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Malformin A1l treatment alters invasive and oncogenic
phenotypes of human colorectal cancer cells through
stimulation of the p38 signaling pathway
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Abstract. Malformin A1 (MA1), a cyclic pentapeptide isolated
from Aspergillus niger, has been found to possess a range of
bioactive properties including antibacterial activity. However,
it is unclear whether MA1 exerts an anticancer effect or not.
In this study, we conducted in vitro experiments to inves-
tigate its anticancer properties in human colorectal cancer
cells. The effect of MA1 on human colorectal cancer cells,
SW480 and DKOI1, was examined by the WST-1 cell viability
assay, inverted microscopy, S-bromo-2-deoxyuridine (BrdU)
incorporation, flow cytometry, DNA fragmentation, wound
healing, Transwell assays, and western blotting. MAL1 treat-
ment showed potent cytotoxic activities on human colorectal
cancer cells. MAI treatment induced apoptosis by activating
the poly(ADP-ribose) polymerase (PARP), caspase-3, -7, and
-9. MAL treatment led to the increase in p53 upregulated
modulator of apoptosis (PUMA) and the decrease in X-linked
inhibitor of apoptosis protein (XIAP) and Survivin. In addi-
tion, MAI treatment induced cell cycle arrest in the sub-G1
phase. The pan-caspase inhibitor, Z-VAD-FMK, attenuated
these MAl-induced apoptotic effects on human colorectal
cancer cells. Moreover, MAI treatment suppressed tumor
cell migration and invasion. The phosphorylation level of p38
was upregulated by MAI treatment, and the inhibitor of p38,
SB203580, attenuated the MAl-induced p38 phosphoryla-
tion as well as caspase-3 and PARP activation. These results
indicate that MA1 treatment alters invasive and oncogenic
phenotypes of human colorectal cancer cells through the
stimulation of the p38 signaling pathway.
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Introduction

Colorectal cancer is one of the leading causes of cancer-
associated morbidity and mortality worldwide. Despite recent
advances in the management, including surgery, chemo-
therapy, and radiotherapy, the overall survival of patients with
advanced colorectal cancer still remains low (1-3). Therefore,
the development of clinically effective anticancer agents with
minimal side effects is needed to enhance treatment and to
improve the survival of patients with advanced colorectal
cancer.

Plant-associated microorganisms are known as an
important sources of diverse natural compounds with novel
structures and biological activities. A substantial body of
evidence demonstrates that various compounds and extracts
isolated from plant-associated microorganisms present
significant pharmacological and biological activities (4-8). For
instance, the bioactive compounds isolated from endophytic
fungi that reside on medicinal plants have been reported (4-8).
Malformins, which are a group of cyclic pentapeptides with
a disulfide bond from two cysteine thiols, were originally
discovered and isolated from the culture broth of the fungus
Aspergillus niger (A. niger). It typically induces malformations
in bean plants and in the curvature of corn roots (9-12). To
date, three sub-groups of Malformins have been identified: A,
produced by A. niger strain 56-39, B, by A. niger strain 56-30,
and C, by A. niger strain AN-1 (9-12). Malformin A mainly
consists of Malformin Al, A2, A3, and A4, indicated by both
amino acid analyses and molecular formula. Malformin Al
(MAL1) is a bicyclic pentapeptide containing five amino acids:
L-isoleucine, L-valine, D-leucine, and two D-cysteines (12).
MAL is the most well-studied out of the malformin subtypes,
and its various biological activities have been reported previ-
ously, including causing malformations in plants, having some
antibacterial effects (13-15), enhancing cellular fibrinolytic
activity (16-18), preventing IL-1-induced procoagulant reac-
tion (19,20), and inhibiting the cell cycle at G2 checkpoint
followed by DNA damage (21,22). Additionally, the anticancer
activity of MA1 has been reported in various human cancer
cells including colorectal cancer (9,22-24). Therefore, under-
standing these functional and biological properties of MA1, as
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well as its mechanism of action is very important for its appli-
cation into mainstream of medicine. The aim of this study is to
investigate the impact of MA1 on tumor cell behavior and its
associated oncogenic signaling pathways in human colorectal
cancer cells.

Materials and methods

Cell culture and materials. The SW480 and DKOI human
colorectal carcinoma cell lines were obtained from the
American Type Culture Collection (ATCC CRL 1589,
Manassas, VA, USA). The SW480 and DKOI1 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM,;
Gibco, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (FBS; Gibco) and 1% penicillin/streptomycin
at 37°C in a humidified atmosphere of 5% CO,. p38 chemical
inhibitor (SB203580) and pan-caspase inhibitor Z-VAD-FMK
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
MA1 was purchased from AdipoGen Life Sciences (San Diego,
CA,USA).

Cell proliferation assay. SW480 and DKOIL cells were plated
onto a 96-well plate at a density of 1x10* cells/well and were
incubated for 24 h at 37°C before the MAI treatment. Cells
were then treated with various concentrations of MA1 or
DMSO for 24 h. After the treatment, cell viability was deter-
mined by EZ-CyTox (tetrazolium salts, WST-1) cell viability
assay kit (Daeil Lab Inc., Seoul, Korea), and BrdU cell prolif-
eration assay kit (Cell Signaling Technology, Inc., Danvers,
MA, USA). After the application, absorbance at 450 nm was
measured using a microplate reader (Infinite M200; Tecan,
Austria GmbH, Austria). Each experiment was done in tripli-
cate wells and was repeated at least three times.

Flow cytometric analysis. SW480 and DKOI cells were
plated in a 6-well plate at 5x10° cells/well and were incu-
bated for 24 h at 37°C before treatment with MA1. MA1
treated cells were collected and were resuspended in binding
buffer (BD Biosciences, San Diego, CA, USA). These cells
were incubated with 7-amino-actinomycin D (7-AAD) and
Annexin V-APC (BD Biosciences) for 20 min at room temper-
ature. To analyze the number of apoptotic cells, FACSCalibur
flow cytometer (Becton-Dickinson) and WinMDI version 2.9
(The Scripps Research Institute, San Diego, CA, USA) were
used.

DNA fragmentation. MAl-treated cells were collected and
incubated with cell lysate buffer (1% NP-40 in 20 mM EDTA,
50 mM Tris-HCI, pH 7.5) for 30 min on ice. The samples
were then centrifuged at 12,00 x g for 30 min. RNase A was
added to the resulting supernatant and was incubated for 2 h
at 56°C. Proteinase K was then added to the supernatant and
was incubated for 2 h at 37°C. An equal volume of isopropanol
was added and was incubated at -80°C overnight to precipi-
tate the genomic DNA. The genomic DNA was loaded into
2% agarose gel and was stained with ethidium bromide. The
DNA was visualized under UV light transilluminator.

Western blotting. MAl-treated cells were lysed in RIPA
extraction solution with Halt™ phosphatase inhibitor and
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Halt™ protease inhibitor cocktails (Thermo Fisher Scientific,
Rockford, IL, USA) for 30 min in an ice bath. The protein
concentration of each lysate was measured using BCA™
protein assay (Thermo Fisher Scientific). Equal amounts of
protein were separated using sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and transferred
to a PVDF membrane (Bio-Rad Laboratories, Hercules, CA,
USA). Antibodies against the following proteins were used:
cleaved poly(ADP-ribose) polymerase (PARP), cleaved
caspase-3, -7, and -9, p53 upregulated modulator of apop-
tosis (PUMA), X-linked inhibitor of apoptosis protein (XIAP),
Survivin, extracellular signal-regulated kinasel/2 (ERK1/2),
phospho-ERK1/2, p38, phospho-p38, c-Jun NH2-terminal
kinase (JNK), phospho-JNK (Cell Signaling Technology, Inc.),
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
Santa Cruz Biotechnology, CA, USA). Protein bands were
developed using an ECL reagent (Amersham, Arlington
Heights, IL, USA) and the luminescent image analyzer
LAS-4000 (Fuji Film, Tokyo, Japan).

Wound healing assay. Cell migration was evaluated with a
wound-healing assay using culture inserts (Ibidi, Regensburg,
Germany). Cells were plated into culture-inserts and a wound
gap was created by removing inserts after 24 h of incubation.
Wound widths were measured using images photographed by
an inverted microscope at 0, 24 and 48 h time-points.

Transwell invasion assay. SW480 and DKOI1 cells were
seeded in the upper well of Transwell filter chambers (8.0-ym
pore size; Costar, Cambridge, MA, USA) with gelatin coating.
After 24 h of incubation, invading cells on the lower surface
of the upper chamber were fixed with 70% ethanol and stained
with Hemacolor® Rapid staining solution (Merck Millipore,
Darmstadt, Germany) following the manufacturer's protocol.
The stained cells were counted under a light microscope.

Results

MA inhibits the growth of human colorectal cancer cells.
We first investigated the effect of MA1 on the growth of the
human colorectal cancer cell lines, SW480 and DKO1. Human
colorectal cancer cells were exposed to different concentra-
tions of MA1 (0-2 uM) for 24 h. The effect of MA1 on SW480
and DKOIL cells was determined by the WST-1 cell viability
assay, inverted microscopy and the BrdU incorporation assay.
The WST-1 assays and inverted microscopy showed that MA1
treatment inhibited the growth of SW480 and DKOI cells, as
compared to control cells (Fig. 1A and B). Moreover, the BrdU
assays also showed similar results, as 1 and 1.25 yuM of MA1
treatment resulted in a slower BrdU incorporation rate for
SW480 and DKOIL cells as compared to control cells (p<0.05,
p<0.01) (Fig. 1C). These results indicate that MAL1 inhibits the
proliferation of human colorectal cancer cells.

MAI induces apoptosis and cell cycle arrest in human
colorectal cancer cells. In order to determine whether
MAIl-induced human colorectal cancer cell death is related
to apoptosis and cell cycle arrest, we performed flow cyto-
metric analyses and a DNA fragmentation assay. Human
colorectal cancer cells were exposed to different concentra-
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Figure 1. Impact of Malformin A1 on the viability of human colorectal cancer cells. (A) Human colorectal cancer cell lines, SW480 and DKOL1, were cultured
with or without 0-2 uM MAL1 for 24 h. Thereafter, cell viability was measured by the WST-1 procedure. (B) SW480 and DKOLI cells were treated with the
indicated concentrations of MAL1 for 24 h. Cell morphology was observed under an inverted microscope and images were obtained. (C) SW480 and DKOL cells
were cultured with or without MAL1 (0, 1 and 1.25 uM) for 24 h. Thereafter, cell viability was measured by the BrdU proliferation assay procedure ('p<0.05,

“p<0.01 vs control). MA1, Malformin Al.

tions of MA1 (0-1.5 yuM) for 24 h. The proportion of early
and late apoptotic cells were dose-dependently greater in
MA1-treated SW480 and DKOI cells compared to non-treated
control cells (Fig. 2A). Additionally, MA1 treatment induced
cell cycle arrest at the sub-G1 phase in SW480 and DKOI1
cells (Fig. 2B). MA1 treatment (0.75-1.5 yM) induced an
increase in DNA fragmentation in human colorectal cancer
cells as compared to the non-treated control cells (Fig. 2C).
To determine the activation of caspases, key enzymes in
apoptosis, we further investigated caspase-specific activities.
The cleaved PARP, caspase-3, -7, and -9 expressions were
upregulated dose-dependently in SW480 and DKOI cells after
MAI treatment (Fig. 2D). We further examined whether MA1
treatment-induced apoptosis is associated with the modulation
of apoptosis regulatory proteins. As shown in Fig. 2D, MA1
treatment led to the increase in the pro-apoptotic protein,
PUMA and the decrease in anti-apoptotic proteins, XIAP and
Survivin in SW480 and DKOI cells.

Pan-caspase inhibitor attenuates the MAI-induced apoptotic
effect on human colorectal cancer cells. The pan-caspase
inhibitor, Z-VAD-FMK (10 uM), was used to determine
whether the apoptosis was induced by MA1 treatment. The
increase in early and late stage apoptotic cells by MALI treat-
ment was decreased in SW480 and DKOL cells when treated

with Z-VAD-FMK (Fig. 3A). Furthermore, Z-VAD-FMK
abrogated the MAl-induced caspase-3 and PARP activa-
tion (Fig. 3B). Therefore, MA1 treatment works by inducing
apoptosis by directly activating caspases in human colorectal
cancer cells.

MAI inhibits the migration and invasion of human colorectal
cancer cells. To investigate the effect of MA1 on the migra-
tion ability of human colorectal cancer cells, SW480 and
DKOL1 cells were treated with different concentrations of
MAL1 (0-1.25 uM) for 24 and 48 h, followed by the scratch
wound healing motility assay. The results showed that SW480
and DKOL cells treated with MA1 for 24 and 48 h migrated
significantly slower than non-treated control cells (p<0.05,
p<0.01) (Fig. 4A), suggesting that MA1 could significantly
decrease cell migration. The effect of MA1 on the invasive-
ness of SW480 and DKOI cells was further detected by using
a Transwell invasion assay. Compared to the non-treated
control cells, the number of invasive SW480 and DKO1 cells
treated with 0.1 and 0.5 M MAI1 decreased significantly
(p<0.05) (Fig. 4B), indicating that MA1 could significantly
decrease the invasiveness of human colorectal cancer cells.

Impact of MAI on oncogenic signaling pathways in human
colorectal cancer cells. To examine whether MA1 affects
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Figure 2. MA1 induces apoptosis in human colorectal cancer cells. SW480 and DKOI cells were treated with the indicated concentrations of MAL1 for 24 h.
(A) Treated cells were stained with Annexin V and then the number of apoptotic cells were determined. (B) Treated cells stained with propidium iodide (PI).
Flow cytometric analysis was performed to evaluate the cells in the sub-G1 phase of the cell cycle. (C) The cells were harvested and genomic DNA was
extracted from the cells of each treatment. Genomic DNA was separated on a 2% agarose gel, stained with ethidium bromide, and visualized under a UV light
transilluminator. (D) Protein levels were detected by western blotting. MA1, Malformin Al; PARP, poly(ADP-ribose) polymerase; PUMA, p53 upregulated
modulator of apoptosis; XIAP, X-linked inhibitor of apoptosis protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

oncogenic signaling pathways in human colorectal cancer cells,  proteins. For these experiments, the human colorectal cancer
we determined the phosphorylation levels of MAPK signaling  cells were exposed to MAL1 (1.5 uM) for different times (0-6 h).
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Figure 3. Apoptosis induced by MAL is inhibited by the pan-caspase inhibitor Z-VAD-FMK in human colorectal cancer cells. SW480 and DKO1 cells were
pretreated with 10 uM of the pan-caspase inhibitor Z-VAD-FMK for 2 h and then exposed to the indicated concentrations of MA1 for 24 h. (A) Treated cells
stained with Annexin V and then analyzed for the number of apoptotic cells. (B) Protein levels were detected by western blotting. MA1, Malformin Al;
PARP, poly(ADP-ribose) polymerase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

The phosphorylation levels of p38 was upregulated by MA1
treatment in SW480 and DKOI cells but the phosphorylation
levels of JNK and ERK1/2 were not changed by MA1 treat-
ment (Fig. 5A). Subsequently, the inhibitor of the p38 signaling
pathway, SB203580, was used to determine whether this
pathway was involved in MA1 action. SB203580 attenuated
the MAl-induced p38 phosphorylation, as well as caspase-3
and PARP activation (Fig. 5B). We also examined whether
SB203580 affects the modulation of apoptosis regulatory
proteins. As shown in Fig. 5B, SB203580 led to the decrease
in the pro-apoptotic protein, PUMA and increase in the anti-
apoptotic proteins, XIAP and Survivin. These results suggest
that the apoptotic effect of MA1 on human colorectal cancer
cells is mediated by the activation of p38 signaling pathway.

Discussion

Plant-associated microorganisms are known to produce a
variety of metabolites with novel structures and interesting
biological activities (4-8). MA1 isolated from the fungus
A. niger has been found to possess a range of bioactive proper-
ties, which includes enhancing fibrinolytic activity, and acting
as an antibacterial/viral/fungal agent (13-18). Furthermore,
MAL1 exhibits a strong cytotoxic effect against various human

cancer cell lines (9,22-24). This activity is believed to be related
to its anticancer properties such as inhibiting cell proliferation,
inducing apoptosis, arresting the cell cycle and inhibiting cell
migration and invasion (25,26). Therefore, searching for the
antitumor targets of MA1 and its signal transduction mecha-
nisms is crucial for the development of natural drugs and the
treatment of cancer.

In our study, MA1 inhibited cell proliferation and induced
apoptosis and cell cycle arrest in human colorectal cancer
cells. These results suggest that MA1 can alter the oncogenic
phenotypes of human colorectal cancer cells.

Apoptosis is a type of cell death that results in the orderly
and efficient removal of damaged cells. However, deregulation
of apoptosis is responsible for cancer development, progres-
sion, and treatment resistance (27,28). Apoptosis is a complex
process that results from multiple genetic alterations in
apoptotic regulatory genes, and thus, we studied the effects of
MAL on apoptosis in human colorectal cancer cells. Our study
showed that caspase-3, -7, -9, and PARP in human colorectal
cancer cells were activated by MAL1 treatment. Furthermore,
MAL treatment led to the increase in the pro-apoptotic protein,
PUMA and a decrease in anti-apoptotic protein, XIAP and
Survivin. Additionally, we used the pan-caspase inhibitor,
Z-VAD-FMK, to determine whether MAl-induced apoptosis


https://www.spandidos-publications.com/10.3892/ijo.2017.4070

964

Relative area of wound

PARK et al: MALFORMIN A1 INDUCES ANTICANCER EFFECTS IN HUMAN COLORECTAL CANCER CELLS

of wound

lative

SW480
0.05 0.1

DKO1
0.25 0.5

Figure 4. MAL1 inhibits the migration and invasion of human colorectal cancer cells. (A) SW480 and DKOLI cells were treated with the indicated concentrations
of MAL1 for 24 and 48 h. Migration was analyzed using the wound healing assay. Graphs of cell migration display relative healing distances (mean + SE,
“p<0.05). (B) Cells which penetrated the membrane were fixed and stained after 24 h (mean + SE, p<0.05). MA1, Malformin Al.

A SW4RD DKOI1

MAL(LSpM} 0 05 1 3 3 0 05 1 3 6 (W
PERK S . - | —— -
L . T T T T T

PINK| —— —— —

O INK) g ————

P T e e ——

Total p35) —————

GAPDH s ————

MAI (M)
SB203580 (5 M)

P38
Total p38

Cleaved PARP

Cleaved caspase-3

Pum I

:=~ =
_
R

Survivin

SW4s0 DKO1
1.5 L5 - - L75 175 -
- + - + - + - +
—
— —
— S E—
o — —

ﬁmn| | —— — -

Figure 5. Impact of MA1 on oncogenic signaling pathways in human colorectal cancer cells. (A) SW480 and DKOI cells were treated for the indicated times
(0-6 h) with 1.5 uM of MAL. Cell lysates were prepared and subjected to western blotting using phospho-ERK1/2, phospho-p38, and phospho-JNK antibodies.
(B) SW480 and DKOI cells were pretreated with SB203580 (a p38 inhibitor) and then exposed to MAL1 for 24 h. Cell lysates were prepared and subjected to
western blotting using cleaved PARP, cleaved caspase-3, PUMA, XIAP, and Survivin antibodies. MA1, Malformin Al; ERK1/2, extracellular signal-regulated
kinasel/2; INK, c-Jun NH2-terminal kinase; PARP, poly(ADP-ribose) polymerase; PUMA, p53 upregulated modulator of apoptosis; XIAP, X-linked inhibitor
of apoptosis protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.




Bzl SPANDIDOS
7] ,§, PUBLICATIONS

was related to caspase activation. Our study showed that the
pan-caspase inhibitor abrogated the MAl-induced increase in
early and late stage apoptotic cells, as well as the activation
of caspase-3 and PARP. Therefore, MAI treatment exerts its
effect on apoptosis by directly inducing caspase activity in
human colorectal cancer cells. Our study also demonstrated
that MA1 treatment induced cell cycle arrest at the sub-G1
phase in human colorectal cancer cells. Previously, MA1
and Malformin C were found to abrogate bleomycin-induced
G2 arrest, resulting in a drastic decrease in cells at the G2 phase
and increase in cells in the sub-Gl1 phase (21,22).

The regulation of cell migration and invasion is crucial for
various physiological processes including embryonic develop-
ment, angiogenesis, tissue repair, and the immune response.
Its loss is also a principal hallmark of cancer cells (25,26).
Our study showed that MA1 treatment suppressed tumor cell
migration and invasion in human colorectal cancer cells.

Given the effects of MA1 on cancer cell behavior, we
studied the effects of MA1 treatment on the activation of
intracellular signaling pathways involved in the altera-
tion of the oncogenic phenotype of colorectal cancer cells.
Previously, MA1 induced apoptosis, necrosis, and autophagy
through the activation of AMPK/mTOR signaling pathway in
prostatic cancer cells (24). Furthermore, the inhibitor of the
phosphatidylinositol 3-kinase signaling pathway abolished
the enhancement of cellular fibrinolytic activity by MALI in
human leukemia U937 cells. That said, the inhibitor of MAPK
signaling showed minimal effects on MAI treated leukemia
cells (13). MAPK signaling pathways, including ERK1/2,
JNK, and p38 MAPK, play a critical role in many physiologic
processes, including cell growth, differentiation, migration,
proliferation, apoptosis, and cell cycle progression (29,30).
Moreover, MAPK signaling pathways play important roles
in cancer progression, and particularly in determining the
outcome and sensitivity to anticancer therapies (29,30). Many
chemotherapeutic agents such as cyclophosphamide and
oxaliplatin induce apoptosis through activating p38 MAPK
pathway (31,32). We observed that MAI treatment increased
the phosphorylation level of p38, but the phosphorylation
levels of INK and ERK1/2 were unchanged. The inhibitor of
the p38 signaling pathway, SB203580, was used to determine
whether this pathway was involved in MA1 action. SB203580
abrogated the MAl-induced p38 phosphorylation, as well as
the activation of caspase-3 and PARP. Moreover, SB203580
led to a decrease in the pro-apoptotic protein, PUMA and an
increase in the anti-apoptotic proteins, XIAP and Survivin.
Thus, these results confirm that MA1 promotes apoptosis by
caspase activation and the modulation of apoptosis regulatory
proteins through the stimulation of the p38 signaling pathway
in human colorectal cancer cells.

Taken together, our results indicate that MA1 treatment
suppresses tumor progression by the inhibition of proliferation
and induction of apoptosis through the activation of the p38
signaling pathway in human colorectal cancer cells.
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