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Mycoepoxydiene (MED) is a polyketide isolated from a marine fungus associated with mangrove forests. It
contains an oxygen-bridged cyclooctadiene core and an o,B-unsaturated §-lactone moiety. MED induced
the reorganization of cytoskeleton in actively growing HeLa cells by promoting formation of actin stress
fiber and inhibiting polymerization of tubulin. MED could induce cell cycle arrest at G2/M in HeLa cells.
MED-associated apoptosis was characterized by the formation of fragmented nuclei, PARP cleavage, cyto-
chrome c release, activation of caspase-3, and an increased proportion of sub-G1 cells. Additionally, MED
activated MAPK pathways. Interestingly, the time of JNK, p38, and Bcl-2 activation did not correlate with
the release of cytochrome c. This study is the first report demonstrating the action mechanism of MED
against tumor cell growth. These results provide the potential of MED as a novel low toxic antitumor agent.

© 2010 Elsevier Ltd. All rights reserved.

Cancer is one of the most prevalent and important life-threaten-
ing diseases worldwide. Despite the discoveries of new biological
molecules and immune-mediated therapies, chemotherapy remains
the major clinical approach to treating cancer.'? However, the cur-
rent chemotherapies are far from optimal, and there is evidence that
resistance to the available drugs is increasing. Since natural products
have played a central role in the development of cancer chemother-
apies®>© the search for new therapeutics from natural sources is in
critical need of expansion.

Mycoepoxydiene (MED) (Fig. 1A), a novel polyketide containing
an oxygen-bridged cyclooctadiene core and an o,B-unsaturated 5-
lactone moiety, was isolated from the marine fungus Diaporthe sp.
HLY-1 found in submerged rotten leaves of Kandelia candel in a man-
grove forest in Fujian Province, China.” MTT assays were used to
measure the inhibitory activity of MED, exhibited cytotoxic activity
against KB cell line with an ICsq less than 21.5 uM.” The same com-
pound was found in the fungal strain OS-F66617 isolated from twig
litter,® and the endophytic Phomopsis sp. HANT25 from the Thai
medicinal plant Hydnocarpus anthelminthicus.’ Due to interest in
its unique structural features, the total chemical synthesis of MED
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was achieved in 2002.'° The natural and synthetic forms of MED
showed similar cytotoxicity to human tumor cell lines with an ICsq
ranging from 2.4 to 21.5 uM.2%!! However, the inhibitory mecha-
nism of MED against the growth of tumor cells remains unknown.
This study is the first report demonstrating the mechanism of tumor
cell growth inhibition by MED. MED induces a cascade of cellular
events that includes cytoskeletal rearrangement, cell cycle arrest
at G2/M, p38 MAPK/JNK signaling, cytochrome c release, and cas-
pase-3-mediated apoptosis.

To begin this work, MTT assays were done in 12 different
human tumor cell lines. MED inhibited growth of cells various
cancer types—AGS (gastric), HT-29 (gastric), DU 145 (prostate),
MDA-MB-435 (breast), MDA-MB-231 (breast), MCF-7 (breast),
U20S (bone), HeLa (cervical), OVCAR3 (ovarian) and A549 (lung)
(Supplementary Fig. 1). With such broad activity across tissue
types, we selected HeLa cells to examine the effects and mecha-
nisms of cell death induced by MED. Additional in vitro assays
demonstrated that the MED ICsq was 16.8 uM (Fig. 1B) using HeLa
cells in vitro using propidium iodide (PI), a fluorescent probe to
measure membrane integrity. Using flow cytometry to observe PI
staining, we found that the ratio of dead cells increased as the
MED concentration increased (Fig. 1C). As expected, the ratio of
dead cells also increased with increasing exposure time (Fig. 1D).

MED induced morphological changes in cells within 9 h of expo-
sure (Fig. 2A). The cells shrank, became rounded, and contained
fragmented nuclei, all of which are morphological features (i.e.,
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Figure 1. MED inhibits HeLa cell growth. (A) Structure of MED. (B) Viability of HeLa cells following 72 h exposure to various concentrations of MED. The cell survival rate was
calculated by MTT assay as described in Supplementary data. Each value represents the mean * SD of three independent experiments. Flow cytometric analysis of MED-induced
celldeathin HeLa cells. Cells (5 x 10° cells/well in 6-well plates) were treated with various MED concentrations for 24 h (C) or treated for various incubation times at 11and 21 pM

MED (D) and then stained with PL. Cell numbers were determined by flow cytometry.

condensed nuclei) typical of stressed cells moving into apoptosis.'?*3

These observations led us to hypothesize that MED exposure re-
sulted in cytoskeletal changes reflected in molecular changes that
led to apoptosis.

Based on the morphological changes induced by MED addition
to growing HeLa cells, we looked for alterations in the cytoskele-
ton. MED induced a concentration- and time-dependent increase
in actin stress fiber formation across the cell body beyond that ob-
served for control cells (Fig. 2B). Interestingly, MED caused a time-
dependent disruption of the tubulin cytoskeleton characterized by
microtubule rearrangement within 9 h of treatment (Fig. 2C).
Based on these observations, we concluded that MED dramatically
disrupted the cytoskeleton of HeLa cells, producing a diffuse micro-
tubule network and an increase in actin stress fibers.

Consistent with the cytoskeletal changes, we hypothesized that
additional changes in the cell cycle likely led to signs of apoptosis
(i.e., condensed nuclei). Treatment of cells with MED caused inhi-
bition of cell cycle progression after 12 h that resulted in an in-
crease in the percentage of cells at G2/M phase compared to the
control (Fig. 3A, top panel). Western blot analysis revealed proteins
associated with cell cycle-associated changes due to MED addition.
Additionally, apoptotic cells recognized by flow cytometry showed
diminished uptake of PI. The mean apoptotic population was 1.5%
(sub-G1 phase) in the control, while in MED-treated cells it in-
creased to 23.3% after 36 h (Fig. 3A, bottom panel).

MED treatment resulted in a time- and concentration-depen-
dent reduction in the expression of Cdc2 p34, GADD45q, Weel,
Myt1, Chk1, and Chk2 proteins. Increased production of p21 and
cyclin B1 accompanied these changes (Fig. 3B). Taken together,
these findings indicate that MED induced cycle arrest at G2/M
phase after 24-36 h via protein expression regulation.'* Since only
a portion of the cells entered cycle arrest and nuclear fragment
bodies were found even with higher concentrations of MED. This

suggests that MED has weak activity on the inducing of G/M arrest
as a mechanism to induce apoptosis.

Observation of widespread cell membrane disruption, cytoskel-
etal changes, cell cycle arrest, and nuclear condensation led us to
hypothesize that MED directly induces apoptosis via established
cell death signaling pathways, all of which have an intersection
via mitochondrial disruption. To test this hypothesis, we first mon-
itored release of cytochrome c, which is an important mitochon-
drial inner membrane-associated protein that plays a role in
caspase-induced apoptosis when released into the cytoplasm.!'>1®
After 20 h treatment with 21 uM MED, cytochrome c was released
into the cytoplasm, As show in (Fig. 4A), the cytosolic fraction con-
firmed that MED-treated cells contained increasing amounts of
cytochrome ¢ with increasing MED exposure. Tubulin (cytosol)
and Hsp60 (mitochondria) served as controls to verify localization.
Taken together, these results confirm that MED exposure induces
cytochrome c release into the cytosol.

Subsequently, we determined expression of a number of pro-
teins involved in activation of the mitochondrial dysfunction to ini-
tiate apoptosis. Initially, we examined Bcl-2, Bak, and Bad; in
concert, these proteins regulate mitochondrial integrity and reten-
tion of cytochrome c inside mitochondria.!” The expression of Bak
and Bad were inversely regulated as compared to Bcl-2 (Fig. 4B).
This change led to a change in the pro/anti-apoptotic balance mod-
ulated by the Bcl-2 ratio leading to disruption of mitochondrial
integrity that in turn results in the release of cytochrome c into
the cytoplasm and initiation of apoptosis via at least three signal
transduction routes.!®

Mitogen-activated protein kinases (MAPK) superfamily, con-
sists of three family members: the extracellular signal-regulated
kinases (ERK), c-jun N-terminal kinase (JNK) and p38 MAPK. JNK
and p38 MAPK pathway are implicated primarily in the induction
of apoptosis and inflammation after exposure to different
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Figure 2. (A) Microscopy of HeLa cells treated with increasing concentrations of MED. HeLa cells were treated for 12 h with 0, 14 or 21 pM MED. The images were captured
using phase contrast (12 h at 400x) or fluorescence (24 h at 1000x ) for nuclear staining with 0 (vehicle), 14 or 21 pM MED. Apoptotic cells with condensed nuclei were
observed using nuclear staining as indicated with red arrows. To observe the effect of MED on the HeLa cytoskeleton, HeLa cells were seeded onto glass coverslips that were
precoated with 0.2 mg/ml gelatin. The cells were allowed to adhere overnight before treatment for different times with or without MED. Cells were fixed and stained for
observation of the cytoskeleton. (B) Effect of MED on the F-actin cytoskeleton; MED enhances the polymerization of F-actin. (C) Effect of MED on the tubulin cytoskeleton.

MED disrupts the polymerization of o-tubulin.
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Figure 3. The effects of MED on the cell cycle distribution of HeLa cells. Representative histogram plots of the total Pl-labeled populations are shown. (A) MED caused cell
cycle arrest at the G2-M phase (12 h) and the appearance of a sub-G1 peak (36 h). Cells were treated with vehicle or MED for 12 or 36 h, and cell cycle distribution was
assessed by flow cytometry. Cells appearing in the sub-G1 region of the DNA content histogram represent apoptotic cells. Percentage values were calculated from the number
of gated events in the G2/M or sub-G1 region out of the total events (20,000). (B) The effect of MED on cell cycle-related proteins. The levels of various proteins in HelLa cells

treated with 21 uM MED for 12 h were determined by immunoblot assay.
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Figure 4. Analysis of apoptosis induced by MED. (A) Western blot analysis revealed a greater amount of cytochrome c in the cytoplasm of MED-treated cells compared to
controls. The absence of Hsp60 in the cytoplasm indicated that mitochondrial contamination of the cytoplasm was negligible. The presence of tubulin was used as a control to
assess the purity of each fraction, as it should only appear in the cytosol. (B) Western blot analysis for the expression of apoptosis-related proteins. (C) MED increased the
activation of MAPK. (D) Effects of MAPK inhibitors on MED-induced cell death. Cells were pre-treated with MAP kinase inhibitors 1 h prior to the addition of MED (14 or
21 uM). The number of live cells (PI-negative) was analyzed by fluorescence flow cytometry 48 h post treatment. (E) Western blot analysis of MED-induced caspase-3
activation and the cleavage of PARP. (F) Western blot analysis of MED-induced caspase-3 activation in HeLa cells treated with MED (21 uM) for 24 h. The cleavage of pro-
caspase-3 was blocked by pre-treatment with z-VAD-fmk. (G) Effect of the pan-caspase inhibitor z-VAD-fmk on MED-induced apoptosis. Exponentially growing cells were
treated for 48 h with z-VAD-fmk (25 uM) in addition to MED. The number of live cells (PI negative cells) was analyzed by flow cytometry. *Stands for p <0.05.

agents.'92% To understand the decline in Bcl-2, we investigated p38
MAPK/JNK levels and phosphorylation as a mechanism to activate
Bcl-2-related cytochrome c release.?! Treatment with MED in-
creased JNK phosphorylation (Thr183/Tyr185) and p38 phosphory-
lation (Thr180/Tyr182) transiently within 30 min of exposure, but
the expression of unphosphorylated p38 and JNK remained con-
stant (Fig. 4C). To examine the functional consequence of the p38
MAPK and JNK phosphorylation changes, cells were pre-treated
with MAP kinase inhibitors 1 h prior to MED exposure. Pre-treat-
ment with inhibitors of JNK (JNK inhibitor II) or p38 MAPK

(SB203580) did not relieve the cytotoxic effect of MED-induced cell
apoptosis (Fig. 4D).

To uncover additional mechanisms of apoptosis that are inde-
pendent of ]NK and p38, we investigated cytochrome c-mediated
activation of caspase-3 (Casp-3), which is an established mecha-
nism of apoptosis.?? Treatment with MED (21 pM) decreased
pro-Casp-3 over time with a concomitant increase in the cleavage
fragments p17 and p12 (Fig. 4E). Notable increases in cleavage
fragments appeared after 12 and 28 h of incubation. We also
observed cleavage of PARP (Fig. 4E) by Casp-3 during the onset of
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apoptosis. Pre-treatment of the cells with the caspase inhibitor
z-VAD-fmk, which broadly inhibits caspase cleavage,?* inhibited
MED-induced Casp-3 cleavage (Fig. 4F) and significantly (p
<0.05) reduced MED-induced cell death (Fig. 4G).

Antitumor natural products can be classified into cytotoxic and
mechanism-based agents. Cytotoxic agents act on ubiquitous tar-
gets such as Hsp90, topoisomerases, mTOR, DNA or tubulin.?
Mechanism-based agents were developed on the basis of signifi-
cant advances in cancer biology, which act on cancer-specific
molecular targets.”? However, those targets need to be strictly
validated before moving forward to drug discovery,?> and mecha-
nism-based antitumor agents have the tendency of facing resis-
tance in therapeutics.?® As the major types of solid human
tumors (breast, lung, prostate, and colon) are multi-causal in nat-
ure (in contrast to, e.g., chronic myeloid leukemia, which is mostly
driven by a specific genetic abnormality), therefore, the search for
improved cytotoxic agents continues to be an important line of
modern anticancer drug discovery that will be critical for future
advances in cancer therapy.

Mycoepoxydiene (MED) is a fungal polyketide possessing a
novel backbone. It showed evident cytotoxicity in the previous
research.”~® Here, for the first time, we discovered MED inhibited
the growth of HeLa cells by inducing apoptosis accompanied with
cytoskeletal rearrangement and cell cycle arrest at G2/M phase.
MED induced G2/M arrest through increasing p21 and cyclin B1
expression and decreasing the expression of cdc2, GADD45, weel,
myt1, chkl and chk2. Apoptosis in HeLa cells was induced by de-
crease of the Bcl-2 level, and increase of the Bad and Bak levels result-
ing in release of cytochrome c from mitochondria that subsequently
activated caspases and the cleavage of PARP. Additionally, MED acti-
vated p38, MAPK, and JNK; but the function of this activation needs
further exploration to determine the biological significance. These
unique mechanisms induced by MED treatment indicate that this
compound may be useful as an anti-cancer treatment.
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