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Figure 2 | 5" tRH abundance in HBV- and HCV-associated hepatocellular
(right) 5" tRHY" (Val[A/C]AC) in (top) non-malignant (n=9) and cancer
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carcinoma. (b) Abundance (RT-qPCR) of (left) 5’ tRHY (Gly[C/G]CC) and
tissue (n=10) from HBV-infected subjects, and (bottom) non-malignant

(n=14), and cancer tissue (n=15) from HCV-infected subjects. Box and whisker plots are overlaid with data from each sample; whiskers extend to 1.5 *

interquartile range. P-values calculated using Mann-Whitney U-test. *P <

0.05; ¥*P < 0.01; ¥**P < 0.005. (b) Proportion of mapped reads aligning to

tRNAs for the paired cancer and non-cancer tissue from subjects with chronic hepatitis B (n=3) and hepatitis C {(n=4) (c) Correlation heatmap of tRNA-
derived RNA expression profiles determined by small RNA sequencing. The colors of the cells represent Spearman’s rank correlation coefficients of the
relative levels of the 10 most abundant tRNA-derived RNAs between all pairs of tissue samples sequenced (n=20). (d) Proportion of mapped reads that
align to 5’ tRH and 5’ tRH" in non-malignant and cancer tissue from (top) HBV-infected and (bottom) HCV-infected subjects. “Mapped reads”

represents all reads aligning to miRNAs or tRNAs (see Methods).

abundance in seminal exosomes (considered to be immunosuppres-
sive)®, and roles in facilitating Trypanosoma cruzi infection in
human cells and altering host gene expression®.

There is good evidence that the abundance of these small non-
coding RNAs increases in response to specific kinds of cellular stress.
For example, tRHs are induced in cell culture by the addition of sodium
arsenite, exposure to UV, nutrient starvation, hypoxia, hypothermia
and heat, but not by exposure to etoposide, y-radiation, caffeine®?,
This strongly suggests that the formation of tRHs is a regulated process,
rather than due to general degradation of tRNAs in response to stress.
In the nucleus angiogenin is involved in promoting angiogenesis® and
in the cytoplasm, when not bound to RNHLI, it acts as a tRNA-proces-
sing RNase®**, cleaving tRNAs at the anticodon loop and producing
tRHs**". The cellular localization of angiogenin and its ribonuclease
activity depend on the intracellular conditions and are regulated by
RNH1%. The differences we observed in correlations between ANG
expression and tRH abundance in chronic hepatitis B, hepatitis C and

associated liver cancer may be a result of differences in angiogenin
localization and function in these disease states. Non-tumor and tumor
tissues from patients with chronic hepatitis C tend to show more
evidence of angiogenesis than the in chronic hepatitis B**%. This could
mean that in chronic hepatitis C angiogenin is primarily nuclear, and
therefore not exclusively involved in tRH production. Finally, it must
also be noted that factors other than ANG may be critical to tRH
biogenesis in different cell types or in response to different types of
cellular stress. Much more remains to be uncovered about the specific
mechanisms that lead to tRH accumulation.

Chronic infections with HBV and HCV typically lead to more
severe liver disease in human patients than in the chimpanzee
model”*, Disease severity may account for the differences we
observed in tRH abundance between liver tissue from human sub-
jects with chronic HCV infection and the chimpanzee samples.
Interestingly, however, humans and chimpanzees exhibited similar
increases in tRH abundance in chronic hepatitis B, suggesting that
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Figure 3 | Angiogenin expression in viral hepatitis and hepatocellular carcinoma. (a) Normalized ANG mRNA levels from previously generated liver
microarray data'* from uninfected subjects (n=6), non-malignant (n=7) and liver cancer (#=8) tissue from HBV-infected subjects, and non-malignant
(n=11) and cancer tissue (n=15) from HCV-infected subjects. **P < 0.01; **¥*P < 0.005, calculated by Mann-Whitney U-test. (b) Scatter plot of the
levels of 5’ tRHs (RT-qPCR, -dCT normalized to RNU48) and ANG mRNA (microarray). 5’ tRH® (“Gly[C/G]CC”): uninfected subjects (n=7), non-
cancer (n=7) and cancer (n=8) liver tissue from chronic hepatitis B subjects, and non-cancer (n=11) and cancer (n==15) liver tissue from chronic
hepatitis C subjects; 5’ tRH"™: uninfected subjects (n=6), non-cancer (n=7) and cancer (n=8) liver tissue from chronic hepatitis B subjects, and non-
cancer (n=11) and cancer (n=15) liver tissue of chronic hepatitis C subjects. (c) Scatter plot of the levels of 5' tRHs (RT-qPCR, -dCT normalized to
RNU48) and ANG protein expression (normalized to B-actin) determined by immunoblot analysis. (d) Immunohistochemistry staining for ANG in
formalin-fixed non-tumor (NT) and tumor tissue (T) from HBV-infected subject #10. (Right) Magnified view of non-tumor (NT). (e) ANG staining in
adjacent tumor nodules (T1 and T2) and in non-tumor (NT) tissue from HCV-infected subject #7.

there may be a primary HBV-specific mechanism that directly reg-
ulates tRH biogenesis.

Our study has some technical limitations. tRNAs are subject to
many different chemical modifications®, several of which could
impede library preparation and sequencing. This may have biased
which tRNA-derived RNAs we detected. Also, we do not know how
tRH abundance varies among the diverse cell types that populate the
liver. Given that these small RNAs have not previously been studied
in human tissue, we also have little appreciation of what functions
these small non-coding RNAs have within the liver. Nonetheless, our
finding that the intrahepatic abundance of tRHs is substantially
increased in chronic viral infections of the liver and altered in
HCC suggest that tRHs may have important, yet to be determined
roles in liver disease. Thus, this study may have implications for
disease pathogenesis and novel therapeutic strategies.

Methods

The methods were carried out in accordance with the approved guidelines.

Human subjects. Written informed consent was obtained from all human subjects.
Ethics approval was obtained from the Ethics Committee for Human Genome/Gene
Analysis Research at Kanazawa University Graduate School of Medical Science.

Chimpanzee liver tissue. The chimpanzee samples used in this study were archived
from previous studies and were collected prior to December 15, 2011. Chimpanzees
were housed and cared for at the Southwest National Primate Research Center
(SNPRC) of the Texas Biomedical Research Institute. The animals were cared for in
accordance with the Guide for the Care and Use of Laboratory Animals, and all
protocols were approved by the Institutional Animal Care and Use Committee.
SNPRC is accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) International. SNPRC operates in accordance
with the NIH and U S. Department of Agriculture guidelines and the Animal Welfare
Act. Animals were sedated for all procedures. Animals are group-housed with indoor
and outdoor access and an environmental enrichment program is provided by a staff
of behavioral scientists.

Small RNA-sequencing. RN A wasisolated as described previously'*, RNA purity was
assessed with Nanodrop 2000 (Thermo Scientific) and integrity was determined with
an Agilent 2100 Bioanalyzer (Agilent). RNA integrity and sequencing quality were
comparable for all specimens (Supplemental Table 2-4). Small RNA libraries were
generated using Ilumina TruSeq Small RNA. Sample Preparation Kit (Illumina, San
Diego, CA). Sequencing was performed on Illumina HiSeq 2000 platform.
Bioinformatic analysis: Sequencing reads were trimmed using Cutadapt (parameters
O -10 e 0.1) and were further analyzed in two different ways: (i) Mapped trimmed
reads allowing no mismatches to all tRNA sequences (except pseudo-tRNAs and
undefined tRNAs) downloaded from GtRNAdb* (Figure 1b,c; Figure 2¢,d;
Supplemental Figure 1,2,4,7); (ii) Mapped trimmed reads to genomic regions
spanning annotated miRNA s (+/— 20 nts) and tRNA sequences {+/— 40 nts)
using Bowtie 0.12.7*' allowing for no mismatches. Next, reads that did not map
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without mismatches were aligned to the same regions using SHRIMP2,2.2%,
SHRIMP2.2.2 seeds were set based on the length of the read allowing 1 mismatch
anywhere in the body and up to 3 mismatches at the 3" end of the read (based on the
length of the read). (Figure 1a right, Figure 2b, Supplemental Figure 7, Supplemental
Table 4). Small RNA-sequencing data was deposited on GEO (GSE57381).

AGO2-RNA Co-immunoprecipitation, F13-7 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM, Life Technologies) and supplemented with 10%
fetal calf serum and 2 mM GlutaMAX (Life Technologies, Carlsbad, CA). Cells were
cultured in a humidified incubator at 37°C and 5% CO,. Three technical replicates of
1 X 107 FI3-7 cells were harvested in lysis buffer (150 mM KCI, 25 mM Tris-HCI
(pH 7.4), 5 mM EDTA, 1% Triton X-100, 5 mM DTT, Complete protease inhibitor
mixture (Roche), and 100 U/mL RNaseOQUT (Life Technologies)]. Lysates were
centrifuged for 30 min at 17,000 X g at 4°C and filtered through a 0.22-um filter.
Filtrates were incubated with anti-human AGO2 mAb (RN003M, MBL International,
Woborn, MA) or isotype control IgG (Abcam, Cambridge, England) at 4°C for 2 h,
followed by addition of 30 uL of Protein G Sepharose (GE Healthcare) for 1 h. The
Sepaharose beads were washed three times in lysis buffer and RNA extracted using the
miRNeasy Mini Kit (Qiagen, Hilden, Germany).

Small RNA real time quantitative PCR (RT-qPCR). Complementary DNA (¢cDNA)
was synthesized using TaqMan MicroRNA Reverse Transcription Kit (Life
Technologies) according to the manufacturer’s instructions. Real time PCR
amplification was performed using TagMan Universal Master Mix (Life
Technologies) on the Bio-Rad CEFX96 real time PCR detection system. U6, miR-24,
let-7a, let-7f, RNU48, and RNUG6 were all evaluated as potential housekeeping small
RNAs for purposes of normalization. RNU48 was selected because it was the most
consistent across disease groups. RT-qPCR reactions for human samples were
performed in triplicate. RT-qPCR reactions for chimpanzee samples were performed
in duplicate. The following TagMan assays were purchased from Life Technologies:
miR-122 (product number 4427975; 002245) and RNU48 or SNORDA48 (product
number 4427975; 001006). Primers for the custom TagMan assays (5" t(RH-“" and 5’
tRH-Y") were designed using 5'-GCAUUGGUGGUUCAGUGGUAGAAU-
UCUCGCCU-3' for 5" tRH-" and 5'-GUUUCCGUAGUGUAGUGGUUAUCAC-
GUUCGCCU-3' for 5' tRHY.

Metabolic Radiolabeling and Measurement of Nascent Protein Synthesis. Huh7
cells were seeded onto the wells of 6-well cell culture plates ata density of 2 X 10° cells/
well and incubated overnight to allow cell attachment. Cells were transfected with
50 nM and 100 nM of 5" tRH (5'-GCAUUGGUGGUUCAGUGGUAGAAU-
UCUCGCCU-3"), 5" tRHY™ (5'-GUUUCCGUAGUGUAGUGGUUAUCACGUU-
CGCCU-3'), or scramble (5'-GCAUUCACUUGGAUAGUAAAUCCAAGC-
UGAA-3")* (all from Integrated DNA Technologies, Coralville, IA) oligonucleotide
after replacing cell culture medium with methionine- and cysteine-deficient DMEM
(Life Technologies) and cultured for further 12 hys. Cells were then metabolically
radiolabeled for 12 hrs with 200 puCi/well of Express Protein Labeling Mix containing
[*S)methionine and [*S]cysteine (PerkinElmer, Waltham, MA) in the presence or
absence of 50 pg/ml puromycin and lysed with lysis buffer (20 mM Tris-HCI [pH
7.4} containing 150 mM NaCl, 1% Triton X-100, 0.05% SDS, and 10% glycerol)
supplemented with 50 mM NaF, 5 mM Na;VOy, and a protease inhibitor cocktail
(Complete; Roche, Mannheim, Germany). The protein concentration of cell lysates
was determined by the Bio-Rad Protein Assay (Bio-Rad), and 10 pg (total protein) of
cell Iysates was subjected to SDS-PAGE followed by staining gels with the Sypro Ruby
Protein Gel Stain (Bio-Rad, Hercules, CA) and autoradiography.

Immunohistochemistry (IHC). Staining was performed by immunoperoxidase
technique with an Envision kit (DAKO Japan). Primary antibodies used were against
PB-actin (Cell signaling technology, #4967, Beverly, MA) and Human Angiogenin
Affinity Purified Polyclonal Ab (R and D Systems, AF265, Minneapolis, MN).
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Gd-EOB-DTPA-Enhanced Magnetic Resonance Imaging
and Alpha-Fetoprotein Predict Prognosis of
Early-Stage Hepatocellular Carcinoma

Taro Yamashita,"* Azusa Kitao,® Osamu Matsui,® Takehiro Hayashi,* Kouki Nio,” Mitsumasa Kondo,”

Naoki Ohno,” Tosiaki Miyatif Hikari Okada,” Tatsuya Yamashita,” Eishiro Mizukoshi,” Masao Honda,”

Yasuni Nakanuma,” Hiroyuki Takamura,6 Tetsuo Ohm,6 Yasunari Nakamoto,” Masakazu Yamamoto,®
Tadatoshi Takayama,® Shigeki Arii,'® XinWei Wang,'" and Shuichi Kaneko®

The survival of patients with hepatocellular carcinoma (HCC) is often individually different
even after surgery for early-stage tumors. Gadolinium ethoxybenzyl diethylenetriamine pen-
taacetic acid (Gd-EOB-DTPA)-enhanced magnetic resonance imaging (MRI) has been intro-
duced recently to evaluate hepatic lesions with regard to vascularity and the activity of the
organic anion transporter OATP1B3. Here we report that Gd-EOB-DTPA-enhanced MRI
(EOB-MRI) in combination with serum alpha-fetoprotein (AFP) status reflects the stem/
maturational status of HCC with distinct biology and prognostic information. Gd-EOB-
DTPA uptake in the hepatobiliary phase was observed in ~15% of HCCs. This uptake cor-
related with low serum AFP levels, maintenance of hepatocyte function with the up-
regulation of OATPIB3 and HNF4A expression, and good prognosis. By contrast, HCC
showing reduced Gd-EOB-DTPA uptake with high serum AFP levels was associated with
poor prognosis and the activation of the oncogene FOXMI. Knockdown of HNF4A in
HCC cells showing Gd-EOB-DTPA uptake resulted in the increased expression of AFP and
FOXM1 and the loss of OATPIB3 expression accompanied by morphological changes,
enhanced tumorigenesis, and loss of Gd-EOB-DTPA uptake in vivo. HCC classification
based on EOB-MRI and serum AFP levels predicted overall survival in a single-institution
cohort (n=70), and its prognostic utility was validated independently in a multi-
institution cohort of early-stage HCCs (n = 109). Conclusion: This noninvasive classification
system is molecularly based on the stem/maturation status of HCCs and can be incorpo-
rated into current staging practices to improve management algorithms, especially in the
early stage of disease. (HeraToLOGY 2014;60:1674-1685)

iver cancer is the fifth most commonly diag- (HCC) represents the major histological subtype,
nosed cancer and the second most frequent accounting for 70-86% of cases of primary liver can-
cause of cancer death in men worldwide.! cer.' Several staging systems are currently available for
Among primary liver cancers, hepatocellular carcinoma HCC  classification and include Tumor Node

Abbreviations: AFE alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; EOB-MRI, gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid-enhanced
magnetic resonance imaging; FOXM]I, forkhead box protein MI; Gd-EOB-DTPA, gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid; HCC, hepatocel-
lular carcinoma; HNF4a, hepatocyte nuclear factor 4 alpha; IHC, immunohistochemistry; MRI, magnetic resonance imagingg NOD/SCID, nonobese diabetic,
severe combined immunodeficient; OATPs, organic anion transporting polypeptides; gRT-PCR, quantitative reverse-transcription polymerase chain reaction; SI, sig-
nal intensity; TNM, tumor node metastasis.
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Metastasis (TNM) and Barcelona Clinic Liver Cancer
(BCLC) staging, which are based on tumor number
and size, vascular invasion, metastatic status, hepatic
reserve, and performance status.” These systems can
provide an approximate estimate of patients’ survival,
but patients diagnosed at the same disease stage some-
times show a different prognosis. This is most likely
because these systems do not include an assessment of
the malignant phenotype of the tumor, which would
be especially important in those patients diagnosed at
the early stage of disease. To overcome these limita-
tions, gene expression profiling technologies have been
applied to classify HCC. In particular, the stemness of
HCC is currently of great interest because its gene
expression profile reflects the malignant nature of the
tumor.>” However, the application of these new tech-
nologies still needs to be validated externally prior to
their implementation in clinical practice.

The hallmark of HCC diagnosis has been image
analysis based on vascularity. Gadolinium ethoxybenzyl
diethylenetriamine pentaacetic acid (Gd-EOB-DTPA)
is a liver-specific magnetic resonance imaging (MRI)
contrast agent introduced specifically to improve the
detection of liver lesions.® Gd-EOB-DTPA-enhanced
MRI (EOB-MRI) has been used to evaluate liver
tumors in Europe since 2004, in the USA and Japan
since 2008, and in China since 2010. Gd-EOB-DTPA
is characterized by its rapid and specific uptake by
hepatocytes by way of organic anion transporting poly-
peptides (OATPs) expressed in the sinusoidal mem-
brane. Therefore, Gd-EOB-DTPA uptake in the liver
is considered to reflect hepatocyte function.” Among
OATP1A2, 1B1, 1B3, and 2B1, only OATP1B3
expression was found to correlate with the enhance-
ment ratio on EOB-MRI, indicating that it transports
Gd-EOB-DTPA into HCC cells.'® It is generally
accepted that ~85% of HCCs show hypointensity in
the hepatobiliary phase of EOB-MRI compared to the
noncancerous background liver, with a reduction of
OATP1B3 protein or OATPIB3 gene expression in
the tumor.'®"' However, atypical Gd-EOB-DTPA
uptake in the hepatobiliary phase is observed in the
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remaining 15% of HCGCs, and the molecular pheno-
type and clinical features of these HCCs remain to be
elucidated.

We hypothesized that EOB-MRI findings may vary
in different tumor subtypes with distinct biology.
Therefore, in this study we evaluated the molecular
profiles of HCCs in a single-institute cohort deter-
mined from the EOB-MRI findings using quantitative
reverse-transcription polymerase chain reaction (qRT-
PCR), microarray, and immunohistochemistry (IHC)
analyses. To clarify the clinical utility of the EOB-MRI
findings, we also evaluated the prognosis of a multi-
center cohort of patients with early-stage HCC who
underwent radical resection.

Materials and Methods

Patients. A total of 417 patients who received sur-
gical resection for HCC were enrolled in this study.
Seventy patients underwent EOB-MRI for the diagno-
sis of HCC and received surgical resection at Kana-
zawa University Hospital from 2008 to 2011. Survival
analysis was performed in this single-institute cohort
(Cohort 1) and prognosis was evaluated every 6
months. The final evaluation of survival was per-
formed in October 2011. From these 70 patients, 62
tumor and nontumor samples were snap-frozen in lig-
uid nitrogen and used for qRT-PCR.

For microarray analysis, we assessed 238 patients
who received surgical resection of HCC at the Liver
Cancer Institute of Fudan University. EOB-MRI was
not performed in these patients because Gd-EOB-
DTPA had not yet been introduced in China. Their
clinicopathologic characteristics and prognostic data
have been described previously.'?

To evaluate the survival of early-stage HCCs, we
enrolled 109 patients who received EOB-MRI and sur-
gical resection at Tokyo Medical and Dental University
Hospital, Tokyo Women’s Medical University Hospital,
Nihon University School of Medicine Itabashi Hospi-
tal, Niigata University Medical & Dental Hospital,
Hyogo College of Medicine Hospital, or Kurume
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University Hospital from 2008 to 2009 (Cohort 2).
The prognosis of these patients was evaluated every
year, and the final evaluation of survival was performed
in February 2012.

This study was approved by the Institutional Review
Board at each study center and all patients provided
written informed consent.

EOB-MRI. EOB-MRI was performed before surgi-
cal resection using a 1.5 or 3.0 Tesla MRI system with
a fat-suppressed 2D or 3D gradient echo T1-weighted
sequence (relaxation time / echo time [TR/TE] = 3.2-
3.6/1.6-2.3 ms, flip angle 10-15°, field of view 33-42
cm, matrix 128-192 X 256-512, slice thickness 4.0-
8.0 mm). A dose of 0.025 mmol/kg Gd-EOB-DTPA
(Primovist; Bayer Schering Pharma, Berlin, Germany)
was injected intravenously and the hepatobiliary phase
was obtained at 15-20 minutes after the injection.

All abdominal MRI data of the HCC patients were
generated at Kanazawa University Hospital and image
analysis was performed retrospectively by two radiolog-
ists (A.K. and O.M.) without knowledge of the clinical
and pathological results. The signal intensity (SI) of the
tumor was measured within the region of interest,
which was determined as the maximum oval area at the
largest section of the tumor. The SI of the adjacent
background liver was also measured within a region of
interest of the same size, while avoiding large vessels.
The nodules were classified into the two following
types: hypointense HCC, which was defined as showing
a lower SI than that of the surrounding liver (tumor SI
/ background SI <1.0) in the hepatobiliary phase, and
hyperintense HCC, which was defined as showing an
equal or higher SI (tumor SI / background SI >1.0).

For the mouse study, EOB-MRI was performed using
a 0.4 T MRI system with a fat-suppressed 3D gradient
echo T1-weighted sequence (TR/TE = 66.5/4.0 ms, flip
angle 40°, field of view 10 cm, matrix 224 X 192, slice
thickness 1.0 mm). A dose of 0.025 mmol/kg Gd-
EOB-DTPA (Bayer Schering Pharma) was injected
through the tail vein, and the hepatobiliary phase was
obtained at 12-20 minutes after the injection.

Xenotransplantation of Primary HCC in Immu-
nodeficient Mice and HNF4A Knockdown. Primary
HCC tissue was dissected and digested in 1 mg/mL
type 4 collagenase solution (Sigma-Aldrich Japan,
Tokyo, Japan) at 37°C for 15-30 minutes. Contami-
nated red blood cells were lysed with an ammonium
chloride solution (STEMCELL Technologies, Vancou-
ver, BC, Canada) on ice for 5 minutes. CD45" leuko-
cytes and annexin V™ apoptotic cells were removed by
an autoMACS-pro cell separator and magnetic beads
(Miltenyi Biotec, Tokyo, Japan). The cells were sus-
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pended 1:1 in 200 uL Dulbecco’s modified Eagle’s
medium (DMEM) and Matrigel (BD Biosciences) and
injected subcutaneously into 6-week-old NOD/SCID
mice  (NOD/NCrCRI-Prkde“™)  purchased  from
Charles River Laboratories (Wilmington, MA). EOB-
MRI was performed to evaluate Gd-EOB-DTPA
uptake in the subcutaneous tumor at the hepatobiliary
phase, and the subcutaneous tumor was dissected and
digested as described above, and subsequently cultured
in DMEM. HNF4A knockdown was performed using
pGFP-V-RS vectors (OriGene Technologies, Rockville,
MD), allowing stable delivery of the short hairpin
RNA (shRNA) expression cassette against HANF4A or
scramble sequence into host cells by way of a
replication-deficient retrovirus. Infected HCC cells
were grown in DMEM containing 1 ug/mL puromy-
cin (Sigma-Aldrich Japan) for 7 days to establish stable
shRNA-expressing HCC cells. Western blotting and
immunofluorescence analyses were performed using an
antihuman HNF4o C11F12 antibody (Cell Signaling
Technology, Danvers, MA) and a mouse monoclonal
antihuman OATP1B3 MDQ/5F260 antibody (Novus
Biologicals, Littleton, CO), essentially as described pre-
viously.'? Control or Sh-HNF4A-transfected HCC
cells were injected subcutaneously into NOD/SCID
mice, and tumor volume and survival were evaluated
every 2-3 days. The protocol was approved by the
Kanazawa University Animal Care and Use Committee
and the Kanazawa University Genetic Modification
Experiment Committee.

Microarray Analysis. The 238 HCC cases from
the Liver Cancer Institute of Fudan University with
available microarray data and clinicopathologic and
prognostic data have been described previously.'
BRB-ArrayTools software (v. 3.8.1) was used for class
comparison analysis. Hierarchical clustering analysis
was performed with Genesis software (v. 1.6.0 beta).
Canonical pathway and transcription factor analyses
were performed using MetaCore software (http://www.
genego.com). Interaction network analysis was per-
formed using Ingenuity Pathway Analysis software
(http://www.ingenuity.com).

qRT-PCR Analysis. Total RNA was extracted using
an RNeasy Mini Kit (Qiagen, Valencia, CA) according to
the manufacturer’s instructions. The expression of selected
genes was determined in triplicate using the Applied Bio-
systems 7900HT Sequence Detection System (Applied
Biosystems, Foster City, CA) and the —AACT method.
The following probes were used: AFR Hs00173490_m1;
FOXM1, Hs01073586_m1; OATP1B3, Hs00251986_m1;
CYP3A4, Hs00430021_m1; and 78S, Hs99999901_s1
(Applied Biosystems).
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IHC Analysis. THC was performed using
Envision+ kits (Dako Japan, Tokyo, Japan) as
described previously."* Mouse monoclonal antihuman
Ki-67 antigen MIB-1 (Dako Japan), mouse monoclo-
nal antthuman OATP1B3 MDQ/5F260 (Novus Bio-
logicals), rabbit monoclonal antthuman HNF4a
C11F12 (Cell Signaling Technology), mouse monoclo-
nal antthuman FOXM1 0.T.181 (Abcam, Cambridge,
MA), mouse monoclonal antihuman glypican-3 1G12
(BioMosaics, Burlington, VT), and mouse monoclonal
antiglutamine synthetase clone GS-6 (Millipore, Biller-
ica, MA) antibodies were used. The staining area and
intensities were evaluated in each sample and graded
from 0-3 (0, 0-5%; 1, 5-25%; 2, 25-50%; 3, >50%)
and 0-2 (0, negative; 1, weak; 2, strong), respectively.
The sum of the area and intensity scores of each
marker (IHC score) were calculated. Samples were
defined as marker-high (IHC score >3) or -low (IHC
score <2). The Ki-67 labeling index was calculated as
described previously.™

Statistical Analysis. Mann-Whitney, Xz’ Fisher’s
exact, and Kruskal-Wallis tests were used to compare
the clinicopathologic characteristics and gene expres-
sion data. The correlation of the gene expression data
was evaluated by Spearman’s rank correlation coeffi-
cient. Kaplan-Meier survival analysis with the log-rank
test was performed to compare patient survival. All
analyses were performed using GraphPad Prism soft-
ware v. 5.0.1 (GraphPad Software, San Diego, CA).

Results

EOB-MRI Findings and Molecular Characteristics
of HCC. Nine of the 70 HCC cases (12.9%) in
Cohort 1 were diagnosed with hyperintense HCC on
EOB-MRI (Fig. 1A). Analysis of the clinicopathologic
characteristics of hyper- or hypointense HCCs revealed
that hyperintense HCCs were significantly associated
with low serum alpha-fetoprotein (AFP) levels (Table 1).
There was no significant difference between hyper- and
hypointense HCCs in terms of other factors, including
tumor size, number, TNM and BCLC stages, surgical
procedures, and elapsed time between MRI and surgery.
We confirmed the overexpression of OATP1B3, a trans-
porter responsible for the uptake of Gd-EOB-DTPA in
hepatocytes, in hyperintense HCCs by qRT-PCR and
IHC (Fig. 1B).

To understand the transcriptomic characteristics of
HCCs overexpressing OATPIB3, we analyzed the
microarray data of an additional 238 HCC cases.?
OATPIB3-high and -low HCCs were defined as
HCCs with a T/N ratio >1.0 and <1.0, respectively,
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as used for the evaluation of hyperintense HCCs
(tumor SI / background SI >1.0). The frequency of
OATPIB3-high HCCs was 15.1% (36 of the 238
HCC cases), almost comparable to the frequency of
hyperintense HCCs reported thus far. Class-
comparison analysis yielded a total of 974 genes that
were differentially expressed between OATPI1B3-high
and -low HCCs (P < 0.001). Hierarchical cluster anal-
ysis of this 974 gene set (OATPIB3 gene signature)
separated HCCs into two branches (B1 and B2) (Fig.
1C). Thirty-four of the 36 OATPIB3-high HCCs
{(blue box) were classified in the left branch (B1), while
OATPIB3-low HCCs were clustered in both branches.
The prognosis of HCC patients clustered in Bl was
significantly better than those clustered in B2
(P=0.02) (Supporting Fig. S1). Genes associated with
mature hepatocyte function such as ALB and CYP344
were significantly up-regulated in the HCCs clustered
in B1, and the known hepatic stem/progenitor markers
KRTI19 and EPCAM, as well as the G1/S cell cycle
marker MKI67, were significantly up-regulated in the
HCCs clustered in B2 (Fig. 1D).

Pathway analysis indicated that OATPI1B3-high
HCCs showed maintenance of mature hepatocyte
function and decreased cell proliferation and Wnt sig-
naling (Fig. 1E), which are known to be activated dur-
ing development  and  regeneration.”
Transcription factor analysis identified eight genes
(HNF4A, NFIA, NR3CI, NRI1I3, ESRI, NRIH3,
MLXIPL, and NFE2L2) as candidate transcription fac-
tors that were significantly activated in OATP1B3-high
HCCs (P<0.005) (Fig. 1F). These transcription fac-
tors are known to play a pivotal role in liver develop-
ment and in the regulatdon of hepatocyte functions
including lipid, bile, carbohydrate, and xenobiotic
metabolism.'® By contrast, only one gene (FOXMI)
was identified as a candidate transcription factor acti-
vated in OATP1B3-low HCCs. The forkhead box M1
(FOXM1) transcription factor is known to be activated
during liver regeneration and regulation of the cell
cycle.!” We investigated the expression of the two tran-
scription  factors most strongly activated (HNF4A
encoding hepatocyte nuclear factor 4 alpha [HNF4a])
or inactivated (FOXM]I) in hyperintense HCCs (Fig.
S2) and validated the results using microarray analyses
(Fig. 2A,B).

Although the microarray data revealed distinct
molecular portraits associated with liver development
and the maturation programs present in hyper- and
hypointense HCCs, hierarchical cluster analysis further
indicated that a subset of hypointense HCCs (corre-
sponding to the OATP1B3-low HCCs clustered in B1)

liver
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Fig. 1. Molecular profiles of HCCs corresponding to the EOB-MRI findings. (A) Representative MRI scans of hypo- and hyperintense HCCs in
the precontrast, arterial, and hepatobiliary phases. The T/N signal intensity ratios of the images in the hepatobiliary phase were 0.47 (upper
panel) and 1.07 (lower panel). (B) Upper panel: Representative photomicrographs of IHC staining with an anti-OATP1B3 antibody in hypo- and
hyperintense HCCs. Lower panel: OATP1B3 expression in hypo- and hyperintense HCCs. (C) The expression patterns of OATP1B3 signatures in
OATP1B3-high (blue box), OATP1B3-low AFP-low (<100 ng/mL) (orange box), and OATP1B3-low AFP-high (>100 ng/mL; red box) after hierarch-
ical clustering of genes and samples, shown as a heat map image. Red indicates a high expression level; green indicates a low expression level.
OATP1B3-high HCCs and OATP1B3-low AFP-high HCCs were clustered in B1 (green bar) and B2 (yellow bar), respectively. (D) Representative
expression of genes in clusters A (KRT19, EPCAM, and MKI67) and B (OATP1B3, ALB, and CYP3A4). The green and orange bars indicate HCCs
clustered in B1 and B2, respectively. (E) The activated pathways are identified in clusters A (orange bar) and B (blue bar). (F) Genes encoding

transcription factors activated or inactivated in OATP1B3-high HCCs.

might show similar gene expression profiles to those
observed in hyperintense HCCs. Since serum AFP lev-
els are reportedly related to the stem/maturation sub-

types of HCCs with different gene expression

profiles,'* we analyzed the characteristics of
OATPI1B3-low HCCs in 238 cases according to serum
AFP  levels. Interestingly, OATPIB3-low HCCs
assigned to the left branch (B1) had low serum AFP
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Table 1. Characteristics of HCCs Classified by EOB-MRI in Cohorts 1 and 2
Cohort 1 Cohort 2
Hyperintense Hypointense Hyperintense Hypointense

Characteristics {n=29) (n=61) P* (n=9) {n =100) P*
Age (years, mean =+ SE) 66.2 3.6 64.6+1.2 0.21 67.2+2.0 66.2+1.0 1.0
Sex (male/female) 7/2 44717 0.72 9/0 79/21 0.13
Etiology (HBV/HCV/other) 2/3/4 14/23/24 0.95 1/6/0/2 22/56/2/20 0.52
Liver cirrhosis (yes/no) 5/4 33/28 0.94 2/7 42/58 0.25
AFP (ng/mL, mean = SE) S 12419 2,157 + 866 0.03 70x22 188.4+ 74 0.03
Histologic grade®

-l 1 12 - 2 16

-l 8 38 7 74

l-v 0 11 0.25 0 10 0.57
Tumor size (cm, mean = SE) 40x0.9 44+04 0.79 3.3+04 26+0.1 0.09
Tumor number (single/ multiple) 1/2 48/13 0.95 8/1 86/14 0.81
Macroscopic portal vein invasion (yes/no) 1/8 5/56 0.58 0/9 0/100
Microscopic portal vein invasion (yes/no) 2/7 27/34 0.21 0/9 11/89 0.59
Tumor-node-metastasis classification (I/11/1ll) 6/2/1 29/28/4 0.40 7/2/0 75/25/0 0.85
BCLC stage (0/A/B/C) 0/7/1/1 4/30/22/5 0.34 0/9/0/0 27/73/0/0 0.07
Elapsed time between MRI and surgery 47.0*=84 51.5+3.2 0.73 17.3+5.0 20.6 = 3.0 0.50

(days, mean =+ SE)
Surgical procedure (partial resection or 6/3 35/26 0.60 8/1 86/14 1.0

segmentectomy/ lobectomy or extended lobectomy)

*Mann-Whitney test, Fisher's exact test, or 5 test.
TEdmondson-Steiner.

levels (<100 ng/mL: orange box, Fig. 1C), while the
majority of AFP-high (>100 ng/mL) HCCs (red box,
Fig. 1C) were clustered in the right branch (B2). Con-
sistently, the OATPIB3 gene signature significantly
predicted the serum AFP status of 238 HCCs
(P<0.05) (Tables S1-3).

OATPIB3 and AFP Expression in HCC Subtypes
Related to Stem/Maturational Status. Molecular
profiling of tissue samples may be useful for predicting
the survival of HCC patients, as reported previ-
ously."®'” However, such an approach should be estab-
lished before being applied routinely in a clinical
setting. The above data prompted us to hypothesize
that EOB-MRI findings and serum AFP levels, in
place of molecular profiling techniques, have the
potential to categorize HCCs (EOB-AFP classifica-
tion), thus serving as predictors of survival. We catego-
rized HCCs into three groups (class A: hyperintense
HCC, class B: hypointense and AFP-low [<100 ng/
ml] HCC, and class C: hypointense and AFP-high
[>100 ng/mL] HCC). The clinicopathologic charac-
teristics of patients with class A, B, and C HCCs in
Cohort 1 are shown in Table S4.

We investigated the expression of HNF4a and
FOXM1 as well as the G1/S marker Ki-67 by IHC
according to the EOB-AFP classification system in
Cohort 1 (Fig. 2C). HNF40 was most abundantly
expressed in class A HCCs, but its expression was
decreased in class B and C HCCs. By contrast, the
expression of FOXM1 and Ki-67 was highest in class

C HCGs, significantly decreased in class B HCCs, and
not detected in class A HCCs. The mean Ki-67 label-
ing indices in class A, B, and C HCCs were 2.8%,
9.4%, and 18.2%, respectively (P < 0.0001) (Fig. 2D).
The differences in FOXM1 and HNF4a expression
among class A, B, and C HCCs were statistically sig-
nificant (Fig. 2E).

We further investigated the expression of five
markers (glypican 3, GPC-3; lymphatic vessel endo-
thelial hyaluronan receptor 1, LYVE-1; survivin; heat
shock 70 kDa protein, HSP70; and glutamine syn-
thetase, GS), known to be differentially expressed
between dysplastic nodule and well-differentiated
HCC,2%2! o clarify if the molecular alterations in
early-stage hepatocarcinogenesis can be detected dif-
ferentially in EOB-AFP class A, B, and C HCCs.
IHC analysis suggested no differential expression of
LYVE-1, survivin, and HSP70 among the EOB-AFP
classes (data not shown). Interestingly, GS was most
abundantly expressed in class A HCCs, and its
expression. was relatively decreased in class B and C
HCCs with borderline significance (P=0.06) (Fig.
S3A,B). In contrast, GPC-3 expression was highest in
class C HCCs and relatively decreased in class A and
B HCCs with statistical significance (P=0.03). We
investigated the microarray data of 238 independent
HCC cases and validated the positive correlation
between OATPIB3 and GLUL (encoding GS) and
the weak negative correlation between OATPIB3 and
GPC3 (encoding GPC-3).
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Regulation of Gd-EOB-DTPA Uptake and hyperintense HCC. We confirmed the reduction of

Tumorigenic Capacity by HNF4a. in Hyperintense
HCC. Microarray and IHC analyses suggested the
activation of transcription factor HNF4o in hyperin-
tense HCC, but its role in the maintenance of hepato-
cyte functdon and Gd-EOB-DTPA uptake has not yet
been clarified. To directly explore the role of HNF4a
in Gd-EOB-DTPA uptake and tumorigenic capacities,
we transplanted tumor cells from hyper- and hypoin-
tense primary HCC specimens into NOD/SCID mice
(Fig. 3A). We confirmed on EOB-MRI that Gd-EOB-
DTPA uptake capacity was relatively maintained in the
secondary xenotransplanted tumors that developed in
the subcutaneous lesions of the mice (Fig. 3B).

Using a retrovirus system iz vifro, we then intro-
duced shRNA targeting HNF4A (Sh-HNF4A) or

scramble (Sh-Scr) into tumor cells obtained from a

HNF4o protein expression in Sh-HNF4A-transfected
cells compared with Sh-Scr-transfected cells by western
blotting (Fig. 3C, left panel). Interestingly, HNF4A
knockdown resulted in a modest increase in AFP and
FOXM]I expression and a dramatic decrease in
CYP3A4 and OATPIB3 expression (Fig. 3C, right
panel). It also resulted in the loss of OATP1B3 protein
expression, and striking morphological changes were
confirmed by immunofluorescence and phase-contrast
microscopy (Fig. 3D). Sh-HNF4A-transfected cells dis-
played long, thin cell shapes with neurite-like exten-
sions, whereas Sh-Scr-transfected cells were relatively
smooth and round. Sh-Scr- or Sh-HNF4A-transfected
cells were further injected subcutaneously into NOD/

SCID mice, and aggressive tumor growth accompanied
with the loss of Gd-EOB-DTPA uptake capacity was
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Fig. 3. HNF4o regulates a mature hepatocyte-like, less aggressive HCC phenotype coupled with Gd-EOB-DTPA uptake in hyperintense HCC.
(A) MRI scans of hyperintense (a) and hypointense (b) HCCs in the hepatobiliary phase before surgery. The T/N signal intensity ratios of the
images in the hepatobiliary phase were 1.02 (left panel) and 0.49 (right panel). Surgically resected specimens were subsequently used for
mouse xenotransplantation. (B) MRI scans of NOD/SCID mouse xenotransplanted with hyperintense (a) and hypointense (b) HCCs in the hepato-
biliary phase. The T/N signal intensity ratios of the images were 0.82 (upper panel) and 0.45 (lower panel). (C) Left panel: Expression of
HNF4a protein by western blotting. Hyperintense HCC cells were harvested in dishes and treated with retroviruses encoding an expression cas-
sette against HNF4A (Sh-HNF4A) or scramble sequence (Sh-Scr). Right panel: qRT-PCR of AFR FOXM1, CYP3A4, and OATP1B3 in hyperintense
HCC cells transfected with Sh-Scr or Sh-HNF4A. (D) Left panel: Immunofiuorescence analysis of HNF4a (red) and OATP1B3 (green) in hyperin-
tense HCC cells transfected with Sh-Scr or Sh-HNF4A (scale bar= 100 um). Right panel: Representative photomicrographs of hyperintense HCC
cells transfected with Sh-Scr or Sh-HNF4A (scale bar= 100 um). (E) MRI scans of NOD/SCID mouse xenotransplanted with hyperintense HCC
cells transfected with Sh-Scr (day 49 after transplantation) or Sh-HNF4A (day 43 after transplantation). The T/N signal intensity ratios of the
images in the hepatobiliary phase were 0.65 (left panel) and 0.34 (right panel). (F) Survival of NOD/SCID mice xenotransplanted with hyperin-
tense HCC cells transfected with Sh-Scr (n = 5) or Sh-HNF4A (n = 5).
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observed in Sh-HNF4A-transfected cells, whereas Sh-
Scr-transfected  cells still showed Gd-EOB-DTPA
uptake with less tumorigenic capacity (Fig. 3E). Mice
xenotransplanted with Sh-HNF4A-transfected cells had
a worse prognosis compared with those xenotrans-
planted with Sh-Scr-transfected cells (Fig. 3F), indicat-
ing a crucial role for HNF4o in the maintenance of a
mature hepatocyte-like, less aggressive HCC phenotype
coupled with Gd-EOB-DTPA uptake capacity.
Prognosis of Early-Stage HCC by EOB-AFP Clas-
sification. Finally, we evaluated the prognosis of
patients with HCC diagnosed by EOB-MRI and
serum AFP. To exclude the potential effect of lead-
time bias on survival analysis for HCCs at different
stages, we evaluated the power of the EOB-AFP classi-
fication system to predict the prognosis of patients
with early-stage BCLC stage 0 or A HCCs diagnosed
by EOB-MRI in an independent multicenter cohort

(C,D) Overall survival curves
of Cohorts 1 (C) and 2 (D)
according to the EOB-AFP
classification. (E) The EOB-
AFP  classification  system
and its molecular basis.

(Cohort 2). Nine of the 109 HCC cases (8.3%) were
diagnosed with hyperintense HCCs and were found to
be significantly associated with low serum AFP levels
(Table 1). The clinicopathologic characteristics of the
patients defined by the EOB-AFP classification are
shown in Supporting Table 5. The median follow-up
times in Cohorts 1 and 2 were 569 and 932 days,
respectively. The 3-year overall survival rates in
Cohorts 1 and 2 were 77.7% and 90.9%, respectively
(Fig. 4A,B). The prognosis of HCC patients was not
separated by TNM or BCLC stages because most of these
patients were diagnosed at early stages (Fig. S4A-D);
nevertheless, the EOB-AFP classification system robustly
stratified HCCs according to survival with statistically sig-
nificant differences between the classes (Fig. 4C,D).
EOB-AFP class A patients had 100% overall survival,
whereas class C patients had 30% overall survival
at 1,200 days after radical resection in Cohort 2.
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The prognosis of HCC patients stradfied by the EOB-
AFP classification was most likely affected by the malig-
nant nature of the tumor at surgical resection, because
EOB-AFP class C patients showed a 40-60% recurrence-
free survival rate, whereas class A patents had a 88-100%
recurrence-free survival rate at 1 year after radical resec-
tion in both cohorts (Fig. S5).

Altogether, our data, for the first time, revealed that
the prognosis of early-stage HCC patients is heteroge-
neous and related to the malignant phenotypes of the
tumors, even after successful treatment by radical
resection. The EOB-AFP classification system reflects
the malignant nature of the tumor and predicts the
survival of early-stage HCC patients prior to surgery.

Discussion

Among several HCC staging systems currently
used,? the BCLC system is recommended because it is
linked to treatment strategy.”> The assessment of the
malignant nature of tumors coupled with current stag-
ing systems will supplement the management of early-
stage HCC?® because early recurrence after potentially
curative treatment may be associated with the charac-
teristics of the resected tumor rather than the develop-
ment of a de novo HCC in the background liver.**
Molecular profiling approaches have tried to evaluate
the malignant features of HCCs and the surrounding
noncancerous liver tissue,> %1218 although the evalua-
tion of the potential clinical application of these
approaches is ongoing. Our EOB-AFP classification
system is molecularly related to the OATPIB3 gene
signature, which can be used to classify HCCs accord-
ing to their stem/maturational status. Interestingly, the
differential expression of OATPIB3 was also noted in
two HCC subtypes associated with the stem/matura-
tional status, as reported recently by our group
(hepatic stem cell-like and mature hepatocyte-like
HCC)12 and others (hepatoblast-type and hepatocyte
type)® (Fig. S6). As expected, all class A HCCs were
categorized as mature hepatocyte-like HCC in Cohort
1 (data not shown). The stem/maturational status
defined by the EOB-AFP classification is most likely
regulated by at least two transcription factors: HNF4o
and FOXM1 (Fig. 4E).

HNF4o was first discovered as a liver-enriched
nuclear orphan receptor activating the transcription of
transthyretin genes, and it is known to regulate bile
acid and cholesterol metabolism.”> The liver-specific
loss of HNF4A in adult mice results in hepatocyte pro-
liferation,?® whereas the introduction of HNF4A sup-
presses HCC growth.””*® Furthermore, a recent study
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suggested a role for HNF4A as a tumor suppressor in
inflammation-related hepatocarcinogenesis through the
regulation of microRNAs.*® The present study demon-
strated a crucial role for HNF4o in maintaining a
hepatocyte-like, less aggressive phenotype coupled with
Gd-EOB-DTPA uptake in a class A HCC by directly
modifying HNF4A gene expression. Thus, HNF4A
may work as a tumor suppressor gene and inhibit the
progression of HCC, which may be related to the
good prognosis of class A HCCs.

FOXM1 belongs to the forkhead superfamlly of
transcription factors and regulates a myriad of biologic
processes including cell proliferation and differentia-
tion.”® The pivotal role of FOXMI in liver develop-
ment and regeneration has been reported previously.'”
FOXM1 was also required for HCC development in a
mouse hepatocarcinogenesis model®' and acted as an
oncogene in a transgenic mouse model.”® Tt was
recently shown that FOXM1 levels are elevated in vari-
ous cancers including HCC.****> A prognostic role for
FOXMI1 in HCC patients after liver transplantation
was also reported®®; this may be associated with the
metastatic capacity of tumors regulated by FOXM1.3®
As FOXM1 and AFP are known to be activated during
liver regeneration and hepatocarcinogenesis, serum
AFP levels may be a surrogate marker for the expres-
sion status of FOXM1 and thus facilitate the prognos-
tic stratification of HCCs by the EOB-AFP
classification.

Among the molecular markers reported to be differ-
entially expressed between dysplastic nodule and well-
differentiated HCC, we found preferential overexpres-
sion of GS in EOB-AFP class A and GPC-3 in class C
HCCs. Our data suggest that class A and class C
HCCs may follow different processes of early hepato-
carcinogenesis events that might be associated with the
differential activation of HNF4o and FOXM]1, and
further studies are required to obtain molecular
insights into these processes.

Our overall survival data in Cohort 2 indicated that
EOB-AFP class A patients had 100% overall survival,
whereas class C patients had 30% overall survival at
1,200 days after radical resection. This suggests that
the micro-dissemination of tumor cells in EOB-AFP
class C HCC patients has already occurred by the
time they are diagnosed with -early-stage disease.
Indeed, 50% of all class C patients showed tumor
recurrence, whereas 88-100% of class A patients
showed no recurrence within 1 year of resection; this
is consistent with a recent study evaluating the clinical
features of hyperintense HCCs®® and may be due to
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the overexpression of FOXMI, which results in the
activation of metastatic programs. Therefore, these
patients might have survival benefits if they receive
adjuvant therapies. As several adjuvant therapies might
be beneficial for HCC patients after surgical resec-
tion,”” integration of the EOB-AFP classification sys-
tem into current staging practices may provide
additional therapeutic options for early-stage HCC
patients who will receive surgery.

A limitation of the present study is that we used
three different cohorts to reveal the molecular portraits
associated with clinical imaging and prognosis (i.e., the
microarray cohort of 238 HCCs of various stages for
the evaluation of molecular profiling; Cohort 1 for the
validation of molecular profiling and EOB-MRI find-
ings in various stages of HCC; and Cohort 2 for eval-
uating the utlity of EOB-MRI and serum AFP in
predicting the prognosis of early-stage HCCs), which
made the molecular and prognostic analyses complex.
Another limitation of this study was in the evaluation
of prognostic utility because it uses small retrospective
cohorts. Direct evaluation of the molecular profiles
and prognostic values of hyperintense HCCs should
be performed in a prospective study using a large-scale
HCC cohort.

Taken together, the present study demonstrates for
the first time that the combined approach of noninva-
sive. Gd-EOB-DTPA-enhanced MRI and serum AFP
levels can be used preoperatively to classify resectable
HCCs into three subgroups with distinct prognoses.
This classification is molecularly related to the stem/
maturation status of HCCs regulated by HNF4a and
FOXM1. The multicenter early-stage HCC cohort
that received radical resection revealed that the EOB-
AFP classification is clinically useful to determine the
prognosis of early-stage HCC patients. On the basis of
these observations, we propose that the EOB-AFP clas-
sification system be incorporated into current HCC
staging practices, especially for the management of

early-stage HCCs.
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Abstract

Aims/hypothesis Impaired angiogenesis induced by vascular
endothelial growth factor (VEGF) resistance is a hallmark of
vascular complications in type 2 diabetes; however, its mo-
lecular mechanism is not fully understood. We have previous-
ly identified selenoprotein P (SeP, encoded by the SEPPI
gene in humans) as a liver-derived secretory protein that
induces insulin resistance. Levels of serum SeP and hepatic
expression of SEPP] are elevated in type 2 diabetes. Here, we
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investigated the effects of SeP on VEGF signalling and
angiogenesis.

Methods We assessed the action of glucose on Sepp! expres-
sion in cultured hepatocytes. We examined the actions of SeP
on VEGF signalling and VEGF-induced angiogenesis in
HUVECs. We assessed wound healing in mice with hepatic
SeP overexpression or SeP deletion. The blood flow recovery
after ischaemia was also examined by using hindlimb ischae-
mia model with Sepp-heterozygous-knockout mice.
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Results Treatment with glucose increased gene expression
and transcriptional activity for Sepp] in H4IIEC hepatocytes.
Physiological concentrations of SeP inhibited VEGEF-
stimulated cell proliferation, tubule formation and migration
in HUVECs. SeP suppressed VEGF-induced reactive oxygen
species (ROS) generation and phosphorylation of VEGF re-
ceptor 2 (VEGFR2) and extracellular signal-regulated kinase
1/2 (ERK1/2) in HUVECs. Wound closure was impaired in
the mice overexpressing Seppl, whereas it was improved in
SeP"mice. SeP" mice showed an increase in blood flow
recovery and vascular endothelial cells after hindlimb
ischaemia.

Conclusions/interpretation The hepatokine SeP may be a
novel therapeutic target for impaired angiogenesis in type 2
diabetes.

Keywords Angiogenesis - Hepatokine - ROS - Selenoprotein
P - VEGF

Abbreviations

BSO Buthionine sulfoximine

DCF 2’ 7'-Dichlorofluorescein diacetate
ERK1/2  Extracellular signal-regulated kinase 1/2
MAPK Mitogen-activated protein kinase

ROS Reactive oxygen species

SeP Selenoprotein P
VEGF(R) Vascular endothelial growth factor (receptor)

Introduction

Type 2 diabetes is a chronic hyperglycaemic condition that
causes various vascular complications, including damage to:
small blood vessels, resulting in retinopathy, nephropathy and
neuropathy; and large blood vessels, resulting in cardiovascu-
lar diseases. Earlier improved glycaemic control is associated
with reduced risk for cardiovascular disease in people with
type 2 diabetes [1]. However, more recent clinical trials have
indicated that strict glycaemic control does not necessarily
prevent vascular complications [2]. Hence, beyond glycaemic
control, novel therapies to directly treat vascular disease are
needed to improve the prognosis of people with type 2
diabetes.

Angiogenesis is a physiological process involving the
growth of new blood vessels from pre-existing vascular struc-
tures and the subsequent formation of a vascular network. A
number of abnormalities associated with angiogenesis have
been observed in people with type 2 diabetes [3], and impaired
angiogenesis is linked to the development of various vascular
complications in diabetes mellitus. Compared with control
individuals without diabetes, people with type 2 diabetes
show poor development of coronary collateral vessels on

coronary angiography [4]. Moreover, a previous study using
autopsied hearts reported that people with diabetes have sig-
nificantly lower capillary densities in areas of myocardial
infarction [S]. These reports suggest that the angiogenic re-
sponse to infarction and/or ischaemia is inhibited at the levels
of capillaries and small arterioles in type 2 diabetes. Inade-
quate vascular formation could attenuate perfusion recovery
in response to ischaemia, thereby partially accounting for the
poor clinical outcomes in type 2 diabetic patients with coro-
nary heart disease or peripheral artery disease [6, 7]. In addi-
tion, insufficient angiogenesis is involved in abnormal wound
healing and the development of diabetic skin ulcers [8].

Vascular endothelial growth factor (VEGF) is a major
mediator of angiogenesis under physiological and pathophys-
iological conditions. VEGF binds and phosphorylates its re-
ceptors, leading to the activation of a variety of signalling
cascades such as the mitogen-activated protein kinase
(MAPK) and Akt cascades. Angiogenic gene therapy using
plasmids encoding VEGF has been attempted in patients with
coronary or peripheral artery diseases [9]. However, diabetes
mellitus people often show a poor response to therapeutic
angiogenesis [10]. Therefore, VEGF resistance, a defect of
VEGF-related signal transduction, has been postulated as a
molecular basis for the dysregulated angiogenesis in diabetes
mellitus [3, 11]. The molecular mechanisms underlying
VEGEF resistance in diabetes mellitus are not fully understood.

Selenoprotein P (SeP, encoded by SEPP] in humans and
Seppl in mice) is a secretory protein produced primarily in the
liver [12, 13]. It contains ten selenocysteine residues and
functions as a selenium supply protein [14]. We have previ-
ously reported that levels of serum SeP and hepatic gene
expression of SEPPI are elevated in type 2 diabetes [15].
More recently, Yang et al have reported that serum levels of
SeP are increased in people with impaired glucose tolerance
[16]. SeP impairs insulin signal transduction and induces
dysregulation of glucose metabolism in skeletal muscle and
liver, indicating that SeP functions as a type 2 diabetes-
associated hepatokine that causes insulin resistance and
hyperglycaemia [15]. SeP has heparin-binding properties
[17] and is associated with endothelial cells in rat tissues
[18], suggesting that SeP exerts some actions on vascular
endothelial cells. A previous study using in vitro techniques
reported that SeP has an antioxidative action in vascular
endothelial cells [19]. Nevertheless, it is unknown whether
SeP plays a role in the angiogenic response.

We speculated that the liver-derived secretory protein
SeP contributes to angiogenesis-associated vascular
complications in type 2 diabetes by acting directly on
vascular endothelial cells. In the current study, we in-
vestigated the effects of SeP on angiogenesis in normal
conditions, independently of diabetes, using purified
SeP protein and Seppl-deficient mice without the induc-
tion of diabetes.
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Methods

Cell culture HUVECs were cultured in HuMedia EG2
(Kurabo, Osaka, Japan). H4-1I-E-C3 cells were cultured in
10% (vol./vol.) fetal bovine serum (FBS)/DMEM (Gibco,
Carlsbad, CA, USA) as previously described [20]. All cellular
experiments were approved by the Committee for Cellular
Study at our Institute.

Animals The Seppl-deleted mice were produced by homolo-
gous recombination with genomic DNA cloned from a Sv-
129 P1 library [21]. All animal studies were approved by the
Committee for Animal Studies at our Institute. See the elec-
tronic supplementary material (ESM) for further details.

Measurement of selenium Total selenium concentrations were
determined using a modification of Watkinson’s method [22,
23]. See the ESM for further details.

SEPPI promoter assay The human SEPP] promoter region
was cloned to a luciferase reporter vector, and luciferase
activities were measured using the dual luciferase assay sys-
tem (Promega, Madison, WI, USA) [20]. See the ESM for
further details.

Cell proliferation assay HUVECs were quantified using Cell
Counting Kit-8 (Wako, Osaka, Japan). See the ESM for fur-
ther details.

Migration assay HUVECs were sceded in the upper chamber
of polycarbonate filters, and the number of cells migrating
across the filter was counted. See the ESM for further details.

Cell tubule formation assay HUVECs were seeded on plates
coated with ECMatrix gel. Endothelial tubule formation was
photographed under a microscope. See the ESM for further
details.

Matrigel plug implantation assay This assay was performed
using a directed in vivo angjogenesis assay inhibition kit
(Trevigen, Gaithersburg, MD, USA). See the ESM for further
details.

Western blot analysis HUVECs were pretreated with SeP for
24 h. After 2 h of starvation, HUVECs were stimulated with
VEGF for 15 min. See the ESM for further details.

RNA preparation and quantitative real-time Real-time PCR
was performed on an ABI-Prism 7900HT (Applied Biosystems,
Carlsbad, CA, USA). See the ESM for further details.

Reactive oxygen species generation Intracellular reactive ox-
ygen species (ROS) levels were measured using 2',7'-
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dichlorofluorescein diacetate (DCF) and quantified using a
fluorescent plate reader (Fluoroskan Ascent FL, Yokohama,
Japan). See the ESM for further details.

Purification of SeP SeP was purified from human plasma
using conventional chromatographic methods [14, 24]. See
the ESM for further details.

Preparation of human SEPPI plasmids and overexpression of
SeP in mice The human SEPPI expression plasmids were
provided by Kaketsuken (The Chemo-Sero-Therapeutic Re-
search Institute, Tokyo, Japan). Plasmid was injected into the
tail vein of mice. See the ESM for further details.

Measurement of serum human SeP in mice injected with
human SEPPI plasmid Serum levels of human SeP were
measured by enzyme-linked immunosorbent assays using
two monoclonal antibodies [15, 25].

Mouse wound healing model Full-thickness wound was cre-
ated, and the extent of wound closure was examined. See the
ESM for further details.

Hindlimb ischaemia model Mice underwent ligation and seg-
mental resection of the left femoral vessel [26]. See the ESM
for further details.

Identification of CD31" vessels An antibody to CD31 was
used for immunostaining. See the ESM for further details.

Calculations and statistical analysis All data were analysed
using SPSS version 11.0 (Japanese Windows Edition; SPSS,
www.ibm.com/software/analytics/spss/). See the ESM for
further details.

Results

Glucose increases gene expression and transcriptional activ-
ity for SeP in cultured hepatocytes To confirm the elevation of
SeP in the livers of people and animal models with type 2
diabetes [15], we examined the action of glucose on Seppl
expression in H4-II-EC hepatocytes (Fig. 1). Sepp/ mRNA
expression was significantly increased by 25 mmol/l glucose
in a time-dependent manner (Fig. 1a). Additionally, SEPPI
promoter activity as measured by luciferase activity was in-
creased by 25 mmol/l glucose compared with mannitol
(Fig. 1b). These results are consistent with our previous find-
ings showing that treatment with high glucose increases pro-
tein levels of SeP in mouse primary hepatocytes [15]. These
results indicate that high concentrations of glucose increase
the transcriptional activity of SeP genes in the cultured
hepatocytes.
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Fig. 1 Glucose increases gene expression and transcriptional activity for
SeP in H4-II-EC3 hepatocytes. (a) Relative Seppl mRNA expression
normalised to B-actin. (b) Promoter activity for SEPPI in H4-II-EC3
hepatocytes treated with glucose and mannitol. Data are mean + SD, n=3,
**kp<0.001. White bars, glucose; black bars, mannitol

SeP impairs VEGF-induced angiogenesis in endothelial
cells To assess the direct action of the liver-derived secretory
protein SeP on vascular endothelial cells, we treated HUVECs
with purified human SeP protein. HUVECs were treated with
5 or 10 pg/ml purified human SeP protein, corresponding to
serum levels of SeP in healthy individuals or people with type
2 diabetes [15]. In addition, we confirmed that levels of
selenium were undetectable (less than 2.5 ng/ml) in all the
culture media used for HUVECs. VEGF-induced proliferation
of HUVECs was significantly suppressed by treatment with
10 pg/ml SeP (Fig. 2a). Co-administration of buthionine
sulfoximine (BSO), an inhibitor of glutathione synthesis, part-
ly rescued the suppressive effect of SeP.

Next, we examined the effects of SeP on VEGF-induced
migration in HUVECs. VEGF promoted the migration of
HUVECs across polycarbonate filters. This migration was
inhibited by the addition of SeP in a concentration-
dependent manner (Fig. 2b, ¢). In the absence of VEGF,
treatment with SeP did not affect the migration of HUVECs,
suggesting that SeP modulates VEGF-dependent migration of
endothelial cells. We further examined the effects of SeP on
tubule formation in HUVECs. HUVECs cultured on Matrigel
containing VEGF showed morphological tubule formation,
with a lumen surrounded by endothelial cells adhering to
one another (Fig. 2d). SeP inhibited tubule formation of
HUVECs in a concentration-dependent manner (Fig. 2d-e).
These in vitro results indicate that SeP at physiological con-
centrations impairs VEGF-dependent angiogenesis of vascu-
lar endothelial cells.

SeP reduces VEGF-stimulated formation of new vessels in
Matrigel The role of SeP in angiogenesis in vivo was further
determined by Matrigel plug implantation assay. Matrigel was
mixed with VEGF in the presence or absence of SeP protein
and the plugs were implanted into the dorsal subcutaneous
tissue of mice. After 10 days, angiogenesis inside the Matrigel
was quantified. SeP markedly inhibited VEGF-stimulated
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Fig. 2 SeP suppresses VEGF-stimulated angiogenesis in vascular endo-
thelial cells. (a) Cell proliferation in HUVEC:s treated with VEGF for48h
(n=12). (b) Representative images of HUVECs that migrated across the
polycarbonate filters (magnificationx200). (¢) Quantification of
HUVECs that migrated across the filters (n=8). (d) Representative im-
ages of HUVECs that were subjected to Matrigel tubule formation assay
(magnificationx400). (e) Quantification of total tubule length of
HUVECs (rn=9). (f) Matrigel implant assay in mice (n=6-8). Data are
mean = SEM, *p<0.05 and **p<0.01. Black bars, control; dark-grey
bars, SeP 5 pg/ml; white bars, SeP 10 pg/ml; light-grey bars, SeP
10 pg/ml and BSO 0.2 mmol/l

VEGF ()

formation of new vessels in the Matrigel (Fig. 2f). These
results further indicate that SeP impairs angiogenesis in vivo.

SeP impairs VEGF signal transduction in endothelial

cells Next, we determined whether SeP affects VEGF signal
transduction in endothelial cells. Pretreatment with SeP

@ Springer

— 1583 —



