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show significant linkage between H-2 and major
autoimmune traits examined. These results indicate a
minor influence of dimorphism - H-2* (MRL/Ipr
haplotype) or H-2° (B6/lpr haplotype) — on the
development of autoimmune diseases. These, in turn,
suggest a major contribution of the non-H-2 loci;
however, a sufficient set of such susceptibility loci
remains undermined. MBN2 mice develop autoimmune
disorders under varied genetic conditions, wherein a
number of minor susceptibility loci influence the onset
of autoimmune diseases, probably, in an interactive
fashion of multiple loci. It should be considered that a
conventional method for genome-wide screening, as

. performed in this study, limits the sensitivity for minor

and/or interactive linkage loci.

A majority of human autoimmune diseases occur in a
female-predominant fashion {1]. This study suggests the
presence of a male-specific mechanism underlying the
SrD in autoimmune diseases. It is further suggested that
this mechanism is achieved by some autosomal gene
functions controlled under undetermined male-specific
conditions associated with sex-related hormones and/or
the Y chromosome. Further understanding of the
molecular details of this mechanism will provide a clue
with regard to the general therapeutic approach for
human autoimmune diseases.

Materials and methods

Mice

MRL/lpr and B6/Ipr mice were purchased from the Charles -

River Japan, Yokohama, Japan. These mice were bred under
specific pathogen-free condition in the Integrated Center of
Science in Ehime University, Toon, Japan, or the Institute for
Animal Experimentation Tohoku University, Sendai, Japan.
MBF1 and the backcross MBN2 were prepared and housed in
these centers. In all animal experiments in this study, we
observed the Ehime University and Tohoku University guide-
lines for animal experimentation.

Histological evaluation of GN

At 19-20 weeks of age, mice were killed under ether
anesthesia. After sampling blood for serum isolation, the
removed kidneys were fixed with 10% formalin in 0.01 M
phosphate buffer, pH 7.2, and embedded in paraffin. Tissue
sections were stained with periodic acid-Schiff. GN was
microscopically graded under the criteria for an increase in
a cellular or matrix component in the glomerulus (Supporting
Information Fig. 1). An increase in a cellular component was
graded on a scale of 0-3: 0, normal cellularity; 1, slight cellular
proliferation; 2, enlargement of glomerulus with remarkable
cellular proliferation; and 3, crescent formation. An increase in
a matrix component was graded on a scale of 0-3: 0, normal; 1,
slight mesangial increase; 2, lobulation or segmental sclerosis;
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and 3, global sclerosis. No less than 30 glomeruli for an
individual were examined, then an individual GN index was
defined by logyp [(a mean of cellular grades) + (a mean of
matrix grades)].

Measurement of ANA

ANA titer was measured with the indirect immunofluorescence
(IF) method applying to nuclear samples prepared from a
normal mouse liver as described previously [49]. Nuclear
samples were incubated with serum dilution and antibody of
FITC-conjugated anti-mouse IgG, y chain specific (Zymed,
South San Francisco, CA) or anti-mouse IgM, p chain specific
(Zymed). ANA titer was determined by a fluorescence
detection of nuclear signal with following standards: 0, no
staining with 1:100 serum dilution; 1, faintly stained with
1:100 serum dilution; 2, clearly stained with1:100 serum
dilution; 3, stained with 1:1000 serum dilution; 4, stained with
1:10000 serum dilution; 5, stained with 1:30 000 serum
dilution; 6, stained with1:90 000 serum dilution.

Mapping of autoimmune-associated loci

The genotypes of MBN2 mice were determined using mouse
microsatellite markers whose genetic positions are determined
by the Mouse Genome Informatics (MGI), The Jackson
laboratory. PCR was performed under the following condi-
tions: 94°C for 2 min, 35 cycles of 94°C for 30 s, 55°C for 30 s,
72°C for.30 s, and a final extension at 72°C for 5 min. PCR
products were visualized on 4% agarose gels by staining with
ethidium bromide after electrophoresis.

In genome-wide screenings, we determined 117 micro-
satellite genotypes of randomly selected 95 MBN2 mice
(Supporting Information Fig. 2). These markers provide a full
coverage of mouse autosomes with an average of 12.9 cM
apart (maximum distance is 23 ¢M). Both X chromosomes of
every female MBN2 mouse were derived from MRL/lpr;
therefore, we did not test X chromosome in this study. In QTL
analysis, we determined the genotypes of another 253 MBN,
mice (a total of 348 mice) on candidate chromosomes.

- Statistical analysis

We adopted logso-transformed values of spleen weights (mg)
and GN indexes to obtain normal distributions. In association
studies, p<0.0034 and p<0.0001 were accepted as suggestive
and significant linkage, respectively [50]. A QTL analysis was
performed using Windows QTL Cartographer (V2.5) software
with each autoimmune traits in MBN, mice [51]. Interval
mapping program was adopted and walk-speed was 2 ¢cM. A
significant and suggestive threshold level of LOD score was
determined by the permutation test (1000 permutation with
a=0.01 or 0.05, respectively). To evaluate interaction of two
QTL, we used the R/qtl program available at hup://
www.biostat.jhsph.edu/ ~ kbroman/qd  [26).  Significant
threshold level was determined by the permutation test
installed in this program (100 permutations, a=0.05). Spear-
man’s rank correlation, Student's t-test, and one-way analysis
of variance (ANOVA) were also used in the present study.
p<0.05 was estimated as significant.
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HEPATOBILIARY MALIGNANCIES

Association of Gankyrin Protein Expression with Early
Clinical Stages and Insulin-Like Growth Factor-Binding
Protein 5 Expression in Human Hepatocellular Carcinoma

Atsushi Umemura,’? Yoshito Itoh,? Katsuhiko Itoh,' Kanji Yamaguchi,? Tomoki Nakajima,? Hiroaki Higashitsuji,’
Hitoshi Onoue,3 Manabu Fukumoto,* Takeshi Okanoue,? and Jun Fujita’

Gankyrin (also known as PSMD10) is a liver oncoprotein that interacts with multiple proteins
including MDM2 and accelerates degradation of the tumor suppressors p53 and Rb. We pro-
duced a monoclonal anti-gankyrin antibody and immunohistochemically assessed the clinico-
pathological significance of gankyrin overexpression in 43 specimens of human hepatocellular
carcinoma (HCC). Specific cytoplasmic staining for gankyrin was observed in 62.8% (27/43) of
HCCs, which was significantly associated with low TNM stage (P = 0.004), no capsular invasion
(P = 0.018), no portal venous invasion (P = 0.008), and no intrahepatic metastasis (P = 0.012).
The cumulative survival rate of patients with gankyrin-positive HCC was significantly higher
than that with gankyrin-negative HCC (P = 0.037). p53 and MDM2 were positively stained by
antibodies in 30.2% and 23.3%, respectively, of HCCs, but neither was inversely associated with
gankyrin expression. In the Huh-7 human HCC cell line, overexpression of gankyrin up-regu-
lated expression of insulin-like growth factor binding protein 5 (IGFBP-5), whereas suppression
of gankyrin expression by siRNA down-regulated it. Supression of IGFBP-5 expression inhibited
proliferation of Huh-7 cells as well as U-2 OS osteosarcoma cells. In HCC specimens, positive
staining for IGFBP-5 was observed by immunohistochemistry in 41.9% (18/43), and the level of
expression was significantly correlated with that of gankyrin (rhe = 0.629, P < 0.001). Conclu-
sion: These results suggest that gankyrin plays an oncogenic role(s) mainly at the early stages of
human hepatocarcinogenesis, and that IGFBP-5 inducible by gankyrin overexpression may be
involved in it. (HEPATOLOGY 2008;47:493-502.)

iver cancer is the sixth most common cancer world-
wide (626,000 or 5.7% of new cancer cases) and
the third most common cause of death from cancer
(598,000) in 2002." Eighty-two percent of cases are in
developing countries, and the areas of high incidence are

Abbreviations: 3AGC2, mouse monoclonal anti-gankyrin ansibody; cDNA, com-
plementary DNA; HCC, hepatocellular carcinoma; IGF, insulinlike growth factor;
IGFBP-5, insulin-like growth factor-binding protein 5; MDM2, mouse double
minute 2; mRNA, messenger RNA; RT-PCR, reverse transcription polymerase
chain reaction; siRNA, short interfering RNA: TNM, tuinor-node-metastasis.
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sub-Saharan Africa, eastern and southeastern Asia, and
Melanesia. Histologically, more than 90% of the primary
liver cancers are hepatocellular carcinomas (HCCs). Al-
though there are several modalities of treatment for HCC,
most patients present with unresectable tumors, and non-
surgical treatments are minimally effective at best.23 Even
for those patients who undergo surgical resection, the re-
currence rate is very high and the prognosis is poor.24-6 It
is therefore important to clarify the mechanisms of hu-

) A man hepatocarcinogenesis and identify molecular targets
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to develop novel diagnostic, therapeutic, and preventive
strategies.

By constructing subtracted complementary DNA
(cDNA) libraries, we have previously identified 19 genes
overexpressed in HCCs including 2 novel genes.”® One
of them was named gankyrin (gann-ankyrin repeat pro-
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tein; “gann” in Japanese means cancer).? Gankyrin (also
called PSMD10) consists of 7 ankyrin repeats, and its
messenger RNA (mRNA) was overexpressed in 34 of 34
HCCs analyzed.?!? Independently, gankyrin was isolated
as the p28 component or the interactor of the SGb subunit
of the 19S regulator of the 26S proteasome.'"!2 The
ankyrin repeat is the functional domain involved in pro-
tein—protein interactions, and gankyrin has been shown
to interact with multiple proteins in addition to S6b.
Gankyrin binds to retinoblastoma protein (Rb) and cy-
clin-dependent kinase (Cdk4), and accelerates phosphor-
ylation and degradation of Rb, which results in release of
the E2F transcription factor to activate DNA synthesis
genes.>!> Gankyrin seems to play a role in cell cycle pro-
gression in noncancerous cells as well. Overexpression of
gankyrin shortens population doubling time of NIH/3T3
mouse fibroblasts,” and its up-regulation correlates with
cell cycle progression in normal rat primary hepatocytes,
oval cells, and human hepatocytes.'*'5

Overexpression of gankyrin confers tumorigenicity to
NIH/3T3 cells and inhibits apoptosis in cultured human
tumor cells exposed to chemotherapeutic agents.'® The
anti-apoptotic activity is attributable, at least partly, to
increased degradation of p53, resulting in the reduced
transcription of the p53-dependent proapoptotic genes.'¢
Gankyrin binds to the E3 ubiquitin ligase MDM2 in vitro
and in vive, which increases p53—-MDM2 association,
thereby facilitating the ubiquitination and subsequent
proteasomal degradation of p53 by MDM2. Gankyrin
also controls MDM2 auto-ubiquitination and degrada-
tion, especially in the absence of p53.1¢

We produced a mouse monoclonal antibody against
human gankyrin and assessed the expression of gankyrin
protein in surgically resected HCC specimens by immu-
nohistochemistry. Correlation of gankyrin positivity with
clinicopathological findings and expression of p53 and
MDM2 in HCC was analyzed. Furthermore, we demon-
strated that expression of insulin-like growth factor-bind-
ing protein 5 (IGFBP-5) is inducible by overexpression of
gankyrin in HCCs.

Patients and Methods

Patients and Specimens. HCC tissues and their cor-
responding noncancerous liver tissues were obtained from
43 and 32 patients, respectively, who had undergone cur-
ative hepatectomy at the University Hospital of Kyoto
Prefectural University of Medicine berween 1992 and
2000. The specimens used were routinely processed, for-
malin-fixed, and paraffin-embedded. After hematoxylin-
eosin staining, all samples were diagnosed as HCC and
the tumor-node-metastasis (TNM) classification was

HEPATOLOGY, February 2008

Table 1. Patient and Tumor Characteristics

Characteristic Number (Percentage)
Number of patients 43
Sex distribution
Male 27 (62.8%)
Female 16 (37.2%)
Age (years) 25-78, median 65
Virus marker
HBV(+)/HCV(—) 6(14.0%)
HBV(— )/HCV(+) 28 (65.0%)
HBV(+)/HCV(+) 3(7.0%)
RBV(—)/HCV(—) 6 (14.0%)

AFP(ng/mL)
Tumor size (cm)
Liver cirrhosis

3.5-39999, median 90
1.6-17.0, median 4.0

Yes 29 (67.5%)
No 14 (32.5%)
Chronic hepatitis 13 (30.2%)
Normat 1(2.3%)

TNM stage

| 4 (9.3%)

I 22 (51.1%)

] 8(18.6%)

v 9(21.0%)
Histological differentiation

Well 12 (27.9%)

Moderate 25 (58.1%)

Poor 6(14.0%)
Capsular formation

Yes 36 (83.7%)

No 7(16.3%)
Capsular invasion

Yes 14 (32.6%)

No 29 (67.4%)
Portal venous invasion

Yes 9 (20.9%)

No 34 (79.1%)
Intrahepatic metastasis

Yes 16 (37.2%)

No 27 (62.8%)

Abbreviations: HCV(+), anti-hepatitis C virus antibody positive; HBV(+), hep-
atitis B surface antigen positive; (—), negative; AFP, serum alpha-fetoprotein.

made according to the fourth edition of the general rules
for the clinical and pathological study of primary liver
cancer proposed by the Liver Cancer Study Group of
Japan.!'7 The demographic profiles of the patients are
summarized in Table 1. For western blot analysis, HCCs
and noncancerous liver tissues were obrained from 3 pa-
tients undergoing liver transplantation at the University
Hospital of Kyoto Prefectural University of Medicine be-
tween 2004 and 2006. No donor organs were obtained
from executed prisoners or other institutionalized per-
sons. The study protocol conformed to the ethical guide-
lines of the 1975 Declaration of Helsinki and was
approved by the institutional review boards. Written in-
tformed consents were obtained from all patients for sub-
sequent use of their resected tissues.
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Cell Culture and Transfection. Huh-7 human
HCC cells, U-2 OS human osteosarcoma cells, 293T hu-
man embryonic kidney cells, mouse lymph node cells,
and P3X63Ag8U.1 mouse myeloma cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco BRL Life
Technologies, NY) supplemented with 10% fetal bovine
serum as described.'® To assess viable cell numbers, we
used the Dojindo Cell Counting Kit-8 (CCKS8 kir,
Dojindo Laboratories, Kumamoto, Japan) according to
the manufacturer’s instructions.

The 293T, Huh-7, and U-2 OS cells were transfected
with plasmid DNA by using the calcium phosphate
method or FuGENE 6 Transfection Reagent (Roche Di-
agnostics, Mannheim, Germany) as described.'6 Short in-
terfering RNA (siRNA) were transfected at a final
concentration of 25 nM by using siPORT NeoFX Trans-
fection Agent (Ambion, Austin, TX) following the man-
instructions. Twenty-four hours after
transfection, the medium was replaced with fresh me-

3
ufacturer’s

dium containing fetal bovine serum, and the culture was
continued for another 24 or 48 hours. Then, the cells
were harvested for analysis. All transfection assays were
repeated at least 3 times.

Plasmids and siRNA. Human wild-type gankyrin
cDNA:s, full coding sequence and deletion mutants, were
cloned into the mammalian expression vector pMKIT-
NEO and expressed as hemagglutinin (HA)-tagged pro-
teins (Fig. 1A). Full-length gankyrin was expressed
without a tag as well. To obtain recombinant human
gankyrin protein, the full-length cDNA was cloned into
an expression vector derived from pET28 (Novagen,
EMD Biosciences Inc., San Diego, CA) and expressed as
hexahistidine-tagged protein.

To down-regulate gene expression, Silencer Prede-
signed siRNAs for gankyrin (Ambion) and Stealth Select
iRNA: for IGFBP-5 (Invitrogen, Tokyo, Japan), were
used together with respective control RNAs.

Antibodies. To obtain monoclonal antibodies against
human gankyrin, recombinant (His)6-gankyrin protein
was used as an immunogen. [t was dissolved in phosphate-
buffered saline (1 mg/mL) and emulsified with an equal
volume of Freund’s complete adjuvant (Difco, Becton-
Dickinson, Franklin Lakes, NJ). Two female BALB/c
mice were injected with the emulsion (50 uL/mouse) in
the footpad. Two weeks after immunization, the inguinal
lymph node cells (4 X 107 cells) were fused with
P3X63Ag8U.1 myeloma cells (1 X 107) using polyethyl-
ene glycol 1500 (Roche Diagnostics). Fused cells were
cultured in 96-well plates at 2 X 103 cell/well. The super-
natants were assayed for the anti-gankyrin antibody titer
by an enzyme-linked immunosorbent assay using recom-

binant His-tagged, glutathione-S-transferase (GST)-
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Fig. 1. Recognition of gankyrin protein by the monoclonal antibody.
(A} Structures of wild-type gankyrin (Full) and its deletion mutants.
Numbers on top, N- and C-terminal amino-acid residues. ANK, ankyrin
repeat. Black bars, HA tags. (B) Specificity of the antibody. 293T cells
were transfected with plasmids expressing the indicated proteins. Cell
lysates were analyzed by westem blotting (WB) using the anti-gankyrin
monoclonal antibody (3A6C2), anti-HA antibody, and anti-gB-actin anti-
body. *Mobility of the endogenous gankyrin. Representative results of 3
repeated experiments are shown. (C) Detection of gankyrin protein in
tissues. Lysates were made from hepatocellular carcinoma (HCC, n = 3)
and cirrhotic liver tissues (n = 2), and analyzed by WB using antibodies
for indicated proteins. HA, hemagglutinin.

tagged, and nontagged gankyrin procteins. Selected
relevanc hybridomas were cloned by the limiting dilution
method, and the isotypes of secreted monoclonal anti-
bodies were determined by the IsoStrip kit (Roche Diag-
nostics) following the manufacturer’s instructions.
Finally, an IgG2b kappa monoclonal antibody that
showed the highest affinity for gankyrin was obtained and
named 3A6C2.

For western blot analysis, mouse monoclonal anti-
gankyrin antibody (3AG6C2), goat polyclonal anti-1G-
FBP-5 antibody (R&D Systems Inc., Minneapolis, MN),
mouse monoclonal anti-HA antbody (12CA5, Roche
Diagnostics), and mouse monoclonal anti~B-actin anti-
body (Chemicon Internarional, Temecula, CA) were.
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used. Horseradish peroxidase—conjugated secondary an-
tibodies against mouse or goat immunoglobulins were
obuained from DAKO (Kyoto, Japan).

For immunohistochemistry, mouse monoclonal anti-
gankyrin (3A6C2), anti-MDM2 (Ab-4, Oncogene re-
search products, Boston, MA), and anti-p53 (DO-7,
DAKO) antibodies, rabbit polyclonal anti-IGFBP-5 an-
tibody (GroPep, Thebarton, Australia), and horseradish
peroxidase—conjugated secondary antibodies against
mouse or rabbit immunoglobulins (DAKO) were used.

Analysis of Gene Expression. Extraction of RNA,
preparation of cell and tissue lysates, and western blot
analysis were performed as described.? Real-time reverse
transcription polymerase chain reaction (RT-PCR) anal-
ysis was performed using ABI PRISM 7900 (Applied Bio-
systems, Foster City, CA) and a 1-step QuantiTect RT-
PCR Kit (Qiagen, Cowley, UK) according to the
manufacturer’s instructions. PCR conditions were 50°C
for 30 minutes and 95°C for 15 minutes, followed by 45
cycles of 95°C for 15 seconds, 55°C for 30 seconds, and
72°C for 45 seconds. Specific PCR amplification prod-
ucts were detected by SYBR Green. Transcripts of B-actin
were quantified as control. Primer sequences used were as
follows: IGFBP-5, AAGAAGCTGACCCAGTCCAA
and GAATCCTTTGCGGTCACAAT; gankyrin,
GCAACTTGGAGTGCCAGTGAA and TCACTT-
GAGCACCTTTTCCCA; B-actin, CTACGTCGC-
CCTGGACTTCGAGC and GATGGAGCCGC-
CGATCCACACGG.

The immunohistochemical staining was performed on
4-pm-thick paraffin sections of tissues fixed in buffered
formalin. The sections were pretreated with 10 mM ci-
trate buffer (pH 6.1) in a microwave oven for 5 minutes.
Endogenous peroxidase activity was blocked with 0.3 %
H,0; for 10 minutes. The sections were incubated with
10% fetal bovine serum for 30 minutes to reduce nonspe-
cific binding, followed by incubation with the primary
antibody at 4°C overnight. They were subsequently incu-
bated with horseradish peroxidase-conjugated anti-
mouse or rabbit immunoglobulin antibody for 30
minutes. The enzymatic reaction was developed in a
freshly prepared solution of 3,3’-diaminobenzidine tetra-
hydrochloride using DAKO Liquid DAB Substrate-
Chromogen Solution for 10
temperature. The sections were then counterstained with

minutes at room
hematoxylin. The staining pattern, the distribution of the
immunostaining in each tissue, and the intensity of the
staining were studied in detail. Negative controls were
conducted by substituting normal sera of each animal for
the primary antibodies. When immunoreactivities were
heterogenously observed, cases with moderate or strong
staining of nucleus or cytoplasm in more than 5% of the
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cells were considered positive. To analyze the correlation
of the expression levels of gankyrin and IGFBP-5, the
staining intensity was expressed as 0 (negative), 1+
(weakly positive), 2+ (moderately positive), or 3+
(strongly positive). In each case the immunoreactiviry was
determined in 5 random high-powered fields and the
count was done independently by 2 observers.

Statistical Analysis. Categorical variables were com-
pared using Fisher’s exact test. Paired comparison of con-
tinuous data was performed using the Wilcoxon signed
ranks test. To assess whether the 2 variables covary, Spear-
man’s rank correlation coefficient was determined. Cu-
mulative survival curves were calculated by the Kaplan-
Meier method and analyzed by the log-rank test. All
statistical analyses were performed using the JMP statisti-
cal software package (SAS Institute Inc., Cary, NC). A P
value less than 0.05 was considered statistically signifi-
cant.

Results

Clinicopathological Profiles. Forty-three patients
with HCC were recruited in this study, including 27 men
and 16 women, with ages ranging from 25 to 78 (median
65) years old. Clinicopathological profiles of the patients
and their HCCs are shown in Table 1. Antibody to hep-
acitis Cvirus was found in sera of 72% of the patients, and
heparitis B virus surface antigen was positive in 21%.

According to the TNM staging, 60% were stage [ wo Il
and 40% were stage III to IV. In noncancerous portions
of the resected livers, cirrhosis and chronic hepatitis'8
were found in 68% and 30%, respectively, of the speci-
mens, whereas only 1 (2%) was of normal histology. Fi-
brocapsular formation surrounding HCC was observed in
84% and capsular invasion by HCC cells in 33%. Portal
vein involvement and satellite nodules suggesting intrahe-
patic metastasis were found in 21% and 37%, respec-
tively.

Detection of Gankyrin with the Monoclonal Anti-
gankyrin Antibody. To determine the specificity of the
monoclonal anti-gankyrin antibody 3A6C2, we expressed
wild-type full-length or truncated gankyrin (Fig. 1A) in
293T cells. The antibody detected all murtants of
gankyrin, suggesting that the epitope exists within the
third and fifth ankyrin-repeat region (Fig. 1B). The anti-
body recognized the endogenous gankyrin as well, and no
major cross-reacting band was observed.

Because gankyrin mRNA is known to be overexpressed
in most HCCGs,” we analyzed the levels of gankyrin pro-
tein in HCCs and surrounding noncancerous liver cissues
using the 3A6C2 antibody. The protein level of gankyrin

was higher in HCC tissues than in noncancerous tissues
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Fig. 2. Immunohistochemical detection of gankyrin in hepatoceitular
carcinoma (HCC). HCC sections were stained with mouse monoclonal
anti-gankyrin antibody, and counterstained with hematoxylin. Positive
immunostaining appears brown. (A) Positive staining for gankyrin in the
cytoplasm of most HCC cells. (B) Barely detectable gankyrin signal in
some HCC cells. (C) Presence of gankyrin in the nucleus of some HCC
cells. (D) Stronger staining for gankyrin in HCC cells (right) than the
neighboring cirrhotic hepatocytes (left). Bar, 50 pm.

(Fig. 1C). The mobilities of the gankyrin band were not
different among samples.

Immunobistochemical Analysis of Gankyrin Ex-
pression. We next examined the expression of gankyrin
protein in HCC and noncancerous liver tissues by immu-
nohistochemistry. The gankyrin signal was observed
mainly in the cytoplasm and occasionally in the nucleus of
HCC cells (Fig. 2A-C). Although at lower levels com-
pared with those in HCGCs, weak but reproducible
gankyrin signals were observed in the cytoplasm of the
hepatocytes in the noncancerous tissues (Fig. 2D). Ex-
pression of gankyrin was not detected in the bile duct
cells, blood endothelial cells, or other nonparenchymal
cells in the liver tissues. Of 43 HCCs examined, the cyto-
plasm was stained positively for gankyrin in 27 (63%),
and 9 of them (21%) were also positive for nuclear stain-
ing. Of 32 noncancerous liver tissues available, gankyrin
was positive in 17 (53%).

As shown in Table 2, we analyzed an association be-
tween gankyrin protein expression and clinicopathologi-
cal findings. No significant association between gankyrin
expression in HCC cells and sex, age, tumor size, fibrotic
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change in noncancerous liver tissues, differentiation of the
tumor cells, or hepatitis B or C virus infection was ob-
served. Positive cytoplasmic staining for gankyrin of
HCC cells was significantly associated with low TNM
stage (stage I or II; P = 0.004), no capsular invasion (P =
0.018), no portal venous invasion (P = 0.008), and no
intrahepatic metastasis (2 = 0.012) of HCC. In noncan-
cerous liver tissues, positive gankyrin staining of hepato-
cytes was associated with the cytoplasmic gankyrin
positivity of HCC cells of the same patient (P = 0.021,
Table 3), but not with the parameters examined except for
the serum alpha-fetoprotein level (P = 0.015, Table 2).

Because expression of gankyrin affects the degradation
of p53 and MDM2,!6 we examined the expression of p53
and MDM2 as well as gankyrin in HCCs. By immuno-
histochemistry, nuclear expression of p53 and MDM2
were detected in 30% and 23%, respectively, of 43 HCCs
(Fig. 3, Table 3). Positive staining for gankyrin was not
associated with the staining for p53 nor MDM2 in HCC
cells.

Up-regulation of IGFBP-5 Expression by Gankyrin
in HCCs. Preliminary microarray analysis of the cDNA
libraries prepared from U-2 OS cells and Huh-7 cells
overexpressing gankyrin suggested that IGFBP-5 mRNA
was up-regulated by gankyrin (A. Umemura and J. Fujita,
unpublished data). Real-time RT-PCR analysis con-

i
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Fig. 3.
tocellular carcinoma (HCC). HCC sections were stained with antibodies
specific to p53 (A and B) or MDM2 (C and D), and counterstained with
hematoxylin. Positive immunostaining appears brown. (A) Positive stain-
ing for p53 in the nucleus of most HCC cells. (B) Negative p53 in HCC
cells. (C) Positive staining for MDM2 in the nucleus of most HCC cells.
(D) Negative MDM2 in HCC cells. Bar, 50 pm.

Immunohistochemical detection of p53 and MDM2 in hepa-



498 UMEMURA ET AL

HEPATOLOGY., February 2008

Table 2. Gankyrin Expression and Clinicopathological Characteristics

Gankyrin Expresslon in the Cytoplasm of

HCC Noncancerous Liver
Negative (n = 16) Positive (n = 27) P value Negative (n = 15) Posltive (n = 17) P value

Sex distribution

Male 12 15 0.328 10 11 1.000

Female 4 12 5 6
Median age (years) 64 65 0.696 63 62 0.649
Virus marker NS NS

HBV(+)/HCV(—) 3 3 2 2

HBV(—)/HCV(+) 10 18 1 11

HBV(+)/HCV(+) 1 2 2 0

HBV(—)/HCV(—) 2 4 0 4
Median AFP (ng/mL) 63.0 95.0 0.890 25.0 199.0 0.015
Median tumor size (cm) 45 4.0 0.098 4.5 4.0 0.372
Liver cirrhosis (+) 9 20 0.316 9 13 0.450
TNM stage

land Il 5 21 0.004 8 12 0.467

i and IV 11 6 7 5
Histological differentiation

Well 5 7 0.737 6 3 0.243

Moderate and poor 11 20 9 14
Capsular formation (+) 15 21 0.229 12 13 1.000
Capsular invasion (+) 9 5 0.018 4 6 0.712
Portal venous invasion (+) 7 2 0.008 4 3 0.678
Intrahepatic metastasis (+) 10 6 0.012 6 5 0.712
Gankyrin nuclear expression

Yes 0 9 0.016 2 5 0.403

No 16 18 13 12

Abbreviations: HCV, anti-hepatitis C virus antibody; HBV, hepatitis B surface antigen; (+), positive or present; (—), negative or absent; AFP, serum alpha-fetoprotein;

NS, not significant between any groups or combinations thereof.

firmed that overexpression of gankyrin increased the IG-
FBP-5 mRNA levels 5.2-fold and 1.7-fold {mean, n = 3
each) in U-2 OS and Huh-7 cells, respectively, and west-
ern blot analysis demonstrated that the protein levels were
increased as well (Fig. 4A). Conversely, when gankyrin
expression was suppressed by siRNA, IGFBP-5 expres-
sion was down-regulated (Fig. 4B). In 2 of 3 HCC tissues
overexpressing gankyrin, the levels of IGFBP-5 protein
were higher compared with those in noncancerous tissues
(Fig. 1C). To identify a role that IGFBP-5 might play in
HCC cells, we next suppressed IGFBP-5 expression by
siRNA. No apoptosis was induced, but viable cell num-
bers were decreased in Huh-7 as well as U-2 OS cells (Fig.
4C,D, and data not shown), suggesting a growth-promot-
ing effect of IGFBP-5.

The expression of IGFBP-5 was further examined im-
munohistochemically in 43 HCC and 32 noncancerous
liver tissues (Fig. 5, Table 3). In 42% of HCCs, IGFBP-5
was positively stained in the cytoplasm of HCC cells (Fig.
5A). IGFBP-5 was also detected, although at lower levels,
in the cytoplasm of hepatocytes in 28% of the noncancer-
ous tissues (Fig. 5B-D), but not in bile duct cells, blood
endothelial cells, or other nonparenchymal cells.

Specific cytoplasmic staining for IGFBP-5 in HCC
cells was associated with low TNM stage (stage[or [I; P=

0.013), no portal venous invasion (P = 0.006), low serum
alpha-fetoprotein value (2 = 0.031), and small tumor size
(P = 0.009). No association with capsular invasion or
intrahepatic metastasis was observed. There was a signif-
icant association between positivities for IGFBP-5 and

Table 3. Gankyrin Expression and Molecular Histological
Markers

Gankyrin Expression in HCC

Negative Positive P value
Gankyrin expression in non-HCC
Negative (n = 15) 8 7 0.021
Pasitive (n = 17) 2 15
p53 expression in HCC
Negative (n = 30) 11 19 1.000
Positive (n = 13) 5 8
MDM2 expression in HCC
Negative (n = 33) 14 19 0.276
Positive (n = 10) 2 8
IGFBP-5 expression in HCC
Negative (n = 25) 13 12 0.026
Pasitive (n = 18) 3 15
IGFBP-5 expression in non-HCC
Negative {n = 23) 14 9 0.011
Positive (n = 9) 1 8

Abbreviations: HCC, hepatocellular carcinoma; non-HCC, noncancerous portion
of the resected liver; IGFBP-5, insulin-like growth factor-binding protein 5.
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Fig. 4. Induction of IGFBP-5 by gankyrin. (A) U-2 OS cells (lanes 1

and 2) and Huh-7 cells (lanes 3 and 4) transiently transfected with
plasmids expressing gankyrin or vector alone were analyzed for expres-
sion of IGFBP-5 by westem blotting using the indicated antibodies.
Representative results from more than 3 experiments are shown. (B)
Huh-7 cells, mock transfected or transfected with SiRNA for gankyrin or
control RNA as indicated, were analyzed as in (A). (C) Suppression of
IGFBP-5 expression by siRNA. Huh-7 cells were transfected with control
RNA or IGFBP-5-specific siRNA. IGFBP-5 transcript levels were deter-
mined by real-time RT-PCR and normalized with B-actin levels. Results
from 3 repeats were averaged and expressed relative to control. Error
bars refer to standard deviation of the average quantitated results. (D)
Effect of IGFBP-5 down-regulation on cell growth. U-2 0S and Huh-7 cells
were transfected with IGFBP-5 siRNA or control RNA, and 72 hours later
viable cell numbers were determined. Values are mean * standard
deviation (n = 3) and expressed relative to controls. ** and *, P < 0.01
and P < 0.05, respectively.

gankyrin (Table 3), and the levels of expression covaried
both in HCG:s (p = 0.629, P < 0.001) (Fig. SE) and non-
cancerous hepatocytes (p = 0.606, P < 0.001) (Fig. 5F).

Expression of Gankyrin in HCC and Patient Prog-
nosis. When we examined the relationship berween
gankyrin expression in HCC cells and the survival of pa-
tients after surgical resection, a significant difference was
observed between the patients with gankyrin-positive
HCCGCs and those with gankyrin-negative HCC:s (Fig. 6).
We found no significant difference in the survival rates
between the patients whose HCCs stained positively and
negatively for p53, MDM2, or IGFBP-5.

Discussion

Gankyrin is as an oncogene, mRNA of which is over-
expressed in almost all human HCCs.21? Although less
frequent, gankyrin has been found by RNA dot blot anal-
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ysis to be overexpressed in additional tumors including
those of the breast, colon, rectum, stomach, small intes-
tine, pancreas, ovary, lung, and thyroid (A. Umemura and
J. Fujita, unpublished data). In the current study, we im-
munohistochemically examined the gankyrin protein ex-
pression in HCCs using the monoclonal anti-gankyrin
antibody and found that the protein was highly expressed
in the cytoplasm of 63% of HCCs. Tan et al.20 has simi-
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Fig. 5. Immunohistochemical detection of IGFBP-5 in hepatocellular
carcinoma (HCC). HCC sections were stained with anti~-IGFBP-5 antibody
and counterstained with hematoxylin. Positive immunostaining appears
brown. (A) Positive staining for IGFBP-5 in the cytoplasm of HCC cells,
especially at the invasive boundaries. (B) Presence of IGFBP-5 in non-
cancerous cirrhotic hepatocytes. (C) Stronger staining for IGFBP-5 in HCC
cells (upper) than the neighboring cirthotic hepatocytes (lower). (D)
Positive staining for IGFBP-5 in HCC celis (upper left), but negative in
cirthotic cells (lower right). Bar, 100 um. (E) Correlation of expression
levels of gankyrin and IGFBP-5 in HCCs. The immunostaining levels were
expressed as 0 (negative), 14 (weakly positive), 2+ (moderately pos-
itive), or 3+ (strongly positive). Each diamond represents 1 case. The
Spearman’s rho = 0.629, P < 0.001. (F) Correlation of expression
levels of gankyrin and IGFBP-5 in noncancerous hepatocytes determined
as in (E). The Spearman’s rho = 0.606, P < 0.001.
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larly found overexpression of gankyrin protein in 60% of
HCCGs using a polyclonal antibody. The reason why the
protein is not overexpressed in one-third of HCCs despite
overexpression of its mRNA is unknown. The posttran-
scriptional, translational, and posttranslational regula-
tions of gankyrin expression remain to be elucidated.

According to the 15th follow-up survey by the Liver
Cancer Study group of Japan, the cumulative survival
rates after surgical removal of HCC are 52.3% and 27.3%
at 5 and 10 years, respectively, and better survival rates are
associated with fewer numbers of tumors, lack of porral
venous invasion, and early clinical stages.*¢ Consistent
with these observations, gankyrin positivity of HCC was
associated with low TNM stage, lack of capsular invasion,
portal venous invasion, and intrahepatic metastasis, and
better prognosis of the patients. Patients with hyperdip-
loid acute lymphoblastic leukemia with more than 50
chromosomes, one of the 6 subtypes of pediatric acute
lymphoblastic leukemia, have an excellent prognosis
compared with other subtypes, and interestingly, overex-
pression of gankyrin is 1 of the diagnostic and subclassi-
fication markers for it.2! Expression of gankyrin protein
may be used as a marker for better prognosis of the pa-
tients with HCC as well.

The gankyrin oncoprotein plays a key role in regula-
tion of cell cycle and apoprosis, at least in cultured cells, by
inhibiting Rb and p53.'° In a rodent hepatocarcinogen-
esis model, hypermethylation of the p16INK4A gene and
P53 mutation appear at a late stage, whereas gankyrin is
overexpressed from early after carcinogen trearment, pre-

ceding the loss of Rb protein and adenoma formation.22
Clinically, p53 mutation is not so frequent in HCCs
(15%-30%), especially in low-grade or low-stage
HCCs.2324 Tan et al.2? have immunohistochemically de-
tected gankyrin overexpression in 82%, 63%, and 22% of
Edmondson’s grade I to 11, III, and IV HCCs, respec-
tively. We observed gankyrin posicivity in 81% and 35%
of low and high TNM stage HCCs, respectively. These
results suggest that gankyrin plays an important role(s) at
carly stages of hepatocarcinogenesis by suppressing Rb,
p53 and possibly other tumor suppressors. In advanced
HCCs, by contrast, oncogenic mutations probably have
accumulated in many genes including p53, and overex-
pression of gankyrin may not be so crucial as in early stage
HCGs. This could explain the present association of
gankyrin-negative HCCs with poorer prognosis and the
finding that both cases of gankyrin-negative HCCs with
gankyrin-positive noncancerous hepatocytes belonged to
high TNM stages. This is, however, one of several possi-
ble explanations, and further work is necessary to clarify
the exact reasons for the observed association.

By immunohistochemical staining, p53 has been de-
tected in 20% to 30% of HCCs.2> 26 Although strong
immunohistochemical reactivity for p53 may not be an
indicator of the presence of p53 gene mutations as ini-
tally suggested,?¢ it has been associated in some studies
with higher proliferative activity, lower differentiation of
HCC cells, or poorer survival of patients. Endo et al.?”
immunohistochemically detected MDM2 in 28 of 107
(26%) HCCs, and the positive expression correlated with
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the presence of p53 mutation and poorer prognosis, al-
though it also correlated with smaller HCC size and the
absence of vascular invasion. We’immunohistochcmica]ly
detected the expression of p53 and MDM?2 in 30% and
23%, respectively, of HCCs, which is in accord with other
studies, but no correlation was seen between expression
and survival of the patients. Gankyrin accelerates degra-
dation of Rb, p53, and MDM2 in cultured cells.?'6 Al-
though some correlation between expression of gankyrin
and Rb has been suggested in HCC tissues,2° we did not
observe significant relationship between the gankyrin pos-
itivity and negative staining for p53 nor MDM2. The
analysis of individual cells for protein expression, for ex-
ample by double 2-color immunostaining, may have re-
vealed the presence of some relationship. But most
probably, our finding reflects complex interrelated mech-
‘anisms regulating the levels of these proteins and also
suggests that the relevance of the effects of gankyrin on
p53, MDM2, and Rb demonstrated in cultured cells to
human hepatocarcinogenic process remains to be firmly
established.

The 6 members of IGFBP family (IGFBP-1 through
IGFBP-6) are important components of the insulin-like
growth factor (IGF) axis, and regulate the activity of both
IGF-I and IGF-II polypeptide growth factors.28 IGF-I,
IGF-1I, and their receprors are expressed in a wide variety
of cells, and the liver is the main source of circulating
IGF-1. IGFBPs are also secreted by many cell types, and
their expression is regulated in a cell-dependent and tis-
sue-type—dependent manner. In the current study, we
found up-regulation of IGFBP-5 mRNA and protein lev-
els by overexpression of gankyrin in human osteosarcoma
and HCC cell lines and consistently detected a significant
association between the protein levels of gankyrin and
IGFBP-5 in HCC specimens. In the proximal promoter
region of the IGFBP-5 gene, there are several putative
transcription-factor—binding sites including those for
AP-2, ¢-Myb, C/EBP, and NF-1, and responsive ele-
ments to prostaglandin E;, cyclic adenosine monophos-
phate, progesterone/retinoic acid, and Akc.28 Whether
the effect of gankyrin on IGFBP-5 expression is mediated
by these factors is unknown.

The IGFBPs bind IGFs with high affinity, and they are
able to enhance or inhibit the activity of IGFs in a cell-
specific and tissue-type—specific manner.28 In addition,
IGFBPs have IGF-independent effects. There are several
reports on the relationship between the IGF axis and
HCC.2-3' IGFBP-3 is the most abundant IGFBP present
in noncancerous liver tissue and could serve as a negative
regulator of cell proliferation in human HCCs.32 Al-
though the presence of IGFBP-5 in numerous tumors and
cell lines has been demonstrated, its expression and signif-
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icance in human HCC have not been documented. We
found positive sraining for IGFBP-5 in 42% of HCCs,
and the positivity correlated with absence of portal venous
invasion, low TNM stage, and small cumor size. Although
not statistically significant, patients with IGFBP-5—posi-
tive HCCs tended to survive longer than those with IG-
FBP-5-negative HCCs. These findings are essentially
similar to those observed for gankyrin. Regarding the ef-
fect of IGFBP-5 on cell proliferation, there are contradic-
tory findings.?® In breast cancer cells, many studies have
reported inhibition of growth, but there are some indicat-
ing a stimulatory effect.3? IGFBP-5 is up-regulated in
involuting prostate but is also implicated in growth stim-
ulation of prostate tumor cells.>* We found that down-
regulation of IGFBP-5 suppresses growth of Huh-7 HCC
cells. Thus, these findings are consistent with a notion
that high expression of IGFBP-5 and gankyrin play on-
cogenic roles in HCCs of early clinical stages. Clarifica-
tion of the exact roles played by them will shed more light
on the molecular mechanisms of human hepatocarcino-
genesis and lead to development of new therapeutic and
preventive strategies.
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Synergistic antitumor activity of the novel SN-38-incorporating polymeric micelles,
NKO012, combined with 5-fluorouracil in a mouse model of colorectal cancer,
as compared with that of irinotecan plus S-fluorouracil
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The authors reported in a previous study that NK012, a 7-ethyl-
10-hydroxy-camptothecin (SN-38)-releasing nano-system, exhib-
ited high antitumor activity against human colorectal cancer xeno-
grafts. This study was conducted to investigate the advantages of
NKO012 over irinotecan hydrochloride (CPT-11) administered in
combination with 5-fluerouracil (SFU). The cytotoxic effects of
NK012 or SN-38 (an active metabolite of CPT-11) administered in
combination with SFU was evaluated in vitro in the human color-
ectal cancer cell line HT-29 by the combination index method. The
effects of the same drug combinations was also evaluated in vivo
using mice bearing HT-29 and HCT-116 cells. All the drugs were
administered i.v. 3 times a week; NK012 (10 mg/kg) or CPT11
(50 mg/kg) was given 24 hr before SFU (50 mg/kg). Cell cycle anal-
ysis in the HT-29 tumors administered NK012 or CPT-11 in vivo
was performed by flow cytometry. NK012 exerted more synergis-
tic activity with 5FU compared to SN-38. The therapeutic effect of
NKO012/5FU was significantly superior to that of CPT-11/5FU
against HT-29 tumors (p = 0.0004), whereas no significant differ-
ence in the antitumor effect against HCT-116 tumors was
observed between the 2-drug combinations (p = 0.2230). Cell-
cycle analysis showed that both NK012 and CPT-11 tend to cause
accumulation of cells in the S phase, although this effect was more
pronounced and maintained for a more prolonged period with
NK012 than with CPT-11. Optimal therapeutic synergy was
observed between NK012 and SFU, therefore, this regimen is con-
sidered to hold promise of clinical benefit, especially for patients
with colorectal cancer.

© 2008 Wiley-Liss, Inc.

Key words: NKO012; SN-38; 5-fluorouracil; drug delivery system;
colorectal cancer

The 5-year survival rates of colorectal cancer (CRC) have
improved remarkably over the last 10 years, accounted for in large
part by the extensively investigated agents after 5-fluorouracil
(SFU). Irinoetcan hydrochloride (CPT-11), a water-soluble, semi-
synthetic derivative of camptothecin, is one such agent that has
been shown to be highly effective, and currently represents a key-
drug in first- and second-line treatment regimens for CRC. CPT-
11 monotherapy, however, has not been shown to yield superior
efficacy, including in terms of the median survival time, to bolus
5FU/leucovorin (LV) alone.! In 2 Phase I trials, the addition of
CPT-11 to bolus or infusional 5FU/LV regimens clearly yielded
greater efficacy than administration of 5FU/LV alone, with a dou-
bling of the tumor response rate and prolongation of the median
survival time by 2-3 months. 12

CPT-11 is converted to 7-ethyl-10-hydroxy-camptothecin (SN-
38), a biologically active and water-insoluble metabolite of CPT-
11, by carboxylesterases in the liver and the tumor. SN-38 has
been demonstrated to exhibit up to a 1,000-fold more potent cyto-
toxic activity than CPT-11 against various cancer cells in vitro.”
The metabolic conversion rate is, however, very low, with only
<10% of the orlgmal volume of CPT-11 being metabolized to
SN-38%"; conversion of CPT-11 to SN-38 also depends on genetic
mtcrm(hvndual variability of the activity of carboxylesterases.
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Direct use of SN-38 itself for clinical cancer treatment must be
shown to be identical in terms of both efficacy and toxicity.

Some drugs incorporated in drug delivery systems (DDS), such
as Abraxane and Doxil, are already in clinical use The clinical
benefits of DDS are based on their EPR effect.” The EPR effect is
based on the pathophysiological characteristics of solid tumor tis-
sues: hypervascularity, incomplete vascular architecture, secretion
of vascular permeability factors stimulating extravasation within
cancer tissue, and absence of effective lymphatic drainage from
the tumors that impedes the efficient clearance of macromolecules
accumulated in solid tumor tissues. Several types of DDS can be
used for incorporation of a drug. A liposome-based formulation of
SN-38 (LE-SN38) has been develog)ed and a clinical trial to
assess its efficacy is now under way.

Recently, we demonstrated that NK012, novel SN-38-incorpo-
rating polymeric micelles, exerted supenor antitumor activity and
less toxicity than CPT-11."2 NK012 is characterized by a smaller
size of the particles than LE-SN38; the mean particle diameter of
NKO12 is 20 nm. NKO12 can release SN-38 under neutral condi-
tions even in the absence of a hydrolytic enzyme, because the
bond between SN-38 and the block copolymer is a phenol ester
bond, which is stable under acidic conditions and labile under
mild alkaline conditions. The release rate of SN-38 from NKO012
under physiological conditions is quite high; more than 70% of
SN-38 is released within 48 hr. We speculated that the use of
NKO12, in place of CPT-11, in combination with 5SFU may yield
superior results in the treatment of CRC. In the present study, we
evaluated the antitumor activity of NK012 administered in combi-
nation with 5FU as compared to that of CPT-11 administered in
combination with SFU against CRC in an experimental model.

Material and methods
Cells and animals

The human colorectal cancer cell lines used, namely, HT-29
and HCT-116, were purchased from the American Type Culture
Collection (Rockville, MD). The HT-29 cells and HCT-116 cells
were maintained in RPMI 1640 supplemented with 10% fetal bo-
vine serum (Cell Culture Technologies, Gaggenau-Hoerden, Ger-
many), penicillin, streptomycin, and amphotericin B (100 units/
mL, 100 pg/mL, and 25 pg/mb., respectively; Sigma, St. Louis,
MO) in a humidified atmosphere containing 5% CO at 37°C.

BALB/c nu/nu mice were purchased from SLC Japan (Shi-
zuoka, Japan). Six-week-old mice were subcutaneously (s.c.)

*Correspondence to: Investigative Treatment Division, Research Cen-
ter for Innovative Oncology, National Cancer Center Hospital East, 6-5-1
Kashiwanoha, Kashiwa, Chiba 277-8577, Japan. Fax: +81-4-7134-6866.
E-mail: yhmatsum@east.ncc.go.jp

Received 2 September 2007; Accepted after revision 20 November 2007

DOI 10.1002/ijc.23381

Published online 14 January 2008 in Wiley InterScience (www.interscience.
wiley.com).



COMBINED THERAPY WITH NK012 AND 5-FLUOROURACIL

inoculated with 1 X 10° cells of HT-29 or HCT-116 cell line in
the flank region. The length (@) and width (b) of the tumor masses
were measured twice a week, and the tumor volume (TV) was cal-
culated as follows: TV = (@ X b)/2. All animal procedures were
performed in compliance with the Guidelines for the Care and Use
of Experimental Animals established by the Commitiee for Ani-
mal Experimentation of the National Cancer Center; these guide-
lines meet the ethical standards required by law and also comply
with the guidelines for the use of experimental animals in Japan.

Drugs

The SN-38-incorporating polymeric micelles, NK012, and SN-
38 were prepared by Nippon Kayaku (Tokyo, Japan).'? CPT-11
was purchased from Yakult Honsha (Tokyo, Japan). SFU was pur-
chased from Kyowa Hakko (Tokyo, Japan).

Cell growth inhibition assay

HT-29 cells were seeded in 96-well plates at a density of 2,000
cells/well in a final volume of 90 pl. Twenty-four hours after
seeding, a graded concentration of NKO12 or SN-38 was added
concurrently with 5FU to the culture medium of the HT-29 cells
in a final volume of 100 pL for drug interaction studies. The cul-
ture was maintained in the CO, incubator for an additional 72 hr.
Then, cell growth inhibition was measured by the tetrazolium salt-
based proliferation assay (WST assay; Wako Chemicals, Osaka,
Japan). WST-1 labeling solution (10 pl) was added to each well
and the plates were incubated at 37°C for 3 hr. The absorbance of
the formazan product formed was detected at 450 nm in a 96-well
spectrophotometric plate reader. Cell viability was measured and
compared to that of the control cells. Each experiment was carried
out in triplicate and was repeated at least 3 times. Data were aver-
aged and normalized against the nontreated controls to generate
dose-response curves.

Drug interaction analysis

The nature of interaction between NKO12 or SN-38 and 5FU
against HT-29 cells was evaluated by median-effect plot analyses
and the combination index (CI) method of Chou and Talalay.13
Data analysis was performed using the Calcusyn software (Bio-

- soft, NY, USA). NKO12 or SN-38 was combined with 5FU at a
fixed ratio that spanned the individual ICsy values of each drug.
The IC5o values were determined on the basis of the dose-response
curves using the WST assay. For any given drug combination, the
Cl is known to represent the degree of synergy. additivity or an-
tagonism. It is expressed in terms of fraction-affected (Fa) values,
which represents the percentage of cells killed or inhibited by the
drug. Isobologram equations and Fa/Cl plots were constructed by
computer analysis of the data generated from the median effect
analysis. Each experiment was performed in triplicate with 6 gra-
dations and was repeated at least 3 times. The resultant dose-
response curves were averaged, to create a single composite dose-
response curve for each combination.

Invivo analysis of the effects of NK0O12 combined with SFU
as compared to those of CPT-11 combined with SFU

When the mean tumor volumes reached ~93 mm?>, the mice
were randomly divided into test groups consisting of 5 mice per
group (Day 0). The drugs were administered i.v. via the tail vein
of the mice. In the groups administered NKO12 or 5FU as single
agents, the drug was administered on Days 0, 7 and 14. In the
combined treatment groups, NK0O12 or CPT-11 was administered
24 hr before SFU on Days 0, 7 and 14, according to the previously
reported combination schedule for CPT-11 and SFU.™ Complete
response (CR) was defined as tumor not detectable by palpation at
90 days after the start of treatment, at which time-point the mice
were sacrificed. Tumor volume and body weight were measured
twice a week. As a general rule, animals in which the tumor vol-
ume exceeded 2,000 mm” were also sacrificed.

2149

Experiment 1. Evaluation of the effects of NK0I12 combined
with 5FU and determination of the maximum tolerated dose
(MTD) of NKOI2/SFU. By comparing the data between NKO012
administered as a single agent and NKO12/5FU, we evaluated the
effects of the combined regimen against the s.c HT-29 tumors. A
preliminary experiment showed that combined administration of
NKO12 15 mg/kg + 5FU 50 mg/kg every 6 days caused drug-
related lethality (data not shown). To determine the MTD, there-
fore, we set the dosing schedule of the combined regimen at 5 or
10 mg/kg of NKO12 + 50 mg/kg of 5FU three times a week.

Experiment 2. Comparison of the antitumor effect of NKO12/
SFU and CPT-11/5FU. Based on a comparison of the data
between NKO12/5FU and CPT-11/5FU against the s.c. HT-29 and
HCT-116 tumors, we investigated the feasibility of the clinical
application of NKO012/5FU for the treatment of CRC. CPT-11/
5FU was administered three times a week at the respective MTDs
of the 2 drugs as previously reported, that is, CPT11 at 50 mg/kg
and 5FU at 50 mg/kg, respc:ctively.14 NKO12/5FU was adminis-
tered once three times a week at the respective MTDs of the
2 drugs determined from Experiment 1.

Cell cycle analysis

Samples from the HT-29 tumors that had grown to 80100 mm?>
were removed from the mice at 6, 24, 48, 72 and 96 hr after the
administration of NKO12 alone at 10 mg/kg or CPT-11 alone at
50 mg/kg. The samples were excised, minced in PBS and fixed in
70% ethanol at ~20°C for 48 hr. They were then digested with
0.04% pepsin (Sigma chemical Co., St Lous, MO) in 0.1 N HCL
for 60 min at 37°C in a shaking bath to prepare single-nuclei sus-
pensions. The nuclei were then centrifuged, washed twice with
PBS and stained with 40 pg/mL of propidium iodide (Molecular
Probes, OR) in the presence of 100 pg/mL RNase in 1 mL PBS
for 30 min at 37°C. The stained nuclei were analyzed with B-D
FACSCalibur (BD Biosciences, San Jose, CA), and the cell cycle
distribution was analyzed using the Modfit program (Verity Soft-
ware House Topsham, ME).

Statistical analyses

Data were expressed as mean * SD. Data were analysed with
Student’s ¢ test when the groups showed equal variances (F test),
or Welch’s test when they showed unequal variances (F test). p <
0.05 was regarded as statistically significant. All statistical tests
were 2-sided.

Results

Antiproliferative effects of NK0OI2 or SN-38 administered
in combination with SFU

Figure la shows the dose-response curves for NKO12 alone,
SFU alone and a combination of the two. The ICs, levels of
NKO012 and 5FU against the HT-29 cells were 39 nM and 1 M,
respectively, and the ICsp level of SN-38 was 14 nM (data not
shown). Based on these data, the molar ratio of NK012 or SN-
38:5FU of 1:1,000 was used for the drug combination studies.

Figures 15 and 1c show the median-effect and the combination
index plots. Combination indices (Cls) of <1.0 are indicative of
synergistic interactions between 2 agents; additive interactions are
indicated by Cls of 1.0, and antagonism by ClIs of >1.0. Figure 1¢
shows the combination index for NK0O12 and 5FU, when 2 drugs
are supposed to be mutually exclusive. Marked synergism was
observed between Fa 0.2 and 0.6. Theoretically, the CI method is
the most reliable around an Fa of 0.5, suggesting synergistic
effects of the combination of NKO12 and 5FU. This synergistic
effect was more evident than that of SN-38/5FU (Fig. td).

In vivo effect of combined NK0I12 and SFU

Experiment 1. Dose optimization and effect of combined NKOI2
and SFU against HT-29 mumors. Comparison of the relative tu-
mor volumes on Day 40 revealed significant differences between
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FIGURE 1 - Interaction of NK012 and SFU in vitro. (a) Dose-response curves for NK012 alone (W), SFU alone {A) and their combination ({J)
against HT-29 cells. HT-29 cells were seeded at 2,000 cells/well. Twenty-four hours after seeding, a graded concentration of NK012 or 5FU
was added to the culture medium of the HT-29 cells. Cell growth inhibition was measured by WST assay after 72 hr of treatment. Cell viability
was measured and compared with that of the control cells. Each experiment was carried out independently and repeated at least 3 times. Points,
mean of tripricates; bars, SD. (b) Median effect plot for the interaction of NK012 and 5FU. (¢, d) Combination index for the interaction as a
function of the level of effect (fraction effect = 0.5 is the ICsq). The straight line across the CI value of 1.0 indicates additive effect and Cls
above and below indicate antagonism and synergism, respectively. The molar ratio of NK012/5FU (c) or SN-38/5FU (d) at 1:1,000 was tested
by CI analysis. Black circles represent the Cls of the actual data points, solid lines represent the computer-derived Cls at effect levels ranging
from 10 to 100% inhibition of cell growth, and the dotted lines represent the 95% confidence intervals.

those in the mice administered NKO12 alone and those adminis-
tered NKOI12/5FU at 5 mg/kg of NKO12 (p = 0.018) (Fig. 2a).
Although there was no statistically significant difference in the rel-
ative tumor volume measured on Day 54 between the mice admin-
istered NKO12 alone and NKO12/5FU at 10 mg/kg of NKO12 (p =
0.3050), a trend of superior antitumor effect was demonstrated in
the group treated with NKO12/5FU at 10 mg/kg of NKO12 (Fig.
2a). The CR rates were 20, 40 and 60% for 5 mg/kg NKO12 +
50 mg/kg 5FU, 10 mg/kg NKO12 alone and 10 mg/kg NKO12 +
50 mg/kg SFU, respectively. The schedule of 10 mg/kg NK0O12 +
50 mg/kg SFU resulted in no remarkable toxicity in terms of body
weight changes, and these doses were determined as representing
the MTDs (Fig. 2b).

Experiment 2. Comparison of the antitumor effect of combined
NKOI12/SFU and CPT-11/5SFU against HT-29 and HCT-116
tumors. The therapeutic effect of NK012/5FU on Day 60 was sig-
nificantly superior to that of CPT-11/5FU against the HT-29
tumors (p = 0.0004) (Fig. 3a). A more potent antitumor effect,
namely, a 100% CR rate, was obtained in the NKO12/5FU group
as compared to the 0% CR rate in the CPT-11/5FU group.
Although no statistically significant difference in the relative tu-
mor volume on Day 61 was demonstrated between the NKO12/

SFU and CPT-11/5FU in the case of the HCT-116 wmors (p =
0.2230), a trend of superior antitumor effect against these tumors
was observed in the NKO12/5FU treatment group (Fig. 3b). The
CR rates for the case of the HCT-116 tumors were 0% in both
NKO012/5FU and CPT-11/5FU groups.

Specificity of cell cycle perturbarion

We studied the differences in the effects between NKO12 10
mg/kg and CPT-11 50 mg/kg on the cell cycle (Fig. 4a). The data
indicated that both NK012 and CPT-11 tended to cause accumula-
tion of cells in the S phase, although the effect of NKO12 was
stronger and maintained for a more prolonged period than that of
CPT-11: the maximal percentage of S-phase cells in the total cell
population in the tumors was 34% at 24 hr after the adminisiration
of CPT-11, whereas it was 39% at 48 hr after the administration of
NKO12 (Figs. 4b, and 4c).

Discussion

Our primary endpoint was to clarify the advantages of NK012
over CPT-11 administered in combination with SFU. We demon-
strated that combined NKO12 and 5FU chemotherapy exerts more
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F1GURE 2 — Effect of NKO012 alone or NK012 in combination with
SFU against HT-29 tumor-bearing mice. Points, mean; bars, SD. (@)
Antitumor effect of each regimen on Days 0, 7 and 14. (O) control,
(C)) SFU 50 mg/kg alone, () NKO12 5 mg/kg alone, (4) NK012
5 mg/fkg 24 hr before SFU 50 mg/kg, (A) NK012 10 mg/kg alone, (A)
NKO012 10 mg/kg 24 hr before SFU S0 mg/kg. (b) Changes in the rela-
tive body weight. Data were derived from the same mice as those used
in the present study.

synergistic activity in virro and significantly greater antitumor ac-
tivity against human CRC xenografts as compared to CPT-11/
SFU. The combination of NK012 and 5FU is considered to hold
promise of clinical benefit for patients with CRC.

CPT-11, a topoisomerase-1 inhibitor, and 5FU, a thymidilate
synthase inhibitor, have been demonstrated to be effective agents
for the treatment of CRC. A combination of these 2 drugs has also
been demonstrated to be clearly more effective than either CPT-
11 or SFU/LV administered alone in vivo and in clinical set-
tings."*" Administration of SFU by infusion with CPT-11 was
shown to be associated with reduced toxicity and an apparent
improvement in survival as compared to that of administration of
the drug by bolus injection with CPT-11.2 This synergistic
enhancement may result from the mechanism of action of the
2 drugs; CPT-11 has been reported to cause accumulation of cells
in the S phase and 5FU infusion is known to cause DNA damage
specifically in cells of the S phase.”® On the basis of this back-
ground, our results suggesting the more pronounced and more pro-
longed accumulation of the tumor cells in the S phase caused by
NKO12 as compared with that by CPT-11 may explain the more
effective synergy of the former administered with SFU infusion.
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Ficure 3 — Effect of NK012/5FU as compared with that of CPT11/
SFU against HT-29 (a) or HCT-116 (b) tumor-bearing mice. Antitu-
mor effect of each schedule on Days 0, 7 and 14. (O) control, (X)
CPT-11 50 mg/kg 24 hr before SFU 50 mg/kg, (A) NKO12 10 mg/kg
24 hr before SFU 50 mg/kg. Points, mean; bars, SD.

This may be attributable to accumulation of NKO012 due to the
enhanced permeability and retention (EPR) effect It is also
speculated that NKO12 allows sustained release of free SN-38,
which may move more freely in the tumor interstitium."® Other-
wise NKO12 itself could internalize into cells to localize in several
cytoplasmic organelles as reported by Savic et al.'® These charac-
teristics of NKO12 may be responsible for its more potent antitu-
mor activity observed in this study, because CPT-11 has been
reported to show time-dependent growth-inhibitory activity
against the tumor cells.

The major dose-limiting toxicities of CPT-11 are diarthea and
neutropenia. SN-38, the active metabolite of CPT-11, may cause
CPT 11-related diarrhea as a result of mitotic -mhibitory activ-
ity.’® Because it undergoes significant blllary excretion, SN-38
may have a potentially long residence time in the gastrointestinal
tract that may be associated with prolonged diarrhea. 1920 1n our
previous report, we evaluated the tissue distribution of SN-38 after
administration of an equimolar amount of NK012 (20 mg/kg) and
CPT-11 (30 mg/kz) and found no difference in the level of SN-38
accumulation in the small intestine.!”> A significant antitumor
effect of NKOI2 with a lower incidence of diarrhea was also dem-
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FIGURE 4 — Cell cycle analysis of HT-29 tumor cells collected 24, 48, 72 and 96 hr after administration of NK012 at 10 mg/kg alone or CPT-11
at 50 mg/kg alone using the Modfit program (Verity Software House Topsham, ME). () Cell cycle analysis of HT-29 tumor cells 24 and 96 hr after
administration of NK012 at 10 mg/kg or CPT-11 at 50 mg/kg, respectively. (b) Cell cycle distribution of tumor cells 0, 24, 48, 72 and 96 hr after
treatment with NKO12 at 10 mg/kg. (¢) Cell cycle distribution of tumor cells 0, 24, 48, 72 and 96 hr after treatment with CPT-11 at 50 mg/kg.

onstrated as compare(l to that observed with CPT-11 in a rat mam-
mary tumor model.”’ Combined administration of CPT-11 with
SFU/LYV infusion appears to be associated with acceptable toxicity
in patients with CRC. In addition, no significant difference in the
frequency of Grade 3/4 diarrhea was noted between patients

treated with FOLFIR] (CPT-11 regimen with bolus and infusional
5FU/LV) and those treated with FOLFOX6 (oxallplatm regimen
with bolus and infusional SFU/LV).**>? Our in vivo data actually
revealed no severe body weight loss in the NKO12/5FU group.
Consequently, we expect that the NK012/5FU regimen, especially
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with infusional 5SFU, may be an attractive arm for a Phase III trial
in CRC, with CPT-11/5FU as the control arm. We have already
initiated a Phase 1 trial of NK0O12 in patients with advanced solid
tumors based on the data suggesting higher efficacy and lower tox-
icity of this preparation than CPT-11 in vivo."?

10.
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RNA-based screening of colorectal cancer

SATOSHI YAJIMA!, MIE ISHII?, HISAYUKI MATSUSHITA*, KAZUHIKO AOYAGI,
KAZUHIKO YOSHIMATSU’, HIRONORI KANEKO?, NOBUKO YAMAMOTO3,
TATSUO TERAMOTO?, TERUHIKO YOSHIDA!, YASUHIRO MATSUMURA? and HIROKI SASAKI!

1Genetics Division, National Cancer Center Research Institute, Tsukiji 5-1-1, Chuo-ku, Tokyo 104-0045; Division of
General and Gastroenterological Surgery (Omori), Department of Surgery, School of Medicine, Faculty of Medicine,
Toho University, Omori Nishi 6-11-1, Ohta-ku, Tokyo 143-8541; 3Medical Engineering Development Center, Canon Inc.,
Shimomaruko 3-30-2, Ohta-ku, Tokyo 146-8501; 4Investigate Treatment Division, Research Center for Innovative Oncology,
National Cancer Center Hospital East, Kashiwanoha 6-5-1, Kashiwa, Chiba 277-8577; SMedical Center East,
Tokyo Women's Medical University, School of Medicine, Nishiogu 2-1-10, Arakawa-ku, Tokyo 116-8567, Japan

Received May 21, 2007; Accepted July 18,2007

Abstract. The early detection of colorectal cancer originating
from any part of the colorectum is desirable because this
cancer can be cured surgically if diagnosed early. We searched
for marker genes for a fecal RNA-based colorectal cancer
screening method by comparison of genome-wide expression
profiles among cancerous and non-cancerous tissues, and
healthy volunteer- and cancer patient-derived colonocytes
from the feces, and the peripheral blood. Of 14,564 genes,
only 3 (PAP, REG1A, and DPEP1) were selectable as final
candidates which were expressed frequently at any stage of
this cancer and were suppressed in non-cancerous tissues
and also in the peripheral blood and colonocytes of healthy
volunteers. Next, we directly compared fecal RNA-expression
profiles between colorectal cancer patients and healthy
volunteers, and found that most of the genes (92%) expressed
in the colonocytes of the cancer patients were not expressed
in those of the healthy volunteers. Six genes (SEPP1, RPL27A,
ATPI1B1, EEF1A1l, SFN, and RPS11) selected randomly from
85 cancer patient-derived colonocyte-specific genes were
evaluated. In total, reverse transcription-polymerase chain
reaction or focused microarray of all those 9 genes detected
18 (78%) of 23 curable colorectal cancers (Dukes stages A-C),
9 or 10 (64% or 71%) of 14 early cancers with no lymph
node metastasis (Dukes stage A or B) and 4 (80%) of 5 right-
sided cancers. Our extensive gene list provides other markers
for fecal RNA-based colorectal cancer screening.
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Introduction

Colorectal cancer is a common malignancy which is curable
by surgical resection if diagnosed at a sufficiently early stage
(stage I/Dukes stage A or stage II/Dukes stage B). Five-year
survival rates on surgical resection, for example, at Dukes
stage A, Dukes stage B and stage III/Dukes stage C are 95%,
80% and 50-60%, respectively. For stage IV/Dukes stage D,
curative resection is impossible. Therefore, early detection of
this cancer originating from any part of the colorectum is
desired. For mass cancer screenings, a simple, economic, and
noninvasive method of cancer detection is required. The
Hemoccult test is currently used in many countries for this
purpose (1-5). However, this test is nonspecific and is not
sufficiently sensitive to detect early-stage cancer, although a
higher sensitivity has been reported for the advanced stage
(6).

For fecal DNA-based colorectal cancer screening, in 1992,
Sidransky first reported Ras oncogene mutations in the fecal
DNA of patients with curable colorectal cancer (7). To date,
many screening methods based on mutated DNA detection in
the feces have been reported (8-19). These methods, however,
are time-consuming and are not sufficiently sensitive. The
major reason for this inaccuracy is the fact that fecal DNAs
are derived from an enormous number and variety of bacteria
and normal living cells including normal colorectal mucus
cells, lymphocytes, red blood cells and anal squamous cells.
Immunocytochemical analysis provides a simple method;
however, this method is insensitive because only the surface
portion of the feces can be assayed. On the other hand, Tarin
and colleagues first reported that cancer-specific CD44
splicing variants are useful for fecal RNA-based colorectal
cancer screening (20,21). By the use of the repetition of the
Percoll centrifugation method for isolating the colonocytes
from feces, we have also demonstrated that unusual CD44
variants could be targets for cancer-detection using feces (22).
However, the method is found to distort the morphology of



