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Inhibition of rapamycin-induced Akt phosphorylation
by cotylenin A correlates with their synergistic
growth inhibition of cancer cells
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Abstract. Cotylenin A, a plant growth regulator, and rapa-
mycin, an inhibitor of the mammalian target of rapamycin,
are potent inducers of differentiation in myeloid leukemia
cells and also synergistically inhibit the proliferation of several
human breast cancer cell lines including MCF-7 in vitro and
in vivo. However, the mechanisms of the combined effects of
cotylenin A and rapamycin are still unknown. Activated Akt
induced by rapamycin has been suggested to attenuate the
growth-inhibitory effects of rapamycin, serving as a negative
feedback mechanism. In this study, we found that cotylenin A
could suppress rapamycin-induced phosphorylation of
Akt (Ser473) in MCF-7 cells and lung carcinoma A549 cells and
that cotylenin A also enhanced the rapamycin-induced growth
inhibition of MCF-7 and A549 cells. ISIR-005 (a synthetic
cotylenin A-derivative) was able to enhance rapamycin-induced
growth inhibition and could also markedly inhibit rapamycin-
induced phosphorylation of Akt. We also found that the HSP90
inhibitor 17-allylamino-17-demethoxygeldanamycin (17-AAG)
or arsenic trioxide (ATO) in combination with rapamycin
markedly inhibited the growth of MCF-7 cells and 17-AAG
or ATO suppressed rapamycin-induced phosphorylation
of Akt. The PI3K inhibitor L'Y294002 also suppressed
rapamycin-induced phosphorylation of Akt and combined
treatment showed synergistic growth inhibition of MCF-7
cells. Rapamycin inhibited growth more significantly in Akt
siRNA-transfected MCF-7 cells than in control siRNA-trans-
fected MCF-7 cells. These results suggest that the inhibition
of rapamycin-induced Akt phosphorylation by cotylenin A
correlates with their effective growth inhibition of cancer
cells.
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Introduction

Breast cancer remains one of the leading causes of cancer-
related death worldwide. Although chemotherapy has
improved outcomes for patients, the marginal benefits achieved
with cytotoxic agents seem to have reached a plateau (1).
Recently, preventive agents and targeted therapies directed
at the estrogen receptor, progesterone receptor, and human
epidermal growth factor 2 receptor have resulted in improved
clinical outcomes for many women with breast cancer (2).
However, further challenges remain in treating tumors that do
not express these molecular targets or tumor cells that become
resistant for these molecular targets. Hence, the development
of new therapeutic agents for these clinically intractable
tumors is highly desirable.

The mammalian target of rapamycin (mTOR), a serine/thre-
onine kinase, integrates multiple signaling pathways, including
cell growth and survival (3). Activation of phosphatidylinositol
3-kinase (PI3K)/Akt/mTOR signaling contributes to the patho-
genesis of many tumor types including breast cancer (4-6).
Two distinct mTOR complexes, mMTORC1 and mTORC?2, have
been identified and have differential sensitivity to rapamycin
(Rapa). mTORCI1 is downstream of Akt, sensitive to Rapa
inhibition, and controls cap-dependent protein translation (6).
One of the best-studied mTOR substrates is p70 ribosomal S6
kinase (p70S6K). In contrast, mTORC?2 is directly upstream of
Akt and is resistant to Rapa. Akt can be activated by phospho-
rylation at two different sites, S473 by mTORC2 and T308 by
phosphoinositide-dependent kinase 1 (PDK1). Constitutive
activation of the PI3K/Akt/mTOR signaling axis leads to
uncontrolled tumor cell proliferation and survival (4,7). Rapa
is an allosteric inhibitor of mTOR. Rapa analogues (rapalogs)
have been approved for the treatment of neuroendocrine
tumors, renal cell carcinoma, and subependymal giant cell
astrocytoma associated with tuberous sclerosis, and have very
promising clinical benefits in other tumor types such as breast
and endometrial cancer. However, single agent rapalogs have
only achieved modest antitumor activity in a clinical setting (8).
The limited anticancer efficacy of rapalogs can be explained by
two possible mechanisms. First, rapalogs have been shown to
induce Akt activation. Insulin-like growth factor-I (IGF-I) and
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Figure 1. Structures of cotylenin A (CN-A) and CN-A analogues.

insulin-dependent induction of the PI3K/Akt pathway leads to
feedback inhibition of signaling due to mTOR/S6K-mediated
phosphorylation and degradation of IRS-1. Rapa-induced Akt
activation has been primarily attributed to the loss of this nega-
tive feedback loop. This feedback loop activation of Akt was not
only in vitro but was also observed in a phase I clinical trial of
the Rapa analog everolimus (7,8). Second, rapalogs incompletely
block mMTORC1 downstream signaling (9,10).

We have examined whether inducers of differentiation
in leukemia cells can control the growth of solid tumors.
Cotylenin A (CN-A), which is a fucicoccan-diterpene glyco-
side with a complex sugar moiety, was originally isolated as
a plant growth regulator and has been shown to affect several
physiological processes in higher plants (11). We previously
reported that CN-A has a potent differentiation-inducing
activity in several human and murine myeloid leukemia cell
lines and in leukemia cells that were freshly isolated from
patients with acute myeloid leukemia (12-15). We previously
found that treatment with CN-A plus Rapa, which also has a
potent differentiation-inducing activity in myeloid leukemia
cells (16), effectively inhibited the proliferation of human
breast cancer cell line MCF-7 cells in vitro and in vivo (17). In
the present study we found that CN-A inhibited Rapa-induced
phosphorylation of Akt (Ser473). Our results suggest that the
inhibition of Rapa-induced Akt phosphorylation by CN-A
correlates with their effective growth inhibition of cancer
cells.

Materials and methods

Cell culture. Human breast cancer cell line MCF-7 cells, adria-
mycin-resistant MCF-7/Adr cells, and human lung cancer A549
cells were cultured in RPMI-1640 supplemented with 10% fetal
bovine serum at 37°C in a humidified atmosphere of 5% carbon
dioxide in air.

Materials. Rapamycin, arsenic trioxide and LY294002
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
17-Allylamino-17-demethoxygeldanamycin (17-AAG) was
obtained from LC Laboratories (Woburn, MA, USA). CN-A,
ISIR-005 and fusicoccin J (FC-J) were prepared as described
previously (11,18). The structures of CN-A, ISIR-005 and

FC-J were shown in Fig. 1. Anti-phospho-Akt (Ser473),
anti-Akt and anti-phospho-p70 S6 kinase (Thr389) antibodies
were purchased from Cell Signaling Technology (Danvers,
MA, USA). Anti-o-tubulin antibody, Aktl/2 siRNA and
control siRNA were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

Assay of cell growth. Cells were seeded at 1-3x10* cells/ml in a
24-well multidish. After culture with or without test compounds
for the indicated times, viable cells were examined by a modi-
fied MTT (3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium
bromide) assay (17).

Western blot analysis. Cells were packed after washing with
cold PBS and then lysed at a concentration of 1x107 cells/ml in
lysis buffer CelLytic™-M (Sigma-Aldrich Inc.) supplemented
with a proteinase inhibitor cocktail and phosphatase inhibitor
cocktail 1/2 (Sigma-Aldrich Inc.). Equal amounts of protein
were separated on 10-20% SDS-polyacrylamide gels (Wako,
Osaka, Japan). Proteins were electrophoresed on gels and trans-
ferred to an Immobilon-P membrane (Millipore, Bedford, MA,
USA) using the following antibodies: rabbit anti-phospho-Akt
(Ser473) antibody (1:1,000), rabbit anti-Akt antibody (1:1,000),
rabbit anti-phospho-p70 S6 kinase (Thr389) antibody (1:1,000)
or mouse anti-a-tubulin antibody (1:5,000). An anti-rabbit
or anti-mouse IgG HRP-linked antibody (Cell Signaling
Technology,) was used as a secondary antibody (1:2,000 dilu-
tion). Bands were identified by treatment with Immune-Star™
HRP chemiluminescence (Bio-Rad Laboratories, Hercules,
CA, USA) for 5 min at room temperature and detected using a
FujiLumino Image Analyser LAS-4000 system (Fuji Film Co.
Ltd, Tokyo, Japan) (19). All western blots shown are representa-
tive of at least 3 independent experiments.

siRNA transfection. A total of 0.75x10* cells were seeded into
the 24-well multidish and transfected with siRNA (20 nM)
by siLentFect™ Lipid Reagent (Bio-Rad Laboratories).
The next day, Rapa was added to cells and cultured for a
further 4 days. Viable cells were then examined by the MTT
assay. To determine the knockdown efficiency, western blot
analysis was done using cell lysates from siAkt- or control
siRNA-transfected cells.
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Figure 2. Cotylenin A (CN-A) enhances rapamycin (Rapa) induced growth inhibition and inhibits Rapa-induced phosphorylation of Akt in MCF-7 cells. (A and B)
MCF-7 cells or (D) MCF-7/Adr (1x10* cells/ml) were cultured with Rapa in the presence (®) and absence (0) of 5 ug/ml CN-A for 5 days. Then, cell numbers were
determined by the MTT assay. Values are expressed as mean + standard deviation of three determinations. (C) Phosphorylation of Akt (p-Akt S473) and p70S6K
(p-p70S6K) after treatment with 0.5 ng/ml Rapa in the presence or absence of 5 yzg/ml CN-A for 24 h in MCF-7 cells was determined by western blot analysis.
Expression of a-tubulin protein served as the loading control. Similar results were obtained in two additional experiments.

Results

The suppression of Rapa-induced phosphorylation of
Akt (Ser473) by CN-A correlates with their synergistic growth
inhibition of MCF-7 cells. As described in our previous
reports (17,19), CN-A and Rapa synergistically inhibited the
proliferation of human breast cancer MCF-7 cells (Fig. 2A
and B). Although lower doses (0.25-5 ng/ml) of Rapa alone
inhibited the growth of MCF-7 cells dose-dependently to
around 40% of controls, additional higher doses (10-30 ng/ml)
of Rapa did not decrease cell numbers further (Fig. 2B). As
previously reported (20,21), the inhibition of mTOR signaling
by Rapa led to an increase in Akt phosphorylation on Ser473
(Fig. 2C) in MCF-7 cells. Therefore, these blunt effects of
Rapa on the growth of MCF-7 cells may be due to the nega-
tive feedback activation of Akt signaling. We found that CN-A
(5 ug/ml) was able to suppress Rapa-induced phosphorylation
of Akt on Ser473 (Fig. 2C). Although CN-A (5 pug/ml) alone
slightly inhibited the proliferation of MCF-7 cells, Rapa at
1-30 ng/ml almost completely suppressed the growth of MCF-7
cells in the presence of CN-A (Fig. 2A and B). Similar results
were obtained using adriamycin-resistant MCF-7 cells (Fig 2D).
Rapa induced phosphorylation of Akt on Ser473 from 1 h after
treatment and maintained higher levels of phosphorylation of
Akt until at least 48 h after treatment, although Rapa clearly
inhibited phosphorylation of p70 S6K on Thr389 from 1 h after
treatment (Fig. 3). CN-A significantly inhibited Rapa-induced
phosphorylation of Akt on Ser473 from 3-48 h after treatment,
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Figure 3. Effect of CN-A on Rapa-induced phosphorylation of Akt in MCF-7
cells. Phosphorylation of Akt (p-Akt S473) and p70S6K (p-p70S6K) after
treatment with 0.5 ng/ml Rapa in the presence or absence of 5 yg/ml CN-A for
1,3,6,12,24 or 48 h in MCF-7 cells was determined by western blot analysis.
Expression of a-tubulin protein served as the loading control. Similar results
were obtained in two additional experiments.
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Figure 4. Effects of CN-A analogues on the growth of MCF-7 in the presence of Rapa and Rapa-induced phosphorylation of Akt in MCF-7 cells. (A and C) MCF-7
cells (1x10* cells/ml) were cultured with 0.5 ng/ml Rapa in the presence or absence of (A) 4 ug/ml ISIR-005 or (C) 3 ug/ml FC-J for 5 days. Then, cell numbers
were determined by the MTT assay. Values are expressed as mean + standard deviation of three determinations. (B and D) Phosphorylation of Akt (p-Akt S473)
after treatment with 0.5 ng/ml Rapa in the presence or absence of (B) 4 yg/ml ISIR-005 or (D) 3 ug/ml FC-J for 24 h in MCF-7 cells was determined by western
blot analysis. Expression of a-tubulin protein serves as the loading control. Similar results were obtained in two additional experiments.

although CN-A did not significantly affect the Rapa-induced
inhibition of phosphorylation of p70 S6K on Thr389 (Fig. 3).

Effects of CN-A analogues on the growth and phosphorylation
of Akt (Ser473) in the presence of Rapa. We next examined
whether the active CN-A analogue and Rapa also cooperatively
inhibited the growth of MCF-7 cells and whether the active
CN-A analogue could suppress Rapa-induced phosphorylation
of Akt. Although ISIR-005, a synthetic CN-A-derivative, at
4 pg/ml inhibited the growth of MCF-7 cells to 60% of controls
after the 5-day treatment and Rapa at 0.5 ng/ml slightly inhib-
ited the growth of MCF-7 cells, combined treatment of ISIR-005
plus Rapa inhibited growth to 23% of controls (Fig. 4A). This
combined treatment of ISIR-005 plus Rapa also clearly inhib-
ited Rapa-induced phosphorylation of Akt on Ser473 (Fig. 4B).
On the contrary, FC-J, a CN-A-related natural product, at
3 ug/ml also inhibited the growth of MCF-7 cells to 57% of
controls after the 5-day treatment (Fig. 4C), but did not enhance
Rapa-induced growth inhibition (Fig. 4C) and also could
not inhibit Rapa-induced phosphorylation of Akt (Fig. 4D).
Furthermore, similar results were obtained from Rapa treatment
plus another inactive analogue of CN-A (data not shown).

CN-A suppresses Rapa-induced phosphorylation of Akt and
enhances Rapa-induced growth inhibition of lung cancer
A549 cells. We next examined whether CN-A could inhibit
Rapa-induced phosphorylation of Akt and exert synergistic

growth inhibition of cells other than MCF-7 cells when
CN-A plus Rapa were used as the treatment. As we reported
previously (17), the sensitivity of human non-small cell lung
carcinoma A549 cells to Rapa was also markedly affected by
CN-A (Fig. 5A). The synergistic growth inhibitory effects of
Rapa and CN-A were also accompanied by the suppression
of Rapa-induced phosphorylation of Akt (Ser473) by CN-A in
A549 cells (Fig. 5B). These findings indicate that the correlation
between the suppression of Rapa-induced phosphorylation of
Akt (Serd473) by CN-A and their synergistic growth inhibition
was not restricted to MCF-7 cells.

Drugs that inhibit Rapa-induced phosphorylation of
Akt (Ser473) can also enhance Rapa-induced growth inhibition
of MCF-7 cells. We examined whether substances that could
inhibit Rapa-induced phosphorylation of Akt (Ser473) other
than CN-A or the CN-A analogue ISIR-005 could enhance
Rapa-induced growth inhibition of MCF-7 cells. As it was
previously reported (22-24) that the HSP90 inhibitor 17-AAG
inhibited phosphorylation of Akt (Ser473) in several solid
tumor cells including MCF-7 cells, we examined the effects
of 17-AAG on Rapa-induced phosphorylation of Akt (Ser473)
and Rapa-induced growth inhibition of MCF-7 cells. As
shown in Fig. 6B, 17-AAG clearly suppressed Rapa-induced
phosphorylation of Akt. Although 17-AAG (30 nM) or Rapa
(0.5 ng/ml) alone inhibited cell growth to about 51 or 41% of
controls, respectively, combined treatment with 17-AAG and
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Figure 5. CN-A enhances Rapa-induced growth inhibition and inhibits Rapa-induced phosphorylation of Akt in A549 cells. (A) A549 cells (1x10* cells/ml) were
cultured with Rapa in the presence (@) or absence (O) of 20 pg/ml CN-A for 5 days. Then, cell numbers were determined by the MTT assay. Values are expressed
as mean =+ standard deviation of three determinations. (B) Phosphorylation of Akt (p-Akt S473) and p70S6K (p-p70S6K) after treatment with 1 ng/ml Rapa in
the presence or absence of 20 pg/ml CN-A for 24 h in A549 cells was determined by western blot analysis. Expression of a-tubulin protein serves as the loading
control. Similar results were obtained in two additional experiments.
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Figure 6. Effect of 17-allylamino-17-demethoxygeldanamycin (17-A AG) or arsenic trioxide (ATO) on the growth of MCF-7 cells in the presence of Rapa and Rapa-
induced phosphorylation of Akt in MCF-7 cells. (A and C) MCF-7 cells (1x104 cells/ml) were cultured with (A) 0.5 ng/ml or (C) 0.2 ng/ml Rapa in the presence and
absence of (A) 30 nM 17-AAG or (C) 4 uM ATO for 5 days. Then, cell numbers were determined by the MTT assay. Bars show the mean + standard deviation of
three determinations. (B) Phosphorylation of Akt (p-Akt S473) and p70S6K (p-p70S6K) after treatment with 0.5 ng/ml Rapa in the presence or absence of 30 nM
17-AAG for 24 h in MCF-7 cells was determined by western blot analysis. (D) Phosphorylation of Akt (p-Akt S473) and p70S6K (p-p70S6K) after treatment with
0.2 ng/ml Rapa in the presence or absence of 4 uM ATO for 24 h in MCF-7 cells was determined by western blot analysis. Expression of a-tubulin protein serves
as the loading control. Similar results were obtained in two additional experiments.

Rapa inhibited cell growth to 10% of controls (Fig. 6A). Arsenic  and Rapa-induced growth inhibition of MCF-7 cells. ATO also
trioxide (ATO) is also known to inhibit phosphorylation of Akt  suppressed Rapa-induced phosphorylation of Akt in MCF-7
in several solid tumor cells (25-27). Therefore, we examined the ~ cells (Fig. 6D). Although ATO (4 uM) or Rapa (0.2 ng/ml)
effect of ATO on Rapa-induced phosphorylation of Akt (Ser473)  alone inhibited cell growth to 70 or 79% of controls, combined
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Figure 8. Akt knockdown induced by Akt small interfering RNA (siRNA)
markedly enhanced the potency of Rapa to induce growth inhibition. (A) Akt-
specific siRNA (20 nM) but not control siRNA (20 nM) reduced Akt protein
levels. The expression of Akt protein and a-tubulin protein was measured after
24 h. Similar results were obtained in two additional experiments. (B) siAkt-
transfected MCF-7 cells (®) or control siRNA-transfected MCF-7 cells (0O)
(0.5x10* cells/well in a 24-well dish) were cultured with Rapa for 4 days. Then,
cell numbers were determined by the MTT assay. Values are expressed as
mean + standard deviation of three determinations.

treatment with ATO and Rapa inhibited cell growth to 28% of
controls (Fig. 6C). We next examined the effects of a potent
PI3K inhibitor LY294002 on Rapa-induced phosphorylation
of Akt (Ser473) and Rapa-induced growth inhibition of MCF-7

cells. In agreement with previous reports (28,29), LY294002
(3 uM) alone significantly inhibited phosphorylation of both
Akt (Serd73) and p70S6K (Fig. 7B). However, this concentra-
tion of LY294002 showed only a 30% inhibition of cell growth
(Fig. 7B). LY294002 (3 yM) also inhibited Rapa-induced
phosphorylation of Akt (Ser473) (Fig. 7B) and could enhance
Rapa-induced growth inhibition (from 21 to 88% inhibition)
(Fig. 7A). These results suggest that substances that inhibit
Rapa-induced phosphorylation of Akt (Ser473) can enhance
Rapa-induced growth inhibition of MCF-7 cells.

Akt siRNA-transfected MCF-7 cells are more sensitive to Rapa
for growth inhibition. As mentioned above, our results suggest
that the marked effects of combined treatment with CN-A and
Rapa on the growth of cancer cells is due to, at least in part, the
inhibition of Rapa-induced phosphorylation of Akt (Ser473) by
CN-A. To determine the role of Akt protein, we transfected Akt
siRNA to MCF-7 cells and prepared Akt-knockdown MCF-7
cells and then examined the potency of Rapa to induce growth
inhibition in cells. Akt-specific siRNA (20 nM) reduced Akt
protein (60% inhibition) (Fig. 8A). Although the growth of
control siRNA-transfected MCF-7 cells was slightly inhibited
by Rapa, the growth of Akt siRNA-transfected MCF-7 cells
was inhibited more significantly by Rapa than that of control
siRNA-transfected MCF-7 cells (Fig. 8B). These results suggest
the importance of the down-regulation of Akt signaling in
effective growth inhibition induced by combined treatment with
Rapa plus other substances including CN-A.

Discussion

Activation of the PI3K/Akt/mTOR signaling pathway contrib-
utes to the pathogenesis of many tumor types. The anticancer
drug Rapa is a known mTOR-inhibitor. However, Rapa and
rapalogs are known to induce Akt activation. IGF-I and insulin-
dependent induction of the PI3K/Akt pathway leads to feedback



INTERNATIONAL JOURNAL OF ONCOLOGY 42: 767-775, 2013

inhibition of signaling due to mTOR/S6K-mediated phosphory-
lation and degradation of IRS-1. Rapa-induced Akt activation
has been primarily attributed to the loss of this negative feed-
back loop. Akt activation may limit the antitumor efficacy of
Rapa and rapalogs (2-6). We previously reported that CN-A,
which is a potent differentiation-inducer of leukemia cells,
and Rapa, which is also a differentiation-inducer of leukemia
cells, synergistically inhibited the proliferation of MCF-7 cells
in vitro and cooperatively reduced the growth of MCF-7 cells
in vivo (17,19). This combined treatment with CN-A and Rapa
induced GI arrest, but not apoptosis, and induced E-cadherin
and senescence-associated [-galactosidase activity in MCF-7
cells (17). The mechanisms of these combined effects are
largely still unknown, although our previous COMPARE
analysis suggests that CN-A has a unique mode of action on
cancer cells (30). In this study, we found that CN-A could
inhibit Rapa-induced phosphorylation of Akt in MCF-7 cells.
These results suggest that the inhibition of Rapa-induced Akt
phosphorylation by CN-A correlates with their effective growth
inhibition of cancer cells.

The Hsp90 inhibitor 17-AAG is one of the most studied
inhibitors of Hsp90. 17-AAG destabilizes multiple tyrosine
kinase receptors and other oncoproteins through Hsp90 inhibi-
tion, which results in blocking of proliferation and induction
of apoptosis (22-24). 17-AAG also was reported to impair Akt
stability and activity. For example, 17-AAG downregulated
phosphorylation of Akt (Ser473) in osteosarcoma cell lines (HOS
and KHOS/NP) (22), in several solid tumor cell lines (RKO
colorectal, MCF-7, AGS gastric adenocarcinoma and U20S
osteosarcoma) (23), and in ovarian cancer cell lines (SKOV3,
OVCAR429 and ES2) (24). We found that 17-AAG could inhibit
Rapa-induced phosphorylation of Akt (Ser473) and could also
significantly enhance Rapa-induced suppression of cell growth
in MCF-7 cells (Fig. 6A and B). ATO is an effective treatment
for patients with acute promyelocytic leukemia (APL) (31,32).
ATO induces differentiation at lower concentrations and induces
apoptosis at higher concentrations in APL cells. However, ATO
has been less successful in other malignancies at tolerable doses.
The doses of ATO required to exert detectable anticancer effects
in solid tumors are much higher than those required to inhibit
hematological malignancies (33). Therefore, new strategies to
enhance the efficacy of ATO, while reducing the dose of ATO
in order to avoid severe side-effects, are essential. Previous
reports showed that ATO decreased not only Akt activity but
also total Akt protein and that the sensitivity to ATO corre-
lated with the degree of Akt protein reductions in leukemia
cells, prostate cancer cells, and ovarian cancer cells (25-27).
In this study, we found that ATO at lower doses could inhibit
Rapa-induced phosphorylation of Akt (Ser473) in MCF-7 cells,
and that ATO and Rapa synergistically inhibited the prolifera-
tion of MCF-7 cells (Fig. 6C and D). These results suggest that
CN-A as well as 17-AAG or ATO is possibly a suitable candidate
for combination therapy with Rapa to inhibit solid tumor cells.
Recently, Loehberg el al (34) reported that anti-malarial chloro-
quine could prevent rapalog RADOOl-induced Akt activation
and enhance RADOO1-induced inhibition of cell proliferation
in luminal MCF-7 cells. However, this combined treatment
was not effective in mesenchymal MDA-MB231 breast cancer
cells (34). We previously reported that combined treatment with
Rapa and CN-A was also effective in inhibiting the growth
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of MDA-MB231 cells (17). As with recent reports (28,29),
the potent well-known PI3K inhibitor LY294002 inhibited
Rapa-induced phosphorylation of Akt (Ser473) (Fig. 7B) and was
able to enhance the Rapa-induced growth inhibition of MCF-7
cells in our culture conditions (Fig. 7A). Moreover, the growth of
Akt siRNA-transfected MCF-7 cells was inhibited more signifi-
cantly by Rapa than that of control siRNA-transfected MCF-7
cells by Rapa (Fig. 8B). These results suggest the importance of
downregulating Akt signaling for the effective growth inhibition
induced by combined treatment with Rapa plus CN-A or Rapa
plus other substances.

Cyclin G2 belongs to the ‘G’ family of unconventional
cyclins (35). Unlike other cyclins that function to promote cell
cycle progression, cyclin G2 inhibits the cell cycle. It is expressed
at modest levels in proliferating cells, peaking during the late
S/early G2-phase, and is significantly upregulated as cells
exit the cell cycle in response to DNA damage and receptor-
mediated negative signaling (36,37). We previously found that
CN-A and Rapa rapidly and markedly induced cyclin G2 gene
expression in several cancer cells including MCF-7 cells (19).
Furthermore, we reported that ectopically inducible cyclin G2
expression potently inhibited the proliferation of MCF-7 cells
and that cyclin G2 knockdown induced by cyclin G2 small
interfering RNA markedly reduced the potency of CN-A plus
Rapa to induce growth inhibition (19). These results suggest
that CN-A plus Rapa induce inhibition of cancer cell growth
through, at least in part, the induction of cyclin G2. FoxO3a is a
member of the Forkhead box class O (FoxO) transcription factor
family. FoxO transcription factors regulate diverse cell functions
through the regulation of genes involved in cell proliferation
and apoptosis (38). In particular, FoxO3a has been reported to
activate genes that induce cell cycle arrest, such as p27, p21, p15
and pl19, and to suppress the expression of cyclin D2 (38-40).
Recently, Fu and Peng (41) reported that several putative FoxO3a-
binding sites were present in the human cyclin G2 promoter and
overexpression of FoxO3a enhanced the cyclin G2 promoter
activity. Since the activity of FoxO3a is mainly regulated at the
level of posttranslational modifications such as phosphorylation
and degradation, activation of the PI3K/Akt signaling pathway
in response to growth stimuli leads to FoxO3a phosphoryla-
tion and subsequent nucleus exclusion (41). In this study, we
showed that CN-A suppressed Rapa-induced phosphorylation
of Akt (Serd73). It is possible that inhibition of Rapa-induced
phosphorylation of Akt (Ser473) by CN-A may induce the
accumulation of FoxO3a in the nucleus and activate FoxO3a.
Therefore, it will be interesting to examine whether CN-A plus
Rapa induce inhibition of cancer cell growth through FoxO3a-
mediated induction of cyclin G2.

Meric-Bernstam et al (42) reported that cell lines that are
Rapa-sensitive are more likely to have PIK3CA and/or PTEN
mutations or basal Akt phosphorylation, and that Rapa leads
to a greater increase in Akt phosphorylation in Rapa-sensitive
cells. They suggested that feedback loop activation is an indi-
cator of the Rapa response. Montero et al (43) showed that
mTORC1 and mTORC2 were constitutively active in ovarian
cancer cell lines. Knockdown of raptor or rictor, proteins
required for the functioning of mTORC1 or mTORC?2, respec-
tively, resulted in profound inhibition of ovarian cancer cell
proliferation. mMTORC2 mainly phosphorylates Akt (Ser473) as
PDK2. They found that the knockdown of raptor had a more
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important inhibitory effect than the knockdown of rictor, indi-
cating mTORC] had a predominant role over mMTORC?2 in the
control of ovarian cancer cell proliferation (43). These reports
suggest that Rapa-induced feedback loop activation of Akt is
mainly an indicator of the response to Rapa-induced inhibition
of mTORCI1-mediated cell proliferation, since mMTORCI has a
predominant role over mTORC?2 in controlling the proliferation
of tumor cells. Another study (44) demonstrated that mTOR
inhibition by the rapalog RADOO1 was strongly associated
with the development of drug resistance due to sustained Akt
activation in lung cancer cell lines, and co-targeting mTOR and
PI3K/Akt signaling with separate drugs resulted in blocking
Akt phosphorylation and enhanced antitumor effects. Therefore,
since this Akt activation may limit the antitumor efficacy of
Rapa and rapalogs, approaches to prevent Akt activation are
important for more efficient growth inhibition of Rapa sensitive
tumor cells. We previously reported that treatment with CN-A
plus Rapa effectively inhibited the proliferation of MCF-7 cells
in vitro and in vivo (17). In this study, we found that CN-A inhib-
ited Rapa-induced phosphorylation of Akt (Ser473). Our results
suggest that the inhibition of Rapa-induced Akt phosphoryla-
tion by CN-A correlates with their effective growth inhibition
of cancer cells. It is also clear that our present and previous
studies (17,19,30,45) highly support the ability of CN-A to
inhibit tumor growth especially in concert with other drugs.
These studies provided evidence that CN-A represents a potent
chemosensitizer in conjunction with a broad spectrum of drugs
including Rapa.

Taken together, our data support the hypothesis that CN-A
exerts at least part of its anticancer effects through the modifi-
cation of the PI3K/Akt/mTOR pathway and suggest that CN-A
is a promising combination partner of the mTOR inhibitor
Rapa or rapalogs.
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