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ZSTKA474 is a novel orally applicable phosphoinositide 3-kinase-
specific inhibitor that strongly inhibits cancer cell proliferation. To
further explore the antitumor effect of ZSTK474 for future clinical
usage, we studied its combined effects with radiation. The prolif-
eration of Hela cells was inhibited by treatment with X-rays alone
or ZSTKA74 alone. Combination treatment using X-rays then
ZSTK474 given orally for 8 days, starting 24 h post-irradiation, sig-
nificantly enhanced cell growth inhibition. The combined effect
was also observed for clonogenic survival with continuous
2STKA474 treatment. Western blot analysis showed enhanced phos-
phorylation of Akt and GSK-3p by X-irradiation, whereas phos-
phorylation was inhibited by ZSTK474 treatment alone. Treatment
with ZSTKA474 after X-irradiation also inhibited phosphorylation,
and remarkably inhibited xenograft tumor growth. Combined
treatment with X-rays and ZSTK474 has greater therapeutic poten-
tial than radiation or drug therapy alone, both in vitro and in vivo.
(Cancer Sci 2011; 102: 1176-1180)

P hosphoinositide 3-kinases (PI3Ks) are a family of lipid
kinase that phosphorylates the 3-hydroxyl group of the inosi-
tol ring of phosphoinositides.(” As PI3Ks have been shown to be
important targets in cancer therapy, development of PI3K inhibi-
tors has attracted attention from both academic and industrial
researchers. Recently, several novel PI3K inhibitors have been
developed and some of them are now undergoing clinical trial.®

Among the novel PI3K inhibitors, ZSTK474 has unique prop-
erties.!*~® ZSTK474 is a pan-PI3K inhibitor: it inhibits all four
PI3K isoforms in an ATP-competitive manner. Among all of
the PI3K isoforms, PI3K& was inhibited most potently by
ZSTK474. PI3K-related kinases are a group of protein kinases
with a catalytic core structure similar to PI3K, but they lack the
lipid kinase activity. This group includes mTOR, DNA-PK,
ATM, and ATR proteins, of which the latter three are known to
be involved in DNA damage-related responses. The inhibition
activity of ZSTK474 against DNA-PK and mTOR was deter-
mined, and was shown to be far weaker compared with that
observed against PI3K. These results indicate that ZSTK474
was the most specific agent among these PI3K inhibitors."*®
The inhibition selectivity of ZSTK474 for PI3K over DNA-PK
was significantly higher than other PI3K inhibitors such as NVP-
BEZ235, PI-103, and LY294002.” In vitro, ZSTK474 induced
marked Go/G arrest in various human cancer cells without any
obvious apoptosis.*> This pan-PI3K inhibitor, given orally,
showed potent in vivo antitumor efficacy on cancer xenografts at
both early and advanced stages, without obvious toxicity being
observed.”

ZSTK474 strongly inhibited tumor growth. Thus, to consider
the clinical usage of ZSTK474, its combination with another
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therapy is a practical choice. In single drug therapy, the use of
multiple agents, such as chemotherapeutic drugs and radiation,
increases effectiveness and potency in clinical cancer therapy.
Radiation can be used as an agent to increase the anticancer
effect of ZSTK474, as ZSTK474 effectively inhibits the down-
stream of the PI3K pathway.

In general, the combination of chemotherapy and radiother-
apy can be classified into three categories based on the time
sequence of the treatments: neoadjuvant (chemotherapy before
radiotherapy); concurrent; and adjuvant (chemotherapy after
radiotherapy) chemo-radiotherapy. The time sequence of the
treatments usually affects the results. It is known that the sensi-
tivity of cells to radiation depends on the cell cycle phases.'”
The cells are most sensitive to low linear energy transfer (LET)
ionizing radiation when irradiated at G,/M phase and are most
resistant when irradiated at late S phase. Other phases, such as
G; and early S, show intermediate sensitivity. As ZSTK474
induces arrest in the Go/G; phase of the cell cycle, where radia-
tion sensitivity is not the highest, ZSTK474 was not used in this
study in the typical manner of radiation sensitizers. In addition,
ZSTK474 is a specific PI3K inhibitor, and it showed weaker
inhibitory activity against DNA-PKcs, which is thought to be
essential for the double strand break (DSB) repair process after
radiation exposure.

We then examined the time sequence where ZSTK474 was
applied not immediately, but much later after irradiation. In this
study, significant combination effects of X-rays and ZSTK474
were observed both in vitro and in vivo.

Materials and Methods

Chemicals. ZSTK474 was synthesized in the Central
Research Laboratory, Zenyaku Kogyo Co. (Tokyo, Japan). For
in vitro studies, ZSTK474 was dissolved in DMSO. For animal
experiments, ZSTK474 was suspended in 5% hydroxypropyl
cellulose in water as a solid dispersion form.®

Animals. All animal experiments were carried out at the
National Institute of Radiological Sciences (NIRS; Chiba,
Japan), conformed to institutional guidelines, and were approved
by the Institutional Animal Care and Use Committee of NIRS.
Male nude mice (BALB/c-nu/nu) were obtained at 6 weeks of
age from CLEA Japan (Tokyo, Japan). The mice were housed in
a temperature- and humidity-controlled room at 23 + 1°C and
55 + 5%, respectively, and maintained on a 12:12 light:dark
cycle. The mice were kept five per cage. They received acidified
water and diet (MB-1; Funabashi Farm, Funabashi, Japan)
ad libitum during the experimental period.
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Cell cultures. The HeLa cell line (human cervix epithelium
carcinoma) was obtained from the Cell Resource Center for
Biomedical Research, Tohoku University (Sendai, Japan). The
cells were grown in DMEM (Sigma-Aldrich, Tokyo, Japan) sup-
plemented with 10% FBS and antibiotic—antimycotic (Gibco-
Invitrogen, Tokyo, Japan) at 37°C with 5% CO,.

X-irradiation. HeLa cells in dishes were X-irradiated with a
Shimadzu Pantak HF-320 at a dose rate of 0.95 Gy/min
(200 kVp, 20 mA, 0.5 mm Al + 0.5 mm Cu filter). For the irra-
diation of mice, nude mice bearing xenograft tumors at the right
hind leg were placed on a Lucite plate and the tumors were
X-irradiated at a dose rate of 1.27 Gy/min with the Shimadzu
Pantak HF-320 (200 kVp, 20 mA, 0.5 mm Al + 0.5 mm Cau filter).

Cell viability assay. HeLa cells in 60 mm dishes were pre-
pared at various cell densities 1 day before X-irradiation. One
day later, the cells were X-irradiated (2 Gy) at room temperature
(day 0). At 24 h after X-irradiation (day 1), the cells were
exposed to ZSTK474 (1 pM). When counting cell numbers, the
medium in the dish was transferred to 15 mL plastic tubes to
count the number of dead cells. The remaining cells attached to
the dishes were washed with PBS and the PBS was transferred
to the plastic tubes to combine with the medium. The cells on
the dishes were trypsinized for 5 min at 37°C and the cell sus-
pensions were combined with the medium in the plastic tubes.
The combined suspensions were centrifuged at 110g for 5 min
at 4°C with a M160-1V centrifuge (Sakuma, Tokyo, Japan). The
pellet was suspended in 0.5 mL PBS and the number of cells
was counted under a microscope (Olympus IX-70 Fluorescence
microscope; Olympus, Tokyo, Japan) on days 0, 1, 2, 3, 4, 5,
and 8. The relative growth rates were calculated based on the
number of cells counted at the time of X-irradiation (day 0).
Each point on the cell growth curve represents the mean and the
standard deviation from four samples.

Clonogenic cell survival assay. The clonogenic cell survival
rate was determined by the colony-forming assay. Immediately
after irradiation, cells were washed with PBS, trypsinized,
diluted, and seeded in 60-mm dishes at various cell densities. At
24 h after irradiation, the cells were exposed to ZSTK474 for
24 h, then the medium was changed to ZSTK474-free medium
and incubated at 37°C for 2 weeks (transient exposure). Alterna-
tively, the cells were exposed to ZSTK474 at 24 h after irradia-
tion, then continuously exposed for 2 weeks during the
incubation (continuous exposure). After 2 weeks of incubation,
colonies were stained with crystal violet dissolved in methanol.
Colonies containing more than 50 cells were counted directly by
eye or by a scanner. NIH Image software (Image J, http://rsb.
info.nih.gov/ij/) was used for the analysis of number and area of
colony. The surviving fraction was calculated based on the plat-
ing efficiency determined from the control (no X-irradiation,
drug only). Each point on the survival curve represents the mean
surviving fraction from three dishes. Clonogenic survival curves
are representative of independent triplicate experiments.

Western blot analysis. Preparation of samples for Western
blot analysis was carried out according to the following
method.®® The sample dishes were frozen in liquid nitrogen,
and the cells were lysed in a buffer containing 10 mM Tris—HCI
at pH 7.4, 50 mM NaCl, 50 mM NaF, 30 mM sodium pyro-
phosphate, 50 mM sodium orthovanadate, 5 mM EDTA, 1 mM
PMSF, 0.5% Nonidet P-40, 0.1% SDS, and one complete prote-
ase inhibitor cocktail tablet (Roche Diagnostics, Tokyo, Japan).
Proteins in cell extracts were separated by SDS-PAGE) at a con-
stant voltage (150 V), then electrotransferred onto nitrocellulose
membranes (Invitrogen, Tokyo, Japan) at 30 V. The membranes
were incubated with a primary antibody overnight at 4°C, and a
secondary antibody for 1 h at 37°C. Finally, the blots were
visualized by the enhanced chemiluminescence method (GE
Healthcare, Tokyo, Japan) according to the manufacturer’s
instructions. Primary antibodies used for immunoblotting were
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as follows: rabbit polyclonal antibodies for Akt, phosphorylated
Akt (phosphorylated residue Ser473), phosphorylated Akt (phos-
phorylated residue Thr308), phosphorylated glycogen synthase
kinase 3B (GSK-3f, phosphorylated residue Ser9), and B-actin.
Secondary antibodies used were goat polyclonal anti-rabbit IgG-
HRP (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

In vivo study for tumor growth in xenograft model. Nude
mice (BALB/c-nu/nu, 8-week-old) were injected s.c. with 10°
HeLa cells in 100 pL PBS. Approximately 2 weeks after inocu-
lation, when the tumors had reached an average volume of
150 mm®, the mice were divided into four groups: group 1, con-
trol (n = 6 + 2); group 2, X-rays (n = 6 + 2); group 3, ZSTK474
(n =6+ 2); and group 4, X-rays + ZSTK474 (n =6 + 2). On
day 0, the tumors on the right hind legs of mice were X-irradi-
ated at 8 Gy (groups 2 and 4). 24 hours after 8§ Gy irradiation on
the tumor, the mice began an oral inoculation regime of
100 mg/kg ZSTK474, given 11 times in 15 days, every day
from day 1 to day 15 except for days 3, 4, 10, and 11. Body
weight of the mice was measured before each dose of ZSTK474.
ZSTK474 was suspended in 5% hydroxypropyl methylcellulose
in water as a solid dispersion form at just before use. The size of
palpable tumors in the mice (n = 6 per group) was measured
with calipers every 2—4 days. The tumor volume (V) was calcu-
lated as V (mm”) = length (mm) X width mm)>/2. Animals
were killed when tumors exceeded 1000 mm" in size or became
severely necrotic.

Immunohistochemical analysis. Two mice from each group on
day 2 and two mice from groups 2, 3, and 4 on day 15 were used
for immunohistochemical (IHC) analysis of tumors.” For these
experiments, each group involved an additional two mice (total
of eight mice). For IHC analysis, tumor tissues were fixed in
10% neutral formalin and embedded in paraffin. Tissue sections
(4 um) were deparaffinized in xylene and rehydrated through
graded ethanol solutions. Antigen retrieval was carried out using
10 mM Tris—EDTA buffer (pH 9.0). Specific antibody against
phosphorylated Akt (Ser473) (Cell Signaling Technology,
Danvers, MA, USA) were used for hybridization and the bound
antibodies were visualized by a Dako EnVision kit (Dako
Cytomation, Glostrup, Denmark) containing a secondary HRP-
conjugated anti-rabbit polymer antibody complex. Sections were
counterstained with Mayer’s hematoxylin.

Statistical analysis. The statistical analysis of mean values
was carried out using Student’s t-test. Differences with a
P-value <0.05 were considered statistically significant. Data
shown are the mean and SD.

Results

Effect of combined treatment on in vitro Hela cell
proliferation. Effects of treatment with X-rays alone, ZSTK474
alone, or the combination of both agents on HeLa cell prolifera-
tion were examined in vitro. The cells were irradiated with
X-rays at 2 Gy (day 0) and 24 h later (day 1) treated with 1 pM
ZSTK474 dissolved in DMSO. The number of cells was counted
ondays 1, 2, 3,4, 5, and 8. As shown in Figure 1, the cell prolif-
eration was inhibited by the treatment with X-rays alone,
ZSTK474 alone, and the combination of both agents. The inhibi-
tion of cell proliferation by X-irradiation alone was 52% and
58% on days 4 and 8, respectively. The inhibition by ZSTK474
alone was 55% and 69% on days 4 and 8§, respectively. Interest-
ingly, a dramatic inhibitory effect was observed on day 8 of the
combination treatment. The inhibition by treatment using X-rays
and ZSTK474 was 76% and 91% on days 4 and 8, respectively.

Effect of combined treatment of X-rays and ZSTK474 on
clonogenic cell survival. Clonogenic cell survival was examined
for HeLa cells by colony-forming assay. Figure 2(A) shows a
representative result of clonogenic cell survival in three
independent experiments for transient (24 h) ZSTK474
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Fig. 1. Effect of treatment with X-rays alone, ZSTK474 alone, or a
combination of both agents on the proliferation of Hela cells. The
cells were prepared in 60-mm dishes at various cell densities 1 day
before X-irradiation. For treatment with X-rays alone, the cells were
X-irradiated (2 Gy) 1 day later (day 0). For treatment with ZSTK474
alone, 2 days later (day 1), the cells were exposed to 1 uM ZSTK474.
For X-rays + ZSTK474, the cells were treated with 1 uM ZSTK474 24-h
after 2 Gy X-irradiation. The number of cells was counted on days 0,
1, 2, 3, 4, 5, and 8 under a microscope. The relative values of the
number of the cells based on the number on the day of X-irradiation
(day 0) are shown.

treatment. No significant difference was observed by the tran-
sient treatment with ZSTK474. In contrast, when cells were trea-
ted with ZSTK474 continuously (continuous treatment), the
surviving fraction was lower compared to samples without the
drug (Fig. 2B). The continuous treatment of cells with ZSTK474
decreased the size of colonies (Fig. 2C). The size was even
smaller for colonies formed after the combined treatment using
X-rays and ZSTK474 (Fig. 2C).

Effect of treatment with X-rays and/or ZSTK474 on Akt
phosphorylation. Figure 3 shows in vitro effects of X-irradiation

(A) (B8)

alone, ZSTK474 alone, or in combination on phosphorylation of
Akt protein in HeLa cells. The Akt phosphorylation was almost
completely inhibited by the treatment using 1 uM ZSTK474.
Irradiation with 6 Gy X-rays enhanced the phosphorylation at
Thr308 of Akt, although phosphorylation at Ser473 did not
increase significantly. The phosphorylation of GSK-3f, a down-
stream molecule of Akt, was also inhibited significantly by
ZSTK474 treatment. X-irradiation slightly increased the phos-
phorylation of GSK-3. Treatment with ZSTK474 1 day after
X-irradiation greatly decreased the phosphorylation of Akt and
GSK-3p.

Effect of combined treatment against in vivo tumor growth in
Hela xenografts. The combined effect of X-rays and ZSTK474
against tumor growth of a HeLa xenograft model was examined.
HeLa cells were inoculated on a hind leg of each mouse. When
the tumor size reached approximately 150 mm?, the tumor region
was irradiated once with X-rays. One day later, treatment with
ZSTK474 began, given orally. As shown in Figure 4(A), single
local X-irradiation at 8 Gy alone or continuous oral administra-
tion of 100 mg/kg ZSTK474 alone inhibited the growth of s.c.
implanted human HeLa tumors. X-irradiation alone or ZSTK474
alone induced only partial inhibition of tumor growth. However,
the combined treatment resulted in significant total tumor growth
inhibition (Fig. 4B). There were no enhancements of toxicity
judged by loss of body weight in treated mice during the
combined therapy (Fig. 4C). To assess toxicity, Yaguchi et al.®
evaluated toxic effects for normal organs by measuring the body
weight of mice and the H&E staining of femur bone marrow
sections. Furthermore, chronic oral inoculation of ZSTK474 at a
higher dose (800 mg/kg) over 4 weeks again reduced body
weight within a tolerable range, without toxic effects to critical
organs. The researchers concluded that ZSTK474 given orally
to mice had strong antitumor activity against human cancer
xenografts without toxic effects to critical organs.‘>

In vivo effects of X-rays and ZSTK474 on Akt signaling in
tumors were examined using the IHC method. As shown in
Figure 4D, ZSTK474 clearly inhibited the phosphorylation of
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closed circles, ZSTKA474 treatment. Each point
represents the mean survival fraction from three
dishes. The graph is representative of three
independent experiments. (B) Clonogenic survival
rate of cells treated with ZSTK474 (continuous
treatment; 14 days) after X-irradiation. The cells
were irradiated at the indicated doses of X-ray,
then 1day later exposed to 1uM ZSTK474
continuously. The cells were incubated at 37°C for
2 weeks for analysis of their colony-forming
abilities. Open circles, control; closed circles,
ZSTKA474 treatment. Each point represents the mean
survival fraction from three dishes. The graph is
representative of three independent experiments.
(C) Microphotographs of colonies taken 2 weeks
after treatment. Upper left, control; upper right,
6 Gy X-rays only; lower left, 1 uM ZSTK474 only;
lower right, combination of X-rays and ZSTK474.
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Fig. 3. Phosphorylation of Akt and GSK-3B proteins in Hela cells
treated with X-rays alone, ZSTK474 alone, or a combination of both
agents. The cells were treated as indicated and analyzed by Western
blotting. For the conditions without ZSTK474, DMSO was added. Lane
1 is a control (without X-irradiation or ZSTK474 treatment). The cells
were harvested at 3 h or 24 h after drug exposure (lanes 2 and 3). The
cells were harvested at 3, 24, or 48 h after 6 Gy X-irradiation (lanes 4,
5, and 6). The cells were irradiated with 6 Gy X-rays followed by
treatment with 1 uM ZSTK474 for 24 h beginning 1 day after
irradiation (lane 7).

Akt in mouse tumor on day 2. Continuous treatment with
ZSTK474 after X-irradiation also inhibited the phosphorylation
of Akt. Similar results were also obtained on day 15 (data not
shown).

Discussion

Tonizing radiation activates the PI3K/Akt pathway,'” so

the PI3K survival pathway can be a major target for combined
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treatments. Many reports have shown the radiosensitizing effect
of low molecule PI3K inhibitors in vitro.'''? However, the
inhibitors extensively studied so far, such as wortmannin and
LY294002, lack S})eciﬁcity and showed unacceptable toxicity in
animal studies.! Recently, a new generation of PI3K inhibi-
tors, including ZSTK474, has been developed and thelr in vivo
anticancer effect has been closely examined.*: ) Further-
more, their combination with other agents might be desirable for
more adequate usage of the drugs in future clinical therapy. In
the present study, we have clearly showed that the combination
of X-rays and ZSTK474 (treated 24 h after X-rays) remarkably
inhibited the proliferation of human cancer cells (HeLa) and the
growth of the xenograft tumor. Only 100 mg/kg ZSTK474 was
required to almost completely inhibit tumor growth in vivo if the
tumor was X-irradiated once before treatment. A higher concen-
tration (400 mg/kg) was required for a similar effect with
ZSTK474 alone.®

Treatment of non-small-cell lung cancer with a combmatlon of
PI3K inhibitor and y-irradiation in vivo was reported recently."!
In the report, dual PI3K/mTOR blockade by BEZ235, a novel,
orally applicable pan-PI3K inhibitor, was shown to effectively
sensitize non-small-cell lung cancer to the pro-apoptotic effects
of ionizing radiation both in vivo and in vitro, where BEZ235 was
treated before irradiation to enhance the radiation effect. As the
specificity of BEZ235 to PI3K is not high compared to ZSTK474
and considerable inhibition of DNA-PK is expected ) the radio-
sensitizing effect of BEZ235 might be partly explamed by the
inhibition of DNA-PK, by which the DNA repair process should
be disturbed.?” In the present study, however, we used
ZSTK474, a novel, and orally applicable PI3K-specific inhibitor
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(A) Xenograft growth of HelLa cells in nude mice treated as indicated. At the bold arrow (day 0), the tumors were irradiated with 8 Gy

X-rays (groups 2 and 4). Beginning 1 day after X-irradiation (day 1), ZSTK474 (100 mg/kg) was given orally every day (groups 3 and 4) until
day 15 except for days 3, 4, 10, and 11. We irradiated the tumor on day 0, then started the first drug dosage on days 1 and 2. The following
week, we gave the agent everyday from day 5 to day 9. In the third week, we gave the agent every day from day 12 to day 15. Mice were killed
on day 15. Subsequently, those tumor tissues were extracted for immunohistochemical analysis. Points are mean of tumor volume (mm?) of each
treatment (n = 6). Bars show SD. (B) Weight change of the mice during the time course shown. (C) Photographs of mice on day 15, showing
those with tumor size close to the average for each group. The mice were anesthetized. (D) Effect of treatment with X-rays alone, ZSTK474
alone, or in combination on phosphorylation of Akt measured by immunohistochemical analysis of HeLa xenografts on day 2. Upper left,
control; upper right, 8 Gy X-rays; lower left, ZSTK474 100 mg/kg; lower right, X-rays + ZSTK474.
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after X-ray treatment. The timing of ZSTK474 application was
24 h after irradiation, so the DNA repair process related to DNA-
PK should be completed.®” Therefore, inhibition of DNA-PK by
ZSTK474, even if such activity is present, is not likely to be the
major mechanism for the significant combination effect observed
in the present study.

A strong combination effect was observed for in vitro cell
proliferation assay when the cells were treated for a longer time
with ZSTK474. The colony-forming assay also showed that con-
tinuous treatment, rather than transient treatment (24 h), signifi-
cantly reduced the surviving fraction after X-irradiation. This
reduction in the surviving fraction might be due to the strong
inhibition of cell proliferation by ZSTK474, especially after
treatment with X-rays, rather than the induction of actual cell
death. This interpretation is supported by colony sizes, where
ZSTK474 treatment alone remarkably reduced the colony sizes,
but the effect was stronger for cells irradiated first then treated
with the drug. ZSTK474 alone does not induce apoptos1s( 2 A
significant difference in the number of apoptotic cells was not
observed in the tumor between the samples treated with X-rays
alone and with the combination of X-rays and ZSTK474 (data
not shown).

ZSTK474 alone significantly inhibited phosphorylation of
Akt and its downstream molecule GSK-3f. In contrast, X-irradi-
ation enhanced the phosphorylation of Akt and GSK-3f. The
activation of PI3K/Akt signaling 1s associated with the radio-
resistance of many cancer cells.*'™>” When ZSTK474 was
applied after X-irradiation, the enhancement of the activation of
Akt and GSK-3f was reversed and the reduced phosphorylation
of these proteins was observed. It is postulated that the activa-
tion of the PI3K pathway in irradiated tumors is an important
survival strategy for these cells. However, to understand the
molecular mechanism(s) of the therapeutic efficacy of this com-
bination, its effects on other survival or death factors should be
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examined. Therefore, treatment with ZSTK474 after X-irradia-
tion leading to the inhibition of PI3K pathway, which the irradi-
ated cells try to activate, might be related to effective tumor
growth inhibition, observed by the combination treatment in this
study.

In this study, we clearly showed that the combination of
ZSTK474 with X-rays (continuous application of ZSTK474
after X-irradiation) results in dramatic tumor growth inhibition
in vitro and in vivo. Although the precise molecular mechanism
to explain these results remains to be elucidated, this phenome-
non might be worth exploring for clinical application. An alter-
native sequence, X-irradiation after ZSTK474, should be
examined next. Furthermore, combination with heavy-ion radio-
therapy, an effective cancer therapy modality for certain tumors,
is also a fascinating theme.
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