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Apicularen A is a novel antitumor agent and strongly induces death in tumor cells. In this study, we syn-
thesized apicularen A acetate, an acetyl derivative of apicularen A, and investigated its antitumor effect
and mechanism in HM7 colon cancer cells. Apicularen A acetate induced apoptotic cell death and cas-
pase-3 activation; however, the pan-caspase inhibitor Z-VAD-fmk could not prevent this cell death. Api-
cularen A acetate induced the loss of mitochondrial membrane potential and the translocation of
apoptosis-inducing factor (AIF) from mitochondria. In addition, apicularen A acetate significantly
decreased tubulin mRNA and protein levels and induced disruption of microtubule networks. Taken
together, these results indicate that the mechanism of apicularen A acetate involves caspase-independent

apoptotic cell death and disruption of microtubule architecture.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Numerous antitumor agents exist, but their uses are restricted
due to their side effects and insufficient clinical efficacy. Therefore,
safer and more effective derivatives of antitumor agents are
needed, and efforts to develop new agents are continuously under-
way. Apicularen A, a macrolide from the marine myxobacterial
genus Chondromyces, causes growth inhibition and apoptosis in
several types of cell lines [1-4]. In addition, in our previous study,
we observed that apicularen A strongly induced cell death in HM7
colon cancer cells by up-regulating Fas ligand expression and dis-
rupting microtubule architecture [5]. These results led us to inves-
tigate whether a synthetic derivative of apicularen A might have a
more potent antitumor activity or induce cell death by a distinct
mechanism.

Programmed cell death, especially apoptosis, is required for
maintenance of cellular homeostasis [6]. In cancer cells, the ability
and propensity to undergo apoptosis is critical in determining drug
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sensitivity or resistance [7]. Caspases, a family of cysteine prote-
ases, play a major role in apoptosis by promoting intrinsic or
extrinsic cell death pathways [8]. However, caspase-independent
inducers such as Endonuclease G (Endo G), Smac/Diablo, HtrA2/
Omi, and apoptosis-inducing factor (AIF) are also involved in apop-
totic cell death via release of these factors from the mitochondria
[9]. One of these proteins, AlF, is translocated to the nucleus after
being released from the mitochondria, and induces cell death by
promoting DNA degradation and chromatin condensation [9].

Microtubules are highly dynamic cytoskeletal components of
eukaryotic cells [10]. They are essential for cellular motility, move-
ment of vesicles, organization of intracellular organelles, and or-
derly segregation of chromosomes during mitosis [11]. Because
cancer cells are rapidly growing and dividing, microtubules are
considered to be important targets for the development of cancer
chemotherapeutic agents [12]. Indeed, a large number of drugs in-
duce death of cancer cells by interfering with microtubule assem-
bly. For example, colchicines and vinblastine inhibit the assembly
of microtubules by binding to soluble - and B-tubulin heterodi-
mers, whereas paclitaxel and epothilones inhibit microtubule dis-
assembly by binding to polymerized tubulins [11,13]. However,
apicularen A is the only known agent that disrupts microtubule
networks by down-regulating tubulin synthesis.
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Fig. 1. Effect of apicularen A acetate on cell viability and apoptotic cell death in HM7 cells. (A) Chemical structure of apicularen A acetate (11-(3-hepta-2,4-
dienoylaminoallyl)-15-hydroxy-9-oxo-10,17-dioxatricyclo[11.3.1.0>%] heptadeca-3,5,7-triene-7-yl acetate). (B) HM7 cells were treated with various concentrations of
apicularen A acetate for the indicated times. Cell viability was determined using the MTT assay. (C) DNA contents in apicularen A acetate-treated HM7 cells. HM7 cells were
incubated for the indicated times in the presence or absence of 100 nM apicularen A acetate. DNA contents were analyzed by flow cytometry. (D) Apicularen A acetate
induced DNA laddering, i.e., fragmentation. HM7 cells were incubated for the indicated times in the presence or absence of 100 nM apicularen A acetate. Total genomic DNA
was extracted and resolved by electrophoresis on a 1.2% agarose gel. DNA laddering was visualized by ultraviolet transillumination. (E) Cells were treated with or without
100 nM apicularen A acetate for 48 h, and nuclei were stained with Hoechst 33342 and visualized using fluorescence microscopy (scale bar = 20 pm). (F) Activities of caspases
were determined using fluorogenic peptide substrates of each caspase. (G) HM7 cells were incubated for the indicated times in the presence or absence of 100 nM apicularen
A acetate. Lysates of cells were subjected to Western blotting analysis with antibodies against caspase-3 and PARP. All error bars indicate + SEM. ***P < 0.001.

In this study, we synthesized an acetyl derivative of the pheno-
lic hydroxyl group of apicularen A, apicularen A acetate (Fig. 1A),
and investigated its cytotoxic and apoptotic activity in HM7 cells.
Our findings demonstrate that apicularen A acetate induces apop-
totic cell death in these cells by releasing AIF from mitochondria
and disrupting microtubule networks.

2. Materials and methods
2.1. Reagents

Apicularen A acetate (11-(3-Hepta-2,4-dienoylaminoallyl)-15-
hydroxy-9-oxo0-10,17-dioxatricyclo [11.3.1.0>%] heptadeca-3,5,7-

triene-7-yl acetate) was provided by Dr. Jung (Lab. of Organome-
dicinal Chemistry, College of Pharmacy, Sungkyunkwan Univer-

sity). Enhanced chemiluminescence kits (ECL system) were
purchased from Amersham Biosciences. Anti-caspase-3 antibody
was purchased from R & D Systems. Anti-PARP, anti-actin, anti-
COX 1V, anti-Cu/Zn SOD and anti-AlIF antibodies were purchased
from Santa Cruz Biotechnology. Z-VAD-fmk was purchased from
Calbiochem. Anti-o-tubulin antibody and other reagents were pur-
chased from Sigma.

2.2. Cell culture

The human colon carcinoma cell line HM7 was a gift from
Young S. Kim (Gastrointestinal Research Laboratory, University of
California, San Francisco, CA). Cells were grown in Dulbecco’s mod-
ified Eagle medium supplemented with 10% fetal bovine serum and
antibiotics. Cells were maintained in an incubator at 37 °C, 5% CO,,
and 95% air.
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2.3. Measurement of cell viability

Exponentially growing cells were treated with a series of con-
centrations of apicularen A acetate for 24, 48, and 72 h. Thiazolyl
blue tetrazolium blue (MTT) solution was added to each well
(0.5 mg/ml) and incubated for 2 h. Cell survival was assessed by
measuring the absorbance at 570 nm in an ELISA plate reader.

2.4. Flow cytometric analysis for cell cycle distribution

After treatment with apicularen A acetate, HM7 cells were
washed and fixed in 70% ethanol. Before analysis, cells were centri-
fuged and incubated with propidium iodide (50 pg/ml) supple-
mented with RNase A (1 mg/ml) for 30 min at room temperature.
Quantification of the relative DNA contents was measured by flow
cytometry analysis using a Becton-Dickinson FACSort and manual
gating using the CellQuest software.

2.5. DNA fragmentation assay

DNA fragmentation assay of cells treated with apicularen A ace-
tate was examined as previously described [5].

2.6. Hoechst 33342 staining

For analysis of condensed apoptotic nuclei, cells were fixed with
4% paraformaldehyde and permeabilized with 0.1% Triton X-100 in
PBS, incubated with Hoechst 33342 (5 pg/ml) for 20 min at room
temperature in the dark, and washed with PBS. The cells were then
analyzed by fluorescence microscopy.

2.7. Caspase activity assays

The extracts were prepared by suspending 2 x 10 HM7 cells in
100 pl of TTE buffer [10 mM Tris-HCI (pH 8.0), 0.5% Triton X-100,
and 10 mM EDTA] on ice for 30 min, followed by centrifugation
at 15,000g for 10 min at 4 °C. For each sample, 10 pl of lysate con-
taining 30 pg of total protein was mixed with 90 pl of assay buffer
[20 mM HEPES (pH 7.5), 10% glycerol, and 2 mM DTT], containing
40 uM of Ac-DEVD-AFC, Ac-IETD-AFC, and Ac-LEHD-AFC (where
DEVD is Asp-Glu-Val-Asp, IETD is Ile-Glu-Thr-Asp, LEHD is Leu-
Glu-His-Asp, and AFC is 7-amino-4-trifluoromethyl coumarin).
Activities of caspase-3, -8, and -9 were measured at 37 °C using a
spectrofluorometric plate reader (Perkin-Elmer LS-50B) in kinetic
mode, using excitation and emission wavelengths of 400 nm and
505 nm, respectively.

2.8. Western blotting analysis

Western blotting analysis of caspase-3, PARP, Fas, FasL, AIF, COX
IV, Cu/Zn SOD, and o-tubulin was performed as previously de-
scribed [5].

2.9. Mitochondrial membrane potential assay

Cells were trypsinized and incubated for 20 min in 1 ml of room
temperature media containing 5 M Rhodamine 123. The cells
were then washed and analyzed on a FACscan flow cytometer.
Reduction in Rhodamine 123 fluorescence indicated loss of mito-
chondrial membrane potential.

2.10. Reverse transcription-polymerase chain reaction (RT-PCR)

The mRNA levels of a-tubulin and GAPDH were examined by
RT-PCR analysis as previously described [5].

2.11. Subcellular fractionation

Cells were washed in cold PBS and then resuspended in 1 ml
cold homogenizing buffer containing 10 mM HEPES (pH 7.5),
210 mM mannitol, 70 mM sucrose, 1 mM EDTA, and protease
inhibitor cocktail tablets. A homogenate was prepared using a glass
Dounce homogenizer type-B pestle (50 strokes). After centrifuga-
tion at 760g at 4 °C for 10 min, the supernatant was collected
and centrifuged at 12,000g at 4 °C for 10 min. The pellet was
washed twice, resuspended in homogenizing buffer, and used as
the mitochondrial fraction. The supernatant was centrifuged at
100,000g at 4 °C for 1 h, and the cleared supernatant was used as
the cytosolic fraction.

2.12. Transfection of siRNA

The siRNAs targeting human AIF (siRNA I target sequence: 5'-
CUUGUUCCAGCGAUGGCAU-3', siRNA II target sequence: 5'-GAU-
CCUCCCCGAAUACCUC-3’) mRNA (20 nM), or scrambled negative
control siRNA (20 nM) were transfected into HM7 cells using G-
fectin (Genolution, Korea).

2.13. Immunofluorescence assay

The cells were washed twice with PBS, and then permeabilized
with 0.25% Triton X-100 and 0.5% glutaraldehyde for 1 min at room
temperature. Then cells were fixed with 1% glutaraldehyde for
10 min before overnight incubation with anti-AIF or anti-a-tubulin
antibody, diluted 1:500. After washing three times in PBS contain-
ing 0.1% Tween-20 (PBS/T), cells were incubated for 1 h with the
secondary antibody (Alexa Fluor 488-conjugated goat anti-rabbit
IgG, diluted 1:400) in the dark. After washing five times, cells were
stained with 20 pg/ml propidium iodide and 1 mg/ml RNase A for
20 min at room temperature. Fluorescent signals were visualized,
and digital images were obtained, using an Olympus FV-500 fluo-
rescence microscope.

2.14. Statistical analyses

Results are expressed as the mean £ SD or mean + SEM. The sta-
tistical significance of differences between groups was analyzed
using Student’s t test and analysis of variance (ANOVA). Differences
were considered to be significant at P < 0.05.

3. Results

3.1. Apicularen A acetate induces cytotoxicity and apoptotic cell death
in HM7 cells

The effect of apicularen A acetate on viability of HM7 cells was
determined using an MTT assay. As shown in Fig. 1B, 100 nM api-
cularen A acetate significantly inhibited the viability of HM7 cells.
Although the MTT assay is suitable for the determination of
changes in the metabolic activity of cells under toxic stress, it does
not necessarily yield specific information on the detailed events
associated with cell death [14]. Therefore, flow cytometry was per-
formed to determine the effects of apicularen A acetate on the cell
cycle and cell death in HM7 cells. Apicularen A acetate decreased
the populations of G4, S, and G,/M phase cells, whereas it increased
the population of sub-G; phase cells in a time-dependent manner
(Fig. 1C). To determine whether the increase of the sub-G; popula-
tion in apicularen A acetate-treated cells was associated with
apoptotic cell death, DNA fragmentation assays were performed.
Consistent with the increase in sub-G; cells, apicularen A acetate
induced DNA fragmentation at 48 and 72 h (Fig. 1D). In addition,
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condensed apoptotic nuclei in apicularen A acetate-treated cells
were observed by staining with Hoechst 33342 (Fig. 1E). Taken to-
gether, these results demonstrate that apicularen A acetate
strongly induced cytotoxicity and apoptotic cell death in HM7
cells.

Caspase-3 acts as a major executor of apoptotic cell death by
cleaving poly (ADP-ribose) polymerase (PARP) to block the cellular
DNA repair system [15]. To determine whether apicularen A ace-
tate induces caspase-3 activation, we monitored caspase-3 activity
in apicularen A acetate-treated HM7 cells using a spectrofluoro-
metric assay. As shown in Fig. 1F, caspase-3 activity increased in
cells treated with treating apicularen A acetate, whereas the activ-
ities of the apoptosis initiator caspases, caspase-8 and -9, were not
changed [16]. Moreover, apicularen A acetate decreased the level
of the proform of caspase-3 and increased PARP cleavage in a
time-dependent manner (Fig. 1G), indicating that apicularen A ace-
tate treatment activated caspase-3 in HM7 cells.

3.2. Fas-FasL signaling is not required for apicularen A acetate-
induced cell death

We previously reported that apicularen A induces apoptotic cell
death by up-regulating Fas ligand (FasL), and that the anti-FasL
antibody NOK-1 blocks apicularen A-induced apoptosis [5]. To
investigate whether the Fas and FasL pathway is involved in apicu-
laren A acetate-induced cell death, we analyzed the protein levels
of Fas and FasL. Apicularen A acetate induced increases in FasL pro-
tein levels, but did not change the protein levels of Fas (Fig. 2A).
Next, we treated cells with NOK-1 antibody to determine whether
apicularen A acetate-induced cytotoxicity and cell death could be
blocked. Interestingly, NOK-1 antibody failed to prevent cytotoxic-
ity, caspase-3 activation, and PARP cleavage resulting from treat-
ment with apicularen A acetate (Fig. 2B and C), indicating that
Fas-FasL signaling is not involved in apicularen A acetate-induced
cell death.

3.3. Apicularen A acetate induces apoptotic cell death in a caspase-3-
independent manner

To assess the contribution of caspase-3 activation to the lethal-
ity of apicularen A acetate, we added the pan-caspase inhibitor Z-
VAD-fmk to HM7 cells. As shown in Fig. 2D and E, apicularen A ace-
tate-induced caspase-3 activation and PARP cleavage were com-
pletely blocked by pretreatment with Z-VAD-fmk. Next, we
examined the effect of Z-VAD-fmk on cell viability after treatment
with apicularen A acetate. Strikingly, in contrast to the inhibition of
caspase-3 activity, apicularen A acetate-induced cytotoxicity was
not blocked by Z-VAD-fmk (Fig. 2F). Furthermore, the apicularen
A acetate-induced increase in the population of sub-G; cells was
not prevented by pretreatment with Z-VAD-fmk (Fig. 2G), suggest-
ing that apicularen A acetate induced apoptosis via a caspase-3-
independent pathway.

3.4. Apicularen A acetate promotes nuclear translocation of AIF

AIF is a mitochondrial protein that may mediate caspase-inde-
pendent cell death by inducing DNA fragmentation following its
translocation to the nucleus [17]. We hypothesized that the release
of AIF from mitochondria might be related to the caspase-indepen-
dent apoptosis in apicularen A acetate-treated HM7 cells. There-
fore, we first examined the effect of apicularen A acetate on
mitochondrial membrane potential (AWm). As shown in Fig. 3A,
HM?7 cells treated with apicularen A acetate exhibited a time-
dependent decrease in A¥m. Next, we investigated whether AIF
release from mitochondria is induced by apicularen A acetate.
Mitochondrial AIF was released to the cytosol after treatment with

apicularen A acetate for 48 h (Fig. 3B). This finding was supported
by the results of immunofluorescence assays using an anti-AIF
antibody and propidium iodide, which revealed that AIF indeed
translocated to the nuclei in apicularen A acetate-treated cells
(Fig. 3C). To further examine AIF dependency, we used two siRNAs
against AIF, and found that AIF knockdown partially blocked the
cytotoxicity induced by apicularen A acetate (Fig. 3D and E). Taken
together, these results suggest that AIF is involved in apicularen A
acetate-induced apoptotic cell death.

3.5. Apicularen A acetate decreases tubulin protein levels and disrupts
the microtubule network

We previously reported that apicularen A decreases the protein
levels of a/B-tubulin and disrupts intracellular microtubule net-
works, and that these effects of apicularen A cause cell death in
HM?7 colon cancer cells [5]. To examine whether apicularen A ace-
tate also induces down-regulation of tubulin, we determined the
protein and mRNA levels of tubulin after apicularen A acetate
treatment. The a-tubulin protein levels were decreased by apicula-
ren A acetate exposure in a time-dependent manner (Fig. 4A). In
addition, treatment with apicularen A acetate led to an decrease
in o-tubulin mRNA levels (Fig. 4B). To investigate the microtubule
architecture in more detail, we performed immunofluorescence as-
says. Apicularen A acetate induced changes in the microtubule net-
works of the cytosol and reduced the density of tubulin-associated
fluorescence (Fig. 4C), indicating that apicularen A acetate induces
down-regulation of tubulin synthesis and disrupts microtubule
networks in HM7 cells.

4. Discussion

In this study, we showed that apicularen A acetate induces cas-
pase-independent cell death in HM7 colon cancer cells. Apicularen
A acetate-induced cell death was not reduced by caspase inhibitor
Z-VAD-fmk, but AIF release from mitochondria was observed. Be-
cause apicularen A-induced cell death is mediated by caspase-3
and -8 [5], the cell death pattern induced by apicularen A acetate
indicates that acetyl substitution of the functional group of apicu-
laren A contributes to its caspase-independent mechanism.

Enhanced Fas-FasL signaling is associated with apoptotic cell
death by triggering activation of caspase-3 and -8 signaling cas-
cades [18]. By contrast, Fas-FasL signaling can promote cell prolif-
eration, differentiation, and tumor progression [19]. In this study,
the anti-FasL antibody NOK-1 failed to block apicularen A ace-
tate-induced cell death, although apicularen A acetate increased
FasL in a time-dependent manner. Because caspase inhibition did
not block cell death induced by apicularen A acetate, it is possible
that Fas-FasL signaling was attenuated by a decrease in caspase-
mediated apoptosis. This is reinforced by the observation that cas-
pase-8 activity was also not changed by treatment with apicularen
A acetate. Therefore, apicularen A acetate-induced FasL up-regula-
tion may involve cellular processes other than apoptotic cell death.

Many tumor cells are not susceptible to traditional chemother-
apeutic agents because they have mutated or down-regulated key
apoptotic genes such as p53, proapoptotic Bcl proteins, and effec-
tor caspases [17,20]. In this context, the executor proteins of cas-
pase-independent cell death become attractive molecular targets
for cancer therapeutics. AIF is a major effector of caspase-indepen-
dent cell death. Apoptotic stimuli can trigger loss of A¥m, as well
as AIF translocation from mitochondria to the nucleus. In the nu-
cleus, AIF interacts with DNase endo G to promote DNA fragmen-
tation and induce cell death [17]. Our results showed that
apicularen A acetate disrupts A¥m and induces AIF release from
mitochondria. In addition, AIF knockdown blocked the cytotoxicity
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Fig. 2. Effect of caspase inhibitor or anti-FasL antibody on apicularen A acetate-induced apoptosis in HM7 cells. (A) HM7 cells were incubated for the indicated times in the
presence or absence of 100 nM apicularen A acetate. The protein levels of Fas and FasL were analyzed by Western blotting. (B) HM7 cells were incubated for 48 h in the
presence or absence of both 0.1 pg/ml NOK-1 antibody and 100 nM apicularen A acetate. Cell viability was determined using MTT assays. (C) HM7 cells were incubated with
100 nM apicularen A acetate for 48 h in the presence or absence of 0.1 pg/ml NOK-1 antibodies. The protein levels of caspase-3 and PARP were analyzed by Western blotting.
(D-G) HM?7 cells were pretreated with 20 pM of Z-VAD-fmk for 1 h, and then treated with 100 nM apicularen A acetate for 48 h. (D) Cells were lysed, and caspase-3 activity
was determined using fluorogenic peptide substrates of caspase-3. (E) Cells were lysed, and the protein levels of caspase-3 and PARP were analyzed by Western blotting with
anti-caspase-3 and anti-PARP antibodies, respectively. (F) The viability of apicularen A acetate-treated cells was determined using an MTT assay. (G) Sub-G; population of
apicularen A acetate-treated cells were analyzed by flow cytometry. All error bars indicate + SEM. **P < 0.001.

induced by apicularen A acetate. These are distinct from the mech-
anism of apicularen A-induced cell death, which does not change
mitochondrial membrane potential or the protein levels of mito-
chondrial apoptosis effectors such as Bcl-2, Bcl-xL, and cytochrome
C [5]. Although it is possible that cytochrome C is released as a re-
sult of apicularen A acetate-induced disruption of A¥m, this could
not be related to cell death because the activity of caspase-9 is un-
changed. Taken together, our data demonstrate that the acetyl
modification of the phenolic hydroxyl group in apicularen A
changes the mechanism of cell death to caspase-independent

apoptosis via AIF translocation. Therefore, this derivative may be
useful in overcoming drug resistance in cancer cells that are resis-
tant to caspase-dependent cell death.

A wide variety of drugs block the dynamic activity of microtu-
bules, thereby preventing mitosis, and such drugs are continuously
being developed for use in cancer treatment [12]. Here, we showed
that apicularen A acetate decreased tubulin protein levels and dis-
rupted microtubule networks, consistent with similar findings for
apicularen A. Because microtubules form a cytoskeletal scaffold
for organization of organelles [21], apicularen A acetate-induced
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HM?7 cells were transfected with NC siRNA or AIF siRNAs, followed by treatment with 100 nM apicularen A acetate. Cell viability was determined using MTT assays. All error
bars indicate + SEM. ***P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

disorganization of microtubule networks may contribute to irregu-
lar localization and shape of nuclei. In addition, intracellular tubu-
lin levels are closely associated with cell fate. For example, a
decrease in tubulin protein level of 60-70% inhibits cell survival
[11], and reduction in tubulin polymerization by ethanol treatment
results in cell death [22]. In this study, apicularen A acetate
strongly decreased protein levels of tubulin relative to those in
non-treated cells. Therefore, the apicularen A acetate-induced de-

crease in tubulin protein may partly contribute to apoptotic cell
death and cytotoxicity in HM7 cells.

In conclusion, we have shown that apicularen A acetate induces
cell death through a caspase-independent pathway, causing AIF
translocation from mitochondria and disrupting microtubule net-
works via down-regulation of tubulin synthesis. Thus, apicularen
A acetate would appear to have potential as a novel anticancer
drug. Moreover, our results suggest that substitution of functional
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Fig. 4. Effect of apicularen A acetate on a-tubulin in HM7 cells. (A) HM7 cells were treated with 100 nM apicularen A acetate for the indicated times. The protein levels of o-
tubulin were analyzed by Western blotting. The normalized protein levels of o-tubulin are indicated as a ratio against actin, used as a loading control (upper panel). (B) HM7
cells were treated with 100 nM apicularen A acetate for the indicated times. The a-tubulin mRNA levels were measured by RT-PCR. PCR products were resolved on 1.2%
agarose gel containing ethidium bromide. The normalized mRNA levels of o-tubulin are indicated as a ratio against GAPDH, used as a loading control (upper panel). (C) HM7
cells were treated with 100 nM apicularen A acetate for the indicated times. The intracellular microtubule networks were determined by immunofluorescence assay using an
anti-o-tubulin antibody (green). Nuclei were counterstained with propidium iodide (red). Scale bar =10 um. All error bars indicate +SD. *P < 0.05; ***P < 0.001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

groups in anticancer drugs might be a good therapeutic strategy for
the development of treatments for cancer cells that are insuscepti-
ble to traditional anticancer drugs.
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