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Figure 5. Antitumor effect of OBP-702 in an orthotopic MNNG/HOS osteosarcoma xenograft model. A, athymic nude mice were inoculated intratibially with
MNNG/HOS cells (5 x 10° cells/site). Twenty-one days after inoculation (designated as day 0), Ad-p53, OBP-301, or OBP-702 were injected into

the tumor with 1 x 10® PFUs on days 0, 2, and 4 (black arrows). PBS was used as a control. Three mice were used for each group. Each tumor volume was
assessed by CT examination. Tumor growth was expressed as mean tumor volume =+ SD. Statistical significance was determined by Student t test.

*, P < 0.05. B, macroscopic appearance of MNNG/HOS tumors in nude mice on days 0 and 28 after treatment with PBS, Ad-p53, OBP-301, or OBP-702.
Tumormasses are outlined by adotted line. C, 3D-CT images of MNNG/HOS tumors. The tumor volumes were calculated by the image viewer (INTAGE Realia)
based on 3D-CT images of tumors after trimming. The white arrowheads indicate the osteolytic areas within tumor tissues treated with PBS, Ad-p53,

or OBP-301. Left side images are low magnification and right side images are high magnification of the area outlined by a white square. D, histologic analysis of
the MNNG/HOS tumors. Tumor tissues were obtained on day 28 after first treatment with PBS, Ad-p53, OBP-301, or OBP-702. Paraffin-embedded
sections of MNNG/HOS tumors were stained with hematoxylin and eosin solutions. There were large necrotic areas in MNNG/HOS tumors treated with
OBP-702. Left side images are low magnification and right side images are high magnification of the area outlined by a white square. Left scale bars, 500 pum.

Right scale bars, 100 um.

that E2F1 enhanced Ad-p53-mediated apoptosis
through pl4ARF-dependent MDM2 downregulation
(39) and that OBP-702 infection showed E1A-dependent
MDM2 downregulation in association with apoptosis
(26). Recently, E2F1 has been shown to suppress MDM2
expression by suppressing the promoter activity (40) or
by inducing upregulation of miR-25/32, which targets
MDM2 (41). Furthermore, E2F1-inducible miR-93/106b
enhanced Ad-p53-induced apoptosis and autophagy
via p21 suppression (Figs. 3D and 4B). Therefore, the
cooperation between the MDM2/p53/p21 pathway and
the E2F1/miRNA pathway may be involved in the

induction of apoptotic and autophagic cell death in
response to OBP-702.

OBP-702-mediated p53 overexpression enhanced
autophagy that was induced by oncolytic adenovirus
in human osteosarcoma cells. OBP-702 infection
induced increased expression of DRAM and decreased
expression of p62 when compared with OBP-301 (Fig.
4), suggesting that OBP-702-mediated p53 overexpres-
sion enhances autophagy through DRAM activation.
We recently reported that OBP-301 induces autophagy
through E1A-dependent activation of E2F1/miR-7 path-
way and subsequent suppression of EGF receptor
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Figure 6. Outline of OBP-702-mediated induction of dual programmed
cell death pathways. OBP-702 infection induces apoptosis and
autophagy, leading to cell death, through p53-dependent BAX/DRAM
upregulation and E1A-dependent p21 downregulation via E2F1-
inducible miR-93/106b activation.

(EGFR; ref. 31). Restoration of p53 expression enhances
the sensitivity to EGFR inhibitors in human cancer cells
(42). Moreover, EGFR downregulation by transfection
of specific antisense oligonucleotide promotes the dif-
ferentiation status of human osteosarcoma U20S cells
(43). Thus, OBP-702 may induce differentiation as well
as cell death through autophagy activation by DRAM
upregulation and EGFR downregulation in human oste-
osarcoma cells.

The 3D-CT imaging system was a useful method to
assess both tumor volume and bone destruction status in
MNNG/HOS tumors. OBP-702-treated tumors were
smaller and had less bone destruction than PBS-, Ad-
p53-, or OBP-301-treated tumors (Fig. 5A and C). Recent
reports have suggested that zoledronic acid suppresses
tumor growth as well as osteolytic components in human
osteosarcoma xenograft tumor models (44, 45). These
results suggest that combination therapy with OBP-702
and zoledronic acid may be more effective and more
protective against bone destruction in human osteosar-
comas. Further study using a 3D-CT imaging system may
provide important information about bone destruction
status in osteosarcomas treated with OBP-702 and zole-
dronic acid.

Adenovirus-mediated p53 gene therapy exerts an anti-
tumor effect in human osteosarcoma cells (46). However,
the antitumor activity of replication-deficient Ad-p53 is
limited in some human osteosarcoma cells (47). Ad-p53—
mediated p53 overexpression increases the sensitivity of
human osteosarcoma cells to the chemotherapeutic drugs,

cisplatin and doxorubicin (48). A synergistic antitumor
effect between doxorubicin and roscovitine was also asso-
ciated with autophagy induction in human osteosarcoma
U20S cells (49). As OBP-702 induced more profound
apoptosis and autophagy than did OBP-301 or Ad-p53
(Fig. 2 and 4), combination therapy with OBP-702 and
chemotherapeutic agents may be more effective than
monotherapy with OBP-702. Moreover, a recent report
has shown that p53-armed replication-competent onco-
lytic adenovirus is a safe antitumor agent in rodents and
non-human primates (50). However, for clinical applica-
tion of OBP-702, it must be necessary to establish the
systemic delivery method and confirm the host biologic
contributions in patients with cancer. Although there are
some unsolved issues, the combination of p53-armed
oncolytic adenovirus and chemotherapy may provide us
a promising antitumor strategy against human osteosar-
coma cells.

In conclusion, we clearly showed that the p53-expres-
sing oncolytic adenovirus OBP-702 has a much stronger
antitumor effect than does OBP-301. Oncolytic adenovi-
rus-mediated p53 gene transduction may induce dual
apoptotic and autophagic cell death pathways through
p53-dependent activation of cell death inducers and E1A-
dependent suppression of cell death inhibitors, resulting
in the enhancement of antitumor effect.
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Introduction

Chemotherapy is continually evolving and various anti-
cancer drugs have been produced during the past decades.
Recently, therapies targeting molecules in cancer cells have
been developed and used in the clinical setting. Moreover,
new drugs targeting the tumor stroma have been developed.
Bevacizumab, an antibody against vascular endothelial growth
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 shownto

factor (VEGEF), is the first tumor stroma molecular-targeting
drug." Many kinds of cancer cells are known to become hypoxic
during progression of the tumor. However, the cells survive with
angiogenesis through activation of VEGF signaling via hypoxia-
induced factor 1o (HIF-10).?> Bevacizumab has been used to
treat many different cancers all over the world and some clinical
studies revealed that bevacizumab prolonged survival >~

Iron metabolism and its relationship with cancer cells
have been studied for a long time. Iron is an essential element
for both human normal and cancer cells. Iron overload is
known to induce some kinds of cancer, which suggests that the
prevention of iron overload may become a therapeutic strategy
for cancer prevention.®” In fact, reduction of serum iron with
phlebotomy lowered the risk of developing hepatocellular car-
cinoma in patients with chronic hepatitis C.® Iron-depletion
treatment is also known to suppress tumor growth in vivo.’
However, iron-depletion monotherapy has generally been
thought to not be superior to ordinary chemotherapy and a
standard therapeutic strategy in the treatment of cancer.

In human biology, iron depletion was known to reduce se-
rum hemoglobin and oxygen supply to the tissue.'®'! There-
fore, cancer cells could respond to iron depletion and induce
angiogenesis to compensate for the reduced oxygen supply.
Subsequently, their iron-decreased status could make the can-
cer cell more dependent on angiogenesis so that the effective-
ness of antiangiogenic therapy would be increased in an
iron-depleted condition.
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In our study, we investigated whether iron-depletion and
anti-angiogenic therapy can have a novel therapeutic effect
for the treatment of cancer.

Material and Methods

Cell lines and cultures

The human nonsmall cell lung cancer (NSCLC) cell lines
A549 and H1299 were used in our study. A549 was cultured
in Dulbecco’s modified eagle medium (DMEM, Sigma-
Aldrich, St. Louis, MO) and HI1299 was cultured in
RPMI1640 medium (Sigma-Aldrich) at 37°C in humidified
air with 5% CO,. Each medium was supplemented with 10%
fetal calf serum (FCS, Hyclone, Logan, UT), 100 units/mL
penicillin, and 100 mg/mL streptomycin (Sigma-Aldrich).

Reagents

Bevacizumab, commercialized as AVASTIN by Roche
(Basel, Switzerland), was purchased from Chugai Pharmaceu-
tical (Tokyo, Japan). Bevacizumab was diluted to the final
concentration of 5 mg/kg with 0.9% sodium chloride before
use in vivo. Deferasirox, commercialized as EXIADETM was
purchased from Novartis Pharma (Tokyo, Japan).

Cell viability assay

The proliferation of A549 and H1299 cells was evaluated
using a sulfonated tetrazolium salt (WST-1). The cells were
plated at a density of 1 x 10° cells/well in 96-well micro
plates, in 10% FCS containing each mediu, and incubated at
37°C in a humidified atmosphere of 5% CO,. Twenty-four
hours after each treatment, the cells were incubated with 10
pL/well of WST-1/PBS solution (Roche) for 3 hr under the
same conditions as indicated above. The absorbance of the
samples was measured at 450 nm using a microplate reader
with a background control as the blank. The cell viability
ratio was expressed as a percentage of the control.

Cell-cycle analysis by flow cytometry

For the cell-cycle analysis, cancer cells were plated in six-well
tissue culture plates and treated with different concentrations
of deferasirox (0, 1, 10,100 or 1,000 uM). After 24 hr, the cells
were harvested and stained with 20 mg/mL propidium iodide.
The DNA content was analyzed with a fluorescence-activated
cell sorter (FACScan, Becton Dickinson, Franklin Lakes, NJ)
using Cell Quest software (BD Biosciences, San Jose, CA).

54

Western blotting

Whole-cell lysates and nuclear protein were extracted using
M-PER buffer (Thermo Fisher Scientific, Rockford, IL) and
NE-PER buffer (Thermo Fisher Scientific), respectively. Total
protein extraction and nuclear protein from homogenized
A549 xenograft tumor tissue samples were extracted using
T-PER buffer (Thermo Fisher Scientific) and NE-PER buffer
(Thermo Fisher Scientific). The collected supernatants were
subjected to protein concentration and equal amounts of pro-
tein were electrophoresed under reducing conditions in gradi-
ent polyacrylamide gels (ATTO, Tokyo, Japan) and were then
transferred onto polyvinylidene difluoride filter membranes
(Millipore, Billerica, MA). The membranes were incubated
with primary antibodies at 4°C overnight, followed by incuba-
tion with secondary antibodies at room temperature for 1 hr.
An Amersham chemiluminescent ECL Plus Western Blotting
Detection system (GE Healthcare, Piscataway, NJ) was used for
signal detection. Western blotting materials were as follows:
hydroxy-HIF-1o. (Pro564) (D43B5) was obtained from Cell
Signaling Technology (Beverly, MA); cyclin D1 was obtained
from Santa Cruz Biotechnology (Santa Cruz, CA); B-actin was
obtained from Sigma-Aldrich; horseradish peroxidase-conju-
gated rabbit anti-mouse IgG was obtained from Dako Cytoma-
tion (Glostrup, Denmark); and goat anti-rabbit IgG was
obtained from American Qualex Antibodies (La Mirada, CA).

Histology and immunohistology

Surgically resected tissues from the A549 xenograft model
were used for histological and immunohistochemical study.
Paraffin sections were prepared from the 10% formalin-fixed
tumors and stained with hematoxylin/eosin and Prussian blue.
Prussian blue staining was performed by incubating fixed tis-
sue in a mixture of 2% potassium ferrocyanide and 1% HCl
for 30 min. Glass slides were rinsed in distilled water and
counterstained with Nuclear Fast Red for 5 min. Immunohis-
tochemical procedures were followed as described previously."
Deparaffinized tissue sections were immersed in methanol
containing 3% hydrogen peroxide to block endogenous perox-
ide activity. An autoclave pretreatment in citrate buffer was
done for antigen retrieval. A Ki-67 staining kit (Dako) and
CD31 (endothelial cell adhesion molecule-1) rabbit monoclo-
nal antibody (Santa Cruz Biotechnology) were used. After
incubation with a blocking buffer, the sections were treated
with Ki-67 and CD31 antibodies for 1 hr at room temperature
followed by immunobridging with Avidin DH-biotinylated
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Table 1. Content of control and iron-deficient diets

 Controldiet lIron-deficient diet

g/kg diet

Com ’S:t‘a!‘;C‘,h Ty 610 - 610 i
Caéeiﬁ 220 220

Cellulose s SO e

Soybean 6il ’ ’ 40 40

Vitamin mixture 10 - 10

Mineral ﬁ?ixtilre

Potassium’ 1730 ’ 173
Phosphorus ” ' 1’5 15
: Calcxum e i 1355 AR ,13;.55 ‘ .
Mkagnésiu”m - 8 - ‘8 '

,Corh starch 8 9.9
Sodium 6 6

on G 190 e

Manganeée 0.154 0.154

lodine‘ - 0.0154’ 0.0154
Copp‘e‘r‘?" L :0.0126 ,0.012,,6
Chloride 0.004 0.004

horseradish peroxide complex (Nichirei, Tokyo, Japan). Signal
detection was done for 2-5 min using a solution of 3,3'-diami-
nobenzidine tetrahydrochloride in 50 mmol/L Tris-HCl (pH =
7.5) containing 0.001% hydrogen peroxide. The sections were
counterstained with Mayer’s hematoxylin for 6 hr at
room temperature followed by immunobridging with Avidin
DH-biotinylated horseradish peroxide complex (Nichirei). Ki-
67 labeling index was calculated as the average percentage of
Ki-67-positive nuclei in three high-power fields (HPFs).

Hypoxia assay

A Hypoxyprobe-1 kit (Chemicon International, Temecula,
CA) was used to investigate tumor hypoxia. Mice were
injected intraperitoneally (ip) with Hypoxyprobe TM-1
[pimonidazole hydrochloride 60 mg/kg] 45 min before tumor
collection.'>'* The collected tumor sections were incubated
for 1 h with the Hypoxyprobe-1 primary antibody supplied
with the kit.

Micro vessel density

Angiogenesis activity was determined to count microvessel
density. CD31-immunostained sections were used in the pre-
vious report.'* The highest density of blood vessels (hot
spots) was selected at a low-power field and the number of
blood vessels was counted per 0.20 mm? in five separate hot
spots at a HPE.'® All sections were scored independently by
two individual experienced microscopists and no significant
differences were observed between scorers.
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Table 2. Blood analysis results of the normal and iron-deficient diet
groups

RBC (x109) 891 = 46 802 * 43 0.029
Hb 149%07  114%06 0.001
HCT . 46237  385%38 0027
mcv 52.0 + 2.0 48.5 + 2.4 0.065
- MCHC 303+13 298+ 13  0.59%
Fe 2223 £201 1153 =433 0.004
Ferritin 255.0 = 108.6 113.8 + 249 0.044

VEGF ELISA assay

To evaluate the supernatant VEGF secreted by A549 and
H1299 cells, we used a VEGF enzyme-linked immunosorbent
assay (ELISA) kit (R&D Systems, Minneapolis, MN). The
cancer cells were plated in six-well tissue culture plates and
were treated with different concentrations of deferasirox (0,
1, 10, 100 or 1,000 uM). After a 24-hr treatment, the super-
natant and cells were harvested and VEGF content was
assayed by ELISA according to the protocol provided by the
manufacturer. The results were normalized to the concentra-
tion of total protein extraction per plate. Data were presented
as mean * SD from three independent experiments.

Animal experiments

The animal experimental protocol was approved by the
Ethics Review Committee for Animal Experimentation of
Okayama University, Okayama, Japan. All of the mice and
their diets (normal and iron deficient) were purchased from
Clea (Tokyo, Japan) (Table 1). The 6-week-old male BALB/c
nu/nu mice were randomized into two groups of eight mice
each; (i) normal diet as a control and (ii) iron-deficient diet.
After 3 weeks, A549 subcutaneous xenografts were produced
on the backs of mice by injecting 3 x 10° cells mixed with
Matrigel (BD Biosciences) at a 1:1 ratio.'”’® Water was pro-
vided and the mice were allowed to drink freely. Tumor vol-
ume was measured weekly (length x width?/2). For the beva-
cizumab administration study, 6-week-old male BALB/c nu/
nu mice were randomized into two groups of 20 mice each
as above. After 3 weeks, A549 subcutaneous xenografts were
produced in the same way. After a week, the mice in each
diet group were randomized into two groups of four mice
each (i) bevacizumab (5 mg/kg twice/week for 5 weeks), (if)
saline alone as a control."® The drug was administered ip and
tumor volume measured twice a week. Both diets (normal
and iron deficient) and water were provided ad libitum.

Statistical analysis

A Student’s t-test was used to compare data between the two
groups. Data represent the mean * SD; p < 0.05 was consid-
ered statistically significant.
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Figure 1. Iron depletion suppressed tumor growth in vivo. (a) An iron-deficient diet was started 3 weeks before inoculating A549 cells on
the backs of mice. The iron-deficient diet was continuously fed until the end of the study. Tumor volume was measured as a cube (length
x width x height) and was tracked up to 6 weeks. Tumor growth was suppressed in the iron-deficient diet group. Tumor growth was
expressed as mean tumor volume * SD. Statistical significance (*) was determined as p < 0.01. (b) Prussian blue and Ki-67 staining
showed the positive spot area and proliferating cells were reduced in the iron-depleted condition. Scale bars: 50 mm. (¢) Ki-67 labeling
index was decreased in iron-depleted condition. Data are means =+ SD. Statistical significance (**) was determined as p < 0.05.

Results

Iron-deficient diet produced iron-depleted mice

We first confirmed that the iron-deficient diet resulted in an
iron-depleted mouse model. The 6-week-old male BALB/c
nu/nu mice were randomized into two groups of eight mice
each. Blood sampling was performed after 3 weeks. The iron-
deficient diet reduced serum iron levels (Table 2). To confirm
iron deficiency histologically, Prussian blue staining was done
using surgically resected murine spleens. Although the posi-
tive blue spots were diffusely recognized in the normal diet
group, no positive blue spot was recognized in the iron-defi-
cient diet group (Supporting Information Fig. 1). A reduction
of iron in the reticuloendothelial system proves that the iron-
deficient diet reduced serum iron levels.

Iron depletion suppressed tumor growth
We investigated the tumor growth under an iron-depleted
condition. A549 subcutaneous xenografts were produced on
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the backs of mice after 3 weeks of an iron-deficient diet and
tumor size was measured once a week. Tumor growth was
suppressed in the iron-deficient diet group (tumor volume:
normal diet vs. iron-deficient diet = 1,375.9 * 688.4 vs. 497.0
* 1922 mm’; p = 0.0037) (Fig. 1a). There were no mice that
died and no significant side effects were observed during the
experiment. Moreover, diet intake and body weight were not
significantly different between normal diet group and iron-de-
ficient diet group (Supporting Information Fig. S2).

Iron depletion reduced iron levels in tumor tissue and
suppressed cancer cell proliferation

To identify the differences in tumor progression in an
iron-depleted condition, we performed histological and
immunohistological examinations (Fig. 1b). As shown above,
an iron-deficient diet reduced the serum and tumor tissue
iron levels. Interestingly, there was only difference of positive
spot area in stroma tissue of the tumor. Proliferating cells
(G1, S, G2 and M cycling stages of cell division) were stained
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Figure 2. Iron depletion reciprocally induced angiogenesis via upregulation of HIF-1a.. (@) Tumor tissues obtained as described in the
legend to Figure 1 were analyzed for angiogenesis. Pimonidazole and CD-31 staining showed that positive spot area and positive stained
vessels were increased in the iron-depleted condition. Scale bars: 50 mm. (b) MVD is increased in the iron-depleted condition. Data are
means = SD. Statistical significance (**) was determined as p < 0.05. () Western blot analysis of tumor-homogenized samples showed
that VEGF and TfR-1 were upregulated in the iron-depleted condition. Similarly, HIF-1a was also upregulated at the nucleus protein level.

Each tumor sample was obtained from three individual mice.

positive; GO cycling stage cells were excluded. The Ki-67
labeling index revealed that an iron-deficient diet suppressed
cancer cell proliferation compared to the normal diet group (Ki-
67 labeling index: normal diet vs. iron-deficient diet = 0.211 *
0.035 vs. 0.133 = 0.032; p = 0.0459). Prussian blue staining was
almost negative in the tissue in iron-deficient group.

Iron depletion followed by hypoxia and angiogenesis

We hypothesized that iron depletion induced a reduction of
serum hemoglobin and tissue hypoxia. Iron depletion also
upregulates angiogenesis in the tumor. To test these hypothe-
ses, we investigated pimonidazole and CD-31 staining (Fig.
2a). Tumor hypoxia was increased in the group fed an iron-
deficient diet. CD-31 staining was performed to investigate
whether iron depletion induced angiogenesis. Microvessel

Int. J. Cancer: 132, 2705-2713 (2013) © 2012 UICC

density (MVD) was calculated to count CD-31-positive ves-
sels (Fig. 2b). CD-31-positive vessels were increased in an
iron-depleted condition. The MVD of the iron-deficient diet
group was higher than that of the normal diet group (MVD:
normal diet vs. iron-deficient diet = 32.02 = 25.24 vs. 64.96
* 2471; p = 0.045439). This result suggested that iron
depletion induced angiogenesis via hypoxia.

Angiogenesis was induced by iron depletion via HIF-1o
upregulation

To identify the mechanism by which iron depletion induced
angiogenesis via hypoxia, a Western blot analysis was per-
formed using homogenized tissue samples. The expression of
transferrin receptor 1 (TfR-1) was determined to confirm the
effect of iron depletion in tumor tissue samples. As TfR-1
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Figure 3. Bevacizumab synergistically suppressed tumor growth in an iron-depleted condition. (a) An iron-deficient diet was started 3
weeks before inoculating A549 cells on the backs of mice (day 21). The iron-deficient diet was continuously fed until the end of the
study. (b) Bevacizumab (5 mg/kg) or saline as a control was administered ip twice/week. Tumor volume was measured as a cube
(length x width x height) and was tracked up to 39 days. Five mice were used for each group. Tumor growth was expressed as
mean tumor volume = SD. Statistical significance (*) was determined as p < 0.01. Tumor growth was significantly inhibited in the
combination group as compared to the control, bevacizumab or Fe (=) groups. (c) CD-31 staining revealed that positively stained
vessels were increased in the iron-depleted condition. Scale bars: 50 mm. (d) Bevacizumab decreased MVD in both normal diet group

and iron-deficient diet group.

expression changes based on the serum iron level, a decrease
in serum iron levels increases TfR-1 expression.'”” Whole-cell
lysate from homogenized tissue samples showed TfR-1 was
upregulated in the iron-deficient diet group (Fig. 2c). Subse-
quently, the expression status of HIF-1o in nuclei was deter-
mined. HIF-1o is known to play a critical role in angiogenesis
via hypoxia.>*® Western blot analysis of an extraction from
nuclei showed the expression of HIF-1a in the iron-deficient
diet group was higher than that of the normal group (Fig. 2c¢).
This result suggested that iron depletion induced hypoxia via
HIF-10, which caused angiogenesis.

Bevacizumab synergistically suppressed tumor growth by
inhibiting upregulated angiogenesis

As shown above, we found that iron depletion was followed
by hypoxia and angiogenesis. Thus, an antiangiogenic thera-
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peutic agent (bevacizumab) was predicted to have a syner-
getic effect on suppressing tumor growth in an iron-depleted
condition. Bevacizumab was administrated ip 5 mg/kg twice
a week to mice with subcutaneous tumors fed either an iron-
deficient or a normal diet. This dose and schedule were cited
in the previous reports.”"** Bevacizumab had a synergistic
effect on inhibiting tumor growth on Day 39 (tumor volume:
normal diet [857.6 * 129.0 cm?], iron-deficient diet [401.8
+ 126.6 cm’], normal diet + bevacizumab [221.6 = 63.8
cm?], iron-deficient diet + bevacizumab [61.0 * 27.5 cm?])
(Figs. 3a and 3b). To calculate MVD, CD-31 staining was
performed (Fig. 3c). We could confirmed that bevacizumab
inhibited angiogenesis in spite of induction by iron depletion
condition (MVD: normal diet [39 * 7.3], iron-deficient diet
[59 * 22.4], normal diet + bevacizumab [26 * 9.7], iron-
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