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Figure 3. The histological findings of BNCT-treated SAS/mp53 tumours. Nude mice carrying SAS/mp53 tumours were trcated as descnbed
in Figure 1 and sacrificed at 6 (C, D), 12 (E, F),and 48 (G, H) h after BNCT and the tumours were subj d to histol
Tumours in untreated control animals were also examined (A, B). Bars, 200 ym in A, C, E and G, and 50 pmin B, D, F and H.

were observed in tumours with wild-type p53. To
clarify the difference between SAS/neo and SAS/
mp53 tumours, only large cells with more than six
nuclei were counted. It reached a peak at 6 h
after BNCT and declined thereafter. In SAS/neo
tumours, cells showed heterogeneity, but such
multinucleated giant cells were rarely observed
(Figure 4).

The expression andlor phosphorylation of checkpoint-
related proteins by BNCT

Proteins were prepared from BNCT-treated tumours
and subjected to an immunoblot analysis. In SAS/
neo cells, the expression and phosphorylation of p53
increased from 12 h after BNCT and levels were
maintained until 48 h (Figure 5). The phosphoryla-
tion of Rb, essential to initiate DNA synthesis, was
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maintained at low levels. In SAS/mp53 tumours, the
protein level of p53 was not specifically altered by
BNCT, but the phosphorylation was decreased from
12 h. The phosphorylation of Rb was markedly
decreased from 6h after BNCT and became
undetectable at 24 h, indicating the suppression of
DNA synthesis (Figure 5).

In SAS/neo tumours, the expression of Weel and
cyclin Bl increased at 12 h after BNCT and cdc2
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Figure 4. Multinucleated giant cells in BNCT-treated tumours.
Tumour-bearing mice were treated with BNCT as described in
Figure 1. The tumours were 10 hi! 1|

at 6 h, 12, 24, and 48 h after BNCT. Multinucleated giant cells
with more than 6 nuclei were counted in each section and the
number of multinucleated giant cells per 1,000 tumour cells was
determined. Data are means + SD of three determinations.
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was phosphorylated at 48 h (Figure 6), indicating G2
arrest long after BNCT. In SAS/mp53 tumours,
phosphorylated Weel, cyclin Bl and cdc2 were
detected at high levels as compared with levels in
SAS/neo tumours. At 6 h after BNCT, Weel and
cyclin Bl levels were not altered, but the level of
phosphorylated cdc2 was markedly decreased (Fig-
ure 6). The expression of Weel and cyclin Bl was
maintained from 12 h at low levels. A temporary
increase in phosphorylated cdc2 but not cdc2 protein
was observed at 24 h after BNCT, indicating cell
cycle arrest at the G2 checkpoint.

Discussion

Critical to the application of BNCT to malignant
tumours is the accumulation of '°B into the tumour
tissues as compared with the surrounding normal
tissues. We used two mutated oral SCC cell lines,
SAS/neo and SAS/mp53, with the same background.
Two hours after the injection of BPA at a dose of 250
mg/kg body weight, ‘°B concentrations in skin were
4.35 and 4.59 ppm, whereas those in the SAS/neo
and SAS/mp53 tumours increased to as much as
16.56 and 17.30 ppm, respectively. The '°B con-
centrations in nude mouse tumours were much
higher those in skin. It seems that the tumours,
irrespective of p53 status, were destroyed by BNCT
selectively.

BNCT significantly suppressed the growth of
tumours. SAS/meo tumours with wild-type p53

SAS/mp53

12h 24h 48h |Control 6h 12h 24h 48h

SAS/neo
Control  6h
p53
p-p53
Rb
p-Rb
P-actin

Figure 5. Immunoblot analysis of the

and/or phosph

of Gl checkpoint-related proteins. SAS/neo and SAS/mp53

tumours were treated with BNCT, and the expression of p53 and Rb, and their phosphorylation were examined at 6, 12, 24, and 48 h after

BNCT.
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Figure 6, Immunoblot analysis of the exp and/or phosphorylation of G2 checkpoi lated proteins. SAS/neo and SAS/mp53

tumours were treated with BNCT, and the expression of cdc2, cyclin Bl and Weel, and the phosphotylation of cdc2 were dat6, 12,

24, and 48 h after BNCT.

became undetectable and no recurrence occurred
during the experimental period. It is hypothesised
that cells resistant to BPA-mediated BNCT are
basically non-proliferating cells in tumours, because
BPA is selectively incorporated into proliferating
cells (Ono et al. 1996, Pignol et al. 1998). There
must be non-proliferating cells in SAS/neo tumours.
However, our results indicate that SAS/neo tumours
with wild-type p53 can be eradicated by BNCT at a
dose of 13 Gy. In contrast, SAS/mp53 tumours with
mutant-type p53 recurred after an interval of 2
months. Some SAS/mp53 tumour cells must survive
the therapy, even when treated with BNCT at a
similar dose to SAS/neo tumours. It was suspected
that SAS/mp53 tumour had an advantage over SAS/
neo tumour with wild-type p53 in the growth on
nude mouse (Figure 1). However, even if the treated
tumours were observed for more than 11 weeks,
recurrence of SAS/neo tumours did not occur. Thus,
the resistance of SAS/mp53 tumours to the BPA-
mediated BNCT can be ascribed to the p53
mutation, but not the growth potential of tumours.
Previously, we reported that neutron beam alone
partly inhibited the growth of SAS tumours with
wild-type p53, although BPA-mediated BNCT
suppressed the tumours completely (Kamida et al.
2006). Whether neutron beam alone could affect the
growth of SAS/neo and SAS/mp53 tumours in a
similar manner remains to be clarified.

Kreimann et al. (2001) identified vacuolation as
one of the morphological changes after BPA-
mediated BNCT in hamster buccal pouch tumours.

Aromando et al. (2009) indicated that BNCT had a
marked inhibitory effect on DNA synthesis in
hamster cheek pouch tumours and that apoptosis
did not have a significant role in BNCT-induced
tumour control. We found morphological changes
such as chromosomal condensation, micronuclea-
tion, nuclear segmentation and vacuolation through-
out the BNCT-treated SAS/neo and SAS/mp53
tumours. This means extensive cytoplasmic loss
and nuclear damage by BNCT in a large number
of tumour cells, followed by necrosis and/or apop-
tosis. However, our most striking finding was the
appearance of multinucleated giant cells in SAS/
mp53 tumours. Mitotic catastrophe has been widely
described in tumours with mutant-type p53 after
treatment with radiation and chemotherapeutic
agents. Our results indicate that a morphological
alteration resembling to mitotic catastrophe occur by
BNCT in vivo.

The mitotic cycle is dependent upon the actions of
the mitosis-promoting factor, which is a complex
comprising cyclin B1 and cdc2 kinase. The consti-
tutive activation of cyclin Bl-associated cdc2 kinase
overrides p53-mediated G2-M arrest and inactiva-
tion of cdc2 kinase through cdc2 and cyclin Bl
repression is an essential step in p53-mediated G2-M
arrest (Park et al. 2000). Weel protein kinase
renders cdc2 inactive through phosphorylation at
tyrosine-15 and threonine-14, but Cdc25 activates
the cdc2/cyclin Bl complex by dephosphorylating
these residues (Parker et al. 1991). In SAS/neo
tumours, there was an increase in the expression of
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Weel and cyclin Bl until 12h and increase in
phosphorylated cdc2 at 48 h after BNCT. Thus, the
cell cycle of SAS/neo tumours seems to be arrested at
G2 in response to BNCT. This result is

mitotic catastrophe represents a prestage of apoptosis
or necrosis. Nevertheless, there are several examples
that permit mitotic catastrophe to be a cell survival
mechani After mitotic catastrophe, a small

with our previous findings indicating that SAS and
SAS/neo cells were arrested at the G2 checkpoint
after BNCT in culture (Kamida et al. 2008, Fujita
et al. 2009). In untreated SAS/mp53 tumours, the
expression of Weel, cyclin Bl and phosphorylation
of cdc2 were maintained at high levels. The most
striking change caused by BNCT was the rapid
reduction of cdc2 phosphorylation at 6 h when
mitotic catastrophe occurred remarkably (Figure 6).
In this regard, Jin et al. (1998) reported that ectopic
overexpression of cyclin Bl plus cdc2 can result in
premature chromatin condensation and mitotic
catastrophe. Since cyclin Bl levels in SAS/mp53
tumours were maintained at 6 h after BNCT, cyclin
Bl and dephosphorylated cdc2 would form the
complex, which allowed cells in the G2 phase to
commit premature mitosis and multinucleation.

It was reported that polygenomic cells produced
after damage of genomic DNA arise from G2 arrested
cells by a series of restitution cycles by polyploidising
mitoses (Nagl 1990, Hall et al. 1996). In the present
study, the phosphorylation of Rb, required for DNA
synthesis, was markedly reduced after BNCT (Figure
5). Since the number of multinucleated giant cells
reached a maximal level at 6 h and then decreased
gradually, it is unlikely that restitution plays a major
role in the early formation of multinucleated giant
cells. However, it has been also shown that cells escape
the checkpoint with pletion of cell division and
become tetraploid (Brito and Rieder 2006). Mitotic
cells appeared in the BNCT-treated tumours would
play a role in the formation of multinucleated giant
cells. The mechanism by which multinucleated giant
cells are produced in the tumours with mutant-type of
p53 can be considered as follows: Rapid cytolysis
occurs in BNCT-sensitive cells at first, and surviving
mitotic and interphase cells form cell clusters. As the
next step, mitotic cells promote cell fusion in the
clusters, resulting in multinucleated giant cells (Figure
3D) that are different from those produced by several
polyploidising mitoses. Thereafter, the nuclei of
multinucleated giant cells pycnotise and cells are
going to die (Figure 3E). In the case of SAS/neo, most
cells die by apoptosis or necrosis through G1 and G2
arrests, and premature mitosis is prevented. Further
study is required to analyse the morphological altera-
tions that occur in tumours with mutant-type of p53.

There is no broad consensus on the use of mitotic
catastrophe, and the Nomenclature Committee on
Cell Death rec 1ds the use of expressions such
as cell death preceded by multinucleation or cell
death occurring during metaphase (Kroemer et al.
2009). Vakifahmetoglu et al. (2008) stated that

proportion of endopolyploid tumour cells may be
viable, segregate successfully and return to mitosis
(Erenpreisa and Cragg 2001, Prieur-Carrillo et al.
2003). Although multinucleation observed in
BNCT-treated tumours with mutant-type of p53
was similar, but not identical to mitotic catastrophe
reported in vitro (Eriksson et al 2007, Maalouf et al.
2009), it may also contribute to the survival of oral
SCC cells. A few cells can survive BNCT by other
mechanism provided by non-functional p53, which is
displayed later.

In conclusion, we demonstrated an early induction
of multinucleation in BNCT-treated oral SCC
tissues. BNCT is effective for advanced cancer, but
recurrence occurs (Zonta et al. 2009). Approxi-
mately 50% of SCC have a mutational change of p53
(Hainaut et al. 1997). A return to the mitotic cycle of
the treated cells should be blocked to ensure the
long-term effect of BNCT for oral SCC with mutant-

type p53.
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Purpose: Evidence from in vivo studies suggests there are enhanced radiation effects in abscopal regions
afterlocal head gamma ray irradiation. Splenocyte apoptosis and Tlymphocyte micronuclei were induced
at higher rates than what would be estimated given the dose at a shielded, distant position. In addition,
we evaluated the radio-protective effects of ascorbic acid, acting as a radical scavenger on enhanced
radiation effects in the shielded spleen following local head irradiation.

Methods and materials: The heads of C3H mice were exposed to y-rays (10-20 Gy), while the other parts
of the body were shielded with a 5 cm-thick lead block. The effective dose for the spleen was calculated at
1.0-2.0 Gy. Splenocytes were isolated 24 h after cranial irradiation and their apoptosis was measured with
an Elisa kit (Roche). The induction of T lymphocyte micronuclei was studied using the cytokinesis-block
micronucleus assay. The ascorbic acid glucoside, 2-0-alpha-p-glucopyranosyl-L-ascorbic acid (AA-2G),
was orally administered to mice 1h before whole body irradiation. The radio protective effects of AA-
2G were estimated by comparing the induction of splenocyte damage (by apoptosis) and micronucleus
induction.

Results: The splenocyte damage, as measured by the above two methods, was more excessive than what
would be expected given exposure to 1.0-2.0 Gy of radiation. Our results suggest that the effects were
enhanced in a distant, non-irradiated organ after localized irradiation. Plasma ascorbic acid concen-
trations were increased 8-10x over control. Treatment with ascorbic acid slightly protected mouse
splenocytes from the induction of apoptosis by the enhanced effects of radiation in the abscopal region.
However, ascorbic acid significantly inhibited micronucleus induction in splenic T lymphocytes following
local head irradiation.

Conclusions: Our results suggest that ascorbic acid effectively scavenged radiation-induced radicals and
protected against the enhanced effects of radiation in an abscopal region after local head gamma ray
irradiation.

Keywords:

Abscopal radiation effect
Ascorbic acid

T lymphocyte
Micronucleus

© 2009 Elsevier B.V. All rights reserved.

1. Introduction other factors must switch to hypersensitivity of a non-targeted

response.

The abscopal effects of radiation were first reported in 1969 and
were defined as significant responses to radiation in tissues that
are separate from the area exposed to the radiation [1,2].

The enhanced effects of radiation in shielded organs are
thought to be based on the phenomena of so-called bystander
effects. Their mechanism is thought to involve radiation sig-
nals that are transduced from the radiation-targeted organ to
shielded organs [3,4]. Most have been observed in the low-
dose range [3,5,6]. In fact, Prise et al. [6] noted that most
bystander effects appear to saturate at higher dose levels, and that

* Corresponding author. Tel.: +81 72 451 2437, fax: +81 72 451 2627.
E-mail address: kinashi@rri.kyoto-u.acjp (Y. Kinashi).

1383-5718/$ - see front matter © 2009 Elsevier B.V. Al rights reserved.
doi:10.1016/j.mrgentox.2009.12.002

Abscopal effects from radiation have also been previously
reported at therapeutic doses. For example, in studies with partially
irradiated lungs, animals and patients were reported to have higher
than expected tissue damage in unirradiated parts of the lung [7,8].
The mechanism for this hypersensitivity of non-targeted responses
has not been elucidated, but inflammatory responses and reactive
oxygen species, such as superoxide radicals, are involved [2,9].

We previously published that bystander effects were observed
after boron neutron capture therapy (BNCT), and found that the
radical scavenger ascorbate could effectively protect from distant
damage [10]. Another group reported that radical scavengers were
protective against radiation-induced bystander effects inanin vitro
study [11]. Here, we investigated the possibility that 2-O-alpha-
p-glucopyranosyl-L-ascorbic acid (AA-2G) had clinically relevant
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Fig. 1. A view from above showing the strategy for local head irradiation. The head
of a mouse was irradiated while being held in a restrainer through a 2 cm slit, while
the rest of its body was located behind a 5 cm lead block.

radio-protective effects. Its radio-protective effects were evaluated
after induction of apoptosis in mouse splenocytes and micronu-
clei in splenic T cells, at a site that was distant from local head
irradiation.

2. Materials and methods
2.1. Mice and ascorbic acid administration

Six-week-old female C3H/He mice were obtained from Japan Animal Inc. and
acclimated to our laboratory for 8-10 weeks prior to use in experiments. AA-2G
was purchased from Biochemical L (Okayama, Japan). C3H
female mice (14-16 weeks old) were given AA-2G orally (dissolved in water, 1 mg/g
of body weight), 1h before g y i The ¢ of AA-2G
administration was decided after referencing previous experiments [12-14] and
considering the high plasma accumulation and toxicity of ascorbic acid. Note: 1 mgof
AA-2G is the equivalent of 0.52 mg of ascorbic acid. The ascorbic acid concentration
in mouse plasma after AA-2G administration was measured by HPLC.

2.2. Irradiation

Gamma rays were delivered with a 5°Co gamma-ray machine at a rate of
1.0Gy/min. Mice were restrained in a plastic box on a radiation shelf. For partial
head irradiation, heads were placed in a 2.0 cm slit in the front side of the restrainer
and the rest of their bodies were shielded behind a 5 cm-thick lead block (Fig. 1).
The absorbed doses for the head and the body are shown in Fig. 2. For total body

peak to dose ratio(arbitrary unit)
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Fig. 2. Estimation of the amount of radiation passing through the 2 cm slit (the
irradiated head dose) and into the area shielded by the lead block (the spleen dose).
Each point corresponds to ared mark on the scale in Fig. 1. The intervals between the
points were 5mm (0-5cm), 1cm (5-10cm) and 2 cm (10-14cm). The head of the
mouse was located in the first 2 cm (in the open region). The spleen was located at
4cm. The dose given to the spleen was estimated at 1 Gy when 10Gy of irradiation
was given to the head.
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Fig. 3. The concentration of ascorbic acid in mouse plasma after AA-2G administra-
tion.

irradiation (to evaluate direct splenic damage following irradiation), the whole body
was irradiated (up to 5Gy).

2.3 Isolation of splenocytes and splenic T lymphocytes

Details of the T lymphocyte isolation have been described elsewhere [15].
Briefly, after gamma irradiation, mice were sacrificed by cervical dislocation, and
their spleens were removed, minced and washed twice in Hanks' balanced salt
solution. Lymphocytes were separated using Ficoll-Hypaque gradients and were
resuspended in RPMI 1640 medium (GIBCO) containing 10% fetal calf serum. The
T lymphocytes were cultured at 37°C in a humidified 5% CO, incubator. Opti-
mum concentrations of Concanavalin A (Con A, 2 ug/mL) and 2-mercaptoethanol
(2-ME, 50 pmol/mL) were used to make lymphocytes transform and divide in
culture.

24. Radiation induced apoptosis and antioxidant enzyme activation
To determine splenocyte apoptosis, mice were sacrificed 24 h after irradia-

tion and their spleens were removed. Single-cell suspensions were eliminated of
erythrocytes by incubating at room temperature for 3 min in a solution of Tris-
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Fig. 4. Survival curves for splenic T lymphocytes following gamma irradiation with
(open circle) or without (closed circle) ascorbic acid administration. Data represent
the means + SE of three different independent experiments. The curves for doses
greater than 2 Gy were fit by linear regression analysis.
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Table 1
Survival parameters for T lymphocytes after gamma ray irradiation with V.C. (ascor-
bic acid) treatment.

Table 3
The micronucleus frequency per 100 binucleated T lymphocytes after irradiation
and the effect of AA-2G administration.

Total body irradiation (Gy) Head irradiation 10 Gy

Treatment Do Dio
Gamma ray radiation 0.65 £ 0.2Gy 3.0 £ 02Gy
Gamma ray radiation with V.C. treatment 0.85 £ 03Gy 3.1+£02Gy

Data pooled from three or more experiments; mean + SE. Do and D; derived from
survival curves following irradiation.

W madiation

AA-2G administration

Enrichment Factor

headl0Gy  head20Gy

control 125Gy 25Gy 5Gy

Apoptsis of spieen
following total body irradiation

Apoptosis of shielded spleen

Fig.5. Induction of apoptosis of mouse splenocytes after irradiation (black bars)and
the effect of AA-2G administration (gray bars). Histogram bars show the means + SE
for five animals. (*) Significant increase in apoptosis compared to 2.5 Gy total body
irradiation. p<0.05. (**) Significant decrease in apoptosis compared to no ascorbic
acid administration. p <0.05.

buffered ammonium chloride. After twice washing with PBS, cells were counted
and examined for induction of apoptosis. Apoptosis was detected with a sandwich
immunoassay system using a cell death detection ELISA kit (Roche Diagnostic Inc.).
The assay is based on the quantitative sandwich enzyme immunoassay principle,
using mouse monoclonal antibodies directed against DNA and histones, respec-
tively. Apoptosis was measured by following the ELISA protocol. The enrichment
factor was the calculated absorbance of each sample divided by the absorbance of
corresponding negative control. To measure the activity of catalase (CAT)and super-
oxide dismutase (SOD), mouse blood was obtained from the main inferior vein 60,
120 and 1200 min after irradiation. The activities of CAT and SOD in mouse plasma
were detected using a colorimetric assay (SRL Research Laboratory Inc,, Japan).

2.5 Determination of T lymphocyte survival and the micronucleus assay

Details of the assays for cell survival and micronucleus frequency have been
reported previ (15). Briefly, th | datafor tes b

limiting dilution assays. To measure the cloning efficiency of lymphocytes, cells were
seeded in culture medium (150 pL) at densities of 10-10,000 cells/well in 96-well
tissue culture plates. The cloning efficiency was calculated from the proportion of
the wells without clones, using limiting dilution analysis [16). The cytokinesis-block
micronucleus assay for lymphocytes was performed following a method described
by Fenech and Morley [17] with slight modifications. Cytochalasin B (Sigma) was
added to the cultured T lymphocytes at a final concentration of 5.0 g/mL, 44 h after
Con A stimulation. Eighteen hours later, cells were collected by centrifugation and
resuspended in Carnoy's fixative. Next, a drop of the cell suspension was spread on
a glass slide and dried, the cells were stained with Hoechst 33258 (50 pg/mL), and

Table 2
SOD and catalase activity in mouse serum after treatment with AA-2G.

0Gy 125Gy 25Gy

28+15 268 £ 6.5 479 £ 132 62.1 £ 18.5
With AA-2G treatment

2915 149 £85” 29.1£11.5" 249 £ 105

Results show the mean =+ SE from at least three independent experiments.
“ Significant differences were observed with AA-2G administration (Student's t-
test; p<0.05).

the frequency of micronuclei was determined on 10 separate slides by counting the
total number of micronuclei per 100 binucleated cells.

2.6. Statistical analysis

Significance was calculated using Student’s tests. Results were considered sig-
nificant for values of p<0.05.

3. Results
3.1. The effect of ascorbic acid treatment

The ascorbic acid concentration in mouse plasma increased and
was maintained at a high level during the 30-90min after oral
administration of AA-2G. One hour after AA-2G administration
(1 mg/g of mouse body weight), the concentration of ascorbic acid
in the plasma was increased 4-10x over the control (Fig. 3). The
plasma level of ascorbic acid increased sharply, as quickly as 30 min,
and was maintained at a high level for 1.5 hafter oraladministration
of AA-2G. The availability of AA-2G as ascorbic acid was compatible
with a previous report [13].

Fig. 4 and Table 1 show survival curves and the parameters for
T lymphocytes after gamma irradiation, with and without ascor-
bic acid treatment. These results showed that gamma radiation
lethality was not affected by ascorbic acid treatment.

3.2. Induction of apoptosis and the activities of anti-oxidative
enzymes

Apoptosis was analyzed after 1.25, 2.5 and 5Gy of whole body
irradiation and 10 and 20Gy of local head irradiation, with and
without ascorbic administration. For local head irradiation, the
spleen was shielded behind a 5 cm-thick lead block (Fig. 1) and the
doses of radiation absorbed by the spleen and head were measured
(1.0 Gy for the spleen from 10 Gy of radiation exposure to the head;
2.0Gy (spleen) from 20 Gy (head); Fig. 2). After 20 Gy head irradia-
tion, the apoptosis that occurred in shielded spleen cells exceeded
that which occurred when spleen cells were directly irradiated with
2.5Gy (Fig. 5). Therefore, the damage to shielded spleen cells was
more excessive than what would be expected given a dose of 2.0 Gy.

Fig. 5 also shows the induction of apoptosis in mouse spleno-
cytes after AA-2G treatment. Ascorbic acid protected mouse

Time after irradiation (min) SOD activity (Units/mL)

Catalase activity (Units/mL)

6Gy irradiation

6 Gy irradiation with AA-2G

6Gy irradiation 6 Gy irradiation with AA-2G

0 7708 71£07

60 92+09 104 £1.0
120 100 £ 09 11010
1200 125+ 1.0 140 + 14

1001 1.0+01
3604 42+04
3604 44+04
22+02 44+ 04"

Results show the mean + SE from at least three independent experiments.

* Significant increases were observed with AA-2G administration (Student's (-test; p <0.05).
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7days after the head 15Gy irradiation

12days after the head 15Cy irradiation

7days after the head 15Gy irradiation

under the administration of vitamin C

12days after the head 15Cy irradiation

under the administration of vitamin C

21days after the head 15Gy irradiation

21 days after the head 15G
the administration of vitamin C

y irradiation under

Fig. 6. Spleens 7-21 days after 15 Gy of head irradiation. Formalin-fixed paraffin-embedded tissue sections were HE stained. The arrows show macrophage proliferation in

the spleen after the head irradiation (magnification 30x. Scale bars 100 pm).

splenocytes from apoptosis after 5Gy whole-body irradiation. To
understand how anti-oxidative enzymes participate in initial DNA
damage, we investigated how treating with AA-2G affected the
activation of the CAT and SOD in the plasma following a dose of
6Gy (1Gy in addition to the 5Gy irradiation). AA-2G administra-
tion increased the activation of CAT and SOD slightly. A significant
increase in CAT activity was observed with AA-2G treatment 20 h
after irradiation (Table 2).

3.3. Micronucleus induction

The induction of micronuclei in mouse T lymphocytes after var-
ious treatments is shown in Table 3. Micronuclei were counted
after 1.25 and 2.5Gy of whole body irradiation and 10Gy of
local head irradiation, with and without ascorbic administration.

As mentioned above, a 10Gy dose of radiation exposure to the
head corresponded to a dose of 1.0Gy for the shielded spleen.
The frequency of micronuclei induced in shielded splenic T cells
with 10Gy of head irradiation was about 2 times higher than
that induced after 2.5Gy of whole body irradiation (Table 3).
Our results confirm that shielded, distant splenic T lymphocytes
had more damage than what would have been anticipated, given
a dose of 1.0Gy. This again suggests that the radiation effects
in a distant, shielded organ were enhanced after local irradi-
ation. However, while treatment with ascorbic acid protected,
although not significantly, against the induction of apoptosis in
shielded splenocytes, ascorbic acid significantly inhibited shielded
splenic T lymphocytes from forming micronuclei after local head
irradiation (Fig. 5 and Table 3). Therefore, unlike its effects on induc-
tion of mouse splenocyte apoptosis, AA-2G had radioprotective
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effects on the induction of T lymphocyte micronuclei after irradia-
tion.

4. Discussion

In high LET therapy, as occurs in boron neutron capture ther-
apy (BNCT) and heavy-ion radiotherapy, hypo-fractionation is
acceptable and therapeutic radiation doses are larger than conven-
tional radiotherapies. The normal tissue radiation dose for vascular
endothelial cells in BNCT is estimated to be around 10-15 Gy [18].
Enhanced radiation effects in abscopal regions following large local
doses of radiation have not previously been investigated. Here, we
studied whether shielded splenocytes in abscopal regions suffered
enhanced radiation effects after 10-20Gy of local head gamma
ray-irradiation. Splenocyte apoptosis induction and T lymphocyte
micronuclei were higher than what would be expected with the
estimated dose of radiation in the distant, shielded spleen.

In vivo radiation-induced bystander effects are defined as phe-
nomena that occur when irradiation signals are transduced from an
irradiated lesion to a shielded organ and induce a radiation effectin
that non-irradiated, shielded organ. A previous group reported that
the spleen is a target organ of local-irradiation induced bystander
effects in vivo. Koturbash et al. described how cranial X-ray irra-
diation (1 Gy) induced DNA damage, apoptosis, and increased p53
levels in a shielded spleen [5]. They also suggested the possibil-
ity that the induction of indirect DNA damage in the shielded
splenocytes was mediated by reactive oxygen species. Mechanis-
tically, the radiation-induced bystander effect in vivo is thought
to be mediated by the inflammatory response after exposure to
ionizing radiation. Lorimore et al. reported that macrophage acti-
vation following a 4Gy irradiation provided a mechanism for
producing damage via bystander effects [19]. Another previous
report showed that tumor cell killing by macrophages was acti-
vated with more than 10Gy [20]. These experiments show that
high dose radiation might induce bystander signaling by medi-
ating macrophage activation. We confirmed that large dose local
head irradiation (10-20 Gy) induced apoptosis and micronuclei in
the distant, shielded spleen. These enhanced radiation effects in an
abscopal region were induced by a large dose irradiation and may
have been mediated by macrophage activation. Shown in the left
column of Fig. 6, histological sections revealed macrophage prolif-
eration in the spleen appearing on the 12th day post-irradiation
and becoming severe by day 21. Macrophage proliferation in the
spleen was found to be more severe after ascorbic acid administra-
tion, and to occur earlier (on the 7th day post-irradiation; shown
in the right column of Fig. 6).

We evaluated the protective effects of a radical scavenger on
enhanced radiation effects in the distant spleen after large doses of
local head irradiation. Free radicals are one of the most important
bio-chemicals that are triggered by the activation of macrophages
following irradiation [21]. This suggests the possibility that radical
scavengers might protect abscopal regions from enhanced radia-
tion effects. Our study of apoptosis induction suggests that AA-2G
treatment suppressed the induction of apoptosis following total
body radiation. In our anti-oxidative enzyme study, AA-2G admin-
istration increased catalase activity after 20 h, which was the length
of the apoptosis assay, but AA-2G did not significantly affect SOD
activity. The C3H/He mouse strain is more radiation-resistant than
other Balb/c mouse strains [22,23]. The different sensitivities of
mouse strains to irradiation were determined by micronucleus for-
mation in T lymphocytes and fibroblasts, and an intestinal cell
survival assay [15]. A previous report demonstrated that hepatic
CAT and SOD enzyme activities increased 30 min after whole body
jonizing irradiation of C3H mice, suggesting that CAT and SOD may
be related to the mechanism of their radiation resistance [24]. We

confirmed that these antioxidant enzymes had elevated activities
after irradiation and that AA-2G enhanced CAT activity. This result
suggests that ascorbic acid may protect from radiation damage by
inducing CAT.

We previously reported that radical scavengers are protec-
tive against neutron-induced mutations [25,26]. Furthermore, we
compared the effects of DMSO (a source of short-lived radical scav-
engers)and ascorbic acid (a source of long-lived radical scavengers)
on the induction of mutations in bystander cells. DMSO treatment
slightly reduced the frequency of mutations that were induced by
the bystander effect, but post-radiation ascorbic-acid treatment
reduced the mutation frequency more than DMSO [10]. Recently,
Harada et al. reported that ascorbic acid was an effective radical
scavenger for suppressing the bystander response in vitro. They
examined three types of radical scavengers, including a nitric oxide
scavenger, and found that ascorbic acid was the most effective sup-
pressor of micronucleus induction in non-irradiated bystander cells
[27].

We showed that ascorbic acid significantly inhibited shielded
splenic T lymphocytes from forming micronuclei following local
head irradiation (Fig. 5 and Table 3). However, AA-2G did not pro-
tect shielded splenocytes against apoptosis. These results show that
AA-2G treatment had radio-protective effects on T-lymphocytes in
abscopal regions (in the spleen), but this did not apply to all splenic
cells.

Clinically, chromosomal instability [28] and epigenetic dysregu-
lation of DNA [29] were analyzed in non-irradiated or distant organs
after irradiation. Enhanced radiation effects in abscopal regions are
thought to increase the incidence of secondary, post-radiation ther-
apy cancers. Therefore, effective radioprotection from enhanced
radiation effects in abscopal regions is needed. Ascorbic acid is a
well-known, important vitamin and a non-toxic radical scavenger
that can be effective for protecting against enhanced radiation
effects in abscopal regions during radiation therapy.
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Purpose

Th::p primary goal of this open-label, multicenter, randomized phase Il trial was to determine
whether treatment with carboplatin plus the oral fluoropyrimidine derivative S-1 was noninferior
versus that with carboplatin plus paclitaxel with regard to overall survival (OS) in chemotherapy-
naive patients with advanced non-small-cell lung cancer (NSCLC).

Patients and Methods

A total of 564 patients were randomly assigned to receive either carboplatin (area under the curve,
5) on day 1 plus oral S-1 (40 mg/m? twice per day) on days 1 to 14 or carboplatin (area under the
curve, 6) plus paclitaxel (200 mg/m?) on day 1 every 21 days.

Results

At the planned interim analysis, with a total of 268 death events available, the study passed the
O'Brien-Fleming boundary of 0.0080 for a positive result and noninferiority of carboplatin and S-1
compared with carboplatin and paclitaxel was confirmed for OS (hazard ratio, 0.928; 99.2% Cl,
0.671 to 1.283). Median OS was 15.2 months in the carboplatin and S-1 arm and 13.3 months in
the carboplatin and paclitaxel arm, with 1-year survival rates of 57.3% and 55.5%, respectively.
Rates of leukopenia or neutropenia of grade 3/4, febrile neutropenia, alopecia, and neuropathy
were more frequent in the carboplatin and paclitaxel arm, whereas thrombocytopenia, nausea,
vomiting, and diarrhea were more common in the carboplatin and S-1 arm. The carboplatin and S-1
arm had significantly more dose delays than the carboplatin and paclitaxel arm.

Conclusion
Oral S-1 with carboplatin was noninferior in terms of OS compared with carboplatin and paclitaxel
in patients with advanced NSCLC, and is thus a valid treatment option.

J Clin Oncol 28:5240-5246. © 2010 by American Society of Clinical Oncology

consists of tegafur, 5-chloro-2,4-dihydroxypyridine,

INTRODUCTION

Lung cancer is the leading cause of death related to
cancer worldwide,' with non—small-cell lung cancer
(NSCLC) accounting for 85% of lung cancer cases. For
individuals with advanced or metastatic NSCLC,
platinum-based chemotherapy is the mainstay of first-
line treatment on the basis of the moderate improve-
ment in survival and quality of life it affords compared
with best supportive care alone.® Thus, there is still a
need for new treatment regimens to ameliorate symp-
toms and prolong survival in patients with advanced
NSCLC in a manner that is both convenient and safe.

S-1 (TS-1; Taiho Pharmaceutical Co Ltd, To-
kyo, Japan) is an oral fluoropyrimidine agent that

© 2010 by American Society of Clinical Oncology
Information downloaded from jco.ascopubs.org and provided by at KINKI UNIVERSITY on February 7, 2011 from
@g 2010 American SM&YMM@%

Copyright

and potassium oxonate in a molar ratio of 1:0.4:1.%7
A phase II trial of oral S-1 as a single agent for the
treatment of advanced NSCLC yielded a response
rate of 22% and a median survival time of 10.2
monthsin 59 patients without prior chemotherapy.®
We previously performed a phase I/I study of
carboplatin/S-1 combination therapy and found
that administration of S-1 (40 mg/m® twice per day)
on days 1 to 14 in combination with carboplatin (area
under the curve [AUC], 5) on day 1 of every 3-week
cycle yielded efficacy results similar to those of other
platinum doublets.” The carboplatin and S-1 com-
bination had a more favorable toxicity profile than
that typically seen with platinum-based regimens,

| Oncology. All rights reserved.
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Fig 1. CONSORT diagram for the study.

especially with regard to neutropenia, febrile neutropenia, neuropa-
thy, and alopecia.’ In addition, replacement of paclitaxel with oral S-1
in combination therapy with carboplatin avoids the need for premed-
ication to ameliorate paclitaxel-induced hypersensitivity and the
3-hour infusions required for paclitaxel administration. We therefore
undertook and now report the results of the LETS (Lung Cancer
Evaluation of TS-1) study, a multicenter, randomized, phase I1I, non-
inferiority trial of carboplatin and -1 in comparison with carboplatin
and paclitaxel combination therapy in chemotherapy-naive patients
with advanced NSCLC.

PATIENTS AND MfTHODS ‘ 7

Patients
The criteria for patient eligibility included a diagnosis of NSCLC con-
firmed either histologically or cytologically; a clinical stage of IIIB not amena-

Eligible patients were randomly assigned to receive either carboplatin
(AUC, 6) plus paclitaxel (200 mglmz) on day 1" or carboplatin (AUC, 5) on
day 1 plus oral S-1 (40 mg/m? twice per day) on days 1 to 14. Chemotherapy
was repeated every 3 weeks foramaxlmum of six cycles unless there was earlier

id of disease or intol of the study

End Points

The primary objective of this open-label, multicenter, randomized phase
11 trial was to establish the noninferiority of S-1 plus carboplatin compared
with paclitaxel plus carboplatm asfirst-line therapymterms of overall survival
(OS) in patients wit dNSCLC. S daryendp included tumor
Tesponse, treatment safety, quality of life (QOL), and progression-free sur-
vival (PFS).

Baseline and Follow-Up Assessments

Baseline evaluations included medical history, physical cxammanon,
ECG, tumor status, ECOG perfc ce status, and lat Dur-
ing treatment, blood counts and biochemical tests were performed at least
biweekly. A comp iphy scan was performed for tumor assessment
within 14days of study and was repeated after every 1 to
2 months of planned therapy. All responses were defined according to
RECIST. Ifa patient was d d as having a compl P (CR)ora

Table 1. Patient Der ic and Clinical C
Carboplatin/Paclitaxel (n = 281) Carboplatin/S-1 (n = 282)
Characteristic No. % No. % P
Age, years
Median 63 64 510
Range 36-74 3874
Sex
Male 215 76.5 217 77.0 .902
Female 66 235 65 230
ECOG PS
0 90 320 86 305 .695
1 191 68.0 196 69.5
Histology
Adenocarcinoma 1956 69.4 196 69.1 .560
Nonadenocarcinoma 86 30.6 87 309
Clinical stage
s 68 242 68 24.1 .981
1\ 213 758 214 759
Smoking status
Smoker 229 81.5 230 81.6 .984
Nonsmoker 52 185 52 184
Abbreviation: ECOG PS, Eastern Cooperative Oncology Group performance status.
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partial response (PR), a confirmatory evaluation was performed after an inter-
val of 4 weeks. Disease control was defined as the best tumor response among
CR, PR, or stable disease that was confirmed and sustained for 6 weeks or
longer. Patients were evaluated for adverse events during therapy and until 42
days after administration of the last dose of the study treatment. Toxicity was
evaluated according to the National Cancer Institute Cancer Common Toxic-
ity Criteria, version 3. QOL was assessed with the lung cancer subscale of the
Functional Assessment of Cancer Therapy—Lung (FACT-L)'? and the neuro-
toxicity subscale of the FACT/G; logy Oncology Group-

(GOG-Ntx) version 4." In addition, alopecia was evaluated on the basis of the
single item “I have been bothered by hair loss,” which was included in the
former version of FACT-L. Th i inable scores on the lung cancer
subscale, neurotoxicity subscale, and alopecia item were 28, 44, and 4, respec-
tively, with which the panent was considered to be asymptomatic. Patients
were asked to ! at the time of 11 andat6 and
9 weeks after initiation of treatment.

Statistical Analysis

Eligible patients were randomly assigned according to a 1:1 ratio to
receive either carboplatin and paclitaxel or carboplatin and S-1. After a check
of patient eligibility, random assignment was perfonned centrally at the West
Japan Oncology Group data center by mini ion with ification factors
including disease stage (IIIBvIV), type of histology (adenocarcinoma vnonad-
enocarcinoma), sex (male v female), and investigator center. The intent-to-
treat (ITT) patient population included all patients who underwent random
assignment. The per-protocol (PP) population was defined as the ITT popu-
lation minus patients considered to have major violations of inclusion or
exclusion criteria and those who did not receive any protocol treatment. The
safety population was defined as all patients receiving at least one dose of study
drugs. The primary end point of the study was OS, which was analyzed in the
ITT population by estimation of the hazard ratio (HR) and two-sided 95% CI
derived from a Cox regression model with adjustment for the stratification
factors with the exception of investigator center. Median OS in both treatment
arms was assumed to be 14 months on the basis of data from previous clinical
trials."* Noninferiority of carboplatin and S-1 was to be concluded if the upper
limit of the 95% CI of the HR was lower than 1.33; that is, the null hypothesis
that the median OS of the carboplatin and S-1 group would be up to 3.48

hs shorter than that of the carboplatin and paclitaxel group was analyzed.
Demonstration of noninferiority with a statistical power of 85% at a two-sided
significance level of .05 and 2 years of follow-up after 2.5 years of accrual would
require 263 patients in each treatment group. Given the possibility of variance
inflation due to censoring, the sample size was set at 560 (280 per arm). One
interim analysis was planned when all the patients had been enrolled. For
analysis of the primary end point, adjustment for multiple comparisons was
handled by the method of Lan and DeMets, with the use of the O’Brien-
Fleming type & spending function. The significance level was set at .008 for the
interim analysis, taking the numbers of observed events (n = 268) and ex-
pected events (n = 442) into account. Survival curves (PFS and OS) were
analyzed by the Kaplan-Meier method and were compared between groups by
the Cox regression model. The 95% CI for median PFS and OS was calculated
by the method of Brookmeyer and Crowley. Planned subgroup analyses for OS
were performed to ine the i ion effect of arm with each
of performance status, sex, disease stage, type of histology, and smoking status.
Patient characteristics (ie, sex, ECOG PS, histology, clinical stage, and smoking
status) as well as response and toxicity incidence were compared between the
two treatmentarms by the x* test, and age was compared by the Wilcoxon test.
Longitudinal QOL data were analyzed with a linear mixed-effects model. All P
values were two sided. Statistical analyses were performed with SAS for Win-
dows, release 9.1 (SAS Institute, Cary, NC).

RES

Patient Characteristics
From August 2006 to May 2008, 564 patients from 30 institutions
were enrolled in the study. One patient was excluded from the carbo-

5242 © 2010 by American Society of Clinical Oncology

Information downloaded from jco.ascopubs.org and
Copyright 6 2010 American Sédi

platin and paclitaxel arm because of loss to follow-up. The ITT popu-
lation thus consisted of 563 patients: 281 individuals randomly
assigned to the carboplatin and paclitaxel group and 282 individuals
randomly assigned to the carboplatin and S-1 group (Fig 1). The
baseline demographic and disease-related characteristics of the study
subjects were well-balanced between the two treatment arms (Table
1). Two patients in the carboplatin and paclitaxel arm and three
patients in the carboplatin and S-1 arm did not receive any chemo-
therapy, with the result that 558 patients were eligible for safety anal-
ysis (Fig 1).

Delivered Chemotherapy

‘The number of treatment courses administered was 1,037 in the
carboplatin and paclitaxel arm (median, 4; range, 1 to 6) and 987 in the
carboplatin and S-1 arm (median, 4; range, 1 to 6). Dose reductions
occurred in 90 (8.7%) of the carboplatin and paclitaxel courses and in
49 (5.0%) of the carboplatin and S-1 courses. Carboplatin and pacli-
taxel dose reductions were mainly due to neuropathy, whereas those
for carboplatin and S-1 were most commonly attributable to throm-
bocytopenia. Dose delays occurred in 47.9% of carboplatin and pac-
litaxel courses and 68.5% of carboplatin and $- 1 courses. Delays due to

Median, months
100 — Carboplatin/paciitaxel 13.3(95% Cl, 11.7 to 15.1)
_ ‘Kh - Carboplatin/S-1 16.2 (9% CI, 12.4 to 17.1)
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Fig 2. (A) Overall survival and (B) progression-free survival for the intent-to-treat
population (n = 563). HR, hazard ratio.
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Ce 1 C i .
No. of No. of Hs(zsas r;z l::la’tno
patients Events  patients Events

PSO(n=176) 86 32 %0 34 — 0.951(0.586 to 1.543)

PS1(n=387) 1% 102 191 100 0.919(0.697 to 1.212)

Male(n=432) 217 1M 215 13 i 0.854 (0.657 to 1.111)

Female (n=131) 65 2 66 2 f—1————1  1.189(0.657 t0 2.150)

Stage IIIB (n = 136) 68 32 68 33 —a— 0.765 (0.469 to 1.249)
Stage IV(n=427) 214 102 213 101 b—J:'l 0.977 (0.742 to 1.286) Fig 3. Subgroup analysis of overall survival
in the intent-to-treat population (n = 563).
Adeno (n=390) 195 92 196 86 b 0.978(0.728 10 1.313) PS, performance status; Adeno, adenocarci-

Nonadeno (n=173) & 42 8 48 i 0.817 (0540 to 1.238) noma; Nonadeno, nonadenocarcinorma.

Nonsmoker (n = 104) 52 14 52 16 — i 0.884 (0.429 to 1.821)

Smoker (n=459) 230 120 229 18 . 0.924(0.717 to 1.193)

All(n=563) 282 134 281 134 I—T—‘! 0.928(0.730 to 1.179)

0.0 10 133 20
Hazard Ratio (95% Cl)
Favors carboplaunl Favors carboplatin/
paclitaxel

hematologic toxicity occurred in a higher proportion of carboplatin
and S-1 courses (51.6%) than carboplatin and paclitaxel courses
(9.6%). S-1 was administered for the planned 14 days without inter-
ruption in 89.1% of carboplatin and S-1 courses. The median relative
dose intensities were high for both carboplatin and paclitaxel (89.6%
and 87.6%, respectively) and carboplatin and S-1 arms (83.3% and
94.3%, respectively). The most frequent reason for discontinuation of
therapy was disease progression in both arms. Treatment was with-
drawnbefore completion fromasimilar proportion of patients in each
group (13.6% for carboplatin and paclitaxel and 10.7% for carbopla-
tin and S-1) because of adverse events.

Efficacy

At the interim analysis planned for when patient enrollment was
completed, 268 death events were available in total. The study passed
the O’Brien-Fleming boundary of 0.0080 for a positive result with a P
value of .002. The HR for OS (carboplatin and $-1 v carboplatin and
paclitaxel) in the ITT population was 0.928, with a two-sided 99.2% CI
after adjustment for multiplicity due to interim analysis of 0.671 to
1.283 (Fig 2A). Noninferiority of carboplatin and S-1 therapy was thus
confirmed at the interim analysis by the upper limit of the CIbeingless
than the protocol-specified margin of 1.33. The crude (unadjusted)
95% CI of the HR for OS of 0.928 was 0.730 to 1.179 in the ITT
population, and an HR for OS of 0.931 (95% CI, 0.732 to 1.186) was
obtained with the PP population. Median OS was 15.2 months (95%
CI,12.4t0 17.1) in the carboplatin and S-1 arm and 13.3 months (95%
CI, 11.7 to 15.1) in the carboplatin and paclitaxel arm, with the 1-year
survival rates being 57.3% and 55.5%, respectively. Subgroup analysis
of OS in the ITT population according to stratification variables and
other baseline characteristics were consistent with the primary analy-
sis. A significant interaction effect between treatment arm and sub-
groups was not observed. The 95% CI for the HR in each subgroup
included 1.00 (Fig 3).
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The median PFS was 4.1 months in the carboplatin and S-1 arm
and 4.8 months in the carboplatin and paclitaxel arm in the ITT
population, with a corresponding HR 0f 0.998 and 95% CI 0f 0.837 to
1.190 (Fig 2B). In the PP population, the median values of PES were
4.2 and 4.8 months for the carboplatin and S-1 and carboplatin and
paclitaxel arms, respectively, with a corresponding HR of 0.992 and
95% CI of 0.832 to 1.184. Response to treatment was assessed in 279
patients (99.3%) of the carboplatin and paclitaxel group and in 279
patients (98.9%) of the carboplatin and S-1 group. For overall re-
sponse (CR + PR) rate, carboplatin and paclitaxel was superior to
carboplatin and S-1 (29.0% v 20.4%; P = .019, x test), whereas the
overall disease control (CR + PR + stable disease) rate was similar in
both treatment groups (73.5% v 71.7%, respectively; P = .635).

Safety

The incidence of leukopenia or neutropenia of grade 3 or 4 was
significantly lower for patients in the carboplatin and S-1 arm than for
those in the carboplatin and paclitaxel arm (leukopenia, 5% v 33%;
neutropenia, 21% v 77%, respectively), as was the incidence of febrile
neutropenia (1% v 7%; Table 2). Conversely, treatment with carbo-
platin and S-1 was associated with a higher rate of thrombocytopenia
of grade 3 or 4 than was that with carboplatin and paclitaxel (33% v
9%, respectively). Platelet transfusion was also necessary for more
patients in the carboplatin and S-1 arm than in the carboplatin and
paclitaxel arm (8% v 2%, respectively; P = .002). The overall rates of
neuropathy and alopecia were much lower in the carboplatin and §-1
arm (neuropathy, 16% v 81%; alopecia, 9% v 77%), whereas nausea,
vomiting, and diarrhea occurred more frequently in the carboplatin/
$-1 arm (Table 2). Death as a result of toxicity occurred in two
patients; one death in the carboplatin and S- 1 arm was associated with
gastrointestinal hemorrhage, and another patient in the carboplatin
and paclitaxel arm died of febrile neutropenia and pneumonia.
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Table 2. Incidence of Drug-Related Toxicities in Randomly Assigned and Treated Patients
Regimen by Grade (%)
Carboplatin/Paclitaxel (n = 279) Carboplatin/S-1 (n = 279) P
Toxicity All 3 4 All 3 4 All 3ord
Hematologic
Leukopenia 86.0 297 29 55.4 5.0 04 <.001 <.001
Neutropenia 89.6 319 4.8 58.3 183 29 < .001 <.001
Anemia 824 14.3 2.5 86.7 156.5 36 165 680
Thrombocytopenia 63.1 7.2 22 87.4 19.4 133 <.001 <.001
Nonhematologic
Febrile neutropenia 7.2 6.8 0.4 1.1 1.1 0 <.001 <.001
Nausea 49.1 22 0 62.4 18 0 .002 475
Vomiting 237 11 0 34.1 18 0 .007 .837
Diarrhea 20.8 1.1 0 326 3.2 0 .002 .302
Neuropathy: sensory 81.0 29 0 16.8 0.4 0 <.001 .668
Arthralgia 67.4 25 0 79 0 0 <.001 .357
Alopecia 76.7 93 <.001
NOTE. Differences between the two arms were evaluated by the x? test.

aoL
Atrandom assignment, 99.6% of patients (562 of 564) completed
baseline questionnaires, with the questi completion rates be-

ing 93.4% at 6 weeks and 90.1% at 9 weeks. Compliance rates were not
significantly different between the treatment arms. QOL data were
missing in 38 surveys due to death or severe impairment of the pa-
tient’s general condition, which accounted for 2.3% of the total num-
ber of the surveys scheduled. There was no significant difference in the
lung cancer subscale of FACT-L between the treatment arms (Fig 4).
Scores on the neurotoxicity subscale of FACT/GOG-Ntx had de-
creased significantly in the carboplatin and paclitaxel arm after two
cycles of chemotherapy (Fig 4); the adjusted mean scores at 6 and 9
weeks were 41.2 and 41.0 for the carboplatin and S-1 arm and 38.2 and
37.1 for the carboplatin and paclitaxel arm. The alopecia score was also
significantly worse in the carboplatin and paclitaxel arm than in the
carboplatin and S-1 arm (P < .001, analysis of variance), with the
adjusted means at 6 and 9 weeks being 3.8 and 3.7 for carboplatin and
S-1and 1.7 and 1.9 for carboplatin and paclitaxel (P < .001 at both 6
and 9 weeks, Tukey-Kramer multiple-comparison test).

Poststudy Treatment

There were no major differences in poststudy treatment be-
tween the two arms. Overall, 69.4% of carboplatin and paclitaxel
patients and 75.5% of carboplatin and S-1 patients received an
additional line of therapy (P = .103, x* test). Docetaxel was admin-
istered in 43.4% and 52.0% of patients and epidermal growth
factor receptor tyrosine kinase inhibi were admini d in
24.0% and 27.2% of patients in the carboplatin and paclitaxel and
carboplatin and S-1 arms, respectively.

Our phase III study is the first to evaluate the efficacy of an S-1—
containing regimen in comparison with standard platinum-doublet
chemotherapy for first-line treatment of patients with advanced
NSCLC. The primary objective of the study— determination of the
noninferiority of carboplatin and S-1 compared with carboplatin and
paclitaxel in terms of OS—was met at the planned interim analysis.

244
- @ - Carboplatin/paclitaxel

-~~~ Carboplatin/S-1
P=.602

~N
X3
N

FACT-L Score
FACT/GOG-Ntx Score

- @ - Carboplatinjpaclitaxel
-4~ Carboplatin/s-1

Fig 4. Quality of life assessments with the
(left) severitem Functional Assessment of
Cancer Therapy-Lung (FACT-L) and (right)
11-item FACT/Gynecology Oncology Group-
Neurotoxicity (GOG-Ntx) scales. Data are
least square means + 95% Cl. Higher scores
indicate better quality of life. P values shown
were determined by analysis of variance, with
Pbeing less than .001 for comparison of FACT/
GOGNtx scores between the two amms at
both 6 and 9 weeks by the Tukey-Kramer
multiple-comparison test.
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Analysis of OS in the ITT and PP populations as well as in subgroups of
the study subjects demonstrated the noninferiority of carboplatin and
§-1. Although there was a significant difference in response rate favor-
ing carboplatin and paclitaxel, disease control rate and PFS were
similar for carboplatin and S-1 and carboplatin and paclitaxel. Given
that subsequent therapies after discontinuation of the study treatment
were well-balanced between the treatment groups, it is unlikely that
poststudy therapy confounded survival results. Collectively, our sec-
ondary data indicate that the findings of the main analysis are robust.
Although the protocol-specified noninferiority margin of 1.33 may be
large, the survival curves themselves mostly coincided for the two
treatment arms and median OS in the carboplatin and S-1 group was
noteworthy at approximately 15 months.

The profile of adverse events associated with carboplatin and S-1
and carboplatin and paclitaxel was as expected, but there were marked
differences in the incidence of some of these events. Carboplatin and
paclitaxel treatment resulted in a typically high incidence of neutrope-
nia of grade 3 or 4 (76.7%) as well as of febrile neutropenia (7.2%),
compared with incidences of only 21.1% and 1.1%, respectively, for
carboplatin and S-1. These rates of neutropenia associated with car-
boplatin and paclitaxel treatment are consistent with those observed
inprevious studies of Japanese patients.' ' Carboplatin and S-1 treat-
ment showed a significantly higher rate of thrombocytopenia, which
was the most frequent reason for dose delays in the carboplatin and
S-1 group. However, this condition was considered manageable be-
cause it was associated with bleeding of grade 3 in only one patient.
With regard to nonhematologic toxicities, neuropathy, arthralgia, and
alopecia were much less frequent in patients treated with carboplatin
and S-1 than in those receiving carboplatin and paclitaxel. Consistent
with these results, carboplatin and S-1 treatment showed a clinically
relevant improvement in QOL as assessed by the FACT/GOG-Ntx
scale and alopecia score. Despite these QOL benefits with carboplatin
and S-1, however, there was no significant difference in FACT-L score
between carboplatin and S-1 and carboplatin and paclitaxel, possibly
because of other more toxic effects of carboplatin and S-1. The inci-
dence of nausea, vomiting, and diarrhea of any grade was higher in
patientsassigned to the carboplatinand S-1 arm than in those assigned
to carboplatin and paclitaxel, although grades 3 or 4 of these toxicities
were uncommon (< 4%) in both groups. The relative dose intensity
of S-1 was 94.3% in the carboplatin and S- 1 arm (median of four cycles
administered), and treatment was discontinued in only approximately
10% of patients in this arm because of adverse events. Overall, these
data indicate that carboplatin and S-1 was well-tolerated, with contin-
uation of treatment as specified in the protocol not being a problem.
According to our previous phase I/II study of carboplatin and S-1,”
this study excluded elderly (= 75 years old) patients. Given its efficacy

and Carboplatin for NSCLC

and favorable toxicity profile, the combination of $-1 and carboplatin
warrants further evaluation in elderly patients.

In conclusion, our present study demonstrates the noninferiority
of carboplatin and S-1 relative to carboplatin and paclitaxel in terms of
OS for patients with advanced NSCLC. Carboplatin and S-1 is there-
fore a valid therapeutic option for the first-line treatment of patients
with advanced NSCLC.
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Roles of BIM induction and survivin downregulation in lapatinib-induced
apoptosis in breast cancer cells with HER2 amplification

J Tanizaki!, I Okamoto', S Fumita', W Okamoto!, K Nishio? and K Nakagawa'

! Department of Medical Oncology, Kinki University Faculty of Medicine, 377-2 Ohno-higashi, Osaka-Sayama, Osaka, Japan and
*Department of Genome Biology, Kinki University Faculty of Medicine, 377-2 Ohno-higashi, Osaka-Sayama, Osaka, Japan

Lapatinib, a dual tyrosine kinase inhibitor of the
epidermal growth factor receptor and human epidermal
growth factor receptor 2 (HER2), is clinically active in
patients with breast cancer positive for HER2 amplifica-
tion. The mechanism of this anti-tumor action has
ined ! h . We have now investigated
the effects of lapatinib in HER2 amplification-positive
breast cancer cells with or without an activating PIK3CA
ion. Lapatinib induced apoptosis in iation with
upreg of the pro-apoptotic protein BIM through
inhibition of the MEK-ERK signaling pathway in breast
cancer cells with HER?2 amplification. RNA interference
(RNAi)-mediated depletion of BIM inhibited lapatinib-
induced apoptosis, implicati BIM inducti in this
p The pro-apoptotic effect of lap b was less
pronounced in cells with a PIK3CA mutation than in those
without one. Lapatinib failed to inhibit AKT phospho-
rylation in PIK3CA mutant cells, likely because of
hyperactivation of the phosphatidylinositol 3-kinase
(PI3K) signaling pathway by the mutation. Depletion of
PIK3CA (a catalytic subunit of PI3K) revealed that
survivin expression is regulated by the PI3K pathway in
these cells, suggesting that insufficient inhibition of PI3K-
survivin signaling is responsible for the limited pro-
poptotic effect of lapatinib in HER2 amplification-
positive cells with a PIK3CA mutation. Consistent with
this notion, depletion of survivin by RNAi or treatment
with a PI3K inhibitor markedly increased the level of
apoptosis in PIK3CA mutant cells treated with lapatinib.
Our results thus suggest that inhibition of both PI3K-
survivin and MEK-ERK-BIM pathways is required for
effective induction of apoptosis in breast cancer cells with
HER? amplification.
Oncogene (2011) 0, 000-000. doi:10.1038/onc.2011.111
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Introduction

Breast cancer is the leading cause of cancer death among
women worldwide. Amplification of the human epider-
mal growth factor receptor 2 (HERZ2) gene occurs in 25—
30% of breast cancers (Slamon et al., 1987, 1989), and
HERRQ is thus an attractive target for the development of
therapeutic drugs. Lapatinib, a dual tyrosine kinase
inhibitor of HER2 and the epidermal growth factor
receptor (EGFR), has shown anti-tumor activity for
breast cancer with HER2 amplification in pre-clinical
and clinical studies (Geyer et al., 2006; Konecny et al.,
2006; Gomez et al., 2008). Although lapatinib improved
the overall outcome for such patients, not all patients
were benefited from the treatment. Characterization of
the molecular basis of the response to lapatinib will
thus be important to maximize the clinical efficacy of
this drug.

Mutations in PIK3CA, which encodes the pl10a
catalytic subunit of phosphatidylinositol 3-kinase
(PI3K), have been identified in 8-40% of breast cancers
(Samuels et al., 2004; Saal et al., 2005; Berns et al.,
2007). Although a positive correlation between HER2
overexpression and the presence of PIK3CA mutations
has been described (Saal et al., 2005), the relation
between the efficacy of lapatinib and such mutations has
remained unclear (Eichhorn et al., 2008; Toi ez al., 2009;
Kataoka et al., 2010). We have therefore now investi-
gated the effects of lapatinib in HER2 amplification-
positive breast cancer cells with or without an activating
PIK3CA mutation, and we further examined the
mechanism responsible for the induction of apoptosis
in these cells.

Results

Lapatinib inhibits cell proliferation and induces apoptosis
in breast cancer cells with HER2 amplification

We first examined the effect of lapatinib on the
proliferation in vitro of breast cancer cells positive or
negative for HER2 amplification (Figure 1a). All six cell
lines with HER?2 amplification, including SK-BR3, ZR-
75-30, BT-474, MB-361, MB-453 and HCC1954, were
sensitive to lapatinib, with median inhibitory concentra-
tion (ICso) values ranging from 0.05 to 0.80 pm, which
are within the clinically achievable concentration range
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Figure 1  Effects of lapatinib on cell proliferation and apoptosis in breast cancer cells class1ﬁed according to HER2 and PIKJCA
status. (a) The indicated cell lines were cultured for 72h in complete culture medium various of 1

after which the number of viable cells was determined and the ICs, value of lapatinib for inhibition of cell proliferation was calculated.
(b) The ind d cell lines were incubated for 72 h with 1 ib (1 pum), after which the number of apoptotic cells was determined by
staining with annexin V and propidium iodide followed by flow cy y. The increase in the number of apoptotic cells
relative to the cor g value for cells incubated without lapatinib is shown. (c) The indicated cell lines were cultured for 14 days
in the presence of lapatinib (1 pm) before determination of the number of colonies for calculation of the surviving fraction relative to

that of control cells incubated without lapatinib. All data are means t s.e. from three independent experiments.

for this drug (LoRusso et al., 2008; Burris et al., 2009).
Among these HER2 amplification-positive cells, those
with an activating PIK3CA mutation (MB-361, MB-453
and HCC1954) were less sensitive to lapatinib than were
those without such a mutation (SK-BR3, ZR-75-30 and
BT-474). Cell lines negative for HER2 amplification,
including MCF-7, T47-D and MB-231, were resistant to
lapatinib, with ICsy values of >5.0 um.

We next examined the effect of lapatinib on apoptosis
in these various breast cancer cell lines (Figure 1b). An
annexin V binding assay showed that lapatinib (1 um)
induced apoptosis in all HER2 amplification-positive cells,
but was largely without effect in amplification-negative cells.
Consistent with the ICs values for the anti-proliferative
effect of the drug, the extent of lapatinib-induced apoptosis
was less pronounced in HER2 amplification-positive cells
with an activating PIK3CA mutation than in those without
such a mutation. We further examined the effect of
lapatinib on clonogenic survival of breast cancer cells.
Again, lapatinib greatly reduced the clonogenicity of HER2
amplification-positive cells without a PIK3CA mutation,
whereas the reduction in the number of clones was less
marked for those with a PIK3CA mutation (Figure Ic).
These data thus revealed that lapatinib exerts anti-
proliferative and anti-survival effects in cells positive for
HER?2 amplification, but the extent of these effects is
smaller for such cells with a PIK3CA4 mutation than for
those without this genetic change.
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Differential effect of lapatinib on AKT signaling in HER2
amplification-positive breast cancer cells with or without
an activating PIK3CA mutation

‘We examined the effects of lapatinib on the AKT and ERK
(extracellular signal lated kinase) signaling pathways in
breast cancer cell lines (Figure 2a). Immunoblot analysis
showed that phosphorylation of both AKT and ERK was
markedly inhibited by lapatinib in HER2 amplification-
positive cells without an activating PIK3CA mutation. In
HER?2 amplification-positive cells harboring a PIK3CA
mutation, however, lapatinib inhibited the phosphorylation
of ERK but had little effect on that of AKT. Lapatinib
showed little effect on the phosphorylation of AKT or ERK
in HER2 amplification-negative cells. These data thus
revealed that, whereas lapatinib inhibited the phosphoryla-
tion of ERK in all HER2 amplification-positive cells, its
effecct on that of AKT was dependent on PIK3CA
mutational status.

Effects of lapatinib on apoptosis-related proteins in HER2
amplification-positive breast cancer cells with or without
an activating PIK3CA mutation

Given that lapatinib induced apoptosis in cells with
HER?2 amplification, we examined its effects on apop-
tosis-related proteins in these cells (Figure 2b). Immu-
noblot analysis revealed that lapatinib upregulated the
expression of BIM, a pro-apoptotic member of the Bcl-2



