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Fig. 4 Mitosis phase of the cell
cycle. Localization of Aurora
kinase B indicated by arrows.
Main substrates of Aurora
kinase B shown in italics
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recurrence of HCC even after curative hepatectomy [37].
Array-CGH revealed the CIN phenotype of HCC was
closely related to Aurora kinase B expression. Aurora
kinase B is a chromosomal passenger protein that regulates
accurate chromosomal segregation, cytokinesis, protein
localization to the centromere and kinetochore, correct
microtubule-kinetochore attachments, and regulation of the
mitotic checkpoint (Fig. 4) [38). Recent studies revealed
that deregulation of Aurora kinase B directly caused CIN
and aneuploidy, transforming epithelial cells [39].

More important, several small-molecule inhibitors of
Aurora kinase have been developed as anti-cancer agents
including ZM447439, VX-680, PHA-680632, AZD1152
and MLN 8054 [40]. In particular, Aurora kinase B may be
a suitable anticancer target, because inhibition of Aurora
kinase B rapidly results in catastrophic mitosis with
senescence. In our studies to evaluate the effects of Aurora
B inhibitor on human HCC, accumulation of polyploidy
and apoptosis was observed in all of the cell lines after
administration of the inhibitor [41]. We utilized a novel
orthotopic xenograft model of liver tumors to explore
tumor growth inhibition in situn. Aurora B inhibitor was
administered to mice bearing human HCC orthotopic
xenografts. Growth of liver tumors was found to be sup-
pressed in all of the mice that had been treated with the
Aurora B inhibitor. After drug administration, the mean
liver tumor weight in those animals that had received
Aurora B inhibitor was 10% of that in the control mice.
Similar growth inhibition was observed in orthotopic
xenografts using other HCC cell lines after administration
of Aurora B inhibitor. In the orthotopic model, mice

survival was significantly enhanced by Aurora B inhibitor
treatment in comparison with the control. All of the host
tissues examined, including liver, bone marrow, kidney,
intestine, and lung, were histologically normal in all
experiments. Specific inhibition of Aurora kinases is a
promising novel therapeutic approach for treatment of
aggressive HCC [42].

“Synthetic lethality”, a novel strategy for molecularly
targeted therapy

These mitotic kinases have been recognized as promising
molecular targets—“Achilles’ heels” of various malignan-
cies [3]. More recently, another mitotic kinase, PLK1, was
identified as a specific molecule with synthetic lethal inter-
actions with mutant Ras oncogenes in cancer cells [43]
(Fig. 5a). “Synthetic lethality” is a concept from traditional
genetic science on drosophila, first described by Dobzhansky
in 1946 [44]. As shown in Fig. 5b, two genes (“A” and “B")
are said to be in a “synthetic lethal” relationship if a mutation
in either gene alone is not lethal but mutations in both cause
the death of the cell. This concept can be extended to situa-
tions in discovery of molecular targets [45]. In applying
synthetic lethality to the discovery of agents targeting cancer
cells, a screening program is designed to find a target gene
that kills cells bearing a cancer-specific alteration, such as a
mutated tumor-suppressor gene or an activated oncogene, but
spares otherwise identical cells lacking the cancer-specific
alteration. Such a gene can then be the target for developing
an anticancer drug.
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Fig. 5 The concept of synthetic lethality. Synthetic lethal interactions were demonstrated with mutant Ras and PLK1 inhibition (a), the
fundamental pattern of mutations A and B (b), and mutant BRCA and PARP inhibitor applied clinically (c)

In such screening programs for synthetic lethality to
identify druggable targets that are unique to tumor cells but
not normal cells [45], one successful and hopeful example
has already been published as a phase I clinical trial of
poly(ADP-ribose) polymerase 1 (PARP1) inhibitors in
patients with hereditary breast and ovarian carcinomas with
mutated BRCAs [46] (Fig. 5c). BRCA! and BRCA2 are
tumor-suppressor genes that are key participants in
homologous recombination to repair DNA damage [47].
The enzyme activity of poly(ADP-ribose) polymerase 1
(PARP1) is required for base-excision repair, a DNA-
damage repair pathway that recognizes and eliminates
DNA bases damaged by oxidation in a process during each
normal cell cycle. Normally, homologous recombination
repairs these breaks, whereas in the case of absent BRCA1
or BRCAZ2, the cell dies without repair of the breaks. As
predicted by the concept of synthetic lethality, small mol-
ecule inhibitors of PARPI are toxic to cells deficient in
BRCA1 or BRCA2, whereas cells in which BRCA1 or
BRCA2 is restored are less senmsitive to the inhibitors
[48, 49]. According to these actual proofs with clinical
benefits, the concept of synthetic lethality should be
expanded not only to identification of novel druggable
molecules but also to the rationale of addictions to onco-
gene and non-oncogene as the therapeutic targets. Further
application of this synthetic lethal strategy must be actively
engaged in developing a novel targeted therapy of HCC.

Conclusion

HCC is one of the most common malignancies worldwide,
and the incidence is still increasing [50]. The primary
curative treatment for HCC is surgical resection, and there
has been limited improvement in the availability of alter-
native treatments in the last decade [51]. Because there is
an urgent need to develop novel treatments for HCC, the
bench-to-bedside translational approach should be imple-
mented more intensely to elucidate the molecular mecha-
nisms and therapeutic targets of advanced and/or recurrent
HCC [52].
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Background & Aims: We previously identified that high Aurora B
expression was associated with hepatocellular carcinoma (HCC)
recurrence due to tumor dissemination. In this preclinical study,
a novel inhibitor of Aurora B kinase was evaluated as a treatment
for human HCC.

Methods: AZD1152 is a selective inhibitor of Aurora B kinase.
Twelve human HCC cell lines were analyzed for Aurora B kinase
expression and the in vitro effects of AZD1152. The in vivo effects
of AZD1152 were analyzed in a subcutaneous xenograft model
and a novel orthotopic liver xenograft model.

Results: Aurora B kinase expression varied among the human HCC
cell lines and was found to correlate with inhibition of cell prolifer-
ation, accumulation of 4N DNA, and the proportion of polyploid
cells following administration of AZD1152-hydroxyquinazoline-
pyrazol-anilide (AZD1152-HQPA). AZD1152-HQPA suppressed
histone H3 phosphorylation and induced cell death in a dose-
dependent manner. Growth of subcutaneous human HCC xeno-
grafts was inhibited by AZD1152 administration. In an orthotopic
hepatoma model, treatment with AZD1152 significantly deceler-
ated tumor growth and increased survival. Pharmacobiological
analysis revealed that AZD1152 induced the rapid suppression of
phosphohistone H3, followed by cellular apoptosis in the liver
tumors but not in the normal tissues of the orthotopic models.
Conclusions: Our preclinical studies indicate that AZD1152 is a
promising novel therapeutic approach for the treatment of HCC.
© 2009 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common malig-
nancies worldwide, accounting nearly for 1 million deaths per year

Keywords: Hepatocellular carcinoma; Aurora B kinase; AZD1152; Orthotopic
model; Molecular-targeted agent.
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[1], and the incidence is still increasing [2]. The primary curative
treatment for HCC is surgical resection, and there has been limited
improvement in the availability of alternative treatments in the
last decade [3]. A major obstacle for the treatment of HCC is the
high frequency of tumor recurrence after curative resection. In fact,
it is the recurrence pattern, rather than the recurrence itself, that
critically affects patient prognosis [4]. The systemic treatment of
HCC using conventional anticancer agents has provided little clin-
ical benefit or prolonged survival for patients with advanced HCC
[5]. A recent clinical trial by Llovet et al. [6] revealed a molecular-
targeted inhibitor, sorafenib, as the first agent that demonstrated
an improved overall survival in patients with advanced HCC. The
increased understanding of the molecular mechanisms regulating
cancer progression has led to the development of novel targeted
therapies [7,8]. In order to fulfill this promise, there is an urgent
need to identify the optimal targets for treatment.

In our previous studies in HCC patients after curative resec-
tion, the aggressive recurrence exceeding Milan criteria showed
extremely poor prognosis {9]; moreover, a genome wide micro-
array profiling analysis identified the over-expression of Aurora
B kinase as the only independent factor predictive of the aggres-
sive recurrence [10]. The Aurora kinase family of serine-threo-
nine kinases control chromosome assembly and segregation
during mitosis. Aberrant expression of the Aurora kinases has
been reported in a variety of solid tumors including prostate
[11}, colon [12], pancreas [13], lung [14], breast [15], and thyroid
[16]. These findings have led to an interest in these kinases as
molecular targets for cancer treatment [17,18]. Several small-
molecule inhibitors of Aurora kinases have been developed as
potential anticancer treatments. According to the recent review
on Aurora inhibitors [19], ZM447439, Hesperadin, and MK0457/
VX680 were the first to be described and to have similar potency
versus Aurora A, Aurora B, and Aurora C. Currently, MLN8054 and
MLN8237 are being developed as selective Aurora A kinase inhib-
itors. AZD1152 is a selective inhibitor of Aurora kinase activity
with specificity for Aurora B kinase [20,21]. AZD1152 is a prodrug
that is rapidly converted to the active moiety AZD1152-hydroxy-
quinazoline-pyrazol-anilide (AZD1152-HQPA) in plasma. Thus,
AZD1152 is used for in vivo studies, while AZD1152-HQPA is used
for in vitro work.

The importance of the role of the organ microenvironment in
cancer is being increasingly understood {22]. This is particularly
true for HCC, an organotropic cancer in which the liver-specific
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microenvironment may play a critical role in HCC tumor develop-
ment, cellular apoptosis, and drug sensitivity [23]. Additionally,
hepatic tumors reside within the liver parenchyma, where drug
metabolism and transformation occur. Thus, the pharmacody-
namics of drug therapy for intrahepatic tumors may vary signif-
icantly from those drugs targeted at tumors in peripheral tissues.
Several attempts have been made to generate a model of intrahe-
patic HCC via intraportal or intrahepatic injection of tumor cells
in mice; however, frequent cancer dissemination makes it partic-
ularly difficult to generate a single quantitative tumor. A recent
report describes development of a novel orthotopic liver tumor
xenograft model that could be used in quantitative investigations
of a single tumor within its native microenvironment [24]. This
might provide a system in which the tumor’s biological response
to therapeutic agents more closely mimics that observed in liver
tumors in patients [25]. The in vivo efficacy of Aurora kinase
inhibitors in orthotopic xenograft models of solid cancers has
not been reported to date [20,26,27].

Outcome of HCC patients is determined by combination of two
distinct types of HCC recurrence, and the aggressive recurrence is
driven by malignant characteristics of the tumor [4,9]. Because
Aurora B kinase was found to be associated with the aggressive
recurrence exceeding Milan criteria [10], it makes sense to target
Aurora B kinase to treat the tumor. In this regard, the Aurora B
kinase-specific inhibitor AZD1152 might be an attractive candi-
date for HCC therapy. This investigation evaluates the in vitro
and in vivo effects and pharmacodynamics of AZD1152 in a num-
ber of preclinical liver tumor models, including an orthotopic
model that more closely mimics the human disease.

Materials and methods
Reagents

AZD1152-HQPA and its prodrug AZD1152 were provided by AstraZeneca Pharma-
ceuticals (Macclesfield, UK).

Cell culture

The human HCC cell lines SK-Hep1, Hep3B, and PLC/PRF/(S were obtained from
the American Type Culture Collection (Manassas, VA, USA). Other human HCC cell
lines—JHH-1, JHH-2, JHH-4, HuH~1, HuH-6, HuH-7, HLE, HLF, and HepG2~were
obtained from the Human Science Research Resources Bank (Osaka, Japan). Cul-
ture media were RPMI-1640 (SK-Hep1, Hep3B, HuH-7, and HepG2), Dulbecco’s
modified Eagle’s medium (PLC/PRF/5, HuH-1, HuH-6, HLE, and HLF), and Wil
liam's E medium (JHH-1, JHH-2, and JHH-4), supplemented with 5% fetal bovine
serum (FBS) for HLF cells or 10% FBS for the remaining cell lines. All media sup-
plemented 100 U/mL of penicillin and 100 pg/mL of streptomycin; all cell lines
were cultivated in a humidified incubator at 37 °C in 5% carbon dioxide and har-
vested with 0.25% trypsin-0.03% EDTA.

Analysis of cell proliferation and cell viability

All cell lines were cultured in logarithmic growth phase in the presence of various
concentrations of AZD1152-HQPA (0.3~1000 nM) for 72 h. Cells were seeded at
4 x 10% cells in six-well plates with the appropriate control medium. After
24 h, plates were treated with compound and incubated for 72 h at 37 °C, At
the end of the incubation time, cells were detached from each plate, and viable
cells were counted using a hemocytometer. Half-maximal inhibitory concentra-
tion (ICsp) values were calculated with BioDataFit v.1.02 software using the
four-parameter logistic model. The mean values and standard deviations of ICsq
were calculated in triplicate for each cell line. To investigate cell viability, tripli-
cate samples of SK-Hep1, Hep3B, and HLF cells were cultured in the presence of
various concentrations of AZD1152-HQPA (1-100 nM) for 72 h. The number of
nonviable cells was assessed using a hemocytometer and trypan blue dye
exclusion.

Western blotting

Total protein was extracted from each cell line, as described previously [28]. Pro-
tein levels of Aurora B kinase, phosphohistone H3 (PhH3), and alpha-tubulin
(control) were detected using standard western blot analysis on 8-15% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS~PAGE). Blots were incu~
bated overnight at 4 °C with the primary antibody antihuman Aurora B (1:1000;
Abcam, Cambridge, UK: Catalog No. ab2254) or antihuman PhH3 (1:200; Santa
Cruz, CA, USA; Catalog No. sc-8656-R), then at room temperature for 1h with
anti-alpha-tubulin (1:5000; Sigma-Aldrich, St. Louis, MO, USA; Catalog No.
T9026). Appropriate secondary antibodies were added for 2h, and protein
expression was visualized with enhanced chemil ence by the ECL
blotting detection system (GE Healthcare, Buckinghamshire, UK). The expression
ratio of Aurora B kinase to the control was analyzed using Multi-Gage software
(FUJIFILM, Tokyo, Japan).

Flow cytometry

Samples of all cell lines in logarithmic growth phase were exposed to AZD1152-
HQPA 100 nM for 24 h, and then fixed in 70% ethanol at ~20 °C overnight. Cells
were rehydrated in phosphate-buffered saline (PBS), and then resuspended in
PBS containing RNase 100 pg/mL (Sigma) and propidium iodide 10 pg/mL Cellu-
lar DNA content was analyzed on a FACS Caliber flow cytometer (Becton & Dick-
inson Biosciences, San Jose, CA, USA). For detection of apoptosis, cells were
labeled with the Annexin V-FITC Kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many; Catalog No. 130-092-052) at room temperature for 15 min, followed by
analysis on a FACS Caliber flow cytometer.

I ytochemistry and i

Y histochemistry
SK-Hep1, Hep3B, and HLF cells were cultured on glass slides coated with silane in
the presence of various concentrations of AZD1152-HQPA (1-100 nM) for 4 h.
They were then fixed using 3.7% formalin for 10 min and permeabilized using
100% methanol for 20 min for immunocytochemical detection of PhH3.
Xenograft tumor tissue was harvested, formalin fixed, and paraffin embed-
ded. The primary antibodies, PhH3 (Upstate Cell Signaling Solution, Danvers,
MA, USA; Catalog No, 9701) and anti-cleaved caspase-3 (anti-cCasp-3; Upstate
Cell Signaling Solution; Catalog No. 9661), were used at 1:100 and 1:400 dilution,
respectively, in PBS containing 1% bovine serum albumin. The tissue sections and
slides were stained with an automated immunostainer (BenchMark XT; Ventana
Medical Systems, Tucson, AZ, USA) using heat-induced epitope retrieval and a
standard diaminobenzidine detection kit (Ventana),

In vivo studies in a subcutaneous tumor xenograft model

A subcutaneous tumor model was used to analyze the in vivo activity of AZD1152,
as described previously [29]. Five-week-old female nude mice (nu/nu) were pur-
chased from Japan SLC (Shizuoka, Japan) and kept under pathogen-free condi-
tions, fed standard food, and given free access to sterilized water. In all
experiments, mice were anesthetized by 100 mg/kg Nembutal intraperitoneal
injection. Subcutaneous xenografts were established by inoculating 1 x 107 SK-
Hep1 cells into the right dorsal flank. Palpable tumors were confirmed on day 5
following inoculation, and mice were randomized into treatment groups to
receive AZD1152 or the control Tris-buffered saline. AZD1152 was prepared in
Tris-buffered saline (pH 9) and administered by intraperitoneal injection. Tumor
size was measured using calipers as frequently as every other day for 2 weeks,
and tumor volumes were calculated as AB® x 0.5 (A, length; B, width). The Animal
Care Committee of Tokyo Medical and Dental University School of Medicine
approved the experimental protocols in accordance with its institutional
guidelines,

In vivo studies in a novel orthotopic xenograft model

An orthotopic xenograft model was created by direct intrahepatic inoculation of
SK-Hep1 and Hep3B cells, as described by Lu et al. [25]. With the mice fully anes-
thetized, a small transverse incision was made below the sternum to expose the
liver. Then, 2.5 x 10° cells suspended in 25 pL of RPMI-1640 and 25 pL of Matri-
gel (Becton & Dickinson Biosciences) were slowly injected at a 30° angle into the
upper left lobe of the liver using a 28-gauge needle. After injection, a small piece
of sterile gauze was placed on the injection site, and light pressure was applied
for 1 min to prevent bleeding. The abdomen was then closed with a 6-0 silk
suture, Pilot studies confirmed development of liver tumors in 6 of 6 mice at
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14 days after inoculation. AZD1152 (100 mg/kg) or the control Tris buffer was
administered to mice by intraperitoneal injection on 2 consecutive days per week
for 2 weeks starting on day 14 after inoculation. In both cell lines at 4 weeks after
initiation of treatment, mice were sacrificed to assess the antitumor effects of
AZD1152. The survival end points were defined as ascites formation in the hepa-
toma-bearing mice {30}, Animal survival data were entered in the Kaplan-Meier
Life Table format and presented as the cumulative survival plot. Statistical differ-
ences were analyzed by Mantel-Cox log-rank test. All in vivo procedures were
approved by the Animal Care Committee of Tokyo Medical and Dental University
(Permission No. 090235).

The pharmacobiological effects of AZD1152 treatment in the orthotopic liver
tumors were assessed by immunohistochemical analysis of PhH3 and cCasp-3
expression in control tumors and in those harvested 3 and 5 days after initiation
of AZD1152 treatment.

Results

Aurora B kinase expression and in vitro effects of AZD1152-HQPA in
human hepatocellular carcinoma cells

Evaluation of Aurora B kinase protein in 12 human HCC cell lines
revealed a variety of expression levels, as shown in Fig. 1A

JOURNAL OF HEPATOLOGY

(Aurora Bftubulin expression ratio: JHH-1, 0.120; JHH-2, 0.039;
JHH-4, 0.059; HuH-1, 0.078; HuH-6, 0.220; HuH-7, 0.243; HLE,
0.040; HLF, 0.032; PLC/PRF/5, 0.083; SK-Hepl, 0.107; Hep3B,
0.079; HepG2, 0.044). Expression of Aurora B kinase was approx-~
imately 7-fold higher in HuH-7 and HuH-6 cells than in JHH-2
and HLF cells. To evaluate the growth inhibitory effects of
AZD1152-HQPA, cell proliferation assays were conducted in these
HCC cell lines. AZD1152-HQPA showed potent antiproliferative
activity in all HCC cell types with ICsp values (JHH-1,
17.4 £ 1.0 nM; JHH-2, 218.0+ 10.8 nM; JHH-4, 155.6 + 16.8 nM;
HuH-1, 27.3+50nM; HuH-6, 3.7+0.6nM; HuH-7, 681
03 nM; HLE, 45.9+64nM; HLF, 126.1£12.2nM; PLC/PRF/5,
76.9+£9.9nM; SK-Hepl, 21.9%1.2nM; Hep3B, 7.6% 1.2nM;
HepG2, 14.7 £ 1.7 nM) (Fig. 1A), Fig. 1B demonstrates the rela-
tionship between Aurora B kinase expression and indexes of
AZD1152-HQPA ICsq in the panel of cell lines tested (correlation
coefficient: —0.72738; R*=0.529; p = 0.0073).

Alterations in DNA ploidy in the human HCC cell lines were
analyzed by flow cytometry (Fig. 1C). Accumulation of cells with
>4N DNA content was observed in all of the cell lines following
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Fig. 1. Expression of Aurora B kinase and AZD1152-hydroxyquinazoline-pyrazol-anilide (AZD1152-HQPA) activity in human hepatocellular carcinoma (HCC) cell
lines. (A) Western blot analysis of Aurora B kinase and the control alpha-tubulin. The concentration that induced half-maximal inhibitory concentration (ICso) in 12 human
HCC cell lines is indicated. (B) Relationship between the ratio of Aurora B kinase expression to control tubulin and the indexes of AZD1152 ICsq values in each human HCC
cell line. Correlations were analyzed by Pearson two-tailed correlation. The level of statistical significance was p < 0,05. (C) Cellular DNA content was analyzed by flow
cytometry in 12 human HCC cell lines after 24-h incubation with AZD1152-HQPA 100 nM (thick lines) or the control DMSO buffer (thin lines), and the increasing rate of >4N
DNA (%) was indicated, (D) Relationship between the increasing rate of >4N cells and the indexes of AZD1152 ICs, values in each human HCC cell line. Correlations were
analyzed by Pearson two-tailed correlation. The level of statistical significance was p < 0.05.

Journal of Hepatology 2010 vol. 52 | 63-71

65

—120—




Research Article

24-h incubation with AZD1152-HQPA 100 nM, with the excep-
tion of JHH-2 and HLF, which showed AZD1152 insensitivity with
low expression levels of Aurora B kinase. As shown in Fig. 1D, the
increasing rate of >4N DNA by AZD1152-HQPA (JHH-1,
405 +£3.6%; JHH-2, 2421+0.2% JHH-4, 23:0.1% HuH-1,
320£0.1%; HuH-6, 315+08% HuH-7, 53.7+2.9%; HLE
249+ 1.8%; HLF, 84 +1.7%; PLC/PRF/5, 373 +2.7%; SK-Hepl,
22.0 £ 2.5%; Hep3B, 45.4 + 1.9%; HepG2, 59.0 £ 0.9%) was corre-
lated with the indexes of ICsy values (correlation coefficient:
—0.66534; R? = 0.443; p = 0.0129). The accumulation of polyploid
cells is consistent with failed cytokinesis following inhibition of
Aurora B kinase activity.

Previously, cellular apoptosis in response to the pan-Aurora
kinase inhibitor VX680 was limited in cells expressing wild-type
p53 but was enhanced in cells lacking p53 [31]. The p53 point
mutations have been reported in four HCC cell lines (HuH-7 at
codon 220 Tyr-to-Cys; HLF at codon 244 Gly-to-Ala; HLE and
PLC/PRF/5 at codon 249 Arg-to-Ser), and null expression of
p53 was reported due to the deletion in the Hep3B cell line,
while SK-Hep1 and HepG2 have wild-type p53 [32-34]. There
was no significant correlation between the efficacy of
AZD1152-HQPA and the p53 status of each cell line in our
experiments,

In vitro effects of AZD1152-HQPA on phosphorylation of histone H3
and cell death in human hepatocellular carcinoma cell lines

In the previous studies by Mortlock et al. [35], AZD1152-HQPA
is a selective Aurora B kinase inhibitor with more than 1000- to
10,000-fold selectivity for Aurora A kinase and various tyrosine
kinases including kinase insert domain receptor (KDR), the Abel-
son virus kinase (VABL), and epidermal growth factor receptor
(EGFR). The inhibition of Aurora B kinase is determined by its
specific cellular substrate histone H3 [36]. We investigated
whether AZD1152-HQPA was able to inhibit PhH3 in the sensi-
tive SK-Hep1 and Hep3B cells. As shown in Figs. 2 and 3a,
AZD1152-HQPA 100 nM yielded a substantial reduction in the
level of PhH3. This inhibition of histone H3 phosphorylation
was shown to be dose dependent in SK-Hep1 and Hep3B cells
treated with AZD1152-HQPA 1-100 nM (Fig. 3B). The cellular
apoptosis was confirmed by analysis of Annexin-V binding
(Fig. 3C). Cell death rates were measured and were also found
be proportional to AZD1152-HQPA dose (Fig. 3D) [21]. These
results indicate that inhibition of Aurora B Kkinase by
AZD1152-HQPA can induce cell death in the SK-Hepl and
Hep3B cells in vitro. In contrast, the AZD1152-insensitive HLF

SK - Hep1 Hep3B HLF

PhH3 e e oo

Tubuline ™™= e  pur Gueed ey o

Control AZD1152 Control AZD1152 Control AZD1152
-HQPA - HQPA - HQPA

Fig. 2. Effects of AZD1152-hydroxyquinazoline-pyrazol-anilide (AZD1152-
HQPA) on phosphorylation of histone H3 in human hepatocellular carcinoma
(HCC) cell lines. Western blot analysis of phosphohistone H3 and the control
alpha-tubulin in human HCC cell lines after 4-h incubation with AZD1152-HQPA
100 nM aor the control DMSO buffer. Cell lines: SK-Hep1 (left), Hep3B (middle),
and HLF (right).

cells with a low expression of Aurora B kinase (Fig. 1) showed
no significant effects on PhH3 and apoptosis compared with
SK-Hep1 and Hep3B cells (Figs. 2 and 3).

In vivo effects of AZD1152 on subcutaneous xenografts of human
hepatocellular carcinoma cells

The human HCC cell line SK-Hep1 (AZD1152 ICso: 21.9 nM) is
known to be aggressively tumorigenic in vivo [37]. To investigate
in vivo antitumor activity, AZD1152 100 mg/kg per day was
administered to nude mice bearing established SK-Hep1 subcuta-
neous xenografts on 2 consecutive days per week for 2 weeks
(n=10). Tumor volumes were measured every other day. As
shown in Fig. 4A, significant regression of SK-Hep1 tumors was
observed in the group of mice that received AZD1152 compared
with control. The mean tumor volumes were substantially
decreased by treatment with AZD1152 on day 14 following treat-
ment, and tumor volumes in treated mice were 15.5% of those in
control mice (Fig. 4B). None of the AZD1152-treated mice showed
signs of wasting or other toxicity relative to control mice.
AZD1152 was tolerated at the dose at which antitumor efficacy
was observed.

In vivo effects of AZD1152 on orthotopic liver xenografts of human
hepatocellular carcinoma cells

A novel orthotopic xenograft model of liver tumors with Matri-
gel was utilized to explore tumor growth inhibition in situ [25]
(Fig. 5A). AZD1152 100 mg/kg was administered to mice bearing
SK-Hep1 orthotopic xenografts on 2 consecutive days per week
for 2 weeks (n = 5). Histological analysis of the liver tumors was
conducted within 4 weeks after treatment. Growth of liver
tumors was found to be suppressed in all of the mice that
had been treated with AZD1152 (Fig. 5B). After drug administra-
tion, the mean liver tumor weight in those animals that had
received AZD1152 was 10% of that in the control mice
(Fig. 5C). Similar growth inhibition was observed in Hep3B
orthotopic xenografts by administration of AZD1152 (Fig. 5B
and C). In the orthotopic model, mouse survival was signifi-
cantly enhanced by AZD1152 treatment in comparison with
the control (p < 0.005; Fig. 5D). These results demonstrate that
AZD1152 was able to significantly inhibit in vivo growth of a
human HCC tumor in the liver microenvironment in mice. All
of the host tissues examined, including liver, bone marrow, kid-
ney, intestine, and lung, were histologically normal in all
experiments.

Pharmacobiclogical effects of AZD1152 on orthotopic liver xenografts
of human hepatocellular carcinoma cells

The liver xenograft model described above was subjected to
histological analysis by immunostaining to investigate the
pharmacobiological effects of AZD1152 in the hepatic microen-
vironment (Fig. 6). Three days after treatment with AZD1152,
there was a substantial decrease in PhH3 (Fig. 6E and H) com-
pared with the control (Fig. 6D and G), although after 5 days,
PhH3 had recovered (Fig. 6F and I). Staining of tumor samples
for apoptotic marker cCasp-3 showed gradually elevating levels
following AZD1152 treatment (Fig. 6]-0). The hepatocytes from
the host liver were histologically normal at all points following
AZD1152 administration (Fig. 6A-C).
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Fig. 3. Dose-dependent effects of AZD1152-hydroxyquinazoline-pyrazol-anilide (AZD1152-HQPA) on phosphorylation of histone H3 and cell death of human
hepatocellular carcinoma (HCC) cell lines. (A) Immunocytochemistry of phosphohistone H3 (PhH3) in human HCC cells after 4-h incubation with AZD1152-HQPA 100 nM
or the control DMSO buffer. Magnification x200. Cell lines: SK-Hep1 (upper), Hep3B (middle), and HLF (lower). (B) Dose-response analysis showing percentage of PhH3-
positive HCC cells analyzed by immunocytochemistry. Cell lines: SK-Hep1 (upper). Hep3B (middle), and HLF (lower). Columns, PhH3-positive cells (X); vertical bars,
standard deviation. (C) AZD1152-HQPA induces apoptosis. SK-Hep1 (upper), Hep3B (middle), and HLF (lower) cells were treated with AZD1152-HQPA for 72 h, and
apoptosis was assessed by flowcytometric analysis of cells labeled with Annexin V and propidium iodide. (D) Dose~response analysis showing percentage of nonviable cells
in SK-Hep1, Hep3B, and HLF cell samples analyzed using a hemocytometer and trypan blue dye exclusion. Columns, dead cells (%); vertical bars, standard deviation.
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Fig. 4. In vive effects of AZD1152 on human hepatocellular carcinoma (HCC) growth in subcutaneous xenograft models, Established subcutaneous xenografts of SK-
Hep1 were treated with intraperitoneal AZD1152 100 mg/kg or the control Tris buffer on 2 consecutive days per week for 2 weeks. (A) Subcutaneous SK-Hep1 tumors in
mice on days 0, 7, or 14 following treatment with AZD1152 (right) or the control (left), (B) Tumor volumes were measured and plotted every other day in AZD1152-treated
or control mice (n =10). Arrows, timing of administration; vertical bars; standard error. Statistical analysis was done by two-tailed Student ¢ test (*p < 0.05).

Discussion

The Aurora family of serine-threonine kinases has recently
emerged as a key mitotic regulator required for genome stability
[38]. In mammals, the Aurora family consists of three members:
Aurora A and B kinases and the less well-characterized Aurora C
kinase. Aurora B kinase has been clearly shown to regulate kine-
tochore function, as it is required for correct chromosome align-
ment and segregation, spindle-checkpoint function, and
cytokinesis. As Aurora kinases are frequently overexpressed in
various tumors [39], they have received much attention as poten-
tial targets for novel anticancer therapeutics. Treatment with
Aurora kinase inhibitors induces the accumulation of cells
arrested in a pseudo-G1 state with >4N DNA content or the accu-
mulation of cells with >4N DNA content, the latter population
representing cells that exit mitosis and subsequently proceed
through S phase in the absence of cell division [31]. Continued
proliferation in the presence of aberrant mitosis and failed cyto-
kinesis presumably gives rise to cells with higher DNA content
due to an increase of the cell diameter, resulting in apoptosis
[17,18,40,41]. The defective cytokinesis, as well as the inhibition
of PhH3 by Aurora kinase inhibitors, suggests that the cellular
effects of Aurora kinase inhibitors might be largely mediated by
the disruption of Aurora B kinase function [18]. AZD1152 is a
selective inhibitor of Aurora kinase with specificity for Aurora B
kinase. AZD1152 has the potential to be efficacious in multiple
tumor types and is currently undergoing phase 1 clinical evalua-
tion as a treatment for a range of malignancies [20,21].

We have previously identified Aurora B kinase as the only
independent predictor for the aggressive recurrence of human
HCC [10]. In our present study, AZD1152-HQPA substantially
reduced in vitro proliferation in a variety of human HCC cell lines.
The extent of proliferation inhibition was correlated with Aurora
B kinase expression levels (Fig. 1). As shown in Fig, 1C, significant
DNA fragmentation in the form of a sub-G1 peak could not be
detected after 24 h of treatment with AZD1152-HQPA, which is
in line with data reported by Wilkinson et al. {20]. This inability
to detect a sub-G1 population after AZD1152-HQPA treatment

may result because inhibition of Aurora B kinase induces poly-
ploidy before apoptosis, in which case DNA fragmentation will
occur in the >4N population, making it difficult to detect a sub-
G1 population.

Treatment with AZD1152-HQPA also led to inhibition of PhH3
as well as failure of tumor cell division, and ultimately induced
death of human HCC cells (Figs. 2 and 3). In vivo administration
of AZD1152 suppressed the growth of human HCC tumors in
established subcutaneous xenografts (Fig. 4). Although subcuta-
neous xenograft models have the benefits of easy visualization
and monitoring of tumor growth, the biological response to ther-
apeutic agents in the natural microenvironment of the tumor
should be analyzed using orthotopic xenograft models [30,42].
In this study, a novel model of intrahepatic inoculation with
Matrigel was utilized to closely mimic HCC tumors in humans
[24]. As shown in Fig. 5, AZD1152 inhibited in vivo growth of
established liver tumors and increased survival in this model.
Furthermore, pharmacobiological studies of AZD1152 confirmed
in vivo suppression of PhH3 and induction of cellular apoptosis
of human HCC (Fig. 6). AZD1152 was well tolerated at the dose
required to elicit a potent and durable antitumor effect in mice.
According to the previous report by Wilkinson et al. [20], mice
were almost resistant to myelosuppression after AZD1152 treat-
ment; the authors could not find any reductions in bone marrow
nucleated cells at the end of the dosing period. In rats, there wasa
myelosuppressive effect of AZD1152 that was associated with a
reduction in bone marrow nucleated cells to 34% of that seen in
the controls at the end of the 48-h dosing period; however, the
bone marrow nucleated cell content rapidly recovered such that
it was 104.8% of control at the end of the study period. Although
the phase 1 studies on the side effects of AZD1152 have not yet
been reported in detail, humans might be more sensitive to the
myelosuppressive effects compared to the experimental rodents.
Further study should be required for clinical application to HCC
patients, especially those with cirrhosis.

Clinical evidence exists indicating a significant relationship
between Aurora B kinase expression and the aggressive progres-
sion of HCC [10], and our preclinical studies indicated that
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Fig. 5. In vivo effects of AZD1152 on human hepatocellular carcinoma (HCC) growth in orthotopic xenograft models, (A) Schematic representation of generation of
orthotopic xenografts. A small transverse incision was made below the sternum to expose the liver, and 2.5 x 10° cells with Matrigel were then slowly injected at a 30°
angle into the upper left lobe of the liver using a 28-gauge needle. After 14 days, the mice were treated intraperitoneally with AZD1152 100 mg/kg or the control Tris buffer
on 2 consecutive days per week for 2 weeks. (B) The liver tumor in mice within 4 weeks after administration of AZD1152 (light) and the control (right). Cell lines: SK-Hep1
{upper) and Hep3B (lower). (C) Liver tumor weight was analyzed within 4 weeks after administration of AZD1152 or the control (n =5). SK-Hep1 (upper), and Hep3B
(lower). Vertical bars, standard error, Statistical analysis was done by two-tailed Student ¢ test (“p <0,05). (D) Results are expressed in terms of percent survival in
experiment time, Arrows, timing of administration, Statistical differences were analyzed by Mantel-Cox log-rank test (p < 0.005).

AZD1152, a specific inhibitor of Aurora B kinase, is a promising Urgent studies and clinical trials of AZD1152 will confirm its role
novel therapeutic approach for the treatment of human HCC. in the treatment of HCC.
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Fig. 6. Pharmacobiological analysis of orthotopic xenograft models, Established orthotopic xenografts of human SK-Hep1 hepatocellular carcinoma (HCC) cells were
treated intraperitoneally with AZD1152 100 mg/kg on 2 consecutive days. Mice were sacrificed humanely on day 0 prior to treatment and on days 3 and 5 after the first
administration of AZD1152 (left, middle and right, respectively). (A-C) Transverse sections of liver tumor (T) or host normal liver (N) were stained with hematoxylin and
eosin (HE; magnification x40). The same sections were analyzed for expression of phosphohistone H3 (PhH3): (D~F) magnification x40 and (G-1) magnification x200. The
same sections were also analyzed for the apoptotic marker of cleaved caspase-3 (cCasp-3): (J-L) magnification x40 and (M-0) magnification x200.
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ORIGINAL STUDY

Gene Expression Signature of the Gross Morphology in
Hepatocellular Carcinoma
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Norio Noguchi, MD, PhD*, Takumi Irie, MD, PhD*, Atsushi Kudo, MD, PhD*, Noriaki Nakamura, MD, PhD*,
Hiroshi Tanaka, PhD1, and Shigeki Arii, MD, PhD*

Objective: To evaluate the gene expression signature of hepatocellular carci-
noma (HCC) in relation to the gross morphology.

Background: Eggel’s nodular type of HCC is morphologically subclassified
into the single nodular (SN) type, the single nodular type with extranodu-
lar growth (SNEG), and the confluent multinodular (CM) type, but their
biomolecular differences remain unclear.

Methoeds: The clinicopathological characteristics and genome-wide gene ex-
pressions were analyzed in 275 patients with nodular-type HCC (124 SN-type,
91 SNEG-type, and 60 CM-type) who received curative hepatectomy.
Results: Significantly poor prognosis was recognized in CM types in overall
survival (P = 0.0020) and recurrence-free survival (P = 0.0066). Analysis
of the genome-wide expression patterns revealed significant difference of
CM-type HCC from either SN- or SNEG-type HCC. In particular, a stem
cell marker EpCAM was dominantly expressed in CM-type HCC. Immuno-
histochemical studies confirmed the specific expression of EpCAM in HCC
cancer cells of CM type. In multivariate analysis, the gross morphology of
CM type was significantly associated with EpCAM expression (P = 0.0092),
a-fetoprotein (P = 0.0424), “lens culinaris agglutinin-reactive fraction of
a-fetoprotein” level (P = 0.0288), and the portal vein invasion (P = 0.0150).
Furthermore, EpCAM was predictive for poor prognosis in overall and
recurrence-free survivals of patients with CM-type HCC (P = 0.0082 and
P = 0.0043, respectively).

Conclusion: Our studies suggest that the distinct signature of gene expression
is closely related to morphological progression in HCC. Especially, EpCAM
might play a critical role in the aggressiveness of CM-type HCC.

(4nn Surg 2011;253:94-100)

umor morphologies have been identified to associate with their

malignant properties'? and the differences of gene expression
pattern in cancers.>* Analysis of the preoperative morphology might
be apparently predictive for the invasive, metastatic, and/or even
recurrent potentials after cancer treatment.!*> Hepatocellular car-
cinoma (HCC) is known to demonstrate various morphological
appearances.’ In 1901, Eggel’ established a classical gross classi-
fication of HCC morphology into nodular, massive, and diffuse types
on the basis of the autopsy data. As modifications for the surgically
resectable HCC by Kanai et al,® the nodular type has been subclassi-
fied into 3 categories of gross appearance: single nodular (SN) type,
single nodular type with extranodular growth (SNEG), and confluent
multinodular (CM) type, in accordance with the clinicopathological
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features.>'% Indeed, there are many studies indicating that the SN type
showed better prognosis but more malignant potentials were recog-
nized in the CM type of HCC.}-!* Although this gross classification
is widely used as one of the prognostic factors after HCC treatment
not only for surgical resection’ but also for chemoembolization'*!¢
and ablation therapy,'” the molecular backgrounds and differences
have not been clarified yet.

Genome-wide transcriptional analysis by microarray offers a
systematic approach to unfold comprehensive information regarding
the gene expression profiles.'®!® Furthermore, such studies should
potentially lead not only to identification of unique biomarkers®® but
also to development of novel molecular targets for therapy.”! We
have previously analyzed gene expression of lethal recurrence of
HCCZ and identified a novel biomarker and targeting molecule.”®
Our present study aimed at seeking gene signatures and biomarkers
associated with the morphological appearance of nodular-type HCC.
This is the first report of the genome-wide expression profile of HCC
morphology as generated from microarray study. Consequently, the
molecular features and potential targets for therapy were found with
special emphasis on the morphological progression in HCC.

MATERIALS AND METHODS

Subjects and Tissue Samples

Between April 2000 and October 2008, 275 patients with
nodular-type HCC underwent curative hepatectomy at the Tokyo
Medical and Dental University Hospital. Written informed consent
was obtained from each subject, and study procedures were approved
by the institutional review board. Preoperative evaluations, including
tumor markers «-fetoprotein (AFP), lens culinaris agglutinin-reactive
fraction of AFP (AFP-L3), and protein induced by vitamin K absence
or antagonists-II (PIVKA-IT), were essentially described elsewhere.?
According to the General Rules for the Clinical and Pathological
Study of Primary Liver Cancer by Liver Cancer Study Group of
Japan,?* 275 cases were pathologically subclassified into 124 SN-
type, 91 SNEG-type, and 60 CM-type HCCs. The largest area of the
lesion was evaluated to determine the gross type. When more than 1
grow type were present, the predominant type (the one with a larger
volume) was recorded in this study. The diagnosis was evaluated by 3
independent pathologists. Resected tissues were further analyzed as
described previously.?

Microarray Analysis of Gene Expression

The tissue preparation was essentially compliant with the Gen-
eral Rules for the Clinical and Pathological Study of Primary Liver
Cancer.? For the gene expression analysis, at least 3 sections of
the largest nodule were used from the largest cross section of the
main tumor. Total RNA was extracted from HCC specimens by using
an RNeasy kit (Qiagen, Hilden, Germany). The integrity of the ob-
tained RNA (RNA integrity number > 5.0) was confirmed using an
Agilent 2100 BioAnalyzer (Agilent Technologies, Palo Alto, Calif).
For further analysis of gene expression, 129 samples, 62 SN-type,
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TABLE 1. The Differentially Expressed Genes in CM-Type HCC by Ranking of the Fold

Change (Top 20)

Symbol Title P Fold Change
EpCAM Epithelial cell adhesion molecule (TACSTD1) 1.84E-03 343
SLC39A4 Solute carrier family 39 (zinc transporter), member 4 3.24E-05 2.65
CTHRCI1 Collagen triple helix repeat containing 1 3.14E-03 2,62
ELOVL? ELOVL family member 7 8.04E-03 237
EPPK1 Epiplakin 1 3.48E-03 2.15
ZNF83 Zinc finger protein 83 1.21E-04 2.14
FOXQ1 Forkhead box Q1 8.49E-03 2.14
NTSDC2 5'-nucleotidase domain containing 2 4.55E-05 213
FGFR2 Fibroblast growth factor receptor 2 9.46E-03 2.10
ZNF331 Zinc finger protein 331 1.17E-03 2.03
GTSEL G-2 and S-phase expressed | 4.81E-05 1.99
TMED3 Transmembrane emp24 protein transport domain containing 3 4.07E-03 1.99
GLRB Glycine receptor, 5.23E-05 1.93
B3GNT35 B-1,3-N-acetylglucosaminyltransferase 5 5.14E-03 1.91
— CDNA FLI30069 fis, clone ASTRO1000096 3.48E-03 1.89
FADS1/3 Fatty acid desaturase 1/fatty acid desaturase 3 4.58E-03 1.89
DUSP9 Dual specificity phosphatase 9 2.23E-03 1.88
RAPIGAP RAPI GTPase activating protein 9.77E-04 1.80
PNMAGA Paraneoplastic antigen like 6A 6.95E-04 1.80
FAMT72A Gastric cancer upregulated-2/family with sequence similarity 72 A 1.52E-03 1.79

36 SNEG-type, and 31 CM-type HCCs, were available.#12288; Con-
taminant DNA was removed by digestion with RNase-free DNase
(Qiagen). Using 2 ug of total RNA, cRNA was prepared using
1-cycle target labeling and control reagents kit (Affymetrix, Santa
Clara, Calif). Hybridization and signal detection of HG-U133 Plus
2.0 arrays (Affymetrix) were performed as per the manufacturer’s
instructions. Microarray data sets were normalized using a robust
multiarray average method under R 2.9.0 statistical software together
with a BioConductor package, as previously described.??

Profiling Analyses Using Microarray Data

Fold-change (FC) values were calculated using ratios of geo-
metric means of gene expression levels between subtypes for each of
the 54,613 probes on the HG-U133 Plus 2.0 array. Genes differently
expressed among SN, SNEG, and CM were evaluated by the Kruskal-
Wallis test. False discovery rate (FDR) was used to correct multiple
comparisons with microarray data analysis. FDR < 30% (equiva-
lent to P < 0.00056 in this case) was used as the selection criteria.
Using selected probe sets, principal component (PC) analysis was
performed to investigate the analogy of gene expression in relation to
the 3 gross morphology patterns.”® Hierarchical clustering with se-
lected genes was also performed on R software by using the Pearson

© 2010 Lippincott Williams & Wilkins

correlation coefficient as a similarity index and a complete linkage
method for agglomeration. For visualization, expression intensities
were standardized by z scores (mean = 0 and variance = 1) for each
probe set. In addition, the gene expression profiles between 2 groups
were analyzed by Mann-Whitney U test. The P-value distributions
were represented by the number of probe sets with an interval of 0.05
P-value, as essentially described by Boersma et al.?6

Immunohistochemical Analysis

To validate the protein expression, immunohistochemical anal-
ysis was performed on tissue sections. For the tissue analysis, 262
samples, 117 SN-type, 88 SNEG-type, and 57 CM-type HCCs, were
available #12288; Stained using anti-EpCAM (extracellular domain)
monoclonal antibody (clone VU-1D9; AbD Serotec, Oxford, United
Kingdom) at 1:100 dilutions with PBS containing 1% bovine serum
albumin (Sigma), followed by reactions in an automated immunos-
tainer (Ventana XT System) using and a standard DAB detection kit
(Ventana). Tissue samples with any staining in the HCC cancer cells
were diagnosed as positive, and the others were diagnosed as negative
immunohistochemically. The immunostaining was evaluated under a
light microscope by 2 independent investigators.
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TABLE 2. Univariate Analysis of Clinicopathologic Features According to the Gross

Morphology of HCC
SN(n=124) SNEG(m=91) CM(a=060) P
Age,y 66.5+0.8 66.8 +09 63915 0.14
Sex 0.65
Male 93 73 47
Female 31 18 13
Background liver 0.32
Normal liver 5 7 3
Chronic hepatitis 52 47 23
Liver cirrhosis 67 36 34
Albumin, g/dL 3.9+0.1 37+£0.1 38401 0.15
Total bilirubin, mg/dL 0.9+0.1 0.9 +0.1 0.9 £0.1 0.80
PT% 84.8+1.2 83.7+1.2 834+ 1.6 0.71
AFP, ng/mL 686 = 265 4204 42007 8536 + 3541 0.04 (SN vs SNEG)
0.0019 (SN vs CM)
0.26 (SNEG vs CM)
AFP-L3, % 112418 164+29 29.8 £4.7 0.11 (SN vs SNEG)
<0.0001 (SN vs CM)
0.012 (SNEG vs CM)
PIVKAIL, mAU/mL 1714 £ 478 6987 +2709 14,865 + 8573 0.05
Tumor size, cm 3.7+£02 5.1+03 54+05 0.0001 (SN vs SNEG)
0.0002 (SN vs CM)
0.62 (SNEG vs CM)
Tumor differentiation 0.13
Well 21 12 4
Moderately 64 45 23
Poorly 34 32 27
Portal vein invasion <0.0001 (SN vs SNEG)
Positive 21 39 39 <0.0001 (SN vs CM)
Negative 103 52 21 0.008 (SNEG vs CM)
Hepatic vein invasion 0.0002 (SN vs SNEG)
Positive = 18 16 <0.0001 (SN vs CM)
Negative 120 73 44 0.32 (SNEG vs CM)
Tumor-node-metastatis stage
I 22 4 4
I 63 26 10 <0.0001 (SN vs SNEG)
I 35 34 22 <0.0001 (SN vs CM)
VA 4 26 17 0.59 (SNEG vs CM)
IVB 0 1 3
Surgical procedure 0.0068 (SN vs SNEG)
Anatomical 72 69 39 0.3673 (SN vs CM)
Nonanatomical 52 22 21 0.1492 (SNEG vs CM)
EpCAM protein 0.5725 (SN vs SNEG)
Positive 28 25 29 0.0007 (SN vs CM)
Negative 89 63 28 0.0105 (SNEG vs CM)

The significance of p values in bold.

Statistical Analysis

All quantitative variables in comparison of the 3 groups were
assessed by analysis of variance and Student ¢ test with the Bonfer-
roni adjustment for multiple comparisons. Chi-square test was used
to compare the qualitative variables. After the univariate analysis,
the significant variables were further used for the multivariate analy-
sis according to the logistic regression model. Survival curves were
constructed using the Kaplan-Meier method and compared with the
log-rank test. Cox’s proportional-hazards model was used to evaluate
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the contribution of variables. P values of < 0.05 were considered to
have statistical significance.

RESULTS

Postoperative Outcomes of Patients With HCC
According to the Gross Morphology

The gross morphology of HCC has been reported to relate
closely to its malignant properties.5’ We first assessed the

© 2010 Lippincott Williams & Wilkins

Copyright © 2010 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

—129—



Annals of Surgery » Volume 253, Number 1, January 2011

Gene Expression Signature of the Gross Morphology in HCC

postoperative prognosis of 275 patients with nodular-type HCC com-
posed of 124 SN-type, 91 SNEG-type, and 60 CM-type cases. As
shown in Figure 1, the gross morphology was significantly associated
with the overall survivals and recurrence-free survivals of patients
after curative hepatectomy (P = 0.0020 and P = 0.0066, respectively).
The overall and recurrence-free survivals of patients with CM-type
HCC were significantly poorer than those with SN type (P = 0.0004
and P = 0.0020, respectively), but the difference was marginal com-
pared with SNEG type (P = 0.0971 and P = 0.1776, respectively).
Relatively poor prognosis of HCC patients with SNEG type was rec-
ognized in comparison with those with SN type (P = 0.0503 and
P =0.0521, respectively).

Gene Signature of HCC According to the
Gross Morphology

Next, genome-wide expression of genes was analyzed using
¢DNA microarray, followed by evaluation by the Kruskal-Wallis test
to compare among the 3 categories. FDR < 30% was utilized as
the selection criteria, and then selected 1022 probe sets were fur-
ther evaluated for PC analysis and hierarchical clustering. Using the
selected probe sets, PC analysis was performed to investigate the
analogy of gene expression patterns in relation to 3 categories of the
gross morphology.?® Figure 2A demonstrates the scatter spot graph-
ics of the first PC, the second PC, and the third PC. Although SN
(black) and SNEG cases (blue) tended to cluster together, most of CM
cases (red) were clearly divided from the SN/SNEG cluster. Analysis
of hierarchical clustering? also showed the distinct pattern of the
gene expression in CM cases compared with SN and SNEG cases
(Fig. 2B). In addition, based on Mann-Whitney U test to compare
between the 2 categories, the P-value distributions were analyzed as
described by Boersma et al.?¢ Figure 2C demonstrates a significant
enrichment of the differentially expressed genes between CM and
either SN or SNEG, but not significance between SN and SNEG.
The gene signatures of CM-type HCC proved a distinct pattern of
expression compared with those of either SN- or SNEG-type HCC.

EpCAM; Specific Expression in CM-type HCC With
Clinical Significance

To identify the differentially expressed genes in CM type com-
pared with SN and SNEG types, probe sets satisfied with both P <
0.01 by Mann-Whitney U test and FC > 2.0 were further evaluated.
As displayed in Table 1 in order of the FC values, a stem cell marker
EpCAM (epithelial cell adhesion molecule) was significantly over-
expressed in the CM-type HCC. Immunohistochemical validation of
EpCAM protein was then performed using 262 tissue samples of
HCC. EpCAM protein was mainly distributed on the cellular mem-
brane in HCC cancer cells of 82 samples (31.3%), but not in those
of the remaining 180 samples (68.7%), as represented in Figure 3.
Substantially, the immunostaining revealed that EpCAM protein was
expressed dominantly in 29 (50.9%) of 57 CM-type HCCs, but only
in 28 (23.9%) of the 117 SN types and 25 (28.4%) of the 88 SNEG
types (P = 0.0007; SN vs CM, P = 0.0105; SNEG vs CM).

Univariate analysis for the gross morphology of HCC deter-
mined the expression of EpCAM protein, serum level of AFE, AFP-
L3, tumor size, portal vein invasion, hepatic vein invasion, tumor-
node-metastasis (TNM) stage, and surgical procedure as the signifi-
cant factors of the HCC morphology (Table 2). Next, the multivariate
analysis was performed using the logistic regression model. As shown
in Table 3, the expression of EpCAM protein (P = 0.0092), AFP (P
= 0.0424), AFP-L3 level (P = 0.0288), and the portal vein invasion
(P = 0.0150) were statistically independent factors of CM-type HCC.

Finally, the prognostic significance of EpCAM expression was
evaluated in the patients with HCC in relation to the gross morphol-
ogy. Although EpCAM expression was not associated with the patient
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TABLE 3. Multivariate Analysis for Independent Predictors
of the Gross Morphology of HCC

Odds Ratio (95%
Confidential
Interval) P

AFP > 100 (ng/mL) 0.360 (0.134-0.966) 0.0424
AFP-L3,% 1.020 (1.002-1.038) 0.0288
Tumor size, cm 0.981 (0.841-1.145) 0.8095
Portal vein invasion (+) 3.405 (1.268-9.143) 0.0150
Hepatic vein invasion (+) 1.683 (0.563-5.027) 0.3515
Tumor-node-metastasis stage

I 1.480 (0.258-8.498) 0.6599

m 1.911 (0.279-13.108) 0.5099

VA 1.569 (0.189-13.043) 0.6768

IVB 1.810 (0.046-71.832) 0.7521
Anatomical resection 0.612 (0.250-1.499) 0.2897
EpCAM positive 3.066 (1.319-7.125) 0.0092

The significance of p values in bold.

prognosis of SN- and SNEG-type HCC (P = 0.2193), the significant
relationship was observed between EpCAM expression and the pa-
tient prognosis in the CM-type HCC (Fig. 4A; P = 0.0082) or the
recurrence (Fig. 4B; P = 0.0043). Expression of EpCAM protein
might play a critical role in progression of the CM-type HCC.

DISCUSSION

Morphological analysis of tumors has been basically used for
predicting the virulent potentials.! In our present study, the gross
differences of HCC were significantly associated with the clinico-
pathological progression, such as AFP, AFP-L3, tumor size, vessel
invasion, TNM stage, and surgical procedure in SNEG and/or CM
type (Table 2), resulting in poor prognosis in the patient survivals and
recurrence-free survivals (Fig. 1). According to the previous reports,
the vascular invasion and microscopic intrahepatic metastasis were
observed more frequently in SNEG and CM types than in SN type,
and that the recurrence-free survivals of SNEG- and CM-type HCC
were significantly poor compared with SN-type HCC.>3#12288; Our
results were compatible for these studies and indicated the utility of
the gross morphology of HCC to prospect for its malignant properties.

Molecular and biological features affecting the morphological
phenotypes, however, have not been clarified yet in HCC. In this study,
¢DNA microarray technique was applied for the comprehensive anal-
ysis of gene expression signatures. Using the Kruskal-Wallis test on
the microarray data, the PC analysis® and the hierarchical clustering®
revealed that the SN and SNEG cases clustered together, but the CM
cases were clearly distinct from the SN/SNEG cluster (Fig. 2A, B).
With additional analysis of the P-value distribution using the Mann-
Whitney U test,?® the significance of differential gene expression was
recognized between CM and either SN or SNEG, but not between
SN and SNEG (Fig. 2C). From perspective of the gene signatures, it
is noteworthy that CM-type HCC might involve essentially distinct
origins from the SN and SNEG types that can progress serially. As
demonstrated in Table 1, various genes were dominantly expressed
in the CM-type HCC, including a stem cell marker EpCAM,? zinc
transporter SLC39A4,2® secreted extracellular protein CTHRC1,%
and lipogenic enzyme ELOVL7, that have been reported to overex-
press in various malignancies. Our multivariate analysis revealed that
EpCAM was one of the statistically independent factors of CM-type
HCC (Table 3).
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FIGURE 2. Gene expression analysis using cDNA microarray on the gross morphology of HCC. A, Scatter plots from principal
component (PC) analysis of gene expression data using the Kruskal-Wallis test. PC1; the first PC, PC2; the second PC, PC3; the
third PC. CM cases (red) divided from the cluster of SN (black) and SNEG cases (blue). B, Hierarchical cluster analysis of HCC in
relation to the gross morphology. The distinct patterns of the gene expression in CM cases (red) compared with SN (black) and
SNEG cases (blue). C, Graphical representation of the P-value distribution from Mann-Whitney U test for the gross morphology
of HCC. The number of differentially expressed probe sets was demonstrated with an interval of 0.05 P-value. The significance of
differential expression was recognized between CM and either SN or SNEG, but not between SN and SNEG.
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FIGURE 3. Immunohistochemical
analysis of EpCAM expression in
HCC cases. A, A typical SN
morphology showing no EpCAM
expression. B, A typical CM
morphology showing EpCAM
expression. Membranous staining
of EpCAM in the cancer celis, but
not in the adjacent noncancerous
celis (magnification, x40, x200).
HE; hematoxylin-eosin staining.
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EpCAM, a type I transmembrane glycoprotein, has been re-
ported to overexpress in various epithelial malignancies®® and also
known as a cancer-specific antigen 17-1A.32 Gires and colleagues®
revealed that EpCAM is cleaved by proteolysis on the cancer cell sur-
face to the extracelluar ligand and intracellular domain (ICD).*** The
EpCAM-ICD protein directly functions as a transcriptional factor that
upregulates c-myec, cyclin A, and cyclin E to promote cell cycling and
proliferation.> Yamashita et al*’ reported that EpCAM(+)AFP(+)
correlated with the poor prognosis in patients with HCC. In our
study, however, the expression of EpCAM did not affect the prog-
nosis in patients with high serum level of AFP (data not shown).
On the contrary, there is a significant association of EpCAM expres-
sion with overall survival and recurrence-free survival in patients
with CM-type HCC (Fig. 4; P = 0.0082 and P = 0.0044, respec-
tively). According to recent studies by Nagrath et al,*® the EpCAM
antigen might be reliable for detection of circulating tumor cells
(CTCs), suggesting EpCAM as the useful CTC marker of patients
with advanced HCC, especially the CM type. Because more recent
studies implied EpCAM as the biomarker for the chemoresistance of
HCC,? the expression of EpCAM might play multiple roles in cancer
progression.

Furthermore, EpCAM known as the cancer-specific anti-
gen 17-1A has been noted as a target molecule for cancer
immunotherapy.®® Clinical trials of monoclonal antibody 17-1A
(edrecolomab; Panorex) are ongoing in patients with breast, gastric,
colorectal, and ovarian cancers. Recently, a trifunctional bispecific
monoclonal antibody catumaxomab (Removab) has been developed
for treatment of advanced cancers. Catumaxomab has 2 binding speci-
ficities directed at EpCAM and the T-cell antigen CD3, and the recent
clinical phase 1/2 trials for patients with peritonea carcinomatosis or
malignant pleural effusion showed a promising clinical response.*%“
Such molecular targeting might be rational for adjuvant therapies of

© 2010 Lippincott Williams & Wilkins

the EpCAM-positive HCC with CM-type.*! Our present studies sug-
gested not only the distinct gene signature in the CM morphology
of HCC but also potentially therapeutic strategy for the aggressive
phenotype in the future. Further examinations should be required to
elucidate the biological significance of CM-type origination in hepa-
tocarcinogenesis.
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Hepatocelluar nodules in liver cirrhosis:
hemodynamic evaluation (angiography-
assisted CT) with special reference to multi-step

hepatocarcinogenesis
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Abstract

To understand the hemodynamics of hepatocellular
carcinoma (HCC) is important for the precise imaging
diagnosis and treatment, because there is an intense
correlation between their hemodynamics and patho-
physiology. Angiogenesis such as sinusoidal capillariza-
tion and unpaired arteries shows gradual increase during
multi-step hepatocarcinogenesis from high-grade dys-
plastic nodule to classic hypervascular HCC. In accor-
dance with this angiogenesis, the intranodular portal
supply is decreased, whereas the intranodular arterial
supply is first decreased during the early stage of he-
patocarcinogenesis and then increased in parallel with
increasing grade of malignancy of the nodules. On the
other hand, the main drainage vessels of hepatocellular
nodules change from hepatic veins to hepatic sinusoids
and then to portal veins during multi-step hepatocarci-
nogenesis, mainly due to disappearance of the hepatic
veins from the nodules. Therefore, in early HCC, no
perinodular corona enhancement is seen on portal to
equilibrium phase CT, but it is definite in hypervascular
classical HCC. Corona enhancement is thicker in
encapsulated HCC and thin in HCC without pseudo-
capsule. To understand these hemodynamic changes
during multi-step hepatocarcinogenesis is important,
especially for early diagnosis and treatment of HCCs.
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Hepataocellular carcinoma (HCC) is the most common
primary liver cancer worldwide. Approximately 80% of
Japanese HCC cases are derived from HCV-associated
liver cirrhosis and chronic hepatitis, and the remaining
less than 20% of the patients are HBV positive. The
patients with hepatitis B or C cirrhosis are especially
classified as a very high-risk group. Ultrasonography is
performed every 3-4 months for the very high-risk
group. Because of the introduction of this surveillance
system, the size of HCCs firstly detected during 2002-
2003 (n = 33731) was less than 2 cm in 32.5% of all
cases, 2.1-5.0 cm 47.0%, respectively [1}. However, var-
ious types of hepatocellular nodules such as dysplastic
nodule (DN) are also detected during screening proce-
dures. Ultrasound and CT features of DNs and early
HCCs are similar, and a precise differential diagnosis is
impossible. Pathologically, human HCC develops in a
multistep fashion from DN to classic hypervascular
HCC. Therefore, for the early diagnosis of HCC,
understanding of the concept of multi-step hepatocarci-
nogenesis and the sequential changes of imaging findings
in accordance with multi-step hepatocarcinogenesis is
important.

To understand the hemodynamics of HCC is impor-
tant for the precise imaging diagnosis and treatment,
because there is an intense correlation between its
hemodynamic and pathophysiology. For this purpose,
dynamic MDCT is most valuable because of its high
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