2010;79:229-237
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d

¢ Immunohistochemistry for pl25. Cases with high pl25 ex-
pression are shown in I. A cancerous lesion of a case with high
p125 expression is shown in IL. A cancerous lesion of a case with
low p125 expression is shown in III. d Immunohistochemistry for
p53. A cancerous lesion of a case with p53-positive staining is
shown. B-Actin was used as the internal control. M = Marker;
N = surrounding normal tissue; T = tumor tissue.

Relationship between the Expression of p125 and p53

To examine the correlation between the expression of
p125 and p53, a total of 82 cases were divided into high-
expression (n = 59) and low-expression (n = 23) groups
based on immunohistochemical findings for p125. p53
was also stained immunochemically in nuclei (fig. 1d).
P53 expression significantly correlated with p125 expres-
sion (p = 0.02; fig. 2¢). We also examined the p53 muta-
tion of exons 5-8 in 79 cases by direct sequence analysis,
excluding 3 cases in which DNA was not available. Im-
munohistochemical staining of p53-positive cases (47
cases) showed a significantly high p53 mutation rate
(28%) compared with p53-negative cases (32 cases, 0%;
data not shown). These findings indicate that high p125
expression was associated with abnormal p53 expression.
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Fig. 2. Relationship between the expression of p125 and POLD1
mRNA and p53. a Scatter diagram showing the POLDI mRNA
distribution determined by qRT-PCR in pl125 expression groups
as per immunohistochemical findings. The mean POLDI mRNA
concentration was 0.92 (95% CI 0.47-1.37) in the low-expression
group and 3.00 (95% CI 1.81-4.20) in the high-expression group.
b Scatter diagram showing the POLDI mRNA distribution deter-
mined by gqRT-PCR in p125 expression groups as per Western blot
findings. The mean POLDI mRNA concentration was 1.08 (95%
CI -0.38 to 2.54) in the low-expression group and 3.80 (95% CI
1.66-5.94) in the high-expression group. ¢ Bar graph showing the
p53 status distribution determined by immunohistochemistry in
the p125 expression groups.

Relationship between Immunohistochemical Results,

Clinicopathological Features, and Survival

Table 1 shows a comparison of clinicopathological
features between patients with tumors expressing high
(high-expression group, n = 59) and low (low-expression
group, n = 23) p125 levels. p125 expression significantly
correlated with gender, the indocyanine green 15-min
retention rate, operation time, resection volume, ana-
tomic resection, serum alpha-fetoprotein levels, serum
des-gamma-carboxyl prothrombin levels, pathological
differentiation, grade, vascular invasion, and intrahepat-
ic metastasis. To examine the association between p125
expression and pathological features, logistic regression
for qualitative variables was performed with adjustment
for tumor size, tumor number, vascular invasion, intra-
hepatic metastasis, pathological differentiation, and
grade. Backward stepwise multivariate logistic regres-
sion analysis revealed that the high p125 expression cor-
related with poor histological differentiation (p = 0.0048)
and positive vascular invasion (p = 0.0401). Survival and
disease-free survival were compared between the high-
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and low-expression groups. The disease-free survival
curves of the high- and low-expression groups showed
significant separation (p = 0.0496 by Wilcoxon’s test;
fig. 3).

Relationship between p125 Expression, p53

Expression, and the Invasive Potential of HCC Cell

Lines

p125 expression was detected in all HCC cell lines and
HeLa cells using Western blot (fig. 4a). Huh7 cells ex-
pressed lower p125 levels and higher p53 levels compared
with HeLa, HepG2, and Hep3B cells. In p53-deleted
Hep3B and rapidly degraded HeLa cells, higher p125 lev-
els were observed. p125 expression and p53 expression
were inversely correlated. The invasive potential of those
cells was examined using a Matrigel invasion assay
(fig. 4b). Huh?7 cells exhibited significantly less invasive
potential than did the other cell lines (p < 0.05). These
findings indicate that the invasive potential of HCC cell
lines correlated with p125 expression.
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Fig. 3. Survival curves according to p125 expression level. a Over-
all survival curves for HCC patients having tumors with high (sol-
id line) and low expressions (dotted line) of p125 (p = NS).
b Disease-free survival curves for the high- (solid line) and low-
expression (dotted line) groups (p < 0.05, Wilcoxon’s test).

Alteration of the Invasive Potential of HepG2 and

pl25 Expression

To investigate whether cellular invasiveness was regu-
lated by p125 expression, stable transfection experiments
using the induced exogenous dominant negative mutant
p53mtl135 were performed in HepG2 cells containing
wild-type p53. The dominant negative mutant p53mt135
increased pl25 expression (fig. 5a). Transfection of the
control vector did not affect p125 expression or the inva-
sive potential of HepG2 cells. The latter significantly in-
creased with p125 expression (p = 0.0003; fig. 5b). RNA
interference experiments were performed in stably trans-
fected pIRES2-AcGFP1-p53mt135 HepG2 cells using the
silencer sequence for POLDI. pl125 expression was de-
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Table 1. Comparison of clinicopathological features between
HCC patients with tumors showing high and low p125 expres-
sions

Clinical factors

Age!, years 654+85 635%98 NS
Male/female ratio 22/1 43/16  <0.05
Positive HBs-Ag, % 8.7 20.3 NS
Positive HCV-Ab, % 60.9 66.1 NS
Total protein’, g/dl 7.2+0.7 72%0.7 NS
Albumin!, g/dl 3.82%0.32 3.85+0.42 NS
ASTY, U/l 52.6+31.2 574%253 NS
ALTL U/ 60.2+t41.3 65.8%£494 NS
Total bilirubin!, mg/dl 0.81+0.25 0.86%0.33 NS
Platelets!, X 104/l 140+4.84 142%79 NS
PT,L % 84.8*17.6 825%*12.2 NS
ICG-R15%, % 19.5x8.5 153%9.0 <0.05
Child’s classification (Band C), % 17.4 11.9 NS
Surgical factors

Operation time!, min 281 %56 330+97 <0.05
Resection volume!, g 152+153  295%335 <0.05
Anatomical resection, % 26.1 55.9 <0.05
Estimated blood loss!, g 813+639 1,015+904 NS
Transfusion (+), % 13.0 11.9 NS
Tumor factors

log[AFP (ng/ml)]* 1.26+0.88 1.76%x1.17 <0.05
log[DCP (mAU/ml)]! 1.88+0.73 2.39%1.04 <0.05
Tumor size!, cm 3.04%1.84 431+312 NS
Tumor number (multiple), % 34.8 44.1 NS
Stage 3 and 4, % 47.8 50.9 NS
Grade 3, % 4.4 28.8 <0.05
Poor histology, % 4.4 30.5 <0.05
Vascular invasion (+), % 0 22.0 <0.05
im. (+), % 8.7 32.2 <0.05

!Mean * standard deviation.

HBs-Ag = Hepatitis B virus antigen; HCV-Ab = hepatitis C virus
antibody; AST = aspartate aminotransferase; ALT = alanine ami-
notransferase; PT = prothrombin time; ICG-R15 = indocyanine
green 15-min retention test; AFP = alpha-fetoprotein; DCP = des-
gamma-carboxyl prothrombin; i.m. = intrahepatic metastasis.

creased by silencing for POLDI transfection (fig. 5c).
Negative control siRNA transfection had no effect on
p125 expression or its invasive potential. The invasive po-
tential of HepG2 cells was significantly decreased with
p125 expression (p = 0.0003; fig. 5d). These findings in-
dicate that the invasive potential directly correlated with
p125 expression.
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Fig. 4. Relationship between p125 expression, p53 expression, and
the invasive potential of HCC cell lines. a Western blot of p125
and p53. Each lane wasloaded with 20 pg total protein. b Invasive
potentials were determined by the Matrigel invasion assay. Each
experiment was performed in triplicate.

Fig. 5. Alteration of the invasive potential of HepG2 and p125 ex-
pression. a, ¢ Western blot of p125 and p53. Each lane was loaded
with 20 pg total protein. b, d The invasive potential was deter-
mined in the Matrigel invasion assay. b The mean invasion per-
centage of nontreated HepG2 cells was set to 1.00 and the invasive
potential of stably transfected HepG2 cells is represented as a frac-
tion. d The invasion percentage of nontreated stably transfected
HepG2 pIRES2-AcGFP1-null cells was calculated as 1.00 and the
invasive potential is represented as a fraction. Each experiment
shown in b and d was performed in triplicate.
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