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A better understanding of the molecular basis of
cancer would help develop targeted therapeutic agents
against druggable genetic aberrations identified in can-
cer genornesj’8 Tyrosine kinase inhibitors (TKIs) that
target anaplastic lymphoma kinase (ALK) are particu-
larly effective in the treatment of a distinct subset of
lung adenocarcinoma carrying ALK fusions.” FIG-
ROSI, the first identified targetable fusion kinase in
CC, has so far been reported in two patients.10 Very
recently, a novel kinase fusion, FGFR2-BICCI, was
detected in two CC cases.!’ Thus, only a few cases
harboring targetable fusion kinase genes have been
reported, and the clinjical characteristics of fusion-
positive CC cases have not yet been described.

In the present study, we identified fibroblast growth
factor receptor 2 (FGFR2) rearrangements including a
novel FGFR2-AHCYLI fusion using whole transcrip-
tome high-throughput sequencing of tumor specimens,
and determined the prevalence of FGFR2 rearrange-
ments in CC. Qur data indicate that FGFR2-fusions
arise exclusively in ICC. In vitro studies suggest that
FGFR2 fusion kinase is a promising candidate for tar-
geted therapy in CC.

Materials and Methods

Clinical Samples. Clinical specimens of cholangio-
carcinoma, gastric cancer, hepatocellular carcinoma,
and colorectal cancer were provided by the National
Cancer Center Biobank, Japan. Total RNA was
extracted from grossly dissected, snap-frozen tissue
using RNAspin (GE Healthcare, Little Chalfont, UK)
according to the manufacturer’s instructions, and RNA
quality was examined using a Bioanalyzer 2100 (Agi-
lent Technologies, Santa Clara, CA). The study proto-
col was approved by the Ethics Committee of the
National Cancer Center, Tokyo, Japan.

Analysis  of Whole Transcriptome Sequence
Data. Complementary DNA (cDNA) libraries com-
posed of 150-200 bp inserts were prepared from 2 ug
of total RNA using the TruSeq RNA Sample Prepara-
tion Kit (Illumina, San Diego, CA). The libraries were
subjected to paired-end sequencing of 50-100 bp frag-

ments on the HiSeq2000 instrument (Illumina)
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according to the manufacturer’s instructions. Paired-
end reads were mapped to known RNA sequences in
the RefSeq, Ensembl, and LincRNA databases using
the Bowtie program (v. 0.12.5) as basically described
previously.'” The detailed algorithm for fusion tran-
script  detection is described in  the Supporting
Methods.

RTPCR and Quantitative Real-Time PCR. Total
RNA was reverse-transcribed to ¢cDNA using Super-
Script III (Life Technologies, Carlsbad, CA). The
cDNA was subjected to PCR amplification using Ex-
Taq (Takara Bio, Tokyo, Japan) with the following pri-
mers: FR2AHC-CF  (GGACTCGCCAGAGATAT-
CAACAATATAGAC) and FR2AHC-CR (GGACTG
TGAGATCGAGCGAGAC) for FGFR2-AHCYLI
fusion, FR2BIC-CF2 (GTGTTAATGTGGGAGATCT
TCACTTTAGG) and FR2BIC-CR2 (CATCCATCIT
CAGTGTGACTCGATTG) for FGFR2-BICC] fusion,
FIG-e2CF1 (ACTGGTCAAAGTGCTGACTCTGGT)
and ROS-e36CR2  (CAGCAAGAGACGCAGAGT-
CAGTTT) for FIG-ROSI fusion, ACTB-S (CAAGA-
GATGGCCACGGCTGCT) and ACTB-A (TCCTTC
TGCATCCTGTCGGCA) for f-actin. The PCR
products were directly sequenced by Sanger sequencing
using the BigDye terminator kit (Life Technologies).
The expression of the FGFR2 transcript was assayed by
quantitative real-time PCR (qPCR) using the LC480
thermal cycler (Roche, Penzberg, Germany). FGFR2
expression was normalized to f-actin expression. Pri-
mers used for qPCR are as follows: FGFR2 (Fwd-
GGACCCAAAATGGGAGTTTC, Rev-ACCACTTG
CCCAAAGCAA), f-actin (Fwd-CCAACCGCGAGA
AGATGA, Rev-CCAGAGGCGTACAGGGATAG).

Flyorescent In Situ Hybridization. To identify
FGFR2 rearrangements, break-apart fluorescent in situ
hybridization (FISH) was performed on formalin-
fixed, paraffin-embedded tumors using BAC clones
corresponding to the 5 (RP11-78A18) and 3’ (RP11-
7P17) sequences flanking the FGFR2 gene and labeled
by nick translation in green and red, respectively.

Immunobistochemistry. Four-micrometer-thick
sections from formalin-fixed paraffin-embedded block
were used for immunohistochemistry. Epitope retrieval
was performed with trypsin (T7168, Sigma, St. Louis,
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MO) for 20 minutes at pH 7.7. The slidés were then
washed with phosphate-buffered saline (PBS) and
incubated overnight with FGFR2 antibody at 4°C
(1:500, ab10648, Abcam, Cambridge, UK). Immuno-
reactions were detected using the EnVision-FLEX sys-
tem (DAKO, Glostrup, Denmark).

c¢DNA  Cloning and Generation of Kinase-
Deficient Mutants. The full-length FGFR2-AHCYLI
and FGFR2-BICCI cDNAs were isolated from the
corresponding tumor specimens by RT-PCR using Pri-
meSTAR GXL polymerase (Takara Bio) and primers
FGFR2-H5F1 (ATGGTCAGCTGGGGTCGTTTCA
TCTGCCTGGTCG), AHCYL-H6R1 (GTATCTGTA
ATAATTAGGTTTGAATGGCCC), and BICCI-H6R1
(CCAGCGGCCACTGACACTAGCAATGTCTGA).
EZR-ROSI c¢DNA was reported previously.> Each
cDNA was subcloned into a pMXs vector (Cell Biolabs,
San Diego, CA) to generate recombinant retrovirus
expressing the fusion protein with a FLAG epitope tag.
The kinase activity-deficient mutants were constructed
by replacing tyrosine with phenylalanine at codons 568
and 569 in the FGFR2-AHCYLI and FGFR2-BICCI
genes using a PrimeSTAR site-directed mutagenesis kit
(Takara Bio).

Transforming Activity of FGFR2 Fusions. Mouse
NIH3T3 fibroblast cells were infected with EZR-ROS1,
FGFR2-AHCYL1, FGFR2-AHCYL1-KD, FGFR2-
BICCI, or FGFR2-BICCI1-KD-expressing retroviruses.
Quantification of anchorage-independent growth was
performed on day 12 in soft agar with the CytoSelect-96
kit (Cell Biolabs) in the presence or absence of FGFR
inhibitors BGJ398 (#S2183, Selleck, Houston, TX) and
PD173074 (#51264, Selleck). The compound solution
was added to the top layer of soft agar every 3 days.

Subcutaneous  Transplantation in  Immune-
Compromised Mice. A total of 1 X 10° transduced
NIH3T3 cells were injected subcutaneously into nude
mice (BALB/c-nu/nu, CLEA Japan, Tokyo, Japan).
Tumor formation was measured after 18 days. All ani-
mal procedures were performed with the approval of
the Animal Ethics Committee of the National Cancer
Center, Tokyo, Japan.

Immunoblot Analysis. To analyze signaling, retro-
virally transduced NIH3T3 cells were serum-starved
for 2 hours, after which vehicle (DMSO), BGJ398, or
PD173074 was added for a further 2 hours. The cul-
ture medium was then changed to standard medium
containing 10% fetal bovine serum (FBS) for 10
minutes. Whole cell lysates were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) followed by transfer to a PVDF mem-

brane. Western blot detection was performed with the
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WesternBreeze Chemiluminescent Immunodetection
kit (Life Technologies) using primary antibodies
against FLAG tag (#1E6, Wako Chemicals, Tokyo,
Japan), phospho-FGFR1-4 (Tyr653, 654) (#AF3285,
R&D Systems, Minneapolis, MN), STAT3 (#610189,
BD, Becton Drive, NJ), phospho-STAT3 (Tyr705)
(#9138, Cell Signaling Technology, Danvers, MA),
p44/42 MAPK (#4695, Cell Signaling Technology),
and  phospho-p44/42 MAPK  (Thr202/Tyr204)
(#9106, Cell Signaling Technology), AKT1 (#2967,
Cell  Signaling Technology), and phospho-AKT
(Ser473) (#4051, Cell Signaling Technology).
Statistical Analysis. All data analyses were per-
formed using JMP v. 8.02 (SAS Institute, Cary, NC).
Fisher’s exact test was used for categorical data, and
the Student ztest was used for continuous data. Over-
all survival, measured from the date of surgery, was
determined using the Kaplan-Meier method, and sur-
vival difference was compared using the log-rank test.
Two-sided significance level was set at < 0.05.

Results

Identification of a Novel FGFR2 Fusion Gene.
Whole transcriptome high-throughput sequencing of
tumor specimens is one of the most effective methods for
the identification of fusion oncogenes. Eight primary
cholangiocarcinomas without KRAS/BRAF mutations or
FIG-ROSI fusion (Supporting Table 1) were analyzed to
identify novel molecular alterations by massively parallel
paired-end transcriptome sequencing. Aberrant paired
reads that mapped to different transcription units were
identified, and 17 potential fusion transcripts were pre-
dicted by our algorithm' (Supporting Table 2).
Sequence reads spanning the junctions of eight fusion
candidate transcripts indicated in-frame gene fusion (Fig.
1A-C; Supporting Table 3) and were verified by direct
sequencing of RT-PCR products spanning the break-
points. Among these, fusion transcripts of the receptor
kinase gene were detected as FGFR2-AHCYLI, FGFR2-
BICC1, AHCYLI-FGFR2, and BICCI-FGFR2. However,
two transcripts of AHCYLI-FGFR2 and BICCI-FGFR2
did not encode a functional protein of relevance to can-
cer, and conversely FGFR2-AHCYL1 and FGFR2-BICCI
were predicted to form chimeric proteins carrying the
kinase domain of FGFR2 (Fig. 1D). Transcriptome
sequencing showed a specific increase in the expression of
the fused 3’ portion of AHCYLI and BICCI (Supporting
Fig. 1A,B). Therefore, the formation of FGFR2-AHCYL1
or FGFR2-BICCI might play important roles in cancer
transformation. ‘

From the tumor specimens, CC64 and CC73, we
obtained ¢DNAs corresponding to FGFR2-AHCYLI
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Fig. 1. FGFR2 fusion genes in cholangiocarcinoma. (A) Junction reads representing FGFR2-AHCYL1 fusion transcripts in CC64T samples. (B)
Confirmation of tumor specific fusion transcripts by RT-PCR. Fusion transcripts were detected only in tumor tissues (CC64T and CC73T), but not
in normal liver tissues (N1-N4). Neg: no template. j-Actin expression was used as a control. (C) Sanger sequencing of the RT-PCR product vali-
dated in-frame fusion transcripts. (D) Schematic representation of FGFR2-AHCYL1 and FGFR2-BICC1 fusion proteins. Ig: immunoglobulin-like
domain, TM: transmembrane domain, kinase: protein tyrosine kinase domain, CC: coiled-coil domain, KH: K homology RNA binding domain,

SAM: sterile alpha motif. The dotted vertical line indicates break points.

and FGFR2-BICCI encoding 1,169 and 1,574 amino
acids, respectively. The chimeric genes consisted of the
in-frame fusion of the FGFR2 amino terminus (exons
1-19) and the AHCYLI carboxyl terminus (exons 5-
21) or the BICCI carboxyl terminus (exons 3-21) (Fig.
1C,D; GenBank/DDB]J accession numbers AB821309
and AB821310). FGFR2-AHCYLI is a novel FGFR2
fusion. AHCYLI  encodes an  S-adenosyl-L-
homocysteine hydrolase and inositol 1,4,5-trisphos-
phate binding protein, and contains a coiled-coil motif
in the central domain."* BICCI encodes an RNA
binding protein with a sterile alpha motf (SAM)
protein-interaction and dimerization module at the
carboxyl terminus."> The FGFR2-AHCYL1 and
FGFR2-BICC1 fusion proteins are likely to form
homodimers through the coiled-coil motif of AHCYL1
and the SAM motif'® of BICCI, respectively. FGFR2,
AHCYLI, and BICCI mapped to chromosome
10g26.1, 1p13.2, and 10q21.1, respectively (Fig. 2A).
FGFR2 and BICCI are located on the long arm of
chromosome 10 in opposite directions, suggesting that
the FGFR2-BICCI fusion is generated by intrachromo-
somal inversion (Supporting Fig. 1B). Gross rearrange-

ment of the FGFR2 gene locus was verified by FISH
with break-apart probes, which showed a split in the
signals of the probes flanking the FGFR2 breakpoint
in CC64 and CC73 tumors (Fig. 2B).

Prevalence of FGFR2 Fusions. RT-PCR and
Sanger sequencing analysis of 102 cholangiocarcinoma
specimens (66 ICCs and 36 ECCs) from Japanese
individuals, including eight who had been subjected to
whole transcriptome sequencing, identified seven
FGFR2-AHCYL I-positive and two FGFR2-BICCI-pos-
itive cases (Table 1; Supporting Table 4). The nine
FGFR2-fusion-positive cases were ICC type tumors (9/
66, 13.6%). KRAS mutations were detected in 19 cases
(19/102, 17.8%) and BRAF mutations in one (1/102,
1%); these mutations were mutually exclusive with the
FGFR2 fusions (Fig. 3A; Supporting Table 4).
Although two cases of FIG-ROSI fusion (2/23, 8.7%)
have been reported by other researchers in cholangio-
carcinoma,'® we did not detect such fusion in this
cohort. No significant differences in age, gender,
tumor differentiation, clinical stage, and prognosis
were detected between fusion-positive and -negative

cases. (Table 2, Fig. 3B). Overall survival of ICC cases
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Fig. 2. Detection of FGFR2 rearrangements. (

) Schematic representation of FGFR2 gene rearrangements: FGFR2-AHCYL1

(left) and FGFR2-

BICC1 (right). Arrows indicate the position and dxrecnon of the fused genes. Green and red spots indicate the genomic location of 5 and 3’
FISH probes for the FGFR2 gene. (B) Representative FISH pattem of FGFR2 probes in FGFR2-AHCYL1 and FGFR2-BICCI-positive cases. Arrows

indicate a split of 5’ green and 3’ red signals.

also showed no great distinction between the two
groups. However, fusion positive cases had a propen-
sity for hepatitis virus infection (Table 2). Expression
of FGFR2 mRNA was significantly higher in fusion-
positive cases than in fusion-negative ones (Supporting
Fig. 2). Especially, KRAS/BRAF mutant cases showed
reduced FGFR2 expression. This might afford collat-
eral evidence of mutually exclusive relationships
between FGFR2 fusion and KRAS/BRAF mutation.
Immunohistological ~ analysis  revealed  prominent
FGFR2 protein expression at both cytoplasm and
plasma membrane in fusion-positive cases (Supporting
Fig. 3). We further screened 212 gastric cancers, 149
colorectal cancers, and 96 hepatocellular carcinomas by
RT-PCR for the presence of these FGFR2 fusion tran-
scripts. The FGFR2-BICCI fusion gene was detected
in one colorectal cancer (0.7%) and one hepatocellular
carcinoma (1.0%). These fusion-positive non-ICC
cases were also hepatitis virus-positive (Table 1).
FGFR2 Fusions Transform NIH313 Cells Both In
Vitro and In Vivo. To assess the oncogenic activity
of the FGFR2 fusion proteins, stable NIH3T3 clones
expressing the retrovirally transfected wild-type fusion
proteins or their kinase activity-deficient mutants (KD
mutant) were established. As shown in Fig. 4A,
wild-type = FGFR2-AHCYL1 or FGFR2-BICCI-
expressing cells showed anchorage-independent colony
formation in soft agar, which was severely suppressed in
KD mutant expressing cells. Subcutaneous transplanta-
tion of these clones into immunodeficient mice resulted

in the formation of tumors from FGFR2-AHCYLI and
FGFR2-BICCI1  expressing clones, whereas those
expressing KD mutants did not form tumors (Fig. 4B).

To investigate the mechanisms by which the FGFR2
fusion drives oncogenesis, downstream FGFR signaling
was analyzed iz vitro (Fig. 5A; Supporting Fig. 4). The
wild-type fusion expressing cells showed constitutive tyro-
sine phosphorylation in the activation loop of the FGFR
kinase domain. FGFR2 signaling activates multiple down-
stream  pathways, including RAS/MAPK and PI3K/
AKT." Immunoblot analysis revealed that activation of
MAPK, but not AKT or STAT3, was induced in clones
expressing FGFR2-AHCYL1 and FGFR2-BHCCI. These
results indicate that FGFR2 fusion proteins activate

Table 1. Clinical Features of FGFR2 Fusion Positive Cases

Virus
FGFR2 fusion Gender Age status Pathlogy Differentiation
FGFR2-AHCYL F 72 HCV ICC mod
FGFR2-AHCYL F 59 ICC well
FGFR2-AHCYL M 62 HCV ICC mod
FGFR2-AHCYL M 73 ICC well
FGFR2-AHCYL F 52 ICC mod
FGFR2-AHCYL M 59 ICC well
FGFR2-AHCYL F 49 ICC mod
FGFR2-BICC1 M 65 HBV ICC mod
FGFR2-BICC1 F 68 IcC well
FGFR2-BICC1 F 66 HCV CRC mod
FGFR2-BICC1 F 46 HBV HCC por

ICC: Intrahepatic cholangiocarcinoma
CRC: colorectal cancer
HCC: hepatocellular carcinoma
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Fig. 3. Clinical subtypes in cholangiocarcinoma. (A) Distribution of genomic alterations. FGFR2 fusion, KRAS mutation, and BRAF mutation
among ICC and ECC cases are indicated by red, green, and blue, respectively. (B) Overall survival curve stratified by FGFR2 fusions in all cholan-
giocarcinoma cases and ICC cases (Kaplan-Meier method). The outcome was not significantly different between FGFR2 fusion-positive and -nega-

tive cases (log-rank test).

canonical FGFR  signaling and confer anchorage-
independent growth and in vive tumorigenesis, both of
which are hallmarks of cellular transformation.

FGFR2 Fusions Are Potential Therapeutic Targets
in Cholangiocarcinoma. Next, we examined the sen-
sitivity of FGFR2 fusion-driven tumor cells to two spe-
cific FGFR inhibitors, BGJ398 and PD173074, which
selectively inhibit FGFR tyrosine kinase activity.'®'”
These compounds significantly inhibited the phospho-
rylation of MAPK and reduced 77 vitro anchorage-
independent colony formation to the level observed in
KD mutant expressing cells (Fig. 5B).

Discussion

FGFR genes are involved in multiple biological
processes, ranging from cell transformation, angiogene-
sis, and tissue repair, to embryonic development. Acti-
vating point mutations ‘and amplification of FGFR
gene members have been explored as therapeutic tar-
gets in a wide range of tumors, including bladder, gas-
tric, and lung cancers*®?!; however, amplification of
FGFR genes is uncommon in ICC.** Diverse fusions
involving the FGFR gene family have also been
reported in hematological and solid cancers'®!"***
and some have shown sensitivity to FGFR inhibition.

The identification of two recurrent FGFR2 fusions
(FGFR2-AHCYL1 and FGEFR2-BICCI) that are mutu-
ally exclusive with KRAS/BRAF mutations warrants a
new molecular classification of cholangiocarcinoma
and suggests a novel therapeutic approach in cholan-
giocarcinomas driven by these fusions. Wu et al.l!
recently detected the FGFR2-BICCI fusion gene in
two cholangiocarcinoma cases, although its prevalence

Table 2. Association Between Clinical Features
and FGFR2 Fusion

Number of
fusion positive

Number of
fusion

Clinical factors case negative case P Value
Gender Male 4 61 0.207
Female 5 32
Age (average) 62.1 66.1 0.104
Virus status Hepatitis virus 8 9 0.035
positive
Hepatitis virus 6 84
negative
Differentiation Well 4 21 0.367
Mod 5 60
Poor 0 g
Stage [ 1 2 0.463
I 2 14
] 2 30
v 4 23




HEPATOLOGY, Vol. 59, No. 4, 2014

A

FGFR2-
AHCYL1

FGFR2- FGFR2- FGFR2-
AHCYL1-KD BICC1 BICC1-KD

120

=~
=3

NooB o o D
s 5 8 3 8

Colony formation (% of control)

* :
g *
Cul KD Cul KD

FGFR2-AHCYL1 FGFR2-BICC1

o

ARAL TOTOKI, ET AL. 1433

Wild type

FGFR2- "%
AHCYL1

Fig. 4. Oncogenic activity of FGFR2 fusion proteins. (A) Soft agar colony formation in kinase activity-deficient (KD) mutants. The percentage
(SD) of colonies with FGFR2 fusions and their KD mutant transfectants are plotted. *P < 0.05. A representative image of colonies expressing
wild-type and KD FGFR2 fusions is shown (scale bar= 100 um). (B) Representative images of mice subcutaneously transplanted with NIH3T3
cells expressing wild-type and KD FGFR2 fusions. The number of tumors per injection in each transfectant is shown.

in cholangiocarcinoma has been lacking. The present
study showed a high prevalence of FGFR2 fusion genes
in the intrahepatic subtype of cholangiocarcinoma.
Although two cases of another kinase fusion, FIG-
ROSI (2/23, 8.7%), have been reported by other
researchers in CC,'° we did not detect such fusion in
this study. As cholangiocarcinoma is a heterogeneous
disease, some epidemiological or clinical specificity
may be ascribable to the FIG-ROSI fusion. However,
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no detailed pathological information of the patients
was stated in that study. Further investgation is
needed to clarify the whole picture of driver fusion
genes in CC. Association between FGFR2 fusion posi-
tivity and hepatitis virus infection may suggest an
involvement of the virus in the chromosomal rear-
rangements in CC. However, rare observation of
FGEFR2 fusion in hepatocellular carcinoma argues for
further  analysis  of

genetic

rearrangements.
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Fig. 5. FGFR inhibitors block signaling in FGFR2-fusion-expressing cells. (A) Activation of FGFR2 and MAPK by FGFR2-AHCYL1 and its suppres-
sion by FGFR inhibitors. Lysates from NIH3T3 cells expressing FGFR2-AHCYL1 or EZR-ROS1 (control) treated with vehicle (DMSQ), 0.2 and 1 xM
BGJ398, and 0.2 and 1 uM PD173074 were immunoblotted with the relevant antibodies. f-Actin was used as a loading control. (B)
Anchorage-independent growth of NIH3T3 cells expressing FGFR2 fusions and its suppression by FGFR inhibitors (BGJ: BGJ398 and PD:
PD173074). The percentage (+SD) of colonies formed in the presence of FGFR2 inhibitors (0.2 uM) with respect to those formed by DMSO-
treated cells are plotted. The NIH3T3 clone expressing EZR-ROS1 was used as a negative control for FGFR inhibitors. *P < 0.05.



1434 ARAIL TOTOKI, ET AL.

Opverexpression of the FGFR2 fusion protein hyperac-
tivate one of the canonical signaling events down-
stream of FGFR. This contrast with other FGFR
fusion proteins, FGFR1-TACC1I and FGFR3-TACC3
in gliobla’stoma,z4 which fail to activate canonical
downstream MAPK signaling, but induce aneuploidy
and oncogenic transformation.”

Based on the specific relevant genomic alterations,
TKIs have been developed into effective thelrapies‘_"’8
We showed that small molecule FGEFR inhibitors,
BGJ398 and PD173074, efficiently blocked the down-
stream. signaling and oncogenic activity of ICC-specific
FGFR2 fusions. By the high-throughput cell line
profiling assay, amplifications or mutations of FGFR
genes in cancer cell lines have been reported to predict
sensitivity to the selective pan-FGFR inhibitor
BGJ398.% This drug is currently in a phase I study in
patients of advanced solid tumors with FGFR1/2
amplification or FGFR3 mutation  (Novartis,
Basel,  Switzerland;  ClinicalTrials.gov  identifier:
NCT01004224). Clinical investigations, akin to those
conducted in other solid tumors with oncogenic fusion
kinases, such as EML4—AL[(,26 are warranted to exam-
ine the efficacy of FGFR inhibitors for the treatment
of defined subset of cholangiocarcinoma harboring
FGFR2 fusions.
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Abstract

Analysis of acetylation and tri-methylation of the same residue of histone molecules might identify a subset of
hepatocellular carcinoma (HCC) with aggressive behavior. In the present study, we examined acetylation and tri-methylation
of lysine 27 on histone H3 (H3K27ac and H3K27me3, respectively) because these two modifications are known to exhibit
opposite effects (enhancing and silencing) on gene expression. Neoplastic and non-neoplastic tissues from 198 HCC cases
were immunostained with specific monoclonal antibodies against H3K27ac and H3K27me3. The stained tissues were
evaluated by an image analyzing program to generate histological scores (H-scores, range 0-300), which were determined
by multiplying the percentage of positive-stained cells with the classified immunohistochemical marker intensity (0-3). HCC
tissues showed significantly higher H3K27ac (156.7+86.8) and H3K27me3 H-scores (151.8£78.1) compared with the
background liver (40.3%33.0 and 64.7+45.6, respectively) (both P<<0.001). The cases with H-scores of high-H3K27ac/high-
H3K27me3 (n=54) showed significant correlation with poor differentiation of morphology (P<0.01) and p53-positive
staining (P<<0.05), and poor prognosis (P<0.01). Confocal microscopy revealed segregated intranuclear localization of both
modifications in the individual cancer cells: H3K27ac localization in central euchromatin regions and H3K27me3 in
peripheral heterochromatin regions. Concurrent acetylation and methylation at H3K27 occurs in HCC cells in association
with p53 abnormalities. These findings demonstrate that image analyzer-assisted H-scores of H3K27ac and H3K27me3
identified an aggressive subgroup of HCC, and could serve as a prognostic marker for HCC.
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several cancers [7-9]. A recent review on histone modifications
and cancer also referred its potential that serves as a biomarker
[10]. Previous studies in HCC demonstrated the clinical signifi-
cance of individual histone methylation levels. High levels of
tri-methylation of lysine 4 on histone H3 (H3K4me3) and tri-
methylation of lysine 27 on histone H3 (H3K27me3) correlated

Introduction

Hepatocellular carcinoma (HCC) is one of the major cancers
worldwide [1]. HCC is especially common in Asia-Pacific
countries and is ranked the fourth highest cause of death among
cancers in Japan [2]. Despite recent advances in resection and

ablation techniques, the recurrence rate after initial treatment is
high and prognosis is poorer than other carcinomas [2,3].
Improved risk stratification and accurate individualized prediction
of postoperative recurrence and survival can help guide patient
counseling, follow-up scheduling, administration of adjuvant
therapies, and design of clinical trials [4].

Accumulating evidence has shown that not only genetic but also
epigenetic changes play crucial roles in the genesis and prognosis
of cancer [5,6]. Global levels of several histone modifications, as
well as histone modification enzymes, have clinical significance in

PLOS ONE | www.plosone.org

with aggressive features and poor prognosis [11,12]. However,
little is known about global histone acetylation levels in HCC. One
immunohistochemical study revealed that the levels of acetylation
of lysine 9 on histone 3 (H3K9ac) and acetylation of lysine 8 on
histone 4 (H4K8ac) were higher in HCC than in non-cancerous
liver, but the clinical significance remains unknown [13].

In this study, we focused on acetylation of lysine 27 on histone
H3 (H3K27ac) and its relation with H3K27me3. H3K27ac is an
active enhancer marker and reflects global cell-type-specific gene
expression in various cancer cell lines [14]. H3K27me3 is another
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Figure 1. H3K27ac and H3K27me3 in HCC and background liver (BGL). (a) Images of hematoxylin and eosin (H&E), H3K27ac and H3K27me3
staining around the border between HCC and BGL. (b) Images of HCC and BGL samples by objective-quantitative analysis with Tissue Studio
(Definiens AG, Munich, Germany). Each nucleus was assigned scores of 0 (negative), 1 (weakly positive), 2 (moderately positive) or 3 (strongly
positive). Inflammatory cells (white arrows) and endothelial cells (gray arrows) were excluded in this analysis. (c) Distributions of histological scores (H-
scores) for H3K27ac and H3K27me3 in HCCs and BGLs using box-plots. Statistical analyses were performed using the Mann-Whitney test. (d) Western
blot showing increased levels of H3K27ac and H3K27me3 in HCCs compared with the matched non-cancerous liver. Actin-B was used as a loading

control.
doi:10.1371/journal.pone.0091330.g001

histone modification of the same site, and acts instead as a silencer
[15]. We evaluated both H3K27ac and H3K27me3 levels in HCC
using specific monoclonal antibodies, and used digital slide
scanner and image analyzing software to quantify the results as
objectively as possible [16]. In addition, we examined nuclear
localization of H3K27ac and H3K27me3 by double immunoflu-
orescence in frozen sections. In evaluating the clinicopathological
significance, we also assessed the status of p53 and B-catenin, two
major HCC driver genes [17], because interplay between the
cancer genome and epigenome is important, especially in HCC

[6].
Materials and Methods

Ethics Statement

This study was approved by the University of Tokyo
Institutional Ethical Committee. Clinical samples with written
informed consent were collected under the University of Tokyo
Institutional guidelines for the study of human tissues.
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Tissue microarrays

A total of 198 primary HCC cases were retrieved from the
archives of the Department of Pathology of The University of
Tokyo Hospital to generate tissue microarrays (IMAs). Surgical
resections were performed between 1995 and 2006 based on
Makuuchi criterion for resection of HCC [18]. Resection samples
were fixed with formalin and embedded in paraffin. Hematoxylin
and eosin (H&E)-stained slides of all the cases were reviewed.
Histological diagnosis was based on the most recent criteria
proposed by the Liver Cancer Study Group of Japan [19]. TMAs
were generated according to well-established procedures [20]. In
brief, two tissue cores (2 mm diameter each) were punched out of
each donor paraffin block and transferred to each of the recipient
TMA blocks. TMAs for the paired background livers were also
produced.

Frozen samples

Frozen samples were used for western blotting and double
immunofluorescent immunohistochemistry. Fresh resection spec-
imens were embedded in Tissue-Tek OCT compound (Sakura
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Figure 2. Distributions of histological scores (H-scores) of
H3K27ac and H3K27me3 in HCC. H-score of 150 is shown in dashed
lines.

doi:10.1371/journal.pone.0091330.g002

Finetek, Torrance, CA, USA) and frozen in a dry-ice acetone
bath. Samples were kept at —80°C until analysis.

Immunohistochemistry

Whole tissue and TMA blocks were sectioned in 4 pm thickness
and stained with a mouse monoclonal antibody against H3K27ac
generated by one of the authors (CMA309; Hiroshi Kimura
Laboratory; 1 pg/mlL) and rabbit monoclonal antibody against
H3K27me3 (#9733; Cell Signaling Technology, Beverly, MA,
USA; 1:200 dilution). The reliability and specificity of the anti-
H3K27ac antibody were examined in a previous study [21].
Immunohistochemical staining was performed according to
standard techniques on a Ventana Benchmark XT autostainer
(Ventana Medical Systems Inc.,, Tucson, AZ, USA). The
appropriate positive and negative controls were included.

H3K27ac H3K27me3
E ]
.
Group A 5
.
S ¢ TH, Teoso T
a ‘,“',’t.&: ’.‘ ‘,‘~ 'é R
Jand @i 18 ST ER
S, 8% .5e. 3 ;"'4',*;;,":'- 4
Group D '.‘* O-Q;'-; ”e sl
< ] " § ’ *
R B A T TR 4“0
- LRV . %%
S, ERCLR R Ik

Figure 3. Images of H&E staining and H3K27ac and H3K27me3
immunohistochemistry of Group A (low-H3K27ac/low-
H3K27me3) and Group D cases (high-H3K27ac/high-
H3K27me3).

doi:10.1371/journal.pone.0091330.g003

PLOS ONE | www.plosone.org

H3K27 Modification in Hepatocellular Carcinoma

Whole section slides of all cases were also immunostained with
anti-p53 antibody (NCL-p53-505; Novocastra Laboratories, New-
castle, UK; 1:50 dilution) and anti-B-catenin antibody (610154,
BD Transduction Laboratories, Lexington, KY, USA; 1:300
dilution) using the same protocols.

Western blotting

Frozen samples were sliced and lysed in lysis buffer (10 mmol/L
Tris-HCI, pH 7.4, 150 mmol/L NaCl, 5 mmol/L EDTA, 1.0%
Triton X-100, 1.0% sodium deoxycholate, 0.1% SDS, and
1 mmol/L of phenylmethylsulfonyl fluoride with protease inhib-
itor cocktail). Protein samples were loaded (10 pg of protein per
lane) and fractionated on a 12% SDS polyacrylamide gel. After
transfer onto a polyvinylidene difluoride membrane, membranes
were probed with anti-H3K27ac (0.4 pg/mL) and anti-
H3K27me3 (1:1000 dilution) antibodies. The membranes were
visualized using the ECL Plus Western Blotting Detection System
(GE Healthcare UK, Little Chalfont, UK). Hybridization with anti
actin-P antibody (A5441; Sigma, Munich, Germany; 1:20000) was
used as a loading control.

Evaluation of immunohistochemistry

After all slides were digitalized with a digital slide scanner (Nano
Zoomer, Hamamatsu Photonics, Shizuoka, Japan), immunohisto-
chemical results were scored with an image analyzing program
(Tissue Studio, Definiens AG, Munich, Germany) [16]. Lympho-
cytes were used as internal positive controls in each case.
Histological scores (H-scores) were determined as discussed in
previous studies [22-24]. In brief, the H-score was calculated by
multiplying the percentage of positive cells (0 to 100%) by the
classified immunohistochemical marker intensity (0 to 3; as shown
in Figure la). The H-scores ranged from 0 to 300. Most of the
inflammatory cells and endothelial cells were excluded in this
analysis by size and geometry selection of the analyzing program.

Intranuclear p53 or B-catenin positive staining was judged as
positive/negative, according to standards described in the previous
report [25].

Double immunofluorescent immunohistochemistry

To examine the localization of H3K27ac and H3K27me3 in
nuclei, we performed double immunofluorescent immunohisto-
chemistry in frozen samples. Whole tissue sections were incubated
for 2 hours at room temperature with rabbit monoclonal anti-
H3K27me3 antibody (1:200 dilution) along with mouse monoclo-
nal anti-H3K27ac antibody (2 pg/mL). After washes, sections
were incubated with Alexa Fluor 488 goat anti-mouse IgG
(Invitrogen, Molecular Probes, Carlsbad, CA, USA; 1:1000) and
Alexa Fluor 594 goat anti-rabbit IgG (Invitrogen; 1:1000) at room
temperature for 1 hour. The immunolabeled frozen sections were
observed with a Leica TCS SP5 spectral scanning confocal
microscope (Leica Microsystems, Mannheim, Germany). Cap-
tured images of immunolabeled frozen sections were analyzed by
Leica Application Suite (LAS) (Leica Microsystems, Mannheim,
Germany), as previously described [26].

Statistical analysis

All statistical analyses except the time-dependent receiver
operating characteristic (ROC) analysis were performed using
JMP Pro 10 (SAS Institute Inc., Cary, NC, USA). Differences were
considered significant at £<0.05. Categorical data were analyzed
using two-sided Fisher’s exact test. The Kaplan-Meier method and
log-rank test were used to analyze survival. For multi-group
comparison in the Kaplan-Meier method, the Bonferroni adjust-
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