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Overexpression of a-methylacyl-CoA racemase is associated with CTNNB7 mutations in

hepatocellular carcinomas

Aims: o-Methylacyl-CoA racemase (AMACR) is ex-
pressed in the majority of hepatocellular carcinomas
(HCCs) at variable levels, but the significance of
AMACR overexpression remains elusive, The aim of
this study was to investigate the relationship between
AMACR expression and the presence of CTNNBI
mutations in HCCs.

Methods and results: The expression of AMACR and
GLUL, an established downstream target of B-catenin
was examined in HCCs, by quantitative reverse tran-
scription polymerase chain reaction (PCR), and the
expression of their protein products by immunohisto-
chemistry. The quantitative reverse transcription PCR
analysis showed that the expression of AMACR was
significantly higher in HCCs with CTNNB1 mutations

Keywords: AMACR, B-catenin, hepatocellular carcinoma

than in mutation-negative HCCs or normal livers, like
the expression of GLUL. Immunohistochemistry also
showed that strong AMACR protein expression was
closely correlated with the presence of CTNNB1 muta-
tions. HCCs with CTNNBI mutations and those with
AMACR overexpression frequently exhibited bile
production.

Conclusions: The overexpression of AMACR was closely
correlated with the presence of CTNNBI mutations in
HCCs. AMACR is a putative target of B-catenin as well
as an excellent immunohistochemically detectable
marker of HCCs with CTNNB1 mutations. As AMACR
is physiologically involved in bile acid synthesis,
the current observation implies a regulatory role of
B-catenin in bile acid metabolism.

Abbreviations: AMACR, a-methylacyl-CoA racemase; HCC, hepatocellular carcinoma; PCR, polymerase chain

reaction

Introduction

o-Methylacyl-CoA racemase (AMACR) is an enzyme
that is crucial for the PB-oxidation of branched fatty
acids and C27 bile acids.” Recent studies have shown
the utility of AMACR expression in the histological
diagnosis of prostatic cancer. AMACR was initially
identified as a potential molecular marker of prostatic
cancer in a microarray study.2 As normal prostate
expresses very low levels of AMACR, the immunohis-

Address for correspondence: Y Kanai, Pathology Division, National
Cancer Centre Research Institute, 5-1-1, Tsukiji, Chuo-ku, Tokyo,
Japan. e-mail: ykanai@ncc.go.jp

© 2011 Blackwell Publishing Limited.

tochemical detection of AMACR is helpful in the
diagnosis of prostatic cancers.>* Furthermore, the
inhibition of AMACR expression represses the growth
of prostatic cancer cells in vitro,> suggesting that
AMACR is not just a tumour marker, but is also
directly involved in tumorigenesis.

On the other hand, the expression of AMACR is not
limited to prostatic cancers. AMACR is also expressed
in tumours of other organs, including liver, kidney and
colorectal cancers.®” With regard to liver cancer,
AMACR expression has been reported in 77-100% of
hepatocellular carcinomas (HCCs).®™ Even though
HCCs express AMACR with a frequency comparable
to that of prostatic cancers, AMACR expression cannot
be directly used as a tumour marker in the liver, as it
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Table 1. Clinicopathological features of cases and results of mutational and immunohistochemical analysis
Age (years)/ Viral CTNNB1 mutatjon o Immqnohisto;hemistry
Gender Histology infection Nucleotide Amino acid AMACR  GS  B-Catenin  Bile
1 52/M W/D HCV A95G D32G ++ ++ + -
2 V 65/ M W/D HCV del94-141 del32;47 Ea ++ = -
3 58/M M/D - A121G T41A + ++ + +
4 T77/F M/D HCV A95G D32G ++ + - +
é 63/M W/D HCV T104G 135S ++ ++ o+ + ~~
6 55/M P/D HCV T109C S37P ++ ++ + V +
7 63/M W/D HCV del114-125 del39-42 ++ ++ + +
8 71/M M/D - A107G/A126G H36R/T42T  ++ ++ + -
9 66/M M/D HCV C134T7 S45F ++ ++ + +
10’ . 73//\/\ R M/D HCV T104G 1355 o ++ +;F + 7 ‘+ |
1 71/M w/D HCV A107C H36P + + - +
12 68/M M/D - G101A G34E + + - —
13 66/M M/D HBV,HCV  C110G s37c o+ o+ .
14 50/M P/D HCV A95G D32G ++ ++ + +
15 29/M M/D HBV A107G 7 H36R V+ + + + |
16 772/1\/\” | M/DH . — a ” C’lO']AV | G34E + + + -
17 62/M W/D HBV T133C S45pP + + - +
18 59/M M/D HBV A121G T41A + + +’ —— ‘
19 59/M P/D HBV - - - P _
20 41/M M/D HBV - - - + - -
21 54/M M/D HBV - - - + - -
22 69/M M/D HCV - - + | + - +
23 63/M M/D HBV, HCV - - + + - +
24 67/M P/D HCV - - - - - _
25 58/F M/D HBY - - - . _ _
26 61/ P/D MOV - . _ . - _
27 62/M wW/D HCV - - + + - H+’ ’
28 61/M P/D o - - . . - _
29 66/M M/D  HBY - - . . - _
30 79/M M/D - | - - - - - -
3 7M. M/D HCV - - o+ P -

© 2011 Blackwell Publishing Ltd, Histopathology, 58, 712-719.
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Table 1. (Continued)

CTNNB1 mutation

Immunohistochemistry

Age (years)/ Viral _— o .

Gender Histology infection Nucleotide Amino acid AMACR GS B-Catenin Bile
32 70/ M M/D HCV - - + + - -
33, . 76/M B oo o - - . - - -
34 58/M CMD HBY - - . - -
35 56/M PkD HBV - - + + - -
36 70/M P/D - - - + + - -
5 e - P/D . HBV e : - + . -
38 50/M n P/D HCV - - - - + -
39 59/M M/D HCV - - + + - -
M 7E P/D HoV - - + + _ _
42 68/M P/D HCV - - ND ND ND ND
43 68/M W/D‘ | HCV - - | ND ND 4 ND ND
44 75/M | HW/D’ - HCVVV ’ ~ | — - ND V ‘ND ND V ” ND

AMACR, a-methylacyl-CoA racemase; F, female; GS, glutamine synthetase; HBV, hepatitis B virus; HCV, hepatitis C virus;
M, male; M/D, moderately differentiated; ND, not done; P/D, poorly differentiated; W/ D, well differentiated.
Samples 18 and 19 were derived from the same patient, as were samples 42 and 43.

is also expressed in non-neoplastic liver tissue.®®
Although some immunohistochemical studies have
been performed, the clinicopathological significance of
AMACR expression in HCCs remains controversial.®°
CTNNB1 is a major oncogene in HCCs, and is
mutated in approximately 30% of all cases.'®!!
B-Catenin, the protein product of CTNNBI, is involved
in two distinct processes in cells: cell adhesion and the
transduction of Wnt signalling. In the absence of active
Whnt signalling, B-catenin is localized to the membrane
in a complex with cadherins that mediates cell-cell
adhesion. When the Wnt signalling pathway is acti-
vated, B-catenin is translocated to the nucleus, where it
activates TCF-dependent transcription.’® Oncogenic
CTNNB1 mutations lead to constitutively active T cell
factor (TCF)-dependent transcription, and the dysreg-
ulated expression of B-catenin/TCF target genes is
thought to induce cellular transformation.'® A number
of genes have been hitherto identified as targets of
B-catenin-mediated signals in the liver, and are over-
expressed in HCCs with CTNNB1 mutations.** ™%
Here, we examined the correlation between CTNNB1
mutations and AMACR expression in a series of HCCs.
We also examined the expression of a well-recognized

target of B-catenin, glutamine synthetase, which is
encoded by GLUL.!*1>2¢

Materials and methods
CASES

Forty-four surgically resected HCC samples obtained
from 42 patients were analysed in this study. Eight
non-neoplastic liver tissues obtained during resection of
metastatic colorectal cancers were used as normal liver
samples for comparison. All of the tissue samples were
obtained from the National Cancer Centre Hospital,
Tokyo, Japan. The clinicopathological features of the
patients are listed in Table 1. This study was approved
by the Ethics Committee of the National Cancer Centre,
Tokyo, Japan.

QUANTITATIVE POLYMERASE CHAIN REACTION (PCR)

RNA extraction and the reverse transcription reaction
were performed according to standard protocols. Quan-
titative PCR reactions were performed with SYBR
Green PCR master mix (Applied Biosystems, Foster

© 2011 Blackwell Publishing Ltd, Histopathology, 58, 712-719.



City, CA, USA). The expression of GUSB was used for
normalization, as previously described.?! The primer
sequences were as follows: AMACR, CGTCTGTGCA-
AGCGGTCGGA and TGGGCCCAGCTGGAGTTTCT;
GLUL, GCCATGCGGGAGGAGAAT and ACTGGTGCC-
GCTTGCITAGT; and GUSB, GGAATTTTGCCGATTT-
CATGA and CCGAGTGAAGATCCCCTTTTT. A P-value
of <0.05 (Mann-Whitney U-test) was considered to be
significant.

CTNNBI MUTATIONAL ANALYSIS

PCR reactions were performed with the cDNA samples
used for quantitative PCR as templates. A pair of
primers encompassing the N-terminal region of
CTINNB1, CCTGTTCCCCTGAGGGTATT and CAGGG-
AACATAGCAGCTCGT, was used. The PCR products
were electrophoresed in an agarose gel and recovered
with a QIAquick Gel Extraction kit (Qiagen, Hilden,
Germany). Isolated PCR products were sequenced
bidirectionally with the same primers used for ampli-
fication.

IMMUNOHISTOCHEMISTRY

Liver tissue samples were fixed with 10% formalin,
embedded in paraffin and cut into 4-pum-thick sections.
Sections were subjected to haematoxylin and eosin
and Hall's bile staining for evaluation of bile produc-
tion in HCCs. Immunohistochemistry was performed
using an indirect immunoperoxidase method. Antigen
retrieval was performed by autoclaving in 10 mm
citrate buffer (pH 6.0). The primary antibodies used
were anti-AMACR (Clone 13H4; 1:400 dilution; Dako,
Glostrup, Denmark), anti-B-catenin (Clone 14; 1:250
dilution; BD Biosciences, San Jose, CA, USA) and anti-
glutamine synthetase (Clone 6; 1:1000 dilution; BD
Biosciences). The signals were detected with peroxi-
dase-labelled anti-mouse and anti-rabbit polymers
(Histofine simple stain; Nichirei, Tokyo, Japan). 3,3’-
Diaminobenzidine tetrahydrochloride was used as a
chromogen.

The staining results for AMACR and glutamine
synthetase were evaluated as diffuse strong expression
(++), heterogeneous and/or weak expression (+), or
no expression (—). Diffuse staining was defined as >80%
of the cells showing homogeneous staining. Strong
expression was defined as a staining intensity compa-
rable to that of pericentral hepatocytes in normal liver.
Staining for nuclear/cytoplasmic B-catenin was con-
sidered to be positive when more than 5% of the
tumour cells exhibited evident nuclear and/or cyto-
plasmicimmunoreactivity.

© 2011 Blackwell Publishing Ltd, Histopathology, 58, 712-719.
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Results

Sequencing analysis of CTNNB1 identified mutations
affecting the region encoding the casein kinase 1/gly-
cogen synthase kinase-3f phosphorylation sites of
B-catenin in 18 of 44 HCCs (41%; Table 1). These
included 18 missense mutations and two in-frame
deletions. One tumour with a missense mutation also
had a silent mutation.

The quantitative reverse transcription PCR analysis
clearly showed that tumours with CTNNB1 mutations
had elevated expression levels of AMACR as well as
of GLUL, a known target of B-catenin,'*52° as
compared with normal liver tissues and HCCs without
CTNNB1 mutations (Figure 1). On the other hand,
HCCs without CTNNB1 mutations did not show signif-
icantly altered expression levels of AMACR or GLUL.

To test whether the elevated AMACR and GLUL
expression levels resulted in the overexpression of their
protein products, an immunohistochemical analysis of
41 corresponding tumours and seven normal liver
tissue samples that were available for histological
analysis was perfomed. Immunohistochemistry con-
firmed that AMACR overexpression was associated
with the presence of CTNNBI mutations (Fig-
ure 2B,C,.E,F; Table 2). Eleven of the 12 HCCs with
diffuse and intense AMACR staining and seven of the
19 HCCs with heterogeneous and/or weak AMACR
expression had CTNNB1 mutations. In contrast, none
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Figure 1. Expression of AMACR and GLUL in hepatocellular carci-
nomas. Box plot of AMACR and GLUL mRNA expression in normal
liver (n = 8), hepatocellular carcinomas (HCCs) with wild-type
CTNNBI1 (MUT—; n = 26) and HCCs with CTNNB1 mutations
(MUT+; n = 18), as determined using quantitative polymerase chain
reaction. **P < 0.001 (Mann—-Whitney U-test).
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Figure 2. Expression of a-methylacyl-CoA racemase (AMACR), glutamine synthetase and B-catenin in hepatocellular carcinomas (HCCs) and
normal liver. Inmunohistochemistry for AMACR (A-F), glutamine synthetase (G-I) and B-catenin (J-L) in normal liver (A,D,G,]). HCCs without
CTNNB1 mutation (B,E,H,K) and HCCs with CTNNB1 mutation (C.F,LL).

of the AMACR-negative tumours had CTNNBI muta-
tions. AMACR was consistently expressed in normal
liver tissue: an expression gradient was observed, with
the highest expression levels being seen in the proximal
pericentral areas within the liver lobule (Figure 2A).
The intracellular distributions of AMACR were cyto-
plasmic and granular, and a significant difference was
not observed between the normal liver tissues and the
HCCs (Figure 2D-F).

In agreenient with previous studies, the diffuse and
strong expression of glutamine synthetase, which is
encoded by GLUL, was observed exclusively in tumours
with CTNNB1 mutations (Figure 2H,I). The staining
results for glutamine synthetase were highly concor-
dant with those for AMACR (Table 3). In the normal
liver tissues, glutamine synthetase was exclusively
expressed in a few layers of hepatocytes surrounding
the central veins (Figure 2G). Nuclear/cytoplasmic

© 2011 Blackwell Publishing Ltd, Histopathology, 58, 712-719.
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Tab'z ztgﬁ;\;g'j“o”i _— Staining CTNNB1 CTNNB1
armang. mutationa intensity mutation (+) mutation (=) P-value
status, immunohistochemis-
try for o-methylacyl-CoA AMACR ++ 1 1 6.4x107°
racemase (AMACR),
glutamine synthetase and + 7 12
B-catenin expression, and 70 10 - )
bile production in B
hepatocellular carcinomas Glutamine . 11 0 3.5 % 1072
synthetase
+ 7 18
- 0 5
Nuclear/ cytoplasmic + 13 1 5.4 x107®
B-catenin ” -
Bile production + 12 3 40x10™
5 6 20

The P-values indicate the correlation between the CTNNBT mutation status and the
immunohistochemical expression of each of the proteins or bile production (chi-square test).

Table 3. Correlations among a-methylacyl-CoA racemase
(AMACR), glutamine synthetase and B-catenin expression,
and bile production in hepatocellular carcinomas

MACR

Staining :

intensity  ++ + —  P-value
Glutamine ++ 0 1 0 42x107
synthetase

+ 2 17 6

- 0 1 4
Nuclear/cytoplasmic  + 9 4 1 15x10°
-catenin

= 3 15 9
Bile production + 8 7 0 53x107°

— 4 12 10

The P-values indicate the correlations among the immuno-
histochemical expression of AMACR and that of glutamine
synthetase or B-catenin, or bile production (chi-square test).

B-catenin staining was observed in 12 of the 17
CTNNB1 mutation-positive HCCs. In most cases, the
nuclear staining was limited to focal areas within the
tumours. In the normal liver tissues and HCCs without
CTNNBI1 mutations, B-catenin staining was observed
exclusively in the membranes (Figure 2],K). Positive
nuclear/cytoplasmic B-catenin staining was signifi-
cantly correlated with AMACR expression (Table 3).

© 2011 Blackwell Publishing Ltd, Histopathology, 58, 712-719.

A recent study suggested that cholestasis might be
useful as a marker for HCCs with CTNNBI1 muta-
tions.2® As AMACR is involved in bile acid metabolism
in the liver, we histologically determined the presence
of bile production in HCCs, and examined the correla-
tions with CTNNB1 mutations and AMACR expression
(Figure 3). In agreement with the previous study, HCCs
with bile production frequently harboured CTNNBI
mutations and, as expected, overexpressed AMACR
(Tables 2 and 3).

Discussion

Oncogenic mutations of CTNNBI1 result in the stabil-
ization of B-catenin through the inhibition of proper
proteosomal degradation. This leads to the abnormal
accumulation and nuclear translocation of the protein
and the constitutive activation of TCF-dependent tran-
scription. Nuclear/cytoplasmic localization of B-cate-
nin is therefore regarded as a hallmark of active
B-catenin signalling.'? As expected, nuclear and/or
cytoplasmic B-catenin staining was closely correlated
with the presence of CTNNB1 mutations. However, in
many instances, nuclear and/or cytoplasmic B-catenin
was observed only in focal areas within the tumours
with CTNNB1 mutations. Therefore, it might be diffi-
cult to use immunohistochemistry for P-catenin to
screen for CTNNBI mutation-positive HCCs when a
limited amount of specimen is available.

So far, several B-catenin-regulated genes have
been identified in the liver.'*'® Among them, the
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Figure 3. Bile production in hepatocellular carcinomas. Bile
production (triangles) as determined using haematoxylin and eosin
(A) and Hall's bile staining (B).

overexpression of glutamine synthetase has been
reported to correlate well with the presence of CTNNB1
mutations, and is regarded as an indicator of HCCs
with CTNNBI mutations.'**>?° In agreement with
these previous reports, CTNNBI-mutated HCCs showed
significantly elevated levels of GLUL expression. At the
same time, we found that AMACR overexpression is
also highly correlated with the presence of CTNNBI
mutations. The expression levels of GLUL and AMACR
were also reflected by the expression of their protein
products, which can be detected by immunohistochem-
istry. Diffuse and strong staining for AMACR and
glutamine synthetase was observed almost exclusively
in tumours with CTNNB1 mutations. Conversely, none
of the tumours negative for these proteins had CTNNB1
mutations in the current series. We suggest that
overexpression of AMACR might be a novel and
excellent histological indicator of HCCs with CTNNBI
mutations.

Bile production is occasionally observed in HCCs;
notably, cholestasis has recently been suggested to be a

feature of HCCs with CTNNBI mutations.?® Audard
et al?’® noted a close correlation between strong
glutamine synthetase expression and the presence of
cholestasis, and suggested that cholestasis might be a
marker of HCCs with CTNNBI mutations. In agree-
ment with this hypothesis, tumour cholestasis was
frequently associated with CTNNB1 mutations and also
with high AMACR expression in the present analysis.
The biological significance of AMACR overexpression
in cancers has been discussed in relation to its role
in the B-oxidation of branched-chain fatty acids.
However, in addition to fatty acid metabolism, AMACR
is also involved in bile acid synthesis in the liver, and is
required for the conversion of C27 bile acids to C24 bile
acids. C27 bile acids are more hydrophobic than their
C24 products, and are more toxic to cells.?>%*
Considering the association between cholestasis and
AMACR expression, AMACR might play a role in the
processing of bile acid intermediates to avoid cell injury
caused by the accumulation of C27 bile acids in
CTNNB1-mutated HCCs.

In addition to its expression in HCCs, AMACR was
also expressed in normal liver, predominantly in
pericentral hepatocytes. Of note, recent studies have
suggested that Wnt/B-catenin signalling plays a cru-
cial role in the regulation of pericentral gene expres-
sion.>> Wnt/p-catenin signalling is physiologically
active in pericentral hepatocytes, and many of the
previously identified p-catenin-regulated genes are
localized to pericentral areas within the liver
lobule.>>® Furthermore, Hailfinger et al.>® demon-
strated a similarity in the gene expression patterns of
pericentral hepatocytes and CTNNBI-mutated HCCs,
and suggested the common regulation of these genes
by B-catenin-mediated signalling. Thus, the predomi-
nantly pericentral expression of AMACR implies that
AMACR is also regulated by p-catenin-mediated
signalling in normal liver. Overall, the present study
suggests that AMACR is a target of P-catenin in
the liver under both neoplastic and non-neoplastic
conditions.
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Recent studies have shown that intratumoral cholestasis is a hall-
mark of CTNNB1 mutations in hepatocellular carcinomas (HCC).
Here, we analyzed the expressions of genes involved in bile acid
and bilirubin metabolism and their correlation with the mutational
status of CTNNBT in a series of HCC. The expressions of CYP7A1
and CYP27A1, which encode rate-limiting enzymes in bile acid syn-
thesis, were unaltered or only marginally increased in CTNNBT-
mutated HCC compared with those in HCC with wild-type CTNNBT.
Among the genes involved in bile acid and bilirubin transport, the
expression of SLCOTB3 was significantly elevated in HCC with
CTNNB1 mutations, whereas the expression of ABCC4 was ele-
vated in HCC with wild-type CTNNB1. Inmunohistochemistry con-
firmed the frequent expression of SLCO1B3 in CTNNBT-mutated
HCC at the protein level, but not in most HCC with wild-type
CTNNB1. Immunohistochemistry for MRP4 (encoded by ABCC4)
partly agreed with ABCC4 expression, but most cases did not
express detectable levels of MRP4. Notably, all HCC with bile accu-
mulation, including those without CTNNB1 mutations, expressed
SLCO1B3, suggesting that SLCO1B3 expression, rather than
CTNNB1 mutation, is the critical determinant of intratumoral chole-
stasis. As SLCO1B3 is involved in the uptake of a number of chemo-
therapeutic and diagnostic agents, SLCO1B3 expression and the
status of CTNNBT mutation might need to be considered in the
drug delivery to HCC. (Cancer Sci 2011; 102: 1742-1747)

B ile acids are major components of bile and the liver plays a
central role in their metabolism."~> Bile acids are synthe-
sized from cholesterol in the liver and secreted into bile. Bile
plays essential roles in the absorption and excretion of lipid-sol-
uble substances. In addition to widely recognized roles in lipid
metabolism, bile acids act as a signaling molecule and modulate
proliferation and energy metabolism in hepatocytes.®* Mice
deficient in the bile acid receptor FXR exhibit cholestasis and
the spontaneous development of hepatocellular carcinomas
(HCC), suggesting a potential linkage between bile acid signal-
ing and hepatocarcinogenesis.”

Interestingly, recent reports have shown that HCC with acti-
vating CTNNBI mutations frequently exhibit cholestasis.”®
This observation implies that B-catenin regulates bile metabo-
lism in HCC. Activating mutations of CTNNBI, encoding
f-catenin, are present in 30-40% of HCC.®"'? physiologically
B-catenin acts as a transducer of the Wnt signaling pathway,"’ 1
and mutation of CTNNBI leads to abnormal accumulation of
B-catenin and constitutive activation of T-cell factor (TCF)-
dependent transcription.'? This results in the overexpression of
f-catenin/TCF-regulated transcriptional targets in CTNNBI-
mutated tumors and the promotion of tumorigenesis.

Based on these previous reports, we suspected that
mutated P-catenin might coordinately induce genes critically
involved in bile metabolism in HCC. To elucidate this issue,

Cancer Sci | September 2011 | vol. 102 | no.9 | 1742-1747

we examined the expressions of a list of genes that are
involved in bile acid synthesis and transport in a series of
HCC.

Materials and Methods

Cases. We examined 44 cases of HCC obtained from 42
patients; all of these tumors had been previously analyzed
for CTNNBI mutations and the presence of intratumoral
cholestasis.® Mutation analysis was done by direct sequenc-
ing of the N-terminal region of CTNNBI using cDNA sam-
ples. Intratumoral cholestasis was histologically determined
by the presence of bile pigments on hematoxylin—eosin and
Hall’s bile acid staining. Eight non-tumoral liver tissues
obtained during the resection of metastatic colorectal cancers
were used as normal liver samples for comparison. All tis-
sue samples were obtained at the National Cancer Center
Hospital, Tokyo, Japan. The present study was approved by
the Ethics Committee of the National Cancer Center, Tokyo,
Japan.

Quantitative RT-PCR. RNA extraction and reverse-transcrip-
tion reactions were performed using standard protocols. Quanti-
tative RT-PCR reactions were performed using SYBR Green
PCR master mix (Applied Biosystems, Foster City, CA, USA).
The expression level of each gene was determined using GUSB
as a standard, as previously described."® The primer sequences
are shown in Table 1.

Immunohistochemistry. Among the tumors subjected to RT-
PCR analysis, 41 lesions were available for histological analysis.
Liver tissue samples were fixed in 10% buffered formalin,
embedded in paraffin and cut into 4-pm-thick sections. Antigen
retrieval was performed by autoclaving in 10 mmol/L of citrate
buffer (pH 6.0) for 10 min. Anti-SLCOIB3 (1:250 dilution;
Sigma, St Louis, MO, USA) and anti-ABCC4 antibodies (1:500
dilution; Abnova, Taipei, Taiwan) were used as the primary
antibodies and the signals were detected using peroxidase-
labeled anti-rabbit and anti-goat polymers (Histofine simple
stain; Nichirei, Tokyo, Japan). 3-3’-Diaminobenzidine tetrahy-
drochloride was used as a chromogen. Normal liver tissue
served as a positive control for SLCO1B3 and normal prostatic
tissue was used as a positive control for ABCC4. The staining
results were evaluated as follows: ++, diffuse (>50%) expres-
sion; +, focal (10-50%) expression; and —, no (<10%) expres-
sion.

Statistical analysis. For quantitative PCR analysis, statistical
significance was confirmed using a two-tailed Mann-Whitney
U-test. The Fisher-Freeman—Halton exact test was used to
analyze each 2 x 3 table. P < 0.05 was considered statistically
significant.
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Table 1. Primers used in the RT-PCR analysis
Forward primer Reverse primer
CYP7A1 GCTCTTTACCCACAGTTAATGC TTGTCTTCCCGTTTTCATCA
CYP27A1 GATTGCAGAGCTGGAGATGC CTCTTCAACTCCCCCGTCTC
HSD3B7 CTGGGCTGGTAGACGTGTTT ACACAAGCCTCGATCACGTT
SLC10A1 AATGGACGGTGCAGACGCACT AGGCCACATTGAGGATGGTGGAA
SLCO1A2 ACCAACGCAGGATCCATCAGAGTGT ACCCAAAGGCAGGATGGGAGT
SLCO1B1 TGGAGGTGTTTTGACTGCTTTGCCA ACAAGTGGATAAGGTCGATGTTGAATTTTCT
SLCO1B3 TGGTCCAGTCATTGGCTTTGCACT AGCTCCAACCCAACGAGAGTCCT
ABCC2 CCAGGACCAAGAGATCCTCTACCAC AAGGGCCAGCTCTATGGCTGCT
ABCC3 CTCTGGAGGCCTGTGCCTTGCTA GCTGGCCCCCAGACAGGTTAATGC
ABCC4 GGTGGGCCTCTGGTACTGAAGC TCCAGCTCCGGTTCTTCCCACAAT
ABCBT11 AGATGACATGCTTGCGAGGACCT AGCGTTGCCGGATGGAAGCC
NROB2 CCTGAAAGGGACCATCCTCT ACTTCACACAGCACCCAGTG
AXIN2 ACGCTGGCTCAGCTGGAGGA ACAGCACCGCTGCTTTGGGG
GUS GGAATTTTGCCGATTTCATGA CCGAGTGAAGATCCCCTTTTT
Results P=29x10%
P =0.046 F=0.037 P = 0.048
We first determined the expressions of genes encoding enzymes — _ ] "_;) 3 &5 8 &
critical for bile acid synthesis, postulating that CTNNBI-mutated & . Q 44
HCC show increased bile acid production. CYP7A1 and § /
CYP27A1 are the rate-limiting enzymes of the classical and alter- & 207 21 o
native pathways of bile acid synthesis, respectively.®) HSD3B7 3 2 * g ©
is another critical enzyme in bile acid synthesis and its mutation & 8
has been linked to a defect in bile acid synthesis."* The results & 104 21 14
showed that CYP7AI expression was increased in the HCC 2 1'%
regardless of the CTNNBI mutation status (Fig. 1). CYP27A1 % ;
expression was significantly but only marginally elevated in @
HCC with CTNNBI mutations compared with those without B w  &Tra i mw T e
mutation. The HSD3B7 expression level was unaltered between CYPTA1 CYP2TAT HSD3B7 NROB2
normal liver and the HCC. These results indicate that CTNNBI
mutations do not induce genes for bile acid synthesis in HCC. £=0.039 P=0.004
Next we examined four genes involved in bile acid and biliru- P=15x10" 2001 Pz0010 pP=81x10"
bin uptake from portal blood. The expressions of three of the e 27 2 Bi o @ o
genes that were examined, SLC10A1, SLCOIA2 and SLCOIBI, 2 )7 c 44
tended to be reduced in HCC, and no significant associations 3 o 8] 2-
with the status of CTNNBI mutation were seen (Fig. 1). How- =3 £ -
ever, SLCOIB3 expression was closely correlated with the pres- o
ence of CTNNBI mutations. While HCC without CTNNBI s 24
mutations showed remarkably reduced SLCOIB3 expression = 44 14 8
levels, CTNNBI-mutated HCC retained expression levels com- 2 é
parable with that observed in normal liver. - o o :
Two genes for canalicular transporters, ABCC2 (encoding & - & " o [L
MRP2) and ABCBII (encoding BSEP), showed a modest N M- M+ N M- Mt N M- Mt N M- Mis
increase in CTNNBI-mutated tumors. Between two basolateral SLCT10AT SLCO1A2 sLco181 SLCO183
efflux transporters, ABCC3 (encoding MRP3) and ABCC4 B
(encoding MRP4), ABCC4 was significantly elevated in HCC . A
with wild-type CTNNBI. Of note, expression of NROB2, which - Fa 0t Ta0hs -
mediates the feedback regulation of bile acid signaling,(lé’m’ dd o °1 o, ° ‘mi o 54 o
not differ between HCC with or without CTNNBI mutations. 2 o 2(31/
The expressions of SLCO1B3 and MRP4 were further deter- 8
mined at the protein level using immunohistochemistry. S 44 o 4
SLCOI1B3 expression in the HCC was membranous and consis- $ o
tent with the results of the RT-PCR analysis; the expression of  § 21 104
SLCO1B3 was significantly correlated with the presence of 5 5 8
CTNNBI mutations (Fig. 2, Table 2). SLCO1B3 was expressed 2 % °
in pericentral hepatocytes with a membranous pattern in normal = %%
liver (Fig. 3). % o el e 3 é
Immunohistochemistry for MRP4 showed diffuse expression N M- M+ N M- M+ N M- Mt N M- Mis
in one case and focal staining in three cases (Figs 4,5). All four ABCC2 ABCC3 ABCC4 ABCB11
cases positive for MRP4 also showed high levels of ABCC4 . ) . . .
Fig. 1. Expression of genes related to bile acid metabolism. Box plots of

expression, indicating concordance between the mRNA and pro-
tein expression levels. However, negative or faint expression of
MRP4 was observed in the other HCC. Non-neoplastic liver tis-
sue did not express immunohistochemically detectable levels of

Sekine et al.

the expression of genes related to bile acid metabolism in hepatocellular
carcinomas (HCC). The expression of each gene was determined using
quantitative RT-PCR with GUSB used as a reference. N, normal liver;
Mt-, HCC with wild-type CTNNBT; Mt+, CTNNB1-mutated HCC.
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Fig. 2. SLCO1B3 expression, gross morphology and
histology in hepatocellular carcinomas (HCC).
Immunohistochemistry for SLCO1B3 (A-D), gross
morphology (E,F) and histology (G,H) in a SLCO1B3-
expressing HCC (A,C,E,G) and a SLCO1B3-negative
HCC (B,D,F,H). Low-power views of SLCO1B3
staining (A,B). Areas of the tumor are indicated by
arrowheads. Extensive SLCO1B3 expression in a case
of cholestatic HCC (A) and almost completely
negative staining in a case of non-cholestatic HCC
(B). Focal SLCO1B3 expression is observed in non-
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neoplastic cirrhotic liver on the backgrounds of
HCC (A,B). Magnified views showed membranous
SLCO1B3 expression (C), and no SLCO1B3 staining
(D). A SLCO1B3-expressing HCC has a greenish
cholestatic appearance (E), whereas a SLCO1B3-
negative HCC has a homogenous whitish
appearance (F). A HE-stained section shows bile
pigments in a SLCO1B3-expressing HCC (G) but not
in a SLCO1B3-negative HCC (H).

MRP4. Prostatic tissues used for positive controls exhibited dif-
fuse and strong membranous expression.

Next, we sought to determine the correlation between
SLCO1B3 expression and intratumoral cholestasis. The results
showed that HCC with SLCO1B3 expression frequently showed
bile accumulation (Figs 2,5, Table 2). Remarkably, all three
CTNNB1 mutation-negative, cholestatic HCC expressed
SLCO1B3, implying that the presence of bile accumulation is

Table 2. Correlations among SLCO1B3 expression, CTNNB1 mutation
and cholestasis

SLCO1B3
Total immunohistochemistry P-value
++ + -
CTNNBT mutation
Present 18 i) 4 3 6.8 x 107*
Absent 23 2 6 15
Cholestasis
Present 15 12 3 0 6.4x 1078
Absent 26 1 i7 18

++, diffuse expression; +, focal expression; —, no expression.
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more closely correlated with SLCO1B3 expression than the
mutational status of CTNNBI.

While CTNNBI-mutations affecting N-terminal regions of
f-catenin is the common cause of activation of B-catenin signal-
ing in HCC, B-catenin signaling could potentially be activated
by uncommon genetic alterations such as atypical CTNNBI
mutations or APC mutations.'”'® To exclude this possibility,
we examined the expression of AXIN2, a ubiquitous target of
B-catenin/TCFE.?% As expected, the expression of AXIN2 was
upregulated in CTNNBI-mutated HCC, but the levels of AXIN2
expression were not significantly elevated in any of the CTNNBI
mutation-negative HCC with SLCOI1B3 expression (Fig. 5).
This finding indicates that a minor subset of HCC express
SLCOI1B3 even in the absence of active -catenin signaling.

Discussion

Based on the association between CTNNBI mutations and intra-
tumoral cholestasis, ”®’ we postulated that active B-catenin sig-
naling regulates bile acid metabolism in HCC. While previous
analysis in a mouse model suggested that B-catenin induces bile
acid synthesis genes under physiological conditions,*" they
were not upregulated in HCC with CTNNBI mutations. In con-
trast, the expression of SLCO1B3, a solute carrier organic anion
transporter protein, was associated with the presence of

doi: 10.1111/j.1349-7006.2011.01990.x
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chemically detectable levels of MRP4 (B).
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Fig. 5. Expressions of SLCO7B3, ABCC4 and AXIN2 mRNA, SLCO1B3 and MRP4 protein, CTNNBT mutation status and intratumoral cholestasis in
each tumor sample. The expressions of SLCO1B3, ABCC4 and AXIN2 were determined using quantitative RT-PCR. SLCO1B3 and MRP4 expressions
were determined using immunohistochemistry (IHC). The results of the CTNNBT mutation analysis and for intratumoral cholestasis were obtained
in our previous study.® The case numbers are identical to those in our previous study.
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CTNNBI mutations and more closely with intratumoral chole-
stasis. SLCO1B3 is physiologically involved in the uptake of
bile acids;*>*® however, CTNNBI-mutated HCC did not exhi-
bit elevated NROB2 levels, a hallmark of active bile acid signal-
ing."">'® These findings suggest that the cholestatic appearance
of HCC is not linked to an increase in bile acid synthesis or
uptake.

The exact mechanism by which mutated f-catenin induces
SLCOI1B3 remains elusive. While we performed in vitro studies
using several HCC cell lines, the activation of B-catenin signal-
ing did not induce SLCOIB3 expression in any of the cell lines
(data not shown). Furthermore, some of the HCC expressed high
levels of SLCOIB3 in the absence of CTNNBI mutations. These
observations imply the presence of -catenin-independent regu-
lation of SLCO1B3 in some HCC.

MRP4 is a basolateral transporter involved in the efflux of
bile acids, steroids and a range of xenobiotic substances.®”
ABCC4, encoding MRP4, was significantly upregulated in HCC
with wild-type CTNNBI. However, the MRP4 protein was
expressed at low levels in most of the HCC compared with pros-
tatic tissue, where MRP4 is physiologically expressed. While a
significant correlation was observed between ABCC4 expression
and CTNNBI mutation in HCC, the functional significance
remains to be elucidated.

Bilirubin, the main bile pigment, is another important substrate
of SLCO1B3. Previous in vitro experiments have shown that the
introduction of SLCO1B3 into human cells or xenopus oocytes
induced bilirubin uptake.®**> Furthermore, two genome-wide
association studies identified genetic variations within SLCOJB3
as being associated with serum bilirubin levels, 3329 suggesting
a physiological role in bilirubin clearance in vivo. As the green
color of bile is caused by its bilirubin content, it is reasonable to
assume that the cholestatic appearance of HCC mainly reflects
their ability to uptake bilirubin. While some previous studies
reported conflicting results on the correlation between intratu-
moral cholestasis and SLCO1B3 expression, =2 our data sug-
gest that expression of SLCOIB3 is the major determinant of
intratumoral cholestasis in HCC.
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Eight cases of SLCO1B3-positive HCC without cholestasis
were observed. In fact, SLCOI1B3 is a bidirectional carrier, and
the efflux of bilirubin is reduced by binding to glutathione
S-transferase.®® Furthermore, some transporters, such as
MRP3, can export bilirubin. Thus, SLCO1B3 expression is a
critical, but not the sole, determinant of bilirubin accumulation
in cells. It is expected that some molecules involved in bilirubin
transport, other than SLCOI1B3, are expressed differently in
SLCO1B3-positive HCC without cholestasis.

A number of chemotherapeutic and diagnostic agents, in
addition to bile acids and bilirubin, are also known as sub-
strates of SLCO1B3%%*%39 For example, gadolinium-ethoxyb-
enzyl-diethylenetriamine pentaacetic acid (Gd-EOB-DTPA), an
increasingly used magnetic resonance imaging contrast agent,
is also a substrate of SLCO1B3.®> The majority of HCC are
depicted as hypointense areas during the hepatobiliary phase of
Gd-EOB-DTPA-enhanced magnetic resonance imaging as
HCC generally have a decreased capacity to take up this con-
trast agent. However, a subset of HCC that express high levels
of SLCOIB3 can be detected as iso- or hyperintense
masses. Considering these previous and current observa-
tions, a significant proportion of Gd-EOB-DTPA-accumulating
HCC might harbor CTNNBI mutations. The present observa-
tions suggest that SLCOIB3 expression and the status of
CTNNBI mutation might need to be considered in drug deliv-
ery to HCC.
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