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Abstract- 10-Hydroxy-2-decenoic acid, which is a specific component of royal jelly, has anti-cancer effects. For the purpose of enhancing the
anti-cancer activity of its medium-chain fatty acid derivatives, we synthesized 102 different derivatives and performed screening for their activi-
ty.

Among them, several compounds exhibited a marked growth inhibition of K562 and NKB1 cells. Importantly, the apparent conversion from
LC3B I to Il and the down-regulation of E2F1 were found in both cell lines after treatment with AIC-47. Silencing E2F1 in both types of cells
also induced autophagy. In vivo NKB1-cell/xenografted mice experiment indicated that the intraperitoneal injection of AIC-47 induced a signifi-
cant anti-tumor effect through autophagic cell death in the 45 mg/kg-administered group, as observed in the in vitro experiment.

The 3-decenoic acid derivative AIC-47 showed its anti-tumor effect by inducing autophagic cell death through down-regulation of E2F1 in both

in vitro and in vivo models.
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Introduction

The components of royal jelly, a substance secreted by worker
bees, have been well identified [1]. Several components have been
reported to exhibit various functions allowing them to be classified
as “functional” foods [2]. Among them, 10-hydroxy-2-decenoic acid
is one of the specific components of royal jelly, and it is known to
have an anti-cancer effect [3]. For the purpose of enhancing the anti
-cancer activity of 10-hydroxy-2-decenoic acid, we synthesized 102
kinds of decenoic acid derivatives (AIC-1 to 102). In the screening
of these derivatives, several 3-decenoic acid derivatives showed
potent growth inhibition of human leukemia K562 cells.

Autophagy is a catabolic pathway for degradation and recycling of
organelles and cytoplasmic contents to maintain cellular homeosta-
sis. Autophagy can be induced by stress conditions such as starva-
tion, mitochondrial dysfunction and infection. Although autophagy is
considered as a survival response to various stressors, it is also
involved in a particular type of cell death referred to as autophagic
cell death [4,5]. Cell death is categorized into several types by mor-
phology. Autophagic cell death is characterized by the sequestra-
tion of portions of the cytoplasm into autophagosomes, which ap-

pear as vacuoles in the cells. The machinery involved in this form of
cell death and autophagy-related proteins are understood, but the
signaling pathways linked with this machinery are not yet fully un-
derstood.

E2F1 regulates programmed cell death such as apoptosis or au-
tophagy [6]. E2F1 induces apoptosis by up-regulating p53. E2F1
can also induce autophagy by up-regulating the expression of the
autophagy genes LC3, Afg1, Atgd and DRAM in response to DNA
damage [7]. In cancer cells harboring neither wild p53 nor Rb, it is
not known which stimulation and signaling pathways are associated
with E2F1 activity.

In this study, we examined the mechanism of cell death induced by
3-decenoic acid derivatives. Our data indicate that 3-decenoic acid
derivatives induced autophagic cell death in vitro and in vivo mainly
through down-regulation of E2F1 and attenuation of the PI3K/Akt
signal pathway.

Materials and Methods

Materials

Phosphatase Inhibitor Cocktails 2 and 3 were obtained from Sigma
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(St. Louis, MO, USA). Antibodies against the following human pro-
teins were purchased from Cell Signaling Technology (MA, USA):
Akt, phospho-Akt (Ser217/221), p44/42 MAP kinase (ERK), phos-
pho-p44/42 MAPK (Thr202/Tyr204), cyclin D1, CDK6, c-Myc. Anti-
mouse IgG HRP-linked antibody and anti-rabbit IgG HRP-linked
antibody were also purchased from Cell Signaling Technology. Anti-
bodies against human PARP-1 and human Bcl-2 were from Santa
Cruz Biotechnology (CA, USA). The antibody against human Bax
came from MBL (Nagoya, Japan). Monoclonal anti-B-Actin was
obtained from Sigma.

Cell Culture and Treatment

Human leukemia cell line K562 was provided by HSRRB (Osaka,
Japan). K562 cells were cultured in RPMI-1640 medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% (v/v) heat-inactivated
FBS under an atmosphere of 95% air and 5% CO_ at 37°C. Cells of
the human bladder cancer cell line NKB1 were a gift from the Cell
Resource Center for Biomedical Research, Institute of Develop-
ment, Aging, and Cancer of Tohoku University and were maintained
according to the instruction provided. K562 cells overexpressing Bcl
-2 were produced by transfecting K562 cells with the pIRESneo-Bcl-
2 vector [8]. Each compound of the AlC-series was dissolved in
dimethyl sulfoxide (DMSO) and added to the cell culture at a final
concentration of DMSO (<0.3%) that showed no significant effect on
the growth and differentiation of cells (data not shown). Viable cell
numbers were measured by performing the Trypan-blue dye exclu-
sion test.

Morphological Examination of K562 Cells

For the morphological examination of cell death, K562 cells were
stained with Hoechst 33342 (Calbiochem, San Diego, CA, USA),
added to the culture medium at a concentration of 5 ug/ml. After
incubation at 37°C for 30 min, the cells were collected, washed
once with PBS, resuspended, pipetted dropwise onto a glass slide,
and observed under a fluorescence microscope, Olympus CKX41N-
FL (Olympus, Tokyo, Japan).

Western Blotting Analysis

For preparation of cell lysate, cells were washed with phosphate-
buffered saline (PBS) and harvested. The cell pellet was resus-
pended in lysis buffer comprising 10 mM Tris-HCI (pH 7.4), contain-
ing 0.1% SDS, 1% NP-40, 0.1% sodium deoxycholate, 150 mM
NaCl, 1 mM EDTA, and 1% Phosphatase Inhibitor Cocktails and
stood for 20 min on ice. After centrifugation at 13,000 rpm for 20
min at 4°C, the supernatants were collected as protein samples.
Protein contents were measured with a DC Protein assay kit (Bio-
Rad, Hercules, CA). Five micrograms of protein of each cell lysate
was separated by SDS-PAGE by using an adequate percent of
polyacrylamide gel and electroblotted onto a PVDF membrane
(PerkinElmer Life Sciences, Waltham, MA). After blockage of non-
specific binding sites for 1 h by 5% nonfat milk in TBST (Tris-HCI
buffer containing 0.1% Tween 20), the membrane was incubated
overnight at 4°C with various primary antibodies. The membrane
was then washed 4 times with TBST, incubated further with anti-
mouse or anti-rabbit IgG HRP-linked antibody at room temperature,
and then washed again 4 times with TBST. Proteins were detected
by using an enhanced ECL kit (ParkinElmer) and chemilumines-
cence detector (LAS-4000, Fuiifilm, Japan).

Cell-Cycle Analysis
The cells treated or left untreated for 72 h with AIC-8, 47 or 82 (10

uM) and harvested and rinsed with PBS. The cells were then fixed
for 8 h in 70% ethanol and rinsed again with PBS. After this rinse,
the cells stained for 15 min at 37°C in propidium iodide (PI1)/Triton X
-100 staining solution containing RNase. Cell fluorescence was
measured by use of a Tali Image-Based Cytometer (Invitrogen).

Electron Microscopic Observation

K562 cells treated or untreated with AIC-47 (10 uM) were harvest-
ed and rinsed with PBS. Cells were fixed for 2 h with 2% paraform-
aldehyde and 2.5% glutaraldehyde in 0.2 M phosphate buffer (pH
7.4, PB), rinsed in PB, and postfixed in 2% osmium tetraoxide for 2
h. After having been washed with PB, the cells were progressively
dehydrated in a 10% graded series of 30-100% ethanol and then
cleared in QY-1 (Nissin EM, Tokyo, Japan). Thereafter they were
embedded in Epon 812 resin (TAAB Laboratories Equipment,
Reading, UK), and thin sections (70 nm thickness) were prepared,
after which they were stained with uranyl acetate and lead citrate
and examined by transmission electron microscopy with a Hitachi-
7650 (Hitachi, Tokyo, Japan), operating at 80 kV.

Cell Transfection with Short Interfering RNA

K562 and NKB1 cells for knockdown E2F1 were seeded into sepa-
rate 6-well plates at a concentration of 0.5 x 106 cells/well on the
day before transfection. Short interfering RNA (siRNA) for E2F1 (10
nM) was used for transfection of the cells. Its sequence was 5'-
UCGGCACCUGAGAAGCCUCUUGAAA-3' (siR-E2F1; Invitrogen);
and that of sequence of the non-specific control microRNA used
(Hokkaido  System Sciences, Sapporo Japan) was 5'-
GGCCUUUCACUACUCCUCA-3.

Animal Experiments

Animal experimental protocols were approved by Gifu University's
Committee for Ethics in Animal Experimentation, and animal experi-
ments were conducted in accordance with the Guidelines for Animal
Experiments of Gifu University. Human bladder cancer NKB1 cells
were inoculated at 2 x 108 cells/100 pl per site into the backs of
athymic nude mice (day 0). The tumor-engrafted mice were sorted
into 7 mice per group. AIC-47/soybean oil emulsion was injected
intraperitoneally once a week. The collection of the samples was
performed on day 42, which was 1 week after the last injection. The
levels of LC3B, Akt, and p-Akt in the samples were evaluated by
Western blotting.

Statistical Analysis

Each examination was performed in triplicate. Data are presented
as means + SD. Differences were statistically evaluated by one-
way ANOVA followed by the t-test. The data for animal experiments
were compared by Mann-Whitney U test. In all statistics data, the
level of significance was considered to be p<0.05.

Results
3-Decenoic Acid Derivatives Induce Autophagic Cell Death

We examined the anti-cancer effect of 102 different 3-decenoic acid
derivatives (AIC-1 to 102) on human leukemia K562 cells. Among
them, approximately 50% of the AIC series of compounds exhibited
a significant growth inhibition. Especially, several compounds that
showed ICsp values of less than 10 uM, bore an amide or ester
group [Fig-1A] and [Fig-1B]. The activities of AIC-8, -47, -49, and -
82 were approximately the same as the activity of Etposide. Among
them, AIC-8, -47, and -82 were selected for further experiments to
elucidate the mechanism of their anti-cancer effects. Hoechst
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33342 staining indicated that these compounds caused some of the
treated cells to assume a typical apoptotic appearance such as
chromatin condensation and fragmentation in some [Fig-2A]. How-
ever, no apparent biochemical finding of apoptosis was observed
(e.g., PARP-1 cleavage: [Fig-2B]). We judged that apoptotic cell
death occurred in only a few of the treated cells. Notably, however,
the inactivation of PI3K/Akt signaling and down-regulation of Bcl-2
were significant [Fig-2B]. The MAPK signaling pathway including
Erk1/2 was not activated [Fig-2B].
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Fig. 1- 3-Decen0|c acid derivatives mduced growth inhibition in
K562 cells.

(1A) Growth inhibition at 48 h after treatment of human leukemia
K562 cells with 3-decenoic acid derivatives (AIC-8, -18, -47, -49, -
82), 3-decenoic acid, Cytarabine or Etoposide. The cells were
grown in the absence or presence of a 5 uM concentration of each
compound. Data are expressed as the means x SD of 3 different
experiments. The cell viability of the control (DMSO alone) is indi-
cated as 100%. The ICso value of each compound is shown under
the bar graph. p<0.05 is significant. (1B) Chemical structures of AIC
-8, -18, -47, -49, -82.
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Fig. 2- Expression of the molecules related to cell growth and apop-
totic signaling pathway treated with 3-decenoic acid derivatives in
K562 cells.

(2A) Cells were stained by Hoechst 33342 (magnification x100).
White arrows indicate apoptotic cells. (2B) Expression and cleav-
age of PARP-1, and expression of Bcl-2 family proteins, MAP kinas-
es and PI3K/Akt signaling molecules in K562 cells treated with AIC-
8, -47 or -82 (5 uM & 10 uM) and examined by Western blot analy-

sis.

Next, we analyzed the cell-cycle profile of K562 cells treated with
these compounds, with the result being that the population of GO/
G1 fraction was clearly increased at 72 h after the treatment with
any of these 3 compound; in contrast, the population of cells in the
G2/M phases was consistently decreased [Fig-3A]. The expression
levels of cell cycle-related proteins, e.g., cyclin D1, CDK8, and c-
myc, all of which function in the transition from the G1 to S phase,
were significantly down-regulated [Fig-3B]. In order to examine
whether the growth inhibition accompanied by the G0/G1 arrest was
due to autophagy, we performed Western blot analysis of LC3B, a
marker protein of autophagy. As shown in [Fig-4A], a clear conver-
sion from LC3B | to Il was found in cells treated any of the 3 com-
pounds tested. Unexpectedly, the expression level of Beclin-1 tend-
ed to be reduced slightly. Interestingly, the expression of E2F1 was
markedly down-regulated in all of the treated cells [Fig-4A]. Further-
more, the electron-microscopic study demonstrated that autophago-
somes, which contained multiple lipid-droplets, had appeared in the
cells treated with AIC-47, which finding indicated that this 3-
decenoic acid derivative had induced autophagy [Fig-4B].
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Fig. 3- 3-decenoic acid derivatives arrested cell cycle in G0/G1
Phase.

(3A) Cell number percentage in each phase are expressed as
means + SD of 3 different experiments. p<0.05 is significant. (3B)
Expression of cyclin D1, CDKG, and c-myc after treatment of K562
cells with 5 uM AIC-8, -47 or -82 was examined by Western blot
analysis.

Since there are several reports indicating that Bcl-2 is associated
with both autophagy and apoptosis [9,10], we produced a Bcl-2-
overexpressing K562 cell line [Fig-5]. When Bcl-2 overexpressants
were treated with AIC-47, the transition of LC3B | to Il was not ob-
served, as estimated by Western blot analysis. As a result, Bcl-2
overexpression did not rescue the cells from the AlC-47-induced
autophagy. Next, we examined whether AIC-47 could induce au-
tophagy in a cancer cell line aside from K562 leukemia, because we
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wanted to examine the in vivo anti-cancer effect of AIC-47 by using
tumor-implanted mice. Finally, we found that AIC-47 induced a typi-
cal autophagy in human bladder NKB1 cells among the several cell
lines tested. Also, AIC-47 effected a significant dose-dependent
growth inhibition of these cells [Fig-6A]. Western blot analysis indi-
cated the conversion of LC3B | to Il, down-regulation of Bcl-2, and
inactivation of PI3K/Akt signaling [Fig-6B], as were observed in
K562 cells [Fig-2B] and [Fig-4A].
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Fig. 4- Induction of autophagy after treatment of K562 cells with 3-
decenoic acid derivatives, as judged by Western blotting and elec-
tron microscopic analyses.

(4A) Conversion of LC3B | to Il, and expression of Beclin-1 and
E2F1 in AIC-8, -47 or -82 (5 pM and 10 pM)-treated K562 cells
were examined by Western blot analysis. (4B) Morphology of the
treated cells was examined by using TEM. K562 cells were treated
with vehicle (control) or 10 uM AIC-47 for 72 h. White arrow indi-
cates autophagosome/autolysosome containing a lipid droplet.

Fig. 6- Induction of autophagy in human bladder cancer NKB1 cells
by AIC-47.

(6A) Growth inhibition of NKB1 cells at 72 h after the treatment with

AIC-47. Data are expressed as means = SD of 3 different experi-

ments. p<0.05 is significant. (6B) Expression of LC3B, PI3K/Akt

signaling molecules, Bcl-2, and E2F1 in AIC-47 (20 or 50 uM)-

treated NKB1 cells was examined by Western blot analysis.

AIC-47 Induced Autophagic Cell Death through the Down-
Regulation of E2F1

In order to elucidate the mechanism of AIC-47-induced autophagy,
we focused on E2F1 down-regulation observed in both K562 and
NKB1 cells after treatment with AIC-47. When we silenced E2F1 by
using siRNA for E2F1, the conversion of LC3B | to Il in both cell
types was clearly observed at 72 h after their treatment with siRNA
for E2F1 [Fig-7A], [Fig-7B]. The combined treatment with siR-E2F1
and AIC-47 showed synergistic effects on the conversion of LC3B |
toll.
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Fig. 5- The effect of overexpression of Bcl-2 on the expression of
growth and autophagy related proteins in K562 cells.
Expression and phosphorylation of PI3K/Akt signaling molecules,
and expression of LC3B, Beclin-1, p27 and Sirt-1 in K562 cells or in
Bcl-2-overexpressing K562 cells treated with AIC-47 (5 or 10 uM)

and examined by Western blot analysis.

Fig. 7- Induction of autophagy in K562 (7A) and NKB1 (7B) cells by
silencing E2F1.

The cells were transfected with siRNA for E2F1 (10 nM) in the pres-

ence of AIC-47 or without AIC-47 for 72 h. The expression of E2F1

and conversion of LC3B | to Il were examined by Western blot anal-

ysis.
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In order to confirm whether the AIC-47 induced autophagic cell
survival or death, we pre-treated either type of cells with bafilomy-
cin, a drug that interferes with the fusion of lysosomes to autopha-
gosomes [11], prior to treatment with AIC-47. Such pretreatment
increased the number of viable cells compared with that for AIC-47-
treated controls [Fig-8A] and [Fig-8B]. These findings taken togeth-
er indicate that AIC-47 induced autophagic cell death, not survival,
in both cell lines.
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Fig. 8- Inhibition of autophagy by bafilomycin A1 in K562 (8A) and
NKB1 (8B) cells.

K562 and NKB1 cells were pre-incubated with 10 nM bafilomycin
A1 and then co-treatment with AIC-47 for 72 h and then cell growth
was examined. Data are expressed as the means + SD of 3 differ-
ent experiments. p<0.05 is significant.

AIC-47 Induced Autophagic Cell Death In vivo

Next, we performed an in vivo experiment to examine the anti-tumor
effect of AIC-47. Human bladder NKB1 cells were inoculated subcu-
taneously into nude mice. As shown in [Fig-9A], the intraperitoneal
injection by AIC-47 (45 mg/kg) in an oil mixture once a week
caused a significant suppression of tumor growth from day 21. In
the case of 45 mglkg, the tumor growth (< 50 mm3) was extremely
suppressed from day 14 up to day 42. However, in the case of 9
mg/kg, the tumor was gradually increased with the same pattern as
seen in the control group. Thus, these findings indicate that the anti-
tumor suppressive activity of AIC-47 was probably dose dependent.
We also estimated the transition of LC3B | to Il in the tumor tissue
samples by Western blotting [Fig-9B]. As a result, most of the tumor
samples from the higher-dose group indicated a greater LC3B | to |l
transition than those in the control and lower-dose groups. On the
other hand, Akt and Akt phosphorylation levels were slightly de-
creased in the higher-dose group compared with those in the con-
trol group, but remained almost the same in lower-dose group [Fig-
9B]. Pathologically, onion-like regions that consisted of swollen cells
with vacuoles were found in the higher-dose group (data not
shown).

Discussion

In the current study, we demonstrated that 3-decenoic acid deriva-
tives functioned as inducers of autophagic cell death in both human
leukemia K562 and bladder cancer NKB1 cells. The ICso values
obtained with K562 cells were almost the same as that value for
Etoposide, AIC-47, one of the compounds bearing an amide group,

exhibited one of the stronger anti-cancer activities among the 3-
decenoic acid derivatives. Basically, the inactivation of PI3K/Akt
signaling pathway and down-regulation of Bcl-2 and E2F1 were
commonly found in response to treatment with various derivatives.
Morphologically, we confirmed that the growth suppression by AlC-
47 was due to autophagy. Interestingly, the autophagosomes in the
treated cells contained lipid-droplets, indicating so-called lipophagy.
Biochemically, the transition from LC3B | to Il effected in both K562
and NKB1 cells by AIC-47 was clearly demonstrated, indicating
autophagic cell death, as did a functional experiment using bafilo-
mycin, an inhibitor of autophagy. However, Beclin-1 expression was
almost unchanged after the treatment of either cell type with the
derivatives.
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Fig. 9- Anti-tumor effect of AIC-47 on mice xenografted with human
NKB1 cells.

(9A) NKB1 cells-xenografted mice were treated with AIC-47 (9 mg/
kg or 45 mglkg, IP) or an equal amount of soy bean oil as control
once a week for 6 weeks. Tumor volumes were measured every
week in each group. Data are expressed as the means £ SD. T =
injection of tumor cells; S = time of sacrifice. p<0.05 is significant.
(9B) Conversion of LC3B | to Il and phosphorylation of Akt in the
tumor samples on day 42 were examined by Western blot analysis.

We considered that AIC-47 perturbed not only the expression of
glycolytic enzymes through the down-regulation of the PI3K/Akt
signaling pathway, but also enzymes required for 8 oxidation of fatty
acids; because AlC-47 induced lipophagy, and fatty acid analysis
indicated that the level of C13 myristic acid was increased among
the metabolites of fatty acids in the AlC-47-treated cells (data not
shown). It is possible that AIC-47 disturbed the entry of fatty acid
metabolites into the mitochondrial inner membrane for B oxidation.
Therefore, we suspect that Bcl-2, which is located in the inner mem-
brane, might be associated with the translocase needed for the
entry of fatty acids for B oxidation. However, the overexpression of
Bcl-2 could neither rescue the cells from autophagic cell death nor
affect the PI3K/Akt signaling, which findings may also reflect the
unchanged expression level of Beclin-1.

Tumor-suppressor proteins including RB and p53, positively regu-
late autophagy [6,12,13], as do upstream regulators of RB, includ-
ing the cyclin-dependent kinase inhibitors p16Nk4a and p27ket
[14,15]. E2F1, a pro-apoptotic member of the E2F family, is a mas-
ter gatekeeper for cell-cycle progression [16]. The RB-E2F1 axis
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has an important role in the regulation of autophagy [6,7]. In our
study, RB and p16/Nk4a proteins were not expressed at detectable
levels in either K562 or NKB1 cells (data not shown). Therefore,
AIC-47-triggered down-regulation of E2F1 and the silencing of
E2F1 with siR-E2F1 in both cells induced autophagy, indicating that
the inhibition of E2F1 activity could be in part responsible for the
triggering of autophagy in AIC-47-induced autophagy. Both PI3K/
Akt signaling and E2F1 inactivation could cause the autophagic cell
death, not survival. However, it remains unknown as to how AlC-47
effected the down-regulation of E2F1. The fact that autophagy is
one of the biological phenotypes for cell survival may have im-
portant overtones for the therapy of cancer. In fact, autophagy may
be closely associated with chemo- and radio-resistance [17,18].

Among the 102 different medium-chain fatty acid derivatives exam-
ined, which ranged from C8 to C12, several kinds of 3-decenoic
acid derivatives exhibited a potent anti-cancer activity with Cso
values ranging from 2.1 to 5.2 pM. It has been reported that the
long-chain fatty acid palmitic acid induces autophagy at 0.25 mM
through lipotoxicity, which is independent of mTOR regulation [19].
This event is due to excess fat accumulation. AIC-47 showed no
growth inhibitory effect at the concentrations used in this study for
normal human lymphocytes stimulated with Concanavalin A (data
not shown). Based on the results from our experiments, the 3-
decenoic acid derivatives functioned as signaling molecules. Re-
cently, many orphan G-protein-coupled receptors (GPCR) have
been found; and a GPCR deorphanizing strategy successfully iden-
tified multiple receptors for free fatty acids [20]. Free fatty acids
have been proven to act as signaling molecules; and GPR40 and
GPR120, which are receptors for these free fatty acids, are activat-
ed by medium- to long-chain free fatty acids [20,21]. However, both
receptors are associated with cell proliferation and inhibition of
apoptosis when treated with free fatty acids [20,21]. Especially,
linolenic acid promotes the activation of ERK and PI3K/Akt path-
ways mainly via GPR120, leading to an anti-apoptotic effect [20,22].
In our experiment using some long-chain fatty acid derivatives,
apoptotic cell death was induced by their compounds. It is not
known whether the metabolites from 3-decenoic acid derivatives or
the derivatives per se specifically affect signaling molecules or gene
expression of transcription factors through the association with
CD36 and the receptors GPR40 and GPR120 [23]. Further study
will be needed to disclose the detailed mechanism of the function of
3-decenoic acid derivatives in autophagic cell death.

Conclusion

The 3-decenoic acid derivatives showed anti-cancer effect by induc-
ing autophagic cell death through down-regulation of E2F1. These
compounds showed anti-tumor effect both in vitro and in vivo.
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