Table 1. Baseline characteristics.
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Variables SR RFA PEI p value
n = 5361 n = 5548 n = 2059
Age, median (5, 95 percentile), yr 66 (48, 77) 69 (52, 80) 69 (52, 80) <0.00012
Sex <0.0001°
Male, No. (%) 3967 (74.0) 3569 (64.3) 1303 (63.3)
Female, No. (%) 1394 (26.0) 1979 (35.7) 756 (36.7)
Hepatitis virus infection <0.0001b
HBs Ag(+)/HCV-Ab(-), No. (%) 908 (16.9) 462 (8.3) 141 (6.8)
HBs Ag(-)/HCV-Ab(+), No. (%) 3393 (63.3) 4263 (76.8) 1632 (79.3)
HBs Ag(+)/HCV-Ab(+), No. (%) 1086 (2.0) 87 (1.6) 32 (1.6)
HBs Ag(-)/HCV-Ab(-), No. (%) 760 (14.2) 512 (9.2) 160 (7.8)
Unknown 194 (3.6) 224 (4.0) 94 (4.6)
Liver damage <0.0001°
A, No. (%) 4000 (74.6) 3349 (60.4) 1204 (58.5)
B, No. (%) 1361 (25.4) 2199 (39.6) 855 (41.5)
Serum albumin, median (5, 95 percentile), g/d! 3.9 (3.1, 4.6) 3.7(29,44) 37(28,44) <0.00012
Serum total bilirubin, median (5, 95 percentile), mg/dl 0.8 (0.4, 1.5) 0.9(04,19) 09(04,22) <0.00012
Platelet count, median (5, 95 percentile), x 104/ul 12.6 (5.8,24.0) 9.9(4.5,20.4) 9.5(4.4,19.6) <0.00012
ICG R15, median (5, 95 percentile), % 15 (5, 35) 22 (7, 51) 24 (8, 51) <0.00012
Tumor number <0.0001¢
Single, No. (%) 4458 (83.2) 4068 (73.3) 1449 (70.4)
Two, No. (%) 706 (13.2) 1096 (19.8) 443 (21.5)
Three, No. (%) 197 (3.7) 384 (6.9) 167 (8.1)
Tumor size, median (5, 95 percentile), mm 23 (12, 30) 20 (10, 30) 17 (10, 30) <0.0001®
Alpha-fetoprotein <0.0001®
=15 ng/ml, No. (%) 2726 (50.9) 3028 (54.6) 1125 (54.6)
<15 ng/ml, No. (%) 2457 (45.8) 2301 (41.5) 828 (40.2)
Unknown, No. (%) 178 (3.3) 219 (3.9) 106 (5.2)
Des-y-carboxy prothrombin <0.0001®
240 AU/ml, No. (%) 2182 (40.7) 1593 (28.7) 541 (26.3)
<40 AU/ml, No. (%) 2651 (49.5) 3322 (59.9) 1169 (56.8)
Unknown, No. (%) 528 (9.9) 633 (11.4) 349 (17.0)

HBsAg, hepatitis B virus antigen; HCV-Ab, hepatitis C virus antibody; ICG R15, indocyanine green retention rate at 15 min.

2ANOVA.
“Chi-square.
“Mante-trend test.
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Fig. 1. Overall survival curves after surgical resection (SR), radiofrequency
ablation (RFA), and percutaneous ethanol injection (PEI).

into 8 subgroups according to 3 factors (liver damage class, tumor
size, and number of tumors), which have repeatedly been shown
to be clinically relevant prognostic factors. The results of the sub-

group analyses indicated that surgical resection would effectively
prevent recurrence in patients with relatively advanced HCC (2-
3 cm in diameter) among the study populations, irrespective of
liver damage class or number of tumors. This finding suggests
that surgery might be superior to percutaneous ablation thera-
pies in patients with a more advanced tumor stage. As for the
subgroups with a single tumor, surgical resection yielded better
overall survival and time to recurrence rates than RFA or PEL
Especially in the subgroup with a single tumor smaller than
2 cm in diameter, both the overall and time to recurrence rates
were statistically significantly better after surgery than after
RFA, whereas no such statistically significant differences in these
two parameters between the two treatment groups were
detected in a few subgroups with a single tumor, maybe due to
the insufficient sample size of the subgroups. Thus, surgical
resection would be considered as the treatment modality of first
choice for a single HCC, as recommended by the Japanese clinical
practice guideline [2]. Overall, there was a trend toward superior
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Fig. 2. Time to recurrence curves after surgical resection (SR), radiofrequency
ablation (RFA), and percutaneous ethanol injection (PEI).

overall and time to recurrence rates after surgery than after RFA
and PEL

The reason why the long-term outcomes of the SR group were
better than those of the PEI and RFA groups cannot be definitely

Table 2. Hazard ratios for death and recurrence adjusted by multivariate analysis.

clarified from the results of this study, however, in theory, surgi-
cal resection has the advantage of offering better local control of
HCC over PEI and RFA, both of which have some potential risks of
local recurrence associated with insufficient ablation. In addition,
anatomic resection to remove minute tumor satellites [14] might
have decreased the recurrence rate in the SR group, although this
remains a speculation.

Recently, the latest trial from China [15], which had an ade-
quate sample size (total 230 patients), reported that surgical
resection yielded significantly better long-term outcomes than
RFA. Although the study design was better than that of the two
previously reported RCTs [10,11], it appeared to have limitations
with respect to the results, such as drop in the overall survival in
the RFA group as compared with that in the surgery group during
the early period after treatment. The early deaths in the RFA
group could have been treatment-related rather than cancer-
related. Thus, no conclusion can be drawn from thé three cur-
rently available RCTs.

One of the limitations of our study is the diversity of demo-
graphic factors in the study population, which would have been

A For death
Variables Hazard ratio 95% ClI p value
Treatments SR vs. RFA 0.84 0.74,0.95 0.006
SR vs. PEI 0.75 0.64, 0.86 0.0001
RFA vs. PEI 0.88 0.77,1.01 0.08
Age <65 vs. 265 0.71 0.63,0.79 0.0001
Sex Female vs. male 0.87 0.78,0.98 0.03
HBsAg Paositive vs. negative 0.91 0.74, 1.11 0.34
HCV Ab Positive vs. negative 0.93 0.79, 1.10 0.40
Liver damage Avs.B 0.62 0.56, 0.69 0.0001
Platelet count 2104 vs. <104ul 0.76 0.68, 0.85 0.0001
Tumor size <2 vs.22cm 0.82 0.73,0.92 0.0007
Tumor number Single vs. multiple 0.72 0.64, 0.80 0.0001
AFP <15 vs. 215 ng/ml 0.66 0.59,0.74 0.0001
DCP <40 vs. 240 AU/ml 0.59 0.53, 0.66 0.0001
B For recurrence
Variables Hazard ratio 95% Cl p value
Treatments SR vs. RFA 0.74 0.68, 0.79 0.0001
SR vs. PEI 0.59 0.54,0.65 0.0001
RFA vs. PEI 0.81 0.74,0.88 0.0001
Age <65 vs. 265 0.83 0.78, 0.89 0.0001
Sex Female vs. male 0.88 0.82, 0.95 0.0001
HBsAg Positive vs. negative 1.04 0.92,1.17 0.53
HCV Ab Positive vs. negative 1.15 1.04,1.27 0.007
Liver damage Avs. B 0.87 0.81,0.93 0.0001
Platelet count 210% vs. <10%pl 0.92 0.86, 0.98 0.02
Tumor size <2 vs.22 cm 0.84 0.79, 0.90 0.0001
Tumor number Single vs. multiple 0.69 0.64,0.74 0.0001
AFP <15 vs. 215 ng/ml 0.71 0.67,0.76 0.0001
DCP <40 vs. 240 AU/ml 0.72 0.67,0.77 0.0001

HBsAg, hepatitis B virus surface antigen; HCV, hepatitis C virus; Ab, antibody; AFP, alpha-fetoprotein; DCP, des-y-carboxy prothrombin; SR, surgical resection; RFA,

radiofrequency ablation; PEI, percutaneous ethanol injection; Cl, confidence interval.
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Fig. 3. Overall survival rates after surgical resection (SR), radiofrequency
ablation (RFA), and percutaneous ethanol injection (PEI) in the subgroup of
cases with single tumor and liver damage class A and B. (A) Liver damage class
A, a single tumor (<2 cm); (B) liver damage class A, a single tumor (2-3 cm); (C)
liver damage class B, a single tumor (<2 cm); (D) liver damage class B, a single
tumor (2-3 cm).

caused by the selection process of treatment modalities. As sim-
ilar to the previous retrospective studies [5-9}, the patients ame-
nable to surgery had had younger age, less prevalence of hepatitis
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Fig. 4. Hazard ratios for death and recurrence with 95% confidence intervals
and p values after surgical resection relative to those after radiofrequency
ablation in the 8 subgroups. “The adjusted values for death and recurrence were
calculated according to the three factors (tumor size, number of tumors, and liver
damage class), as done in each subgroup. (A) Hazard ratios for death; (B) hazard
ratios for recurrence,

C virus infection, better liver function, less association with
portal hypertension, fewer number of tumors and lower alpha-
fetoprotein level, whereas their tumor size was larger and their
des-y-carboxy prothrombin level was higher. To minimize
potential effects of confounding factors, we studied patients
who had similar tumor-related and liver function-related
factors and performed multivariate analysis using 10 clinically
important factors, similar to our previous study [9]. Although it
is impossible to completely eliminate potential negative impacts
of demographic diversity, we believe that our results are
clinically meaningful, because of the large sample size of our
study. In Japan, a nationwide RCT in patients with HCC is now
ongoing, and the results are expected to lead to more definitive
conclusions [16].

Another potential limitation of our study is the lack of data on
liver function during the follow-up, which precluded assessment
of the relationship between the liver function status and the
choice of treatment at recurrence, In HCC, the influence of the
first treatment is considered to be smaller than that in other pri-
mary malignant diseases, because the liver function remarkably
affects the recurrence rate. Further investigations, particularly
prospective clinical trials, are needed to address these issues.

In conclusion, this large cohort study based on data obtained
by a nationwide survey in Japan, suggests that surgical resection
may offer some advantage over RFA and PEI in terms of both
overall survival and time to recurrence in patients with less
advanced HCC. Although our results are considered as being more
reliable than those of previous studies comparing the treatment
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outcomes in HCC, our conclusions need to be confirmed by future
RCTs.
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ARTICLEINFORMATION ABSTRACT

Article Chronology: Cyclase-associated protein 2 (CAP2) is a conserved protein that is found up-regulated in
Received 20 April 2012 hepatocellular carcinoma (HCC). By using zebrafish, combined with HCC cell lines, we further
Received in revised form investigated the role of CAP2. The zebrafish CAP2 sequence was 60% identical to human CAP2
20 August 2012 with 77% homology in the C-terminal actin-binding domain, and 58% in the N-terminal cyclase-
Accepted 10 September 2012 binding domain. CAP2 expression was observed during zebrafish development and was
Available online 27 September 2012 preferentially expressed in the skeletal muscle and heart. Knockdown using two different
Keywords: morpholinos against CAP2 resulted in a short-body morphant zebrafish phenotype with

Skeletal muscle pericardial edema. CAP2 was observed co-localized with actin in zebrafish skeletal muscle,
Actin and in the leading edge of lamellipodium in HCC cell lines. CAP2 silencing resulted in a defect in
lamellipodium formation and decreased cell motility in HCC cell lines. Strongly positive

C

Eael\]/ei;pment expression of CAP2 was observed in 10 of 16 (63%) poorly, 30 of 68 (44%) moderately, and 2
HCC cells of 21 (10%) well differentiated HCC. CAP2 expression was significantly associated with tumor
Zebrafish size, poor differentiation, portal vein invasion, and intrahepatic metastasis. Our results indicate
that an important conserved function of CAP2 in higher vertebrates may be associated with the
process of skeletal muscle development, CAP2 also played an important role in enhancing cell
motility, which may promote a more invasive behavior in the progression of HCC. These findings

highlight the link between development and cancer.
© 2012 Elsevier Inc. All rights reserved.
Introduction obvious multistage process of tumor development, and as with other

cancers, diagnosis of early stage HCC is important for appropriate
Hepatocellular carcinoma (HCC) is the sixth most common treatment. Previously, we reported that the cyclase-associated
malignancy in the world and ranks as the third highest cause protein 2 (CAP2) gene was upregulated in early HCC [2]. CAP was
of cancer-related death globally [1]. HCC is characterized by an originally identified in the budding yeast, Saccharomyces cerevisiae,
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as a factor required for RAS-activated adenylate cyclase activity [3,4],
and since then, at least two hornologs of CAP, CAP1 and CAP2 have
been found in mammals [5-8]. In yeast, the amino (N)-terminal
domain of CAP interacts with adenylyl cyclase and is necessary for
the cellular response to activate RAS protein. The carboxyl
(C)-terminal domain, on the other hand, appears to play a role in
nutritional responses and actin distribution, and is necessary for
normal cellular morphology [9-11]. Comparing human or rat CAP
protein with yeast indicates that only the C-terminal functions of
CAP are highly conserved [5,7]. However, the mechanisms under-
lying actin regulation by CAP are not yet completely understood. The
conservation of CAP functional properties in mammals or higher
vertebrates suggests that there are still some unrevealed functions of
CAP. The CAP homolog, CAP1 is well studied [12,13] compared with
CAP2. Interestingly, we found upregulation of CAP2 in early stage
HCC [2], and its expression was related to the multistage develop-
ment of hepatocarcinogenesis [14]. CAP2 overexpression has not
been previously reported in human cancer. Thus, our previous
studies indicated an intriguing function of CAP2 in HCC, as well as
in mammals, which requires further exploration.

Recently, the zebrafish (Danio rerio) widely used in develop-
mental studies has emerged as a novel vertebrate model to study
cancer susceptibility and carcinogenesis, since they offer com-
bined advantages of invertebrate and mammalian models. They
have large clutch sizes, and rapid embryonic development.
Organogenesis is easy to examine in vivo and in real time. High
similarities between the histology of normal and malignant
zebrafish tissue to that of mouse and human samples has made
zebrafish an excellent model system for cancer [15,16]. Also, the
ability to perform large-scale ‘reverse’ genetics using morpholino
synthetic anti-sense oligonucleotides which effectively ‘knock-
down’ gene activity in the zebrafish embryo has further popular-
ized their use as a model system [17,18]. The contribution of
zebrafish to the cancer field is still growing. Many approaches to
induce tumor formation in zebrafish have been established, and
non-invasive methods to image tumor development using the
transparent adult zebrafish have also recently been developed
[19,20]. Thus, zebrafish have now emerged as a new favorite
model to study both development and cancer.

In this study, we examined the expression of CAP2 during
zebrafish development and utilized morpholino antisense oligo-
nucleotides for protein knockdown studies in zebrafish. We also
investigated the functional role of CAP2 using HCC cell lines and
further examined CAP2 expression in HCC clinical specimens.

Material and methods
Embryo collection

Zebrafish embryos were obtained by natural mating of RIKEN
wild-type zebrafish (Danio rerio). Collected embryos were main-
tained in egg water (5 mM NaCl, 0.17 mM KC|, 0.33 mM CaCl,
0.33 mM MgS04, 1073% methylene blue) at 28.5 °C and embryos
were staged using standard morphological criteria [21]. Embryos
were gently dechorionated using watchmaker’s forceps.

Tissue resection

Adult zebrafish were anesthetized with tricaine (1:20 dilution in
clean tank water) and placed on a sponge. Resection was performed
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under brightfield imaging on a dissection microscope. The incision
was made through the ventral body wall and posterior to the heart
using microdissection scissors. The brain, eye, heart, abdominal
organs, and skeletal muscle were resected using forceps and quickly
placed in lysis buffer for Western blot analysis, or frozen in liquid
nitrogen for RNA extraction.

Morpholinos and microinjections

Morpholino antisense oligonucleotides were obtained from Gene
Tools LLC (Oregon, USA). Two non-overlapping CAP2 antisense
morpholinos, and each corresponding five-mispair control morpho-
linos were designed: (A) ATG-MO (5'-GACGACCAACCAGAGCCTCCA-
TAAC-3'), with its control (5'-GAgGAgCAACCACCACAGCCTCgATt-
AC-3') and (B) UTR-MO (5'-ATATTACCTCAGATGGTGTGGCCCG-3'),
with its control (5-ATtTTACCTgAGATcGTGTaGCgCG-3'). The seq-
uence of CAP1 antisense morpholino was as follows: ATG-MO
(5’-ATCTGCCATGCCGTCGCCGTGTGAA-3'), with its five-mispair con-
trol (5'-ATgTGCgATGCCCTCGCCCTGTCAA-3'). The sequence used for
standard control was 5'-CCTCTTACCTCAGTTACAATTTATA-3'. Mor-
pholino oligonucleotides were stored in 1.0 mM concentration and
were diluted to working concentrations in 1x Danieau’s buffer.
A dose range of 0.1-1 mM ATG-MO was defined as effective and
specific window of concentration which resulted in comparable
specific phenotypes. We used 0.3 mM as our choice of morpholino
concentration. For the double knockdown approach, CAP2 and CAP1
morpholinos were mixed in a 1:1 ratio (0.3 mM). Fertilized embryos
were injected at the 1-8 cell stages into the cytoplasmic streaming
of the yolk with 1-2 nL of solution containing either morpholino, or
its mispair control. They were allowed to develop in egg water
maintained at 28.5 °C. Developed embryos were photographed using
a Leica M275 microscope and further evaluated by Western blot and
immunohistochemical analysis.

Western blotting

Lysates of HCC cancer cells, adult male zebrafish organs, and
zebrafish larva were gently homogenized in lysis buffer (50 mM
Tris—=HCl (pH 7.4), 250 mM NaCl, 5 mM EDTA, 1% NP-40 (IGEPAL),
10% glycerol, 1mM DTT, and 25x protease inhibitor). After
determining protein concentrations using the Quant-iT™ Protein
Assay Kits (Invitrogen, Eugene, OR), lysates were loaded onto and
separated on SDS-PAGE (4-12% Bis-Tris gel; Invitrogen, Carlsbad,
CA), and transferred to PVDF membrane using the semi-dry
blotting method. The membranes were blocked with 5% nonfat
dry milk and probed with our originally raised rabbit polyclonal
antibodies against human CAP2 (1/500), CAP1 (1/200) [14], and a
mouse monoclonal beta actin antibody (1/1000; Sigma-Aldrich,
St. Louis, MO, USA) as a loading control. Horseradish peroxidase-
conjugated secondary antibodies were used to probe the mem-
branes and visualized with ECL western blotting detection
reagents (GE Healthcare, UK Ltd., Buckinghamshire, UK).

Immunohistochemical analysis

Zebrafish specimens were fixed in 4% paraformaldehyde-PBS at
4°C overnight and embedded in paraffin tissue section. For
staining, slides were deparaffinized and rehydrated, and sections
were heated at 120 °C in 0.1 mM Tris-HCl buffer (pH 9.0) for
10 min using an autoclave. The sections were incubated with
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rabbit anti-human CAP2 (1/4000), and CAP1 (1/2000), followed
by ImmPRESS anti-rabbit Ig Kit secondary antibody (Vector
Laboratories, Burlingame, CA). A rabbit immunoglobulin
(1/50000; DAKO X0936, Glostrup, Denmark) was used as a
negative control. The sections were counterstained with hema-
toxylin and then mounted. Immunohistochemical staining for
HCC clinical specimens was done on formalin-fixed, paraffin-
embedded tissue sections according to the methods previously
described [14]. Staining analysis was done at least twice. Smooth
muscle of the vascular wall served as the internal positive
control. We defined CAP2 staining criteria as follows: intensity
stronger than or equal to the positive control with more than 50%
positive cell in each lesion was scored 2+, while less than 50%
positive cell was scored 1+; intensity weaker than the positive
control with positive cell more than 50% was also scored 1+, and
with positivity less than 50% was considered negative. According
to the previous result of CAP2 expression in HCC [14], we used
50% as a cut-off value to divide the HCC cases into high and low
positivity group.

Tissue specimens of HCC

HCCs and corresponding non-cancerous liver tissue were
obtained from 91 patients with 105 nodules (21 well differen-
tiated (including 9 early), 68 moderately differentiated, and 16
poorly differentiated HCCs) who underwent surgical resection at
Keio University Hospital (Tokyo, Japan) between 2003 and 2006.
The histological diagnosis was made according to the criteria set
by the World Health Organization [22]. This study was approved
by the Ethics Committee of Keio University School of Medicine.

Cell culture

The human HCC cell line, PLC/PRF/5, was obtained from the
American Type Culture Collection (Manassas, VA). KYN-2 was
established as reported previously [23]. All the cells were grown
in RPMI 1640 ‘medium supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 pg/mL streptomycin.

Immunocytochemical analysis

PLC/PRF/5 and KYN-2 cells were grown to confluence on glass
slides, fixed with 3.7% formaldehyde, and permeabilized with
0.1% Triton X-100 in phosphate buffered saline. The slides were
incubated overnight at 4 °C with CAP2 antibody (1/100). After
rinsing, the slides were covered with FITC-labeled secondary
antibody (Dako, Glostrup, Denmark) with rhodamine-phalloidin
and Hoechst 33342 dye (Invitrogen), and visualized using an
Axiovert 200 microscope, and AxioCam CCD camera (Carl Zeiss
Microlmaging Inc., Tokyo, Japan). For negative control, PLC/PRF/5
was incubated without primary antibody, and visualized using
the LSM 510 Meta confocal microscope (Carl Zeiss, Oberkochen,
Germany). All staining analysis was done at least twice.

RNA interference and serum stimulation analysis

Two small interfering RNA (siRNA) targeting two CAP2 sequence
(siCAP2A and siCAP2B) were synthesized by B-Bridge Interna-
tional, Inc. The target sequences were GGAGUGAACUUCAAG-
CAUA and GGAGUUGGAAGGAAAGAAA. Cells were cultured until

70-80% confluence onto collagen I-coated six-well plates, and
were transfected with siRNA using the DharmaFECT General
Transfection Protocol (Dharmacon, Thermo Fisher Scientific,
Lafayette, CO, USA). A non-targeting siRNA pool (QIAGEN, Valencia,
CA, USA) was used as a negative control. Cells were incubated at
37 °C, 5% CO, for 48 h, and to observe lamellipodium formation, the
transfectants were serum starved for 24 h. On the following day,
the serum was changed with medium supplemented with 10% FBS
for 30 min.

Semi-quantitative RT-PCR analysis

Purification of RNA from each zebrafish tissue samples was
accomplished by isolation through Isogen (Nippon Gene Co.
LTD, Toyama, Japan), and cDNA was synthesized using the
PrimeScript RT reagent Kit (Takara Bio, Shiga, Japan). As a
template for amplification, 10 pL of each sample was used.
A primer set designed for zebrafish CAP2 expression amplified
a 175 base pair fragment (5-GGCTGATTGATCTGCCTCCTC-3' and
5-AAGCACAGTGGGTCTGGGG-3’), and a primer set targeting
zebrafish CAP1 amplified a 179 base pair fragment (5-GATGG-
CTGCCACGTGTACCT-3' and 5-ATCTCGGTGGCTGTGGTGAC-3').
Each reaction was run on 2% agarose in 1 x TAE buffer.

Migration assay

PLC/PRF/5 and KYN-2 cells transfected for 48 h with siCAP2A,
siCAP2B, and negative control siRNA were suspended in medium
supplemented with 0.5% FBS. Cells treated with each siRNA were
dispersed in each of three independent upper chambers of BD
BioCoat Control Culture Inserts (pore size=8 pum; BD Biosciences,
San Diego, CA, USA). Chemoattractant medium containing 10%
FBS was added to the bottom plate. After 24 h incubation, non-
migrated cells were removed by scrubbing with cotton-tipped
swabs and migrated cells were stained with Diff-Quick stain
(Kokusai Shiyaku, Kobe, Japan). The number of migrated cells on
three independent membranes was counted under microscope.
The ratio of the number of migrated cells represents the mean

- number of migrated cells with each siRNA treatment, divided by
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the mean number of migrated control cells.
Statistical analysis

The chi-squared test was used when appropriate to determine
the correlations between clinicopathological variables and CAP2
expression. Statistical significance was defined as P<0.005. All
statistical analyses were carried out using SPSS statistical soft-
ware (SPSS, Chicago, IL, USA).

Results
CAP2 is expressed in both the embryo and adult zebrafish

The conservation of CAP2 from yeast to mammals suggests that
CAP2 also exists in zebrafish. We examined CAP2 presence in
zebrafish and found that the zebrafish Cap2 sequence (LOC393809;
NP_957130.1) was 60% identical to the already known human
CAP2, with 77% homology in the C-terminal actin-binding domain,
57% in the middle proline-rich sequence, and 59% in the N-terminal
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domain (Fig. 1A). Although all three domains of CAP were con-
served, homologies in the C-terminal actin-binding domain were
higher than other regions. By immunohistochemical analysis, CAP2
expression could be observed in 24 h post-fertilization (hpf)
embryo, and continued in the larva and adult zebrafish. In the
early embryo development (Fig. 1B), CAP2 was seen in the neural
tube (nt), and a group of tissues that will give rise to a muscle
segment, the myotome (my). As the embryo developed to larva,
CAP2 expression was observed in the brain (br), and skeletal muscle
(sk). In adult zebrafish tissue, CAP2 expression was also observed in
the brain, heart and skeletal muscle (Fig. 1C and D). We also
compared the expression of CAP2 and CAP1, a homolog of CAP2
that also has been identified in zebrafish [24,25]. Differential

expression of CAP2 was particularly observed in the heart and
skeletal muscle, where CAP2 was highly expressed (Supplementary
Fig. 1A).

CAP2 zebrafish morphants showed an abnormal
short-body phenotype

To study CAP2 function in zebrafish, we created CAP2 knock-
down morphants by injecting CAP2 antisense morpholino oligo-
nucleotides into cytoplasmic streaming of 1- to 8-cell stage
zebrafish embryos. To assess specificity, two non-overlapping
morpholinos (A and B) were designed against a CAP2 sequence,
with five-mispair control oligo for each morpholino as a negative
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Fig. 1 - Cyclase-Associated Protein 2 (CAP2) is expressed in both embryo and adult zebrafish. (A) Direct amino acid comparison
between human and zebrafish CAP2 sequences, with conserved amino acids highlighted in red. The N-terminal domain is
depicted by black arrows, C-terminal domain is depicted by red arrows, and between them is a proline-rich sequence. (B) CAP2
expression in zebrafish embryo, 24 and 48 hpf, followed by day 3 and day 4 larva. CAP2 was expressed in the neural tube (nt) and
in the myotome (my) of a 48 hpf embryo. In day 3 and day 4 larva, CAP2 was expressed in the brain (br) and skeletal muscle (sk).
(C) CAP2 expression in adult male zebrafish was observed in the brain, heart (hr) and skeletal muscle. Negative control was
included in each staining. (D) Protein expression was confirmed with Western blot analysis. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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control. Injecting either CAP2 morpholinos resulted in reprodu-
cible and identical morphants phenotypes. In 24 hpf, we observed
that most of the morphants embryos (MO A, B) showed shorter
body length compared with the mispaired control (MP A, B)
(Fig. 2A). Additional controls using tracer injected embryos (PR)
as well as wild-type embryos (WT) did not show an abnormal
phenotype (Fig. 2A). CAP2 morphant embryos also displayed
pericardial edema with persistently short-body phenotype at three
days post-fertilization, while the mispair control embryos devel-
oped similarly to the wild-type (Fig. 2B). To make sure that the
experiment is being performed in the effective and specific
concentration range, injection of the CAP2 targeted morpholino
was performed side-by-side with the five-mispair control oligo,
and the resulting short-body phenotype was observed in a
concentration-dependent manner (Table 1). At least two indepen-
dent injection experiments were replicated. Reduced CAP2 expres-
sion was observed in CAP2 knockdown morphant embryos with
immunohistochemical analysis (Fig. 2C). The morphants were
mostly non-motile and did not survive due to stalled development.
Additional control using 0.3 mM standard control oligo which has
been known can be extensively used without triggering off-target
effects showed that the resulting short-body phenotype could be
reduced until 17% (Supplementary Table 1). Since CAP1 was also
ubiquitously expressed in zebrafish, we performed double knock-
down experiments by mixing both of the two sequences of
CAP2 and CAP1 morpholinos. Similar short-body phenotype was
observed, and a clear reduction of both CAP2 and CAP1 expression
was obtained in Western blot analysis (Supplementary Fig. 1B).

A

The number of morphant short-body embryos was not enhanced
by the double knockdown strategy (Table 1), suggesting no inter-
ference between each other.

CAP2 colocalized with actin both in zebrafish
and HCC cell lines

Both CAP2 and CAP1 protein were detected from the zebrafish
larval period, however, clear strong expression of CAP2 was
particularly observed in the skeletal muscle area, while only thin
weak expression of CAP1 was observed in the same area of
skeletal muscle. Immunostaining using antibody against muscle
actin and alpha-sarcomeric actin, i.e., it only reacts with skeletal
muscle actin, also showed a strong clear expression of actin in
the zebrafish skeletal muscle area, where CAP2 was also
expressed. They both showed a similar expression pattern
suggesting colocalization of CAP2 and actin in the skeletal
muscle of zebrafish (Fig. 3A, Supplementary Fig. 1C). These
findings indicate the possibility that the abnormal short-body
phenotype seen in the CAP2 zebrafish morphants may be due to
the downregulation of actin-associated CAP2. We also investi-
gated colocalization of CAP2 and actin in human cancer cells.
According to our previous report, CAP2 was highly expressed in
multistage hepatocarcinogenesis, and we frequently found that
the tumor cells invading the stroma were clearly stained with
CAP2 [14]. In the present study, we found that CAP2 was highly
distributed in the perinuclear area, and was also co-localized
with actin in the leading edge of lamellipodium in PLC/PRF/5, and

B

Fig. 2 - Cyclase-associated protein 2 (CAP2) zebrafish morphants showed a short-body phenotype. (A) Shorter body length was
observed in morphant-A and morphant-B CAP2 embryos (MO A, MO B) compared with each five-mispair negative control (MP A,
MP B), wild-type control (WT), and additional injection controls using embryos injected only with the tracer, phenol red (PR).
Black arrows mark the length boundary. (B) The resulting short-body phenotype was persistently observed with pericardial

edema (red arrow) at 3 days post fertilization (a), while developmental defects were not observed in morphant controls (b) or
wild-type embryos (c). All morphants were injected with 0.3 mM concentration of morpholino. (C) At 5 days post fertilization,
immunochistochemical analysis showed reduced expression of CAP2 in both morphants, compared with the mispair controls and
wild-type or tracer control embryos. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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Table 1 - Concentration-dependence effect of cyclase-associated protein2 (CAP2) mo
zebrafish embryos. i

on early development of

Injeaioné" E ,
injectedg .

0.1 mM (MO-A)*

w5
0.1 mM (MP-A)°>. 68 61
0.3 mM (MO-A) 154 78
0.3 mM (MP-A) 94 37
0.5 mM (MO-A) 82 35
0.5 mM (MP-A) 86 41
1mM (MO-A) 118 10
1mM (MP-A) 120 55
0.3 mM (MO-B)® 68 (
0.3 mM (MP-B)¢ 69

CAP2A+ CAPT (MO) 59

CAP2A+CAP] (MP). 83

CAP2B-+CAP1 (MO). 75

CAP2B+CAP1 (MP) 76

Short-body - Percentage
. . showing
phenotype
11 21
56 5 8
12 .66 . 85
25 12 32
3 32 91
26 15 37
3 7 70
15 40 73
3 .57 95
55 7 11
2 24 22
19 35 65
7 49 88
39 28

15

3 Antisense morpholino A.
b Mispaired control A..

© Antisense morpholino B.
4 Mispaired control B

the highly metastatic, KYN-2, HCC cell lines (Fig. 3B, Supplemen-
tary Fig. 2). These findings suggest that the role of CAP2 in
inducing stromal invasion may relate to its actin cytoskeletal
function.

CAP2 silencing in HCC cell lines resulted in a defect in
lamellipodium formation and a reduction in cell motility

We further assessed the role of CAP2 in relation to its cytoske-
letal function. CAP2 knockdown was performed in HCC cell lines
using two small interfering RNA molecules (siCAP2 A and
siCAP2B). The knockdown effect was confirmed using Western
blot analysis (Fig. 4A), and the transfected cells were serum
starved for 24 h before stimulation with serum the next day.
Within 15 min after serum stimulation, control cells started to
spread out and extended lamellipodium around the circumfer-
ence of the cell clusters. Lamellipodium formation in CAP2-
knockdown cells was, however, still restrained or only partial
(Fig. 4B). The role of CAP2 in cell motility was evaluated by
migration assay with CAP2-knockdown cells. The number of
migrating CAP2-knockdown cells decreased compared with the
controls (Fig. 4C). We did not observe reduced cell proliferation
in CAP2-knockdown cells (data not shown), suggesting that the
decreased number of migrated cells was solely due to the
reduced cell motility caused by CAP2 knockdown.

CAP2 expression in HCC clinical cases correlated with
tumor size, poor differentiation, portal vein invasion, and
intrahepatic metastasis

We evaluated CAP2 expression in 105 HCC nodules (21 well
differentiated (including 9 early), 68 moderately differentiated,
and 16 poorly differentiated HCCs). Immunohistochemical eva-
luation was done by combining the intensity and positivity of
CAP2 staining (Supplementary Fig. 3). Strongly positive expres-
sion of CAP2 was mostly observed in progressed HCC. A 2+ score
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was observed in 10 of the 16 (63%) poorly differentiated HCCs, 30
of the 68 (44%) moderately differentiated HCCs, and 2 of the 21
(10%) well differentiated HCCs (none of the early nodules had 2+
score). Reversely, negative expression was observed in only 2
of the 16 (13%) poorly differentiated HCCs, 3 of the 68 (4%)
moderately differentiated HCCs, and 10 of the 21 (48%) well
differentiated HCCs (including 6 of the 9 early nodules (67%))
(Table 2). CAP2 expression was significantly associated with
tumor size (P=0.004), poor differentiation (P=0.001), portal vein
invasion (P=0.001), and intrahepatic metastasis (P=0.002)
(Table 3).

Discussion

Cyclase-associated protein, CAP, has been identified as a bifunc-
tional protein from yeast through mammals, indicating the
retention of important conserved functions during evolution.
A homolog of yeast CAP, which is required for proper genesis of
cell polarity in eukaryotes, has been identified in Drosophila. Loss
of Drosophila CAP causes cell polarity defects, altering the
distribution of actin filaments and resulting in various develop-
mental defects [26]. CAP knockout mutant Dictyostelium cells
showed changes in cell polarity, F-actin organization, and photo-
taxis suggesting that CAP may play a critical part in cell polarity
and movement of diverse organisms [27]. In human and adult rat
tissue, at least two different homologs of CAP, CAP1 and CAP2,
have been found, and they share more than 60% amino acid
identity [5,6,8]. However, the functions of CAPs in mammals or
higher vertebrates are not well established, and in particular,
studies on CAP2 are lacking. In the zebrafish, the gene encoding
CAP1 has been reported and shares 63% identity with human
CAP1 [24]. In the present study, we identified a CAP2 protein
which shares 60% identity with human CAP2. Although both
CAPs are conserved in zebrafish, their expression pattern is
different. We observed that CAP2 was expressed in the brain,
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CAP1

Muscle actin

Alpha-s-actin
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PLC/PRF/5

KYN-2

Day5s

Fig. 3 - Cyclase-associated protein 2 (CAP2) observed co-localized with actin in zebrafish and hepatocellular carcinoma (HCC) cell
lines. (A) Day 3 and day 5 of zebrafish larva with CAP2, CAP1 and actin immunostaining. CAP2 was highly expressed in the
skeletal muscle area compared with CAP1. Immunostaining of muscle actin and alpha-sarcomeric actin was also observed in the
zebrafish skeletal muscle area, suggesting co-localization of skeletal muscle actin and CAP2, magnification 20 x . (B)
Immunocytochemistry of PLC/PRF/5 and KYN-2 HCC cell lines. CAP2 expression was observed co-localized with the lamellipodium
as a characteristic feature of motile cells, marked by white arrow (a,e, Hoechst: blue; b,f, anti-phalloidin-rhodamine: red; c,g,
anti-CAP2: green; d,h, merged). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

and was particularly expressed in the heart and skeletal muscle.
This is in accordance with previous reports showing that CAP1 is
widely expressed in nearly all organs, while CAP2 expression is
localized in the brain, heart, and skeletal muscle in rat tissue
[8,28]. In mouse embryonic development, the expression of CAP2
is highly restricted to the developing muscle tissues and heart
[12]. A new report has shown CAP2 expression in the cardiac
primordial and in the leading edge of the myotome during early
Xenopus embryogenesis [29]. We found that knockdown of CAP2
expression in the zebrafish resulted in a shorter body compared
with the control embryos. There was an abundant original
expression and a co-localization of CAP2 and actin in the
zebrafish skeletal muscle. CAP2 appears to act as a striated
muscle-specific protein during zebrafish development. Thus,
the short-body phenotype with pericardial edema observed after
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CAP2 knockdown in zebrafish was likely caused by the down
regulation of actin-associated CAP2. This indicates that CAP2
plays an important conserved role in higher vertebrates, parti-
cularly in the development of skeletal muscle. We realized that
almost all knockdowns of various genes in zebrafish affect body
development [30-32], through skeletal muscle, somite, or neural
formation defects, indicating that many genes or signaling path-
ways are involved in the patterning processes in a vertebrate
embryo; here we showed the possible role of CAP2. Further, it
would be interesting to investigate the mechanisms regulating
CAP2 and CAP1 in developmental processes and in different
organs.

Previously, using oligonucleotides array technology we identi-
fied CAP2 as one of the genes upregulated in early HCC [2].
Overexpression of CAP2 was observed in a stepwise manner
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Fig. 4 - Cyclase-associated protein 2 (CAP2) silencing affected lamellipodium formation and cell migration. (A) Western blot
analysis to confirm the suppression of CAP2 in KYN2 and PLC/PRF/5 cell lines. (B) Serum stimulation analysis of KYN-2 cells. After
serum-starving (0 min), the lamellipodium of control cells was soon established following serum-stimulation (15 and 30 min)
compared with the CAP2-knockdown cells, siCAP2A and siCAP2B. White arrows indicated the lamellipodium formation. Scale
bar=50 pm. (C) Migration assay showing a reduction in the migration of both KYN-2 and PLC/PRF/5 cells, compared with the
control cells. The ratio of the number of migrated cells represents the mean number (under microscope observation) of migrated
cells per field against control cells. Bars reveal standard error of the mean (SEM).

during the progression of HCC and interestingly, in early HCC, the
tumor cells invading the stroma stained positive for CAP2 and
were clearly highlighted [14]. Here, we further investigated the
co-localization of CAP2 and actin in the leading edge of the
lamellipodium of HCC cells. Extension of the lamellipodium
following serum stimulation was inhibited, and cell motility
was reduced in CAP2 knockdown cells. This suggests CAP2
involvement in remodeling of the actin filament that occurs at
the leading edge of lamellipodium as a characteristic feature of
motile cells. The polymerization of actin is essential for motile
processes and is regulated by some signaling pathway for actin-
binding protein [33,34]. Thus, CAP2 seems to play a role in cell
motility, resulting in promoting skeletal muscle development,
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and stromal invasion in early HCC. Moreover, we observed a
significant correlation between overexpression of CAP2 and
progressed features in HCC, such as tumor size, poor differentia-
tion, portal vein invasion, and intrahepatic metastasis. This
suggests that CAP2 overexpression is involved in promoting the
invasive behavior of HCC cells. The role of CAP2 in other human
cancers is, however, not yet clear. Human CAP2 can also interact
with CAP1 and actin [35]. We have reported that the over-
expression of CAP1 in pancreatic cancers is also related to the
aggressive behavior of pancreatic cancer cells [36]. Further
investigation of cellular and molecular mechanisms governing
CAP2 role in cell migration ability is necessary to expand our
knowledge on how actin dynamics is controlled. Elucidating the
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Table 2 - Immun

carcinoma (HCC) (n=105).

stochemical analysis of cyclase-associated protein (CAP2) in hepatocellular

Table 3 - Correlations between clinicopathological
characteristics and cyclase-assoicated protein 2 (CAP2)
expression in HCC clinical cases.

Hepatitis B virus

' Negative 51 27
Positive 10 17
s : - 0.052
Negative .23 25
Positive 38 19

~ AFP serum level (ng/ml) : o ; 0.492

<20 36 23 ,
=20 25 21 :

Fibfosis b 0073 :
Liver cirrhosis 24 23 e

_ Others 37 17

Tumor size (cm) . ‘ 0;004"
<20 : 24

Intrahepatic metastasis

2 Ndﬁ la'v;iilayble’.: : o

conserved collaborative role of CAP2 and CAP1, and whether they
interact with the RAS signaling pathway may also reveal their
role in human cancers. Additionally, the use of zebrafish to study
hepatocarcinogenesis offers a new innovative research approach
[37]. A previous report has shown conserved gene expression
profiles between human and zebrafish liver cancer [38]. Future
studies on how CAP2 functions in zebrafish liver are necessary to
advance our understanding of hepatocarcinogenesis. Combining
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developmental and cancer studies will provide an exciting future
framework to understand how development and carcinogenesis
are linked.

In summary, we showed that CAP2 has an important conserved
function across species. In zebrafish, the role of CAP2 appears to
be associated with the developmental process, particularly in
skeletal muscle development. In HCC, CAP2 was associated with
enhanced cell motility, and was involved in the progression of
HCC. The role of CAP2 in the developmental process of higher
vertebrates as well as in human liver cancer is shedding some
light on the progress issue of development and cancer.
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Abstract

(10pl serum) which were then identified and quantified using mass

spectrometry (MS). Correlations between the N-glycan levels and the

thologic characteristics and outcomes for these patients were evaluated.
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60.295) as significant prognostic factor. G2890 and G3560 were found to be
gly correlated with tumor number, size and vascular invasion.

usion: Quantitative glycoblotting based on whole serum N-glycan profiling is
ctive approach to screening for new biomarkers. The G2890 and G3560

N-glycans determined by tumor glycomics appear to be promising biomarkers for

ignant behavior in HCCs.
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atient Survival
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RF: risk factor
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Introduction

Hepatocellular carcinoma (HCC) is a common and fatal malignancy with a

ide occurrence (1). Liver resection has shown the highest level of control

aimo

>§ the local treatments for HCC and is associated with a good survival rate (2, 3).
However, the recurrence rates for HCC are still high even when a curative
epatectomy is performed (4). Many factors associated with the prognosis and
‘ence of HCC have now been reported. Vascular invasion of the portal vein
and/or hepatic vein and tumor differentiation are important factors affecting survival
currence in HCC cases after a hepatectomy (5, 6). However, microvascular
on and differentiation can only be detected by pathological examination just
a hepatectomy, and cannot be diagnosed preoperatively, this cannot be

dentified preoperatively either. Hence, the serum biomarkers alpha-fetoprotein (AFP)

d sensitivity and are less predictive than microvascular invasion (14, 15) which

e most potent determinant of recurrence and survival in HCC patients

undergoing a hepatectomy(5). Therefore, new biomarkers that are more strongly

H 1
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