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of the hepatocytes, bulging of the regenerated hepatocytes
and proliferation of atypical hepatocytes and oncocytes.

Immunohistochemistry

Paraffin-embedded specimens were sliced into 3 to 4 um
sections, deparaffinized, and subjected to heat-induced
epitope retrieval at 98°C for 40 minutes. After blocking
endogenous peroxidase activity using 3% hydrogen per-
oxide, the slide was incubated with appropriately diluted
primary antibodies. Antihuman CD4, antihuman CD8
and antihuman CD14 mouse monoclonal antibodies were
used to evaluate the immunoreactivity of HCC using a
DAKO EnVision+TM kit, as described in the manufacturer’s
instructions.

We semiquantitatively analyzed tumor tissues by assign-
ing a score to the severity of CD4-positive and CD8-positive
lymphocyte infiltration in the tumor tissue (0 for none, 1 for
mild, 2 for moderate, and 3 for severe).

Statistical analysis

Fisher exact probability test was used to compare cate-
gorical variables and the Mann-~Whitney U test was used to
compare continuous variables; a P value of less than 0.05
was considered statistically significant. The TIR survival
curve was analyzed using the Kaplan-Meier curve and
compared by the log-rank test. Univariate Cox regression
analysis was conducted to identify TIR predictors out of
clinical and biologic parameters [sex, age, IL-28B genotype,
therapy, platelet count, alanine aminotransferase (ALT),
v-GTP, albumin, prothrombin activity, bilirubin, Child-
Pugh dass, history of IFN therapy, AFP, and des-y-carboxy
prothrombin (DCP)] and tumor factors (size and number).

Multivariate analysis was conducted using the Cox regres-
sion model with backward elimination (27). The signifi-
cance level for removing a factor from the model was set to
0.05. A bootstrap technique was applied to confirm the
choice of variables (27). One thousand bootstrap samples
were generated using resampling with replacement and
Cox regression analysis with backward elimination was
applied to each sample. The percentage of samples (from
the total of 1,000) for which each variable was included in
the model was calculated. In multivariate analysis, we
evaluated two models that contained either Child-Pugh
class or its components to avoid multicollinearity. Data
analysis was conducted with R software. We used functions
from the Regression Modeling Strategies library for valida-
tion with the bootstrap technique (28).

Results

Patient characteristics and IL-28B genotype frequency

We genotyped 183 patients with HCC for the IL-28B
1s8099917 TT, TG, and GG genotypes and observed re-
spective proportions of 67.8% (124 of 183), 30.6% (56 of
183), and 1.6% (3 of 183), which is a similar distribution
to that observed in several Japanese studies of patients
with CHC (13, 14, 29, 30). Although the prevalence of the
TG/GG genotype was higher than that of the general

population (12%-16%; refs. 12, 31, 32), there was no
significant difference between our result and that of HCV-
infected patients in a previous study. There was also no
significant difference in clinical variables between the TT
and TG/GG genotypes (Table 1).

We next genotyped 160 of 183 cases forrs12979860 and
our findings were largely in concordance with those of
1s8099917, with the exception of 1 case (0.6%). The hap-
lotype of the case showed that 1s8099917 was TT and
1512979860 was CT suggesting that these 2 loci are in a
haplotype block with a high level of linkage disequilibrium,
as previously reported (13, 30). Genotype distribution
analysis showed that 158099917 was in Hardy-Weinberg
equilibrium, so we selected it for further investigation.

During the median follow-up period of 2.5 years (range,
0.3-7.2 years), 118 of 183 patients developed HCC recur-
rence. Local tumor progression was seen in 13 patients
treated by RFA and in only 1 patient treated by resection.
The local tumor progression rate and distant recurrence rate
were 2.6% and 21.2% in the first year and 8.3% and 54.2%
within 2.5 years, respectively. These results are comparable
with previous reports by others (33, 34). The type of
recurrence was also comparable between IL-28B genotype

groups.

Associations between the IL-28B genotype and HCC
clinical outcome

HCC TIR was also analyzed using multivariate Cox
regression analysis using 15 clinical parameters and the
IL-28B genotype. With a significance level of 0.05 for
removing a variable in a Cox regression with backward
elimination, the IL-28B genotype was selected as the final
model (Table 2). To confirm this decision, a bootstrapping
technique was applied. The percentages of inclusion among
the 1,000 samples created by the bootstrapping technique
for variables are shown in Table 2. The percentage of
inclusion for the IL-28B genotype was 80.4%. Frequencies
of another variable were lower than 40%. The bootstrap
procedure result confirmed the variables chosen for the final
model.

In univariate Cox regression analyses, the IL-28B geno-
type was associated with HCC recurrence (Table 2). The TTR
survival curve was analyzed using the Kaplan~Meier curve
and log-rank test (Fig. 1), and patients with the IL-28B
TT genotype showed a significantly shorter median TTR
(1.61 years) than those with the IL-28B TG/GG genotype
(2.58 years; P = 0.007).

Histologic analysis of noncancerous liver tissues of
IL-28B TT and TG/GG genotypes

To dlarify the molecular mechanism influencing HCC
recurrence, we histologically analyzed 141 noncancerous
liver tissues according to previously published criteria
(Table 3; ref. 26). The mean score of the degree of inflam-
matory cell infiltration in the periportal area was signifi-
cantly higher in TT genotype patients (2.804) than TG/GG
genotype patients (2.513; P = 0.025); the degree of inflam-
matory cell infiltration in the intralobular area was also
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bootstrap samples)

Variables

IL-28B allele: major vs. minor

Tumor size, mm: >20 vs. <20

AFP, ng/mL: >20 vs. <20

v-GTP, IU/L: >50 vs. <50

Therapy: RFA vs. resection

DCP, AU/L: >40 vs. <40

ALT, IU/L: >40 vs. <40

Child-Pugh class: Avs. B

Period of therapy: 2000-05 vs. 2006-12
History of IFN therapy: yes vs. no

Sex: male vs. female

Tumor number: solitary vs. 2-3

Platelet count (x10%mm?®): >10 vs. <10
Age: per1y

Table 2. Cox regression analysis and relative frequency of variables inclusion with P < 0.05 (in 1,000
Univariate Multivariate Frequency
(%)
HR (95% CI) P HR (95%Cl) P

2.674 (1.161-2.627) 0.007 2.674 (1.161-2.627) 0.007 80.4
1.303 (0.881-1.880) 0.193 39.8
1.674 (0.948-1.968) 0.094 33.2
1.188 (0.865-1.804) 0.235 32.8
1.218 (0.826-2.266) 0.223 31.6
1.524 (0.920-1.945) 0.127 27.4
0.277 (0.721-1.544) 0.782 23.6
0.025 (0.653-1.515) 0.980 19.2
0.886 (0.818-1.701) 0.375 15.8
0.570 (0.771-1.605) 0.569 15.8
0.108 (0.697-1.496) 0.914 14.6
0.263 (0.845-1.857) 0.263 13.4
0.118 (0.680-1.407) 0.906 12.6
0.621 (0.986-1.028) 0.534 8.4

higherin the TT genotype (2.522) than the TG/GG genotype
(2.308), although this did not reach statistical significance
(P = 0.08). Furthermore, the mean score of the degree of
hepatocyte anisocytosis was significantly higher in the TT
genotype (1.891) than the TG/GG genotype (1.385; P =
0.024). Anisocytosis is characterized by viability of cell size
with focal dysplastic change and indicates irregular regen-
eration of hepatocytes. The irregular regeneration score was
higherin the TT genotype (2.207) than the TG/GG genotype
(1.795), albeit not significantly (P = 0.105).

IL-28BTT and TG/GG genotype gene expression profiles
in the noncancerous liver

We next compared the gene expression profile of HCC
tissues and noncancerous liver tissues of both the IL-28BTT

and IL-28B TG/GG genotype. Ten patients with HCC were
selected from each IL-28B genotype and their gene expres-
sion was determined using Affymetrix genechip analysis
(Supplementary Table S1). We recently reported that
expression of hepatic ISGs is downregulated in individuals
with the IL-28B TT genotype, whereas the expression of
other immune response-related genes was shown to be
upregulated (13). Therefore, to validate our expression data,
we compared the expression of ISGs and other immune
response-related genes in the present study with that of the
previous study. We analyzed the expression data of 20
patients from the current study in addition to another series
of 91 patients with CHC from our previous study.
One-way hierarchical clustering using 28 representative
ISGs showed that patients with the IL-28B TG/GG genotype

TTR (overall)
—_ @ - -
g° " 8
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significantly shorter median TTR @ 173
(1.61 years) than those with the 31
IL-28B TG/GG genotype (2.58 years;
P = 0.007). = : ! . ,
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Table 3. Comparison of liver histology between IL-28B major and minor genotypes
IL-28B TT genotype IL-28 TG/GG genotype
Variable (n = 92) (n = 39) P value
Score of inflammatory cell infiltration
Periportal 2.804 2.513 0.032
Intralobular 2.522 2.308 0.082
Portal 2.946 2.846 0.322
Fibrosis 3.587 3.436 0.428
Portal lymphoid reaction 4.098 3.949 0.363
Damage of bile duct 0.380 0.256 0.216
Portal sclerotic change 0.076 0.077 0.990
Perivenular fibrosis 1.133 1.000 0.447
Pericellular fibrosis 1.163 0.821 0.045
Bridging fibrosis 0.957 0.641 0.106
Irregular regeneration 2.207 1.795 0.105
Anisocytosis 1.891 1.385 0.024
Bulging 0.326 0.436 0.485
Map-like distribution 1.370 1.333 0.881
Oncocytes 1.326 1.051 0.227
Nodularity 1.185 1.231 0.849
Atypical hepatocytes 0.467 0.692 0.304
Steatosis 1.707 1.692 0.951
NOTE: Data shown as mean.

had higher expression of hepatic ISGs, whereas patients with
the TT genotype showed lower expression of hepatic ISGs in
CHC tissues and noncancerous background liver tissue,
confirming our previous data (Fig. 2A and Supplementary
Table S2). Expression of hepatic ISGs in HCC tissues was
lower than in background liver tissues, with no relationship
to the IL-28B genotype. Hierarchical clustering of 51 repre-
sentative immune response-related genes from the Gene
Ontology gene set of the Molecular Signatures Database
indicated that their expression was upregulated in TT geno-
type compared with TG/GG genotype tissues, with the
exception of HCC tissues (Fig. 2B and Supplementary Table
$2). Upregulation of immune response-related genes sug-
gests that hepatic inflammation is more severe in TT geno-
type patients, which is consistent with our histologic findings
and recent studies that reported an association between
high serum ALT levels and the IL-28B TT genotype (14, 29).

Gene expression profile of HCC tissues from IL-28B TT
and TG/GG genotypes

We applied PAGE to identify gene sets differentially
regulated between the different IL-28B genotypes from the
whole gene expression profiles derived from HCC tissues.
Analysis of groups of genes involved in a specific function
enables significant differences to represent a biologically
meaningful result (23). Many gene sets associated with the
immune system (e.g., the immune system process, T-cell
activation, regulation of T-cell activation, and T-cell prolif-
eration) showed a significant increase in their expression in
patients with HCC with the IL-28B TG/GG genotype (Sup-

plementary Table S3). This PAGE profile was consistent
with the hierarchical dustering of 51 immune response-
related genes (Fig. 2B) and suggests that the immune
response to tumors might be more intensive in IL-28B
TG/GG genotype HCC than IL-28B TT genotype HCC.

Lymphocyte infiltration into HCC tissues with the
IL-28B TG/GG genotype

To verify our PAGE profile, we histologically compared
HCC tissue of 20 cases of the IL-28B TT genotype and 12
cases of the TG/GG genotype using immunohistochemical
staining with antibodies against helper T cells (CD4) and
cytotoxic T cells (CD8). The mean score of the degree of
CD8" lymphocyte infilration in the tumor tissue was
significantly higher in the TG/GG genotype (1.75) than the
TT genotype (1.175; P = 0.047; Supplementary Table $4). A
representative case is shown in Fig. 3. There was no mor-
phologic alteration associated with the IL-28B genotype.
Immunohistochemical analysis showed intratumoral
infiltration of CD4" and CD8" lymphoid cells and slight
infiltration of monocytes/macrophages in HCC of the
IL-28B TG/GG genotype, compared with little infiltration
of lymphocytes or monocytes/macrophages in HCC of
the IL-28B TT genotype.

Furthermore, the gene set differentially expressed in
HCC-infiltrating mononucdlear inflammatory cells from our
previous study (24) was upregulated in HCC of the IL-28B
TG/GG genotype (Z score, —9.879; P < 0.001). One-way
hierarchical clustering was carried out of 122 genes involved
in the gene set differentially expressed in HCC-infiltrating
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Figure 2. A, one-way hierarchical clustering of 28 representative ISGs of 111 patients with the /L-28B genotype. B, one-way hierarchical clustering analysis of
51 representative immune response-related genes of 111 patients with the /L-28B genotype.

mononuclear inflammatory cells. Most of the 122 genes
were expressed at high levels in many HCC tissues of IL-28B
TG/GG genotype patients (Supplementary Fig. S2).

Discussion

IL-28B is a recently identified, novel IFN-A family
member that shares the same biologic properties as type
I IENs (9). Recent reports have shown a significant asso-
ciation between IL-28B allelic variants and treatment
outcome in CHC (11, 12). IL-28B genotyping is therefore
considered to be a suitable pretreatment predictor of
treatment response for individual patients, and also an
indicator of biochemical and histologic findings in

patients infected with HCV (14). In this study, we deter-
mined that the IL-28B genotype is associated with HCC
recurrence in patients with CHC as patients with the
IL-28B TT genotype showed a significantly higher inci-
dence of recurrence than those with the IL-28B TG/GG
genotype after curative therapy. To our knowledge, this
is the first study to reveal an association between the
IL-28B genotype and HCC recurrence and molecular
features in patients with CHC.

To date, there are several contradicting results about
the association of the IL-28B genotype and progression of
liver disease including the development of HCC. Fabris
and colleagues and Eurich and colleagues reported that
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Figure 3. Expression of CD4, CD8,
and CD14 in tumor-infiltrating
mononuclear cells in HCC tissues.
Immunohistochemical analysis of
noncancerous liver tissues of IL-
28B TT (A-D) and TG/GG

genotypes (E-H). Samples were
analyzed by hematoxylin and eosin
staining (A and E), CD4 staining (B
and F), CD8 staining (C and G), and
CD14 staining (D and H).
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patients with a T allele in 1512979860 (G allele in
rs8099917) were at a high risk of progressing to liver
cirrhosis and HCC (35, 36), however, these reports have
not yet been confirmed by others. A large-scale European
genome-wide association study (GWAS) recently identi-
fied a weak protective role for the 1s12979860 T allele in
the progression of fibrosis during HCV infection (37),
whereas a Japanese GWAS identifying a susceptibility
locus for HCV-induced HCC found no association of
1s12979860 and rs8099917 SNPs with HCC (38). In
support of these findings, Joshita and colleagues reported
no association between the IL-28B genotype and the
incidence of primary HCC (39). These results show a
good concordance with those of the present study, which
revealed that the IL-28B genotype was not associated with
HCC incidence before treatment (Table 1). Furthermore,
closer histologic assessment showed a high score of
periportal inflammation and pericellular fibrosis in the
18099917 TT genotype (CC in rs12979860). This sug-
gests that our patient selection process was not biased,
and that our results are in agreement with the Japanese
study and are comparable with the European study.

To date, the reasons for contradicting results about the
association of the IL-28B genotype and progression of liver
disease have not been clear, however, clinical bias such as
patient number, history of treatment, virus genotype, and
titer and racial differences may affect the results. It should be
noted that significant differences in genotype frequencies
with respect to ethnic/racial groups have previously been
reported for IL-28B SNPs (11). To overcome these limita-

tions, a future cross-sectional prospective study should be
conducted.

Several risk factors for HCC recurrence have previously
been reported, including the presence of cirrhosis, high AFP
levels, and multiplicity of tumors 7, 8). However, multi-
variate analysis and the bootstrap procedure of the present
study revealed that the IL-28B genotype was independent
indicators for recurrence, suggesting that it is stronger pre-
dictors of HCC recurrence than other factors.

The expression of hepatic ISGs was higher in IL-28B TG/
GG genotype patients than IL-28B TT genotype patients
with CHC in this study. This confirms our previous findings
in a different cohort and those of another research group
(13, 40). Several ISGs have been reported to have antipro-
liferative and proapoptotic functions (41, 42), and IFN-o.
(type I IFN) has also been found to inhibit metastasis
and human HCC recurrence after curative resection medi-
ated by angiogenesis (43). Indeed, IL-28B 158099917 is
associated with early HCC recurrence (<1 year), possibly
because of the intrahepatic metastasis of HCC in this study
(Fig. 1 and Supplementary Table S5). These reports and
our findings suggest that high expression of hepatic ISGs
might cause the low HCC recurrence in the IL-28B TG/GG
genotype, although the mechanism of this association
remains unknown.

Microarray, histologic, and immunohistochemical anal-
ysis in the present study showed that the immune response
was more severe in chronic hepatitis and noncancerous
tissue of IL-28B TT genotype compared with TG/GG geno-
type patients. Serum ALT levels were also higher in the
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IL-28B TT genotype, albeit not significantly. These results
support previous findings that showed higher serum ALT
levels and more severe liver inflammation in TT genotype
compared with TG/GG genotype patients with HCC
(14, 29). Irregular regeneration of hepatocytes develops as
a result of repeated cycles of necrosis and regeneration of
hepatocytes and was previously reported to be an important
predictive factor for the development of HCC (26). We
histologically showed that the degree of hepatocyte aniso-
cytosis was more severe in noncancerous livers of TT geno-
type than TG/GG genotype patients, perhaps because of
IL-28B genotype-dependent hepatic inflammation. This
might also affect the late recurrence of HCC (>1 year) as
a result of the multicentric occurrence of HCC in back-
ground liver disease. In the late recurrence group, IL-28BTT
genotype patients showed a shorter TTR than IL-28BTG/GG
genotype patients although this did not reach statistical
significance (P = 0.086; Supplementary Fig. S3; Supple-
mentary Table S6).

Previous studies showed that the gene expression pro-
file of noncancerous liver tissue was associated with late
recurrence HCC and the multicentric occurrence of HCC
(44). However, the gene set expression of these studies
did not differ between the IL-28B 1T and TG/GG geno-
types in the present study. Although the reason for this
discrepancy is unclear, the IL-28B genotype may affect
early recurrence more than late recurrence, and the lim-
ited number of patients and the short follow-up period
may affect statistical comparisons. Therefore, further
investigations with a large series of patients are necessary
to clarify whether IL-28B genotype-dependent inflamma-
tion influences HCC recurrence.

On the other hand, the gene expression profile and
histologicanalyses showed that more lymphocytes infiltrate
into the tumor tissue of the IL-28B TG/GG genotype than
the TT genotype. Chew and colleagues previously showed
that 14 intratumoral immune gene signatures were able to
identify molecular cues driving the tumor infiltration of
lymphocytes and predict the survival of patients with HCC,
particularly during the early stages of disease (45). We can
confirm that the expression of some of these 14 genes was
higher in TG/GG genotype than TT genotype patients (Sup-
plementary Fig. $4), supporting the association of the IL-
28B genotype, HCC recurrence, and histologic findings. The
presence of lymphocyte infiltration in HCC was also
reported as a negative predictor of HCC recurrence after
liver transplantation (46), and this phenomenon may con-
tribute to a lower incidence of HCC recurrence in the TG/
GG genotype.

It may seem contradictory that the immune re-
sponse in noncancerous liver was more severe in TT
genotype than TG/GG genotype patients despite the fact
that the expression of immune genes was higher in tu-
mor tissue and more lymphocytes infiltrated the tumor
in the TG/GG genotype compared with the TT genotype.
Although we are unable to explain this contradiction, it
is conceivable that the host immune reaction has a
differential role between tumor and nontumor tissue.

Moreover, HCV-specific T-cell immune responses, which
are essential for disease control, are attenuated in
patients with CHC, and T-cell exhaustion has recently
been implicated in the deficient control of chronic viral
infections. On the other hand, little is known on self-
and tumor-specific T-cell responses in patients with
HCC. While several reports have shown the existence of
exhausted T cells in a tumor environment, impaired T-
cell responses to tumors are unlikely to be simply
explained by T-cell exhaustion (47).

Anergy or other functional statuses such as suppressive
immunity by tumor cells should be considered in tumor
immunity. Therefore, differences in immunity to viral
antigens and self- and tumor-antigens could explain
our findings, although further work should be carried
out to confirm these conclusions. We have preliminarily
confirmed that the ratio of regulatory T cells is higher
in the peripheral blood of IL-28B TT genotype HCC
patients than IL-28B TG/GG genotype patients, although
there is no significant difference between non-HCC
IL-28B TT genotype and IL-28B TG/GG genotype patients
(data not shown). Although the cause of this phenome-
non is unclear, our gene expression profile of noncancer-
ous liver and tumor tissues suggests paradoxical roles
for the immune response in CHC and HCC depending
on IL-28B genotype; it will be necessary to clarify these
mechanisms in future investigations.

Recently, a sustained virologic response (SVR) to CHC
antiviral treatment was shown to be associated with a lower
risk of HCC recurrence (48). Although we did not include
patients with SVR in the current study, we nevertheless
observed that they showed a longer recurrence-free survival
than patients infected with HCV, independent of IL-28B
genotype (data not shown). This result together with the
association between the IL-28B genotype and response to
antiviral treatment promotes recommendations for aggres-
sive CHC antiviral treatment, especially in cases with the
IL-28B TT genotype.

RFA is a recently developed technique and its efficacy has
been reported equal to that of surgical resection, especially
in early-stage HCC (3-6). In the European Association for
the Study of the Liver-European Organisation for Research
and Treatment of Cancer (EASL-EORTC) guidelines, RFA is
considered the standard care for patients with Barcelona
Clinic Liver Cancer stage 0-A tumors not suitable for surgery
and whether or not RFA can be considered a competitive
alternative to resection is uncertain (49). In our study, the
local tumor progression rate was not statistically different
between RFA and resection cases. However, further studies
with an appropriate sample population are necessary to
clarify the comparison of RFA and resection. The present
study has some limitations. It was a retrospective cohort and
a single-center study, so it was difficult to completely elim-
inate bias. Further prospective studies of a larger series of
patients should be conducted to validate our results. As a
consequence of the small sample size and even smaller
number of patients undergoing surgical resection, we could
not show an association between IL-28B genotype and HCC
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recurrence in the surgical resection group (data not shown).
However, we did find no significant difference in TTR
between RFA and surgical resection, confirming previous
findings.

In conclusion, we found that the IL-28B rs8099917
TT genotype is associated with shorter TTR in patients
with HCC with CHC. Microarray analysis showed a high
expression of ISGs in background liver and high expres-
sion of immune system-related genes in tumor tissues of
the IL-28B TG/GG genotype. Histologic findings also
showed that more lymphocytes infiltrated into tumor
tissues in the TG/GG genotype. The IL-28B genotype
therefore is a candidate useful genetic marker to predict
HCC recurrence as well as the response to pegylated-IFN
and ribavirin combination therapy for CHC.
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Abstract

The survival of patients with hepatocellular carcinoma (HCC) is often individually different even
after surgery for early-stage tumors. Gadolinium ethoxybenzyl diethylenetriamine pentaacetic
acid (Gd-EOB-DTPA )-enhanced magnetic resonance imaging (MRI) has been introduced
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
HEC with distinct biology and prognostic information. Gd-EOB-DTPA uptake in the
hepatobiliary phase was observed in approximately 15% of HCCs. This uptake correlated with
low serum AFP levels, maintenance of hepatocyte function with the up-regulation of OATP1B3
and HNF44 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 HNF44 in HCC cells showing Gd-EOB-DTPA uptake
resulted in the increased expression of AFP and FOXM1I and the loss of OATP1B3 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 non-
invasive classification system is molecularly based on the stem/maturation status of HCCs and
can be incorporated into current staging practices to improve management algorithms, especially

in the early stage of disease.
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Liver cancer is the fifth most commonly diagnosed cancer and the second most frequent
cause of cancer death in men worldwide (1). Among primary liver cancers, hepatocellular
carcinoma (HCC) represents the major histological subtype, accounting for 70-86% of cases of
primary liver cancer (1). Several staging systems are currently available for HCC classification
and include tumor node 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 (2). These systems can provide an approximate estimate of patients’
survival, but patients diagnosed at the same disease stage sometimes 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 limitations, 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 (3-7).
However; the application of these new technologies 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 (8). 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 via
organic anion transporting polypeptides (OATPs) expressed in the sinusoidal membrane.

Therefore, Gd-EOB-DTPA uptake in the liver is considered to reflect hepatocyte function (9).

Hepatology
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Among OATP1A2, 1B1, 1B3, and 2B1, only OATP1B3 expression was found to correlate with
the enhancement ratio on EOB-MRI, indicating that it transports Gd-EOB-DTPA into HCC cells
(10). It is generally accepted that approximately 85% of HCCs show hypo-intensity in the
hepatobiliary phase of EOB-MRI compared to the non-cancerous background liver, with a
reduction. of OATP1B3 protein or OATP1B3 gene expression in the tumor (10, 11). However,
atypical Gd-EOB-DTPA uptake in the hepatobiliary phase is observed in the remaining 15% of
HCCs, and the molecular phenotype 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 determined 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

multicenter cohort of patients with early-stage HCC who underwent radical resection.
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Materials and Methods

Patients. A total of 417 patients who received surgical resection for HCC were enrolled in this
study. Seventy patients underwent EOB-MRI for the diagnosis of HCC and received surgical
resection at Kanazawa 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 performed in October 2011. From these 70 patients, 62 tumor and
non-tumor samples were snap-frozen in liquid 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 (12).

To evaluate the survival of early-stage HCCs, we enrolled 109 patients who received
EOB-MRI and surgical resection at Tokyo Medical and Dental University Hospital, Tokyo
Women’s:Medical University Hospital, Nihon University School of Medicine Itabashi Hospital,
Niigata University Medical & Dental Hospital, Hyogo College of Medicine Hospital, or Kurume
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 surgical resection using a 1.5 or 3.0 Tesla MRI
system with a fat-suppressed 2D or 3D gradient echo T1-weighted sequence (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 256512, slice

thickness4.0-8.0 mm). A dose of 0.025 mmol/kg Gd-EOB-DTPA (Primovist; Bayer Schering

Hepatology



Hepatology Page 8 of 4
8

Pharma, Berlin, Germany) was injected intravenously, and the hepatobiliary phase was obtained
at 15-20-min 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 radiologists (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 aregion of interest of the same size, while avoiding large vessels. The nodules were
classified into the two following types: hypo-intense 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 hyper-intense 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 Tesla 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 min after the injection.

Xenotransplantation of primary HCC in immunodeficient 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 min. Contaminated red blood cells were lysed
with an ammonium chloride solution (STEMCELL Technologies, Vancouver, BC, Canada) on
ice for 5 min. CD45" leukocytes and annexin V' apoptotic cells were removed by an autoMACS-

pro cell separator and magnetic beads (Miltenyi Biotec K.K., Tokyo, Japan). The cells were
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suspended 1:1 in 200 uL Dulbecco’s modified Eagle’s medium and Matrigel (BD Biosciences)
and-injectéd subcutaneously into 6-week-old NOD/SCID mice (NOD/NCrCRI-Prkdc™™?)
purchased from Charles River Laboratories, Inc. (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
Dulbecco’s modified Eagle’s medium. HNF4A knockdown was performed using pGFP-V-RS
vectors (OriGene Technologies, Inc., Rockville, MD), allowing stable delivery of the shRNA
expression cassette against HNF4A4 or scramble sequence into host cells via a replication-
deficient retrovirus. Infected HCC cells were grown in Dulbecco’s modified Eagle’s medium
containing 1 pg/mL puromycin (Sigma-Aldrich Japan) for 7 days to establish stable sShRNA-
expressing HCC cells. Western blotting and immunofluorescence analyses were performed using
an anti-human HNF4a C11F12 antibody (Cell Signaling Technology, Danvers, MA) and a
mouse monoclonal anti-human OATP1B3 MDQ/5F260 antibody (Novus Biologicals, Littleton,
CQ), essentially as described previously (13). 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 (12). BRB-ArrayTools software (version 3.8.1) was used for class comparison
analysis. Hierarchical clustering analysis was performed with GENESIS software (version 1.6.0

beta). Canonical pathway and transcription factor analyses were performed using MetaCore
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software (http://www.genego.com). Interaction network analysis was performed 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 Biosystems 7900HT Sequence Detection System
(Applied Biosystems, Foster City, CA) and the -AACT method. The following probes were used:
AFEP, Hs00173490 m1; FOXM]I, Hs01073586 m1; OATP1B3, Hs00251986 ml; CYP3A4,
Hs00430021 m1; and 78S, Hs99999901 sl (Applied Biosystems).

ITHC analysis. IHC was performed using Envision+ kits (DAKO Japan, Tokyo, Japan) as
described previously (14). Mouse monoclonal anti-human Ki-67 antigen MIB-1 (DAKO Japan),
mouse monoclonal anti-human OATP1B3 MDQ/5F260 (Novus Biologicals), rabbit monoclonal
anti-human HNF4a C11F12 (Cell Signaling Technology), mouse monoclonal anti-human
FOXMI1 0.T.181 (Abcam Inc., Cambridge, MA), mouse monoclonal anti-human glypican-3
1G12 (BioMosaics Inc., Burlington, VT), and mouse monoclonal anti-glutamine synthetase
clone GS-6 (Millipore, Billerica, 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
(14).

Statistical analysis. Mann-Whitney, Xz’ Fisher’s exact, and Kruskal-Wallis tests were used to
compare the clinicopathologic characteristics and gene expression data. The correlation of the

gene expression data was evaluated by Spearman’s rank correlation coefficient. Kaplan-Meier

10
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survival analysis with the log-rank test was performed to compare patient survival. All analyses

were performed using GraphPad Prism software 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 hyper-intense HCC on
EOB-MRI (Figure 1A). Analysis of the clinicopathologic characteristics of hyper- or hypo-
intense HCCs revealed that hyper-intense HCCs were significantly associated with low serum
alpha-fetoprotein (AFP) levels (Table 1). There was no significant difference between hyper- and
hypo-intense 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 transporter responsible for the uptake of Gd-EOB-DTPA in
hepatogeytes, in hyper-intense HCCs by qRT-PCR and IHC (Figure 1B).

To understand the transcriptomic characteristics of HCCs overexpressing O4TP1B3, we
analyzed the microarray data of an additional 238 HCC cases (12). O4TP1B3-high and -low
HCCs were defined as HCCs with a T/N ratio > 1.0 and < 1.0, respectively, as used for the
evaluation of hyper-intense 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 hyper-
intense HCCs reported thus far. Class-comparison analysis yielded a total of 974 genes that were
differentially expressed between OA4TP1B3-high and -low HCCs (P < 0.001). Hierarchical
cluster analysis of this 974 gene set (OATP1B3 gene signature) separated HCCs into two
branches (B1 and B2) (Figure 1C). Thirty-four of the 36 OATP1B3-high HCCs (blue box) were

classified in the left branch (B1), while O4TP1B3-low HCCs were clustered in both branches.

11
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The prognosis of HCC patients clustered in B1 was significantly better than those clustered in B2
(P =0:02) (Figure S1). Genes associated with mature hepatocyte function such as ALB and
CYP3A44 were significantly up-regulated in the HCCs clustered in B1, and the known hepatic
stem/progenitor markers KR7'79 and EPCAM, as well as the G1/S cell cycle marker MKI67, were
significantly up-regulated in the HCCs clustered in B2 (Figure 1D).

Pathway analysis indicated that O4TP1B3-high HCCs showed maintenance of mature
hepatocyte function and decreased cell proliferation and Wnt signaling (Figure 1E), which are
known.to be activated during liver development and regeneration (15). Transcription factor
analysis identified 8 genes (HNF4A4, NFIA, NR3C1, NR1I3, ESRI, NRIH3, MLXIPL, and
NFE2L2) as candidate transcription factors that were significantly activated in OATP1B3-high
HCCs (P < 0.005) (Figure 1F). These transcription factors are known to play a pivotal role in
liver development and in the regulation of hepatocyte functions including lipid, bile,
carbohydrate, and xenobiotic metabolism (16). By contrast, only one gene (FOXM]I) was
identified as a candidate transcription factor activated in O47TP1B3-low HCCs. The forkhead box
M1 (FOXM1) transcription factor is known to be activated during liver regeneration and
regulation of the cell cycle (17). We investigated the expression of the two transcription factors
most strongly activated (HNF4A4 encoding hepatocyte nuclear factor 4 alpha [HNF4a]) or
inactivated (FOXM1) in hyper-intense HCCs (Figure S2) and validated the results using
microarray analyses (Figure 2A, B).

Although the microarray data revealed distinct molecular portraits associated with liver
development and the maturation programs present in hyper- and hypo-intense HCCs, hierarchical
cluster analysis further indicated that a subset of hypo-intense HCCs (corresponding to the

OATPI1B3-low HCCs clustered in B1) might show similar gene expression profiles to those
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