p53-Mediated Dual Cell Death Pathways

soft-tissue sarcomas (9, 10). Telomerase activation is close-
ly correlated with the expression of the human telomerase
reverse transcriptase (1TERT) gene (11). On the basis of
these data, we previously developed a telomerase-specific
replication-competent oncolytic adenovirus OBP-301
(Telomelysin) in which the "TERT gene promoter drives
the expression of the E1A and E1B genes (12). A phase I
clinical trial of OBP-301, which was conducted in the
United States on patients with advanced solid tumors,
indicated that OBP-301 was well tolerated by patients (13).
Recently, we reported that OBP-301 efficiently killed
human bone and soft-tissue sarcoma cells (14, 15). How-
ever, some osteosarcoma cell lines were not sensitive to
the antitumor effect of OBP-301. Therefore, to efficiently
eliminate tumor cells with OBP-301, its antitumor effects
need to be enhanced.

Cancer gene therapy is defined as the treatment of
malignant tumors via the introduction of a therapeutic
tumor suppressor gene or the abrogation of an oncogene.
The tumor suppressor p53 gene has an attractive tumor
suppressor profile as a potent therapeutic transgene for
induction of cell-cycle arrest, senescence, apoptosis, and
autophagy (16). Dual cell death pathways, such as apo-
ptosis and autophagy, induced by p53 transactivation are
mainly involved in the suppression of tumor initiation
and progression. However, among the p53 downstream
target genes, p21, which is most rapidly and strongly
induced during the DNA damage response, mainly
induces cell-cycle arrest through suppression of apoptotic
and autophagic cell death pathways (17, 18). Thus, p21
suppression may be a more effective strategy for the
induction of apoptotic and autophagic cell death path-
ways in tumor cells, particularly when the tumor sup-
pressor p53 gene is overexpressed in tumor cells in
response to cancer gene therapy.

A p53-expressing replication-deficient adenovirus (Ad-
p53, Advexin) has previously been reported to induce an
antitumor effect in the in vitro and in vivo settings (19, 20)
as well as in some clinical studies (21-24). We recently
reported that combination therapy with OBP-301 and Ad-
P53 resulted in a more profound antitumor effect than
monotherapy with either OBP-301 or Ad-p53 (25). More-
over, we generated armed OBP-301 expressing the wild-
type p53 tumor suppressor gene (OBP-702) and showed
that OBP-702 suppressed the viability of various types of
epithelial malignant cells more efficiently than did OBP-
301 (26). OBP-702 induced a more profound apoptotic
cell death effect than Ad-p53, likely via adenoviral E1A-
mediated suppression of anti-apoptotic p21 in human
epithelial malignant cells. However, it remained unclear
whether OBP-702 efficiently induces an antitumor
effect in human nonepithelial malignant cells, including
osteosarcomas.

In the present study, we investigated the in vitro cyto-
pathic efficacy of the p53-expressing telomerase-specific
replication-competent oncolytic adenovirus, OBP-702, in
human osteosarcoma cells, and we compared the induc-
tion level of apoptotic and autophagic cell deaths in OBP-

301-resistant human osteosarcoma cells infected with
OBP-301, OBP-702, and Ad-p53. The molecular mecha-
nism by which OBP-702 medjiates induction of apoptosis
and autophagy was also investigated. Finally, the in vivo
antitumor effect of OBP-702 was evaluated using an
orthotopic OBP-301-resistant human osteosarcoma xeno-
graft tumor model.

Materials and Methods

Cell lines

The human osteosarcoma cell lines, HOS and Sa0S-2,
were kindly provided by Dr. Satoru Kyo (Kanazawa
University, Ishikawa, Japan). These cells were propagated
as monolayer cultures in Dulbecco’s Modified Eagle’s
Medium. The human osteosarcoma cell line, U20S, was
obtained from the American Type Culture Collection and
was grown in McCoy’s 5a Medium. The human osteosar-
coma cell line, MNNG/HOS, was purchased from DS
Pharma Biomedical and was maintained in Eagle’s Min-
imum Essential Medium containing 1% nonessential ami-
no acids. All media were supplemented with 10% FBS, 100
U/mL penicillin, and 100 mg/mL streptomycin. The
normal human lung fibroblast (NHLF) cell line, NHLF,
was obtained from TaKaRa Biomedicals. NHLF cells were
propagated as monolayer culture in the medium recom-
mended by the manufacturer. Although cell lines were not
authenticated by the authors, cells were immediately
expanded after receipt and stored in liquid N. Cells were
not cultured for more than 5 months following resusci-
tation. The cells were maintained at 37°C in a humidified
atmosphere with 5% CO,.

Recombinant adenoviruses

The recombinant telomerase-specific replication-com-
petent adenovirus OBP-301 (Telomelysin), in which the
promoter element of the h'TERT gene drives the expres-
sion of E1A and E1B genes, was previously constructed
and characterized (12, 27). For OBP-301-mediated induc-
tion of exogenous p53 gene expression, we recently gen-
erated OBP-702, in which a human wild-type p53 gene
expression cassette was inserted into the E3 region
(Supplementary Fig. 51; ref. 26). Ad-p53 is a replica-
tion-defective adenovirus serotype 5 vector with a p53
gene expression cassette at the E1 region (19, 20). Recom-
binant viruses were purified by ultracentrifugation using
cesium chloride step gradients, their titers were deter-
mined by a plaque-forming assay using 293 cells and they
were stored at —80°C.

Cell viability assay

Cells were seeded on 96-well plates at a density of
1 x 10° cells/well 24 hours before viral infection. All cell
lines were infected with OBP-702 at multiplicity of infec-
tions (MOI) 0f 0, 0.1, 1, 10, 50, or 100 plaque-forming units
(PFU)/cell. Cell viability was determined on days 1, 2, 3,
and 5 after virus infection using Cell Proliferation Kit II
(Roche Molecular Biochemicals). The 50% inhibiting dose
(IDsg) value of OBP-702 for each cell line was calculated
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using cell viability data obtained on day 5 after virus
infection.

Time-lapse confocal laser microscopy

GFP-expressing  MNNG/HOS (MNNG/HOS-GFP)
cells were established by stable transfection with GFP
expression plasmid using Lipofectamine LTX (Invitro-
gen). MNNG/HOS-GFP and NHLF cells were seeded in
35-mm glass-based dishes at a density of 1 x 10° cells/dish
24 hours before infection and were infected with OBP-702
atan MOI of 10 PFU/cell for 72 hours. Phase-contrast and
fluorescence time-lapse recordings were obtained to con-
comitantly analyze cell morphology and GFP expression
using an inverted FV10i confocal laser scanning micros-
copy (OLYMPUS).

Western blot analysis

Sa0S-2 and MNNG/HOS cells, seeded in a 100-mm
dish at a density of 1 x 10° cells/dish, were infected with
OBP-301, OBP-702, or Ad-p53 at the indicated MOlIs. In
contrast, Sa0S-2 cells were transfected with 10 nmol/L
miR-93 (Ambion), miR-106b (Ambion), or control miRNA
(Ambion) 24 hours before Ad-p53 infection and infected
with Ad-p53 at an MOI of 100 for 48 hours. Whole-cell
lysates were prepared in a lysis buffer [50 mmol/L Tris-
HCI (pH 7.4), 150 mmol/L NaCl, 1% Triton X-100] con-
taining a protease inhibitor cocktail (Complete Mini;
Roche) at the indicated time points. Proteins were electro-
phoresed on 6% to 15% SDS-PAGE and were transferred
to polyvinylidene difluoride membranes (Hybond-P; GE
Health Care). Blots were blocked with 5% non-fat dry milk
in TBS-T (Tris-buffered saline and 0.1% Tween-20, pH
7.4). The primary antibodies used were: rabbit anti-PARP
polyclonal antibody (pAb; Cell Signaling Technology),
mouse anti-p53 monoclonal antibody (mAb; Calbio-
chem), mouse anti-p21"V4F! mAb (Calbiochem), rabbit
anti-E2F1 pAb (Santa Cruz Biotechnology), mouse anti-
Ad5E1A mAb (BD PharMingen), rabbit anti-microtubule-
associated protein 1 light chain 3 (LC3) pAb [Medical &
Biological Laboratories (MBL)], mouse anti-p62 mAb
(MBL), rabbit anti-damage-regulated autophagy modula-
tor (DRAM) pAb (Abgent), and mouse anti-B-actin mAb
(Sigma-Aldrich).

Flow cytometric analysis

To analyze the active caspase-3 expression, cells were
incubated for 20 minutes on ice in Cytofix/Cytoperm
solution (BD Biosciences), labeled with phycoerythrin
(PE)-conjugated rabbit anti-active caspase-3 mAb (BD
Biosciences) for 30 minutes, and then analyzed using
FACS array (BD Biosciences).

To evaluate the sub-G; population, which is a apoptosis
indicator, in Sa0S-2 cells after virus infection, SaOS-2 cells
were seeded in a 100-mm dish at a density of 1 x 10° cells/
dish 24 hours before viral infection and were infected with
mock, OBP-301, Ad-p53, or OBP-702 at an MOI of 10
PFUs/ cell for 48 hours. Cells were trypsinized and resus-
pended in original supernatant to ensure that both

attached and nonattached cells were analyzed. Cells
stained with propidium iodide were analyzed using
FACS array (BD Biosciences).

Quantitative real-time reverse transcription PCR
analysis

To evaluate the expressions of miR-93 and miR-106b
in tumor cells after OBP-702 infection, SaOS-2 and
MNNG/HOS cells were seeded on 6-well plates at a
density of 2 x 10° cells /well 24 hours before viral infection
and were infected with OBP-702 at MOlIs 0f0, 1,5,10,50, or
100 PFU/cell. Three days after virus infection, total RNA
was extracted from the cells using a miRNeasy Mini Kit
(Qiagen). The concentration and quality of RNA were
assessed using a Nanodrop spectrophotometer. cDNA
was synthesized from 10 ng of total RNA using the Taq-
Man MicroRNA Reverse Transcription Kit (Applied Bio-
systems), and quantitative real-time reverse transcription
(RT)-PCR was carried out using the Applied Biosystems
StepOnePlus real-time PCR System. The expressions of
miR-93 and miR-106b were defined from the threshold
cycle (Cy, and relative expression levels were calculated
using the 2742¢ method after normalization with refer-
ence to the expression of U6 small nuclear RNA.

In vivo orthotopic MNNG/HOS xenograft tumor
model

Animal experimental protocols were approved by the
Ethics Review Committee for Animal Experimentation of
Okayama University School of Medicine (Okayama,
Japan). MNNG/HOS cells (5 x 10° cells per site) were
inoculated into the tibias of female athymic nude mice
aged 6 to 7 weeks (CLEA Japan). Palpable tumors devel-
oped within 21 days and were permitted to grow to
approximately 5 to 6 mm in diameter. At that stage, a
50-uL volume of solution containing OBP-702, OBP-301,
or Ad-p53atadose of 1 x 10° PFU or PBS was injected into
the tumors for 3 cycles every 2 days. Tumor volume was
monitored by computed tomographic (CT) imaging once
a week after virus infection.

Three-dimensional computed tomography imaging

The tumor volume and formation of osteolytic lesions
were evaluated using three-dimensional CT (3D-CT)
imaging (ALOKA Latheta LCT-200; Hitachi Aloka Med-
ical). The tumor volume was calculated by INTAGE
Realia software (Cybernet Systems).

Histopathologic analysis

Tumors were fixed in 10% neutralized formalin and
embedded in paraffin blocks. Sections were stained
with hematoxylin/eosin and analyzed by light
mMicroscopy.

Statistical analysis

Data are expressed as means =+ SD. Student ¢ test was
used to compare differences between groups. Statistical
significance was defined as P < 0.05.
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Resulis

In vitro cytopathic efficacy of OBP-702 against
human osteosarcoma cell lines

To evaluate the in vitro cytopathic activity of OBP-702,
we used the 2 OBP-301-sensitive human osteosarcoma
cells (HOS and U20S) and the 2 OBP-301-resistant human
osteosarcoma cells (5a0S-2 and MNNG/HOS) that were
recently described (14). The cell viability of each cell was
assessed over 5 days after infection using the XTT assay.
OBP-702 infection suppressed the viability of OBP-301-
sensitive and -resistant cells in dose- and time-dependent
manners (Fig. 1A and B). When the IDsg values of OBP-702
in all 4 human osteosarcoma cells were compared with
those of OBP-301 calculated in a previous report (14), all
cell lines were more sensitive to OBP-702 than to OBP-301
(Table 1). The IDsq values of OBP-702 were also lower than

those of Ad-p53 (Supplementary Fig. S2). However, OBP-
702 did not exhibit any cytopathic effect in NHLF cells
(Fig. 1B). When GFP-expressing MNNG/HOS-GFP cells
were cocultured with human normal NHLF cells, OBP-
702 infection showed a cytopathic effect (confirmed by
observation of round-shaped morphologic changes) in
MNNG/HOS-GFP cells but not in NHLF cells (Fig. 1C).
These results indicate that OBP-702 was more cytopathic
than OBP-301 for human osteosarcoma cells but was not
cytopathic for normal human cells.

Increased induction of apoptosis by OBP-702 when
compared with OBP-301 or Ad-p53

We next investigated whether OBP-702 induces more
profound apoptosis when compared with OBP-301 or Ad-
p53. OBP-301-resistant Sa0S-2 and MNNG/HOS cells
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Figure 1. Invitro cytopathic effect of OBP-702 in human osteosarcoma cell lines. A, OBP-301-sensitive (HOS and U20S) and OBP-301-resistant (Sa0S-2 and
MNNG/HOS) human osteosarcoma cells were infected with OBP-702 at the indicated MO, and cell viability was quantified over 5 days using the XTT
assay. Cell viability was calculated relative to that of the mock-infected group on each day, which was set at 1.0. Cell viability data are expressed

as mean values = SD (n = 5). B, four human osteosarcoma cells and one normal fibroblast NHLF cell were seeded 24 hours before viral infection and were
infected with OBP-702 at the indicated MOlIs, and cell viability was examined on day 5 using the XTT assay. Cell viability was calculated relative

to that of the mock-infected group, which was set at 1.0. Cell viability data are expressed as mean £ SD (n = 5). C, time lapse images of cytopathic effect of
OBP-702 in coculture of GFP-expressing MNNG/HOS cells with human normal fibroblast NHLF cells. MNNG/HOS-GFP cells coincubated with NHLF
cells were recorded for 72 hours after OBP-702 infection at an MOI of 10. Three images on the left are low magnification and one image on the right is high
magnification of the area outlined by a white square. Left scale bars, 100 pm. Right scale bar, 10 um.
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Table 1. Comparison of IDsg values of OBP-301 and OBP-702 in various human osteosarcoma cell lines

IDs, value® (MOI) Ratio®
Sensitivity to Relative hTERT (OBP-702/
Cell lines OBP-301 Cell type mRNA expression OBP-301 OBP-702 OBP-301)
Sa0s-2 Resistant ALT Negative 98.1 5.5 0.06
MNNG/HOS Resistant Non-ALT 1 97.3 6.7 0.07
u20s Sensitive ALT 0.3 38.2 1.2 0.03
HOS Sensitive Non-ALT 4.3 43.0 4.5 0.10

*The IDsg values of OBP-702 and OBP-301 were calculated from the data of XTT assay on day 5 after infection.
The ratio was calculated from the division of the IDsg value of OBP-702 by the IDsg value of OBP-301.

were infected with OBP-702, OBP-301, or Ad-p53, and
apoptosis was assessed by Western blot and flow cyto-
metric analyses. Western blot analysis showed that SaOS-
2 cells exhibited the cleavage of PARP after infection with
OBP-702 (>5 MOIs) or Ad-p53 (>50 MOIs), whereas
MNNG/HOS cells had the cleavage of PARP after infec-
tion with OBP-702 (>5 MOlIs) but not Ad-p53 (Fig. 2A). In
contrast, OBP-301 did not induce apoptosis (data not
shown). Furthermore, flow cytometric analysis showed
that OBP-702 infection (10 MOIs) significantly increased
the percentage of apoptotic cells with active caspase-3
when compared with Ad-p53 or OBP-301 at same doses in
Sa08S-2 and MNNG /HOS cells (Fig. 2B and C). Cell-cycle
analysis also showed that OBP-702 (10 MOlIs) induced the
highest percentages of sub-G; population in SaOS5-2 cells
when compared with Ad-p53 or OBP-301 at same doses
(Fig. 2D). These results suggest that OBP-702 induces
increased apoptosis when compared with Ad-p53 or
OBP-301 in human osteosarcoma cells.

p53 induction in human osteosarcoma cells infected
with OBP-702

To investigate the molecular mechanism of OBP-702—
induced apoptosis in human osteosarcoma cells, we eval-
uated p53 expression after OBP-702 infection in 5a0S-2
(p53-null) and MNNG/HOS (p53-mutant) cells in which
endogenous p53 expression level was confirmed by West-
ern blot analysis (Supplementary Fig. 53). OBP-702 effi-
ciently induced p53 expression in Sa0S-2 and MNNG/
HOS cells (Fig. 3A). The level of p53 expression was higher
in OBP-702-treated cells than in Ad-p53-treated cells (Fig.
3A). Despite of OBP-702~induced high p53 expression,
p53 downstream target p21 protein was induced only in
Ad-p53-treated cells.

To investigate the effect of exogenous p53 overexpres-
sion in virus replication, we next compared the replication
abilities of OBP-702 and OBP-301 in p53-null Sa0S-2
cells by measuring the relative amounts of EIA copy
numbers. The EIA copy number of OBP-702 was similar
to that of OBP-301 in SaOS-2 cells (Supplementary Fig. 54).
These results indicate that OBP-702 efficiently induces
exogenous p53 expression without affecting p21
expression and virus replication in human osteosarcoma
cells.

OBP-702-mediated upregulation of miR-93 and
miR-106b suppresses p21 expression

Adenoviral E1A protein has been shown to activate
E2F1 expression (28), which is a multifunctional transcrip-
tion factor that regulates diverse cell fates through induc-
tion of many target genes, including small noncoding
miRNAs (29). Recently, E2Fl-inducible miR-93 and
miR-106b have been shown to suppress p21 expression
in human cancer cells (30). Therefore, we sought to inves-
tigate whether OBP-702 induces expressions of E2F1 and
E2F1-regulated miRNAs (miR-93 and miR-106b). OBP-702
infection activated E2F1 expression along with E1A accu-
mulation in SaOS-2 and MNNG/HOS cells (Fig. 3B). The
expression levels of miR-93 and miR-106b were increased
in association with E2F1 activation in OBP-702-infected
5a05-2 and MNNG/HOS cells (Fig. 3C). In contrast, E1A-
deleted Ad-p53 infection did not increase expressions of
E2F1 and E2F1-regulated miR-93 and miR-106b (data not
shown). Next, we assessed whether upregulation of miR-
93 and miR-106b efficiently suppresses p21 expression
induced by Ad-p53-mediated p53 overexpression. Ad-
p53infection at MOIs of 10 and 100 efficiently induced p21
expression at 48 hours after infection in 5a0S-2 cells
(Supplementary Fig. S5). When SaOS-2 cells were infected
with Ad-p53 atan MOI of 100 for 48 hours, pretransfection
with miR-93, miR-106b, or both efficiently suppressed Ad-
p53-induced p21 expression (Fig. 3D). Interestingly, both
miR-93- and miR-106b-transfected Sa0S-2 cells showed
the 1.5-fold increased expression of cleaved PARP (C-
PARP) in consistency with remarkable p21 downregula-
tion when compared with those transfected with control
miR. However, the expression level of C-PARP was not
increased in the miR-93- or miR-106b-transfected SaOS-2
cells, although transfection with miR-93 or miR-106b mod-
erately decreased p21 expression. These results suggest
that OBP-702 suppresses p21 expression through E1A-
dependent upregulation of both E2F1l-inducible miR-93
and miR-106b and contributes to induction of apoptosis.

Increased induction of autophagy by OBP-702 when
compared with OBP-301

Recently, we showed that oncolytic adenovirus OBP-
301 mainly induces programmed cell death in association
with autophagy rather than apoptosis in human tumor
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Figure 2. OBP-702induces increased apoptosis when compared with OBP-301 or Ad-p53. A, OBP-301-resistant Sa0S-2 and MNNG/HOS cells were infected
with OBP-702 or Ad-p53 at the indicated MOls for 72 hours. Cell lysates were subjected to Western blot analysis for the C-PARP and PARP. B-Actin

was assayed as a loading control. B-D, Sa0S-2 and MNNG/HOS cells were infected with OBP-702, OBP-301, or Ad-p53 at an MOI of 10 for 48 hours.
Mock-infected cells were used as control. Caspase-3 activation was quantified using the flow cytometric analysis. Representative flow cytometric data are
shown in B. The mean percentage of SaOS-2 cells and MNNG/HOS cells that express active caspase-3 was calculated on the basis of 3 independent
experiments (C). The cell-cycle state was analyzed by flow cytometry in Sa0S-2 cells after staining with propidium iodide. Representative cell-cycle data are
shown (D). The percentage of sub-Gy population was expressed in each graph. Bars, SD. Statistical significance was determined using Student t test.

*, P<0.05.

cells (31). Therefore, we next investigated whether OBP-
702 induces more profound autophagy than does OBP-
301. Western blot analysis revealed that OBP-702 infection
showed increased autophagy, which was confirmed by
conversion of LC3-I to LC3-II (increased ratio of LC3-I1/
LC3-1) and p62 downregulation, when compared with
OBP-301 in MNNG/HOS cells (Fig. 4A). Moreover, the
expression level of the p53-induced modulator of autop-
hagy, DRAM (32), was decreased after OBP-301 infection,
but its expression was maintained after OBP-702 infection
(Fig. 4A). As p53-mediated p21 overexpression is known
to inhibit both apoptosis and autophagy (17, 18), we
further evaluated whether miR-mediated p21 suppres-
sion is involved in the enhancement of p53-mediated
autophagy induction. Ad-p53-induced autophagy was
enhanced by miR-93- and miR-106b-mediated p21 sup-

pression (Fig. 4B). These results suggest that OBP-702
induces more profound autophagy than does OBP-301
and that this effect occurs via p53-mediated DRAM acti-
vation and miR-mediated p21 suppression.

Enhanced antitumor effect of OBP-702 in an
orthotopic xenograft tumor model

Finally, to assess the in vivo antitumor effect of OBP-702,
we used an orthotopic MNNG/HOS tumor xenograft
model. OBP-702, OBP-301, Ad-p53, or PBS were intratu-
morally injected for 3 cycles every 2 days. OBP-702 admin-
istration significantly suppressed tumor growth when
compared with OBP-301, Ad-p53, or PBS in an orthotopic
MNNG/HOS tumor model (Fig. 5A and B). 3D-CT exam-
ination revealed that OBP-702-treated tumors had less
bone destruction than did OBP-301- or Ad-p53-treated
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Figure 3. OBP-702 induces p53 overexpression with E1A-mediated p21 suppression via miR-93 and miR-106b activation. A, expression of the p53 and p21
proteins in Sa0S-2 and MNNG/HOS cells infected with OBP-702 or Ad-p53 at the indicated MOls for 72 hours was assessed using Western blot
analysis. B, expression of the E2F1 and viral E1A proteins in Sa0S-2 and MNNG/HOS cells infected with OBP-702 at the indicated MOls for 72 hours was
assessed using Western blot analysis. C, expression of miR-93 and miR-106b was assayed using qRT-PCR in Sa0S-2 cells infected with OBP-702

at the indicated MOls for 72 hours on 3 independent experiments. The values of miR-93 and miR-706b at 0 MOl were set at 1, and the relative levels of miR-93
and miR-106b at the indicated MOls were plotted as fold induction. Bars, SD. Statistical significance was determined by Student t test. *, P < 0.05.

D, Sa08s-2 cells were transfected with 10 nmol/L miR-93, miR-106, or control miRNA 24 hours before Ad-p53 infection at an MOI of 100. At 48 hours
after Ad-p53 infection, the expression levels of p53, p21, PARP, and C-PARP were examined by Western blot analysis. B-Actin was assayed as a loading
control. By using ImageJ software, the expression level of C-PARP protein was calculated relative to its expression in the control miR-treated cells, whose

expression level was designated as 1.0.

tumors (Fig. 5C). On histopathologic analysis, there were
large necrotic areas in OBP-702-treated tumors but not in
OBP-301- or Ad-p53-treated tumors (Fig. 5D). Moreover,
the expression of the cell proliferation marker, Ki67, was
also decreased, especially in OBP-702-treated tumor cells
(Supplementary Fig. S6). These results suggest that OBP-
702 eliminates tumor tissues more efficiently when com-
pared with OBP-301 or Ad-p53.

Discussion

We previously reported that telomerase-specific rep-
lication-competent oncolytic adenovirus OBP-301 has
strong antitumor activity in a variety of human epithe-
lial and nonepithelial malignant cells (12, 14, 27). How-
ever, some human osteosarcoma cells were resistant to
the cytopathic activity of OBP-301 (14). In this study, we

showed that a novel p53-expressing oncolytic adenovi-
rus, OBP-702, had increased in vitro and in vivo antitu-
mor effects than did OBP-301 in human osteosarcoma
cells (Fig. 1 and 5). OBP-702 induced increased apopto-
sis in association with p53 upregulation and p21 down-
regulation when compared with replication-deficient
Ad-p53 (Fig. 2 and 3A). E1A-dependent upregulation
of miR-93 and miR-106b was involved in OBP-702-medi-
ated suppression of p21 expression (Fig. 3). Moreover,
p53-mediated DRAM activation with p21 suppression
enhanced oncolytic adenovirus-mediated autophagy
induction (Fig. 4). Recent studies suggest that trans-
gene-expressing armed oncolytic adenoviruses are a
promising antitumor strategy for induction of oncolytic
and transgene-induced cell death (33). Although p53
overexpression has been shown to enhance antitumor
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activity of oncolytic adenoviruses (34), the molecular
mechanisms by which p53 mediates enhancement of the
antitumor effect remain unclear. Recently, we reported
that OBP-702 induces profound apoptosis through p53-
dependent BAX upregulation and E1A-dependent p21
and MDM2 downregulation in epithelial malignant
cells (26). Thus, oncolytic adenovirus-mediated p53
overexpression likely induces dual apoptotic and
autophagic cell death pathways through p53-dependent
BAX/DRAM activation and ElA-dependent p21/
MDM2 suppression with E2F1-inducible miR-93/106b
upregulation (Fig. 6).

OBP-702 efficiently suppressed the cell viability of
both OBP-301-sensitive and -resistant osteosarcoma
cells (Fig. 1). We previously reported that OBP-301-
resistant SaOS-2 cells have no "-TERT mRNA expression
(Table 1), suggesting that SaOS-2 cells maintain telo-
mere length through alternative lengthening of telo-
meres (ALT). As hTERT gene promoter is used for
tumor-specific replication of OBP-301, ALT-type human
osteosarcoma cells such as Sa0S-2 cells may be resistant
to OBP-301. However, ALT-type 5a0S-2 cells showed
similar sensitivity to OBP-702 as well as non-ALT-type
MNNG/HOS cells (Fig. 1 and Table 1). These results
suggest that p53 overexpression overcomes resistance
to OBP-301 in ALT-type SaOS-2 cells. As the replication
rate of OBP-702 was almost similar that of OBP-301 in
ALT-type Sa0S-2 cells (Supplementary Fig. S2), p53-
induced cell death pathway would suppress the cell
viability of ALT-type human osteosarcoma cells.

OBP-702-mediated p53 overexpression induced 2 types
of programmed cell deaths (i.e., apoptosis and autop-
hagy), thereby contributing to the enhancement of the
antitumor effect of OBP-301 in human osteosarcoma cells
(Fig.2and 4). As p53 downstream target p21 functions asa
suppressor of apoptosis and autophagy (17, 18), p21
suppression may be a critical factor to induce dual
programmed cell death pathways in response p53 over-
expression. Suppression of p21 expression by genetic
deletion or artificial p21 target microRNA has been shown
to enhance the Ad-p53-induced apoptosis (18, 35). Inac-
tivation of p21 by adenoviral E1A has been shown to
enhance apoptosis in chemotherapeutic drug-treated
human colon cancer cells that overexpress p53 (36).
Genetic deletion of p21 has been also shown to induce
autophagy in mouse embryonic fibroblasts treated with C
(2)-ceramide or y-irradiation (17). In contrast, p21 over-
expression inhibited the Ad-p53-mediated apoptosis
induction (18). Thus, E1A-mediated p21 downregulation
would enhance p53-induced apoptosis and autophagy in
OBP-702-infected cells.

El1A-dependent E2F1 activation and subsequent
upregulation of E2F1-inducible miRNAs efficiently sup-
pressed p21 expression, leading to the enhancement of
p53-induced apoptosis and autophagy, in OBP-702-
infected osteosarcoma cells (Figs. 2-4). Recent studies
suggest that the cross-talk between p53 and E2F1 play a
role in the regulation of diverse cell fates (37). For
example, co-expression of p53 and E2F1 contributes to
induction of apoptosis (38, 39). We previously showed

www.aacrjournals.org
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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 = 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 % 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 a dotted 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 arowheads indicate the osteoclytic areas within tumor tissues treated with PBS, Ad-p53,

or OBP-301. Left sideimages 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 magpnification of the area outlined by a white square. Left scale bars, 500 pm.
Right scale bars, 100 um.

that E2F1 enhanced Ad-p53-mediated apoptosis induction of apoptotic and autophagic cell death in
through pl4ARF-dependent MDM2 downregulation response to OBP-702.

(39) and that OBP-702 infection showed E1A-dependent OBP-702-mediated p53 overexpression enhanced
MDM2 downregulation in association with apoptosis autophagy that was induced by oncolytic adenovirus
(26). Recently, E2F1 has been shown to suppress MDM2 in human osteosarcoma cells. OBP-702 infection
expression by suppressing the promoter activity (40) or induced increased expression of DRAM and decreased
by inducing upregulation of miR-25/32, which targets expression of p62 when compared with OBP-301 (Fig.
MDM2 (41). Furthermore, E2F1-inducible miR-93/106b 4), suggesting that OBP-702-mediated p53 overexpres-
enhanced Ad-p53-induced apoptosis and autophagy sion enhances autophagy through DRAM activation.
via p21 suppression (Figs. 3D and 4B). Therefore, the We recently reported that OBP-301 induces autophagy
cooperation between the MDM2/p53/p21 pathway and through E1A-dependent activation of E2F1 /miR-7 path-
the E2F1/miRNA pathway may be involved in the 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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Iron is an essential element for both normal and cancer cells in humans. Treatment to reduce iron levels has been shown to
suppress tumor growth in vivo. However, iron depletion monotherapy by iron decreased treatment has not been thought to be
superior to ordinary chemotherapy and is not part of the standard therapeutic strategy for the treatment of cancer. Iron
depletion is also known to reduce serum hemoglobin and oxygen supply to the tissue, which indicates that iron depletion
may induce angiogenesis. Therefore, we hypothesized that iron depletion with antiangiogenic therapy can have a novel
therapeutic effect in the treatment of cancer. Human nonsmall cell carcinoma cell lines A549 and H1299 were used in our
study. An iron-deficient diet and an iron chelator were used to simulate an iron-depleted condition. The antitumor effects of
iron depletion and antiangiogenic therapy were determined on A549 xenograft mice. The iron-depleted condition produced by
an iron-deficient diet suppressed tumor growth. Tumor tissue from the iron-deficient diet group showed that cancer cell
proliferation was suppressed and hypoxia was induced. Microvessel density of this group was increased which suggested that
the iron-depleted condition induced angiogenesis. Bevacizumab administration had a synergetic effect on inhibiting the tumor

growth on Day 39. An iron-depleted condition inhibited cancer cell proliferation and reciprocally induced angiogenesis.
Bevacizumab synergistically enhanced the iron-depleted antitumor effect. Treatment to deplete iron levels combined with
anti-angiogenic therapy could induce a novel therapeutic effect in the treatment of cancer.

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

Key words: angiogenesis, bevacizumab, chelator, iron
Abbreviations: CD31: cluster of differentiation 31; HIF-1a:
hypoxia-induced factor 1o; MVD: microvessel density; NSCLC:
non-small cell lung cancer; RECIST: response evaluation criteria
in solid tumors; TfR-1: transferrin receptor 1; VEGF: vascular
endothelial factor

Additional Supporting Information may be found in the online
version of this article.

Grant sponsors: Grants-in-Aid from the Ministry of Education,
Science, and Culture, Japan, The Ministry of Health and Welfare,
Japan

DOI: 10.1002/ijc.27943

History: Received 15 Jun 2012; Accepted 17 Oct 2012; Online 15
Nov 2012

Correspondence to: Toshiyoshi Fujiwara, Department of
Gastroenterological Surgery, Okayama University Graduate School of
Medicine, Dentistry and Pharmaceutical Sciences, 2-5-1 Shikata-cho,
Kita-ku, Okayama 700-8558, Japan, Tel: +81-86-235-7257, Fax:
+81-86-221-8775, E-mail: toshi_f@md.okayama-u.ac.jp

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

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 (HIE-16).2 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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What’s new?

Iron controlled cancer therapy

Withholding iron from tissues reduces their access to oxygen, and can suppress tumor cell proliferation. If reducing the
availability of iron could weaken tumors, making them less able to withstand traditional therapies, that would be an
inexpensive and simple way to boost outcomes. The current study investigated whether limiting the iron supply enhanced the
effectiveness of anti-angiogenic therapy. In mice fed an iron-deficient diet, tumor growth slowed. When an iron-chelating
agent was used in conjunction with the anti-angiogenesis drug bevacizumab, the anti-tumor treatment worked significantly
better, suggesting that iron reduction could be a very promising way to enhance cancer therapy.

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 E}(IADETM 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 107 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 pM). 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).

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% HCI
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

Control diet Iron-deficient diet

g/kg diet

Corn starch 610 610
Casein 220 220
Cellulose 50 50
Soybean oil 40 40
Vitamin mixture 10 10
Mineral mixture

Potassium 17.3 17.3
Phosphorus 15 15
Calcium 13.55 13.55
Magnesium 8 8

Corn starch 8 9.9
Sodium 6 6

Iron 1.9

Manganese 0.154 0.154
Zinc 0.06 0.06
lodine 0.0154 0.0154
Copper 0.0126 0.0126
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-HCI (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 HPFE.'® 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

Fe () Fel ) p-Value
RBC (x10%) 891 * 46 802 *+ 43 0.029
WBC 4,425 + 1,258 3,575 * 150 0.228
Hb 14.9 = 0.7 11.4 + 0.6 0.001
HCT 46.2 * 3.7 38.5 + 3.8 0.027
mcv 52.0 £ 2.0 48.5 * 2.4 0.065
MCHC 303 £ 1.3 29.8 * 1.3 0.594
Fe 222.3 = 20.1 115.3 = 43.3 0.004
Ferritin 255.0 * 108.6 113.8 * 24.9 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 pM). 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), (ii)
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. (@) 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

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
+ 192.2 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. (a) 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-12 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-1a
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. (@) 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. (¢) 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-1u in the iron-deficient
diet group was higher than that of the normal group (Fig. 2¢).
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-

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. 3¢c). 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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Figure 4. Iron depletion inhibited cell proliferation via cell-cycle arrest and induced VEGF secretion in vitro. (@) Cultured A549 cells and
H1299 cells were treated with the indicated concentrations of deferasirox for 24 h and the cell viability was measured by the WST-1
method. (b) The cells were treated with different concentrations of deferasirox for 24 h and the cell-cycle distribution was analyzed by flow
cytometry. Each histogram consists of the following four cell cycle populations; sub-GO (black), GO-G1 (white), S (light gray) and G2-M (dark
gray). (c) Whole-cell lysates and nuclear protein of these cells treated with the indicated concentrations of deferasirox were used for
Western blot to determine its inhibitory effects on cell cycle and upregulation effects on HIF-1c. The expression level of each protein was
calculated relative to its expression in mock-treated cells, whose expression level was designated as 1. (d) Supernatant treated with the
indicated concentrations of deferasirox was harvested and VEGF secretion examined by ELISA.

deficient diet + bevacizumab [18 % 5.1]) (Fig. 3d). None of
the mice died owing to drug-induced toxicity and no other
significant adverse events were observed.

Iron depletion inhibited cell proliferation via cell-cycle
arrest in vitro

To reproduce an iron-depleted condition in vitro, an iron
chelator was used (deferasirox, Exjade ). Deferasirox sup-
pressed cancer cell proliferation in A549 and H1299 cells in
a dose-dependent manner (Fig. 4a). To identify the mecha-
nism of inhibition, a flow cytometry analysis for cell-cycle
distribution was performed (Fig. 4b). Deferasirox increased
the population of the GO-G1 phase in the A549 and H1299
cell lines. To confirm the results of the flow cytometry analy-
sis, Western blot analysis was performed using a total protein
extraction of the A549 and H1299 cells. The Western blot
showed that deferasirox decreased cyclin D1 in a dose-de-
pendent manner (Fig. 4c). Taken together, these results sug-

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

gest that iron depletion inhibited cancer cell proliferation via
cell-cycle arrest in vitro.

Iron depletion induced VEGF secretion in A549 and H1299
supernatant via upregulation of HIF-1«

To investigate whether iron depletion induces angiogenesis
via HIF-1o, a Western blot analysis and ELISA assay were
performed. Deferasirox treatment induced nuclear HIF-1a
expression (Fig. 4¢) and significantly increased VEGF secre-
tion from A549 and H1299 cells, both in a dose-dependent
manner (Fig. 4d). These results suggested that iron deficiency
induced angiogenesis via HIF-1o and VEGF signaling. How-
ever, in vitro angiogenesis assay (tube formation assay) did
not show the increase by deferasirox administration (Sup-
porting Information Fig. $3). The reason was that deferasirox
did not affect HUVEC in proliferation and VEGF secretion
in the absence of tumor cells in vitro. Thus, the combination
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effect of iron depletion with antiangiogenenic therapy is
prominent only in vivo with tumor cells.

Discussion

Cancer cells have the ability to survive under severe condi-
tions. One of the mechanisms for survival under hypoxic
conditions is the activation of VEGF signaling via HIF-10.>
This mechanism also allows cancer cells to, sometimes, be
able to resist chemotherapy.”*** Therefore, the effectiveness
of chemotherapy can be compromised or attenuated. These
experiences indicate that chemotherapy could be more effec-
tive under conditions where cancer cells would have difficulty
resisting. Antiangiogenic drugs, especially bevacizumab, are
known to have an excellent antitumor effect in the clinic>~
and are commonly used concurrently with antitumor drugs.
When multiple antitumor and antiangiogenic drugs are pre-
scribed, the financial burden on the patient is increased.’®?’
Therefore, a new strategy that would enhance the effect of
antiangiogenic therapy would be beneficial. As iron depletion
is known to reduce serum hemoglobin and oxygen supply to
tissue in humans,'®"' we hypothesized that iron depletion
with antiangiogenic therapy could have a novel therapeutic
effect for the treatment of cancer. Moreover, iron-controlled
treatment has some advantages such as having its own anti-
tumor effect, being easily controllable in daily living, and
being inexpensive.

First, we examined the effect of iron depletion on the mice
and tumor growth. The iron-depleted mice revealed low se-
rum levels of hemoglobin, iron, red blood cells and ferritin
compared to the mice fed a normal diet. Tumor growth was
suppressed in the iron-depleted mice. Tumor tissue was
extracted and examined by histology and immunohistology.
Iron deposits in the stroma of the tumors were reduced in the
iron-depleted mice. This phenomenon suggested that the iron
condition of the tumor influenced not only the cancer cell but
also stroma cells. Pimonidazole (Hypoxyprobe-1 kit) and CD-
31 staining showed that iron depletion induced hypoxia and
angiogenesis. To confirm hypoxia in the tumor and analyze
the differences in cell signaling, we further examined the
expression of HIF-1a. HIF-1o was predictably upregulated in
iron-depleted tumors at the protein level. Taken together,
these results suggested that iron depletion suppressed tumor
growth and reciprocally induced angiogenesis via hypoxia. To
the best of our knowledge, there is no previous report of this
reciprocal phenomenon.

We next investigated the mechanism of iron deficiency
and reciprocally induced angiogenesis in vitro. We used an
iron chelator (deferasirox) to stimulate iron depletion owing
to its usefulness in vitro and the expectation to apply it clin-
ically. Deferasirox is the first orally bioavailable iron chelator
with an indication for the treatment of iron overload in
transfusion-dependent anemias. Deferasirox is the most use-
ful iron chelator in the clinical setting and has been

Iron controlled cancer therapy

reported to have an antiproliferative effect in leukemia and
hepatoma cells.*** In our study, deferasirox inhibited the
cancer cell proliferation in lung cancer cell lines A549 and
H1299. We also examined apoptosis using the tunnel assay
and found no significant difference in the deferasirox treat-
ment group (data not shown). An ELISA assay and Western
blot analysis showed that deferasirox treatment significantly
increased VEGF secretion via upregulation of HIF-1o. Simi-
lar to the in vivo results, our in vitro study showed that
iron depletion inhibited cancer cell proliferation and recipro-
cally induced angiogenesis. These results may suggest that
the cancer cells overexpressed VEGF to escape the iron-
depleted condition.

We then hypothesized that iron depletion increased the
antitumor effect of an antiangiogenic drug. Bevacizumab, an
antibody against VEGF, is the most common antiangiogenic
drug used clinically and is approved for the treatment of many
kinds of cancer. Bevacizumab is usually used as a combination
with other antitumor drug. The reason is that bevacizumab is
targeting only VEGF instead of the cancer cell. This is the first
study of bevacizumab combination therapy with controlled in-
ternal iron condition. Bevacizumab had a dramatic synergistic
antitumor effect with iron depletion in our in vivo study, indi-
cating an inexpensive method to enhance the effectiveness of
chemotherapy. Additionally, these findings may lead to the
changes in the daily diet recommendations for patients being
treated with an antiangiogenic drug. Iron depletion condition
induced antiproliferative effect and angiogenesis. As a result,
bevacizumab inhibited angiogenesis and provided strong anti-
tumor effect. Of course, the mechanism is not completely
explained and further in vivo studies are necessary. For exam-
ple, in vivo live imaging of the tumor growth as well as angio-
genesis may be extremely useful.**>*

Bevacizumab is an established antiangiogenic drug with
clinical benefits for many kinds of cancer.***® However, there
is no reliable biomarker or method by which curative effect
can be predicted.’”*® Our study showed that bevacizumab
combined with iron depletion was very effective; therefore, we
hypothesized that serum iron level could be a novel bevacizu-
mab biomarker. We previously conducted a retrospective study
to investigate the correlation between serum hemoglobin level
and bevacizumab response rate in 34 patients with colorectal
cancer in our facility assessed by RECIST criteria between Sep-
tember 2007 and July 2010.*° Patient characteristics are sum-
marized in Supporting Information Table 1. The response rate
of the low-Hb patient group was higher than that of high-Hb
group (41.2 vs. 17.6%). This result combined with the results of
our present study suggests that a prospective study of bevacizu-
mab with iron control therapy in patients with cancer is
warranted.

Conclusions
In conclusion, iron depletion inhibited the cancer cell prolif-
eration and reciprocally induced angiogenesis in vitro and in
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vivo. Bevacizumab had a dramatic synergistic antitumor effect
with iron depletion. Treatment to create an iron-depleted
condition could induce a novel therapeutic effect with antian-
giogenic drugs in the treatment of cancer.
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