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«FIG. 3 FACS analysis of EpCAM™™ cell lines based on various
stem/progenitor markers after the treatment of VB4-845 (1 pM), 5-FU
(5 pg/ml), and the combination of VB4-845 plus 5-FU. a A
representative result of three independent staining experiments is
shown and the positive rate of markers corresponding to the graph was
indicated. Arrow shows a unique bimodal pattern of HepG2 cells for
CD133 expression. b Expression of CD133 after the treatment of
VB4-845 and/or 5-FU. Columns, CD133 positive cells (%); vertical
bars, standard deviation. ¢ Expression of CD13 after the treatment of
VB4-845 and/or 5-FU. Columns, CDI13 positive cells (%); vertical
bars, standard deviation

Immunohistochemical Analysis

Immunohistochemical analysis of EpCAM was per-
formed using #ab71916 (Abcam, Cambridge, UK) using
Ventana (Tucson, AZ, USA) as previously described.'’°
The tumor cells showed equivalent membranous staining to
normal bile duct epithelium was defined as strongly stained
tumor cells. The immunostaining was evaluated quantita-
tively by counting in no fewer than three different random
fields (100x magnification) under a light microscope by
two independent investigators.

In Vivo Studies

A subcutaneous tumor model was created as described
in our previous re:ports,23 24,26.27 Twenty-five-week-old
female NOD.CB17-PRkdc®“Y/] mice purchased from
Charles River Laboratory Inc. (Kanagawa, Japan) were
injected with 1 x 10° HuH-7 cells mixed half with
Matrigel (BD Biosciences) subcutaneously into the both
flanks under anesthesia and 16 mice were injected with
I x 10° SK-Hepl cells as well. Palpable tumors were
confirmed in all injection sites 2 weeks after the inocula-
tion, and mice were randomized into four groups: control,
VB4-845 (30 pg/kg), 5-FU (30 mg/kg), and a combination
of VB4-845 and 5-FU. VB4-845 diluted in 100 pl of saline
was administered by tail vein injection, and/or 5-FU was
injected intraperitoneally three times a week for 2 weeks.

An orthotopic xenograft model was created by direct
intrahepatic inoculation of HuH-7-Luc cells, as described in
our previous report.”” Ten 5-week-old female NOD.CB17-
PRkdc5/J mice were anesthetized and 5 x 10° cells sus-
pended in 20 pl of Matrigel were slowly injected into the
upper left lobe of the liver. Three weeks after the inocula-
tion, the luciferase-luciferin-based imaging using IVIS
system (Xenogen, Alameda, CA, USa) was used to monitor
the correct implantation in the liver.”® All mice exhibited
liver tumors and were randomized into two groups; control
and the combination of VB4-845 and 5-FU (five mice in
each). The protocol of drug administration was same as the
subcutaneous model. All in vivo procedures were approved
by the Animal Care Committee (permission #0130059A).

RESULTS
Expression of EpCAM in Human HCC Cells

Theexpressionof EpCAM protein wasassessedusing FACS
analysisineighthuman HCCcelllines(Fig. 1a). Thesecelllines
were divided into two groups: EpCAM high-expression
(EpCAM™E") cell lines, including HuH-7 (98 #+ 0.3 %),
HepG2 (98 £ 0.9 %), Hep3B (99.8 + 0.1 %), and HuH-1
(97.7 + 0.2 %)inwhichmorethan 95 % ofcells were positive
for EpCAM; and EpCAM low-expression (EpCAM™Y) cell
lines,includingHLE(0.4 £ 0.1 %),HLF(0.4 & 0.2 %),PLC/
PRF/5(4 4 0.3 %),and SK-Hep1 (0.7 £ 0.2 %)inwhichless
than5 %ofcellswerepositiveforEpCAM. Theexpressionlevel
of EpCAM in each cell line was confirmed immunocytochem-
ically (Supplementary Fig. 1).

In Vitro Effects of VB4-845 and/or 5-FU

VB4-845, an immunotoxin targeting EpCAM,” was
effective for EpCAM"E" cell lines but not for the EpCAM™Y
cell lines (Fig. 1b). The ICs, value of VB4-845 was
4.6 4 0.1 x 1072 pM for HuH-7, 1 £ 0.1 x 1072 pM for
HepG2,0.9 + 0.1 x 107%pM for Hep3B, and 7.3 = 0.2 x
1072 pM for HuH-1. On the other hand, VB4-845 had no
effect against EpCAM'™ cell lines at all. 5-FU showed
potent antiproliferative activity in all HCC cell types with
IC5¢ value of 0.8 % 0.1 pg/ml for HuH-7,39.5 + 9.6 nug/ml
for HepG2, 5.9 =4 1.8 pg/ml for Hep3B, 11.3 &+ 6.3 pg/ml
for HuH-1, 16.5 & 6.6 pg/ml for HLE, 33.5 & 17.2 pg/ml
for HLF, 55.6 4= 11.2 pg/ml for PLC/PRF/S, 4.3 &+ 0.5 pg/
ml for SK-Hepl cells (Fig. Ic). There was no significant
correlation between the efficacy of 5-FU and the expression
of EpCAM in each cell line (R = 0.16, p = 0.38).

The combination effects of VB4-845 and 5-FU were
assessed in eight human HCC cell lines (Fig. 1d). The
combination of VB4-845 and 5-FU significantly sup-
pressed cell proliferation in all of the EpCAM™" cell lines
(p < 0.05). However, the EpCAM™Y cell lines did not
demonstrate the combined effects of both drugs. Therefore,
the EpCAM™" cell lines were chosen for further analysis.

Sphere Formation Assay

After the treatment with VB4-845 and/or 5-FU on
EpCAMhigh cell lines, the viable cells were collected and
analyzed for their ability to form spheres on reculturing
(Fig. 2a). After 7 days, the number of spheres (>100 pm in
diameter) was significantly decreased after exposure to
VB4-845 alone or the combination in all of the four cell
lines, but not altered after exposure to 5-FU alone
(Fig. 2b). Although the doses of VB4-845 and 5-FU used
in this assay showed similar antiproliferative activity
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(Fig. 1d), their effects on sphere-forming ability were in
direct opposition to one another. Because the sphere-
forming cells are assumed to be capable of self-renewal,
one of essential hallmarks of stemness, the effect of VB4-
845 for EpCAM™ME" cell lines was found to be closely
associated with their stemness.*>*

Alterations of Stem/Progenitor Markers

In the EpCAM™E" cell lines, we analyzed the expression
of several stem/progenitor markers, such as CD133, CD13,
CD44, and CD90, using FACS analysis after the treatment
of VB4-845 and/or 5-FU (Fig. 3a). These markers were
chosen, because they were reported as biomarkers of HCC

HuH-7
control

YWE4-345 5-FU combination

SK-Hept

cortrnl WEA-G45 &-Fu combination

FIG. 4 In vivo studies in subcutaneous xenograft models using
HuH-7 EpCAM"#" or SK-Hepl EpCAM"" HCC cells. Established
subcutaneous xenografts derived from HuH-7 (a, b) or SK-Hepl (c,
d) were treated with intravenous injection of control saline or VB4-
845 (30 pg/kg) and intraperitoneal injection of control saline or 5-FU
(30 mg/kg) three times per week for 2 weeks. a, ¢ Representative

with poor prognosis.”'° The positive rate of CD133 was
significantly decreased with the treatment of VB4-845 or
combination, but increased with the treatment of 5-FU
(Fig. 3b; p < 0.05). Interestingly, HepG2 cells showed a
unique bimodal pattern for CD133 expression (Fig. 3a,
arrow) and VB4-845 dramatically decreased this CD133-
positive subpopulation of HepG2 cells with statistical sig-
nificance. The positive rate of CD13 was significantly
decreased with VB4-845, but increased with 5-FU treat-
ment in HuH-7 and Hep3B cells (Fig. 3c, p < 0.05). There
was no consistent tendency for the positive rate of CD44
and CD90 after the treatment of each cell line. Our results
might indicate the effect of VB4-845 might be closely
associated with the stemness of human HCC cells.

b
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subcutaneous tumors in mice at the end of the dosing period. Scale
bar, 10 mm. b, d Tumor size were measured using calipers three
times a week in the four groups, and volumes were calculated using
the following equation: volume = (length) X (Width)2 x 0.5. Arrows
indicate the time of administration. Vertical bars, standard error.
Statistical analysis was done by two-tailed Student’s ¢ test (p < 0.05)
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FIG. 5 In vivo studies in liver orthotopic xenograft models. Estab-
lished liver orthotopic xenografts of HuH-7 were treated with control
saline or the combination of VB4-845 plus 5-FU. The method and
schedule of administration was the same as the subcutaneous tumor.
Two weeks after the initiation of treatment, mice were sacrificed and
the size of liver tumor was measured. a Representative liver tumor in
mice at the end of the dosing period. Scale bar, 10 mm. b Liver tumor

In Vivo Effects of VB4-845 and/or 5-FU

To investigate in vivo antitumor activity, NOD.CB17-
PRkdcS?'Y/J mice bearing established HuH-7 (EpCAM™e")
and SK-Hepl (EpCAM'™) subcutaneous xenografts were
utilized. In HuH-7 xenograft model, the volume of the
tamors in the VB4-845 and 5-FU monotherapy groups
appeared smaller, albeit not significantly, compared with
the control group (p = 0.078 and 0.31, respectively,
Figs. 4a, b). It is noteworthy that significant tumor
regression was observed in the group treated with VB4-845
plus 5-FU compared with either the control or mono-
therapy groups (p < 0.005). On the other hand, any
antitumor effect was not observed in SK-Hepl EpCAM'%
xenografts by treatment with VB4-845 monotherapy nor
combination therapy (Figs. 4c, d). None of the treated mice
showed signs of wasting or other toxicity relative to control
mice.

VB4-845+5-FL)

WEB4-845+8-FU

b
Tumor value’(xl()*‘mmz) .
25

*P=0.0011

Contro VB4—845+5—F 8]

Strongly-stained
tumor cells
(% of tumor cells) I
100 ,
P =0.012
#

© VB4-84545-FU

Control

volume was analyzed 2 weeks after administration of the control
(1964 + 367 mm™) or the combination of VB4-845 plus 5-FU
(141 & 34 mm®) (n = 5). Vertical bars, standard error. Statistical
analysis was done by two-tailed Student’s 7 test (p = 0.0011). ¢ H&E
staining and immunostaining of EpCAM (magnification, x40). d The
percentage of strongly stained tumor cells in all of tumor cells
between two groups. Vertical bars, standard deviation

As shown in Figs. 5a, b of HuH-7 orthotopic xenograft
model, the combined therapy of VB4-845 and 5-FU signifi-
cantly suppressed the liver tumors in all mice (141 & 34 mm?)
compared with the control (1964 & 367 mm®) (p = 0.011).
The immunohistological expression of EpCAM (Fig. 5¢)
demonstrated that the population of strongly-stained tumor
cells was decreased in VB4-845 plus 5-FU group (47.4 +
19.4 %) compared with the control group (76.7 & 6 %;
Fig. 5d, p = 0.012). None of the treated mice showed signs of
wasting or other toxicity relative to control mice. All host tis-
sues examined, including liver, bone marrow, kidney, intestine,
and lung, were histologically normal in all experiments.

DISCUSSION

In this study, our FACS analysis of EpCAM expression
revealed that eight human HCC cell lines were classified
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into two groups: four EpCAMhigh (>95 %) and four
EpCAM™Y (<5 %) HCC (Fig. 1a). This is supported by the
fact that VB4-845 was exceedingly effective against
EpCAM"2" cell lines but not EpCAM ™ cell lines
(Figs. 1b, d). Because the close correlation between Ep-
CAM expression and sphere-formation was reported in
HCC cells, we assessed the effect of VB4-845 on sphere-
forming ability.'" Although 5-FU treatment did not affect
the sphere formation, the treatment with VB4-845 as well
as the combination of VB4-845 plus 5-FU clearly sup-
pressed the sphere formation in all four HCC cell lines
(Figs. 2a, b; p < 0.001). Because the sphere-forming
ability is known to be regulated by the self-renewing
capacity of stem cells, the effects of VB4-845 might be
closely associated with the stemness of EpCAM"E" HCC
cells.*>*

For further investigation of the VB4-845 effects on the
stemness, the expression of several stem/progenitor mark-
ers was analyzed after the treatment of VB4-845 and/or
5-FU. 5-FU treatment significantly increased the positive
rates of CD133 in threeHCC cell lines (Fig. 3b; p < 0.05).
Ma et al.*” reported that CD133™ subpopulation in HCC
cells was more resistant to 5-FU than CD133™ subpopu-
lation, suggesting the CD133% subpopulation might
contribute to the chemoresistance of HCC. Furthermore,
VB4-845 dramatically decreased the CD133™ subpopula-
tions in these HCC cells (Fig. 3b; p < 0.005). Similar
results were obtained from the analysis of CD13. The
positive rates of CD13 were significantly decreased by
VB4-845 treatment but increased by 5-FU treatment
(Fig. 3c). These results indicated that the targeted sub-
populations were different between the VB4-845 and 5-FU
treatments. With respect to the stem/progenitor markers,
the effects of VB4-845 also were found to be closely
associated with the stemness of human HCC cells.

Because in vitro cytotoxic effects of VB4-845 and/or
5-FU were observed with or without apoptosis (Fig. 1d and
Supplementary Fig. 2), in vivo antitumor effects were
analyzed using the subcutaneous xenograft model (Fig. 4).
Whereas a statistically significant antitumor effect was not
detected by either VB4-845 or 5-FU monotherapy, the
combination therapy of VB4-845 and 5-FU significantly
decreased the exotopic tumors of EpCAMhigh HCC
(p < 0.05). Because the organ microenvironment in cancer
might play a critical role in drug sensitivity, particularly for
HCC, an organotropic cancer, a liver orthotopic xenograft
model having similarity with the clinical condition also
was utilized to explore tumor growth inhibition.>' As
observed in the subcutaneous xenograft model, significant
regression of tumors was observed in the VB4-845 plus
5-FU treated group compared with the control group
(Figs. 5a, b; p = 0.0011).

We have previously reported that the EpCAM expres-
sion was significantly associated with poor prognosis of the
patients with in CM-type HCC."” Indeed, our preliminary
prospective study validated EpCAM as the predictive
biomarker of the patient prognosis (p = 0.0447) as well as
the recurrence (Supplementary Fig. 3, p = 0.0171). Other
clinical studies indicated that EpCAM was one of the
biomarkers of chemoresistance in HCC. Noda et al.*
reported the correlation between the EpCAM expression
and chemoresistance to interferon-o/5-FU combination
therapy for HCC. In another report, the expression of
EpCAM and CD133 in chemoembolized HCC tumor cells
was significantly correlated with the HCC recurrence after
liver transplantation.>® These findings indicate the cancer
cells expressing EpCAM could be an important target in
the treatment of refractory HCC.

In our studies of VB4-845, the EpCAM-targeted therapy
appears to demonstrate anticancer effects via potentially dif-
ferent mechanism (e.g., stemness) from the conventional
cytotoxic agent 5-FU. Indeed, our preclinical studies intimate
that the combination therapy of an immunotoxin targeting
EpCAM with a conventional cytotoxic agent is a promising
novel approach for the treatment of human HCC. Further
studies and clinical trials of EpCAM-targeting agents will
confirm its therapeutic role in the HCC management.
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ABSTRACT

Background. Effective therapeutic combinations target-
ing the oncogenic pathway still are unknown in human
hepatocellular carcinoma (HCC). The authors previously
identified aberrant expression of aurora B kinase as the
independent predictor for the lethal recurrence of HCC,
showing that AZD1152 induced in vitro and in vivo
apoptosis with polyploidy in human HCC cells. In this
preclinical study, the combined effects of molecular-tar-
geted therapies were evaluated based on the cellular
response of aurora B inhibition.

Methods. This study analyzed the expression of Bcl-2
family proteins in polyploidization induced by AZD1152
and the in vitro synergistic effects of AZD1152 with con-
trol of the Bcl-2 family pathway in human HCC cells. The
in vivo effects of the combination therapy targeting the
specific molecules were evaluated using subcutaneous
tumor xenograft models.

Results. The findings showed that Bcl-xL was specifically
overexpressed in AZD1152-induced polyploid HCC cells.
The combination of AZD1152 followed by Bcl-xL/2
inhibitor ABT263 induced synergistically cellular apopto-
sis (p <0.001) and growth inhibition (p < 0.0001).
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article (doi:10.1245/s10434-014-4292-3) contains supplementary
material, which is available to authorized users.
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Interestingly, the reverse sequential administration of
AZD1152 combined with pretreatment of ABT263 was
less effective than the original one. In vivo studies using
tumor xenografts of human HCC cells showed that com-
bination therapy of ABT263 after AZD1152 pretreatment
induced significant intratumoral apoptosis (p < 0.05) and
remarkable anti-tumor effects (p < 0.05) without a severe
adverse effect compared with the monotherapy.
Conclusion. Based on Bcl-xL overexpression in poly-
ploidy induced by aurora B inhibition, the rationale for
therapeutic combinations targeting aurora B and Bel-xL
was demonstrated in the authors’ preclinical studies,
leading to a promising novel approach for the mechanism-
based treatment of human HCC.

Hepatocellular carcinoma (HCC) is one of the most
common causes of cancer-related death in the world.'
Surgical resection is considered the primary curative
treatment for HCC. A major obstacle to the treatment of
HCC is the high frequency of tumor recurrence even after
curative resection.” According to our previous studies of
HCC,? the aggressive recurrence showed extremely poor
prognosis for the postoperative patients. Systemic chemo-
therapy using conventional anticancer agents has provided
little clinical benefit or prolonged survival for patients with
advanced HCC.” The recent achievement could show that
molecular-targeted therapies are effective for various
malignancies.6’7 Indeed, a multikinase inhibitor, sorafenib,
is reported to be the first agent to demonstrate an improved
overall survival for HCC patients.® To fulfil this promise,
there is an urgent need to identify the optimal targets for
the treatment of aggressive HCC.”'!
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In our previous studies, a genome-wide microarray
analysis identified an aurora B kinase as the only inde-
pendent factor to predict the aggressive recurrence of
HCC," and the anticancer effects of aurora B inhibitor
AZD1152 were demonstrated in human HCC cells."
Aberrant expression of the aurora B kinase has been
reported in a variety of solid tumors including prostate,
colon, pancreas, lung tamors.™

Aurora B is a chromosomal passenger serine/threonine
protein kinase that regulates accurate chromosomal segrega-
tion, cytokinesis, protein localization to the centromere and
kinetochore, correct microtubule-kinetochore attachments,
and regulation of the mitotic checkpoint.'® In cancer cells,
inhibition of aurora B kinase results in abrogation of chro-
mosome alignment, segregation, and also cytokinesis directly.
By overriding the spindle checkpoint, these cancer cells pro-
gress into aberrant mitosis without cytokinesis, resulting in
massive polyploidy and subsequent cell death.'®'”

Reports have shown that Bel-2 proteins control a crucial
checkpoint of cellular survival during polyploidization.'* >’
The Bcl-2 family of proteins is divided into two types: anti-
apoptotic proteins (Bcl-2, Bel-xL, and Mcl-1) and pro-
apoptotic proteins (Bax, Bid, Bim, and Puma).”’ The major
function of the Bcl-2 family is to modulate mitochondrial
membrane permeability directly and thereby regulate the
release of apoptogenic factors from the intermembrane space
into the cytoplasm.?! Mitotic catastrophe after polyploidi-
zation is characterized by the activation of mitochondrial
membrane permeabilization associated with the Bcl-2 fam-
ily.** Additionally, recent studies have indicated a critical
role of the Bcl-2 family of proteins in synthetic lethality with
oncogene addiction for the combination therapy.”*

In the current study using polyploidized HCC cells in
response to aurora B inhibitor AZD1152, we identified over-
expression of the anti-apoptotic protein of the Bcl-2 family.
In vitro administration of the Bcl-xL/2 inhibitor ABT263
combined with AZD1152 pretreatment induced the syner-
gistic apoptosis, and the in vivo combination of AZD1152 and
ABT263 treatments had significant anti-tumor effects on xe-
nografts of human HCC cells. Our preclinical investigation
suggested that the combined therapy with aurora B and Bel-2/
xL inhibitors may offer a novel and promising approach for
the treatment of HCC with a poorer prognosis.

MATERIALS AND METHODS
Reagents

For this study, AZDI1152-HQPA and its prodrug
AZD1152 were provided by AstraZeneca Pharmaceuticals
(Macclesfield, UK), and ABT263 (Navitoclax) was pur-
chased from Selleck Biotechnology (Houston, TX, USA).

Cell Cultures

Human HCC cell lines HLF, HLE, HuH7, and SK-Hep1
were obtained from the Human Science Research Resour-
ces Bank (Osaka, Japan) and the American Type Culture
Collection (Manassas, VA, USA). The culture media were
Dulbecco modified Eagle medium (DMEM; Invitrogen,
Carlsbad, CA, USA) (HLF and HLE) or RPMI-1640
(Invitrogen) (SK-Hepl and HuH7) supplemented with 5 %
fetal bovine serum (FBS; Sigma, St. Louis, MO, USA) for
the HLF cells or 10 % FBS for the remaining cell lines. All
media were supplemented with 1 % Pen/Strep (Sigma). All
cell lines were cultivated in a humidified incubator at 37 °C
in 5 % carbon dioxide and collected with 0.05 % trypsin-
0.03 % ethylenediaminetetraacetic acid (EDTA).

Immunocytochemistry

The immunocytochemical analysis was performed with
cultured HLF cells on glass slides coated with saline in the
presence of concentrated AZD1152-HQPA (100 nmol) for
72 h. These detailed methods are further described in
Supplementary Methods.

Western Blotting Analysis for the Bcl-2 Family

The expression of Bcl-2 family proteins was detected by
Western blotting analysis. After extraction of protein from
each cell line and loading on 8-15 % sodium dodecyl
sulfate—polyacrylamide gel electrophoresis, the blots were
incubated overnight at 4 °C with the primary antibody as
previously described.”> We used the antibodies for Bcl-xL,
Bcl-2, Mcl-1, Bax, Bid, Bim, and Puma (1:1,000; Cell
Signaling Technology, Beverly, MA, USA, Catalog nos.
9941 and 9942), or anti-o-tubulin (1:5,000; Sigma, Catalog
no. T9026). The appropriate secondary antibodies were
added for 1 h, and the protein expression was visualized
with enhanced chemiluminescence (ECL) by the ECL
Western blot testing detection system (GE Healthcare,,
Buckinghamshire, UK).

Time-Lapse Analysis

See Supplementary Methods for details.
Apoptosis Assay

See Supplementary Methods for details.
In Vitro Assay of Cell Proliferation and Viability

See Supplementary Methods for details.
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In Vivo Studies with a Subcutaneous Tumor Xenograft
Model

Female NOD.CB17-PRkdcgemp/]  4-week-old  mice
were purchased from Charles River Japan Inc. (Kanaga-
wa, Japan) and kept under pathogen-free conditions, fed
standard food, and given free access to sterilized water.
With the mice under anesthesia, 1 x 10’ HLF or HuH7
cells were mixed with Matrigel (BD Biosciences, San
Jose, CA, USA) and injected subcutaneously into both
flanks. Tumor size was measured using calipers as fre-
quently as every day, and tumor volumes were calculated
as AB? x 0.5 (A, length; B, width). After tumor forma-
tion was confirmed (100-150 mm3; day 0), the mice were
treated with AZDI1132 (100 mg/kg/day, administered
intraperitoneally) or control buffer for 3 consecutive days,
followed by ABT263 (7 mg/kg/day, administered orally)
or control buffer for 10 days. The Animal Care Com-
mittee of Tokyo Medical and Dental University School of
Medicine approved the experimental protocols in accor-
dance with its institutional guidelines (Permission
#0140198C2).

Immunohistochemistry

The immunohistochemical analysis was performed on
xenograft tumor tissue, which was harvested, formalin
fixed, and paraffin embedded. The primary antibodies
were used at the following diluted concentration in
phosphate-buffered saline (PBS) containing 1 % bovine
serum albumin (BSA): anti-cleaved caspase-3 (1:200;
Cell Signaling Technology). The tissue sections were
stained by an automated immunostainer (Ventana XT
System; Ventana Medical Systems, Tucson, AZ, USA)
using heat-induced epitope retrieval and a standard DAB

DAPI

y-tubulin

control

AZD1152

detection kit (Ventana). The immunostaining was evalu-
ated quantitatively by counting at least 200 cells in three
different random fields (200x magnification) under a
light microscope by three independent investigators. The
mean value was calculated for the final result of each
case.

Statistical Analysis

Experimental data are expressed as mean values with
95 % confidence intervals (CI). All p values lower than
0.05 were considered to have statistical significance. All
statistical analyses were performed using SPSS version
17.0 (IBM SPSS, Chicago, IL, USA).

RESULTS

Bcl-xL Expression During Polyploidization in Human
HCC Cells Treated With Aurora B Inhibitor AZD1152

In our previous studies,'> HLF human HCC cells dem-
onstrated relatively low sensitivity to aurora B inhibitor
AZD1152. First, the expression of anti-apoptotic proteins
of the Bcl-2 family (Bcl-2 and Bcl-xL) was evaluated
during AZD1152-mediated polyploidization in HLF cells
(100 nmol). Immunocytochemical analysis showed that
Bcel-xL expression was clearly recognized in the polyploid
cells after AZD1152 treatment for 72 h (85.0 £ 4.5 %)
compared with control cells (14.5 &+ 0.7 %; p = 0.002;
Fig. 1, Supplementary Fig. 1), but overexpression of Bcl-2
was not detected in HLF cells with or without AZD1152
treatment (Supplementary Fig. 2).

Because Bcl-xL is known to be a druggable targe
the anti-apoptotic role of Bcel-xL was further analyzed in
AZD1152-mediated polyploidization in human HCC cells.

26,27
t,””

Bcl-xL merged

FIG. 1 Polyploidization induced by AZD1152 renders hepatocellu-
lar carcinoma (HCC) cells Bcl-xL dependent. Immunocytochemical
analysis of Bcl-xL expression in HLF human HCC cells with or
without AZD1152 treatment for 72 h was performed. Predominant

expression of Bcl-xL was recognized in the cytoplasm of polyploid
HLF cells after AZD1152 treatment (100 nmol) compared with the
control cells. DAPI, 4,6-dia-midino-2-phenylindeole. Original mag-
nification, x200
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An orally bioavailable BH3 mimetic, ABT263, which
inhibits Bel-xL and Bel-2, was used in this study. The HLF
cells were cultured for 72 h with 100 nmol of AZD1152
before being subjected to the following treatment with
ABT263. After AZD1152 washout, the polyploid HLF
cells were treated for 24 h with 1 pmol of ABT263 or
control medium.

As shown by time-lapse analysis, ABT263 induced dom-
inant cell death cytotoxicity in the polyploid HLF cells
induced by AZD1152 (Supplementary Fig. 3a). Although a
majority of AZD1152-pretreated HLF cells can survive in the
control medium (87.4 == 7.6 %), administration of ABT263
induced cytotoxicity in 84.0 &= 5.4 % of the AZD1152-pre-
treated HLF cells (p < 0.0001) (Supplementary Fig. 3b).

Significance of Anti-apoptotic Protein Bel-xL
in AZD1152-Treated HCC Cells

Next, the expression of Bcl-2 family proteins was ana-
lyzed by Western blotting on four human HCC cell lines
(HLF, HLE, HuH7, and SK-Hepl) in the presence
AZD1152. Among the anti-apoptotic Bcl-2 family proteins
(Bel-xL, Bel-2, and Mcl-1), the expression of Bel-xL was
gradually increased in all the examined cell lines after
AZDI1152 treatment, as shown in Fig. 2a. The Bcl-2

(a) HLF HLE
Ohr  24hr 48hr 72hr  Ohr 24hr A48hr 72hr

expression was increased in AZD1152-treated SK-Hepl
cells but not in others. The expression levels of pro-apoptotic
Bel-2 family protein (Bax, Bid, Bim, and Puma) demon-
strated no specific tendency to decrease or increase.
Decreased expression of Bid was in HuH7 cells and slightly
in HLF cells but not in others. Bim expression was decreased
in SK-Hepl cells but increased in HuH7 cells.

To evaluate the role of Bel-xL, the cellular apoptosis
was assessed by Annexin-V binding and Western blotting
assays using the Bel-xL inhibitor ABT 263 after AZD1152
pretreatment. As shown in Supplementary Figs. 4 and 5,
Annexin V-positive/7-ADD-negative cells were increased
in all the HCC cell lines which received the sequential
combination therapy (HLF, 27.9 & 1.7 %; HLE, 259 +
0.5 %; HuH7, 25.9 & 4.1 %; SK-Hepl, 384 % 3.2 %)
compared with AZDI1152 monotherapy (HLF, 7.7 &+
0.2 %; HLE, 18.9 & 2.1 %; HuH7, 189 £ 1.4 %; SK-
Hepl, 21.1 4= 0.2 %), ABT263 monotherapy (HLF,
7.9 & 0.5 %; HLE, 12.8 % 0.5 %; HuH7, 11.0 &+ 0.5 %;
SK-Hepl, 7.5 & 1.5 %), or the control condition (HLF,
7.2 & 0.2 %; HLE, 9.3 £ 1.0 %; HuH7, 9.3 4 2.1 %; SK-
Hepl, 2.8 + 0.3 %). Western blotting assays confirmed the
caspase-3 activation in these HCC cell lines which
received the sequential combination therapy compared
with the control condition (Fig. 2).

HuH7 SK-Hepl

24hr 48hr  72hr

Bcl-xL
Bcl-2

Mcl-1

Bax
Bid

Bim

Puma

a-tubulin

(b)

Ohr  24hr 48hr 72hr  Ohr

30kDa
26kDa

40kDa
20kDa

22kDa
EL 23kDa

L 15kDa
S 12kDa

23kDa
50kDa

AZD1152+ABT263

cleaved caspase- 3

o-tubulin [

FIG. 2 Expression and anti-apoptotic role of Bcl-xL in AZD1152-
treated hepatocellular carcinoma (HCC) cells (HLF, HLE, SK-Hepl,
and HuH?7). a Western blot analysis of Bcl-2 family proteins in human
HCC cells treated with 100 nmol of AZD1152. Expression of anti-
apoptotic proteins (Bcl-2, Bcl-xL, Mcl-1), pro-apoptotic proteins

(Bax, Bid, Bim, Puma) of the Bcl-2 family, and the control alpha-
tubulin was analyzed. b Western blot analysis of cleaved caspase-3
for detection of apoptosis in human HCC cells treated with or without
sequential combination therapy using AZD1152 and ABT263
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Combination with Bcl-xL Inhibitor ABT263 After
Administration of AZD1152

The effect of the Bcl-xL/2 inhibitor ABT263 was
evaluated in the four HCC cell lines. No significant dif-
ference in half maximal (50 %) inhibitory concentration
(IC50) values of ABT263 monotherapy was recognized
among these cell lines (HLF, 4.6 £ 0.3 umol; HLE,
7.4 4 0.5 umol; HuH7, 6.2 4+ 0.5 pumol; SK-Hepl,
11.4 &+ 0.6 pmol) (Supplementary Fig. 6).

After pretreatment of various AZD1152 concentrations
(0.001-1000 nmol), the synergistic effect of ABT263
(1 nmol) was then analyzed in these cell lines of human
HCC. The sequential combination of AZD1152 followed
by ABT263 potently inhibited the cell proliferation (HLF,
16.3 & 0.5 nmol; HLE, 0.01 & 0.5 nmol; HuH7, 0.2 &+
0.7 nmol; SK-Hepl, 2.3 = 0.9 nmol) compared with
AZD1152 monotherapy (HLF, 140.0 + 1.0 nmol; HLE,
452 £ 0.8 nmol, HuH7, 5.7 & 0.9 nmol; SK-Hepl,
244 + 0.9 nmol; p < 0.0001) (Fig. 3; AZDI1152 —
ABT263). Additionally, the effect from reversing the
sequence of AZD1152 and ABT263 administration (i.e.,
treating with ABT263 before AZD1152) was assessed.
Some combination effect was recognized (HLF,
106 & 2.6 nmol; HLE, 32.4 £+ 0.8 nmol; HuH7,
3.3 4+ 1.0 nmol; SK-Hepl, 15 £ 0.5 nmol), but statistical
significance was not recognized (p > 0.05) (Fig. 3;
ABT263 — AZD1152). Sequential combination targeting
of aurora B followed by Bcl-xL treatment might indicate a
therapeutic tool for human HCC.

FIG. 3 Analysis of sequential (a)
combination treatment with
AZD1152 and ABT263 in
human hepatocellular
carcinoma (HCC) cells (HLF,
HLE, SK-Hepl, and HuH?7).
Synergistic cytotoxicity was
induced by pretreatment with
AZD1152 followed by
posttreatment with ABT263

0.8

0.6

0.4
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Cell Viability(% control)

0.2

Preclinical Studies of Combination Therapy Using
Xenografts of Human HCC Cells

In vivo antitumor activity of the combination therapy for
human HCC was analyzed using HLF or HuH7 subcuta-
neous xenografts established in nonobese diabetic/severe
combined immunodeficient (NOD-SCID) mice. As shown
in Fig. 4 and Supplementary Fig. 7a, a significant regres-
sion of HLF tumors was observed in the group of mice that
received the sequential combination therapy compared
with monotherapy (AZD1152, p = 0.008; ABT263,
p = 0.016) or the control condition (p < 0.001). Similar
antitumor effects were detected in HuH7 tumors by the
sequential combination therapy compared with mono-
therapy (AZD1152, p = 0.005; ABT263, p = 0.041) or the
control condition (p < 0.001; Fig. 4, Supplementary
Fig. 7b). No reductions in bone marrow nucleated cells
were detected at the end of the dosing period (Supple-
mentary Fig. 8). None of the treated mice showed signs of
wasting or other toxicity compared with the control mice.
The combination of AZD1152 with ABT263 was tolerated
at the dose at which antitumor efficacy was observed.

Pharmacobiologic Effects of Combination With
AZDI1152 and ABT263 on Subcutaneous Xenografts
of Human HCC Cells

To investigate the pharmacobiologic effects of the
combination therapy, the subcutaneous xenografts of HLF
or HuH7 HCC cells were subjected to histologic analysis.
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Staining of tumor samples for apoptotic marker cleaved
caspase-3 showed significantly elevated levels in the
sequential combination therapy of AZD1152 and ABT263
compared with AZD1152 monotherapy (p < 0.01),
ABT263 monotherapy (p < 0.05), or the control condition
(p < 0.0001) (Fig. 5). In vivo sequential combination with
AZDI1152 and ABT263 induced potently intratumoral
apoptosis compared with the monotherapy or the control
condition.

DISCUSSION

Because accumulated evidence suggests that oncogenic
pathways activate the carcinogenesis and progression of
cancers, many opportunities exist for the emerging devel-
opment of molecular-targeted therapies, for example,
inhibitors of vascular endothelial growth factor (VEGF)*®
and epidermal growth factor receptor (EGFR),” the
mammalian target of rapamycin (mTOR),” and cell cycle
kinases including aurora.’’’* Based on the multiple and
complex molecular pathways observed in HCCs, ™
several combined therapies have been attempted for HCC
patients using sorafenib combined with erlotinib (EGFR
inhibitor)*® or everolimus (mTOR inhibitor)*” and erlotinib
combined with bevacizamab (VEGF inhibitor).38 However,
no sufficient effect of combined molecular-targeted thera-
pies was recognized in these clinical trials. The rationale
for targeted combinations with a molecular mechanism
should be clarified in HCC.

We previously reported aurora B kinase as the unique
independent predictor for the lethal recurrence of human
HCC and aurora B inhibitor AZD1152 as an effective
inducer of cellular apoptosis after polyploidization in

human HCC cells. In the current study, we initially found
that AZD1152 enhanced the expression of Bcl-xL anti-
apoptotic protein in HCC cells (Figs. 1, 2). Then, com-
bined treatment with Bel-2/xL inhibitor ABT263 with
AZD1152 was further evaluated. As shown in Supple-
mentary Fig. 3, the synergistic killing effects of ABT263
were recognized in AZD1152-mediated polyploidy HCC
cells (p < 0.001). The sequential combined administration
of AZDI1152 followed by ABT263 induced significant
cytotoxicity and apoptosis in various HCC cell lines
compared with either AZD1152 or ABT263 monotherapy
(Fig. 3).

According to our preclinical studies (Fig. 4), in vivo
combined therapy with ABT263 after AZD1152 pretreat-
ment resulted in synergistic anti-tumor effects on
subcutaneous xenografts of human HCC cells. The phar-
macobiologic studies investigating the combination of
ABT263 with AZD1152 confirmed in vivo induction of
cellular apoptosis of human HCC cells. The combination of
ABT263 with AZD1152 was well tolerated at the dose
required to elicit a potent and durable anti-tumor effect in
mice. According to the previous report by Rudin et al.,*
ABT263 has induced thrombocytopenia in a dose-depen-
dent manner, but we could not find any reductions in bone
marrow nucleated cells at the end of the dosing period.
Thus, the combination of Bcl-xL. inhibitor with aurora B
inhibitor is a promising novel therapeutic approach for the
treatment of human HCC at doses that, at least preclini-
cally, are modest and well tolerated.

As hypothesized by Weinstein and Joe,** cancer cells
may addict a variety of oncogenic pathways for their pro-
liferation and survival, providing a rationale for molecular-
targeted therapy. But, cancers can escape from a given state

FIG. 4 In vivo effects of the (a) (b)
sequential combination therapy mma00 HLF mmd 000 HuH7
with AZD1152 and ABT263 on g control =& control
human hepatocellular 800 4. TE-AZD1152 -~ 2335;;22
: ) . i ABT263 e
carcioma (HCC) glOW[h m i AZD11524ABT263 2500 w4 AZD1152+ABT263
subcutaneous xenograft models. 700
Mice with established |
subcutaneous xenografts of HLF E 600 1 i o 27
(a) and HuH7 (b) were treated 2 50 E
with AZD1132 (100 mg/kg/day, z g 1500
.. . . o
administered intraperitoneally) £ 400 4 * 2
3
or control buffer for 3 & He 2
consecutive days, followed by 300 i 1000
ABT263 (7 mg/kg/day, 200
administered orally) or control 500
buffer for 10 days. Tumor 100 {554
volumes were measured .
everyday, and data represent 0 T 0 e -
? . OEHNAONTNORXINOANMINWN0 DO QEHAMNITUNUONNNO L ANMITNONONO
mean tumor volume of five mice R R R A= asAshsARsiNin] R R s AR AR AT S TS TITIY
SoSSSSSSSoEEEEE85E5848E CEUCSoSSS o EEEEEEEEEES
per treatment group
Days *P<0.001 Days *P<0.001
**p=0.008 **P=0.005
***p=0,016 #%£p=0,041
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(a)

HLF

(c) HuH7
_AZD1157

FIG. 5 Pharmacobiologic analysis of subcutaneous xenograft mod-
els. Established subcutaneous xenografts of human hepatocellular
carcinoma (HCC) HLF (a) and HuH7 (c) were treated with AZD1132
(100 mg/kg/day, administered intraperitoneally) or control buffer for
3 consecutive days, followed by ABT263 (7 mg/kg/day, administered
orally) or control buffer for 10 days. Transverse sections of

of oncogene addiction through in vitro and in vivo aber-
rance in other pathways and become refractory to
treatment. It is unlikely that the use of a single molecular-
targeted agent will achieve long-lasting remissions or cures
for human cancers, especially advanced cancers. Combi-
nation therapy will therefore be required and be expected to
enhance effects, not only in vitro but also in vivo.”*!

The current study explored the hypothesis that Bcl-xL
helps to maintain the viability of polyploid cells after
administration of aurora B inhibitor and concluded that the
combination therapy with aurora B inhibitor followed by
treatment with Bcl-xL inhibitor produced synergistic inhi-
bition of tumor growth without significant adverse events
in in vivo HCC xenograft models. In the future, our pre-
clinical studies have indicated that the combination therapy
with Bcl-xL inhibitor and aurora B inhibitor is a promising
novel therapeutic approach for the treatment of human
HCC by molecular-targeted combination therapy based on
a molecular mechanism.
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Endothelial cells are considered to be essential for normal pancreatic f-cell
function. The present study attempted to demonstrate the role of Irs2 in
endothelial cells with regard to insulin secretion. Endothelial cell-specific insulin
receptor  substrate-2  knockout (ETIrs2KO) mice exhibited impaired
glucose-induced, arginine-induced, and glucagon-induced insulin secretion and
showed glucose intolerance. In batch incubation and perifusion experiments using
isolated islets, glucose-induced insulin secretion was not significantly different
between the control and the ETIrs2KO mice. In contrast, in perfusion experiments,
glucose-induced insulin secretion was significantly impaired in the ETIrs2KO mice.
The islet blood flow was significantly impaired in the ETIrs2KO mice. Following
the treatment of these knockout mice with enalapril maleate, which improved the
islet blood flow, glucose-stimulated insulin secretion was almost completely
restored to levels equal to those in the control mice. These data suggest that Irs2
deletion in endothelial cells leads to a decreased islet blood flow, which may cause
impaired glucose-induced insulin secretion. Thus, Irs2 in endothelial cells may
serve as a novel therapeutic target for preventing and ameliorating type 2 diabetes

and metabolic syndrome.

Type 2 diabetes is a heterogeneous disorder with varying degrees of insulin resistance
and insulin secretion (1, 2). The United Kingdom Prospective Diabetes Study clinical
trial revealed a progressive impairment in pancreatic p-cell function during the course
of the disease, implicating an important role of B-cell failure in the pathogenesis of type
2 diabetes (3). Actually, the progression of type 2 diabetes is associated with minimal

changes in the degree of insulin resistance; however, insulin secretion is progressively

— 372 —



Page 3 of 31

Diabetes

blunted with the transition from prediabetes to overt diabetes (4). B-cell failure or
dysfunction is inherently associated with type 2 diabetes and may precede the onset of
hyperglycemia. Thus, the amelioration of impaired insulin secretion might be a
reasonable therapeutic target.

Several studies have reported that the islet blood flow is involved in the regulation
of insulin secretion. Pancreatic islets are highly vascularized by a dense network of
capillaries, and various mediators, such as insulin, regulate the islet blood flow (35, 6).
Iwase et al. demonstrated that orally administered insulin secretagogues acutely
increased the islet blood flow (7). Moreover, renin-angiotensin system (RAS) inhibitors
that regulate the islet blood flow, such as angiotensin-converting enzyme (ACE)
inhibitors and angiotensin II receptor blockers (ARBs), increased insulin secretion in
response to glucose administration (8-10). In addition to RAS inhibitors, some
vasoactive drugs enhance pancreatic islet blood flow, augment insulin secretion and
improve glucose tolerance (11, 12). These findings suggest the involvement of the islet
blood flow in insulin secretion.

Irs2 is the major insulin receptor substrate isoform expressed in endothelial cells
(13). We previously reported that mice with the Irs2 deletion in endothelial cells
(ETIrs2KO mice) exhibited an attenuation of the insulin-induced capillary blood flow in
skeletal muscle (14). In the present study, we attempted to demonstrate the relationship
between insulin secretion and the islet blood flow using these mice. Although insulin
secretion from isolated islets was maintained, insulin secretion was significantly
impaired in the ETIrs2KO mice. These mice showed significant decreases in the islet
blood flow, similar to the results seen in skeletal muscle in a previous study (14). In

addition, following the administration of enalapril maleate, which enhances the islet
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blood flow in these knockout mice, insulin secretion was almost completely restored to
levels equal to those in the control mice. These data suggest that the absence of Irs2 in
endothelial cells impairs the islet blood flow, which may be one of the mechanisms
responsible for the decrease in insulin secretion. We previously reported that
hyperinsulinaemia linked to obesity leads to the downregulation of Irs2 in endothelial
cells (14). Thus, Irs2 in endothelial cells may serve as a novel therapeutic target for

preventing and ameliorating type 2 diabetes and metabolic syndrome.

RESEARCH DESIGN AND METHODS
Animals
ETIrs2KO mice were generated as described previously (14). C57BL/6J mice were
obtained from CLEA Japan (Tokyo, Japan). Mice were housed under a 12-h light-dark
cycle and were given access ad libitum to normal chow MF consisting of 25% (w/w)
protein, 53% carbohydrates, 6% fat and 8% water (Oriental Yeast Co., Ltd., Osaka,
Japan). All the experiments in this study were performed on male mice. To evaluate the
effect of an ACE inhibitor on the islet blood flow and glucose-induced insulin secretion,
enalapril maleate (100 pg/kg body weight) or the corresponding volume of saline (0.1
mL) was injected intravenously. The animal care and experimental procedures were
approved by the Animal Care Committee of the University of Tokyo.
Glucose tolerance test
Mice were denied access to food for 16 h starting at 19:00 hours on the previous
evening and continuing until the end of the fasting period. Control and ETIrs2KO mice
were intraperitoneally injected with glucose (3.0 g/kg body weight) to evaluate insulin

secretion. Mice were also injected intraperitoneally with L-arginine monohydrochloride
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(2.1 g/kg body weight) and glucagon (10 mg/kg body weight; Glucagon G Novo, Novo
Nordisk, Bagsvaerd, Denmark). Blood samples from tail snips were collected at the
indicated times, and the blood glucose level was immediately measured using an
automatic blood glucose meter (Glutest Pro, Sanwa Kagaku Kenkyusho, Nagoya,
Japan). Whole blood samples were collected and centrifuged in heparinized tubes, and
the plasma samples were stored at -30°C. The insulin levels were determined using an
insulin radioimmunoassay (RIA) kit (Institute of Isotopes, Budapest, Hungary) using rat
insulin as the standard.

Assay of insulin secretion from isolated islets and of the islet insulin content
Pancreatic islets were isolated from 12 week-old mice using collagenase digestion, as
described previously (15). Insulin secretion from the islets was measured under static
incubation with Krebs-Ringer-bicarbonate (KRB) buffer (129 mM NaCl, 4.8 mM KCl,
1.2 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, 5 mM NaHCO3, and 10 mM
HEPES; pH7.4) containing 0.2% bovine serum albumin. In the static incubation
experiments, batches of 10 freshly isolated islets were preincubated at 37°C for 30 min
in 500 uL. of KRB buffer containing 2.8 mM glucose. The preincubation solutions were
replaced with 500 uL of KRB buffer containing the test agents, and the batches of islets
were incubated at 37°C for 60 min. At the end of the incubation, aliquots of the buffer
were immediately sampled and stored at -30°C until assay. For measurement of the islet
insulin content, islets were solubilized in acid-ethanol solution overnight at -30°C. The
insulin concentration was measured using an insulin RIA kit, and the resulting
concentration was corrected according to the DNA content. The DNA content was
measured using a DNA assay kit (PicoGreen, Invitrogen, Carlsbad, CA, USA).

Islet perifusion
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The kinetics of insulin secretion were studied in vitro using a perifusion system.
Isolated pancreatic islets were used immediately after isolation. Size-matched islets (n =
50) were placed in each column. Then, the columns were gently closed with the top
adaptors and immersed in a vertical position in a temperature-controlled water bath at
37°C. The perifusion medium was maintained at 37°C in a water bath. All the columns
were perifused in parallel at a flow rate of 0.6 mL/min. After 30 min of static incubation
with KRB buffer (2.8 mmol/LL glucose), the islets were stimulated by the continuous
addition of 22.2 mmol/L of glucose. Samples were collected every 2 min and stored at
-30°C until further analysis.

Quantitative reverse-transcriptase PCR

Total RNA was extracted from the islets using an RNeasy kit (QIAGEN Sciences,
Maryland, USA), in accordance with the manufacturer’s instructions. After treatment
with RQ1 RNase-free DNase (Promega, Madison, WI) to remove genomic DNA,
cDNA was synthesized using MultiScribe reverse transcriptase (Applied Biosystems,
Foster City, CA), and TagMan quantitative PCR (50°C for 2 min, 95°C for 10 min
followed by 40 cycles of 95°C for 15 s, 60°C for 1 min) was then performed using the
ABI Prism 7900 PCR system (Applied Biosystems) to amplify Insulinl, Insulin2 and
Cyclophilin ¢cDNA. The primers that were used were purchased from Applied
Biosystems. The relative abundance of the transcripts was normalized to the constitutive
expression of cyclophilin mRNA.

Histological and immunohistochemical analysis of the islets

Isolated pancreata were fixed with 4% paraformaldehyde at 4°C overnight. Tissues
were routinely processed for paraffin embedding, and 4-um sections were cut and

mounted on silanized slides. Pancreatic sections were stained with anti-rabbit insulin
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