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Abstract: Prorocentrolide and its analogs, the novel naturally derived antitumor agents, have recently
been identified in the dinoflagellate Prorocentrum lima. In the current study, the underlying inhibitory
mechanisms of 4-hydroxyprorocentrolide (1) and prorocentrolide C (2) on the proliferation of human
carcinoma cells were determined. 1 and 2 arrested the cell cycle at the S phase in A549 cells and G2/M
phase in HT-29 cells, leading to apoptotic cell death, as determined using fluorescence-activated cell
sorting analysis with Annexin V/PI double staining. Apoptosis induced by these compounds was
associated with alterations in the expression of cell cycle-regulating proteins (cyclin D1, cyclin E1,
CDK2, and CDK4), as well as alterations in the levels of apoptosis-related proteins (PPAR, Bcl-2,
Bcl-xl, and survivin). These findings provide new insights into the antitumor mechanisms of
4-hydroxyprorocentrolide and prorocentrolide C and a basis for future investigations assessing
prorocentrolide analogs as prospective therapeutic drugs.
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Key Contribution: Our data demonstrate the inhibitory effects of 4-hydroxyprorocentrolide and
prorocentrolide C on four cancer cell proliferation and the cell death induced by the two compounds
in A549 and HT-29 cells through apoptosis and G2/M phase arrest.

1. Introduction

Cancer is a leading cause of human death worldwide. In 2012, cancer resulted in 8.2 million
deaths [1], and according to the American Cancer Society, in 2016 [2], cancer was the second most
common cause of death in Europe and the United States. Despite several efforts to develop new drugs for
cancer treatment, the incidence of cancer and the resulting mortality rate persist globally. Recently, a new
trend has focused on the discovery and development of compounds derived from marine natural
products, presenting an extensive range of structural diversity and excellent physiological activities.
Notably, marine organisms produce these unique secondary metabolites to overcome harsh and
competitive environmental conditions in the ocean.

Prorocentrum is a marine dinoflagellate that produces the main toxins responsible for
diarrhetic shellfish poisoning (DSP), such as okadaic acid (OA) and dinophysistoxin-1 (DTX-1).
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Reportedly, the consumption of shellfish containing DSP toxins causes non-fatal gastrointestinal
symptoms, including vomiting, abdominal pain, nausea, and diarrhea [3,4]. OA and DTXs are potent
inhibitors of serine/threonine phosphatases 1 and 2A (PP2A). Accumulating evidence suggests that
OA induces cancer cell death through apoptosis [5–7], DNA breaks and adduct formation [8,9],
chromosomal non-disjunction [10], and cell cycle arrest [9]. Recently, structurally diverse compounds
with excellent biological activity have been isolated from Prorocentrum species, and these toxins are
under investigation as antitumor agents, owing to their pharmacological potential against various
cancer cells.

Prorocentrolide is one of the marine biotoxins mainly produced by dinoflagellates, also known as
the “fast-acting toxin” that was first reported in 1984 by Tindall and co-workers in a mouse bioassay [11].
In 1988, prorocentrolide-A was first isolated from P. lima [12]. Subsequently, prorocentrolide B, a new
toxin isolated from P. maculosum inducing the characteristic “fast-acting” symptoms, was reported by
Hu et al. in 1996 [13]. These toxins are macrocyclic compounds which possess imine and spiro-
linked ether moieties, and the imino group present in the chemical structure is considered a
commonly supposed pharmacophore [14]. However, the cytotoxic potential of prorocentrolides
and their underlying mechanism remain elusive.

In the ongoing search for bioactive toxins from cultured P. lima, recently, 4-hydroxyprorocentrolide
(1) and prorocentrolide C (2) were reported, with demonstrated cytotoxicity against HCT-116, Neuro-2a,
and HepG2 cells [15] (Figure 1). However, whether these prorocentrolide analogs induce apoptosis
remains unknown. Furthermore, their underlying mechanisms in cancer cell death need to be
elucidated. In the present study, we demonstrated the inhibitory effects of 1 and 2 on cancer cell
proliferation and explored the cell death induced by prorocentrolide analogs in A549 and HT-29 cells
through apoptosis and G2/M phase arrest.
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for 24 h (Figure 2). Among these four cell lines, A549 and HT-29 cells were maximally sensitive to 4-
hydroxyprorocentrolide and prorocentrolide C. The IC50 values of the two compounds were 17.8 µM 
and 14.6 µM for A549 cells and 9.9 µM and 10.5 µM for HT-29 cells, respectively. The colony 
formation analysis revealed that fewer colonies were formed after 1 or 2 treatment in A549 (Figure 
3A) and HT-29 cells (Figure 3B), respectively. The reduced colony number following treatment with 

Figure 1. The structure of 4-hydroxyprorocentrolide (1) and prorocentrolide C (2) isolated from
dinoflagellate P. lima.

2. Results

2.1. 4-Hydroxyprorocentrolide and Prorocentrolide C Inhibit the Proliferation of A549 and HT-29 Cancer Cells

To investigate the effects of 4-hydroxyprorocentrolide and prorocentrolide C on cell growth,
four human carcinoma cells, A549 (lung cancer), HepG2 (hepatocyte cancer), HT-29 (colon cancer),
PC3 (prostate cancer) cells, were exposed to each compound at various concentrations (0.5~20 µM)
for 24 h (Figure 2). Among these four cell lines, A549 and HT-29 cells were maximally sensitive
to 4-hydroxyprorocentrolide and prorocentrolide C. The IC50 values of the two compounds were
17.8 µM and 14.6 µM for A549 cells and 9.9 µM and 10.5 µM for HT-29 cells, respectively. The colony
formation analysis revealed that fewer colonies were formed after 1 or 2 treatment in A549 (Figure 3A)
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and HT-29 cells (Figure 3B), respectively. The reduced colony number following treatment with
the test compounds was demonstrated in a concentration-dependent manner. In both cell lines,
colony formation was significantly decreased following treatment with 2 than with 1. Cell invasion is
one of the main process of cancer metastasis. Therefore, we performed Transwell assays to assess the
ability of carcinoma cells to cross the Transwell membrane barrier in the presence of 1 or 2. As shown
in Figure 3A,B, treatment with 1 or 2 inhibited the migratory activities of A549 and HT-29 cells in a
concentration-dependent manner.
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the mean of five replicates. Each experiment was performed in triplicate; *** p < 0.001 compared to
non-treated control cells.
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Figure 3. The effects of 1 and 2 on colony formation and Transwell invasion in A549 (A) and
HT-29 (B) cells. For the colony formation assay, cells were treated with each compound at varying
concentrations (1, 5, 10 µM) for 14 days until visible colonies were observed. For the Transwell invasion
assay, the bottom chambers of Transwell plates were filled with 600 µL of Dulbecco’s Modified Eagle’s
Medium (DMEM) containing various growth factors, whereas the top chamber was seeded with A549
or HT-29 cells in DMEM and treated with different concentrations (1, 5, 10 µM) of each compound for
24 h. The cells that migrated through the membrane were stained and counted. Results are presented as
the mean ± standard deviation from three independent experiments; * p < 0.05 compared to non-treated
control cells.

2.2. 4-Hydroxyprorocentrolide and Prorocentrolide C Induce S and G2/M Phase Arrest by Regulating Cell
Cycle-Regulated Proteins

To determine whether 1 and 2 inhibit cancer cell proliferation through the induction of cell cycle
arrest, we investigated the cell cycle stages following exposure to compounds 1 and 2 in A549 and
HT29 cells. As shown in Figure 4, treatment with 1 and 2 resulted in the characteristic accumulation of
cells in the S phase of A549 and G2/M phase of HT-29 cells, with a corresponding decrease in the G0/G1
phase. In A549 cells (Figure 4A), exposure to 2 resulted in the accumulation of cells in the S phase in a
concentration-dependent manner. Cells in the S and G2/M phases were marginally increased by 1,
with no statistical significance. The effects of 1 and 2 on the G2/M arrest of the cell cycle was better
illustrated in HT-29 colon cancer cells (Figure 4B). In both 1 and 2 treated cells, increased cells were
observed in the G2/M phase in a concentration-dependent manner. It has been reported that cyclin/CDK
complexes and checkpoint proteins are responsible for cell cycle progression. To confirm the effects
of 1 and 2 on cell cycle arrest, the expression levels of cell cycle regulators were measured using
Western blotting. As shown in Figure 5, the expressions of Cyclin D1, CDK4, Cyclin E1, and CDK2
were downregulated, and the expression of p21 was upregulated by 1 and 2 in A549 and HT-29 cells.
Consistently with the cell cycle arrest results, the inhibition of these regulators, following treatment
with the test compounds, was more significant in HT-29 colon cancer cells.
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three independent experiments.
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Figure 5. The effects of 1 and 2 on the expression of cell cycle-regulated proteins in A549 (A) and HT-29
(B) cells. Cells were treated with control or various concentrations (1, 5, 10 µM) of each compound
for 24 h, and the protein levels of cyclin D1, CDK4, cyclin E1, and CDK2 were measured by Western
blotting. Results are presented as the mean ± standard deviation from three independent experiments.
The representative blots are presented.

2.3. 4-Hydroxyprorocentrolide and Prorocentrolide C Induce Apoptosis in A549 and HT-29 Cancer Cells

To confirm the involvement of apoptosis in 1- and 2-induced inhibition of cell proliferation,
Hoechst 33342 staining and flow cytometric analysis were performed. As shown in Figure 6,
morphological changes (nuclear fragmentation, white arrows) were observed in A549 and HT-29 cells
treated with 1 and 2. The apoptotic and necrotic populations of A549 and HT29 cells were detected
using flow cytometric analysis with Annexin V-FITC/PI staining. After 24 h of exposure to compounds
1 and 2, the early apoptotic (Annexin V-positive/PI-negative) cell proportion was increased to some
extent but not significant. At a concentration of 5 µM, cells in early apoptotic phase increased by 2.4-
and 5.8-fold that if the untreated controls by 1 and 2 in A549 cells, and 3.29 and 1.48 times in HT-29 cells,
respectively. On the other hand, the late (Annexin V-positive/PI-positive) apoptotic cell populations
increased with the increasing 1 and 2 concentrations (0, 1, 5, 10 µM) in both cell lines. Treatment with
1 and 2 (at a concentration of 10 µM) increased the late apoptotic or dead cell population by 10.21
and 32.00 times that of the untreated controls in A549 cells and 48.36 and 39.48 fold times that of the
untreated controls in HT-29 cells, respectively.
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Next, to confirm the ability of 1 and 2 to induce apoptotic cell death, Western blot analyses were 
conducted to investigate the expression of the downstream apoptotic proteins (Figure 7). After 24 h 
of 1 or 2 exposure, the protein levels of cleaved-PARP increased, whereas the expression of Bcl-2, Bcl-
xl, and survivin decreased. Additionally, in the caspase activity assay, the activity of caspase-3/7 
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Figure 6. Apoptosis was induced by 1 and 2 in A549 (A) and HT-29 (B) cells. Apoptotic morphological
changes were evaluated by fluorescent microscopy using Hoechst 33342 staining. White arrow indicates
nuclear fragmentation/apoptotic bodies. Apoptotic cell proportion was analyzed using MUSE flow
cytometry. Cells were treated with various concentrations (1, 5, 10 µM) of each compound and stained
with Annexin V-FITC/PI according to the manufacturer’s instructions. The representative charts present
the proportion of apoptosis. The percentage of cells in early and late apoptosis/dead phases is presented
as the mean ± standard deviation from three independent experiments; * p < 0.05, ** p < 0.01 and
*** p < 0.001 compared to non-treated control cells.

2.4. 4-Hydroxyprorocentrolide and Prorocentrolide C Induce Caspase-Dependent Apoptosis in A549 and HT-29
Cancer Cells

Next, to confirm the ability of 1 and 2 to induce apoptotic cell death, Western blot analyses were
conducted to investigate the expression of the downstream apoptotic proteins (Figure 7). After 24 h
of 1 or 2 exposure, the protein levels of cleaved-PARP increased, whereas the expression of Bcl-2,
Bcl-xl, and survivin decreased. Additionally, in the caspase activity assay, the activity of caspase-3/7
increased with increasing concentrations (0, 1, 5, 10 µM) of 1 or 2 in both A549 and HT-29 cells. It is
well known that cleavage of PARP, caspase 3/7 activation, and reduced Bcl-2, Bcl-xl, and survivin
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expression indicate the development of apoptosis. The JC-1 fluorescent cationic probe is widely used
as an indicator of mitochondrial membrane potential. In the mitochondria, the JC-1 dye demonstrates
potential-dependent accumulation. As 1 and 2 induced apoptotic cell death, we aimed to verify whether
these compounds affect mitochondrial membrane potential in A549 and HT-29 cells. As shown in
Figure 7, JC-1 was reduced after treatment with 1 or 2, suggesting that mitochondrial depolarization
was induced in both A549 and HT-29 cells. Collectively, these data indicate that 1 and 2 inhibited A549
and HT-29 cancer cell growth by inducing apoptosis.

Toxins 2020, 12, x FOR PEER REVIEW 8 of 13 

 

expression indicate the development of apoptosis. The JC-1 fluorescent cationic probe is widely used 
as an indicator of mitochondrial membrane potential. In the mitochondria, the JC-1 dye demonstrates 
potential-dependent accumulation. As 1 and 2 induced apoptotic cell death, we aimed to verify 
whether these compounds affect mitochondrial membrane potential in A549 and HT-29 cells. As 
shown in Figure 7, JC-1 was reduced after treatment with 1 or 2, suggesting that mitochondrial 
depolarization was induced in both A549 and HT-29 cells. Collectively, these data indicate that 1 and 
2 inhibited A549 and HT-29 cancer cell growth by inducing apoptosis. 

 

 

Figure 7. Compounds 1 and 2 induced caspase-dependent apoptosis and reduced mitochondrial 
membrane potential in A549 (A) and HT-29 (B) cells. Cells were treated with various concentrations 
(1, 5, 10 µM) of each compound for 24 h. The expressions of cleaved-PARP, Bcl-2, Bcl-xl, and survivin 
were determined by Western blotting, and caspase 3/7 activity was evaluated using the Caspase-Glo® 
3/7 assay kit. The mitochondrial membrane potential was measured with a JC-1 fluorescent probe and 
assessed by flow cytometry. The changes in the JC-1 red/green rate are presented as the mean ± 
standard deviation from three independent experiments. PARP, Poly (ADP-ribose) polymerase 
(PARP); Bcl-2, B-cell lymphoma 2; Bcl-xl, B-cell lymphoma extra-large. Results are presented as the 
mean ± standard deviation from three independent experiments; *p < 0.05 and ***p < 0.001 compared 
to non-treated control cells. 
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Figure 7. Compounds 1 and 2 induced caspase-dependent apoptosis and reduced mitochondrial
membrane potential in A549 (A) and HT-29 (B) cells. Cells were treated with various concentrations (1, 5,
10 µM) of each compound for 24 h. The expressions of cleaved-PARP, Bcl-2, Bcl-xl, and survivin were
determined by Western blotting, and caspase 3/7 activity was evaluated using the Caspase-Glo® 3/7 assay
kit. The mitochondrial membrane potential was measured with a JC-1 fluorescent probe and assessed by
flow cytometry. The changes in the JC-1 red/green rate are presented as the mean ± standard deviation
from three independent experiments. PARP, Poly (ADP-ribose) polymerase (PARP); Bcl-2, B-cell
lymphoma 2; Bcl-xl, B-cell lymphoma extra-large. Results are presented as the mean ± standard
deviation from three independent experiments; * p < 0.05 and *** p < 0.001 compared to non-treated
control cells.
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3. Discussion

Among the various marine dinoflagellates species, P. lima is abundant worldwide and is found
in tropical to cold water regions [16]. P. lima is known to produce several toxins, mainly OA
and dinophysistoxins (DTX1 and DTX2), which are responsible for incidents of DSP [17–20].
OA and its analogs are reportedly inhibitors with high specificity for serine/threonine protein
phosphatases [21,22]. The toxic mode of action of OA has been well investigated in some cell
types [8,23,24]. In addition to OA and DTX, the other bioactive compounds that have recently
attracted attention are prorocentrolides, which are members of the cyclic imine toxins possessing the
characteristic cyclic imine group. Of these compounds, prorocentrolide-A was the first discovered
compound from the Prorocentrum species in 1988 [12], and to date, seven prorocentrolide analogs
have been reported. Amar et al. (2008) have recently investigated the action of prorocentrolide-A on
both muscle and neuronal nicotinic acetylcholine receptors (nAChRs) [25]. However, the biological
activities of prorocentrolide analogs remain undetermined. Our research team has recently reported the
cytotoxicities of 4-hydroxyprorocentrolide and prorocentrolide C, a new prorocentrolide analog derived
from cultured P. lima dinoflagellates [15]. To the best of our knowledge, the mechanism of action of
prorocentrolides as a toxin has not been previously investigated. In the present study, we focused on the
poorly understood actions of 4-hydroxyprorocentrolide and prorocentrolide C in human carcinomas.
We performed cell viability assays screening against generally used human carcinomas, A549, HepG2,
HT-29, and PC3 cancer cells. 4-Hydroxyprorocentrolide and prorocentrolide C inhibited the proliferation
of human A549 lung cancer and HT-29 colon cancer cells in a concentration-dependent manner.

Apoptosis is the main pathway of chemotherapy agent-induced cell death. Here, we revealed,
for the first time, that 4-hydroxyprorocentrolide and prorocentrolide C increased the apoptotic cell
population in A549 and HT-29 cells. Signaling through activation of highly specialized families such as
cysteinyl-aspartate protease, caspase, is one of the most common and major signaling cascades involved
in apoptosis. Activated caspase is known to initiate cell death by subsequently cleaving and activating
several major proteins including PARP-1 [26]. Cleavage PART-1 by capase is considered a characteristic
of apoptosis [27]. This prorocentrolides upregulated the expression of the anti-apoptotic proteins Bcl-2,
Bcl-xl, and survivin, suggesting the involvement of caspase-dependent apoptosis. It is assumed that the
loss of checkpoint control, which regulates normal passage through the cell cycle, is involved in cancer
progression. Targeting the cell cycle is a novel approach in cancer therapy. The present study confirmed
that 4-hydroxyprorocentrolide and prorocentrolide C induced arrest in the G2/M phase of the cell cycle
in A549 and HT-29 cancer cells. Cell cycle progression is a series of processes that are tightly regulated
and integrated by Cyclin/CDK complexes. In eukaryotic cells, mechanisms, including Cdc kinase
and cyclin activation, and Cyclin-dependent kinase inhibition regulate cell cycle progression [28].
Reportedly, Cdc2/Cyclin B1 complexes involved in the G2/M phase arrest in cells subjected to oxidative
stress [29,30]. In A549 and HT-29 cells, exposure to 4-hydroxyprorocentrolide and prorocentrolide C
for 24 h induced a significant decrease in the expression of Cyclin B1 and Cdc2, suggesting that the
Cdc2/Cyclin B1 pathway was involved in the S or G2/M phase arrest induced by these prorocentrolides.
Cyclin D1, synthesized in the G1 phase, is the key regulator acting for the G0/G1 phase. Consistent with
the results of the cell cycle distribution, expression of Cyclin D1 was attenuated in both cells following
exposure to 4-hydroxyprorocentrolide and prorocentrolide C. Direct binding of p21 and Cdc2 inhibits
Cyclin B1/Cdc2 activity, thereby inhibiting transition to the G2/M phase. When DNA damage occurs in
human cells, p21, which acts as an inhibitor of CDK, plays an essential role in maintaining G2 arrest [29].
Treatment with 4-hydroxyprorocentrolide and prorocentrolide C increased the expression of p21 and
decreased CDK2 and CDK4 expressions. Our data suggest that these prorocentrolides-induced G2/M
arrests include mechanisms of p21 activation and inhibition of Cyclin D1 expression. Prorocentrolide
C demonstrated a greater activity in both A549 and HT-29 cells than 4-hydroxyprorocentrolide.
The structural difference between prorocentrolide C and the other previously reported prorocentrolides
(4-hydroxy-, 30-sulfate-, 9,51-dihydro-, 14-O-acetyl-4-hydroxy-prorocentrolide, and prorocentrolide A)
is that the ester bonded B ring is absent in prorocentrolide C [25]. Further research to determine how
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other prorocentrolides act as toxins in cancer cells will be valuable for developing novel anticancer
drugs. In conclusion, our discovery demonstrates that 4-hydroxyprorocentrolide and prorocentrolide
C inhibit human carcinoma proliferation through apoptosis and G2/M cell cycle arrest.

4. Materials and Methods

4.1. Materials

The Hoechst 33342, dimethyl sulfoxide, crystal violet, and monoclonal anti-β-actin antibody
were purchased from Sigma-Aldrich (St, Louis, MO, USA). DMEM, RPMI 1640 medium, fetal bovine
serum (FBS), penicillin/streptomycin, and phosphate-buffered saline (PBS) were purchased from
Gibco Life Technologies (Grand Island, NY, USA). MUSE Annexin V & Dead Cell Kit and MUSE cell
cycle kit were obtained from Millipore (Billerica, MAM USA). Primary antibodies, including Bcl-2
(#3498, 26 kDa), Bcl-xl (#2762, 30 kDa), survivn (#2808, 16 kDa), cleaved-poly (ADP-ribose) polymerase
(PARP) (#9542, 89 and 116 kDa), CDK2 (#2546, 33 kDa), CDK4 (#12790, 30 kDa) cyclinE1 (#4179, 48 kDa),
cyclinD3 (#2936, 31 kDa), cyclinB1 (#4135, 55 kDa), cdc2 (#9116, 34 kDa) were purchased from Cell
Signaling Technology, Inc. (Beverly, MA, USA). The secondary antibody was purchased from Jackson
ImmunoResearch Laboratories, Inc.

4.2. Cell Cultures

Human non-small cell lung cancer (A549), human hepatocellular cancer (HepG2), and human
colon cancer (HT-29), and human prostate cancer (PC-3) cell lines were obtained from the American
Type Culture Collection (Manassas, VA, USA). A549, HepG2, and PC-3 cells were cultured in DMEM
(Gibco BRL, Grand Island, NY, USA) containing 10% (v/v) FBS and 1% (v/v) antibiotics (100 U/mL of
penicillin and 100 µg/mL of streptomycin). The cell lines were maintained in an incubator at 37 ◦C
under a 5% CO2 atmosphere. HT-29 cells were cultured in RPMI1640 (Gibco BRL, Grand Island,
NY, USA) containing 10% (v/v) FBS and 1% (v/v) antibiotics (100 U/mL of penicillin and 100 µg/mL of
streptomycin). The cell lines were maintained in an incubator at 37 ◦C under a 5% CO2 atmosphere.

4.3. Cell Viability Assay

Cell viability was measured using the Cell Counting Kit-8 (CCK-8), according to the manufacturer’s
instructions. Briefly, the cells were seeded in 96-well plates (1 × 104 cells/well) and cultured for 24 h.
Then, the cells were treated with various concentrations of test compounds for 24 h. After incubation,
10 µL of CCK-8 solution was added to each well and incubated for 3 h at 37 ◦C. The absorbance was
measured using a microplate reader (Bio-Tek Company, Winooski, VT, USA) at 450 nm. The experiments
were performed in triplicate.

4.4. Colony Formation Assay

Cells were seeded at a density of 8 × 102 per well in 6-well plates and cultured in a humidified
incubator with 5% CO2 at 37 ◦C for 14 days until visible colonies were observed. Colonies were fixed
with 4% paraformaldehyde and stained with crystal violet for 15 min at room temperature. The colonies
were photographed and counted under the microscope.

4.5. Apoptosis Analysis

Cells were seeded in 6-well plates at a density of 1 × 106 and then treated with the test compounds
(0~10 µM) for 24 h. Cells were harvested and diluted with DMEM containing 1% FBS as a dilution
buffer to a concentration of 5 × 105 cells/mL. Next, 100 µL of Annexin V/dead reagent and 100 µL of
the cell suspension were mixed in the dark for 20 min at room temperature. The cells were analyzed
using the MUSE cell analyzer (Merck Millipore, Hayward, CA, USA).
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4.6. Cell Cycle Analysis

Cells were seeded in 6-well plates at a density of 1 × 106 cells and then treated with the test
compounds (0~10 µM) for 24 h. Cells were harvested, washed twice with PBS, and fixed with 70%
ice-cold ethanol at −20 ◦C for 3 h, treated with 200 µL of MUSE cell cycle reagent in each tube,
and incubated for 30 min at room temperature in the dark. Cell cycle analysis was performed using a
MUSE cell analyzer (Merck Millipore, Hayward, CA, USA). Two thousand cells in each group was
counted for cell cycle analysis.

4.7. Morphological Apoptosis

Cells were seeded in 6-well plates at a density of 3 × 105 cells and then treated with compounds
to be tested (0~10 µM) for 24 h. Cells were washed with PBS, fixed with 4% paraformaldehyde for
30 min, and stained with Hoechst 33342 dye for 10 min at 37 ◦C. In stained cells, the morphological
changes were assessed using a fluorescence microscope.

4.8. Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential was analyzed using a JC-1 ∆ψm assay kit (Cayman Chemical
Company, Ann Arbor, MI, USA), according to the manufacturer’s instructions. Cells were seeded in
6-well plates at a density of 3 × 105 cells and then treated with the compounds to be tested (0~10 µM) for
24 h. The JC-1 staining solution was added into the culture medium and incubated for 30 min at 37 ◦C.
Next, the cells were with PBS and the stained cells were analyzed by flow cytometry (FACS Calibur;
BD Biosciences, San Jose, CA, USA).

4.9. Transwell Invasion Assay

Transwell assay was performed by using 24-well Transwell (Costar, Cambridge, MA, USA)
membranes (polycarbonic membrane, diameter 6.5 mm, pore size 8 µm), with each cell coated
with 10 µL Matrigel (matrigel:serum-free medium 1:8). After 4 h, the upper chambers (serum-free
medium) were seeded with 100 µL of DMEM and medium cells (5 × 104 cells per well), and the
lower chambers were filled with 600 µL of DMEM with 10% FBS. Next, 100 µL of DMEM with the
test compounds (0~10 µM) was added to the upper chambers. The invasive cells were fixed with 4%
paraformaldehyde and stained with 0.05% crystal violet. The invasive cells were counted by light
microscopy (200×magnification).

4.10. Caspase-3/7 Activity

The caspase-3/7 activity was measured in triplicates using the Caspase-Glo® 3/7 assay kit
(Promega, Madison, WI, USA). Cells were seeded in 96-well plates at a density of 1 × 104 cells and then
treated with the test compounds (0~10 µM) for 24 h. Caspase-3/7 activities were assessed according to
the manufacturer’s instructions. Next, 100 µL of Caspase-Glo® 3/7 Reagent was added to each well
and incubated for 1 h at room temperature. Caspase activities were measured using a microplate
reader (Biotek Instruments, Inc., Winooski, VT, USA).

4.11. Western Blot Analysis

Cells were seeded in 6-well plates at a density of 3 × 105 cells and then treated with the test
compounds (0~10 µM) for 24 h. Cells were washed with ice-PBS and extracted using RIPA containing
a Protease Inhibitor Cocktail (Santa Cruz, CA, USA) for 40 min on ice. Protein lysates were centrifuged
at 13,000× g for 30 min at 4 ◦C. The lysed protein (30 µg) was separated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (8–12%) at 100 V and transferred to polyvinylidene difluoride
membranes. The membranes were blocked with 5% nonfat milk in PBS with Tween® (PBST) buffer
for 1 h at room temperature. The membranes were incubated with primary antibodies at 4 ◦C
overnight. Then, the membranes were washed three times with the PBST buffer and incubated with
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secondary antibodies for 1 h at room temperature. Bands were visualized using ECL (Thermo Scientific,
Waltham, MA, USA) and calibrated using the Chemidoc Imaging System (Bio-Rad; Hercules, CA, USA).
This density value of the protein bands was normalized to β-actin.

Author Contributions: Conceptualization and writing, E.J.J.; methodology and data curation, S.M.L. and N.-H.K.;
resources, review, and funding, J.-R.R. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation (NRF) grant of the Korea government
(MSIP) (NRF-2017R1D1A1B0303293914).

Conflicts of Interest: The authors declare no competing financial interest.

References

1. American Cancer Society. Global Cancer Facts & Figures, 3rd ed.; American Cancer Society: Atlanta, GA,
USA, 2015.

2. American Cancer Society. Cancer Facts & Figures; American Cancer Society: Atlanta, GA, USA, 2016.
3. Tubaro, A.; Sosa, S.; Bornancin, A.; Hungerford, J. Pharmacology and Toxicology of Diarrheic Shellfish Toxins.

In Seafood and Freshwater Toxins: Pharmacology, Physiology and Detection; CRC Press: Boca Raton, FL, USA,
2008; pp. 229–253.

4. Gestal-Otero, J.J. Epidemiology of Marine Toxins. In Seafood and Freshwater Toxins: Pharmacology, Physiology,
and Detection; Botana, L.M., Ed.; CRC Press: Boca Raton, FL, USA, 2014; p. 123.

5. Bøe, R.; Gjertsen, B.T.; Vintermyr, O.K.; Houge, G.; Lanotte, M.; Døskeland, S.O. The Protein Phosphatase
Inhibitor Okadaic Acid Induces Morphological Changes Typical of Apoptosis in Mammalian Cells.
Exp. Cell Res. 1991, 195, 237–246. [CrossRef]

6. Lerga, A.; Richard, C.; Delgado, M.D.; Cañelles, M.; Frade, P.; Cuadrado, M.A.; León, J. Apoptosis and
Mitotic Arrest Are Two Independent Effects of the Protein Phosphatases Inhibitor Okadaic Acid in K562
Leukemia Cells. Biochem. Biophys. Res. Commun. 1999, 260, 256–264. [CrossRef] [PubMed]

7. Jayaraj, R.; Gupta, N.; Rao, P.V.L. Multiple Signal Transduction Pathways in Okadaic Acid Induced Apoptosis
in hela Cells. Toxicology 2009, 256, 118–127. [CrossRef] [PubMed]

8. Fessard, V.; Grosse, Y.; Pfohl-Leszkowicz, A.; Puiseux-Dao, S. Okadaic Acid Treatment Induces DNA Adduct
Formation in BHK21 C13 Fibroblasts and HESV Keratinocytes. Mutat. Res. 1996, 361, 133–141. [CrossRef]

9. Traoré, A.; Baudrimont, I.; Ambaliou, S.; Dano, S.D.; Creppy, E.E. DNA Breaks and Cell Cycle Arrest Induced
by Okadaic Acid in Caco-2 Cells, a Human Colonic Epithelial Cell Line. Arch. Toxicol. 2001, 75, 110–117.
[CrossRef]

10. Hégarat, L.L.; Orsière, T.; Botta, A.; Fessard, V. Okadaic Acid: Chromosomal Non-Disjunction Analysis in
Human Lymphocytes and Study of Aneugenic Pathway in CHO-K1 Cells. Mutat. Res. 2005, 578, 53–63.
[CrossRef]

11. Tindall, D.R.; Dickey, R.W.; Carlson, R.D.; Morey-Gaines, G. Seafood Toxins. In ACS Symposium Series 262;
Ragelis, E.P., Ed.; American Chemical Society: Washington, DC, USA, 1984; pp. 225–240.

12. Torigoe, K.; Murata, M.; Yasumoto, T. Prorocentrolide, a Toxic Nitrogenous Macrocycle from a Marine
Dinoflagellate, Prorocentrum Lima. J. Am. Chem. Soc. 1988, 110, 7876–7877. [CrossRef]

13. Hu, T.M.; de Freitas, A.S.W.; Curtis, J.M.; Oshima, Y.; Walter, J.A.; Wright, J.L.C. Isolation and Structure of
Prorocentrolide B, a Fast-Acting Toxin from Prorocentrum maculosum. J. Nat. Prod. 1996, 59, 1010–1014.
[CrossRef]

14. Krock, B.; Tillmann, U.; John, U.; Cembella, A. LCMS-MS aboard Ship: Tandem Mass Spectrometry in the
Search for Phycotoxins and Novel Toxigenic Plankton from the North Sea. Anal. Bioanal. Chem. 2008, 392,
797–803. [CrossRef]

15. Lee, S.; Yang, A.R.; Yoo, Y.D.; Jeong, E.J.; Rho, J.R. Relative Configurational Assignment of 4-
Hydroxyprorocentrolide and Prorocentrolide C Isolated from a Benthic Dinoflagellate (Prorocentrum lima).
J. Nat. Prod. 2019, 82, 1034–1039. [CrossRef]

16. Nagahama, Y.; Murray, S.; Tomaru, A.; Fukuyo, Y. Species Boundaries in the Toxic Dinoflagellate Prorocentrum
Lima (Dinophyceae, Prorocentrales), Based on Morphological and Phylogenetic Characters (1). J. Phycol.
2011, 47, 178–189. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/0014-4827(91)90523-W
http://dx.doi.org/10.1006/bbrc.1999.0852
http://www.ncbi.nlm.nih.gov/pubmed/10381376
http://dx.doi.org/10.1016/j.tox.2008.11.013
http://www.ncbi.nlm.nih.gov/pubmed/19084044
http://dx.doi.org/10.1016/S0165-1161(96)90248-4
http://dx.doi.org/10.1007/s002040000188
http://dx.doi.org/10.1016/j.mrfmmm.2005.02.011
http://dx.doi.org/10.1021/ja00231a048
http://dx.doi.org/10.1021/np960439y
http://dx.doi.org/10.1007/s00216-008-2221-7
http://dx.doi.org/10.1021/acs.jnatprod.8b00988
http://dx.doi.org/10.1111/j.1529-8817.2010.00939.x
http://www.ncbi.nlm.nih.gov/pubmed/27021723


Toxins 2020, 12, 304 13 of 13

17. Hu, T.; Marr, J.; de Freitas, A.S.W.; Quilliam, M.A.; Walter, J.A.; Wright, J.L.C.; Pleasance, S. New Diol Esters of
Okadaic Acid Isolated from Cultures of the Dinoflagellates Prorocentrum lima and P. Concavum. J. Nat. Prod.
1992, 55, 1631–1637. [CrossRef]

18. Lee, T.C.; Fong, F.L.; Ho, K.C.; Lee, F.W. The Mechanism of Diarrhetic Shellfish Poisoning Toxin Production
in Prorocentrum spp.: Physiological and Molecular Perspectives. Toxins 2016, 8, 272. [CrossRef] [PubMed]

19. Sosa, S.; Tubaro, A. Okadaic Acid and Other Diarrheic Toxins: Toxicological Profile. In Marine and
Freshwater Toxins; Gopalakrishnakone, P., Haddad, V., Jr., Tubaro, A., Kim, E., Kem, W.R., Eds.; Springer:
Dordrecht, The Netherlands, 2016; pp. 147–168.

20. Yasumoto, T.; Murata, M.; Oshima, Y.; Sano, M.; Matsumoto, G.K.; Clardy, J. Diarrhetic Shellfish Toxins.
Tetrahedron 1985, 41, 1019–1025. [CrossRef]

21. Bialojan, C.; Takai, A. Inhibitory Effect of a Marine-Sponge Toxin, Okadaic Acid, on Protein Phosphatases.
Specificity and Kinetics. Biochem. J. 1988, 256, 283–290. [CrossRef] [PubMed]

22. Takai, A.; Murata, M.; Torigoe, K.; Isobe, M.; Mieskes, G.; Yasumoto, T. Inhibitory Effect of Okadaic Acid
Derivatives on Protein Phosphatases. A Study on Structure-Affinity Relationship. Biochem. J. 1992, 284,
539–544. [CrossRef]

23. Le Hégarat, L.; Jacquin, A.G.; Bazin, E.; Fessard, V. Genotoxicity of the Marine Toxin Okadaic Acid, in Human
Caco-2 Cells and in Mice Gut Cells. Environ. Toxicol. 2006, 21, 55–64. [CrossRef] [PubMed]

24. Rogers, C.G.; Héroux-Metcalf, C.; Langlois, I. Evaluation of Cytotoxicity and Genotoxicity of Okadaic Acid,
a Nonphorbol Ester Type Tumor Promoter, in V79 Chinese Hamster Lung Cells. Toxicol. Vitro 1994, 8, 269–276.
[CrossRef]

25. Amar, M.; Aráoz, R.; Iorga, B.I.; Yasumoto, T.; Servent, D.; Molgó, J. Prorocentrolide-A from Cultured
Prorocentrum lima Dinoflagellates Collected in Japan Blocks Sub-Types of Nicotinic Acetylcholine Receptors.
Toxins 2018, 10, 97. [CrossRef]

26. Li, J.; Yuan, J. Caspases in apoptosis and beyond. Oncogene 2008, 27, 6194–6206. [CrossRef]
27. Kaufmann, S.H.; Desnoyers, S.; Ottaviano, Y.; Davidson, N.E.; Poirier, G.G. Specific proteolytic cleavage of

poly(ADP-ribose) polymerase: An early marker of chemotherapy-induced apoptosis. Cancer Res. 1993, 53,
3976–3985. [PubMed]

28. Nigg, E.A. Cyclin-Dependent Protein Kinases: Key Regulators of the Eukaryotic Cell Cycle. Bioessays 1995,
17, 471–480. [CrossRef]

29. Bunz, F.; Dutriaux, A.; Lengauer, C.; Waldman, T.; Zhou, S.; Brown, J.P.; Sedivy, J.M.; Kinzler, K.W.;
Vogelstein, B. Requirement for p53 and p21 to Sustain G2 Arrest After DNA Damage. Science 1998, 282,
1497–1501. [CrossRef] [PubMed]

30. Taylor, W.R.; Stark, G.R. Regulation of the G2/M Transition by p53. Oncogene 2001, 20, 1803–1815. [CrossRef]
[PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/np50089a011
http://dx.doi.org/10.3390/toxins8100272
http://www.ncbi.nlm.nih.gov/pubmed/27669302
http://dx.doi.org/10.1016/S0040-4020(01)96469-5
http://dx.doi.org/10.1042/bj2560283
http://www.ncbi.nlm.nih.gov/pubmed/2851982
http://dx.doi.org/10.1042/bj2840539
http://dx.doi.org/10.1002/tox.20154
http://www.ncbi.nlm.nih.gov/pubmed/16463260
http://dx.doi.org/10.1016/0887-2333(94)90193-7
http://dx.doi.org/10.3390/toxins10030097
http://dx.doi.org/10.1038/onc.2008.297
http://www.ncbi.nlm.nih.gov/pubmed/8358726
http://dx.doi.org/10.1002/bies.950170603
http://dx.doi.org/10.1126/science.282.5393.1497
http://www.ncbi.nlm.nih.gov/pubmed/9822382
http://dx.doi.org/10.1038/sj.onc.1204252
http://www.ncbi.nlm.nih.gov/pubmed/11313928
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	4-Hydroxyprorocentrolide and Prorocentrolide C Inhibit the Proliferation of A549 and HT-29 Cancer Cells 
	4-Hydroxyprorocentrolide and Prorocentrolide C Induce S and G2/M Phase Arrest by Regulating Cell Cycle-Regulated Proteins 
	4-Hydroxyprorocentrolide and Prorocentrolide C Induce Apoptosis in A549 and HT-29 Cancer Cells 
	4-Hydroxyprorocentrolide and Prorocentrolide C Induce Caspase-Dependent Apoptosis in A549 and HT-29 Cancer Cells 

	Discussion 
	Materials and Methods 
	Materials 
	Cell Cultures 
	Cell Viability Assay 
	Colony Formation Assay 
	Apoptosis Analysis 
	Cell Cycle Analysis 
	Morphological Apoptosis 
	Mitochondrial Membrane Potential Assay 
	Transwell Invasion Assay 
	Caspase-3/7 Activity 
	Western Blot Analysis 

	References

